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Abstract

The spectral energy distributions of galaxies at ultraviolet, optical and infrared
wavelengths are clues to both the radiation produced by stellar populations and the
effect of gas and dust in the interstellar medium (ISM) on this radiation. Spectral
interpretation studies are therefore crucial to understand how galaxies formed and
evolved. Observationally, combined ultraviolet, optical and infrared data are now
becoming available for large samples of galaxies. So far, these have focused mainly
on the local galaxy population, but future deep surveys will provide observations
of large galaxy samples at higher redshifts. To extract constraints on the stellar
populations and ISM of galaxies from these multi-wavelength observations requires
the consistent modelling of the emission by stars, gas and dust.

In this thesis, we present a simple, largely empirical but physically motivated
model, which is designed to interpret consistently multi-wavelength observations
from large samples of galaxies in terms of physical parameters, such as star forma-
tion rate, stellar mass and dust content. This model relies on an existing angle-
averaged prescription to compute the absorption of starlight by dust in stellar birth
clouds and in the ambient interstellar medium (ISM) in galaxies. We compute the
spectral energy distribution of the power re-radiated by dust in stellar birth clouds
as the sum of three components: a component of polycyclic aromatic hydrocarbons
(PAHs); a mid-infrared continuum characterising the emission from hot grains at
temperatures in the range 130-250 K; and a component of grains in thermal equi-
librium with adjustable temperature in the range 30-60 K. In the ambient ISM, we
fix for simplicity the relative proportions of these three components to reproduce
the spectral shape of diffuse cirrus emission in the Milky Way, and we include a
component of cold grains in thermal equilibrium with adjustable temperature in
the range 15-25 K.

Our model is both simple and versatile enough to allow the derivation of statis-
tical constraints on the star formation histories and dust contents of large samples
of galaxies using a wide range of ultraviolet, optical and infrared observations. We
illustrate this by deriving median-likelihood estimates of a set of physical parame-
ters describing the stellar and dust contents of local star-forming galaxies from three
different samples. The model reproduces well the observed spectral energy distribu-
tions of these galaxies across the entire wavelength range from the far-ultraviolet to
the far-infrared, and the star formation histories and dust contents of the galaxies
are well constrained.

A main advantage provided by this model is the ability to study the relation
between different physical parameters of observed galaxies in a quantitative and
statistically meaningful way. Our analysis of star-forming galaxies from the Spitzer
Infrared Nearby Galaxy Sample (SINGS) and the Spitzer-SDSS-GALEX Spectro-
scopic Survey (SSGSS) reveals that the mid- and far-infrared colours of galaxies
correlate strongly with the specific star formation rate, as well as with other galaxy-
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wide quantities connected to this parameter, such as the ratio of infrared luminosity
between stellar birth clouds and the ambient ISM, the contributions by PAHs and
grains in thermal equilibrium to the total infrared emission, and the ratio of dust
mass to stellar mass. These correlations provide important insight into the link
between star formation and ISM properties in galaxies.

We investigate further the relation between star formation activity and dust con-
tent in galaxies by assembling a large sample of 3321 galaxies with available obser-
vations at ultraviolet (GALEX), optical (SDSS) and infrared (IRAS) wavelengths.
We find that the star formation rate correlates remarkably well with galaxy dust
mass over four orders of magnitude in both quantities. This allows us to provide
a simple empirical recipe to estimate the total dust mass of galaxies from the star
formation rate. We compare our findings with the predictions from recent models
of the chemical evolution of galaxies. We also compare the relations between the
specific star formation rate, the ratio of dust luminosity to stellar mass and the ra-
tio of dust luminosity to star formation rate obtained from our analysis with those
predicted by state-of-the-art cosmological simulations of galaxy formation.

The model presented in this thesis can be straightforwardly applied to inter-
pret ultraviolet, optical and infrared spectral energy distributions from any galaxy
sample.



Résumeé

Les distributions spectrales d’énérgie des galaxies en ultraviolet, optique et in-
frarouge nous donnent des pistes sur le rayonnnement produit par les populations
stellaires et leffet du gaz et de la poussiere du milieu interstellaire sur ce ray-
onnement. Des études d’interpretation spectrale sont donc déterminantes pour
comprendre la formation et I’évolution des galaxies. Observationellement, des
données en ultraviolet, optique et infrarouge deviennent disponibles pour des grands
échantillons de galaxies. Jusqu’a présent, ces études se sont concentrées principale-
ment sur la population locale de galaxies, mais de futurs relevés plus profonds
apporteront des observations de grands échantillons de galaxies a des plus grandes
décalages spectrales vers le rouge. Pour extraire des contraintes sur les populations
stellaires et le milieu interstellaire des galaxies a partir de ces observations multi-
longueur d’ondes, on a besoin de modéliser d’une fagon cohérente 1’émission par les
étoiles, le gaz et les poussieres.

Cette these présente un modele simple, largement empirique mais avec une
motivation physique, qui est déstiné a interpreter systématiquement les observa-
tions multi-longueur d’ondes de grands échantillons de galaxies en termes de ses
parametres physiques, comme par exemple le taux de formation d’étoiles, la masse
stellaire et le contenu en poussiere. Ce modele est relié a un modele déja existant
qui permet de calculer ’absorption de la lumiére des étoiles par la poussiere dans
les nuages moleculaires ou sont nées les étoiles et dans le milieu interstellaire envi-
ronment des galaxies. On calcule la distribution spectrale de ’energie re-émise par
la poussiere dans les nuages de formation d’étoiles comme la somme de trois com-
posantes: une composante de hydrocarbures aromatiques polycycliques (PAHs); un
continu en infrarouge moyen qui caracterize 1’émission par des grains de poussiere
a des températures dans la gamme 130-250 K; et une composante de grains en
équilibre thérmique avec température réglable dans la gamme 30-60 K. Dans le mi-
lieu interstellaire environmental, on fixe par simplicité les proportions rélatives de
ces trois composantes de facon a réproduire la forme spectrale de ’émission diffuse
cirrus de la Voie Lactée, et on inclu une composante de grains froids en équilibre
thérmique avec température réglable dans la gamme 15-25 K.

Ce modele est au méme temps assez simple et versatile pour permettre
d’obtenir de contraintes statistiques sur les taux de formation d’étoiles et con-
tenus en poussiere de grands échantillons de galaxies en utilisant une vaste gamme
d’observations en ultraviolet, optique et infrarouge. On illustre ce fait en tirant
des estimations de ‘vraisemblence mediane’ d’une série de parametres physiques
qui décrivent le contenu en étoiles et en poussieres de galaxies a formation d’étoiles
locales provennant de trois échantillons différents. Le modéle réproduit bien les
distributions spectrales d’énergie observées de ces galaxies dans toute la gamme de
longueur d’onde de l'ultraviolet lointain a l'infrarouge lointain, et les histoires de
formation d’étoiles et contenus en poussieres sont bien contraints.



Une des avantages de ce modele est la capacité d’étudier le rapport entre des
différents parametres physiques des galaxies observées d’une maniere quantitative
et statistiquement significative. L’analyse des galaxies a formation d’étoiles des
échantillons Spitzer Infrared Nearby Galaxy Sample (SINGS) et Spitzer-SDSS-
GALEX Spectroscopic Survey (SSGSS) révele que les couleurs des galaxies en
infrarouge moyen et lointain sont fortement corrélées avec le taux de formation
d’étoiles spécifique, aussi bien que avec d’autres quantités galactiques reliées a ce
parametre, comme par example le rapport entre la luminosité infrarouge des régions
de formation d’étoiles et celle du milieu interstellaire environment, les contribu-
tions par des PAHs et grains de poussiére en équilibre thérmique pour 1’émission
infrarouge totale, et le rapport entre la masse de poussiere et la masse d’étoiles. Ces
corrélations fournissent des informations importantes sur le lien entre la formation
d’étoiles et les propriétes du millieu interstellaire dans les galaxies.

On étudie d’avantage le rapport entre 'activité de formation d’étoiles et le
contenu en poussieres des galaxies. Pour cela, on rassemble un grand échantillon
de 3321 galaxies avec des observations disponibles en ultraviolet (GALEX), optique
(SDSS) et infrarouge (IRAS). On trouve que le taux de formation d’étoiles correle
remarquablement bien avec la masse de poussiere des galaxies sur quatre ordres de
grandeur en les deux quantités. Cela nous permet de fournir une recette empirique
simple pour évaluer la masse totale de poussiere des galaxies a partir du taux
de formation d’étoiles. On compare nos résultats avec les prédictions de modeles
recents de ’évolution chimique des galaxies. On compare aussi les corrélations entre
le taux de formation d’étoiles spécifique, le rapport entre la luminosité de poussiere
et la masse d’étoiles, et le rapport entre la luminosité de poussiere et le taux de
formation d’étoiles obtenus dans notre analyse avec ceux qui sont prévus par des
modernes simulations cosmologiques de formation des galaxies.

Le modele présenté dans cette these peut étre appliqué simplement pour inter-
preter les distributions spectrales d’énergie de n’importe quel échantillon de galax-
ies.
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CHAPTER 1

Introduction

One of the greatest scientific breakthroughs of the last century was the discovery
by Edwin Hubble, in 1925, that the Milky Way is not the only galaxy in the Uni-
verse. Until then, it was believed that the Universe did not extend beyond our own
Galaxy, and observed external galaxies were thought to be diffuse ‘nebulae’ within
the Galaxy. Hubble (1925) measured the distance to these ‘nebulae’ and realised
that some of the observed nebulae were in fact too distant to be part of the Milky
Way. Moreover, based on their distance and angular size on the sky, he concluded
that these objects had similar sizes to our Galaxy and therefore they could be stellar
systems of the same kind as the Milky Way, i.e. galaxies. This discovery marked
the start of the fascinating field of Extragalactic Astronomy.

1.1 Galaxy basics

To set the framework of this thesis, we first briefly summarize some essential facts
about galaxies.

The morphology of galaxies. Galaxies exhibit a wide variety of shapes. Hubble com-
piled observations of galaxies and elaborated a morphological classification scheme,
the Hubble sequence (Hubble 1926), which is still widely used in modern Astro-
physics (see also the revised Hubble sequence by de Vaucouleurs 1974). In this
scheme, galaxies are classified as ‘ellipticals’ (E), ‘lenticulars’ (S0),‘spirals’ (S),
‘barred spirals’ (SB) and irregulars (Irr).

Fig. 1.1 summarizes this classification. Elliptical galaxies, as the name indicates,
appear as ellipses, and show smooth light distributions. They are classified as En,
where n is a measure of the ellipticity which varies between 0 (nearly circular) and
7 (very elongated). This quantity is computed from the observed major axis a and
minor axis b as n = 10 x (a — b)/a. Elliptical galaxies represent only about 20
per cent of the total number of galaxies in the local Universe, but they represent
50 per cent of the total mass. Spiral galaxies are the most numerous type in the
local Universe. They present a flat disc with spiral arms and a central spherical
bulge. These galaxies are divided in two types: normal spirals and barred spirals,
depending on the existence of a central bar. In each of these types, galaxies are
classified from ‘early-types’ (Sa and SBa) to ‘late-types’ (Sc and SBc). From early-
to late-types, the relative size of the bulge relative to the disc decreases, the spirals
arms become more separated, and the amount of gas and dust in the interstellar
medium (ISM), as well as the number of young blue stars increases. Lenticular
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Figure 1.1: The ‘tuning fork’ diagram describing the morphological galaxy classi-
fication scheme by Hubble. Figure credits: Fahad Suleria, www.novacelestia.com
(Astronomical illustrations and space art).

galaxies are an intermediate type between ellipticals and spirals. They present an
important bulge, but also a disc component. The disc of a lenticular galaxy is very
different from that of a spiral galaxy, with typically very little gas and almost no
star formation occurring. Finally, irregular galaxies are galaxies with no regular
structure, i.e. they do not exhibit a clear spherical or disc component.

An interesting property of the Hubble sequence is that galaxies are found to
form not only a morphological sequence, but also a sequence in physical properties
such as the integrated colour and the amount of gas in the interstellar medium (see
Roberts & Haynes 1994 for a review). We will see in Section 1.3.3 that the properties
of galaxies along the Hubble sequence can be explained by different histories of star
formation (see also Sandage 1986; Kennicutt 1998a). However, current models of
galaxy formation cannot yet fully explain how the galaxies we see today have formed
and evolved.

The expanding Universe. After having established that galaxies are extragalactic
objects, Hubble made an observation that revolutionised Cosmology. He observed
that the light emitted by distant galaxies was shifted towards longer wavelengths,
and that this ‘redshift’ was proportional to the distance to the galaxies. Based on
the Doppler effect!, he concluded that galaxies are moving away from the Milky
Way, and that their recession velocities increase with distance (Hubble 1929; Hubble

'The Doppler effect, or Doppler shift, is the change in frequency and wavelength of a wave for
an observer moving relative to the source of the wave. The received frequency is higher than the
emitted frequency when the source approaches the observer and is lower than the emitted frequency
when the source is moving away from the observer.



1.1. Galaxy basics 3

& Humason 1931). This has become known as the Hubble law, which can be written
cz = Hyd, (1.1)

where cz is the recession velocity of the galaxy (¢ designates the speed of light
and z the cosmological ‘redshift’), Hy is the ‘Hubble constant’ and d is the dis-
tance to the galaxy. The Hubble constant is a fundamental cosmological parame-
ter. The best modern estimates place the value of this parameter between 70 and
75 km s~! Mpc~!. The observed cosmological redshift z quantifies the amount by
which the radiation emitted by a galaxy is shifted towards longer wavelengths:

y = Doba = dem (1.2)

)\em

The observed cosmological redshift is a widely used tool in Extragalactic Astronomy,
as it provides a way of determining distances to galaxies.

An important cosmological consequence of Hubble’s law is that the Universe is
expanding. Aleksander Friedmann had demonstrated that an expanding universe
was one possible solution of Einstein’s equations in the framework of General Rel-
ativity. However, until Hubble’s discovery, cosmologists preferred the solution of a
static Universe. Georges Lemaitre, based on Friedmann’s equations and on Hub-
ble’s observations, has set the basis of modern cosmology theories of the ‘Big Bang’.
These theories aim at explaining the evolution of the Universe as it expands from
a hot and dense initial state.

Galaxy formation and evolution. One of the most important challenges of modern
Astrophysics is to explain the formation and evolution of galaxies in the framework
of current cosmological theories.

Observations of the cosmic microwave background radiation and of the large
scale distribution of galaxies show that the Universe is homogeneous and isotropic
on large scales. However, detailed studies of the cosmic microwave background
radiation using observations from the Cosmic Background Explorer (COBE; Smoot
et al. 1992) have shown that very small density fluctuations existed in the early
universe. Theories of structure growth explain that the structures we observe in
the present-day Universe, such as galaxies and clusters of galaxies, have evolved
from these primordial density fluctuations. In the current picture, as the Universe
expanded and cooled down, over-dense clumps of matter condensed and grew by
attracting gravitationally more dark matter and baryonic matter. These structures
formed the first galaxies.

While modern cosmological simulations can successfully explain the gravita-
tional evolution of dark matter in the Universe and reproduce the large-scale dis-
tribution of dark matter, the detailed evolution of baryonic matter is still unclear.
Much remains to be explained on how galaxies have formed stars and metals inside
dark matter haloes throughout the history if the Universe. To investigate this, the
physical processes governing the evolution of baryonic matter in galaxies (i.e. stars,
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Infrared |

Figure 1.2: The nearby spiral galaxy M 51 imaged at optical (left) and infrared
wavelengths (right). Image credits: Visible image: Digitized Sky Survey; Infrared
image: NASA /JPL-Caltech/R. Kennicutt (University of Arizona).

gas and dust) need to be understood in detail. This requires observations of large
samples of galaxies at different evolutionary stages of the Universe (i.e. different
redshifts). In addition, to relate these observations to theories of galaxy forma-
tion, we need models to interpret the light emitted by galaxies in terms of physical
parameters such as star formation rate, metallicity and dust content.

1.2 The spectral energy distributions of galaxies

Galaxies emit radiation across the full electromagnetic spectrum. Most of the en-
ergy is emitted in the ultraviolet, optical and infrared spectral ranges. This emission
originates primarily from stellar radiation, either direct or reprocessed by gas and
dust in the ISM. Observations at different wavelengths probe these different com-
ponents in different ways. As an example, in Fig. 1.2, we compare the optical image
of a well-known nearby spiral galaxy, M 51, with an image taken at infrared wave-
lengths. The optical image (on the left) reveals the direct radiation from stars. This
image also evidences large dusty clouds in the galaxy spiral arms, which absorb the
light radiated by stars. These dust clouds shine in the infrared image (right-hand
side of Fig. 1.2), because they reradiate ultraviolet and optical light absorbed from
stars at these longer wavelengths. Hence, the relative distribution of spectral energy
at ultraviolet, optical and infrared wavelengths contains valuable information about
the production of starlight in a galaxy and its absorption by dust. In Fig. 1.3, we
show an example of spectral energy distribution of a galaxy forming stars at a rate
of 1 Mg /yr—!. The shape of the spectral energy distribution depends on both the
radiation emitted by the stellar population of the galaxy and the interaction of this
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Figure 1.3: Example of the ultraviolet-to-infrared spectral energy distribution of
a typical galaxy forming stars at a rate of 1 Mg yr~!. The continuum emission
was computed using the models described in Chapter 2 of this thesis. The nebu-
lar emission lines were computed consistently using the prescription of Charlot &

Longhetti (2001).

radiation with the gas and dust in the ISM of the galaxy.

In the past, when only ground-based telescopes were available, observations of
galaxies were limited to optical and near-infrared wavelengths. Only in the past
few decades have ultraviolet and infrared observations become available thanks
to improvements of observational technology and the launch of stratospheric and
space telescopes. These observatories have brought new insights into the physical
processes occurring in galaxies. Nowadays, observations at ultraviolet, optical and
infrared wavelengths are becoming available for large samples of galaxies. These
include:

e ultraviolet observations from space by the Galaxy FEwvolution Fxplorer
(GALEX, Martin et al. 2005);

e optical ground-based observations by the Two-degree Field Galaxy Red-
shift Survey (Colless et al. 2001) and the Sloan Digital Sky Survey (SDSS,
Stoughton et al. 2002);

e near-infrared ground-based observations by the Two Micron All Sky Survey
(2MASS, Skrutskie et al. 1997);

e space-based observations in the mid- and far-infrared by the Infrared Astro-
nomical Satellite (IRAS, Beichman et al. 1988), the Infrared Space Observa-
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tory (ISO, Kessler et al. 1996) and the Spitzer Space Telescope (Werner et al.
2004);

Extracting constraints on the stellar populations and ISM of galaxies from these
multi-wavelength observations requires the consistent modelling of the emission by
stars, gas and dust.

A standard approach to model consistently the emission from stars and dust
in galaxies has been to solve the radiative transfer equation for idealised (bulge +
disc) spatial distributions of stars and dust (e.g. Rowan-Robinson 1980; Efstathiou
& Rowan-Robinson 1990; Gordon et al. 2001; Misselt et al. 2001; Popescu et al.
2000; Misiriotis et al. 2001). More sophisticated models couple the radiative transfer
through a dusty ISM and the spectral evolution of stellar populations (Silva et al.
1998; Dopita et al. 2005). This type of model is useful in interpreting in detail the
emission from individual galaxies in terms of constraints on stellar populations and
the spatial distribution and physical properties of the dust. However, because of
the complexity of radiative transfer computations, these models are not optimised
to derive statistical constraints from observations of large samples of galaxies.

A model optimised to constrain the physical properties of large samples of galax-
ies is a necessity in the era when deeper and wider surveys are gathering multi-
wavelength observations of large numbers of galaxies at different redshifts. Ex-
ample of such surveys are the Great Observatories Origins Deep Survey (GOODS;
Dickinson & GOODS Legacy Team 2001), the Cosmic Evolution Survey (COSMOS;
Scoville et al. 2007) and the The All- Wavelength Extended Groth Strip International
Survey (AEGIS; Davis et al. 2007), and planned surveys including far-infrared ob-
servations with the future Herschel Space Telescope (e.g Latter, NHSC & HSC
Teams 2007), such as the ATLAS wide-field survey (P.I. Stephen Eales) or the The
Herschel Multi-tiered Extragalactic Survey (HerMES; P.I. Seb Oliver). To take full
advantage of the richness of these data sets, we need to be able to make the link
between the observations and the physical parameters of the galaxies. More specifi-
cally, we need a model to interpret consistently the multi-wavelength emission from
galaxies in terms of physical parameters, such as star formation rate, stellar mass
and dust content. This will enable us to exploit the new observational surveys to
set the best constraints on galaxy formation and evolution scenarios.

Our primary goal in this thesis is to build such a model. We present a sim-
ple and versatile prescription to interpret the mid- and far-infrared spectral energy
distributions of galaxies consistently with the emission at ultraviolet, optical and
near-infrared wavelengths. This model is easily applicable to large samples of ob-
served galaxies and allows us to derive statistical estimates of physical parameters
such a star formation rate, stellar mass, dust content and dust properties from
combined ultraviolet, optical and infrared galaxy spectra. We exemplify this by
deriving median-likelihood estimations of the physical parameters of local samples.
We find important correlations between galaxy properties which can provide insight
into the relation between the star formation and dust content of galaxies.

In the remainder of this chapter, we briefly review the production of starlight in
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galaxies and its transfer in the interstellar medium. We provide the basic elements
to interpret the spectra energy distributions of galaxies, from which we build the
model presented in the next chapter.

1.3 The production of starlight in galaxies

In this section, we review the stellar emission of galaxies. This emission dominates
the galactic spectral energy distributions at ultraviolet, optical and near-infrared
wavelengths. The total stellar spectrum of a galaxy is a result of the contribution
by all the individual stars it comprises. Therefore, to interpret observed galactic
spectra, we need to understand the stellar population of a galaxy (composed of stars
of different masses, chemical compositions and ages) and follow the evolution of the
different stars with time.

1.3.1 Stellar populations in galaxies

The first classification of stellar populations in galaxies was made in the 1940’s by
Walter Baade when analysing photographs of unprecedented quality of Andromeda
and other nearby galaxies. These observations allowed, for the first time, to resolve
individual stars of external galaxies (Baade 1944). Baade distinguished two types
of stars:

e Population I stars, which have solar-like metallicities and are distributed in
the discs of galaxies, with low velocity dispersions; the brightest stars of this
population are blue, young, hot and massive;

e Population II stars, which tend to be red, old and cool, have low metallicities
and are distributed in the bulges and halos of galaxies, with high velocity
dispersions.

Baade also noticed that Population I stars tend to populate the same region of the
Hertzprung-Russel (H-R) diagram? as open clusters, whereas Population II stars
occupy the same region as globular clusters in this diagram. Moreover, he remarked
that early-type galaxies (ellipticals and lenticulars) are dominated by Population
IT stars, while in late-type galaxies (spiral and irregulars), the two populations of
stars are found.

Since the pioneer work of Baade, the improvement in observational techniques
has revealed that, in reality, stellar populations in galaxies are not optimally clas-
sified using discrete classes. Instead, stars in a galaxy present a continuous distri-
bution of properties, which result from the history of star formation and chemical
enrichment of the galaxy. Therefore, we can use the emission from the stellar
populations to trace star formation history and the chemical evolution of galaxies.

2The Hertzprung-Russal diagram shows the relation between the bolometric luminosity and the
effective temperature of stars.
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We can perform studies of this type to interpret the emission from stellar popula-
tions of galaxy samples at different redshifts. The results of such studies provide
constraints on galaxy formation and evolution scenarios. However, when studying
distant galaxies, the individual stars cannot be resolved. Therefore, we need tools
that allow us to extract the stellar population properties of distant galaxies from
the integrated light we observe. In the next section, we describe such models in
more detail.

1.3.2 Stellar population synthesis models

The first attempts to interpret integrated galaxy spectra in terms of the stellar
content of galaxies reproduced the observed spectra using linear combinations of
individual stellar spectra of various types (e.g. Spinrad & Taylor 1971; Faber 1972;
O’Connell 1976; Turnrose 1976). This approach was soon abandoned because the
number of free parameters was too large to be constrained by typical observed
galaxy spectra. More recent, widely-used models are based on the evolutionary
population synthesis technique (e.g. Tinsley 1978; Bruzual 1983; Arimoto & Yoshii
1987; Guiderdoni & Rocca-Volmerange 1987; Buzzoni 1989; Bruzual & Charlot
1993; Bressan, Chiosi & Fagotto 1994; Worthey 1994; Leitherer & Heckman 1995;
Fioc & Rocca-Volmerange 1997; Maraston 1998; Vazdekis 1999; Bruzual & Charlot
2003). The main adjustable parameters in these ‘stellar population synthesis mod-
els’ are the initial mass function (IMF), the star formation rate () and, in some
cases, the chemical enrichment rate.

Throughout this thesis, we use the evolutionary synthesis models by Bruzual
& Charlot (Charlot & Bruzual 1991; Bruzual & Charlot 1993, 2003, Charlot &
Bruzual, in preparation) to compute the spectral evolution of stellar populations
in galaxies. These models are based on the isochrone synthesis technique, which
builds on the property that stellar populations with any star formation history can
be expanded in series of instantaneous bursts, named ‘simple stellar populations’
(SSPs). In this approach, the spectral energy distribution at time t of a stellar
population characterized by a star formation rate v (¢) and a metal-enrichment law
¢(t) can be written as

L= | St (=) Salt st — 1), (13)

where Sy[t',((t — t’)] is the power radiated per unit wavelength per unit initial
stellar mass by a SSP of age t' and metallicity ((¢ —t'), assuming that the initial
mass function (IMF) remains constant with time.

The emission from the simple stellar population Sy[t/, {(t — t’)] is computed as
the sum of the spectra of the stars defining its isochrone (which defines the position
of stars of different masses in the H-R diagram at a time t’), at metallicity ¢(t —t)
and at age t’.
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1.3.2.1 Stellar evolution

It is worth giving a very brief summary of the main features of stellar evolution to
appreciate the spectral analysis technique presented later in this thesis. The shape
of the spectrum of a SSP, S\\[t/, ((t—t)], depends mainly on the total luminosity and
effective temperature of the stars which compose the SSP at a given age. The higher
the bolometric luminosity of a star, the more the emission of the star contributes
to the total spectrum. Moreover, the effective temperature of a star determines the
wavelength at which the star radiates most of the energy. Therefore, it is crucial to
understand the evolution of stars in the H-R diagram to interpret the total emission
from galaxies.

The evolution of a star depends mainly on its initial mass: this determines the
rate at which the star has to produce energy in order to balance the gravitational
force and remain in hydrostatic equilibrium. The higher the initial mass of star, the
higher the energy production rate it requires to remain in equilibrium. Therefore,
higher-mass stars have higher luminosities. These stars run out of fuel for the
production of energy quicker than lower-mass stars. As a consequence, the lifetimes
of high-mass stars are shorter than those of lower-mass stars. In Fig. 1.4, we show
three examples of evolutionary tracks in the H-R diagram of stars with different
initial masses: a low-mass star (1 Mg), an intermediate-mass star (5 Mg) and a
high-mass star (25 Mg), from Iben (1991). We now summarize the main stages of

the evolution of stars of different initial masses after the zero-age main sequence.?

Very low-mass stars (< 0.25 Mg). Stars with masses between 0.08 and 0.25 Mg
have a very slow evolution; they can reach lifetimes of more than 13 Gyr. These stars
have convective interiors. Therefore, the core is continuously being recycled with
hydrogen coming from the outer layers, and they can convert all the initial hydrogen
in helium. When H is exhausted in the stars, they start contracting. Because of
the low stellar mass, the gravitational energy released during the contraction is not
enough to make the central temperature reach sufficiently high values to start He-
burning reactions. With no other source of energy available, these stars cool down
and become white dwarves.

Low-mass stars (< 2 Mg). A star with initial mass around 1 Mg spends about
10 Gyr on the main sequence, radiating most of the energy at optical wavelengths.
During this time, the temperature in the core increases gradually and the stars
expands slightly.

When H in the nucleus runs out, the star starts burning H in a shell around
the He core. The core contracts, heating up the surrounding H-burning layer. This
causes an increase in the production of energy which heats up the outer envelope of
the star and makes it expand. Consequently, the radius of the star increases, and

3The main sequence is, by definition, the period during which a star produces energy by burning
hydrogen in the core. The zero-age main sequence marks the beginning of the main sequence phase:
it is the time when H-burning reactions start in the core.
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Figure 1.4: Evolutionary tracks in the Hertzprung-Russel diagram for three model
stars with low (1 M), intermediate (5 M) and high (25 Mg ) initial masses. The
effective temperature T, is given in K, and the bolometric luminosity, L, is in
solar luminosity units. The tracks stars at the zero-age main sequence and end
at remnant stage. The heavy portions of each curve define locations where major
nuclear burning phases occur. Figure taken from Iben (1991).

the effective temperature decreases, shifting the peak of the stellar emission towards
longer wavelengths. The temperature drop increases the opacity, and convection
starts to provide an effective transport of energy from the stellar interior (first
dredge-up). At this point, the star cannot expand any further, and therefore the
luminosity starts increasing — the star moves up the ‘red giant branch’ (RGB). RGB
stars have high luminosities and they radiate mainly at near-infrared wavelengths
due to their cool temperatures. We will see in Section 1.3.2.3 that these stars
dominate the spectral energy distributions of SSPs at old ages.

During the red giant phase, the He core keeps contracting and increasing in
mass due to infall of He being produced in the circumnuclear shell. The core is
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so dense that the electrons become a degenerate gas; the pressure of degenerate
gas depends only on the density (not the temperature) and counterbalances the
gravitational force. As the core contracts, the temperature rises, reaching eventually
the minimum temperature to start burning He (i.e. about 108 K). Once He starts
burning in a part of the core, the resulting heat propagates quickly by conduction
through the whole core. The increase in temperature does not make the core expand,
since the core is made of degenerate gas; instead, the rate of He-burning reactions
increases, producing an ‘helium flash’. These quick reactions increase the core
temperature until the gas becomes non-degenerate, allowing for the core to expand
and cool down. After the helium flash, the outer layers of the star contract, causing
the radius and luminosity to decrease, and the effective temperature to increase
gradually. The star moves downward and to the left in the H-R diagram (Fig. 1.4).
At this stage, the star burns He steadily in the core and H in a shell surrounding
the core.

When He is exhausted in the core, the fusion continues in a shell around a core
of carbon and oxygen which has contracted and increased in density until the gas
has become degenerate. The star moves up the ‘asymptotic giant branch’ (AGB)
in the H-R diagram, which is parallel to the RGB, but with even faster energy
generation (therefore this phase lasts for a shorter time). Although the AGB phase
is relatively short, it is crucial to understand this stage of stellar evolution in order
to interpret the spectral energy distributions of star-forming galaxies, since AGB
stars contribute significantly to the near-infrared emission of galaxies.

The ‘thermally-pulsating AGB’ (TP-AGB) phase begins when the He shell
around the core runs out of fuel. When that happens, the main energy source
of the star becomes the H-burning shell around it. The He-burning reactions are
very sensitive to changes in temperature, and therefore the He shell switches on
periodically in violent pulses in which huge amounts of energy are generated, alter-
nated with more quiet phases of energy production in the H-burning shell. During
this phase, the star pulsates and the luminosity varies. In each pulse, huge amounts
of energy are produced and transported outward through convection. Strong stellar
winds triggered by the pulsations expel gas rich in heavy elements from the star,
causing an enrichment of the ISM. The gas in the outer layers of the star forms an
expanding shell which cools down as it moves away from the star, allowing for dust
particles and molecules to form. The strong stellar winds eventually provide enough
kinetic energy for the outer layers to be ejected, forming a planetary nebula. At the
center of this nebula remains the core of the star which, for a star of 1 Mg initial
mass, never reaches high enough temperature to start burning carbon, and cools
down to become a white dwarf. The nebula keeps expanding until it dissipates in
the interstellar medium.

Intermediate-mass stars (~ 2—7 Mg). A star with initial mass around 5 M needs
to produce more energy than a solar-mass star while on the main sequence to remain
in hydrostatic equilibrium. Therefore, it burns H in the center at a faster rate and
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the effective temperature and luminosity are higher. The H in the core is rapidly
exhausted, and the star leaves the main sequence at a much younger age than a
solar-mass star.

When the star leaves the main sequence, the core contracts and H-burning reac-
tions start in a shell around the He core, which supports the weight of the material
above it for some time. When this equilibrium ends, the core contracts more rapidly
and its temperature increases, causing the energy production in the H-burning shell
to increase and the outer layers of the star to expand. The surface temperature
decreases, and the star moves to the right in the H-R diagram (Fig. 1.4). Then,
convection starts being effective in transporting energy from the deepest layers (first
dredge-up), and the luminosity of the star increases, making the star ascend the
RGB. During this phase, the central temperature of the star continues to rise due to
the core contraction, until the ignition of He-burning reactions in the non-degenerate
core.

When He is exhausted in the center, the carbon core contracts, and He keeps
burning in a shell around the core (which is also surrounded by the H-burning shell).
The core contracts and heats, the outer layers expand and the effective temperature
decreases, until the star reaches the AGB stage. We will see in Section 1.3.2.3 that
these luminous AGB stars dominate the near-infrared light of a SSP at intermediate
ages (i.e. around 100 Myr). As in the case of solar-mass stars, thermal pulses
cause strong stellar winds and the star loses a large part of its mass. During
this time, the carbon core keeps contracting and heating until the gas becomes
degenerate. If the temperature reaches high enough values to ignite carbon, the star
will undergo a ‘carbon flash’, leading to a supernova explosion. If the temperature
of the degenerate core is too low, the star loses its outer layers as a planetary
nebula and the core cools down as a white dwarf. The initial mass and chemical
composition of the star, and the total mass lost during its evolution, determine
which of the two scenarios occurs. In either case, the star returns material to the
interstellar medium at the end of its life.

High-mass stars (2 7 M). The evolution of the most massive stars is extremely
rapid. These very hot stars radiate huge amounts of energy during their short
lifetimes of typically a few Myr. The ultraviolet radiation originating from these
stars has important effects on the spectra of galaxies. The radiation from massive
stars dominates the emission of a SSP at young ages (Section 1.3.2.3) and ionizes the
gas in the surrounding ISM (Section 1.4). High-mass stars lose a large part of their
initial mass due to strong stellar winds during the main sequence evolution. Such
important mass losses make the evolution of these stars very complex to model.
In a star of initial mass around 25 Mg, after central H is consumed, the core
starts contracting and the outer envelope expands — the star becomes a ‘red super-
giant’. The central temperature rapidly reaches high enough values to start burning
He in a non-degenerate core surrounded by a H-burning shell. At this stage, the
effective temperature of the star increases and the star becomes a ‘blue supergiant’.
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After all the central He has been converted into C, the core contracts again
until it reaches high enough central temperatures to start burning carbon: the star
becomes a red supergiant again. Because of its high mass, the star can reach high
enough temperatures for the C-burning reactions to begin before the core becomes
degenerate. When the central C gets exhausted, the core contracts again and the
next reactions, burning O, Mg and Ne all the way to Fe, occur very quickly until the
star consists of a compact core of iron with surrounding shells burning successively
lighter elements. The nucleus of the Fe atom has a much higher binding energy than
lighter elements, and the star cannot produce energy through its fusion (in fact, the
Fe fusion reactions require an input of energy). Therefore, the star is incapable of
continuing to produce energy in the core, and the core collapses gravitationally to
extremely high density and explodes violently as a supernova. The outer layers of
the star are returned to the interstellar medium, and the core remains as a neutron
star.

1.3.2.2 The stellar initial mass function

As we have seen in the previous section, the initial mass of a star determines the
way it produces and radiates energy. This has a crucial impact on the study of
the integrated emission from galaxies. Stars of different initial masses dominate the
energy output at different wavelengths and at different ages. When adding up the
spectra of all stars of a SSP, it is important to get the right proportions of stars of
different masses. Therefore, the initial mass function is a fundamental ingredient
in stellar population synthesis models.

The initial mass function has been investigated by many since the Salpeter’s
(Salpeter 1955) pioneering study (e.g. Scalo 1986; Kroupa 2001; Chabrier 2003).
Such studies aim at determining the proportions of stars of different masses in
nearby environments, such as stellar clusters and the solar neighbourhood, to get
the present-day mass function of stars, and then correcting for the number of stars
that have already evolved out of the main sequence for a given formation time.
However, the accurate determination of the IMF is complex due to factors such
as the evolution of stars, the mixing of different stellar populations (with different
ages) and the conversion from observed stellar luminosities to stellar masses.

In all applications in this thesis, we assume the Chabrier (2003) single-star IMF
of the Galactic disc, described by:

(log m—log m.)?

dllogtm)] o { 0L T EE ] S e (14)
m- for m > 1 Mg,
with m. = 0.08 Mg and adopt lower and upper mass cut-offs 0.1 Mg and 100 Mg,
respectively. This IMF is physically motivated and fits well the counts of low-mass
stars and brown dwarfs in the Galactic disc, providing more accurate mass-to-light
ratio determinations (Chabrier 2003).

In Figure 1.5, for reference, we compare the Chabrier (2003) IMF with the
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Figure 1.5: Comparison between the Salpeter 1955 (in red) and Chabrier 2003 (in
purple) initial mass functions. (a) Comparison between the two IMFs (both are
normalised to ¢[log(m = 1 Mg)] = 0; (b) Comparison between the mass-to-light
ratios (i.e. total stellar mass divided by the total V-band luminosity) given by the
two IMF's.

Salpeter (1955) IMF, which is described by é[log(m)] oc m~135. In panel (a), it
is clear that the Salpeter IMF produces a higher number of low-mass stars than
the Chabrier IMF. This causes the systematically higher mass-to-light ratio for the
Salpeter IMF, plotted in panel (b), since the bulk of stellar mass in galaxies is
contributed by low-mass stars. In fact, the Salpter IMF produces stellar masses of
model galaxies which are about 1.6 times higher than the Chabrier IMF.

1.3.2.3 Spectral evolution of a simple stellar population

We now describe the spectral evolution of a simple stellar population. This corre-
sponds to computing the term Sy[t/, ((t —t)] in equation (2.1). The basics ingredi-
ents necessary to compute the spectral evolution of a SSP are:

e evolutionary tracks of stars of different initial masses and chemical composi-
tions in the H-R diagram, provided by stellar evolution theory — these tracks
allow us to compute isochrones, which define the positions of stars of different
masses and metallicities in the H-R diagram at a given time;

e the initial mass function, which determines the proportions of stars of different
masses in the SSP;

e libraries of stellar spectra, used to assign an ultraviolet-to-infrared spectrum
to stars along the isochrone.
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Figure 1.6: Example of isochrones with solar metallicity computed using the latest
version of the ‘Padova 1994’ stellar evolution prescription (Marigo et al. 2008).
The isochrones show the location on the H-R diagram of the stars of a SSP at a
given age. Here we plot 12 ages from 4 x 10° (green) to 8 x 10 yr (red). At the
youngest age, most of the stars are in the main sequence, except the very massive
ones; as the age of the SSP increases (towards red isochrones), less massive stars
evolve out of the main sequence. The effective temperature of a star determines
at which wavelengths it radiates most of its emission. The higher the bolometric
luminosity of a star, the more it contributes to the integrated stellar spectral energy
distribution of the galaxy.

To model the stellar emission from galaxies, we must include the evolution
of the full range of possible initial stellar masses. In stellar population synthesis
models, a detailed stellar evolution prescription defines how stars of different masses
and chemical compositions evolve. In practice, this is done by providing stellar
evolutionary tracks which describe the evolution of stars of different masses in the
H-R diagram.
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In all applications of the Bruzual & Charlot (2003) models in this thesis, we
use the ‘Padova 1994’ stellar evolutionary tracks computed by Alongi et al. (1993),
Bressan et al. (1993), Fagotto et al. (1994a) and Fagotto et al. (1994b). These
tracks provide the evolution from the zero-age main sequence to the beginning of
the thermally-pulsating regime of asymptotic giant branch (TP-AGB) for low- and
intermediate-mass stars and core-carbon ignition for massive stars, for a wide range
of initial metallicities and stellar masses (see more details in Bruzual & Charlot
2003). The most recent version of the code also incorporates a new prescription by
Marigo & Girardi (2007) for the TP-AGB evolution of low- and intermediate-mass
stars (Marigo et al. 2008). These tracks are complemented with additional stellar
evolution prescriptions to account for the post-AGB evolution until the remnant
stage (Vassiliadis & Wood 1994, more detail in Bruzual & Charlot 2003). In Fig. 1.6,
we plot examples of isochrones (for solar metallicity) computed using the latest
version of the ‘Padova 1994’ stellar evolution prescription (Marigo et al. 2008).

The different evolutionary stages along the isochrone are populated by stars of
different initial masses in proportions given by the IMF weight ¢(m), defined such
that ¢(m)dm is the number of stars born with masses between m and m + dm
(see Section 1.3.2.2). Following this, each star in the isochrone is assigned a spec-
trum from a library of stellar spectra. This spectrum corresponds to the specific
characteristics and evolutionary stage of that particular star. The spectral libraries
used to perform this can consist of observed spectra, theoretical spectra computed
from stellar atmosphere models, or a mix of both. Ideally, spectral libraries must
cover the whole the spectral energy distributions of stars for all masses and at all
evolutionary stages, but this is not trivial because of both observational and mod-
elling limitations (Gustafsson, Heiter & Edvardsson 2007; Martins & Coelho 2007;
Coelho 2008). We use one of the stellar libraries available with the Bruzual & Char-
lot (2003) code which uses the empirical library ‘STELIB’ (Le Borgne et al. 2003)
in the optical range, extended to the ultraviolet and infrared using the ‘BaSeL, 3.1’
theoretical library (Westera et al. 2002). Finally, the spectral energy distribution
of the SSP S) at age t' is obtained by simply summing the spectra of individual
stars along the isochrone.

In Figure 1.7, we plot the spectral energy distribution of a SSP of solar metal-
licity at several ages between 1 Myr and 13 Gyr. The spectral evolution shown
in this figure can be interpreted as the evolution of the stellar content of the SSP
with time. The young, massive stars, radiating predominantly at ultraviolet wave-
lengths, dominate the luminosity of the SSP at young ages (i.e. between 10° and
107 yr). The most massive stars evolve very rapidly and, at around 107 yr, they
leave the main sequence and become red supergiants, causing a drop in the ultravi-
olet light and an increase in the near-infrared light. The ultraviolet light continues
to decrease until 10° yr as massive stars gradually leave the main sequence, while
the near-infrared continues to be high during this time due to the presence of AGB
stars. After 1 Gyr, RGB stars account for most of the near-infrared luminosity, and
the accumulation of low-mass, post-AGB stars causes the far-ultraviolet emission
to rise again until 13 Gyr.
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Figure 1.7: Spectral evolution of a simple stellar population with solar metallic-
ity and with the distribution of stellar masses following a Chabrier (2003) IMF,
computed using the latest version of Bruzual & Charlot (2003) models, with ages
indicated on the top right corner. Figure adapted from Bruzual & Charlot (2003).

1.3.3 The star formation history

The star formation history describes the rate at which the galaxy forms stars as
a function of time. This can be regarded as the term ¢ (¢ — ') in equation (2.1).
The star formation history of a galaxy determines the age distribution of the stars
contributing to the total spectrum.

The evolution of the star formation rate with time in galaxies depends mainly
on the amount of gas available in the ISM to form new stars. In the local universe,
it is observed that the present-day star formation rate of elliptical galaxies is low
and that in late-type spirals the star formation rate high. This is mainly due to the
fact that there is much more gas available to form new stars in the ISM of late-type
galaxies than in the ISM of early-type galaxies. This change in star formation rate
along the Hubble sequence is of great interest for galaxy evolution studies.

Several studies suggest that the observed Hubble sequence is mainly driven by a
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Figure 1.8: Schematic representation of the evolution of star formation rate (inte-
grated birth rate) of galaxies according to Hubble type: (a) from ellipticals, E, to
early-type spirals, Sa; (b) from early-type spirals, Sa, to late-type irregulars, Sm.
The ratio between the dissipative collapse timescale t. and the time to complete star
formation determines if a disk forms — this markes the separation between elliptical
and disk galaxies; for disk galaxies, the higher this ratio is, the higher becomes
the bulge-to-disk ratio — this explains the different Hubble types of disk galaxies.
Figure from Sandage (1986).

sequence in timescale of star formation in galaxies (Sandage 1986; Kennicutt 1998a,
and references therein). Based on previous studies from Gallagher, Hunter & Tu-
tukov (1984), Sandage (1986) proposed that the different properties observed in
galaxies of different Hubble types (such as bulge-to-disc ratio, disc surface bright-
ness, integrated colour, mean disk age, and present star formation rate per unit
stellar mass, i.e, specific star formation rate) can be simply explained by differ-
ent time variations of the star formation rate. In Fig. 1.8, we plot the schematic
representation of the star formation histories of galaxies of different Hubble types
proposed by Sandage (1986). The ratio between the dissipative collapse timescale
t. and the time to complete star formation determines if a disk forms. This ra-
tio markes the separation between elliptical and disk galaxies. For disk galaxies,
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the higher this ratio is, the higher becomes the bulge-to-disk ratio of the galaxy;
this explaines the different Hubble types of disk galaxies from early-type, Sa, to
late-type, Sm.

In this framework, the star formation rate of galaxies can be described with
exponentially declining functions of the form (¢t — t') oc exp(—~t), where 7 is the
inverse of the star formation timescale. In elliptical galaxies, the timescale of star
formation is very short, corresponding to high values of . This is equivalent to a
single burst at the time of their formation that consumes all the gas available in
the beginning. Late-type spirals have a longer timescale of star formation (i.e.
value close to zero), as such the star formation is practically constant with time.
However, this parametrization of the star formation rate is not enough to reproduce
the integrated colours of all types of galaxies. For example, these purely exponential
star formation histories fail to reproduce the emission from irregular galaxies with
very blue colours. To account for the full range of observed galaxy properties, we
need to include random bursts of star formation superimposed to the exponential
star formation history law. This is because, in the bluest galaxies, star formation
has a stochastic nature which can be induced by interactions. This simple way
of describing galactic star formation histories, even though it does not explicitly
include the physics of galaxy formation and gas consumption in galaxies, provides
a robust way of reproducing the observed spectral energy distributions of different
types of galaxies.

In Fig. 1.9, we plot four examples of the typical star formation histories of
galaxies along the Hubble sequence, corresponding to an elliptical galaxy, an early-
type spiral, a late-type spiral, and an irregular starburst galaxy, following Sandage
(1986). For each galaxy, we plot the evolution of the star formation rate with time
in the left panel and the Bruzual & Charlot (2003) spectral energy distribution
Ly at an age of 10 Gyr, computed using equation (2.1), in the right panel. We
assume solar metallicity and a Chabrier (2003) IMF in all cases. The star formation
history of the elliptical galaxy corresponds to a star formation timescale of 0.5 Gyr
(i.e. v = 2 Gyr™1); for the early-type spiral, v = 0.25 Gyr~!, and for the late-
type spiral, v &~ 0, i.e. the star formation rate is nearly constant with time. For
the irregular galaxy, we superimpose two bursts of star formation (one at about
4.5 Gyr, and the other just before 10 Gyr) to the previous constant star formation
rate.

Since the spectral energy distributions plotted in Fig. 1.9 correspond to model
galaxies with the same metallicity, IMF and age, the differences between these spec-
tra are caused only by the different star formation histories. In elliptical galaxies,
practically all the stars are formed in a single, initial burst of star formation. There-
fore, after 10 Gyr, the stellar emission from elliptical galaxies is very similar to the
emission by an old simple stellar population (see, for example, the emission by the
SSP plotted in Fig. 1.7 at 4 and 13 Gyr). In spiral galaxies, the star formation
also decreases with time because the amount of gas available to form new stars also
decreases with time. However, the timescale of star formation is longer than in ellip-
tical galaxies, and stars are continuously formed in the discs. Therefore the spectral
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Figure 1.9: Left-hand panels: Schematic representation of the star formation his-
tories of (a) an elliptical galaxy, (b) an early-type spiral, (c) a late-type spiral, and
(d) an irregular galaxy, following Sandage (1986). Right-hand panels: Bruzual &
Charlot (2003) spectral energy distributions computed using equation 2.1 for each
star formation history v at age 10 Gyr, assuming solar metallicity and Chabrier
(2003) IMF.

energy distributions of these galaxies show contributions by both an old stellar com-
ponent (dominating the emission at optical and near-infrared wavelengths) and a
young stellar component (dominating the emission in the ultraviolet) to the total
emission. In late-type, irregular galaxies, interaction-induced bursts may occur as
illustrated in Fig. 1.9. This causes the spectral energy distributions of these galax-
ies to appear very blue, as their integrated light becomes dominated by the young
stellar population formed in the burst (appearing similar to the spectrum of a young
SSP in Fig. 1.7).

In should be noted that, in hierarchical scenarios of galaxy formation, not only
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late-type irregular galaxies merge or interact gravitationally with other galaxies,
rather all types can experience this. However, interactions produce significant bursts
of star formation mainly in galaxies which still contain large amounts of gas available
to form new stars.

In this section, we have reviewed the basic elements of the production of starlight
in galaxies and the main ingredients of stellar population synthesis models. We will
show in this thesis that these models are a valuable tool to compute the emission
by stars in galaxies from ultraviolet to infrared wavelengths. However, the total
emission from galaxies is not purely stellar. The light produced by stars in galaxies
interacts with gas and dust in the interstellar medium before escaping the galaxies.
Therefore, to fully understand the multi-wavelength emission from galaxies, we need
to include the transfer of starlight in the ISM. In the next section, briefly review the
main effects of the ISM on the ultraviolet-to-infrared spectral energy distributions
of galaxies.

1.4 The transfer of starlight in the interstellar medium

By definition, the interstellar medium of galaxies consists in the matter occupying
the large space between stars. The first direct evidence of the existence of interstellar
matter was provided by Johannes Hartmann in 1904, when studying the spectrum
of the star 6 Orionis (Hartmann 1904). In this study, this author observed that the
calcium line at 3934 A was not shifted (by Doppler effect) by the motion of the star
in the same way as the other stellar absorption lines. To explain this, he advanced
the hypothesis that this particular line was caused by a cloud consisting of calcium
vapour in the line of sight.

Our understanding of the interstellar medium of galaxies has much advanced
since the pioneer work of Hartmann. The current view is that the ISM consists
mainly of gas, dust grains, and relativistic charged particles (cosmic rays). About
99 per cent of the mass of the ISM is in the form of gas, of which 75 per cent is in
the form of H, and the remaining is mostly in the form of He, with heavier elements
present only in trace amounts.

The ISM is a crucial component of galaxies since galactic evolution is affected
by the interactions between the radiation produced by stars and the interstellar
matter. In this chapter, we elaborate on several processes by which the stellar light
interacts with gas and dust in the interstellar medium of galaxies. In this thesis, we
will focus mainly on the effects of the ISM on the observed ultraviolet-to-infrared
spectral energy distributions of galaxies.

In Fig. 1.10, we show a schematic representation of the main interactions be-
tween the stars and the interstellar medium of galaxies. The gravitational collapse
of dense molecular clouds (in which hydrogen is in molecular form, Hy) leads to the
formation of stars. The radiation produced by hot massive stars (OB stars), which
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Figure 1.10: Schematic representation of the main interactions that occur between
the stars and the interstellar medium of galaxies.

emit mostly at ultraviolet wavelengths (see Section 1.3), ionizes the surrounding
gas, creating H1I regions (i.e. regions where hydrogen is ionized, H') around these
young stars. The diffuse ISM around older stars is mostly in neutral form (H1),
because older stars do not produce enough ionizing photons. During their lifetimes,
stars of all masses produce heavy elements by nucleosynthesis and may eject gas
back into the ISM, either by mass loss via stellar winds or by supernova explosions
(for stars with sufficiently high masses; see Section 1.3). These processes enrich the
interstellar medium with metals. Also, in the cold atmospheres of evolved stars (red
giants and AGB stars) or in the ejecta of supernovae explosions (Dwek 1998), the
metals may condense and form dust grains, which are then returned to the ISM.
The diffuse ISM, enriched in metals (in gas form or in dust grains), may then cool
down and form molecular clouds, which collapse gravitationally and produce new
generations of stars with higher initial metallicities.

The interaction of stellar light with the various components of the ISM in galax-
ies can be studied through the galactic spectral energy distributions, which contain
important information about the amount of gas and dust in galaxies, and also about
the physical conditions of the ISM (such as temperature, density, ionization state).
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1.4.1 Generalities

The interstellar medium in galaxies presents a variety of phases. These phases are
usually characterized by the state of hydrogen, which is by far the most abundant
gas. Dust is mixed with the gas in all these different phases and affects differently
the light produced by stars. We now briefly review the different gas components of
the ISM of galaxies. In Sections 1.4.3, we will describe the properties of interstellar
dust and how it affects the observed emission from galaxies.

(i) Molecular gas. In the ISM of galaxies, molecular clouds are composed mainly
of Ho, with other molecules present in very small amounts. Molecular hydro-
gen forms in dense (n > 10% ecm™3) and cold (T' = 10 — 20 K) environments,
predominately via collisions between hydrogen atoms on the surface of dust
grains (e.g. Hollenbach & Salpeter 1971). Besides providing a site for Hy for-
mation, dust grains also absorb the binding energy liberated when a stable
molecule forms. They provide shielding against ultraviolet photons, prevent-
ing the photo-dissociation of Hy molecules.

Interstellar molecules can be observed through the absorption lines they pro-
duce in stellar spectra (when the interstellar matter containing these molecules
is in the line of sight to the observed star) or through their emission at in-
frared and radio wavelengths (through electronic, rotational and vibrational
transitions).

The first interstellar molecules (CH, CHt and CN) were discovered in the
1930’s through the detection of absorption lines in stellar spectra. The most
abundant interstellar molecule, Ho, has a strong absorption feature in the
far-ultraviolet (at 1050 A). Therefore, it is much more challenging to detect
observationally from ground observations. Molecular hydrogen can also be
identified by its rotational emission lines in the mid-infrared.

The second most abundant interstellar molecule, CO, is more easy to identify
than He. In particular, this molecule is easily detectable by the 2.6 mm
J = 1—0 rotational transition (Wilson, Jefferts & Penzias 1970). Many other
interstellar molecules (such as OH, CS, SiO, SO, H,O, HCN or NHj3) have been
detected in the radio. The advantage of observing at radio wavelengths is that
we can detect molecules inside very dense, optically thick interstellar clouds.
For molecules to be detected through absorption in stellar spectra, they must
reside in the diffuse (optically thin) ISM. We note that the Hy molecule cannot
be detected using radio observations, since it is symmetric and therefore has
no electric dipole. Since CO molecules are excited by collisions with the Hy
molecules, radio observations of CO are generally used to trace Hs.

Another type of molecules, the polycyclic aromatic hydrocarbons (PAHs) are
found in the interstellar medium. These are large aromatic molecules (some
can include more than a hundred carbon atoms), which can be detected by
their emission at mid-infrared wavelengths. These molecules are so big that
they are traditionally treated as a dust component (see Section 1.4.3.4).
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(i)

(iii)

Neutral atomic gas. Most of the mass in the ISM is in the form of neutral hy-
drogen, H1. Neutral hydrogen cannot be easily detected through the Lyman
series transitions between excited states and the ground level. These transi-
tions (including the well-known Lya line at 1216 A) arise in the far-ultraviolet
and therefore are not detectable from ground-based observations.

The most efficient way to detect neutral hydrogen in the ISM of the Milky Way
and external galaxies even from the ground is by observing the 21-cm line.
This line corresponds to the transition between the two hyperfine levels of the
fundamental state of the H atom. The hyperfine structure results from the
interaction between the spins of the electron and the proton. The existence of
detectable 21-cm H line in the interstellar medium was predicted in the 1940’s
by Hendrik van de Hulst and observed for the first time by Ewen & Purcell
(1951). This technique quickly became of standard use to study atomic H and
its distribution.

Observations of the 21-cm line in emission and in absorption highlight two
neutral, thermally stable phases (e.g. Field, Goldsmith & Habing 1969) which
coexist in the ISM:

e Cold H1, observed in emission and absorption. This medium is composed
of dense clouds with densities of the order of 10 cm™ and temperatures of
about 100 K. This component is also found in the envelopes of molecular
clouds.

e Warm H1, observed mainly in emission. This is a more diffuse (n ~
0.15 ecm~?) and warmer medium (7T ~ 10* K) gas which exists between
the denser clouds.

Besides H1, the neutral ISM also contains atoms and ions of heavier elements.
These can be identified by fine-structure lines in the far-infrared, which cor-
respond to forbidden transitions. Some of these elements (such as C, Mg,
Si and S) have ionization potentials lower than 13.6 eV, and therefore they
can be ionized in HT regions. In fact, the main coolant of the cold neutral
medium is the [C 11JA157.7 pum forbidden line. In the warm neutral medium
the [O 1]A6300 A line provides a cooling source in addition to the Lya line.
Other abundant species whose lines also contribute to the cooling of the neu-
tral ISM are C 1, Si 11, S 11 and Fe 11 (e.g. Spitzer & Fitzpatrick 1993).

Ionized gas. The interstellar gas can be ionized by far-ultraviolet radiation
produced by young OB stars or other processes, such as collisional ionization
in shocks, X-ray ionization and ionization by charged particles of high energy.

A large fraction of the energy output of OB stars in galaxies consists in ionizing
ultraviolet radiation (with A\ < 912 A, see Section 1.3). The radiation with
energy higher than 13.6 eV ionizes the neutral hydrogen around the stars,
forming H1I regions. Photons of energies much higher than the H ionization
potential can also ionize He and other heavier elements.
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Figure 1.11: Typical optical emission spectrum of a H1I region, with the strongest
lines labelled on the bottom panel. The flux scale on the top panel highlights the
less luminous lines. Spectrum from the Orion nebula taken from Baldwin et al.

(1991).

The observed spectra of galactic H1I regions is dominated by strong emission
lines in the ultraviolet, optical (see Fig. 1.11, Baldwin et al. 1991), infrared
Peeters et al. (2002) and radio. These emission lines are in general colli-
sionally excited ‘forbidden’ lines from heavy ions and hydrogen (and helium)
‘recombination’ lines.

The recombination lines are emitted when a free electron recombines with
an ion (mainly H1I) to an excited level, n > 1, and undergoes radiative
transitions in cascading down to the ground level, n = 1. This recombination
process is theoretically described by two cases: ‘case A’ and ‘case B’ (Baker
& Menzel 1938; Osterbrock 1989). What distinguishes case A from case B
is the optical thickness of the ionized gas in the Lyman lines. The Lyman
lines are produced by electronic transitions from an excited state, with n >
1, to the ground state, n = 1, with the excited state reached through the
radiative cascade (or directly) of a recombined electron. Ionized nebulae in
which the gas is optically thin in the H1 Lyman lines are described by case
A recombination. In this case, the Lyman-line photons escape the nebula
without further absorption. In case B, the optical depth in the Lyman lines
is high. As a consequence, Lyman-line photons do not escape the nebula:
they are readily absorbed by nearby neutral H atoms in the ground state.
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Therefore, any Lyman photon other than Lya will be converted into a lower
series photon plus a Lya photon or two-photon emission. Case A and case
B result in different ratios of the higher order lines such as the Balmer lines*
. The ratios of the Balmer lines, called the 'Balmer decrement’, are fixed for
a given electron temperature T, and density n.. The conditions for case B
recombination generally apply in normal (i.e. galactic-type) H1I regions. In
this case, the observed Balmer decrement can be taken as fixed, with the ratio
of Ha/HB ~ 2.85 (Osterbrock 1989) for the typical electron temperature and
density of H1I regions (7T, = 10* K and n, < 10* cm™3).

FEmission lines allow us to study the physical conditions in H11 regions. The
line emission spectrum depends on the chemical abundances of the various ele-
ments, the local ionization, density and temperature. Therefore, emission line
diagnostics can be used to study the ionized gas: for example, the observed
Balmer decrement Ha/Hf gives an indication on the extinction when com-
pared with the fixed ratio predicted for case B recombination. The tempera-
ture and density of the gas in H1I regions can be derived using line intensity
ratios of the same ion. This can be achieved by combining a temperature-
dependent ratio with one dependent on intensity, as it is the case, for example,
when comparing optical and infrared forbidden lines of [O 111] (e.g. Menzel,
Aller & Hebb 1941; Dinerstein, Lester & Werner 1985).

The emission lines produced by H1I regions in actively star-forming galax-
ies can be observed in their integrated emission (e.g. Kennicutt 1992, see
Fig. 1.12). Studies of these emission lines provide constraints on the amount
of ionized gas in external galaxies, on the properties of this gas and provide
a star formation rate indicator (e.g. Kennicutt 1998a; Charlot & Longhetti
2001; Charlot et al. 2002).

In addition to emission lines, the H 11 regions present a radio continuum which
is caused by free-free emission (or thermal Bremsstrahlung): electrons in the
interstellar plasma are accelerated by electric interaction with ions, and radi-
ate energy due to this acceleration. This emission can be used as a star forma-
tion tracer in galaxies (e.g. Yun, Reddy & Condon 2001; Bell 2003). However,
there are difficulties associated with this approach, because the radio emis-
sion from galaxies shows an additional contribution from non-thermal emis-
sion from cosmic-ray electrons spiralling in the magnetic field of the galaxy
(e.g. Condon 1992). Since the thermal and the non-thermal emission have
different spectral shapes, the distinction between these two contributions to
the radio emission can be done by associating observations at different radio
frequencies.

Besides H 11 regions, the ISM contains a colder diffuse ionized gas component,
of typical temperature around 8000 K and very low density (n ~ 0.10 cm~3).

4The Balmer lines are produced by electronic transitions from an excited state, with n > 2, to

the first excited state, n = 2.
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Figure 1.12: Optical spectrum of the starburst galaxy M 82. The dominant feature
is the Ha emission line, coming from the HII regions of the galaxy, which are
powered by newly-formed OB stars. Figure taken from Kennicutt (1992).

This component contributes with most of the mass in the form of ionized gas
in galaxies. The diffuse ionized gas originates mainly from ionizing radiation
from OB stars that leaks from the H1I regions and from ultraviolet radiation
produced by massive stars in the diffuse medium. Other sources of ionization
of this gas include shocks caused by supernova explosions and stellar winds,
and ionizing radiation from planetary nebula nuclei. This component, as H11
regions, is traced by recombination lines, forbidden lines and radio continuum

Another important ionized ISM component in galaxies is the coronal gas
(Spitzer 1956). This gas has higher temperature than ionized gas in H1
regions (typically between 10° and 10° K) and very low densities (of about
1073 cm™3). The heating and ionizing sources of this medium are likely to be
shocks driven by stellar winds or supernova explosions. Coronal gas can be
traced through ultraviolet absorption lines of highly ionized species such as
C1v,Svi, NvorO Vi (e.g. York 1974). This gas is also detected by emission
in X-rays, extreme ultraviolet and radio.

The different phases of the ISM described above contribute in different propor-
tions to the total mass of gas of galaxies. Typically, in the Milky Way, neutral gas
contributes with most of the mass of the ISM (about 68 per cent of the total mass of
gas), followed by molecular clouds and diffuse ionized gas. H1I regions and coronal
gas contribute at most to a few per cent of the total mass of gas. In Table 1.1,
we summarize the typical values of physical parameters estimated for the different
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Table 1.1: Summary of the physical properties of the main ISM phases of the Milky
Way. The estimated mass of each component is highly uncertain. We adopt the
values quoted by Tielens (2005).

Phase Density Temperature Mass Fraction of total mass
n/ecm =3 T/K M/10° Mg, %
Molecular > 103 10 - 20 1.30 17
Neutral
Cold 10 — 50 102 2.20 30
Warm 0.15 — 0.50 104 2.80 38
Tonized
Diffuse 0.10 8 x 103 1.00 13
Hii regions 102 — 10° 104 0.05 0.7
Coronal 1073 10° - 108 1.00 1.3

ISM phases of the Milky Way.

1.4.2 Description of the ISM in this thesis

In this thesis, we are interested in the modelling the ultraviolet, optical and infrared

spectral energy distributions of star-forming galaxies. For this purpose, we describe

the main properties of the ISM outlined in Section 1.4.1 by considering two main

components: the diffuse interstellar medium and the star-forming regions (Fig. 1.13,
Charlot & Fall 2000).

e Diffuse interstellar medium. The diffuse ISM (or cirrus) is composed mainly

of neutral hydrogen, but also contains small amounts of molecular and ionized
gas.

This component constitutes the bulk of the ISM in galaxies, and it is renewed
by infall of extragalactic material into the galaxy and by mass loss from stellar
winds and supernova explosions. A fraction of the gas mass initially converted
into stars remains locked in stellar remnants (white dwarves, neutron stars
and black holes; see Section 1.3). Therefore, as the galaxy evolves and forms
successive generations of stars, the gas in the ISM is consumed. With time,
the amount of gas available to form new stars decreases (unless the galaxy is
enriched by lots of gas infall).

Star-forming regions (stellar birth clouds). In galaxies, stars form through
the gravitational collapse of dense molecular clouds. These molecular clouds
originate from material in the diffuse ISM when the diffuse gas becomes gravi-
tationally unstable and collapses, becoming denser and cooler. Several factors
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Figure 1.13: Schematic representation of the birth clouds and ambient ISM sur-
rounding each generation of stars in a model galaxy. Light rays leaving the galaxy
in different directions are also shown. Figure adapted from Charlot & Fall (2000).

may cause instabilities in the diffuse gas: shocks induced by supernova explo-
sions or strong stellar winds, density waves or interactions with other galaxies.
The largest molecular clouds, the ‘giant molecular clouds’, can reach masses
of 10* — 10% M, and densities of the order of 10? cm™3.

The most massive stars formed in molecular clouds are the OB stars. These
stars have very high effective temperatures and release most of their energy at
ultraviolet wavelengths (Section 1.3). The ultraviolet radiation produced by
these massive stars ionizes the surrounding gas left over from the molecular
cloud from which the stars have formed, creating an H 11 region. This ionized
gas is surrounded by a layer of H1 (Fig. 1.13). The interface between the
ionized gas and the neutral and molecular gas is a photo-dissociation region
(PDR, see Fig. 1.14). In PDRs, the non-ionizing far-ultraviolet photons com-
ing from stars penetrate the neutral hydrogen and can dissociate and ionize
molecular species such as Hy, CO, OH, O and H2O (e.g. Hollenbach & Tie-
lens 1997; Tielens 2005). These regions present very strong [C 11]A\158 pm and
[O 1]A63 pm lines (which are the main coolants), as well as rotational and vi-
brational Hy lines, and strong aromatic emission features in the mid-infrared
(see Fig. 1.14).

Stellar birth clouds have finite lifetimes of typically 107 yr (Blitz & Shu 1980).
After that time, they are eventually disrupted by the energy input from newly-
formed stars, via strong stellar winds, expanding H 11 regions and supernova
explosions. We will see in the next chapter that the finite lifetimes of stellar
birth clouds is a key ingredient to interpret consistently the line and continuum
emission from galaxies.
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Figure 1.14: Right: Optical image of the SW part of the star-forming region M17
taken with the WFPC2 instrument on the Hubble Space Telescope. The newly-
formed, ionizing stars are located in the direction of the upper left corner of the
picture. The image is a composite of three filters that capture three strong emis-
sion lines observed in H1I regions: red — N 1I; green — Ha; blue — O 111. Image
credit: ESA, NASA, and J. Hester (Arizona State University). Left: Mid-infrared
spectrum of the HII region (in blue) and of the photo-dissociation region (in red)
extracted from the ISO/ISOCAM observations of Cesarsky et al. (1996) by Mad-
den et al. (2006). These spectra highlight the difference in physical conditions
inside H11 regions and PDRs, which translate in different dust emission properties.
The spectrum of the H1I region is dominated by a rising continuum from very hot
small grains, strong emission lines from ionized gas (e.g., the strong [Ne 111] line at
15.8 um), and no emission by PAHs molecules, which are destroyed by the intense
ultraviolet radiation field from hot stars; the spectrum from the PDR is dominated
by the emission features from PAHs molecules, which are shielded from the extreme
ultraviolet radiation and can survive (more details about the emission by dust will
be presented in Section 1.4.3.4).

1.4.3 Influence of interstellar dust on galactic emission

Metals in the interstellar medium can be condensed in dust grains. Interstellar dust
is an important component of the interstellar medium which plays a fundamental
role in the star formation and the chemical evolution of galaxies. Dust grains
are small solid particles, with diameters typically less than 1 pum, composed of
dielectric and refractory materials (mainly graphite and silicates). They are found
in a wide variety of astrophysical environments, such as molecular clouds (where
they play a fundamental role in star formation by accelerating the gas cooling, and
thus, the collapse of these clouds), diffuse nebulae, reflection nebulae, H 11 regions,
photodissociation regions, the envelopes of evolved stars (such as red giants or
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Figure 1.15: W5 star-forming region in the constellation of Cassiopeia. The main
image shows a composite of the infrared emission in the four Spitzer/TIRAC bands
from wavelengths of 3.6 ym (blue), 4.5 pym (green), 5.8 um (orange), and 8.0 um
(red). The inset image shows the same region in optical (visible) wavelengths,
from the California Institute of Technology Digitized Sky Survey. Figure credits:
NASA/JPL — Caltech/L. Allen (Harvard-Smithsonian CfA).

AGB stars), and supernova remnants. As an example, in Fig. 1.15, we show a star-
forming region observed in the infrared, and in the optical. The presence of dust
can be inferred from the dark, highly obscured regions in the optical image (the
dust absorbs the hot radiation from the newly-formed stars), as well as in reflection
(some of the stellar light is scattered by dust). At 3.6 and 4.5 pm, the dust is
more ‘transparent’, and it becomes possible to observe the near-infrared continuum
emission from stars through the dust. The obscured regions in the optical image
shine in the infrared image: the dust reemits the absorbed stellar light at infrared
wavelengths. This is seen in the longer-wavelength bands, at 5.8 and 8.0 pym.

Interstellar dust grains can form where the kinetic temperature of the gas is low
enough and the pressure is high enough to allow the condensation of heavy elements
into solid state. These conditions may occur in the cold interior of dense molecular
clouds, in the cold envelopes of evolved stars (such as red giants or AGB stars) and
in cold supernova ejecta (e.g. Dwek 1998).

Dust grains interact with stellar radiation, regulate the temperature of the ISM
and chemical reactions to occur in their surfaces, allowing for the formation of
molecules such as Hy. Dust grains also harbour a big fraction of the heavy elements
outside of stars in galaxies.

Several observational effects probe the interaction of starlight with interstellar
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dust grains:

e Starlight passing through dusty regions in the interstellar medium, it suffers a
wavelength-dependent extinction caused by a combination of absorption and
scattering by dust grains;

e Starlight emitted towards dusty clouds can also be scattered by dust grains
into the line of sight;

e Polarization of starlight may occur either by scattering, or when it passes
through regions with (non-spherical) dust grains macroscopically aligned by
interaction with a magnetic field.

Interstellar dust grains do not only absorb and scatter starlight. They also
reemit the radiation they have absorbed from stars, mostly at infrared wavelengths.
Most of this radiation is not detectable from ground-based observatories. With
modern infrared space telescopes, we are now able to detect the emission from dust
grains, which can have different origins:

e Mid- and far-infrared thermal continuum emission from large dust grains in
thermal equilibrium with the radiation field;

e Near- and mid-infrared thermal emission from small grains which are not in
thermal equilibrium with the radiation field, and are stochastically heated
through the absorption of single photons, reaching high temperatures;

e Emission features from grains and large molecules, primarily the mid-infrared
emission features from polycyclic aromatic hydrocarbons (PAHs).

In this section, we focus on the general properties of interstellar dust and on
the main implications it has on the study of the spectral energy distributions of
galaxies in this thesis.

1.4.3.1 Interstellar extinction

Interstellar extinction can be defined as the process by which photons coming from a
distant, point-like source (such as a star) in a given line of sight is removed from the
line of sight when they pass through a column density of interstellar dust. Photons
can be removed in two ways: by absorption onto the surface of dust grains, and by
scattering out of the line of sight.

The importance of this effect was first demonstrated and quantified by Trumpler
(1930). Trumpler observed a sample of a hundred open stellar clusters in the Milky
Way for which the ‘photometric distances’ (based on the inverse square law) were
computed using the distance modulus,

d
my — My =5 log (m) _5, (1.5)
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where m) is the apparent magnitude at wavelength A, M) is the absolute magni-
tude® at wavelength \, and d is the distance in parsec. Trumpler also computed
‘diameter distances’ to these clusters by comparing their angular diameter in the
sky with their intrinsic linear diameter (computed by assuming that clusters with
the same constitution, i.e., same number of stars and radial stellar concentration,
have on average the same intrinsic sizes). The comparison between the distances
derived in this way and the photometric distances showed that, for the most distant
clusters, the photometry-based estimates of distance were lower than the diameter-
based estimates, i.e., the intrinsic brightness of the distant clusters was lower than
expected. Trumpler concluded that the interstellar space between these clusters and
us must contain small cosmic particles of various sizes — interstellar dust grains —
which cause the absorption of the stellar light, and that this absorption is selective,
decreasing with increasing wavelength.

In fact, to accurately compute the distance to a star (or other astronomical ob-
ject) from its observed magnitude, the extinction of light by dust in the interstellar
medium must be included in equation (1.5); then, the distance modulus becomes

d
—My=51 (—) 54+ Ay, 1.
my A =05 log T0pc 54+ A (1.6)

where A) measures the extinction, in units of magnitude, at wavelength A. This
extinction is defined as the difference between the observed magnitude of the source
and the magnitude that would be observed in the dust-free case (with no extinction).
The interstellar extinction can be computed as
Fy
Ay = —25log —== = 2.5log(e) T\ = 1.086 7y, (1.7)
F,(0)

where F) is the observed flux, F(0) is the intrinsic flux of the source, and ) is the
optical depth along the line of sight. 7, the product of the number of dust grains
per cm? along the line of sight (i.e. the column density) and the optical cross section
of the grains.

The consequences of Trumpler’s work are of great importance. For example, the
accurate (extinction-corrected) measure of distances within the Galaxy allowed the
first accurate estimates of the size of the Milky Way and the position of the Sun
within it (e.g. Shapley 1933).

Since this work, it became well-known that interstellar dust extinction affects
greatly observations of galactic and extragalactic objects, specially at ultraviolet and
optical wavelengths, and therefore needs to be taken into account when interpreting
observed fluxes and computing distances.

The interstellar extinction law. The light from stars and galaxies is most affected
by dust extinction at ultraviolet and optical wavelengths. Therefore, to interpret

5The absolute magnitude of an object is defined as the magnitude that would be observed if
the object was located at a distance of 10 pc.
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observations of stars and galaxies, it is crucial to know the shape of the interstellar
extinction law, i.e. the wavelength dependence of extinction. The detailed knowl-
edge of the extinction allows us to make the necessary corrections in order to recover
the intrinsic luminosity of the observed sources. Moreover, the study of the shape of
the extinction curve itself is of great interest. The extinction by the ISM in galaxies
depends on the physical properties of interstellar dust grains such as their sizes,
shapes, chemical compositions and optical properties. Therefore, the comparison
between the observed extinction curve and the extinction curve produced by phys-
ical dust models allows us to constrain the properties of dust grains (e.g. Mathis,
Rumpl & Nordsieck 1977; Désert, Boulanger & Puget 1990; Pei 1992).

The ‘extinction law’ describes the dependence of extinction on wavelength and
is generally given by the ratio Ay/Ay, where Ay is the ‘visual extinction’. The
reddening of starlight in a given line of sight can be measured using the difference
between the observed colour index (B — V'), and the intrinsic colour index (B —V)g
(which is due to the intrinsic shape of its spectrum), usually expressed in terms of

the ‘colour excess’%:

Epv=Ap—Av=(B-V)—(B-V)o. (1.8)

The visual extinction and the colour excess are related by the ratio of total to
selective extinction:
Ay

E)\—V]
Ry — - _ , 1.9
T Epv {EBV Ao (1.9)

The ratio of total to selective extinction depends on the chemical composition,
physical properties and size distribution of the dust grains. Therefore, it may vary
along different lines of sight. On average, Ry ~ 3.1 for the diffuse ISM of the Milky
Way, but it can reach much higher values (between 4 and 6) in dense molecular
clouds (e.g. Mathis 1990). In general, the value of Ry provides a measure of the
slope of the extinction curve — larger values of Ry correspond to flatter extinction
curves.

The only galaxies for which we can accurately derive the extinction along differ-
ent lines of sight and obtain empirical extinction laws are the Milky Way (e.g. Savage
and Mathis 1979) and the Magellanic Clouds (e.g. Fitzpatrick 1989). This is done
by comparing reddened and unreddened stars and using the simple framework de-
scribed above — the stars are point sources and the interstellar dust between the
stars and the observer can be assimilated to a screen absorbing the light.

The average observed extinction curves of the Milky Way and the Magellanic
Clouds are plotted as points in Fig. 1.16. The three curves are similar in the optical
and the infrared, but they differ substantially at ultraviolet wavelengths. There is an
increase in far-ultraviolet extinction from the Milky Way to the Large Magellanic
Cloud (LMC) to the Small Magellanic Cloud (SMC). Furthermore, the bump at

5The V (visual) and B (blue) photometric bands of the Cousins system correspond to effective
wavelengths of 5470 and 4340 A, respectively.
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Figure 1.16: Comparison between the extinction curves of the Milky Way (GAL,
top panel), Large Magellanic Cloud (LMC, middle panel), and Small Magellanic
Cloud (SMC, bottom panel). The extinction curves are defined as £(A) = Ay/Ap.
The points correspond to the mean observed extinction curves. The solid lines show
the total model extinction curves, composed of a sum of graphite (short-dashed line)
and silicates (long-dashed line). Figure from Pei (1992).

2175 A in the Milky Way extinction curve is much weaker in the curve from the
LMC, and practically absent in the curve from the SMC. This suggests that dust
grains responsible from the 2175 A feature in the extinction curve (which may be
small graphite particles with sizes less than 0.005 pm) must be less abundant in the
LMC and in the SMC than in the Milky Way. These variations in the extinction
curves are evidences that there might be variations in the physical properties of the
dust in these galaxies, such as their chemical composition or the size distribution
of the grains.

Constraints on dust models using the observed extinction law. Several dust models
have been proposed to interpret the observed extinction curve of the Milky Way
based on the physical properties of interstellar dust grains. One of the first and most
widely used models is the ‘graphite-silicate model’ for which the size distribution
of dust grains was computed by Mathis, Rumpl & Nordsieck (1977) and the optical
properties were computed by Draine & Lee (1984).
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Mathis, Rumpl & Nordsieck (1977) have proposed that the observed extinction
law can be explained using a mixture of graphite and silicate grains with a power-law
distribution of sizes

dn < a5 da, (1.10)

where dn is the number density of grains of type with radii between a and a + da.
The optical properties of graphite and silicate grains were then computed by Draine
& Lee (1984). These properties determine how the dust grains absorb, scatter,
polarize and emit radiation. In this model, graphite grains account for the bump
in the Galactic extinction curve at 2175 A, whereas silicates are responsible for the
mid-infrared absorption features at 9.7 and 18 um (Draine & Lee 1984).

Based on these models, Désert, Boulanger & Puget (1990) proposed that the
interstellar extinction curve and the emission from interstellar dust could be both
interpreted consistently by considering three components: ‘big grains’ mainly com-
posed of silicates, ‘very small grains’ composed mainly of graphite, and ‘polycyclic
aromatic hydrocarbon’ molecules.

1.4.3.2 Attenuation by dust in external galaxies

We have seen that the study of the interstellar extinction provides important clues
on the chemical composition, size distribution and optical properties of dust grains
in the ISM. In this thesis, we are interested in modelling the spectral energy dis-
tributions of galaxies by taking into account the emission from stellar populations
and the effects of the ISM on starlight (we will treat this in detail in Chapter 2).
In particular, it is important to determine the internal attenuation of stellar light
caused by dust in the ISM of external galaxies. This allows will allow us to make
the appropriate corrections in order to recover the intrinsic properties of the stellar
component of galaxies. This is crucial to accurately determine galactic properties
such as the star formation rate, the mean age of the stellar population and the total
amount of dust.

The geometry of the problem of internal ‘attenuation’” in extended sources such
as galaxies is more complex than simply considering point sources behind a screen
of dust, as we did for the extinction of stars in the Milky Way in Section 1.4.3.1.
The attenuation curve for the external galaxies, which describes the wavelength de-
pendence of the attenuation, depends on both the physical properties of dust grains
and the spatial distribution of the dust (e.g. Natta & Panagia 1984; Witt, Thronson
& Capuano 1992; Calzetti, Kinney & Storchi-Bergmann 1994). For example, if stars
and dust are homogeneously mixed in the ISM of galaxies, the shorter the wave-
length of radiation, the smaller the optical depth of the dust layer from which the

" Attenuation is defined as the process by which the light emitted by stars in a galaxy is dimmed
due to the presence of dust in the ISM. We will also use the term ‘effective absorption’ employed by
Charlot & Fall (2000). This has also been referred to as ‘effective extinction’, ‘apparent extinction’,
‘obscuration’ or ‘absorption’ in several other studies (e.g. Calzetti, Kinney & Storchi-Bergmann
1994; Meurer, Heckman & Calzetti 1999).
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radiation can emerge. Therefore an observer will only detect short-wavelength light
from the closest, outer layer of the distribution, while longer-wavelength light will
also come from deeper layers. Moreover, before escaping the galaxy, the photons
travelling in the ISM have non-negligible probabilities of being scattered into and
out of the line of sight. The result of these effects is that the effective attenuation
curve of external galaxies is ‘greyer’ (i.e. shallower) than the extinction curve of the
Milky Way (e.g. Bruzual, Magris & Calvet 1988; Calzetti 2001).

1.4.3.3 The model of Charlot & Fall (2000)

In this thesis, we will use the model of Charlot & Fall (2000) to describe the trans-
fer of starlight through dust in galaxies. Charlot & Fall (2000) propose a simple,
physically-motivated model to account for the effects of dust in the spectral energy
distributions of galaxies. The transfer of radiation is treated in a simplified way
(especially for scattering), which is appropriate to deal with angle-averaged quan-
tities such as luminosities. In this model, the ISM is described in using the two
main components of Section 1.4.2. The main features of the model of Charlot &
Fall (2000) are:

o Finite lifetime of stellar birth clouds. Stars are formed in dense molecular
clouds. The young, hot OB stars born in these regions ionize the inner parts,
so that the birth clouds consist of a central H1I region surrounded by neutral
hydrogen (HT region). These birth clouds have finite lifetimes of typically
107 yr, after which they are disrupted due to the energy input from massive
stars (Blitz & Shu 1980). The main consequence of this for the emission
from galaxies is that photons originating from stars that live longer than the
birth clouds propagate only through the ambient (diffuse) ISM, where they
are treated in the same way as photons emerging from the birth clouds before
they escape the galaxy (see Fig. 1.13). The birth clouds are more optically
thick than the surrounding ISM, and therefore the amount of attenuation in
the ambient ISM is only a fraction of the attenuation in the birth clouds.

o FEffective absorption curve. The attenuation by dust in galaxies is described
in terms of an ‘effective absorption curve’, 7, o« A~". The slope of this curve
is empirically determined and depends both on the optical properties of the
dust and its spatial distribution. The normalization of this curve depends
mainly the amount of dust in the galaxy.

Charlot & Fall (2000) show that an exponent of the effective absorption curve
n = 0.7 is favoured by observations of the ultraviolet and infrared properties of
starburst galaxies. The use of two components (birth clouds and ambient ISM)
with different normalizations of 7, solves the apparent discrepancy between line
and continuum attenuation starburst galaxies.

The effective absorption curve is less steep than the typical extinction curves
of the Milky Way and the Magellanic Clouds, which can be approximated by 7)
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AT, with m=1.3 (Pei 1992). As discussed in the beginning of this section, this
is because the exponent n of the effective absorption curve includes the optical
properties and the spatial distribution of dust. Charlot & Fall (2000) show that an
effective absorption curve 7, oc A=""7 is equivalent to considering a typical extinction

1.3

curve 7y o m~° combined with a realistic spatial distribution of dust consisting

of a random distribution of discrete clouds.

Recombination lines from dusty H 11 regions. As described in Section 1.4.1, the H1r
regions around hot OB stars are characterized by an emission-line spectrum. Dust
grains are present in H 11 regions and they absorb a fraction of the ionizing photons
produced by young stars. In addition, line photons emerging from the H1I regions
are attenuated by dust in the surrounding H1 regions and in the ambient ISM in
the same way as continuum photons. Therefore, to predict the emergent emission
line fluxes from galaxies Charlot & Fall (2000) include the absorption of ionizing
radiation by dust in the H1I regions and the absorption of line photons by dust in
the surrounding H1 and diffuse ISM.

The number of Lyman continuum photons (i.e. ionizing photons) produced by
a simple stellar population (Section 1.3 can be simply computed from its spectral
energy distribution, Sy, as

1 [
Niye = hc/o d\ \S) . (1.11)

The fraction Ty, of Lyman continuum photons absorbed by gas rather than by dust
in the H 11 regions is computed using the analytic formula derived by Petrosian, Silk
& Field (1972):

()3 exp(—#1)

Tign = — - ,
on 3{(7&11)2 — 27')1\{LII +2[1 — exp(—T)I\{L“)]}

(1.12)

where %/{{LH is the dust effective optical depth at the Lyman limit, computed using

the Charlot & Fall (2000) attenuation law. The ionization rate N can then be
computed by multiplying the fraction of Lyman continuum photons transmitted to
the gas by the number of Lyman continuum photons produced by the stars:

. T AL
N== d\ \S) . 1.1
he /0 S (1.13)

Charlot & Fall (2000) compute the emergent luminosities of the Ha and HS
Balmer recombination lines, Sy, and Sug, by assuming that, given an ionization
rate N, the production of all H recombination photons are the same as for the
dust-free case B recombination (see Section 1.4.1 for a description of case B recom-
bination). This assumption is validated by detailed photoionization models of H11
regions which include the effects of dust (e.g. Ferland 1996). For realistic values of
electron density and temperature, n, < 10* cm™ and T, ~ 10* K, the luminosities
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of the Ha and HB Balmer lines are given by Osterbrock (1989):
Sta = 0.450 (he/Apa)N (1.14)

Sup = 0.117 (he/Agg)N . (1.15)

It is assumed that the power radiated in the form of Lya photons, SLya =
0.676 (hc/)\Lya)N is eventually absorbed by dust as a consequence of resonant
scattering.

The total power from ionizing radiation that neither is absorbed by dust nor
emerges in the Ha and HS lines is computed and distributed uniformly between
3000 and 6000 A, which is a range that includes most of the relevant emission lines.
A more recent model by Charlot & Longhetti (2001) combines population synthesis
models (Bruzual & Charlot 2003), the Charlot & Fall (2000) simple model for the
attenuation by dust and photoionization models by Ferland (1996) to compute the
nebular emission from H 11 regions including all the relevant lines from optical to
infrared wavelengths (see Charlot & Longhetti 2001; Charlot et al. 2002).

In Chapter 2 of this thesis, we use the model of Charlot & Fall (2000) to account
for the attenuation of galaxy spectral energy distributions by dust, and to compute
the total energy (including line + continuum) absorbed and reradiated by dust in
galaxies. The novelty of this thesis is to provide a simple prescription to compute
the distribution in wavelength of the luminosity radiated by dust in the infrared.
In the next section, we briefly review the most important elements of the emission
by interstellar dust that are used as the physical motivation of the model presented
in Chapter 2.

1.4.3.4 Emission by interstellar dust

Dust grains are heated mainly by the absorption of ultraviolet and optical pho-
tons and they cool down by reemitting the absorbed energy in the infrared®. This
emission depends mainly on the the optical properties and the sizes of the grains.
The observed emission of the diffuse ISM of the Milky Way from 3 to 1000 pm is
shown in Fig. 1.17. The total energy output from interstellar dust is dominated by
the far-infrared emission of cold dust grains in thermal equilibrium. These grains
radiate as modified black bodies? with this emission peaking at around 100 pm,
which implies an equilibrium temperature of the grains of about 20 K. Dust grains
of small sizes are not in thermal equilibrium with the radiation field, and they have
strongly fluctuating temperatures (see Fig. 1.18), which can reach high values (of
hundreds of degrees) by the absorption of single photons. Therefore these grains

8Collisions with interstellar gas also contribute to a small fraction of dust heating. We do not
include this for simplicity.

9A ‘modified black body’ is a function of the form A™? Bx(T), where By (T) is the Planck
function of temperature T'.
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Figure 1.17: Emission from the diffuse interstellar dust of the Milky Way between
3 and 1000 pm, observed using various instruments: crosses — IRAS (Boulanger
& Perault 1988); squares — COBE/FIRAS (Finkbeiner, Davis & Schlegel 1999);
diamonds — COBE/DIRBE (Arendt et al. 1998); blue line — IRST (Onaka et al.
1996; Tanaka et al. 1996). Figure taken from Draine (2003).

emit at shorter wavelengths. The shape of the emission from these very small
grains is different from a modified black body characteristic of thermal equilibrium
emission. Finally, at wavelengths between 3 and 20 um, emission features are
observed, which are commonly attributed to large organic molecules in the ISM,
the PAHs. These molecules are excited by optical and ultraviolet photons and their
emission peaks in PDRs (Section 1.4.2).

Stochastic heating of dust grains. Interstellar dust grains embedded in a radiation
field are heated through a stochastic process, the absorption of individual photons.
Since the absorption efficiency increases with energy (until extreme ultraviolet wave-
lengths), the dust grains absorb mostly ultraviolet and optical photons.

The stochastic heating of dust grains by the absorption of individual photons
is illustrated in Fig. 1.18. Also shown is the time variation of the temperatures
of dust grains of four different sizes being heated by the average galactic radiation
field. Small grains, with sizes a < 100 A, have strongly fluctuating temperatures.
The smaller the grains, the bigger is the amplitude of these fluctuations. Very
small grains have very low heat capacities, thus the temperature of these grains
will greatly increase when they absorb a single photon. The temperature can reach
several hundred degrees if they absorb very energetic photons like UV. Further-



1.4. The transfer of starlight in the interstellar medium 41

50 F " a=200A 7,,=100s
10 E
5 -_ 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 _-
£ T T — Tt Tt T r r r T T ' T _J_ T T ' 3
50 F | a=100A T, =750s -
. @\NWWWWWW
< S e I S B B e
= 50 F a=508 7, =6x10°s -
B \ |
NNUAN
SH., . N S SR
- ! ! ' | ' ! ! ! ! ! ! ! ! | ' ! ! 3
50 F a=25R 7, =5x10%s
10 E
5 a2 1 1 1 | 1 1 1 1 1 1 I 1 1 1 | 1 1 1 B

0 2x10*  4x10*  6x10*  Bx10* 100

t ( S) B.T. Draine 2002.12.84

Figure 1.18: Interstellar dust grain temperature as a function of time for four grains
of different radius a heated by the average galactic interstellar radiation field. Large
grains (with @ > 200 A) have nearly constant temperature. Smaller grains (with
a < 100 A) show a high increase in temperature after the absorption of an individual
photon followed by a gradual decrease until the next photon absorption (the larger
the radius, the larger the cross section of the grain, and therefore the time between
two absorptions T,ps is smaller). Figure taken from Draine (2003).

more, these grains have very small effective cross sections. Hence, the time interval
separating the absorption of photons absorptions is very long — it is longer than the
cooling time.

The shape of the emitted spectrum does not depend upon the intensity of the
incident radiation, as long as the interval between successive photon absorptions
remains longer than the cooling time. However, the shape of the spectrum depends
on the maximum temperature, which depends on the energy of the absorbed photon
and on the size of the grain (which determines its heat capacity).

The rate at which spherical grains of radius a reemit the energy they have
absorbed is

dEem _ R 2 ~abs
T d\4ma® Q3™ wB\(T) p(T) dT (1.16)
o Jo
where bes is the emission efficiency and p(7') is the probability that the grains

have a temperature between T and T + dT.
Dust grains of different sizes will undergo different temperature fluctuations,
as previously discussed (see Fig. 1.18). Therefore, the temperature distribution
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Figure 1.19: Temperature distributions for silicate grains of various sizes exposed
to the interstellar radiation field. P(T") is the probability of finding a grain with
temperature higher than 7. Each curve is labelled by the grain radius a. Figure
taken from Draine & Anderson (1985).

p(T) is driven primarily by the size of the grains. Draine & Anderson (1985)
computed p(T) using the optical properties of graphite and silicate grains from
Draine & Lee (1984) for different size distributions (see also, e.g. Purcell 1976;
Aannestad & Kenyon 1979; Guhathakurta & Draine 1989; Draine & Li 2001). In
Fig. 1.19, we show the Draine & Anderson (1985) temperature distributions for
silicate grains of various radii from 5 to 200 A, exposed to the typical interstellar
radiation field of the Milky Way. The smallest grains correspond to very broad
probability distributions, because their temperatures fluctuate the most. As the
size of the grains increases, the maximum temperature reached by the absorption
of a single photon decreases. The temperature distribution also becomes less broad
as the size of the grains increases, because the time between photon absorptions
decreases, making the temperature fluctuate less.

Thermal equilibrium. Figs. 1.18 and 1.19 show that big grains, with sizes greater
than about 200 A, have nearly constant temperatures — these grains are in thermal
equilibrium with the radiation field. In fact, the temperature distribution of big
grains (plotted in Fig. 1.19) can be approximated by a delta function §(T" — Tiq),
where T¢q is the equilibrium (or steady-state) temperature, in equation 1.16. The
equilibrium temperature is determined by computing the balance between the total
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energy absorbed E,;s and the total energy emitted Fey by the grain,

o0 o0
Eaps = Een = c/ AAQ uy = 477/ A\ Q™ By(Tey) (1.17)
0 0

where u) is the energy density of the radiation field heating the grains. For reference,
Mathis, Mezger & Panagia (1983) propose an interstellar radiation field for the so-
lar neighbourhood consisting of three black bodies at temperatures 3000, 4000 and
7500 K (to account for the emission from stars at optical and near-infrared wave-
lengths), plus an ultraviolet component from young, hot stars which dominates the
emission between 912 and 2500 A. As we have seen before, most of the absorption of
energy occurs in the ultraviolet and optical, because of the wavelength dependence
of the absorption efficiency. Since dust grains in equilibrium reach low tempera-
tures (typically between 15 and 25 K), most of the thermal emission is radiated at
far-nfrared wavelengths.

The emission efficiency of the dust is often approximated by a power-law:
Q fbs x AP, where the exponent [ varies typically between 1 and 2. The exact value
of 3 depends on the physical properties of the grains. The emission from grains
in thermal equilibrium at temperature Ty, is equivalent to a modified black body,
described as AP By (Te,), which peaks at wavelength Amax = 2900[(5 + 3)/5]/Teq,
where Apax is in pum and Teq in K (e.g., Mezger, Mathis & Panagia 1982).

Total emission from graphite and silicate grains. In Fig. 1.20, we show the emission
spectra of mixtures of graphite and silicate grains heated by the average interstellar
radiation field. This was computed by Draine & Anderson (1985) by integrating
the emission from a mixture of graphite and silicate dust grains, each type following
a distribution of sizes n;(a) and a distribution of temperatures P;(a,T):

2
I, @max dn; b 2 < dT dPi(a, T)
A= da "t Qibs LB BT 1.1
N Z;/am “da N M/O T amr ) (1.18)

where I, /Ny is the flux density per unit solid angle, per column density of H atoms,
and the sum is performed for two types of dust grains ¢, graphite and silicates. The
emission at mid-infrared wavelengths (A < 40 pm) is dominated by the emission
from very small grains heated stochastically to high temperatures — this emission
depends strongly on the size distribution of the grains. At far-infrared wavelengths
(A 2 40 pm), the emission resembles a modified black body, since big grains in
thermal equilibrium dominate the emission at these wavelengths.

Mid-infrared emission features. In addition to the continuum emission described
above, the infrared spectrum of the ISM of the Milky Way (e.g. Fig. 1.17) and
external galaxies presents strong emission features in the mid-infrared (between
3 and 20 pum). These features were first observed in the spectrum of reflection
nebulae by Sellgren (1984) and are commonly attributed to polycyclic aromatic
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Figure 1.20: Emission spectra of mixtures of graphite and silicate grains with
various size distributions, heated by the average interstellar radiation field. Curves
are labelled by amin, the lower cutoff on the size distribution; an upper cutoff
Gmax = 0.25 pm is taken in all cases. The dashed lines are for a classical Mathis,
Rumpl & Nordsieck (1977) size distribution, whereas the plain lines show a size
distribution with a higher relative quantity of small particles. Figure taken from
Draine & Anderson (1985).

Table 1.2: Processes which cause the main infrared aromatic features observed in
astrophysical media (Tielens 2005).

3.3 um  Stretching mode of C-H attached to an aromatic ring
6.2 pm  C—C stretch in aromatic solid or molecule
7.7 pm  C—C stretch in aromatic solid or molecule
8.6 pm  C-H in-plane bending modes
11.3 pm C—H out-of plane bending modes
12.7 um  C-H out-of plane bending modes
16.4 pm C—C—C bending modes in pendant ring

hydrocarbons. PAH emission contributes with an important fraction of the total
interstellar dust emission. PAHs features are observed mostly in photodissociation
regions (PDRs) at the interface between H1I regions and molecular clouds (see
Fig. 1.14), but also in the diffuse ISM, in reflection nebulae or in planetary nebulae.
The strongest features are located at 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 and 16.4 pym (see
Fig. 1.21). These features correspond to vibrational, stretching and bending modes
of PAH molecules (see Table 1.2) excited to high energy levels by the absorption of
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Figure 1.21: Emission spectrum of the reflection nebula NGC 7023 measured by
ISO/ISOCAM (Cesarsky et al. 1996). Some of the most important aromatic features
are shown. Figure taken from Draine (2003).

single ultraviolet and optical photons (Leger & Puget 1984; Allamandola, Tielens
& Barker 1985).

The emission from PAH molecules depends upon their number of carbon atoms,
their hydrogenation (number of H atoms per C atoms), and their ionization state.
In detailed studies of the PAH emission in different interstellar environments, it is
observed that extreme physical conditions (such as intense and hard radiation fields,
for example, in H 11 regions or in the proximity of AGN) may cause large variations
of the PAH emission, since the PAH molecules in these sites can be ionized or even
destroyed (e.g. Omont 1986).

PAHs emission from galaxies. Observations with ISOCAM in the 1990’s provided
mid-infrared spectra of large numbers of objects, including nearby galaxies. More
recently, further observations with higher resolution have become available from the
IRS spectrograph on board of the Spitzer Space Telescope. We will analyse in more
detail such spectra in Chapter 4.

PAH features similar to the ones observed in Galactic PDRs (e.g. Fig. 1.21) are
common in the mid-infrared spectra of starforming galaxies, overlayed on a contin-
uum from hot, stochastically-heated small grains. This is illustrated in Fig. 1.22,
which shows the typical mid-infrared spectrum of a starburst galaxy obtained by
Brandl et al. (2006).

One of the most important results of the first ISO observations of the mid-
infrared spectra of normal galaxies was the observation that the relative strengths of
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Figure 1.22: Average Spitzer/IRS spectrum of 13 starburst galaxies (solid line),
compared with the ISO/SWS spectrum of the galaxy M 82 (dotted line) observed
by Sturm et al. (2000). Figure taken from Brandl et al. (2006).

the different PAH features does not vary substantially with galaxy properties such as
their infrared colours (Helou et al. 2000). This result suggested that PAH particles
are not in thermal equilibrium, otherwise their emission would vary with infrared
colours that are sensitive to the strength of the radiation field, such as the ratio
between the 60-um and 100-pm IRAS fluxes. In general, this can be explained by
the fact that variations in the PAH emission found locally in galactic environments
are all smoothed out when observing the large-scale, integrated emission from entire
galaxies (e.g. Brandl et al. 2006).

We note, however, that recent studies with the Spitzer Space Telescope
(e.g. Smith et al. 2007) show that there can be significant variations between the
line strengths of PAH features in the integrated emission from galaxies. This occurs
mainly in galaxies which harbour an AGN. The AGN provides a hard radiation field
which may ionize or even destroy PAH molecules in the ISM(Allamandola, Hudgins
& Sandford 1999; Li & Draine 2001; Draine & Li 2007; Smith et al. 2007). As a
consequence, for some galaxies harbouring AGN, no PAH emission (or very little)
is detected in the mid-infrared spectra. This can be caused by two effects: (i)
the radiation from the AGN may completely destroy the PAH molecules; (ii) the
PAH features are diluted in the strong mid-infrared continuum from very hot small
grains heated by the AGN. These emission characteristics may provide useful a way
to identify AGN using mid-infrared spectra (e.g. Sturm et al. 2000; Laurent et al.
2000; Smith et al. 2007; see Fig. 1.23 for a comparison between the mid-infrared
spectrum of star-forming regions and AGN).

Another important factor driving PAH emission in galaxies is metallicity. In
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Figure 1.23: Examples of observed mid-infrared spectra (solid lines) of a quiescent
starforming region (M 82 disk), a starburst region (M 82 nucleus) and an AGN
(NGC 1068 nucleus). Both starforming regions show strong PAH emission, and
the main difference between the two is a stronger continuum from stochastically
heated small grains in the starburst region. In the AGN, there is practically no
PAH emission due to destruction by the hard AGN radiation field, or dilution in
the strong continuum from small grains. Figure taken from Laurent et al. (2000).

low-metallicity galaxies (with metallicities lower than 0.25 Zg), observations show
that PAH emission is suppressed (e.g. Engelbracht et al. 2005; Madden et al. 2006;
Smith et al. 2007; Draine et al. 2007). This result is a combination of several
effects: (i) at low metallicities, there are less carbon atoms available to produce
PAH molecules; (ii) low-metallicity environments such as blue dwarf galaxies tend
to form massive stars which generate harder radiation fields; (iii) at low metallicities,
there is less dust production, and therefore PAH molecules are less shielded from
intense radiation fields.

In the following chapters of this thesis, we will assume, for simplicity, that
the shape of the integrated PAHs emission from galaxies is nearly constant. In
Chapter 4 we will analyse the detailed mid-infrared spectroscopy of a sample of
local galaxies. This analysis will enable us to validate our approach and discuss
possible limitations.

1.5 Summary

In this chapter, we outlined the motivation of this thesis and we have provided the
basic elements which allow us to compute the integrated emission of galaxies by
taking into account the production of starlight in galaxies and its transfer through
the ISM.

In Section 1.3, we have reviewed the basic elements of evolutionary synthesis
models, with special focus on the models of Bruzual & Charlot (2003), which we
will use to compute the integrated emission from stellar populations in galaxies in
the next chapters of this thesis. The main ingredients of these models are:

e evolutionary tracks of stars of different initial masses and chemical composi-
tions in the H-R diagram, which allow us to compute isochrones, i.e. define
the positions of all the different stars in the H-R diagram at a given time;
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e the initial mass function, which determines the proportions of stars of different
masses in formed in a generation of stars;

e libraries of stellar spectra, which are used to assign ultraviolet-to-infrared
spectra to each star along the isochrone.

Some models may include a chemical evolution prescription, which allows to com-
pute the time-dependence of the overall metallicity of galaxies [((t —t’) in equa-
tion (2.1)], as stars produce and eject heavy elements in the ISM throughout their
lives. In this thesis, we assume constant metallicities for galaxies.

The evolution of star formation rate with time is the other fundamental ingre-
dient to compute the total spectrum from a galaxy. The integrated light from a
galaxy is computed as the sum of the spectra of the different generations of stars
(SSPs) it contains, weighted by the star formation rate (equation 2.1). We have seen
in Section 1.3.3 that the different spectral energy distributions of galaxies along the
Hubble sequence can be attributed to different histories of star formation in these
galaxies.

The light produced by stars in galaxies interacts with gas and dust in the inter-
stellar medium of galaxies before reaching us. Therefore, to fully understand and
model the integrated, multi-wavelength emission from galaxies, we need to take into
account the physical processes that take place in the ISM of galaxies.

In Section 1.4, we have presented an overview of the different components of
the interstellar medium in galaxies, concentrating on the main interactions that
occur between interstellar matter and the radiation produced by stars which origi-
nate strong signatures in the ultraviolet-to-infrared spectral energy distributions of
galaxies.

The interstellar medium of star-forming galaxies is mainly organized in two
components:

e Star-forming regions: these are dense molecular clouds which collapse gravita-
tionally and form new stars. The radiation produced by newly-born OB stars
ionizes the surrounding gas, producing an H 11 region, which is surrounded by
a layer of H1. The typical lifetime of these clouds is 107 yr.

e Diffuse ISM: this is the intercloud medium, which is less dense and composed
mainly of H1, although some Hir and Hy may also exist, as well as other
molecules, atoms and ions of heavier elements. This component constitutes
the bulk of the mass of the ISM in galaxies and it is heated mainly by stars
older than 107 yr, which have already left their birth clouds.

When studying the integrated spectral energy distributions of star-forming
galaxies, the main observable effects from the interaction between starlight and
dust are:

e The emission lines (recombination and forbidden lines) from ionized regions
(H11 regions).
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e The attenuation of lines and continuum due to dust absorption.

e The emission from different dust components at mid- and far-infrared wave-
lengths.

In Chapter 2, we build a simple model for the emission by dust in galaxies
based on the theoretical and observational results presented in Section 1.4.3.4. This
prescription is associated with the Bruzual & Charlot (2003) stellar population
synthesis model (discussed in Section 1.3.2) and the simple, angle-averaged dust
attenuation model by Charlot & Fall (2000), presented in Section 1.4.2.






CHAPTER 2

A simple model to interpret the
ultraviolet, optical and infrared
emission from galaxies

This chapter is extracted from the paper A simple model to interpret the ultraviolet,
optical and infrared emission from galazies, by Elisabete da Cunha, Stéphane Char-
lot and David Elbaz, published in the Monthly Notices of the Royal Astronomical
Society (da Cunha, Charlot & Elbaz 2008).

2.1 Introduction

The spectral energy distributions of galaxies contain valuable information about
their contents in stars, gas and dust. Direct ultraviolet, optical and near-infrared
radiation from stars provides clues on the past star formation history, chemical
enrichment and attenuation by dust. Nebular emission lines produced by the gas
heated by young stars provide further clues on the current star formation activity
and the physical conditions of the star-forming gas. At wavelengths A 2 3 um, the
mid- and far-infrared emission reflects the heating of dust in different components
of the interstellar medium (ISM) by stars of all ages. Observations at ultraviolet,
optical and infrared wavelengths are now becoming available for large samples of
galaxies. These include data collected in the ultraviolet by the Galaxy Evolution
Ezxplorer (GALEX, Martin et al. 2005), in the optical by the Two-degree Field
Galaxy Redshift Survey (Colless et al. 2001) and the Sloan Digital Sky Survey
(SDSS, Stoughton et al. 2002), in the near-infrared by the Two Micron All Sky
Survey (2MASS, Skrutskie et al. 1997), in the mid- and far-infrared by the Infrared
Astronomical Satellite (IRAS, Beichman et al. 1988), the Infrared Space Obser-
vatory (ISO, Kessler et al. 1996) and the Spitzer Space Telescope (Werner et al.
2004), and in the sub-millimetre by the Sub-millimeter Common User Bolome-
ter Array (SCUBA) on the James Clerk Maxwell Telescope (Holland et al. 1999).
Extracting constraints on the stellar populations and ISM of galaxies from these
multi-wavelength observations requires the consistent modelling of the emission by
stars, gas and dust.

A standard approach to model consistently the emission from stars and dust
in galaxies has been to solve the radiative transfer equation for idealised (bulge +
disc) spatial distributions of stars and dust (e.g. Rowan-Robinson 1980; Efstathiou
& Rowan-Robinson 1990; Gordon et al. 2001; Misselt et al. 2001; Popescu et al.
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2000; Misiriotis et al. 2001). Early models of this type did not include the evolution
of stellar populations. Silva et al. (1998) were the first to couple radiative transfer
through a dusty ISM and the spectral (and even chemical) evolution of stellar
populations. Their model also accounts for the fact that stars are born in dense
molecular clouds, which dissipate after some time, and hence, that newly born
stars are more attenuated than older stars (see also, e.g., Charlot & Fall 2000;
Tuffs et al. 2004). This type of sophisticated model is useful to interpret in detail
the emission from individual galaxies in terms of constraints on stellar populations
and the spatial distribution and physical properties of the dust. However, because
of the complexity of radiative transfer computations, it is not optimised to derive
statistical constraints from observations of large samples of galaxies.

A more recent model of starburst galaxies by Dopita et al. (2005 see also Groves
et al. 2007) incorporates the consistent treatment of the spectral evolution of stel-
lar populations, the dynamic expansion of H1I regions and radiative transfer of
starlight through gas and dust. The authors of this model provide a simple param-
eterization of the ultraviolet, optical and infrared spectra of starburst galaxies by
adding the spectra of different types of compact H 11 regions and their surrounding
photo-dissociation regions. This model provides a fast and flexible tool to interpret
starburst galaxy spectra in terms of the physical parameters of star-forming regions.
However, it is not designed to be applicable to more quiescent galaxies, in which
older stellar populations dominate the emission.

In parallel to these theoretical studies, observations by IRAS and ISO have
motivated the development of simple, empirically calibrated spectral libraries to in-
terpret the infrared emission from galaxies at wavelengths between 3 and 1000 pm.
For example, Chary & Elbaz (2001) and Dale & Helou (2002) both present single-
parameter families of infrared spectra to relate an observed spectral energy distri-
bution to either the total infrared luminosity of a galaxy or the intensity of the
interstellar radiation field heating the dust. These libraries can be applied easily
to the interpretation of large galaxy samples. They have proved useful to charac-
terise the infrared emission from observed galaxies and to investigate the origin of
the cosmic infrared background (e.g. Franceschini et al. 2001; Chary & Elbaz 2001;
Elbaz et al. 2002; Lagache, Dole & Puget 2003; Lagache et al. 2004; Dale et al.
2005; Marcillac et al. 2006). A disadvantage of this approach is that it does not
relate consistently the infrared emission of the dust to the emission from stellar
populations. Another potential limitation is that most existing spectral libraries
were calibrated using local galaxy samples, and hence, they may not be applicable
to studies of the infrared emission from galaxies at all redshifts (e.g. Pope et al.
2006; Zheng et al. 2007).

In this Chapter, we present a simple, largely empirical but physically motivated
model to interpret the mid- and far-infrared spectral energy distributions of galaxies
consistently with the emission at ultraviolet, optical and near-infrared wavelengths.
We compute the spectral evolution of stellar populations using the Bruzual & Char-
lot (2003) population synthesis code. To describe the attenuation of starlight by
dust, we appeal to the two-component model of Charlot & Fall (2000). This has



2.2. The model 53

been shown to account for the observed relations between the ultraviolet and opti-
cal (line and continuum) spectra and the total infrared luminosities of galaxies in
wide ranges of star-formation activity and dust content (Brinchmann et al. 2004;
Kong et al. 2004). We use this model to compute the luminosity absorbed and
re-emitted by dust in stellar birth clouds (i.e. giant molecular clouds) and in the
ambient (i.e. diffuse) ISM in galaxies. We then distribute this luminosity in wave-
length to compute infrared spectral energy distributions. We describe the infrared
emission from stellar birth clouds as the sum of three components: a component of
polycyclic aromatic hydrocarbons (PAHs); a mid-infrared continuum characterising
the emission from hot grains at temperatures in the range 130-250 K; and a com-
ponent of grains in thermal equilibrium with adjustable temperature in the range
30-60 K. In the ambient ISM, we fix for simplicity the relative proportions of these
three components to reproduce the spectral shape of diffuse cirrus emission in the
Milky Way, and we include a component of cold grains in thermal equilibrium with
adjustable temperature in the range 15-25 K.

2.2 The model

In this section, we describe our model to compute the mid- and far-infrared spectral
energy distributions of galaxies consistently with the emission at ultraviolet, optical
and near-infrared wavelengths. In Section 2.2.1, we first briefly review the stellar
population synthesis code and the two-component dust model used to compute
the emission of starlight and its transfer through the ISM in galaxies. Then, in
Section 2.2.2, we present our model to compute the spectral energy distribution of
the infrared emission from dust. We calibrate this model using a sample of 107
nearby star-forming galaxies observed by IRAS and ISO. In Section 2.2.3, we show
examples of combined ultraviolet, optical and infrared spectral energy distributions
of different types of star-forming galaxies.

2.2.1 Stellar emission and attenuation by dust

We use the latest version of the Bruzual & Charlot (2003) stellar population syn-
thesis code to compute the light produced by stars in galaxies. This code predicts
the spectral evolution of stellar populations at wavelengths from 91 A to 160 pm
and at ages between 1 x 10° and 2 x 10'0 years, for different metallicities, initial
mass functions (IMFs) and star formation histories. We use the most recent version
of the code, which incorporates a new prescription by Marigo & Girardi (2007) for
the TP-AGB evolution of low- and intermediate-mass stars. The main effect of this
prescription is to improve the predicted near-infrared colours of intermediate-age
stellar populations (Bruzual 2007; see also Charlot & Bruzual, in preparation). In
all applications throughout this thesis, we adopt the Galactic-disc IMF of Chabrier
(2003). More details about these models can be found in Section 1.3.

We compute the attenuation of starlight by dust using the simple, angle-
averaged model of Charlot & Fall (2000). This accounts for the fact that stars are
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born in dense molecular clouds, which dissipate typically on a timescale ty ~ 107 yr.
Thus the emission from stars younger than ¢y is more attenuated than that from
older stars (see Fig. 1.13 for a schematic representation of the two components of
this model and Section 1.4.2 for a detailed description of the ISM in this thesis).
Following Charlot & Fall (2000), we express the luminosity per unit wavelength
emerging at time ¢ from a galaxy as

Ly(t) = /O t dt'p(t —t') Sa(t') e ) (2.1)

where 1(t — t') is the star formation rate at time ¢ — ¢/, S\(¢') is the luminosity
per unit wavelength per unit mass emitted by a stellar generation of age ¢, and
7(t) is the ‘effective’ absorption optical depth of the dust seen by stars of age t’
(i.e. averaged over photons emitted in all directions by stars in all locations within
the galaxy). The time dependence of 7) reflects the different attenuation affecting
young and old stars in galaxies,

o {%ABC + M for t < to,
) =1 Jsm , (2.2)

75 for t' > tg.

Here ?)\BC is the effective absorption optical depth of the dust in stellar birth clouds
and %/\ISM that in the ambient ISM. We also adopt the prescription of Charlot &
Fall (2000) to compute the emergent luminosities Lyq(t) and Lyg(t) of the Ha
(A = 6563 A) and HB (A = 4861 A) Balmer lines of hydrogen produced by stars
in the birth clouds. This assumes case B recombination and includes the possible
absorption of ionising photons by dust before they ionise hydrogen.

The shape of the effective absorption curve depends on the combination of the

optical properties and spatial distribution of the dust. We adopt the following

dependence of %ABC and %}SM on wavelength:

#8C = (1 — w)dv (A/55004) 7, (2.3)
FISM — 2y (A/5500A) 707 (2.4)

where 7y is the total effective V-band absorption optical depth of the dust seen
by young stars inside birth clouds, and u = %‘}SM / (%‘],BC + %&SM) is the fraction of
this contributed by dust in the ambient ISM. The dependence of %/\ISM on A9 ig
well constrained by the observed relation between ratio of far-infrared to ultraviolet
luminosity and ultraviolet spectral slope for nearby starburst galaxies (see Charlot
& Fall 2000). The dependence of %)\BC on wavelength is less constrained by these
observations, because stellar birth clouds tend to be optically thick, and hence,
stars in these clouds contribute very little to the emergent radiation (except in
the emission lines). For simplicity, Charlot & Fall (2000) adopt 72¢ oc A=07 by
analogy with %;SM. We adopt here a slightly steeper dependence, %ABC ox AL
(equation 5.4), which corresponds to the middle range of the optical properties of
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dust grains between the Milky Way, the Large and the Small Magellanic Clouds (see
section 4 of Charlot & Fall 2000). This choice is motivated by the fact that giant
molecular clouds can be assimilated to foreground shells when attenuating the light
from newly born stars. In this case, the effective absorption curve should reflect the
actual optical properties of dust grains. We emphasise that the dependence of %/\BC
on wavelength has a negligible influence on the emergent ultraviolet and optical
continuum radiation. It affects mainly the attenuation of emission lines in galaxies
with large %VBC / %‘}SM and hence small p (Section 3.5.2 below; see also Wild et al.

2007).

The fraction of stellar radiation absorbed by dust in the stellar birth clouds and
in the ambient ISM is reradiated in the infrared. We write the total luminosity
absorbed and reradiated by dust as the sum

LEH () = LC(t) + L™ (1) (2.5)

where

LBCt) = /OOO d\ (1 — e—ﬂ”) /to dt'(t —t")S(t) (2.6)

0

is the total infrared luminosity contributed by dust in the birth clouds, and

o] t

LIM(t) = / d\ (1 — e—fis““) / dt'y(t —t")S\(t) (2.7)
0 to

is the total infrared luminosity contributed by dust in the ambient ISM. For some

purposes, it is also convenient to define the fraction of the total infrared luminosity

contributed by the dust in the ambient ISM:

Fult) = LM (@) /L () - (2.8)

This depends on the total effective V-band absorption optical depth of the dust,
Ty, the fraction p of this contributed by dust in the ambient ISM, and the star
formation history (and IMF) determining the relative proportion of young and old
stars in the galaxy.

2.2.2 Infrared emission of the dust

We now present a simple but physically motivated prescription to compute the
spectral distribution of the energy reradiated by dust in the infrared (i.e. , the dis-
tribution in wavelength of LC]?C and LCIISM). By construction, the infrared emission
computed in this way can be related to the emission at shorter wavelengths using
equations (2.1)—(2.7) above.
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2.2.2.1 Components of infrared emission

We have seen in Section 1.4.3 that the infrared emission from galaxies is generally
attributed to three main constituents of interstellar dust: polycyclic aromatic hy-
drocarbons (PAHs), which produce strong emission features at wavelengths between
3 and 20 pm; ‘very small grains’ (with sizes typically less than 0.01 pm), which are
stochastically heated to high temperatures by the absorption of single ultraviolet
photons; and ‘big grains’ (with sizes typically between 0.01 and 0.25 pm), which are
in thermal equilibrium with the radiation field. This picture arises from detailed
models of the sizes and optical properties of dust grains and PAH molecules in the
ISM of the Milky Way and other nearby galaxies (e.g., Mathis, Rumpl & Nordsieck
1977; Draine & Lee 1984; Leger & Puget 1984). Here, we build on the results from
these studies to describe the different components of infrared emission in galaxies,
without modelling in detail the physical properties of dust grains. As mentioned
in Section 2.1, the motivation for this approach is to build a model simple enough
to derive statistical constraints on the star formation and dust properties of large
samples of observed galaxies, based on consistent fits of the ultraviolet, optical and
infrared emission. We describe the different components of infrared emission in our
model as follows:

(i) PAH and near-infrared continuum emission. The mid-infrared spectra of most
normal star-forming galaxies are dominated by strong emission features at
3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 um. Although still uncertain, the carriers
of these features are generally accepted to be PAH molecules transiently ex-
cited to high internal energy levels after the absorption of single ultraviolet
photons (Leger & Puget 1984; Allamandola, Tielens & Barker 1985; Leger,
D’Hendecourt & Defourneau 1989; Allamandola, Hudgins & Sandford 1999).
PAH emission tends to peak in the ‘photo-dissociation regions’ (PDRs) at the
interface between ionised and molecular gas in the outskirts of H1I regions,
where PAH molecules can survive and transient heating is most efficient (e.g.,
Cesarsky et al. 1996; Verstraete et al. 1996; Rapacioli, Joblin & Boissel 2005).
In these environments, the non-ionising ultraviolet radiation from young stars
dominates the energy balance and can dissociate molecules such as Hy and
CO (see Hollenbach & Tielens 1997 for a review).

Observations with ISO/ISOPHOT of the mid-infrared spectra of 45 nearby,
normal star-forming galaxies do not reveal any strong variation of the
PAH emission spectrum with galaxy properties such as infrared colours and
infrared-to-blue luminosity ratio (Helou et al. 2000). For simplicity, we adopt
a fixed template spectrum to describe PAH emission in our model.! We use
the mid-infrared spectrum of the photo-dissociation region in the prototypi-
cal Galactic star-forming region M17 SW extracted from the ISO/ISOCAM

'In reality, changes in PAH molecule size and ionisation state, variations in metallicity and
contamination by an AGN could cause variations of up to 40 per cent in the relative strengths of
some PAH emission features (Helou et al. 2000; Brandl et al. 2006; Smith et al. 2007; Galliano,
Dwek & Chanial 2007). We ignore this refinement here.
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observations of Cesarsky et al. (1996) by Madden et al. (2006), shown in
Fig. 1.14.The observed spectrum does not extend blueward of 5 ym. We ex-
tend it to include the 3.3 um PAH emission feature using the Lorentzian profile
parametrised by Verstraete et al. (2001), FLorents — fi[1 + (z — z0)?/0?] 71,
where z = 1/ is the wavenumber, zg = 3039.1 cm~! the central wavenumber
of the feature and o = 19.4 cm~! half the FWHM. We set the amplitude f
so that the luminosity of the 3.3 pum emission feature is 10 per cent of that of
the 11.3 pum feature (the relative ratio found by Li & Draine 2001 for neutral

PAHs). We write the spectral energy distribution of PAHs in our model

o0 -1
A = AT ( / dA L§“7> , (2.9)
0

where Ll)\\/[17 is the adopted M17 spectral template, and ZEAH is normalised to
unit total energy.

The above ISO/ISOPHOT observations of a sample of 45 normal star-forming
galaxies also reveal a component of near-infrared continuum emission charac-
terised by a very high colour temperature (~ 1000 K) at wavelengths between
3 and 5 pm (Lu et al. 2003). This component accounts typically for at most a
few percent of the total infrared luminosity, but it contributes significantly to
the observed Spitzer/IRAC band fluxes at 3.6 and 4.5 pum. It is also present in
the spectra of reflection nebulae (Sellgren, Werner & Dinerstein 1983) and in
the diffuse cirrus emission of the Milky Way (Dwek et al. 1997; Flagey et al.
2006). The origin of this emission is still uncertain, and it could be related to
the stochastic heating of PAH molecules or carbon grains (e.g. Flagey et al.
2006). Lu et al. (2003) find that the strength of this emission correlates well
with that of PAH features in the spectra of the galaxies in their sample. In
particular, the ratio of the continuum flux density at 4 ym to the mean flux
density of the 7.7 um PAH feature has a roughly constant value of 0.11.

To implement this component of near-infrared continuum emission associated
to PAH emission in our model, we use a greybody (i.e. modified blackbody)
function of the form (e.g., Hildebrand 1983)

-1

119 = ky BA(Tn) [/OOO dX Ky BA(Td)] , (2.10)

where B)(Ty) is the Planck function of temperature Ty, k) is the dust mass
absorption coefficient, and lzd is normalised to unit total energy. The dust
mass absorption coefficient is usually approximated by a single power law of
the form

Ky X AP (2.11)

where 3 is the dust emissivity index. Models and observations of infrared
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(i)

(iii)

to sub-millimetre dust emission and laboratory studies of carbonaceous and
amorphous silicate grains suggest values of 3 in the range 1 < 8 < 2, with
some dependence on grain size and temperature (Andriesse 1974; Hildebrand
1983; Draine & Lee 1984; Reach et al. 1995; Agladze et al. 1996; Boulanger
et al. 1996; Mennella et al. 1998; see also section 3.4 of Dunne & Eales 2001
and section 4 of Dale & Helou 2002 for discussions on the constraints on 3).
Typically, these studies favour S ~ 1 for small carbonaceous grains, which
radiate most of their energy at mid-infrared wavelengths, and 3 =~ 1.5 — 2 for
big silicate grains, which reach lower temperatures and radiate most of their
energy at far-infrared and sub-millimeter wavelengths. We therefore adopt
B =1 in equation (2.11) to compute the near-infrared continuum emission in
our model. We scale this emission so that the continuum flux density at 4 pm
be 0.11 times the mean flux density of the 7.7 um PAH feature (see above).
We find that a temperature Ty = 850 K provides optimal fits to the observed
spectral energy distributions of galaxies at wavelengths between 3 and 5 pm
(see, e.g., Fig. 2.1).

Mid-infrared continuum emission from hot dust. In addition to PAH fea-
tures, the mid-infrared spectra of star-forming galaxies (out to wavelengths
A ~ 40 um) also include a component of smooth continuum emission. This
component is generally attributed to a continuous distribution of small grains
with very low heat capacity, which are stochastically heated to high tempera-
tures by the absorption of single ultraviolet photons (e.g., Sellgren 1984). The
accurate modelling of this emission would require the computation of temper-
ature fluctuations of grains of different sizes and optical properties caused by
the absorption of ultraviolet photons in different interstellar radiation fields
(e.g. Purcell 1976; Aannestad & Kenyon 1979). For simplicity, in our model,
we describe the ‘hot’ mid-infrared continuum emission as the sum of two
greybodies (equation 2.10) of temperatures Ty = 130 and 250 K, with equal
contributions to the total infrared luminosity,

0o —1
= @ ) [ [Canap ) (212

We find that these two temperatures reproduce in an optimal way the range
of infrared colours of star-forming galaxies (see Section 2.2.2.2 below).

Emission from grains in thermal equilibrium. At far-infrared wavelengths,
the emission from galaxies is generally dominated by dust grains in thermal
equilibrium at low temperatures. The grain temperatures depend sensitively
on the intensity of the interstellar radiation field. This is why the peak of
the far-infrared spectral energy distribution of a galaxy is a good indicator of
dust heating in the ISM.

We consider two types of grains in thermal equilibrium in our model: warm
grains, which can reside both in stellar birth clouds and in the ambient ISM,
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with characteristic temperatures T\2¢ and Ty7 ISM respectively; and cold grains,

which can reside only in the amb1ent ISM, with characteristic temperature
TéSM. To account for the observed dispersion in the peak of the far-infrared
emission of galaxies with different star formation activities, we allow the
warm-grain temperature to vary between 30 and 60 K and the cold-grain tem-
perature to vary between 15 and 25 K. We describe the emission from grains
in thermal equilibrium using greybody spectra (equation 2.10) with emissivity

index 8 = 1.5 for warm dust and [ = 2.0 for cold dust (equation 2.11).

In summary, the infrared spectral energy distribution of stellar birth clouds in
our model can be written

)\d — (gPAH lPAH + gh];;[ICRZMIR + gv%c li:w ) (1 _ f,u)L(ti()t7 (213)

where L!°" is the total infrared luminosity reradiated by dust (equation 5.5), f, is

the fraction of this contributed by the ambient ISM (equation 2.8), lPAH, l }\\/HR and
TBC

LW are computed using equations (2.9), (2.12) and (2.10), and &85, {5 and
5\%0 are the relative contributions by PAHs, the hot mid-infrared continuum and
grains in thermal equilibrium to the total infrared luminosity of the birth clouds.

These satisfy the condition

Epan + it + ERC : (2.14)
Similarly, the infrared spectral energy distribution of the ambient ISM can be

written

Li%\d (épil\}/[IlPAH +€§/ISII\R/IZMIR + e livlvs + el lTéSM) fuLle (2.15)

M

where [ PAH | MIR li"IVSM and lTCIS are computed using equations (2.9), (2.12) and
(2.10), and 51—_1%1\1{[1, 51\1/1811}{, I3 ISM and £éSM are the relative contributions by PAHs, the
hot mid-infrared continuum and warm and cold grains in thermal equilibrium to
the total infrared luminosity of the ISM. These satisfy the condition

Epan + b + & HEPM = 1. (2.16)

In practice, we can fix the shape of the mid-infrared spectral energy distribution
of the ambient ISM in our model to keep the number of adjustable parameters as
small as possible. This is justified by the fact that the intensity of the average
radiation field heating dust in the diffuse ISM of normal galaxies is roughly constant
(e.g., Helou 1986). Moreover, sophisticated models of dust emission by Li & Draine
(2001) and Draine & Li (2007) suggest that even large variations of the intensity of
the interstellar radiation field have only a small influence on the overall shape of the
diffuse mid-infrared spectral energy distribution. In these conditions, we can appeal
for example to observations of high-Galactic-latitude (cirrus) dust emission in the
Milky Way to constrain the mid-infrared spectral energy distribution of the ambient
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Figure 2.1: Best model fit (in black) to the observed mean spectral energy dis-
tribution of the Galactic cirrus emission. The model was computed using equa-
tion (2.15) and the parameters listed in equation (2.17). The red filled squares are
the COBE/DIRBE observations of Dwek et al. (1997). Also shown for reference
are the Spitzer/IRAC observations of Flagey et al. (2006,red open squares) and the
COBE/FIRAS observations of Dwek et al. (1997,green line). The blue lines show
the decomposition of the model in its different components (see Section 2.2.2):
near-infrared continuum (dotted); PAHs (short-dashed); hot mid-infrared contin-
uum (long-dashed) and warm and cold grains in thermal equilibrium (solid). The
fit residuals (L§P — Lod) /ISP, where LP® and L4 are the observed and model
fluxes in a given photometric band, are shown at the bottom.

ISM in our model. In Fig. 2.1, we show the model spectral energy distribution L /{Sé\/[

(in black) computed using equation (2.15) that best fits the mean Galactic cirrus
emission observed by the Cosmic Background Explorer/Diffuse Infrared Background
Experiment (COBE/DIRBE) at wavelengths between 3.5 and 240 ym (Dwek et al.
1997). The blue lines show the different components of the best-fit model, with
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parameters
B = 0.22
M = 0.11
EEM = 0.07
M = 0.60
TPM = 45K
TAM = 18K. (2.17)

For reference, we include in Fig. 2.1 additional observations of the mean Galactic
cirrus emission obtained with Spitzer/IRAC at wavelengths 3.6, 4.5, 5.8 and 8.0 pm
(Flagey et al. 2006) and with the COBE/Far-Infrared Absolute Spectrophotometer
(FIRAS) at wavelengths between 140 and 1000 pm (Dwek et al. 1997). The model
reproduces these observations remarkably well, even though they were not included
in the fit.

We use the constraints of Fig. 2.1 to fix the mid-infrared spectral energy distri-
bution of the ambient ISM and reduce the number of adjustable parameters in our
model. Specifically, we fix the relative contributions by PAHs, the hot mid-infrared
continuum and warm grains in thermal equilibrium to the total infrared luminosity
of the ambient ISM (i.e. the relative ratios of 5%,%1\{[1, 51{4811\}{4 and & ISM) to their values

&G ISM TCISM as adjustable parameters. Thus, for

of equation (2.17), and we keep and
a given contribution g ISM 1y cold grains in thermal equilibrium to the total infrared
luminosity of the ambient ISM, the contributions by PAHs, the hot mid-infrared
continuum and warm grains in thermal equilibrium are fll'il\f/ll = 0.550(1 — §éSM),

fl\I/ISII\R/I = 0.275(1 §ISM) and §ISM =0.175(1 §ISM) respectively.

The total spectral energy distribution of a galaxy in our model is computed as
the sum

L% = LY§ + L% (2.18)

where L }\%g and L33M are given by equations (2.13) and (2.15). For some purposes,
it is also convenient to define the global contribution by a specific dust component,
including stellar birth clouds and the ambient ISM, to the total infrared luminosity
of a galaxy. This can be written

&y = &b (1 — fu) +0.550 (1 — &5°M) f, (2.19)
ENilR = fMIR( — fu) +0.275(1 - f(IjSM) Jus (2.20)
giot = ¢BC (1 — £,) +0.175 (1 — ¢ £, (2.21)
§ = &I;SM fus (2.22)

for PAHs, the hot mid-infrared continuum and warm and cold dust in thermal
equilibrium, respectively.
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We compute luminosity densities in any filter from L }° using the general formula

Jdvv L, R, A}, [dXL AR,

LY = C, - 20 g2 2 2.23
v “[dvv=TC,R, ¢ °[d\CyARy (2.23)
where
[dAAR,
Ao = 2.24
0 fd)\ R)\ ( )

is the effective wavelength of the filter of response Ry (R,), and the calibration
spectrum C) (C,) depends on the photometric system. For the AB system, C,
is fixed at 3631 Jy, implying C\ x A™2 (Oke & Gunn 1983). For the IRAS,
ISO/ISOCAM and Spitzer/IRAC photometric systems, the convention is to use
vC, = AC) = constant, and hence, Cy o A~! (see Beichman et al. 1988; Blom-
maert et al. 2003; Reach et al. 2005, and also the IRAC Data Handbook?). The
Spitzer/MIPS system was calibrated using a blackbody spectrum of temperature
10,000 K, such that Cy = B,(10,000K) (MIPS Data Handbook?). In Fig. 2.2, we
show an example of infrared spectral energy distribution L /{‘ﬁ computed using our
model, for parameter values typical of normal star-forming galaxies (equation 2.25
below). As we shall see in Section 2.2.2.2, this parameterisation of infrared galaxy
spectra allows us to account for the full range of observed colours of star-forming
galaxies.

2.2.2.2 Comparison with observed infrared colours

To test how well our model can reproduce the observed infrared colours of galaxies
in a wide range of star formation histories, we appeal to a sample of 157 nearby
galaxies compiled by Elbaz et al. (2002), for which IRAS and ISO/ISOCAM ob-
servations are available from Boselli et al. (1998), Roussel et al. (2001), Laurent
et al. (2000) and Dale et al. (2000). The galaxies in this sample span wide ranges
of morphologies, absolute infrared luminosities, infrared-to-blue luminosity ratios
and infrared colours (see Elbaz et al. 2002 for more detail). For nearby galaxies,
the flux density collected by the ISOCAM LW2 (6.75 pm) filter, F5 7 tends to be
dominated by the PAH emission features at 6.2, 7.7 and 8.6 pm. The IRAS 12-ym
flux density F!? captures the PAH emission at 11.3 and 12.7 ym and the mid-
infrared continuum emission from hot dust. The ISOCAM LWS (15 um) and the
IRAS 25-pym flux densities, F'® and F25, reflect primarily the mid-infrared contin-
uum emission from hot dust. At longer wavelengths, the TRAS 60-um flux density
F50 samples the emission from warm grains in thermal equilibrium in star-forming
clouds, and the IRAS 100-pum flux density F!%° that from colder grains in thermal
equilibrium in the ambient interstellar medium. To test our model, we require pho-
tometric observations in all these filters. This reduces the sample to 107 galaxies.

http:/ /ssc.spitzer.caltech.edu/irac/dh/
3http://ssc.spitzer.caltech.edu/mips/dh/
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Figure 2.2: Example of infrared spectral energy distribution computed using the
model presented in Section 2.2.2.1, for ‘standard’ values of the parameters (equa-
tion 2.25): f, = 0.6, {55 = 0.05, ¢85 = 0.15, &8¢ = 0.80, T8¢ = 48K,
féSM = 0.8 and TCISM = 22K. The black curve shows the total infrared spec-
trum. The green solid curve shows the contribution by dust in the stellar birth
clouds, and the green dashed curves the breakdown of this contribution in different
components: PAHs, mid-infrared continuum and warm dust in thermal equilib-
rium. The red curve shows the contribution by dust in the ambient ISM. The total
luminosity is L}°" = 10'°L¢, (equations 2.13, 2.15 and 2.18).

For the purpose of comparisons between our (angle-averaged) model and observa-
tions, we neglect possible anisotropies and equate flux ratios at all wavelengths to
the corresponding luminosity ratios.

In Figs. 2.3 and 2.4, we show the locations of these galaxies in various infrared
colour-colour diagrams (black crosses). Fig. 2.3 shows LS/L1% as a function of
LI2/L?% (IRAS colours), while Fig. 2.4 shows L.5/L% as a function of LS /L
(ISO colours). The well-known correlations between the different infrared colours
of galaxies illustrated by Figs. 2.3 and 2.4 suggest that the different contributors to
the total infrared emission are related to one another. These relations are generally
interpreted as sequences in the overall star formation activity and dust heating
(e.g. Helou 1986; Dale et al. 2001). Quiescent star-forming galaxies with strong
PAH emission and cool ambient-ISM dust tend to have high L2/L2° L5875 /L!5 and
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Figure 2.3: Ratio of 60-pm to 100-pm [RAS luminosity density plotted against
ratio of 12-pum to 25-um IRAS luminosity density. The data points in all panels
(black crosses) are from the Elbaz et al. (2002) sample discussed in Section 2.2.2
(typical measurement errors are indicated in the upper left panel). In each panel,
the green line shows the effect of varying one parameter of the model from the lower
end of the range (square) to the standard value (green circle) to the upper end of
the range (triangle), with all other parameters fixed at their standard values: (a)
fraction of total infrared luminosity contributed by dust in the ambient ISM, f, =
0.05, 0.50 and 0.95; (b) contribution by cold dust in thermal equilibrium to the
infrared luminosity of the ambient ISM, féSM: 0.50, 0.80, 1.0; (c) contribution by
PAHs to the infrared luminosity of stellar birth clouds, §§fH = (0.00, 0.05 and 0.50;
(d) contribution by the hot mid-infrared continuum to the infrared luminosity of
stellar birth clouds, 1\%0}{: 0.00, 0.15 and 0.50; (e) contribution by warm dust in
thermal equilibrium to the infrared luminosity of stellar birth clouds, 5\%0 = 0.15,
0.80 and 0.95; (f) equilibrium temperature of warm dust in stellar birth clouds, 7 Vléc
= 30, 48 and 60 K. In all panels, the red circle corresponds to the same quiescent
model galaxy dominated by cold dust emission, while the blue circle corresponds
to an actively star-forming galaxy dominated hot dust emission (see Table 2.1 and
Section 2.2.2 for a description of these models).
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Figure 2.4: Ratio of 15-pm to 60-pum ISO and IRAS luminosity density plotted
against ratio of 6.75-um to 15-um ISO luminosity density. The data points in all
panels (black crosses) are from the Elbaz et al. (2002) sample discussed in Sec-
tion 2.2.2. In each panel, the green line shows the effect of varying one parameter
of the model from the lower end of the range (square) to the standard value (green
circle) to the upper end of the range (triangle), with all other parameters fixed
at their standard values. The models are the same as in Fig. 2.3. In all panels,
the red circle corresponds to the same quiescent model galaxy dominated by cold
dust emission, while the blue circle corresponds to an actively star-forming galaxy
dominated hot dust emission (see Table 2.1 and Section 2.2.2 for a description of
these models).

LI /L8 and low L50/L1%. In contrast, actively star-forming galaxies, in which the
mid-infrared emission is dominated by continuum radiation by hot dust and the far-
infrared emission by warm dust in star-forming regions, tend to have low L12/L25
L87/L15 and L1? /L5 and high 18°/L19°,

We now use these observations to explore the influence of each parameter of
our model on the various infrared colours. We explore the effect of varying a
single parameter at a time, keeping all the other parameters fixed at ‘standard’
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values. After some experimentation, we adopted the following standard parameters
(corresponding to the model shown in Fig. 2.2):

fu = 0.60
g%zH = 0.05
&8¢ = 0.80
géVSVM = 0.80
TyC = 48K
M = 22K. (2.25)

These values allow the standard model to match roughly the observed typical
(i.e.  median) infrared colours of nearby star-forming galaxies in Figs. 2.3 and
2.4 (green circle). Each panel of Figs. 2.3 and 2.4 shows the effect of varying one
parameter of the model, with the other parameters held fixed at their standard
values.* We can summarise the role of each parameter as follows.

Fraction of total infrared luminosity contributed by dust in the ambient ISM. The
dominant effect of increasing f, is to increase the contribution to the total
infrared luminosity by cold dust. This raises the infrared luminosity around
100 pm (Fig. 2.2), causing L5°/L1% and even L1°/LS to decrease (Figs. 2.3a
and 2.4a). In addition, a larger f, leads to an increase in Ll?/L25 and
L5 /LY due to the increased contribution by PAH emission features (which
dominate the mid-infrared emission of the ISM) to the total mid-infrared
emission.

Contribution by cold dust in thermal equilibrium to the infrared emission from the
ambient ISM. Increasing féSM causes L2/L% and LS /L1 to decrease in
Figs. 2.3b and 2.4b, because of the corresponding drop in PAH emission from
the ambient ISM (see footnote 4). Also, both L1 /L% and L8 /L1%0 decrease
because of the larger contribution by cold dust to the 60 pm flux, and even
more so to the 100 pm flux.

Contribution by PAHs to the infrared emission from stellar birth clouds. Increasing
§1§/§H raises the contribution by PAH features to L5 and L!?, and to a
lesser extent L1? (Fig. 2.2). This leads to a marked increase in L8-7 /L% and
LI2/L25 and amilder one in L15/L% in Figs. 2.3c and 2.4c. The slight decrease
in L%/ L1% when 51]33ACH increases in Fig. 2.3c is caused by the associated drop

in ¢5§ (footnote 4).

Contribution by the hot mid-infrared continuum to the infrared emission from stel-
lar birth clouds. The main effect of increasing 5% is to make L1’ and L2

4In practice, an increase in any of §1?ACH, 513% and §V]?;C will be accompanied by a drop in the

other two fractions by virtue of equation (2.14). Likewise, an increase in féSM implies a drop in

the sum 230 + & + &M (equation 2.16). When exploring such variations, we keep the relative

ratios of the unexplored fractions fixed.
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larger (Fig. 2.2). This causes a drop in L12/L?> and LS /L5 while L1? /L5
increases (Figs. 2.3d and 2.4d). The slight decrease in L8°/L1% when 535G
increases in Fig. 2.3c is again caused by the associated drop in :f]?g (foot-
note 4).

Contribution by warm dust in thermal equilibrium to the infrared emission from
stellar birth clouds. Increasing 5\,%(3 makes L% larger, and to a lesser extent
also L25 and L1 (Fig. 2.2). Remarkably, this causes L1?/L?® to drop and
L8/LI0 to rise in Fig. 2.3e, almost along the observational relation. In
Fig. 2.4e, an increase in fv%c makes L% smaller (because of the associated drop
in £2%; see footnote 4), and hence, L1’ /L5 smaller and L& /L% larger.

Equilibrium temperature of warm dust in stellar birth clouds. Increasing TV%C
across the range from 30 to 60 K moves the wavelength of peak luminosity
of dust in thermal equilibrium in the stellar birth clouds roughly from 70 to
40 pm. This causes L.2/L2%% to drop and L80/L1% to rise in Fig. 2.3f. In
Fig. 2.4f, the effects on L5 /L% and L1°/L8 are negligible.

Equilibrium temperature of cold dust in the ambient ISM (not shown). The most
significant effect of increasing TéSM at fixed géSM in Figs. 2.3 and 2.4 is a
small rise in LE°/L1% caused by a blue shift of the peak infrared luminosity
of cold dust in the ambient ISM (from about 140 to 80 um as T5M increases
from 15 to 25 K). Variations in TéSM also have a significant influence on the
emission redward of 100 pm.

The green lines in Figs. 2.3 and 2.4 show that the extremities of the observational
relations between the different infrared colours of galaxies cannot be reached by
varying a single model parameter at a time. This suggests that variations in the
different dust components of galaxies are related to each other. However, we have
checked that the properties of every galaxy in Figs. 2.3 and 2.4 could be reproduced
with at least one combination of parameters of our model. We illustrate this by
showing two models lying at the ends of the observational relations: a ‘cold’ infrared
spectrum characteristic of a quiescent galaxy with little star formation (red circle);
and a ‘hot’ infrared spectrum characteristic of an actively star-forming, starburst
galaxy (blue circle). The parameters of these models are listed in Table 2.1. We
emphasise that these are not unique sets of parameters optimised to fit specific
galaxy spectral energy distributions. Rather, they are examples of how the colours
in those regions of the diagrams can be reproduced using our model.

Figs. 2.3 and 2.4 allow us to draw some general conclusions about the influence
of the various parameters of our model on the observed infrared colours of galax-
ies. For example, as expected from Fig. 2.2, the LS°/L1% colour appears to be
controlled primarily by the fraction f, of total infrared luminosity contributed by
dust in the ambient ISM and the properties of dust in thermal equilibrium: the
relative contribution féSM by cold dust to the infrared luminosity of the ambient
ISM (and the temperature T, éSM of this dust ) and the relative contribution fv%c by
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Table 2.1: Parameters of the ‘standard’, ‘cold” and ‘hot’ models plotted in Figs. 2.3

and 2.4.
Model ‘cold” ‘standard’ ‘hot’
fu 0.75 0.60 0.20
M 0.75 0.80 0.90
EPant 0.45 0.05  0.01
% 0.15 0.15 0.09
& 0.40 0.80 0.95
TEC (K) 40 48 55
TSM (K) 18 22 25

warm dust to the infrared luminosity of stellar birth clouds (and the temperature
TBC of this dust). These parameters also have distinct effects on the mid-infrared
colours L2/L?5, L8 /LY and L°/L%, indicating that they can be constrained
independently from fits of extended infrared spectral energy distributions. The mid-
infrared colours are primarily controlled by the different components of hot dust:
the relative contributions §1]>3ACH and fl\%cR of PAHs and the hot mid-infrared contin-
uum to the the infrared luminosity of stellar birth clouds, and the contribution by
PAHs to the infrared luminosity of the ambient ISM, which is controlled indirectly
by é’éSM. In the next chapter, we show how well these various model parameters

can be constrained in galaxies with observed infrared spectral energy distributions.

2.2.2.3 Constraints on dust mass

It is also of interest to derive constraints on the dust mass in galaxies. The mass
My4(Ty) in dust grains in thermal equilibrium at the temperature Ty can be esti-
mated from the far-infrared radiation Lfd of these grains using the formula (Hilde-
brand 1983)

Lz:d = 41 My(Ty) k) Bx(Tq) , (2.26)

where ) and B have been defined before (equation 2.10). We adopt this formula
to estimate the mass contributed by dust in thermal equilibrium in stellar birth
clouds (with temperature Ty = T\5¢) and in the ambient ISM (with temperatures
Ty = TVIVSM and Ty = T, éSM ) in our model. We adopt as before a dust emissivity
index 0 = 1.5 for warm dust and 8 = 2 for cold dust and normalise k) at 850 ym
assuming kgsoum = 0.77 g~ cm? (Dunne et al. 2000). Using equations (2.10), (2.13),
(2.15) and (2.26), we compute the mass contributed by warm dust in stellar birth
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clouds and in the ambient ISM as

-1

oo
MEBC = eB8C (1 — f,) Lot [zm/o X K BA(TV%C)} (2.27)
and
) -1
MY = 6 g [an [ v @) 229)

and that contributed by cold dust in the ambient ISM as

o0 _1
MM = ¢IBM 7, [ tot [47r / dX Ky BA(TéSM)} . (2.29)
0

To include the contribution by stochastically heated dust grains (not in thermal
equilibrium; see Section 2.2.2.1), we adopt a standard Mathis, Rumpl & Nordsieck
(1977) distribution of grain sizes N(a) oc a=3° over the range 0.005um < a <
0.25 um. We assume that the stochastically heated dust grains are very small
(a < 0.01 ygm) and have mass densities typical of graphite, p ~ 2.26 gcm ™3, while
bigger grains in thermal equilibrium have mass densities typical of silicates, p =
3.30gcm ™3 (Draine & Lee 1984). For these assumptions, the mass contributed by
grains of all sizes is about 5 per cent larger than that contributed by big grains
alone (@ > 0.01 ym). The contribution by PAHs to the overall dust mass is also
very small, of the order of a few per cent (Draine et al. 2007). We therefore estimate
the total dust mass of a galaxy as

Mg ~ 1.1 (MEC + MEPM + MASM) | (2.30)

where MEC, MEM and MJASM are given by equations (2.27), (2.28) and (2.29).

2.2.3 Combined ultraviolet, optical and infrared spectral energy distri-
butions

A main feature of our model is the consistent modelling of ultraviolet, optical and
infrared spectral energy distributions of galaxies. This is achieved by first comput-
ing the total energy absorbed by dust in stellar birth clouds and in the ambient
ISM, LBC and L™ (Section 2.2.1), and then re-distributing it at infrared wave-
lengths (Section 2.2.2). The main assumptions are the conservation of the energy
absorbed and reradiated by dust, and that the dust in the ISM of galaxies is heated
only by starlight (in particular, we ignore the possible influence of an active galactic
nucleus). Different combinations of star formation histories, metallicities and dust
contents can lead to the same absorbed energies L(]fc and LéSM in a model galaxy.
Furthermore, these energies can be distributed in wavelength using different com-
binations of dust parameters in the stellar birth clouds (SI?ACH, 1\]/311CR7 fv%c and TVEC)
and the ambient ISM (f(IjSM and T, éSM) In our model, therefore, a wide range of ul-
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traviolet and optical spectral energy distributions can be associated to a wide range
of infrared spectral energy distributions, at fixed Lfc and LCIISM (or equivalently, at
fixed f, and L}°"; see equations 5.5 and 2.8). In the next chapters of this thesis, we
show how combined observations at ultraviolet, optical and infrared wavelengths
can be used to uniquely constrain the star formation histories and dust properties
of galaxies using this model.

To illustrate the combination of ultraviolet, optical and infrared spectral energy
distributions with our model, we compute examples of attenuated stellar population
spectra consistent with the f, parameters of the cold, standard and hot infrared
models of Table 2.1 (Section 2.2.2.2). For simplicity, we assume solar metallicity
and select models with exponentially declining star formation rates

¥(t) o exp(—vt), (2.31)

where v is the star formation timescale parameter. We choose models with v = 0,
0.07 and 0.25 Gyr~! at the ages t = 1.4, 10 and 10 Gyr, respectively, to represent
a starburst, a normal star-forming and a quiescent star-forming galaxy (e.g. Kauff-
mann & Charlot 1998). For the attenuation of starlight by dust (equations 5.4 and
5.3), we adopt effective dust absorption optical depths 7y = 2.0, 1.5 and 1.0, for
the starburst, normal star-forming and quiescent star-forming models, respectively.
These values are consistent with the expectation that more actively star-forming
galaxies are more obscured (e.g. Wang & Heckman 1996; Hopkins et al. 2001; Sul-
livan et al. 2001). We adopt fractions = 0.1, 0.3 and 0.5 of 7y arising from dust
in the ambient ISM. The resulting model galaxies have f, ~ 0.2, 0.6 and 0.75,
respectively, consistent with the parameters of the hot, standard and cold infrared
models of Table 2.1.

In Fig. 2.5, we show the combined spectral energy distributions of the starburst
+ hot infrared, normal star-forming + standard infrared, and quiescent star-forming
+ cold infrared models, after scaling in each case the infrared luminosity to the total
luminosity L$°" absorbed by dust. As we shall see in the next chapters, the ability
to compute such combined ultraviolet, optical and infrared spectral energy distribu-
tions for wide ranges of physical parameters of galaxies has important implications
for statistical estimates of star formation histories and dust properties.

2.3 Applicability of the model

Our model is designed primarily to interpret ultraviolet, optical and infrared ob-
servations of large samples of (randomly oriented) galaxies in terms of effective (i.e
galaxy-wide) physical parameters, such as star formation rate, stellar mass, dust
mass, total infrared luminosity, breakdown of this luminosity between different dust
components and between star-forming clouds and the diffuse ISM (Section 3.3).
Constraints on these quantities for statistical samples of galaxies at various red-
shifts are expected to provide useful insight into the processes that were important
in the evolution of the galaxies we see today.
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Figure 2.5: Examples of spectral energy distributions obtained by combining the
infrared models of Table 2.1 with attenuated stellar population spectra correspond-
ing to the same contributions by dust in stellar birth clouds (1 — f,,) and in the
ambient ISM (f,) to the total energy LI°* absorbed and reradiated by dust (Sec-
tion 2.2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’
infrared model of Table 2.1; (b) normal star-forming galaxy spectrum combined
with the ‘standard’ infrared model of Table 2.1; (¢) starburst galaxy spectrum com-
bined with the ‘hot’ infrared model of Table 2.1 (see text for details about the
parameters of the stellar population models). Each panel shows the unattenuated
stellar spectrum (blue line), the emission by dust in stellar birth clouds (green line),
the emission by dust in the ambient ISM (red line) and the total emission from the
galaxy, corresponding to the sum of the attenuated stellar spectrum and the total
infrared emission (black line).
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Our model is not optimised to interpret in detail multi-wavelength observations
of individual galaxies, for which the consideration of geometrical factors becomes
important. Studies of this type generally require complex radiative transfer calcula-
tions for specific optical properties of dust grains and specific spatial distributions
of stars and dust. We refer the reader to the more sophisticated models of, for
example, Silva et al. (1998) and Popescu et al. (2000) for such purposes. Also, for
detailed investigations of the ambient physical conditions of gas and dust in star-
burst galaxies, where orientation effects are expected to be less crucial, the model
of Dopita et al. (2005, see also Groves et al. 2007), which includes radiative transfer
in expanding H 11 regions, represents a suitable alternative.

2.4 Summary and conclusion

In this chapter, we have developed a simple but versatile model to interpret the
mid- and far-infrared spectral energy distributions of galaxies consistently with the
emission at ultraviolet, optical and near-infrared wavelengths. Our model relies on
the Bruzual & Charlot (2003) population synthesis code to compute the spectral
evolution of stellar populations, and on the two-component model of Charlot & Fall
(2000) to compute the total infrared luminosity absorbed and reradiated by dust in
stellar birth clouds and in the ambient ISM. We distribute this total infrared energy
in wavelength over the range from 3 to 1000 pm by considering the contributions
by four main dust components: PAH emission, mid-infrared continuum emission
from hot dust, warm dust with adjustable equilibrium temperature in the range
30-60 K and cold dust with adjustable equilibrium temperature in the range 15—
25 K. We keep as adjustable parameters the relative contributions by PAHs, the
hot mid-infrared continuum and warm dust to the infrared luminosity of stellar
birth clouds. Cold dust resides (in an adjustabe amount) only in the ambient ISM,
where the relative ratios of the other three components are fixed to the values
reproducing the observed mid-infrared cirrus emission of the Milky Way. We find
that this minimum number of components is required to account for the infrared
spectral energy distributions of galaxies in wide ranges of star formation histories.

The simple but versatile model presented in this chapter allows us to derive
statistical estimates of physical parameters such as star formation rate, stellar mass,
dust content and dust properties, from combined ultraviolet, optical and infrared
galaxy spectra. To achieve this, in the next chapter, we adopt a Bayesian approach
similar to that successfully employed by, e.g., Kauffmann et al. (2003b), Brinchmann
et al. (2004), Gallazzi et al. (2005) and Salim et al. (2007) to interpret ultraviolet,
optical and near-infrared galaxy spectra using only the Bruzual & Charlot (2003)
and Charlot & Fall (2000) models. As an example, we derive median-likelihood
estimates of a set of physical parameters describing the stellar and dust contents of
66 star-forming galaxies from the Spitzer Infrared Nearby Galaxy Survey (SINGS,
Kennicutt et al. 2003).



CHAPTER 3
The physical properties of a
sample of nearby galaxies

This chapter is extracted from the paper A simple model to interpret the ultraviolet,
optical and infrared emission from galazies, by Elisabete da Cunha, Stéphane Char-
lot and David Elbaz, published in the Monthly Notices of the Royal Astronomical
Society (da Cunha, Charlot & Elbaz 2008).

3.1 Introduction

In this chapter, we show how the simple model described in Chapter 2 can be
used to extract star formation histories and dust properties from ultraviolet, op-
tical and infrared observations of galaxies. In Section 3.2, we first describe our
methodology to derive statistical constraints on galaxy physical parameters from
multi-wavelength observations. Then, in Section 3.3, we use this methodology to
constrain the physical parameters of star-forming galaxies in the Spitzer Infrared
Nearby Galaxy Survey (SINGS) sample. We compare our results to those that
would be obtained using previous models in Section 3.4. Finally, we discuss pos-
sible sources of systematic errors associated with our approach in Section 3.5 and
summarize the applicability of this model in Section 2.3.

3.2 Methodology

The model of Section 2.2 allows one to compute the ultraviolet, optical and infrared
emission from galaxies. This model contains a minimum number of adjustable pa-
rameters required to account for the observed relations between various integrated
spectral properties of galaxies: age, star formation history, stellar metallicity, two
components for the attenuation by dust and four contributors to the infrared emis-
sion (PAHs, hot mid-infrared continuum, warm and cold dust in thermal equi-
librium). The large number of observable quantities to which the model can be
compared insures that these different adjustable parameters can be constrained in
a meaningful way (see below). A usual limitation of this type of study is that several
different combinations of physical parameters can lead to similar spectral energy
distributions of galaxies. For example, age, metallicity and dust attenuation have
similar effects on the ultraviolet and optical spectra of galaxies. An efficient way to
derive statistical constraints on the various parameters in these conditions is to con-
sider a wide library of models encompassing all plausible parameter combinations.
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Given an observed galaxy, we can build the likelihood distribution of any physical
parameter by evaluating how well each model in the library can account for the
observed properties of the galaxy. This Bayesian approach is similar to that used,
for example, by Kauffmann et al. (2003b) to interpret the optical spectra of SDSS
galaxies. The underlying assumption is that the library of models is the distribution
from which the data were randomly drawn. Thus, the prior distribution of models
must be such that the entire observational space is reasonably well sampled, and
that no a priori implausible corner of parameter space accounts for a large fraction
of the models.

3.2.1 Model library

We build a comprehensive library of models by generating separately a random
library of stellar population models, for wide ranges of star formation histories,
metallicities and dust contents, and a random library of infrared spectra, for wide
ranges of dust temperatures and fractional contributions by the different dust com-
ponents to the total infrared luminosity. We then combine these libraries following
the procedure outline in Section 2.2.3.

For simplicity, we follow Kauffmann et al. (2003b) and parametrise each star
formation history in the stellar population library in terms of two components:
an underlying continuous model, characterised by an age ¢, and a star formation
time-scale parameter v (equation 2.31), and random bursts superimposed on this
continuous model. We take t; to be uniformly distributed over the interval from 0.1
and 13.5 Gyr. To avoid oversampling galaxies with negligible current star forma-
tion, we distribute 7 using the probability density function p(y) = 1 —tanh(8y—6),

I and drops

which is approximately uniform over the interval from 0 to 0.6 Gyr~
exponentially to zero around v = 1 Gyr~!. Random bursts occur with equal proba-
bility at all times until ¢,. We set the probability so that 50 per cent of the galaxies
in the library have experienced a burst in the past 2 Gyr. We parametrise the
amplitude of each burst as A = Mypust/Mcont, where Mpyst is the mass of stars
formed in the burst and M., is the total mass of stars formed by the continuous
model over the time t,. This ratio is distributed logarithmically between 0.03 and
4.0. During a burst, stars form at a constant rate over the time ¢y, which we
distribute uniformly between 3 x 107 and 3 x 10® yr. We distribute the models
uniformly in metallicity between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing the total
effective V-band absorption optical depth, 7y, and the fraction of this contributed
by dust in the ambient ISM, i (equations 5.4 and 5.3). We distribute 7y according
to the probability density function p(7y) = 1 — tanh(1.57y — 6.7), which is ap-
proximately uniform over the interval from 0 to 4 and drops exponentially to zero
around 7y = 6. For u, we adopt the same probability density function as for ~
above, i.e. p(u) = 1 — tanh(8 u — 6). We note that these priors for attenuation
encompass the dust properties of SDSS galaxies, for which 7y and p peak around
1.0 and 0.3, respectively, with broad scatter (Brinchmann et al. 2004; Kong et al.
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2004). Our final stellar population library consists of 50,000 different models.

In parallel, we generate a random library of infrared spectra as follows. We take
the fraction f,, of the total infrared luminosity contributed by dust in the ambient
ISM to be uniformly distributed over the interval from 0 to 1. We adopt a similar
distribution for the fractional contribution by warm dust in thermal equilibrium to
the infrared luminosity of stellar birth clouds, gv%c. For each random drawing of

V%C, we successively draw the contributions by the other dust components to the
infrared luminosity of stellar birth clouds (i.e. , hot mid-infrared continuum and
PAHs) to satisfy the condition in equation (2.14): we draw &3%; from a uniform
distribution between 0 and 1 — fv%c, and we set §F],3ACH =1- EV%C — 51\]/3110}{- While
this procedure does not exclude values of fl\]?HCR and fl?ACH close to unity, it does
favour small values of these parameters, and hence, it avoids oversampling physically
implausible models. We take the equilibrium temperature TV%C of warm dust in the
stellar birth clouds to be uniformly distributed between 30 and 60 K, and that TCISM
of cold dust in the ambient ISM to be unifomly distributed between 15 and 25 K.
We draw the fractional contribution §éSM by cold dust in thermal equilibrium to
the infrared luminosity of the ambient ISM from a uniform distribution between 0.5
and 1 (this also defines the contributions ffl)il\é, I\I/ﬁl\é and f\%’M by PAHs, the hot
mid-infrared continuum and warm dust to the infrared luminosity of the ambient
ISM, as described in Section 2.2.2.1). Our final library of infrared spectra consists
of 50,000 different models.

We combine the library of stellar population models and that of infrared spectra
by associating together models with similar f,, which we scale according to the total
infrared luminosity LI, as outlined in Section 2.2.3. In practice, we associate each
model in the stellar population library to all the models in the infrared spectral
library that have similar f,, to within some error interval o fu'l That is, we associate
each stellar population spectrum, characterised by fMSFH, to all the infrared spectra
characterised by f“IR, such that fMIR = fEFH + 6 fu. Each spectral combination
satisfying this condition is included in the final model library and is assigned a value
fu= (fMSFH + £,™)/2. We adopt 4, = 0.15, which allows good reproductions of
combined ultraviolet, optical and infrared observations of galaxies (Section 3.3).

Our final library of combined ultraviolet, optical and infrared spectral energy
distributions consists of about 661 million models. It is important to note that
such a large number of models is required to properly sample the multi-dimensional

observational space.

3.2.2 Statistical constraints on physical parameters

We now investigate the accuracy to which the model library described in the pre-
vious section can help us constrain the star formation histories and dust properties
of galaxies for which multi-wavelength observations are available. To assess this,
we evaluate how well we can recover the parameters of a random set of models

IThis allows us to include the uncertainties that could arise, for example, from orientation
effects, in the connection between the stellar and dust emission.
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with known properties, based on spectral fits. We consider the following observable
quantities: the GALEX far-ultraviolet (FUV, 1520 A) and near-ultraviolet (NUYV,
2310 A) luminosities; the optical UBV luminosities; the 2MASS near-infrared JHKs
(1.25, 1.65 and 2.17 pm) luminosities; the Spitzer/TRAC 3.6, 4.5, 5.8 and 8.0 pum
luminosities; the ISO/ISOCAM 6.75 and 15 pm luminosities; the IRAS 12, 25, 60
and 100 gm luminosities; the Spitzer/MIPS (Rieke et al. 2004) 24, 70 and 160 pm
luminosities; and the SCUBA (Holland et al. 1999) 850 pm luminosity. We also
include the hydrogen Ha and HfS recombination-line luminosities.

We compute these observable quantities from the spectra of all 661 million
models in the library and randomly select a subset of 100 models. To mimic obser-
vational conditions, we perturb the luminosities of this subset of models assuming
a fixed uncertainty of 10 per cent. We then perform spectral fits to recover the
likelihood distributions of the physical parameters of these ‘mock galaxies’ as fol-
lows. We first compare the luminosities of each mock galaxy in the sample to the
luminosities of every model j in the library to measure the y? goodness-of-fit of
that model (e.g. , Bevington & Robinson 2003)

. . 2
L, —w; x LY .
2 v J v,)
=3 (Ji ) ) (3.1)

i

where L! and Lf,, ; are the luminosities in the ith band of the mock galaxy and the
jth model, respectively, o; is the (10 percent) uncertainty in L¢, and

-1
LiLi L\’
w; — (Z 2;]) 3 (;J) (3.2)

% K %

is the model scaling factor that minimizes x?. Then, we build the probability density
function of any physical parameter of the mock galaxy by weighting the value of
that parameter in the jth model by the probability exp(—sz /2). We take our ‘best
estimate’ of the parameter to be the median of the resulting probability density
function and the associated confidence interval to be the 16th—84th percentile range
(this would be equivalent to the + 1o range in the case of a Gaussian distribution).

In Fig. 3.1, we compare the median-likelihood estimates to the true values of 12
parameters recovered in this way for the 100 mock galaxies in our sample. These
parameters are: the fraction of total infrared luminosity contributed by dust in the
ambient ISM, f,; the total effective V-band absorption optical depth of the dust,
Tv; the fraction of this contributed by dust in the ambient ISM, u; the specific star
formation rate, g, defined as the ratio

S dt ()

Us(t) = St (33)

of the star formation rate averaged over the past tg = 108yr to the current stellar
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Figure 3.1: Median-likelihood estimates of 12 parameters (indicated in the upper
left corner of each panel) recovered from the spectral fits of 100 mock galaxies,
compared to the true values of these parameters (see Section 3.2.2). The error bars
indicate the 16th—84th percentile ranges in the recovered probability distributions
of the parameters. These results were obtained by fitting simulated GALEX (FUV
and NUV), optical (UBV), 2MASS (JHKs), Spitzer/IRAC (3.6, 4.5, 5.8 and 8.0 ym),
ISO/ISOCAM (6.75 and 15um), TRAS (12, 25, 60, 100 pum), Spitzer/MIPS (24, 70,
and 160 pum), SCUBA (850 pm), and Ho and Hf luminosities.

mass M, of the galaxy; the stellar mass, M, (this accounts for the mass returned
to the ISM by evolved stars); the total infrared luminosity, L°%; the fractional
contributions by PAHs, the hot mid-infrared continuum and warm dust in thermal
equilibrium to the infrared luminosity of stellar birth clouds, EPAH, EMIR and § ;
the equilibrium temperature of warm grains in stellar birth clouds, TWC, the con-
tribution by cold dust to the total infrared luminosity of the ambient ISM, £& ISM
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and the equilibrium temperature of this dust, TCISM. Most of these parameters are

recovered remarkably well by our model. In particular, f,, v, u, vs, My, LI,
fl\l/?‘HCR, §(IJSM and TéSM are recovered to very high accuracy. The most uncertain pa-
rameters are fl?ACH, &E}C and TV%C, for which the typical confidence intervals reach
almost 0.14, 0.18 and 11 K, respectively. We conclude that our model is a valu-
able tool for deriving statistical constraints on the star formation histories and dust
properties of galaxies for which multi-wavelength (ultraviolet, optical and infrared)

observations are available.

3.3 Application to the SINGS sample

3.3.1 The sample

Here, we exploit our model to interpret a wide range of ultraviolet, optical and
infrared observations of a sample of well-studied nearby galaxies: the Spitzer In-
frared Nearby Galaxy Survey (SINGS; Kennicutt et al. 2003). This sample con-
tains 75 galaxies at a median distance of 9.5 Mpc (we adopt a Hubble constant
Ho = 70kms~'Mpc~1!). The galaxies span wide ranges in morphology (from E-SO
to Im-10) and star formation activity (from quiescent to starburst). Some galaxies
include low-luminosity active galactic nuclei (AGNs).? We note that this sam-
ple extends out to lower total infrared luminosities than the Elbaz et al. (2002)
sample used to calibrate the infrared properties of our model in Section 2.2.2.2
(Lot < 10M L instead of L' < 10'2Lg), but it includes observations across a
much wider range of wavelengths.

Observations at ultraviolet, optical and infrared wavelengths are available for
most galaxies in this sample. GALEX ultraviolet (NUV and FUYV) observations are
available for 70 galaxies (Dale et al. 2007). In the optical, we adopt UBV fluxes from
the RC3 for 65 galaxies (de Vaucouleurs et al. 1991).3 Near-infrared JHKs fluxes are
available for all galaxies from the 2MASS Large Galaxy Atlas (Jarrett et al. 2003).
In the mid- and far-infrared, we use the Spitzer observations published by Dale
et al. (2007). This includes IRAC photometry at 3.6, 4.5, 5.8 and 8.0 ym and MIPS
photometry at 24, 70 and 160 um. IS0, IRAS and SCUBA 850 pm observations are
also available for 13, 65 and 22 SINGS galaxies, respectively. These observations are
typically of lower quality than Spitzer data, with photometric uncertainties around
20 per cent for ISO and TRAS and 30 per cent for SCUBA. More detail about the
photometry of SINGS galaxies can be found in Dale et al. (2005, 2007).

It is important to note that these multi-wavelength observations can be com-
bined in a meaningful way, since the fluxes all pertain to the total emission from
a galaxy. For example, the GALEX (FUV and NUV), RC3 (UBV) and 2MASS

2The low-luminosity AGNs should have a negligible impact on the integrated broad-band fluxes
of the galaxies. We distinguish galaxies hosting low-luminosity AGNs from normal star-forming
galaxies in the spectral analyses presented later in this paper.

3We choose not to use the optical BVRI fluxes tabulated by Dale et al. (2007), because of
calibration problems in the optical photometry of the SINGS Fifth Enhanced Data Release (D.
Dale & A. Gil de Paz, priv. comm.)
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Figure 3.2: Selected properties of the SINGS galaxy sample discussed in Section 3.3.
(a) Ratio of 70-pym to 160-pm luminosity plotted against ratio of 8-pm to 24-um
luminosity. (b) Ratio of total-infrared to ultraviolet luminosity as a function of
ultraviolet spectral slope (the IRX-UV diagram). The dotted line in this diagram
shows a fit by Kong et al. (2004) to the relation followed by starburst galaxies
(Meurer, Heckman & Calzetti 1999). In both panels, crosses refer to galaxies with
no AGN activity according to Kennicutt et al. (2003), while open squares refer to
galaxies hosting low-luminosity AGNs (LINER and Seyfert). Filled circled indicate
three galaxies selected along the L70/L1%0 versus L8 /L?* relation, for which a wide
set of observations are available (Section 3.3.2). Typical measurement errors are
indicated in each diagram.

(JHKSs) fluxes were obtained by integrating extrapolated surface brightness profiles
to include the entire emission from a galaxy (see de Vaucouleurs et al. 1991; Jarrett
et al. 2003; Gil de Paz et al. 2006). Also, the infrared Spitzer IRAC and MIPS fluxes
include extended-source aperture corrections (amounting typically to 10 per cent;
see Dale et al. 2005, 2007). Following Draine et al. (2007), we exclude 9 galaxies
with bad IRAC and MIPS detections (because of contamination by external sources;
very low surface brightness compared to foreground cirrus emission; and saturation
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issues): NGC 584, NGC 3034, NGC 1404, NGC 4552, M81 DwarfA, M81 DwarfB,
DDO 154, DDO 165 and Holmberg IX. For 19 galaxies, we include Ha and HS
emission-line fluxes (corrected for contamination by stellar absorption) from the in-
tegrated spectroscopy of Moustakas & Kennicutt (2006). Our final sample includes
66 galaxies, of which 61 have GALFEX measurements. As before, for the purpose of
comparisons with models, we neglect possible anisotropies and equate flux ratios at
all wavelengths to the corresponding luminosity ratios.

We illustrate the ultraviolet and infrared properties of the SINGS galaxies in
Fig. 3.2. Fig. 3.2a shows the MIPS L7°/LL%0 luminosity ratio plotted against the
IRACH+MIPS L%/L2* luminosity ratio. SINGS galaxies in this diagram follow a
sequence very similar to that followed by the galaxies of the Elbaz et al. (2002)
sample of Section 2.2.2 in the analogous IRAS L%°/LI%° versus L1?/L2° diagram
(Fig. 2.3). In Fig. 3.2b, we plot ratio of total-infrared to ultraviolet luminosity
Lt/ Lpyy as a function of ultraviolet spectral slope Syy (the ‘IRX-UV diagram’).
We used equation (4) of Dale & Helou (2002) to estimate L!°* from the MIPS
observations at 24, 70 and 160 pm, and equation (1) of Kong et al. (2004) to
compute fyy from the GALEX FUV and NUV luminosities. Previous studies have
shown that starburst galaxies follow a tight sequence in this diagram (indicated
by the dotted line in Fig. 3.2b), while more quiescent star-forming galaxies tend
to exhibit redder ultraviolet spectra (i.e. larger Syy) than starburst galaxies at
fixed L}°"/Lpyy (Meurer, Heckman & Calzetti 1999; Bell 2002; Kong et al. 2004).
Fig. 3.2 confirms that the SINGS galaxies are representative of the ultraviolet and
infrared properties of nearby galaxies.

3.3.2 Example of constraints on physical parameters

We now use the methodology outlined in Section 3.2 to constrain the star formation
histories and dust properties of the SINGS galaxies. We first assess how well our
model can reproduce the observed multi-wavelength observations of these galaxies.
For each observed galaxy, we select the model of the library presented in Section 3.2
that minimizes ij (equation 3.1), as computed by including as many luminosities
as available in the following bands: GALEX (FUV and NUYV), optical (UBV),
2MASS (JHKs), Spitzer/IRAC (3.6, 4.5, 5.8 and 8.0 pm), ISO/ISOCAM (6.75
and 15um), IRAS (12, 25, 60 and 100 pm), Spitzer/MIPS (24, 70 and 160 pm),
SCUBA (850 um) and Ha and HB. Fig. 3.3 shows the resulting distribution of the
difference between the observed luminosity LS”® and the best-fit model luminosity

obs for the 66 galaxies in the sample

Lm°d " in units of the observational error o
(plain histograms). Each panel shows the result for a different photometric band.
For reference, the shaded histograms show the results obtained when excluding the
22 galaxies identified as hosts of low-luminosity AGNs by Kennicutt et al. (2003).

Fig. 3.3 shows that our model can reproduce simultaneously the ultraviolet, op-
tical and near-, mid- and far-infrared observations of all but a few SINGS galaxies
to within the observational errors. This is remarkable, considering the relative sim-

plicity of the model. We find that the galaxies the least well fitted at ultraviolet
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Figure 3.3: Distribution of the difference between observed luminosity LS*® and
best-fit model luminosity LB“’d, in units of the observational error ¢°", for the 66
galaxies of the SINGS sample studied in Section 3.3 Each panel refers to a different
photometric band (as indicated). The best-fit model for each galaxy was selected by
fitting as many luminosities as available in the following bands: GALEX (FUV and
NUV), optical (UBV), 2MASS (JHKs), Spitzer/IRAC (3.6, 4.5, 5.8 and 8.0 pym),
ISO/ISOCAM (6.75 and 15um), IRAS (12, 25, 60 and 100 pm), Spitzer/MIPS (24,
70 and 160 pm), SCUBA (850 pum) and Ha and HB. In each panel, the plain
histogram shows the result for the full sample of 66 SINGS galaxies, while the
shaded histogram shows the result for the subsample of 44 galaxies with no AGN
activity according to Kennicutt et al. (2003). The dotted curve shows a Gaussian
distribution with unit standard deviation, for reference.

and optical wavelengths tend to be low-metallicity dwarf galaxies, such as the blue
compact dwarf galaxy NGC 2915 (e.g. Lee, Grebel & Hodge 2003) and the diffuse
dwarf irregular galaxy Holmberg II (e.g. Hoessel, Saha & Danielson 1998). The
difficulty in reproducing these observations may arise either from a limitation of the
spectral synthesis code, or of the simple dust prescription, or from an underestimate
of observational errors. The three galaxies for which the models significantly un-
derestimate the 3.6 pm emission in Fig. 3.3 are also low-metallicity dwarf galaxies
(NGC4236, IC4710 and NGC6822). For these galaxies, our simple scaling of the
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near-infrared continuum strength around 4 pm with the flux density of the 7.7 ym
PAH feature may not be appropriate (see Section 2.2.2.1). Fig. 3.3 further shows
that the galaxies with 8 ym mid-infrared luminosities least well reproduced by the
model tend to be hosts of low-luminosity AGNs. In these galaxies, the contribution
to the infrared emission by dust heated by the AGN may be significant. Despite
these few outliers, we conclude from Fig. 3.3 that our model is adequate to in-
vestigate the constraints set on the physical properties of SINGS galaxies by their
ultraviolet, optical and infrared spectral energy distributions.

To investigate the implications of these fits for the determination of physical
parameters, we focus on three galaxies spanning different dust properties along the
L0 /LY versus L8 /L%* colour-colour relation in Fig. 3.2a, for which a wide set of
observations are available: NGC 3521, a spiral (SABbc) galaxy at a distance of 9
Mpc; NGC 337, a spiral (SBd) galaxy at a distance of 24.7 Mpc; and Mrk 33, a
dwarf irregular (Im) starburst galaxy at a distance of 21.7 Mpc. For all three galax-
ies, observations from GALEX (FUV and NUV), 2MASS (JHKs), Spitzer (IRAC
and MIPS), IRAS and SCUBA are available, along with integrated Ha and Hf
spectroscopy from Moustakas & Kennicutt (2006). For NGC 3521 and NGC 337,
additional constraints are available from RC3 (UBYV) and ISO (ISOCAM 6.75 and
15pum) photometry.

Fig. 3.4 shows the models (in black) providing the best fits to the observed
ultraviolet, optical, Ho and HJ3, and infrared spectral energy distributions of these
three galaxies (in red). The quality of the fits is remarkable, as quantified by
the residuals shown at the bottom of each spectrum. We note that, according to
the best-fit models, the sequence of increasing F\°/F!% and decreasing FS/F2*
colours from NGC 3521 to NGC 337 to Mrk 33, which reflects a drop in the relative
intensity of PAHs and a blueshift of the peak infrared luminosity (i.e. a rise in the
overall dust temperature), is associated to an increase in star formation activity.
This is apparent from the relative strengthening of the unattenuated ultraviolet and
optical spectrum (in blue) from NGC 3521 to NGC 337 to Mrk 33 in Fig. 3.4. We
investigate this trend further in Section 3.3.3 below.

We can study in more detail the constraints set on the star formation histories
and dust properties of the galaxies by looking at the probability distributions of the
corresponding model parameters. In Figs. 3.5 and 3.6, we show the likelihood distri-
butions of 14 quantities constrained by the observed spectral energy distributions of
NGC 3521, NGC 337 and Mrk 33. These distributions were derived using the model
library of Section 3.2.1, following the procedure outlined in Section 3.2.2. Fig. 3.5
shows the likelihood distributions of parameters pertaining to the star formation
history and dust content: fraction of the total infrared luminosity contributed by
dust in the ambient ISM (f,); fraction of the total effective V-band absorption
optical depth of the dust contributed by the ambient ISM (u); effective V-band ab-
sorption optical depth of the dust (7 ); effective V-band absorption optical depth of
the dust in the ambient ISM (u7y); specific star formation rate (¢g; equation 3.3);
stellar mass (M,); and dust mass (Mg; equation 2.30). Fig. 3.6 shows the like-
lihood distributions of parameters pertaining to the dust emission: total infrared
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Figure 3.4: Best model fits (in black) to the observed spectral energy distributions
(in red) of the three galaxies NGC 3521 (top panel), NGC 337 (middle panel) and
Mrk 33 (bottom panel) spanning the infrared colour-colour relation of Fig. 3.2a. In
each panel, the blue line shows the unattenuated stellar population spectrum. For
each observational point, the vertical error bar indicates the measurement error,
while the horizontal error bar shows the effective width of the corresponding pho-

tometric bands. The residuals (L§P® — L°d) /L3P are shown at the bottom of each

panel. Filled squares refer to broad-band luminosties (GALEX FUV and NUYV;,
RC3 UBV; 2MASS JHKs; Spitzer IRAC and MIPS; ISO, IRAS and SCUBA); open

squares to the integrated Ha and HG luminosities.
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Figure 3.5: Likelihood distributions of physical quantities derived from fits to the
observed ultraviolet, optical and infrared spectral energy distributions of NGC 3521
(top row), NGC 337 (middle row) and Mrk 33 (bottom row): fraction of the total
infrared luminosity contributed by dust in the ambient ISM (f,); total effective
V-band absorption optical depth of the dust (7y); fraction of the total V-band
absorption optical depth of the dust contributed by the ambient ISM (u); effective
V-band absorption optical depth of the dust in the ambient ISM (u7y); specific
star formation rate (¢g); stellar mass (M,); and dust mass (My). The different
histograms correspond to the different sets of observational constraints indicated at
the top of the figure (see text of Section 3.3.2 for more detail).

luminosity (L!°*); global contributions (i.e. including stellar birth clouds and the
ambient ISM) by PAHs (££3%), the hot mid-infrared continuum (£7%;) and warm
dust in thermal equilibrium (&%) to the total infrared luminosity (equations 2.19,
2.20 and 2.21); equilibrium temperature of warm dust in stellar birth clouds (T32°);
contribution by cold dust in thermal equilibrium to the total infrared luminosity
(5&“, equation 2.22); and equilibrium temperature of cold dust in the ambient ISM
(TE™M).

The different histograms in Figs. 3.5 and 3.6 refer to different assumptions about
the available set of observations. The grey shaded histograms show the results ob-
tained when using all the observational measurements from Fig. 3.4. In this case, all
the parameters are well constrained by the observed ultraviolet, optical and infrared
spectral energy distributions of the galaxies, except for the equilibrium temperature
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Figure 3.6: Likelihood distributions of physical quantities derived from fits to the
observed ultraviolet, optical and infrared spectral energy distributions of NGC 3521
(top row), NGC 337 (middle row) and Mrk 33 (bottom row): total infrared lumi-
nosity of the dust (L°"); global contributions (i.e. including stellar birth clouds
and the ambient ISM) by PAHs (££%%;), the hot mid-infrared continuum (£{5;) and
warm dust in thermal equilibrium (£9*) to the total infrared luminosity; equilib-
rium temperature of warm dust in stellar birth clouds (733¢); contribution by cold
dust in thermal equilibrium to the total infrared luminosity (££°*); and equilibrium
temperature of cold dust in the ambient ISM (72%M). The different histograms
correspond to the different sets of observational constraints indicated at the top of

Fig. 3.5 (see text of Section 3.3.2 for more detail).

T VEC of warm dust in stellar birth clouds in NGC 3521. This is not surprising, since
the total infrared emission from this galaxy is largely dominated by dust in the
ambient ISM (as can be appreciated, for example, from the analogous spectrum of
the quiescent star-forming galaxy of Fig. 2.5a). We find that, as anticipated from
Fig. 3.4, the transition from NGC 3521 to NGC 337 to Mrk 33 corresponds to a
combined rise in specific star formation rate (¢s) and dust temperature (7,.5¢ and
TéSM), a larger contribution to the total infrared luminosity by warm dust (&)
relative to cold dust (££°"), and by stellar birth clouds relative to the ambient ISM
(fu), and a weakening of PAH features (££3;). These results are consistent with
the finding by Draine et al. (2007), on the basis of a more sophisticated physical
dust model, that the intensity of the dust-heating starlight increases, and the frac-
tion of dust mass contributed by PAHs decreases, from NGC 3521 to NGC 337
to Mrk 33. We emphasise the importance of finding tight constraints on all the
adjustable model parameters in Figs. 3.5 and 3.6. This confirms that the problem

=
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is well defined and that our model can be used to derive meaningful constraints on
the star formation histories and dust properties of galaxies from multi-wavelength

observations.

In many situations, observations may not be available across the full range

from ultraviolet to far-infrared wavelengths to constrain the physical parameters

of galaxies. It is useful, therefore, to explore the constraints that can be derived
on the physical parameters of Figs. 3.5 and 3.6 when reducing the set of available
observations. We illustrate this by considering three potentially common situations:

(i)

(i)

(iii)

Case I (red histograms in Figs. 3.5 and 3.6): we relax the constraints on
the Ha and HB, ISO/ISOCAM (6.75 and 15 pum), IRAS (12, 25, 60 and
100 pm), Spitzer/MIPS 160 pm and SCUBA 850 ym luminosities. This leaves
constraints from GALEX (FUV and NUV), RC3 (UBV), 2MASS (JHKs),
Spitzer/IRAC (3.6, 4.5, 5.8 and 8.0 um) and Spitzer/MIPS (24 and 70 pm).

The most important effect of excluding the constraints on Ly, and Lyg is to
lose the determination of the total effective V-band absorption optical depth
7y in Fig. 3.5. This is because emission lines are the best tracers of dust in
stellar birth clouds. In fact, the product u7y, i.e. the part of 7y, arising from
dust in the ambient ISM, remains reasonably well constrained by ultraviolet,
optical and infrared photometry alone. In Fig. 3.6, the loss of far-infrared
information redward of 70 um (/RAS 100 pm, MIPS 160 pm and SCUBA
850 um) has the most dramatic effect on determinations of the contribution
by cold dust to the total infrared luminosity (') and on the equilibrium
temperature of both cold (TdM) and warm (T.2€) dust. The IRAC data at
wavelengths 3.6, 4.5, 5.8 and 8.0 um still provide valuable constraints on &5,
while the loss of ISO 6.75 and 15 um and TRAS 12 pum information makes
determinations of &5 and &&' more uncertain. The lack of far-infrared
information also weakens the constraints on the dust mass My in Fig. 3.5.

Case II (blue histograms in Figs. 3.5 and 3.6): this is similar to Case I, but
we also relax the constraint on the Spitzer/MIPS 70-pym luminosity. The
main effect is to significantly worsen estimates of the contributions to the
total infrared luminosity by warm dust in thermal equilibrium (&59*) and by

the hot mid-infrared continuum (£%). The constraints on the total infrared

luminosity LI itself are also slightly worse.

Case III (green histograms in Figs. 3.5 and 3.6): this is similar to Case II,
but we also relax the constraints on the GALEX FUV and NUV luminosities.
Not including information about the ultraviolet radiation from young stars
has only a weak influence on the results of Figs. 3.5 and 3.6, when optical,
near-infrared and mid-infrared data out to 24 pum are already available. The
constraints on the specific star formation rate (1g), the attenuation parame-
ters (i, 7y and the product p7y) and the relative contribution by dust in the
ambient ISM to the total infrared luminosity (f,,) become marginally worse.



3.3. Application to the SINGS sample 87

The total infrared luminosity L°* and the stellar mass M, remain reasonably
well constrained.

We note that, if a galaxy has mid-infrared colours characteristic of Galactic
cirrus emission, and if no other spectral information is available at shorter and longer
wavelengths to constrain f,, it may be difficult to disentangle the contributions by
stellar birth clouds and the ambient ISM to the total infrared luminosity. Galaxies
with cirrus-like mid-infrared emission in the SINGS sample tend to have low specific
star formation rates and infrared spectra dominated by the emission from ambient-
ISM dust (as is the case, for example, for NGC 3521 in Fig. 3.4a). The inclusion of
either far-infrared observations to constrain the temperature of the dust in thermal
equilibrium or ultraviolet and optical observations to constrain the attenuation of
starlight by dust can lift the ambiguity about the origin of the infrared emission
(this is illustrated by the reasonably tight constraints obtained on f,, for NGC 3521
in all the cases considered in Fig. 3.5). We have checked that the predicted mid-
infrared emission of the ambient ISM in these analyses is always consistent with
the expectation that stellar ultraviolet photons (with A < 3500 A) are the main
contributors to the excitation of PAH molecules and the stochastic heating of dust
grains responsible for the hot mid-infrared continuum. This is because stars slightly
older than 107 yr, which have migrated from their birth clouds into the ambient
ISM, are still bright in the ultraviolet. In the SINGS sample, for example, ultraviolet
photons generated by stars older than 107 yr account for about 5 per cent of the
heating of ambient-ISM dust for galaxies with the lowest specific star formation
rates (¢g). This fraction reaches about 85 per cent for galaxies with the highest g.
At the same time, PAHs and the hot mid-infrared continuum are found to produce
from about 1 per cent to about 35 per cent, respectively, of the infrared luminosity
of the ambient ISM in these galaxies. Thus, enough stellar ultraviolet photons are
produced to account for the mid-infrared emission from PAHs and hot dust in the
ambient ISM of these galaxies, even if a large part are absorbed by cooler grains in
thermal equilibrium.

The above examples illustrate the usefulness of our model to interpret multi-
wavelength observations of star-forming galaxies, and how particular observations
may be important to constrain specific galaxy parameters. To further investigate the
need for infrared information in the determination of LCﬁOt, we compare in Fig. 3.7
estimates of this quantity obtained by fitting GALEX, RC3 and 2MASS data alone
to those obtained when adding all the Spitzer mid- and far-infrared constraints (from
IRAC and MIPS), for 61 SINGS galaxies with GALFEX measurements in our sample.
For most galaxies, both estimates are consistent with each other, although the
estimates based on stellar emission alone are far more uncertain than those including
infrared constraints (as can be seen from the much larger vertical than horizontal
error bars in Fig 3.7). There is a tendency for starlight-based estimates of LI°* to
lie systematically under the more precise estimates including infrared constraints
for the most luminous galaxies. This could arise, for example, if the SINGS galaxies
with the largest infrared luminosities contained significant amounts of enshrouded
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Figure 3.7: Estimates of the total infrared luminosity L!°* derived from fits of
the observed ultraviolet (GALEX FUV and NUYV), optical (RC3 UBV) and near-
infrared (2MASS JHKs) luminosities, plotted against estimates of the same quantity
when including also the constraints from Spitzer (IRAC 3.6, 4.5, 5.8 and 8.0 um and
MIPS 24, 70, and 160 pm), for 61 galaxies with GALEX measurements in the sample
studied in Section 3.3. The different symbols have the same meaning as in Fig. 3.2.
The errors bars (in both the horizontal and vertical directions) represent the 16-84
percentile range in L°* derived from the likelihood distributions. The bottom
panel shows the logarithm of the difference LI°*(GALEX + UBV + 2MASS)
minus Li*(GALEX + UBV + 2MASS + Spitzer) divided by
LY (GALEX + UBV + 2MASS + Spitzer).

stars with little contribution to the emergent optical and near-infrared light. At
low LI, starlight-based estimates of the infrared luminosities of blue compact
dwarf galaxies in our sample are very uncertain in Fig 3.7. We conclude that
rough estimates of LI°® may be obtained based on ultraviolet, optical and near-
infrared observations alone (at least for values in the range from a few x108 to a
few x10'°L), but reliable estimates of this parameter require longer-wavelength
infrared observations. We note that the total dust luminosities estimated including
infrared observations are typically within 10 per cent of those estimated by Draine
et al. (2007) on the basis of their more sophisticated physical dust model.
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3.3.3 Sample statistics

We can estimate the physical parameters of all the 66 SINGS galaxies in our sample
in the same way as exemplified in Figs. 3.5 and 3.6 above for NGC 3521, NGC 337
and Mrk 33%. By doing so, we can explore potential correlations between differ-
ent parameters of star-forming galaxies and infrared colours. In Table 3.1, we
present the results of this investigation. We list the Spearman rank correlation co-
efficients for the relations between three Spitzer infrared colours, L8 /L34 L24/L7
and L7°/L1° and 11 parameters derived from our spectral fits of SINGS galaxies:
the specific star formation rate, 1g; the fraction of total infrared luminosity con-
tributed by dust in the ambient ISM, f,; the global contributions (i.e. including
stellar birth clouds and the ambient ISM) by PAHs (££3%), the hot mid-infrared
continuum (&%) and warm dust in thermal equilibrium (&5") to the total in-
frared luminosity (equations 2.19, 2.20 and 2.21); the equilibrium temperature of
warm dust in stellar birth clouds, TVEC; the contribution by cold dust in thermal
equilibrium to the total infrared luminosity, {5 (equation 2.22); the equilibrium
temperature of cold dust in the ambient ISM, TéSM; the star formation rate aver-
aged over the past 100 Myr, 1 = M,1g (see equation 3.3); the stellar mass, M,;
and the ratio of dust mass to stellar mass, Mq/M, (see equation 2.30). We also
indicate in Table 3.1 the significance levels of these correlations for our sample size
of 66 galaxies.

Table 3.1 shows that the infrared colours LS/L2* and L7°/L%° correlate well
with several model quantities, such as ¥s, fu, &%, &, TiBC, €40 and THM,
while L2*/L™ does not. Furthermore, it is interesting to note that the specific
star formation rate, but not the star formation rate itself, correlates well with
L8/L% and L7°/L°. This is illustrated in Fig. 3.8, where we show L§/L2* and
L70/L0 as a function of both g and 1 for the 66 galaxies in our sample. We
find that, as anticipated in Section 3.3.2, the correlation between infrared colours
and specific star formation rate arises from a drop in the relative intensity of PAHs
and a blueshift of the peak infrared luminosity (i.e. a rise in the overall dust
temperature) when the star formation activity increases.

In Fig. 3.9, we explore the relations between g and other physical properties of
the SINGS galaxies, which correlate well with infrared colours: f,, &5y, &i0t, E5°°
and Mq/M, (Table 3.1). The Spearman rank coefficients for these correlations are
rs = —0.764 (indicating a 60 significance level for the sample size), —0.551 (40),
0.739 (60), —0.647 (50) and 0.780 (60), respectively. For completeness, we also
show in Fig. 3.9 the relation between dust-to-gas mass ratio, My/My, and g, for
the 35 galaxies with gas masses My = M (H1 + Hy) available from Draine et al.
(2007). In this case, the Spearman rank coefficient is rg = —0.537, indicating a
30 correlation only for the reduced sample size. We note that the dust masses in
Fig. 3.9 are typically within 50 per cent of those estimated by Draine et al. (2007)
on the basis of their more sophisticated physical dust model.

4The median-likelihood estimations for each parameter of the model as well as the respective
confidence intervals are listed for each galaxy in Appendix B.
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Table 3.1: Correlations between three Spitzer infrared colours LS/L24 L24/L70
and LT°/L1%0 and the median likelihood estimates of several physical parameters
constrained using our model, for the 66 SINGS galaxies in our sample. For each
combination of infrared colour and parameter, the first row indicates the Spearman
rank correlation coefficient rg of the relation between the two quantities, while the
second row indicates the significance level of the correlation for the sample size.

Ly/Lyt L3/LY L3/LY

s —0.723 0.018 0.466
60 <lo 4o

fu 0.679 —0.201 —0.464
5% 20 4o

5% 0.715  0.182  —0.556
60 lo 4o

3V 0.108 0.253  —0.162
lo 20 lo

o —0.858 0.212 0.741
To 20 60

TwC —-0.437  0.423 0.509
4o 30 4o

‘fé‘“ 0.663 —0.390 0.577
5% 30 50

TSM 0318 —0.081 0.692
3o <lo 60

» —0.007 0.503 —0.123
<lo 4o lo

M, 0.634 0.243  —0.450
30 lo <lo

My/M, —0.377 0.133 0.040
30 lo < lo
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Figure 3.8: Spitzer infrared colours plotted against median-likelihood estimates
of the star formation rate, for the 66 SINGS galaxies of the sample discussed in
Section 3.3. (a) Ratio of 8-um to 24-pm luminosity plotted against star formation
rate averaged over the past 100 Myr, ¥ = M,1g (see equation 3.3). (b) Ratio of 70-
pm to 160-pm luminosity plotted against 9. (c) Ratio of 8-pm to 24-pm luminosity
plotted against specific star formation rate 1g. (d) Ratio of 70-um to 160-um
luminosity plotted against 5. The different symbols have the same meaning as in
Fig. 3.2. For each point, the vertical error bars represent the +10 observational
uncertainties, while the horizontal error bars represent the 16th—84th percentile
range derived from the likelihood distribution of the quantity on the z-axis.

The strong correlations between infrared colours and several physical quantities
of the SINGS galaxies in Fig. 3.8 and 3.9 provide important insight into the link
between star formation and ISM properties in galaxies. For example, we also find
a 7o correlation between the star formation rate ¢ and the dust mass My for the
66 SINGS galaxies in our full sample, and a 50 correlation between ¢ and the gas
mass My for the 35 galaxies with H1 and Hy measurements (not shown). To some
extent, the rise in the contribution by stellar birth clouds (i.e. giant molecular
clouds) to the infrared emission from a galaxy when g increases (Fig. 3.9a), the
accompanying rise in the contribution by warm dust (Fig. 3.9¢), the drop in that
by cold dust (Fig. 3.9d) and the weakening of PAH features (Fig. 3.9b) have been
anticipated in several previous studies (e.g. , Helou 1986; Cesarsky et al. 1996; Silva
et al. 1998; Dale et al. 2001, 2007). The originality of our approach is to quantify
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Figure 3.9: Median-likelihood estimates of galaxy properties plotted against specific
star formation rate, for the 66 SINGS galaxies of the sample discussed in Section 3.3.
(a) Fraction of total infrared luminosity contributed by dust in the ambient ISM, f,,.
(b) Global contribution (i.e. including stellar birth clouds and the ambient ISM)
by PAHs to the total infrared luminosity, £52%;. (c¢) Global contribution by warm
dust in thermal equilibrium to the total infrared luminosity £&*. (d) Contribution
by cold dust in thermal equilibrium to the total infrared luminosity, ££°'. (e) Ratio
of dust mass to stellar mass, Mq/M,. (f) Ratio of dust mass to gas mass, Mq/My,
for the 35 galaxies with gas masses My = M (H1+ Hz) available from Draine et al.
(2007). The different symbols have the same meaning as in Fig. 3.2. The error bars
represent the 16-84 percentile ranges derived from the likelihood distributions of
the estimated parameters.

these effects by means of a simple but versatile model, which allows statistical
studies of the star formation and dust properties of large samples of galaxies. It
is worth emphasising that our method does not introduce these relations a priori
and that they arise from our consistent treatment of stellar populations and dust
in galaxies.

3.4 Comparison with previous models
The model we have developed allows one to interpret the infrared spectral energy

distributions of galaxies consistently with the ultraviolet and optical emission, in
terms of combined constraints on the star formation and dust properties. At the

B
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same time, the model is versatile enough that it can be used to statistically derive
such properties for large samples of observed galaxies. So far, the tools most widely
used to extract minimum physical quantities from infrared spectra of large samples
of observed galaxies are the spectral libraries of Chary & Elbaz (2001) and Dale &
Helou (2002). As an illustration, we compare here the constraints derived from our
model to those that would be obtained using these libraries for the three galaxies
studied in detail in Section 3.3.2 (Fig. 3.4).

Chary & Elbaz (2001) propose a library of template spectra to reproduce the
observed correlations between the total infrared luminosity Li°* (Lig in their no-
tation) and the luminosities in individual ISO and ITRAS bands, for local galaxies.
This leads them to assign a unique luminosity to a given infrared spectral shape.
In Fig. 3.10, we compare the best-fit spectral energy distributions inferred from our
model for NGC 3521, NGC 337 and Mrk 33 (in black, from Fig. 3.4) with tem-
plate spectra from Chary & Elbaz (2001,in green). Since the three galaxies have
similar infrared luminosities (Fig. 3.6), they are assigned similar infrared spectra in
the prescription of Chary & Elbaz (2001,shown as dotted green lines in Fig. 3.10).
However, as Figs. 3.2 and 3.4 show, NGC 3521, NGC 337 and Mrk 33 have differ-
ent infrared colours. As a result, the Chary & Elbaz (2001) template spectra that
best fit the ISO and IRAS colours of these galaxies (plotted as solid green lines in
Fig. 3.10) correspond to widely different infrared luminosities. For example, the
Chary & Elbaz (2001) template that best fits the observed colours of the dwarf
starburst galaxy Mrk 33 corresponds to a spectral energy distribution typical of an
ultraluminous infrared galaxy (ULIRG, with Lig > 10'?Ls). This inconsistency
illustrates the impossibility with the Chary & Elbaz (2001) library to account for
the intrinsic dispersion of infrared colours among galaxies of comparable infrared
luminosity.

Dale & Helou (2002) parametrise the spectral energy distributions of normal
star-forming galaxies in terms of a single parameter asgp, which is inversely pro-
portional to the intensity of the interstellar radiation field heating dust grains.
Variations in aggp can account for the observed range of Fgo/Fioo colours of nor-
mal star-forming galaxies. Dale et al. (2007) find that the Dale & Helou (2002)
models that best fit the MIPS colours of NGC 3521, NGC 337 and Mrk 33 have
asgp = 3.32, 2.23 and 1.44, respectively (these models are shown as blue lines in
Fig. 3.10). This sequence in aggp is consistent with that in the specific star forma-
tion rate g inferred from our analysis of these galaxies (see Fig. 3.5). As mentioned
above, our model can provide greater insight into the star formation histories and
dust properties of galaxies.

3.5 Potential sources of systematic errors

3.5.1 Star formation prior

We have checked the sensitivity of our results to the prior distributions of star for-
mation histories in the model library of Section 3.2. We have repeated our results
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Figure 3.10: Fits by various models to the observed infrared (Spitzer IRAC and
MIPS, ISO, IRAS and SCUBA) spectral energy distributions of the same three
galaxies as in Fig. 3.4 (in red). In each panel, the black line shows the best-fit
model from Fig. 3.4; the dotted green line is the Chary & Elbaz (2001) template
spectrum corresponding to the same total infrared luminosity as the black line; the
solid green line is the Chary & Elbaz (2001) template that best fits the IRAS and
ISO observations of the galaxy; and the blue line is the Dale & Helou (2002) model
that best fits the MIPS observations of the galaxy (see text for detail).

using continuous star formations histories (i.e. omitting superimposed stochastic
starbursts). We find that, in this case, the overall quality of the fits to the ultravio-
let, optical and infrared spectral energy distributions of SINGS galaxies decreases,
and that the star formation rates of the galaxies are systematically lower by up to
40 per cent. We have also tested the influence of the initial mass function. Adopt-
ing a Salpeter (1955) IMF instead of the Chabrier IMF would lead to stellar mass
estimates about 1.4 times larger.
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3.5.2 Attenuation law

In this study, we have assumed that the effective dust absorption optical depth
in stellar birth clouds scales with wavelength as 75C oc A™13 (see Section 2.2.1).
Adopting instead %)]\SC o A707 (i.e. , the same wavelength dependence as the attenu-
ation law in the ambient ISM; see Charlot & Fall 2000) does not change significantly
the overall quality of the fits to the broad-band spectral energy distributions of the
SINGS galaxies. However, for the galaxies with spectroscopic observations, the
Ha/Hf3 ratios predicted using %)1\30 x A7%7 tend to be lower than observed by typ-
ically 15 per cent (see also Wild et al. 2007). This has negligible implications for
the constraints on the dust parameters p and 7y derived for the SINGS galaxies.

3.5.3 Inclination

The predictions of our model are averaged over viewing angles. In practice, how-
ever, because of the non-uniform spatial distribution of dust, observed fluxes at
ultraviolet, optical and infrared wavelengths may depend on the angle under which
a star-forming galaxy is seen. We account to some extent for this effect in our
model when introducing the uncertainty J f,, in the connection between stellar and
dust emission (see Section 3.2). Also, we do not find any systematic trend in the
quality of spectral fits with the inclination of the SINGS galaxies. In Chapter 5,
we further investigate the effect of orientation by applying our model to a larger
sample of galaxies spanning wide ranges in physical properties and inclinations.

3.6 Summary and conclusion

In this chapter, we have generated a comprehensive library of model galaxy spec-
tra by combining a library of attenuated stellar population spectra (built from
stochastic star formation histories and dust contents) with a library of infrared
emission spectra. As Fig. 3.4 illustrates, these models provide appropriate fits
to the observed ultraviolet, optical and infrared spectral energy distributions of
nearby galaxies in the SINGS sample, for which data are available from GALEX,
RC3, 2MASS, Spitzer, ISO, IRAS and SCUBA (Kennicutt et al. 2003). We have
used this model library to derive median-likelihood estimates of the star formation
rate, stellar mass, dust attenuation, dust mass and relative contributions by differ-
ent dust components to the total infrared luminosity of every SINGS galaxy in our
sample. The accuracy of these estimates depends on the available spectral infor-
mation. We find that, for example, although the total infrared luminosity L°* of
a galaxy can be roughly estimated using ultraviolet, optical and near-infrared data
alone (at least for values in the range from a few x10% to a few x10'°Lg), reliable
estimates of this parameter require infrared observations at longer wavelengths.

A main advantage provided by our model is the capacity to study the relation
between different physical parameters of observed galaxies in a quantitative and
statistically meaningful way. We find that, for example, the specific star formation
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rate of SINGS galaxies correlates strongly not only with observed infrared colours,
but also with several other properties of the galaxies, such as the fraction of total
infrared luminosity contributed by dust in the ambient ISM, the contributions by
PAHs, warm dust and cold dust to the total infrared luminosity and the ratio of
dust mass to stellar mass. These correlations provide important insight into the link
between star formation and ISM properties in galaxies. In particular, they allow one
to quantify the relations between star formation rate, gas mass, dust mass, stellar
mass, dust temperature and distribution of the dust between giant molecular clouds
and the diffuse interstellar medium. Studies of these relations at different redshifts
will have important implications for our understanding of the physical processes
that dominate galaxy evolution.
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CHAPTER 4
The physical properties of
star-forming galaxies at z~ 0.1

4.1 Introduction

In the previous chapter, we have seen how the model we have developed in Chapter 2
can be useful to interpret the observed ultraviolet, optical and infrared spectral
energy distributions of galaxies in terms of their star formation activity and dust
content. We have illustrated this by analysing the properties of nearby star-forming
galaxies from the SINGS sample. In this chapter, we carry out a slightly different
analysis of a new galaxy sample at slightly higher redshift (z ~ 0.1), the Spitzer-
SDSS-GALEX Spectroscopic Survey (SSGSS; Schiminovich et al., in preparation)!.
This is being accomplished in collaboration with the SSGSS team, in particular
David Schiminovich, Stéphane Charlot, Ben Jonhson and Matt O’Dowd. Here we
show some preliminary results of this ongoing work.

The observed properties available for the SSGSS sample differ from those of
the SINGS sample in that, for the SSGSS sample, in addition to multi-wavelength
broad-band photometry, SDSS optical spectra and Spitzer/Infrared Spectrograph
(IRS; Houck et al. 2004) mid-infrared spectra were taken encompassing a large
fraction of the galaxies?.

In the following, we first use photometric data to study the physical properties
of the SSGSS galaxies and compare them to those of the SINGS galaxies. Then
we concentrate on what can be learnt from the additional information provided by
the Spitzer/IRS spectroscopy of these galaxies. We discuss how the IRS spectra
provide insight into the physical conditions in the ISM of galaxies, such as

e the properties and amount of interstellar dust through the silicate absorption
features at 9.7 and 18 pm;

e the properties of interstellar polycyclic aromatic (PAHs) through the detailed
study of the mid-infrared emission features;

e the dust-heating conditions in galaxies and possible contribution of AGN to
this heating;

!See also http://www.astro.columbia.edu/ssgss
*Existing Spitzer/IRS spectra of the SINGS galaxies are available only for the nucleus of the
galaxies and small extra-nuclear regions (Kennicutt et al. 2003)
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e the physical state of interstellar gas in the galaxies (ionization, temperature,
density and abundances of different elements), through the study mid-infrared
nebular emission lines.

4.2 The sample

The SSGSS sample consists of 101 galaxies with ultraviolet, optical and infrared
wavelength coverage. The sample is extracted from the SDSS spectroscopic sample
(Strauss et al. 2002), optically selected with r < 17.77 AB magnitudes, for which
ugriz photometry is available. Additional photometric observations in the ultravi-
olet and infrared from GALEX (FUV and NUV), 2MASS (JHKs), Spitzer/IRAC
(3.6, 4.5, 5.8, 8.0 yum) and Spitzer/MIPS (24, 70 and 160 pm) were taken as part of
different surveys in the Lockman Hole? (Johnson et al. 2007). The SSGSS team has
performed a careful match of this multi-wavelength photometry in aperture. This
enables the GALEX, SDSS, 2MASS and Spitzer fluxes to be consistently interpreted
using our model (Schiminovich et al., in preparation).

In addition to this multi-wavelength photometry, the SSGSS sample is char-
acterized by the availability of Spitzer/IRS spectra between 5 and 38 pm for all
galaxies. This spectroscopic sample is selected from the photometric sample de-
scribed above by performing a flux cut at 24 pm, F,(24 pm) > 1.5 mJy. This
ensures high-quality infrared spectroscopic observations with IRS. The IRS instru-
ment also allows to perform imaging in the ‘blue peak-up’ band, centered at 16 pm.
Photometry in this band is important to constrain the detailed shape of the mid-
infrared emission from galaxies, since it fills the gap between the IRAC band at
8 pm and the MIPS band at 24 pum. The IRS observations were performed to
match in aperture with the SDSS fibre. Therefore, the aperture in which the IRS
16-pm flux was obtained does not coincide with the aperture of the other photo-
metric observations described above. The SSGSS team has applied an aperture
correction to the IRS 16-um flux so that we can include it in our analysis.

The physical properties of the SSGSS galaxies have been roughly characterized
by Johnson et al. (2007) using previously available models. Johnson et al. (2007) use
the observed NUV-IRAC(3.6 um) colour, the D, (4000) spectral break* measured
from the optical SDSS spectra and the stellar masses derived by Kauffmann et al.
(2003b) to characterize the sample. In Fig. 4.1, we show the NUV-IRAC(3.6 pm)

3The Lockman Hole is a region of the sky in the constellation of Ursa Major. This region presents
very low column densities of Galactic interstellar dust along the line of sight, and therefore it is
ideal for extragalactic studies. The Lockman Hole is one of the better studied regions of the sky,
as it has been intensively observed in a wide wavelength range.

“The D,,(4000) spectral break originates from the accumulation of a large number of stellar
absorption lines in the optical spectra of galaxies in a narrow region around 4000 A. The main
contribution to the opacity of these lines comes from ionized metals in the stellar atmospheres.
In young, hot stars with very high surface temperatures, the metals are multiply ionised and the
opacity of these lines is low, therefore the D, (4000) break is weak. On the contrary, in old, metal-
rich stars, the opacity of these lines is large, and the 4000-A break is strong (e.g. Bruzual A. 1983;
Balogh et al. 1999; Kauffmann et al. 2003b). Therefore, the D, (4000) spectral break can be used
to infer the mean age of stellar populations in galaxies.
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Figure 4.1: NUV-IRAC(3.6 um) color plotted against stellar mass M, (left panel),
and NUV-IRAC(3.6 um) plotted against D,,(4000) (right panel) for Lockman Hole
photometric sample (in black). The SSGSS sample is selected by performing a 24-
pm flux cut at 1.5 mJy (in blue, and 5 mJy for bright sample, in red). This yields a
large number of galaxies with a representative distribution of mass, colour, and star
formation history out to redshift z < 0.2 (right panel). Figure from Schiminovich
et al. (in preparation).

colour plotted against the rough estimates of stellar mass M, and D,,(4000). The
galaxies of the primary photometric sample from Johnson et al. (2007) are plotted
as black dots, and the SSGSS galaxies are plotted as coloured circles.

The stellar mass estimates for the sample galaxies shown in Fig. 4.1 are com-
puted by Kauffmann et al. (2003b) using stellar absorption indices measured in the
SDSS fiber and adopting a simple power-law A\~%7 to account for the attenuation
by dust. These stellar mass estimates are therefore limited by (i) the fact that the
SDSS fiber may not include the total emission from galaxies, and therefore aperture
corrections are made which assume a constant mass-to-light ratio, and (ii) the fact
that the attenuation law implies that stars of all ages in the galaxy are attenuated
in the same way (i.e. it does not take into account the fact that young stars are
embedded in dense birth clouds as described in the previous chapters of this the-
sis). In Section 4.3, we will analyse in detail the observed photometric properties
of the SSGSS galaxies using the more sophisticated model presented in Chapter 2.
This will enable us to provide more accurate constraints on the stellar mass, star
formation and dust properties of these galaxies.

4.2.1 Composition of the SSGSS sample

An important difference of the SSGSS sample relative to the SINGS sample studied
in Chapter 3 is that it contains galaxies hosts of bright AGN. We classify the galaxies
of the SSGSS sample in three categories: star-forming galaxies; AGN hosts; and
‘composite’ galaxies. We perform this classification using the optical emission line
ratios [N 1A 6584 A/Ha and [O 111)A 5007 A /H3, measured in the SDSS spectra.
These emission line ratios provide a powerful diagnostic of the ionization state of
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Figure 4.2: Baldwin, Phillips & Terlevich (1981) diagram for the SSGSS galaxies.
This shows optical emission line ratios [N 1]\ 6584 A /Ho against [O 111\ 5007 A /HS.
The solid line corresponds to the division computed by Kewley & Dopita 2002
(equation 4.1). Above this line, galaxies are classified as AGN. The dotted line is
the empirical division of Kauffmann et al. 2003a (equation 4.2). Under this line,
galaxies are classified as purely star-forming. Galaxies located between the two
lines form the composite class.

the gas (Baldwin, Phillips & Terlevich 1981). They allow one to distinguish gas
ionization caused by the soft radiation from young stars (in typical H1I regions)
from that produced by the harder radiation of AGN.5

Fig. 4.2 shows the location of the SSGSS galaxies in the BPT diagnostic dia-
gram. Kewley & Dopita (2002) define a theoretical ‘maximum starburst’ line in
this diagram (solid line in Fig. 4.2), parametrized as

log([O 1]A5007 A/HB) = (0.61/([N 11]A 6584 A/Ha — 0.47)) + 1.19. (4.1)

Above this line, the observed values of [N 11]A6584 A /Ha and [O 1A 5007 A /HS3
must originate from ionization by an AGN. Therefore, we classify galaxies above
this line as AGN hosts. Kauffmann et al. (2003a) propose an alternative, empir-
ical separation between star-forming and AGN host galaxies in the BPT diagram
(dotted line in Fig. 4.2), using ~ 120 000 galactic spectra from SDSS:

log([O 1]A 5007 A/HB) = (0.61/([N 1A 6584 A/Ha — 0.05)) + 1.30. (4.2)

The plot of [N 11]A6584 A /Ha against [O 111]A 5007 A /HS is known as the ‘BPT diagram’ as a
reference to the work of Baldwin, Phillips & Terlevich (1981).
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This empirical line does not coincide with the line theoretically predicted by Kewley
& Dopita (2002). We classify galaxies lying under this line as purely star-forming
galaxies. When galaxies are located between the empirical line of Kauffmann et al.
(2003a) and the theoretical line of Kewley & Dopita (2002), the classification is
more ambiguous. We classify such galaxies as ‘composite’. According to the above
classification, the SSGSS sample is composed of:

(i) 66 star-forming galaxies (blue symbols in Fig. 4.2);
(ii) 24 composite (green symbols in Fig. 4.2);
(iii) 11 AGN (red symbols in Fig. 4.2).

We note that the model we have developed in Chapter 2 does not include the
contribution by AGN to the emission from galaxies. Therefore, this model is strictly
applicable only to galaxies dominated by star formation. We investigate in Sec-
tion 4.4 how the presence of an AGN can affect the determination of galaxy physical
parameters using this model.

4.2.2 Comparison of the SSGSS and SINGS samples

In Fig. 4.3, we compare observed ultraviolet and infrared properties of the SSGSS
with the SINGS sample. Fig. 4.3a shows the MIPS L7°/L160 luminosity ratio plotted
against the IRAC+MIPS L8/L2* luminosity ratio. The SSGSS and SINGS galaxies
follow the same infrared colour distributions in this diagram. However, we note that
SSGSS galaxies are typically slightly more concentrated towards redder (i.e. cooler)
infrared colours than the SINGS galaxies. We show in Section 4.3.3 below that this
is because SSGSS galaxies do not extend to as high specific star formation rates as
the SINGS galaxies. In Fig. 4.3b, we plot the ratio of total-infrared to ultraviolet
luminosity Lé"t /Lruy (i.e. infrared excess) as a function of ultraviolet spectral
slope fSyy. As in Fig. 3.2, we have used equation (4) of Dale & Helou (2002) to
estimate L}°* from the MIPS observations at 24, 70 and 160 pm, and equation (1) of
Kong et al. (2004) to compute fyy from the GALEX FUV and NUV luminosities.
The SSGSS galaxies do not present as high dispersion around the starburst line
as the SINGS galaxies. We also note that the galaxies of the SSGSS sample do
not reach the lower left-hand corner of the diagram, corresponding to low values of
Buy and L°*/Lpyy. The SINGS galaxies populating this corner tend to be blue,
star-forming dwarf galaxies. This type of galaxy tends to drop below the magnitude
cutoff of the SDSS spectroscopic sample.

4.2.3 PAH emission of SSGSS galaxies

From the detailed study of the Spitzer/IRS mid-infrared spectra of the SSGSS
galaxies, O’'Dowd et al. (in preparation) have measured the average PAH emission
spectrum of these galaxies. This PAH spectrum was extracted from the average
mid-infrared spectrum of the sample using the PAHFIT code of Smith et al. (2007).
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Figure 4.3: Comparison between the observed properties of the SSGSS and the
SINGS sample: (a) Ratio of 70-um to 160-pm luminosity plotted against ratio of
8-pm to 24-pm luminosity. (b) Ratio of total-infrared to ultraviolet luminosity as
a function of ultraviolet spectral slope (the IRX-UV diagram). The dotted line in
this diagram shows a fit by Kong et al. (2004) to the relation followed by starburst
galaxies (Meurer, Heckman & Calzetti 1999). In both panels, the black symbols
correspond to the SINGS galaxies, with the same meaning as in Fig. 3.2. The
SSGSS galaxies are plotted as coloured diamonds, according to the classification of
Section 4.2.1: blue — star-forming galaxies; green — composite galaxies; red — AGN
hosts. The median error bars for the SSGSS sample are plotted in the left corner
of each diagram.

This code decomposes an observed mid-infrared spectrum in several components;
the main ingredients are:

e a stellar continuum: reproduced using a black body at a fixed temperature of
5000 K;

e a thermal mid-infrared continuum, which is the sum of up to 8 modified black
bodies of different temperatures between 35 and 300 K;
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Figure 4.4: Comparison between the average PAH spectrum of the SSGSS sample
(O’Dowd et al., in preparation) and the M 17 PDR mid-infrared spectrum used as a
PAH emission template in Chapter 2. For comparison, both spectra are normalized
to total area between 5 and 24 pm.

e an infrared extinction curve, composed of a power-law plus silicate absorption
features at 9.7 and 18 pm;

e nebular emission lines (mainly forbidden lines of ionized species and rotational
lines of Hy), represented by Gaussian profiles;

e and PAH emission features, represented by Drude profiles.

We note that Drude profiles, as with the Lorentzian profiles widely used to fit
PAH features (e.g. Boulanger et al. 1998; Verstraete et al. 2001), have more
power in the extended wings than Gaussian profiles. The physical motivation
to fit PAH features using these profiles is that they represent the theoretical
frequency profiles for classical damped harmonic oscillators (Li & Draine 2001;
Smith et al. 2007).

O’Dowd et al. build the average PAH emission spectrum of the sample by adding
the set of Drude profiles which best fit the average SSGSS mid-infrared spectrum.
In Fig. 4.4, we plot the resulting PAH emission spectrum (in red). Also shown
for comparison is the M 17 template spectrum used to model PAH emission in
Chapters 2 and 3. The average PAH emission spectrum of the SSGSS galaxies
deviates significantly from the M 17 mid-infrared spectrum. In particular, the mid-
infrared spectrum of M 17 fails to reproduce the average ratio of 7.7-um to 11.3-pm
features observed in the SSGSS IRS spectra. Also, the average SSGSS spectrum
shows a stronger emission in the 17-pm feature complex.
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According to the physical models of Li & Draine (2001), a lower ratio of 7.7-pm
to 11.3-pm emission features may result from a higher contribution of neutral PAHs
compared to ionized PAHs. This possibly indicates that the average radiation field
in the SSGSS galaxies is softer than the radiation field in the M 17 star-forming
region, or that the bulk of the emitting PAHs in these galaxies reside in regions
where they are more shielded from strong ultraviolet radiation. Having a different
7.7-pm to 11.3-pm ratio should not significantly affect our results unless we attempt
to reproduce detailed mid-infrared spectra instead of broad-band photometry.

We take advantage of this information and choose to replace the M 17 template
spectrum with the average SSGSS PAH spectrum when interpreting the SSGSS data
with our model. We expect that the main effect of stronger emission in 17-pm fea-
ture complex will be to attribute a slightly higher fraction of the total mid-infrared
luminosity of the galaxies to PAHs. We will discuss later the main implications of
this choice on the interpretation of the spectral energy distributions of the galaxies
and on the median-likelihood estimates of physical parameters.

4.3 Statistical constraints on physical parameters

The exquisite spectral coverage of the SSGSS sample from far-ultraviolet to far-
infrared wavelengths is ideal to constrain the physical parameters of the galaxies
using the model presented in Chapter 2.

4.3.1 The method

We use the method described in Chapter 3 to derive the median-likelihood estimates
of the star formation rates, stellar masses, dust attenuation, dust masses and the
relative contributions by different dust components to the total infrared luminosity
of SSGSS galaxies.

At the typical redshifts of the sample, the SDSS optical fluxes in the g, r and
i bands (centered at 0.45, 0.62 and 0.75 pm, respectively) may include light com-
ing from nebular emission lines, specially for actively star-forming galaxies (see
e.g. Kauffmann et al. 2003b). Since the spectral models we use to interpret the
photometry do not include nebular emission lines, we correct the observed g, » and
1 magnitudes for emission lines contamination, using corrections kindly provided
by Jarle Brinchmann (private communication). These corrections are computed by
comparing the photometry of the purely stellar model which best fits the spectra
with the observed photometry.

The typical observational uncertainties (including matching uncertainties) for
each photometric band are: FUV — 5 per cent; NUV — 3 per cent; v — 10 per cent;
griz — 5 per cent; JHKs — 8 per cent; IRAC 3.6, 4.5, 5.8, 8.0-uym — 5 per cent;
MIPS 24, 70-pm — 10 per cent; MIPS 160-pum — 30 per cent. We also include the
flux measured in the Spitzer/IRS blue peak-up band at 16 pm. This is measured
within the same aperture as the IRS spectra, and therefore may not include the
total emission from galaxies. To take this into account, an aperture correction is
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applied (Schiminovich et al., in preparation) and we take a typical uncertainty of
10 per cent for the photometry in this band.

We follow the method described in Chapter 3 to interpret the photometric ob-
servations of the galaxies using our simple model described Chapter 2. We build
random libraries of stellar population models for wide ranges of star formation his-
tories, metallicities and dust contents, and random libraries of dust emission models
for wide ranges of dust temperatures and fractional contributions of each compo-
nent to the total dust luminosity (for more details see Chapter 3). To account for
the redshift distribution of the sample (right panel in Fig. 4.1), we generate random
libraries at four different redshifts: z = 0.05, 0.10, 0.15 and 0.20. For each library of
models at each redshift, we use the same prior distributions for all the parameters
except the age of the galaxy, t,. For each redshift, the t, is uniformly distributed
from 0.1 Gyr to a maximum value which corresponds to the age of the universe ¢(z)
at that redshift, computed using (e.g. Peebles 1993):

1 [*> dz'
O )y T o

where E(z) = /Qu(1+ 2)3 + (1 — Qar — Qa) (1 + 2)2 + Qp. We adopt 237 = 0.30,
Qa = 0.70 and Hy = 70 km s~ Mpc~!. This gives t(z = 0.05) = 12.8, t(z = 0.10) =
12.2, t(z = 0.15) = 11.6, and #(z = 0.20) = 11.0 Gyr.

For each model in a random library at given redshift, we compute the ultraviolet,
optical and infrared luminosity densities in the GALFEX, SDSS, 2MASS and Spitzer
photometric bands, by generalizing equation (2.23) to include the dependence on
redshift:

fdy v1 (1 + Z) Lu(l+z) R, _ )\(2) fd)\ (1 + Z)fl L)\/(lJrZ) AR

LY =(C, ]
v 0 [dvv1C, R, ¢ [dACy ARy

. (44)

where )¢ is the effective wavelength of the filter of response Ry (R,), and the
calibration spectrum C) (C,) depends on the photometric system (see more details
in Section 2.2.2.1).

We divide the SSGSS sample into four redshift bins centered at z = 0.05, 0.10,
0.15 and 0.20. For each galaxy in each redshift bin, we compare the observed lu-
minosities with the model luminosities at the corresponding redshift bin. To do
this, we compute the X? goodness-of-fit of each model j (equation 3.1), as out-
lined in Section 3.2. By analogy with our approach in previous chapters, we build
the probability density function of each physical parameter of our observed galax-
ies by weighting the value of that parameter in the jth model by the probability
exp(—X? /2). We take the median of the resulting probability density function as

SWe note that this approach can introduce errors when interpreting the detailed spectra of
galaxies located at different redshifts than the center of the corresponding redshift bin (for which
the models were actually computed), due to the k-correction. However, since for now we aim at
interpreting the broad-band photometry of the galaxies, this grid of redshift is fine enough that
possible errors introduced by our method remain smaller than the observational uncertainties.
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Figure 4.5: Distribution of the difference between observed luminosity LS” and
best-fit model luminosity Lgmd, in units of the observational error o, for the 101
galaxies of the SSGSS sample. Each panel refers to a different photometric band
(as indicated). The best-fit model for each galaxy was selected by fitting as many
luminosities as available in the following bands: GALEX (FUV and NUYV), optical
SDSS (griz), 2MASS (J and Ks), Spitzer/IRAC (3.6, 4.5 and 8.0 pm), Spitzer/IRS
blue peak-up band at 16 um, and Spitzer/MIPS (24, 70 and 160 pm). We have
checked that the distribution of these residuals does not show any particular trends
when only star-forming, composite or AGN host galaxies are considered. In each
panel, the dotted curve shows a Gaussian distribution with unit standard deviation,
for reference.

our best estimate of the parameter, and the 16th—18th percentile range as the con-
fidence interval.

4.3.2 Results

We now examine how well the model presented in Chapter 2 can reproduce the ob-
served multi-wavelength photometric observations of the SSGSS galaxies. For each
observed galaxy, we select the model of the random library that minimizes X? (equa-
tion 3.1), computed using the observed luminosities in the following bands: GALEX
(FUV and NUYV), optical SDSS (ugriz), 2MASS (JHKs), Spitzer/IRAC (3.6, 4.5,
5.8 and 8.0 um), Spitzer/IRS blue peak-up band (16 pm), and Spitzer/MIPS (24,
70 and 160 pm). In Fig. 4.5, we plot the resulting distribution of the difference
between the observed luminosity LS” and the best-fit model luminosity L™°4, in
units of the observational error o, for the 100 galaxies in the sample. Each panel
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Figure 4.6: Example of best model fit (in black) to the observed spectral energy
distribution (in red) of one of the galaxies of the SSGSS sample, at redshift z = 0.066
and with specific star formation rate log(is/yr=!) = —9.05. The blue line shows
the unattenuated stellar population spectrum. For each observational point, the
vertical error bar indicates the measurement error, while the horizontal error bar
shows the effective width of the corresponding photometric band. The residuals
(L§Ps — Lnod) /L8PS are shown at the bottom. The squares refer to broad-band
luminosties (GALEX FUV and NUV; SDSS ugriz; 2MASS JHKs; Spitzer IRAC, IRS
16-pum band and MIPS). The green line shows the observed Spitzer/IRS spectrum,
not included in the fit.

shows the result for a different photometric band. Fig. 4.5 shows that our model can
reproduce simultaneously the ultraviolet, optical and near-, mid- and far-infrared
photometric observations of the SSGSS galaxies to within the observational errors.

Our best fit model tends to systematically overestimate the flux in the IRS band
at 16 um. We have mentioned in Section 4.2 that the flux in this band requires a
significant aperture correction in order to be compared with the integrated photom-
etry in the other photometric bands. The bias of the corresponding histogram of
residuals towards slightly negative values in Fig. 4.5 suggests that the photometric
aperture correction we have applied to the data might be slightly underestimated.
In Fig. 4.6, we show an example of best-fit model (in black) to the observed spectral
energy distribution of one of the galaxies of the sample (in red), SSGSS 1, at redshift
z = 0.066, with specific star formation rate log(ts/yr=!) = —9.05. The residuals,
plotted in the bottom panel, show that the fit is accurate across the whole spectral
range from far-ultraviolet to far-infrared wavelengths. The green line in Fig. 4.6
shows the observed IRS spectrum of the galaxy. We note that the IRS spectrum is
not use to constrain the (purely photometric) fit and that no re-scaling was applied
to account for the different aperture between the photometric and spectroscopic
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Figure 4.7: Median-likelihood estimates of galaxy properties plotted against specific
star formation rate g, for the 100 SSGSS galaxies (coloured symbols; different
colours have the same meaning as in Fig. 4.3), compared with the 66 SINGS galaxies
(black symbols) of Chapter 3. (a) Fraction of total infrared luminosity contributed
by dust in the ambient ISM, f,. (b) Global contribution (i.e. including stellar
birth clouds and the ambient ISM) by PAHs to the total infrared luminosity, &5
(c) Global contribution by warm dust in thermal equilibrium to the total infrared
luminosity &59*. (d) Contribution by cold dust in thermal equilibrium to the total
infrared luminosity, £, (e) Ratio of dust mass to stellar mass, Mq/M,. (f) Ratio
of dust mass to star formation rate averaged over the last 10% yr, My /1. The error
bars represent the 16-84 percentile ranges derived from the likelihood distributions
of the estimated parameters.

observations (see Section 4.4.1 below).

4.3.3 Comparison of the physical properties of SSGSS and SINGS galax-
ies

We now compare the median-likelihood estimates of several physical parameters
derived from the spectral fits in the previous section to those obtained previously
for the SINGS galaxies. Fig. 4.7 is the analog of Fig. 3.9 from Section 3.3.3, in which
we show how the median-likelihood estimates of several parameters correlate with
specific star formation rate. Fig. 4.7 shows that the median-likelihood estimates of
the physical parameters of the SSGSS galaxies follow roughly the same relations
found for the SINGS sample. This is not surprising, since both samples contain
mainly local star-forming galaxies.
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Fig. 4.7 shows that the SSGSS galaxies do not span as wide a range in spe-
cific star formation rate g as the SINGS galaxies. For example, we find no SS-
GSS galaxy with log(1s/Mg) > —8.8 yr~!, and only four SSGSS galaxies with
log(1s/Mg) < —11.0 yr~1. This difference results from the selection of the sam-
ples. SSGSS galaxies were flux-selected to be a representative sample of the local
universe, whereas SINGS galaxies were selected amongst nearby galaxies to encom-
pass the full range of observed properties of galaxies, such as star formation rate,
infrared-to-blue ratio and morphological type (Kennicutt et al. 2003).

Another important difference between SSGSS and SINGS galaxies is the distri-
bution of the fraction of total infrared luminosity contributed by PAHs, f}]?ACH, as a
function of specific star formation rate 1g (Fig. 4.7b). The SSGSS galaxies exhibit
slightly higher §1l3ACH than the SINGS galaxies, at fixed 1g. Conversely, in SSGSS
galaxies, the hot mid-infrared continuum (characterized by 51&%) contributes typ-
ically less to the total dust luminosity than in SINGS galaxies (not shown). We
think that this difference arises from to two main effects. The first is an observa-
tional bias. Fig. 4.3 shows that, at fixed L°/L %0, SSGSS galaxies have a slightly
higher L3/L2* than SINGS galaxies. This indicates a higher contribution by PAHs
to the mid-infrared luminosity. The second effect contributing to the offset in §}]>3ACH
might be the different PAH emission template used in this chapter. As discussed
in Section 4.2.3, this template includes more flux in the 17-um feature complex
than the M 17 template used in the previous chapters. This can cause the overall
increase of the contribution by PAHs to the total infrared luminosity.

The use of a different PAH template here to that of Chapter 3 does not have
a strong influence in the quality of the photometric fits even at mid-infrared wave-
lengths (see Figs. 3.3 and 4.5). However, these results suggest a possible degeneracy
between the contributions by PAHs and hot mid-infrared continuum to the mid-
infrared emission. We note that this uncertainty is naturally taken into account
using our statistical method to derive the confidence intervals of the parameters.

4.4 Observed mid-infrared spectra

4.4.1 Comparison with the best fit models to observed photometry

In this section, we compare the best-fit models derived from purely photometric
fits to the observed Spitzer/IRS spectra of the galaxies between 5 and 38 ym. We
stress that the observed spectra and the photometry are not matched in aperture.
Nevertheless, the IRS spectra encompass most of the galaxies, and therefore we do
not expect to have very large offsets between the photometry and the spectroscopy.

Fig. 4.8 shows shows such a comparison for six galaxies of the sample. These
examples are typical. They show that the model and observed mid-infrared spectra
agree quite well in general. This is remarkable, given the simplicity of our model,
and shows that the combination of adjustable mid-infrared continuum emission with
a fixed PAH template spectrum provides a fair representation of SSGSS galaxy
spectra.
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Figure 4.8: Comparison between the best fit model (in black) to the observed pho-
tometry (in red) and the observed Spitzer/IRS spectrum (in green) for six galaxies

of the SSGSS sample: SSGSS 14, SSGSS 16, SSGSS 36, SSGSS 72, SSGSS 88
and SSGSS 94. These examples show cases where the models which best fit the
photometric data are in good agreement with the observed IRS spectra.

For almost all of the galaxies in the sample, the observed relative minimum
between strong PAH features in the (rest-frame) emission around 10 pm is well
reproduced with by our model. In Fig. 4.9, we show the only two galaxies of the
sample for which this is not the case. The observed mid-infrared spectra of these
galaxies exhibit stronger absorption around 10 pm than can be accommodated
by the model. This deep absorption in the observed spectra is the 9.7 um silicate
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Figure 4.9: Comparison between the best fit model (in black) to the observed
photometry (in red) and the observed Spitzer/IRS spectrum (in green) for two
galaxies of the SSGSS sample: SSGSS 18 (left panel) and SSGSS 64 (right panel).
For these two galaxies, the fit to the photometric points using our model fails
at reproducing the detailed shape of the mid-infrared spectrum, particularly the
silicate absorption feature at 9.7 pm.

absorption feature (Section 1.4.3). This feature is not included in our model spectra,
since we assume for simplicity that the ISM of galaxies is optically thin at mid-
and far-infrared wavelengths. The analysis of the SSGSS sample shows that this
approximation is valid for most galaxies. Only in the two cases of Fig. 4.9 would
silicate absorption be required to reproduce in detail the observed IRS spectra of
the galaxies. These galaxies are the amongst the most actively-starforming and
the most dust-rich star-forming galaxies of the sample. Therefore this result is not
surprising, since galaxies with high star formation rates and dust contents tend to
have pronounced silicate absorption in their mid-infrared spectra (e.g. Brandl et al.
2006).

Another current limitation of our model is that we not include the potential
contribution by an AGN to the emission from a galaxy. Therefore, the application
of this model to the interpretation of the galaxies classified as AGN and composite
in the SSGSS sample should be regarded with caution.

To illustrate this, we show in Fig. 4.10 the spectra of two galaxies classified as
AGN hosts on the basis of the BPT diagram in Fig. 4.2. The observed IRS spectra of
these galaxies display strong, nearly-flat continua, which are presumably produced
by from hot, stochastically-heated small grains around the active nucleus. PAH
features are nearly absent from these spectra. In these two cases, the observations
are fitted by models with high fﬁICR, low §P],3£H and high TV%C.

The excess of hot dust emission and lack of PAH emission in the mid-infrared
spectra of these two SSGSS galaxies is likely to be caused by the presence of an
AGN rather than by an excess of star formation, given the relatively low specific star
formation rates derived from the photometric fits. In fact, the infrared luminosity
of dust heated by the AGN is probably wrongly attributed to star formation in
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Figure 4.10: Comparison between the best fit model (in black) to the observed
photometry (in red) and the observed Spitzer/IRS spectrum (in green) for two
galaxies of the SSGSS sample classified as AGN: SSGSS 13 (left panel) and SSGSS
61 (right panel). These two galaxies are, of all the galaxies classified as AGN in
the sample, the ones where the AGN contribution to the mid-infrared spectrum is
most noticeable. This can be seen by the very strong continuum due to very hot
dust and the almost lack of PAH features.

the photometric fits, which may bias our estimates of the physical parameters of
these two galaxies. We consider the results of our model to be reliable only for
star-forming galaxies in which starlight is the main source of dust heating. We plan
to include the contribution of AGN to the infrared emission from galaxies in future
applications of our model. This will be particularly important when interpreting
observations from galaxies at high redshifts with very high infrared luminosities.
We stress that the examples shown in Fig. 4.10 are the most extreme cases of
AGN hosts in the SSGSS sample for which we can observe clearly an excess of hot
dust emission in the mid-infrared that would not be expected given the relatively
low specific star formation rates of these galaxies. The vast majority of SSGSS
galaxies classified as AGN hosts and composite galaxies have IRS spectra which are
not dominated by a strong hot mid-infrared continuum. This suggests that most
of the optically-detected (Fig. 4.2) AGN hosts in the sample may be optically thin
and that the radiation from the AGN is not a significant source of dust heating.

4.4.2 Study of the detailed mid-infrared spectra

We have shown in the previous section that the detailed mid-infrared spectra of
the SSGSS sample can provide important clues on the dust properties and heating
conditions in galaxies. In the framework of this study, we also plan to use the
Spitzer/IRS spectra to study the star formation properties and physical conditions
in the ISM of SSGSS galaxies. One advantage of these observations is that the
IRS spectra correspond to the same aperture as the optical spectra from SDSS,
and therefore we will be able to study consistently both optical and mid-infrared
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Figure 4.11: Spitzer/IRS spectrum of the closest galaxy in the SSGSS sample
(SSGSS 67, at z = 0.031), corrected to rest-frame. In blue, we show the main
nebular emission lines that can be observed in the IRS spectra of the SSGSS galaxies
(see Table 4.1). Red lines show the main PAH emission features (e.g. Draine & Li
2007; Smith et al. 2007.)

Table 4.1: Main mid-infrared nebular emission lines detectable in the Spitzer/IRS
spectra of galaxies.

A/pm Line A/pm Line
5.61 Mg V] 17.94  [Fe 1]
6.99 [Ar 11] 18.80  [S mj]
8.99 [Ar 111] 2290 [Fe 111
8.99  [Mg vi] 24.00 [Fe 1]
9.67 H, 24.30  [Ne V]
10.50 [S 1v] 25.20 [S 1]
12.27 H, 25.90 [0 1v]
12.80 [Ne 11] 26.00  [Fe 11
1430  [Ne V] 33.50 [ 1]
15.60  [Ne 111 34.80  [Si]
17.03 Hy 35.30  [Fe 11

emission lines in the available spectral range.

In Fig. 4.11, we plot an example of high signal-to-noise IRS spectrum of one
of the SSGSS galaxies (corrected to rest-frame). The main observed PAH features
and emission lines are labelled. In Table 4.1, we list the wavelengths of the most
important nebular lines. These observations will be used in a following study to in-
vestigate the star formation and the physical state of the ISM. We briefly summarize
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the main diagnostics that can be used.

e The rotational lines of Hs are excited by penetrating high-energy photons
(X-ray and ultraviolet) or shocks in PDRs, at the interface between ionized
regions and molecular clouds (Section 1.4.2). Therefore, the study of these
lines provides an important diagnostic on the physical conditions inside PDRs.

e Observations of the mid-infrared forbidden lines emitted by ionized gas can
be used to infer the physical state of H1I regions, such as density, the abun-
dance of different chemical elements and the ionization state (e.g. Alexander
et al. 1999; Groves, Dopita & Sutherland 2006). For example, the density of
the gas can be computed from ratios such as [S111] A 18.8 pum/[S 111] A 33.5 pm,
[Ne1t1] A15.6 um/[Ne111] A36.0 pm or [Nev]A14.3 um/[NeV]A24.3 yum. The
hardness of the radiation field can be estimated by comparing lines that arise
from different ionization states of the same element, such as [Ne111] and [Ne11]
lines.

e In star-forming galaxies, nebular forbidden lines can also provide an indicator
of the star formation rate. We can use the models such as the ones of Charlot
& Longhetti (2001), which combine stellar population synthesis models and
photoionization codes, to interpret the observed mid-infrared line emission
from star-forming galaxies in terms of the ionization of the gas by newly-
formed stars. We can also compare the mid-infrared observed spectra with
the model predictions based on the optical nebular lines observed in the optical
SDSS spectra.

e The IRS spectra of the SSGSS galaxies allow us to investigate possible empir-
ical diagnostics of AGN based on observed mid-infrared line ratios (see also,
e.g. Groves, Dopita & Sutherland 2006). To do this, we can compare in detail
the optical nebular lines provided by SDSS spectroscopy with the mid-infrared
nebular lines of the IRS spectra.

e To investigate the mechanisms of ionization and destruction of PAH molecules
in the ISM of star-forming galaxies and AGN hosts, we can perform detailed
comparisons between PAH features and nebular line strengths which probe
the physical conditions in the ISM such as the hardness of the radiation field
(e.g. Engelbracht et al. 2008; Gordon et al. 2008).

4.5 Summary and conclusion

In this chapter, we have presented preliminary results of the analysis of a sample of
101 star-forming galaxies at z ~ 0.1, the SSGSS sample. This sample is primarily
selected from the SDSS spectroscopic sample, and supplemented with a rich set of
multi-wavelength photometry and mid-infrared Spitzer/IRS spectra between 5 and
38 pm.
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One main advantage of the SSGSS sample is the availability of mid-infrared
IRS spectra. This has allowed us to study the mid-infrared emission properties of
the galaxies in this sample. As a result, we find that the average PAH emission of
SSGSS galaxies differs from the M 17 spectrum used as a PAH template in previous
chapters of this thesis. We have taken advantage of this information and replaced
the M 17 template with the average SSGSS PAH spectrum. We have discussed the
main implications of adopting this different PAH template.

Using the simple model of Chapter 2, we have interpreted the observed multi-
wavelength photometry of the SSGSS galaxies. This has allowed us to derive
median-likelihood estimates of the star formation rates, dust masses, dust attenua-
tion and the contributions by different components to the total infrared luminosity
of the dust. We have compared our results to the median-likelihood estimates de-
rived for the SINGS sample in Chapter 3. We find that, in general, the physical
properties of the SSGSS and SINGS sample are very similar. This is not surprising,
since these two samples contain mainly local star-forming galaxies.

Finally, we have compared our best-fit models to the infrared photometry with
the observed mid-infrared spectra of the SSGSS galaxies. We have found that,
in general, our best-fit model provides a fair representation of the observed IRS
spectrum. We have analysed in more detail the few cases in which our model does
not reproduce optimally the shape of the mid-infrared spectrum. This is the case
for galaxies with high star formation rates and with large amounts of dust in the
ISM, for which the silicate absorption feature at 9.7 um (which we do not include
in our model) becomes important. We have also analysed the case of two AGN host
spectra in which a strong hot mid-infrared continuum and very weak PAH features
are observed. We have discussed the origin of this emission and stressed that, even
though our model may reproduce the observations in these cases, the results should
be regarded with caution, since we do not include possible contribution by AGN to
the emission from galaxies. However, we have noted that the excess of mid-infrared
continuum and weak PAH emission, characteristic of dust heated by AGN, are not
observed for the vast majority of the galaxies classified as AGN hosts and composite
galaxies in the SSGSS sample.

The availability of IRS spectra allows us to study in more detail the star for-
mation properties and the physical state of the ISM in the SSGSS galaxies. In
future work, we plan to study these properties by analysing in more detail these
mid-infrared spectra, in particular the PAH features, the silicate absorption and
the nebular emission lines.






CHAPTER 5

The relation between star
formation activity and dust
content in galaxies

This chapter is extracted from the paper The relation between star formation and
dust content, by Celine Eminian, Stéphane Charlot, Elisabete da Cunha and Jérémy
Blaizot, to be submitted for publication in the Monthly Notices of the Royal As-
tronomical Society.

5.1 Introduction

Interstellar dust and star formation activity in galaxies are strongly linked. Dust
grains originate from star formation, since they form in the cold envelopes of evolved
stars and in supernova ejecta. Furthermore, dust grains in the interstellar medium
of galaxies play a fundamental role in the formation of molecular clouds, which
collapse to form new stars: dust grains provide a surface for molecular hydrogen to
form; they shield the newly-formed molecules from ultraviolet radiation; and they
participate in the cooling of the gas (see Chapter 1.4).

Several studies relying on ultraviolet, optical and near-infrared observations of
large samples of galaxies have shed some light on the relation between the star for-
mation activity and the dust content of galaxies. These studies have shown that, in
general, galaxies with the highest star formation rates also suffer the highest attenu-
ation (e.g. Kauffmann et al. 2003b; Brinchmann et al. 2004). However, observations
at ultraviolet, optical and near-infrared wavelengths set only limited constraints on
the dust content of galaxies. As we have seen in the previous chapters, new insight
into the dust properties of galaxies may be gained by using observations at mid-
and far-infrared wavelengths, where the dust re-radiates the energy absorbed from
starlight. This has been explored already in previous studies, which allied ultravio-
let and optical observations with rough estimates of the total infrared luminosity to
better constrain the dust content of galaxies (e.g. Wang & Heckman 1996; Hopkins
et al. 2001; Sullivan et al. 2001; Kong et al. 2004). The models we proposed in
Chapter 2 above allows us to go a step beyond these (largely empirical) studies,
by offering a means of interpreting simultaneously ultraviolet, optical and infrared
observations in terms of physical parameters pertaining to the stars, gas and dust
in galaxies. Using this model, we have interpreted the observed ultraviolet, optical
and infrared spectral energy distributions of the galaxies in the SINGS (Chapter 3)
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and in the SSGSS (Chapter 4) samples in terms constraints on the star formation
histories and dust contents of the galaxies. We have derived in this way median-
likelihood estimates of the stellar mass, star formation rate, dust attenuation and
dust mass of the observed galaxies. We have shown that, for the galaxies in the
SINGS and SSGSS samples, the dust-to-stellar mass ratio correlates strongly with
the specific star formation rate. This confirms the expectation that dust mass and
star formation rate go hand in hand in galaxies. Although these trends are clear, the
galaxy samples used in these studies were restrained to relatively small numbers.

In the present chapter, we further investigate these relations by assembling a
larger sample of about 3000 star-forming galaxies with photometric observations
from ultraviolet to infrared wavelengths. By analogy with our approach in Chap-
ters 3 and 4, we use the model presented in Chapter 2 to derive median-likelihood
estimates of the total stellar mass, dust mass and star formation rate of the galaxies
in this sample. We confirm the relations found in Chapters 3 and 4 between dust
content and star formation activity in galaxies. The size of the sample presented in
this chapter represents a significant improvement in comparison to previous studies.
It allows us to study in detail the relations between the specific star formation rate,
dust mass and dust-to-gas ratio. We quantify the observed relations between the
star formation history and dust content and try to interpret them as an evolutive
sequence. For the first time, we provide a simple recipe to estimate the dust mass
of a galaxy as a function of the star formation rate.

We compare our findings with recent models of the chemical evolution of galaxies
by Calura, Pipino & Matteucci (2008). We also compare the relations between the
specific star formation rate, the ratio of dust luminosity to stellar mass and the
ratio of dust luminosity to star formation rate obtained from our analysis with
those predicted by cosmological simulations of galaxy formation by Hatton et al.
(2003).

This chapter is organized as follows. We describe the matched GALFEX-SDSS-
2MASS-IRAS sample in Section 5.2. In Section 5.3, we outline the model used to
analyze these data. We present our results concerning the correlations between the
star formation, dust content and gas enrichment by dust of galaxies in Section 5.4.
In Section 5.5, we discuss the implications of these results and compare them to the
predictions of cosmological simulations. The conclusions of this study are presented
in Section 5.6.

5.2 The galaxy sample

The sample analyzed in this chapter is drawn from SDSS DR6 main spectroscopic
sample. We cross-correlate this sample with catalogues at ultraviolet, near-infrared
and far-infrared wavelengths: the GALEX catalogue, the 2MASS All Sky Extended
source catalogue and the IRAS Point Source Catalogue (PSCz) and Faint Source
Catalogue (FSC). The specificity of our sample with respect to other large samples
of galaxies is to be detected at ultraviolet, optical, near-infrared and far-infrared
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wavelengths.

5.2.1 Optical photometry

The SDSS DR6 spectroscopic sample (Adelman-McCarthy et al. 2008) provides the
optical photometry and the redshifts of our galaxies. This sample contains 792,680
galaxies limited by Petrosian magnitude, » < 17.77. Optical photometry from SDSS
images is available in the ugriz bands for these galaxies. We use the SDSS ‘model
magnitudes’ in these bands'. These magnitudes include the integrated light from
the whole galaxy, and are the best suited to compare with the total photometry from
the other instruments. This is important to ensure consistent multi-wavelength in-
formation for each galaxy. We stress that consistent multi-wavelength photometry
is a fundamental requirement in the application of the model described in Chap-
ter 2. Many fundamental parameters of these galaxies have been derived from the
spectroscopic data (e.g. Brinchmann et al. 2004), and are publicly available in

an online database?

. We use this information to restrict our sample to galaxies
classified as ‘star-forming’ according to their emission lines. AGN in the sample are
eliminated when one or both of two criteria are met: (i) the existence of broad emis-
sion lines from high-velocity gas around the AGN (e.g. Brinchmann et al. 2004); (ii)
the existence of narrow emission lines with intensity ratios characteristic of an AGN
in the Baldwin, Phillips & Terlevich diagram (BPT; Baldwin, Phillips & Terlevich
1981), according to the criterion of Kauffmann et al. (2003a)3. In Section 5.5.2,
we discuss the possible contamination of our sample by optically thick AGN. If the
emission lines are highly attenuated, the BPT diagnostic may fail to identify an
obscured AGN. Observations in the X-rays or in the mid-infrared can be used to

detect AGN in this case.

5.2.2 UV photometry

To supplement SDSS DR6 spectroscopic data with ultraviolet measurements, we
cross-correlate the sample with the Galazy Evolution Explorer (GALEX; Martin
et al. 2005; Morrissey et al. 2005) latest data release. GALEX is an all-sky survey
which images galaxies in two main photometric bands: the far-ultraviolet (FUV,
1520 A) and the near-ultraviolet (NUV, 2310 A). The match routine uses a search
radius of 4 arcsecs around the SDSS position (we use data kindly provided in ad-
vance of publication by David Schiminovich). We retain galaxies which have a sin-
gle GALEX detection in the search radius, i.e. we eliminate objects for which two
GALEX detections may exist for the same SDSS source. At ultraviolet wavelengths,
Galactic extinction is particularly important (see e.g. Chapter 1.4). Therefore, we

!These magnitudes are computed using a weighted combination of the de Vaucouleurs and the
exponential light profiles

*http://pc-66.astro.up.pt/ jarle/GASS/

3The BPT diagram allows one to distinguish star-forming galaxies from AGN on the basis of
the degree of ionization of the gas by comparing the narrow-line ratios [O ITI]\ 5007 A/HJ against
[N I\ 6584 A/Ha (see also Section 4.2.1).
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apply foreground Galactic reddening corrections to the GALEX magnitudes (Seib-
ert et al. 2005): Apyy = 8.29 E(B — V) and ANxyy = 8.18 E(B — V), where the
color excess E(B — V) is taken accordingly to the dust reddening maps of Schlegel,
Finkbeiner & Davis (1998). We also correct the observed optical and near-infrared
magnitudes for galactic extinction using this method.

5.2.3 Near-IR photometry

We further supplement our sample with near-infrared photometry in the JHKs
bands from the 2MASS (Skrutskie et al. 1997) All Sky Extended Source Catalog
(XSC). We cross-identify the SDSS DR6 spectroscopic sample and the 2MASS
XSC within a search radius of 5 arcsecs around SDSS coordinates. Only sources
with no artifacts and not in close proximity to a large nearby galaxy are retained.
Concerning the photometry, we follow the recommendations in the the User’s Guide
to the 2MASS All-Sky Data Release*: we adopt K20 fiducial isophotal elliptical
aperture magnitudes for galaxies with Ks < 13, and fixed R = 7 arcsec circular
aperture magnitudes for fainter galaxies.

5.2.4 Mid- and far-infrared photometry

We now turn to the most original feature of our sample: the inclusion of mid- and
far-infrared photometry. Observations with IRAS are rather limited in sensitiv-
ity, but they have the advantage of providing an all-sky survey at 12, 25, 60 and
100 pm. In practice, most measurements at 12 and 25 pum are upper flux density
limits, and we do not include them in our spectral fits. We use both the IRAS
Point Source Catalogue (PSCz; Saunders et al. 2000) and the IRAS Faint Source
Catalogue v2.0 (FSC; Moshir 1989). The PSCz catalogue is a complete and uni-
form catalogue assembled from the IRAS Point Source Catalogue (Beichman et al.
1988) and supplemented by various redshift surveys. It contains 15,411 galaxies
with measured redshifts to a depth of 0.6 Jy at 60 pm. The Faint Source Catalogue
contains 173,044 sources to a depth of roughly 0.25 Jy at 60 um. Low galactic
latitude regions (|b] < 20) are excluded from this catalogue because of the contam-
ination by foreground galactic sources at this detection limit. In both catalogues,
we rely on the quoted quality flags of the data to select sources which have a good
flux quality at 60 um (quality flag = 3) and at least a moderate flux quality at
100 pum (quality flag > 2); detections at 12 and 25 pm are not strictly required. To
increase the reliability of the sample, we remove objects with a cirrus flag > 2 and a
confusion flag > 0. We cross-identify our SDSS-IRAS sample with the IRAS PSCz
and IRAS FSC using the same criteria as Pasquali, Kauffmann & Heckman (2005).
We discard IRAS sources which have more than one SDSS matched object within
a search radius of 30 arcsec. A test of our algorithm on the PSCz catalogue shows
that only about 1 per cent of the sources are assigned to a different SDSS object
than the one found in the PSCz catalogue. However, the contamination may be

“http://www.ipac.caltech.edu/2mass/releases/allsky /doc/
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Figure 5.1: Total infrared luminosity L!°* plotted against the redshift for our
galaxies in the IRAS PSCz catalogue (blue symbols) and in the IRAS FSC cat-
alogue(red symbols). L}°" is obtained from the empirical formula given by Helou
et al. (1988): Lff’t = F. Lpr. Lwir is computed using the TRAS 60- and 100-
pm fluxes, Lpg = 1.26 x 10714(2.58 FSY + F109)47d? | where dy, is the luminosity
distance. We compute the correction factor using the prescription of Helou et al.
(1988) F. according to the FS°/F% colour, for a dust emissivity index 3 = 2.

higher in our cross-identified FSC-SDSS catalogue due to the lower quality of the
FSC observations. Using simulated data, Pasquali, Kauffmann & Heckman (2005)
estimate that the percentage of wrong cross-identifications is at most 1.5 per cent
for a matching radius of 30 arcsec.

5.2.5 Final sample

Our final GALEX-SDSS-2MASS-IRAS sample is composed of 3321 galaxies from
the PSCz and FSC catalogues, covering a redshift range from z = 0 to z = 0.22
(see Fig. 5.2a). To summarise, for the galaxies in this sample, we have:

e at least one of ultraviolet FUV and NUV fluxes from GALEX;
e optical ugriz fluxes from SDSS;
e near-infrared JH K's fluxes from 2MASS;

e 12-, 25-) 60- and 100-um fluxes from IRAS (all galaxies are detected at 60
and 100 pm at least).
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Figure 5.2: Properties of the SDSS DR6 star-forming galaxies (in grey) and the
subsample considered in this paper (in black). In panels (a), (b), and (c), the
histograms show the normalized distributions of the following parameters: (a) Red-
shift; (b) Galaxy g — r model colour, k-corrected to z = 0.1; (c¢) Absolute r-band
model magnitude. In panel (d), we plot the absolute r-band model magnitude as
function of redshift for both samples.

We are interested here in the total emission from galaxies. Therefore, we choose
to not include SDSS spectroscopic information (such as Ha and H/f emission line
fluxes), which is restricted to the inner 3 arcsec diameter aperture sampled by the
SDSS spectroscopic fibre aperture. At the low redshifts of our galaxies, this limited
sampling could introduce substantial bias on the inferred star formation rate and
dust content (Kewley, Jansen & Geller 2005). In addition, central spectroscopic
quantities cannot be compared directly with the multi-wavelength photometric data
pertaining to whole galaxies.

It is instructive to examine the typical infrared luminosities of the galaxies in
our sample. In Fig. 5.1, we plot the total infrared luminosity of our galaxies L}°" as
a function of redshift. For this purpose, we compute LéOt from the 60- and 100-pm
IRAS flux densities F° and F!% using the empirical formula by Helou et al. (1988):

L= F. Lyr , (5.1)
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with
Ly = 1.26 x 10714(2.58 FSY + F190) 47a? . (5.2)

Here, dy, is the luminosity distance in m, F° and F!% are in Jy, and Li°* and Ly
are in W . We compute the correction factor F, used to convert the quantity Lpir
into L as a function of the F2°/F!% ratio following the empirical prescription
of Helou et al. (1988). Assuming a dust emissivity index 5 = 2 for our sample, the
median correction factor is F,. ~ 1.35.

Fig. 5.7 shows that a large fraction of the galaxies in our sample (about 22
per cent) have L°" > 10™ Lg. Such galaxies are usually referred to as ‘luminous
infrared galaxies” (LIRGs). About 1 per cent of the galaxies have L' > 1012 L,
These galaxies with extreme infrared luminosities as usually referred to as ‘ultra
luminous infrared galaxies’ (ULIRGs). They have been the object of extensive
studies (e.g. Soifer et al. 1987; Veilleux et al. 1995; Veilleux, Kim & Sanders
1999; Rigopoulou et al. 1999; Cao et al. 2006; Armus et al. 2007). At least at low
redshifts, most ULIRGs are known to be the result of interactions and merging
processes. Visual inspection of the SDSS optical images of the ULIRGs in our
sample confirms that ULIRGs in our sample have disturbed morphologies.

We further compare in Fig. 5.2 the properties of our sample with the overall
properties of the SDSS star-forming galaxy sample. Fig. 5.2a shows that our sample
is biased towards the low-redshift end of the SDSS star-forming sample. This is a
selection effect due to the low sensitivity of IRAS. Fig. 5.2b shows that the colour
distribution of the galaxies in our sample peaks at redder colours than whole SDSS
star-forming sample. This is most probably a consequence of the higher average
dust content of our galaxies, which makes them detectable by IRAS in the first
place. In fact, Obrié¢ et al. (2006, see their figure 19) point out that SDSS galaxies
detected by IRAS have systematically higher dust attenuation than the average
SDSS star-forming galaxy. Fig. 5.2c further shows that galaxies in our sample are
typically slightly more luminous than the average SDSS star-forming galaxy. This
effect is more striking in Fig. 5.2d, where the absolute r-band magnitude M, is
plotted against redshift for both samples: our sample is biased towards the most
luminous SDSS star-forming galaxies. This effect is again explained by the IRAS
selection.

5.3 Constraints on physical parameters

In this Section, we use the simple model developed in Chapter 2 to extract the star
formation histories and dust contents of the galaxies in our sample from ultraviolet,
optical and infrared observations. First, we briefly summarize the model. Then, we
describe the statistical approach used to derive median-likelihood estimates on the
model parameters.
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5.3.1 Description of the model

The simple, physically motivated model of Chapter 2 allows us to interpret the
mid- and far-infrared spectral energy distributions of galaxies consistently with the
emission at ultraviolet, optical and near-infrared wavelengths. We briefly recall the
main features of this model.

We compute the emission by stars in galaxies using the latest version of the
Bruzual & Charlot (2003) population synthesis code (Charlot & Bruzual, in prepa-
ration). This code predicts the spectral evolution of stellar populations in galaxies
from far-ultraviolet to far-infrared wavelengths and at ages between 1 x 10° and
2 % 10 yr, for different metallicities, initial mass functions (IMFs) and star forma-
tion histories. In this work, we adopt the Chabrier (2003) Galactic-disc IMF (more
details about these models can be found in Section 1.3).

The emission from stars is then attenuated using the simple two-component dust
model of Charlot & Fall (2000). This accounts for the fact that stars are born in
dense molecular clouds with typical lifetimes of 107 yr; after that time, they migrate
to the ambient (diffuse) ISM. Thus, the light produced by stars younger than 107 yr
is attenuated by dust in the birth clouds and in the ambient ISM, while the light
produced by stars older than the lifetime of the birth clouds is attenuated only by
dust in the ambient ISM. The model of Charlot & Fall (2000) uses an ‘effective
absorption’ curve for each component, 7) o« A\™™. The slope of this curve, n, reflects
both the optical properties and the spatial distribution of the dust (see Section 1.4).
Following Charlot & Fall (2000), we adopt for the ambient ISM

M = gy (A/5500 A) 0T (5.3)

where 7y is the total effective V-band absorption optical depth of the dust seen
by young stars inside birth clouds, and p = #M/(#B€ + #I5M) is the fraction of
this contributed by dust in the ambient ISM. For the stellar birth clouds, we adopt
(Chapter 2):

#0C = (1 = p)7y(A/5500 A)~13. (5.4)

We use this prescription to compute the total energy absorbed by dust in the
birth clouds and in the ambient ISM; this energy is re-radiated by dust at infrared
wavelengths. By analogy with Chapter 2, we define the total dust luminosity re-
radiated by dust in the birth clouds and in the ambient ISM as LC]13C and LéSM,
respectively. The total luminosity emitted by dust in the galaxy is then

Lt = LBC 4 L15M, (5.5)

We distribute in wavelength the energy reradiated by dust in the infrared, LC]?C
and LéSM, over the range from 3 to 1000 pm, using four main components:

e the emission from polycyclic aromatic hydrocarbons (PAHs; i.e. mid-infrared
emission features),
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e the mid-infrared continuum emission from hot dust with temperatures in the
range 130-250 K,

e the emission from warm dust in thermal equilibrium with adjustable temper-
ature in the range 30-60 K,

e the emission from cold dust in thermal equilibrium with adjustable tempera-
ture in the range 15-25 K.

In stellar birth clouds, the relative contributions by PAHs, the hot mid-infrared
continuum and warm dust to Lfc are kept as adjustable parameters. These clouds
do not contain any cold dust. In the ambient ISM, the contribution by cold dust
to LéSM is kept as an adjustable parameter. The relative ratios of the other three
components are fixed to the values reproducing the mid-infrared cirrus emission of
the Milky Way. This minimum number of components is required to account for the
infrared spectral energy distributions of galaxies in wide ranges of star formation
histories (see Chapter 2 for more details).

5.3.2 Median-likelihood estimates of physical parameters

The model summarized above allows us to derive statistical estimates of physical
parameters, such as stellar mass, star formation rate and dust mass from combined
ultraviolet, optical and infrared galaxy observations. To achieve this, we adopt a
Bayesian technique similar to that already employed in Chapter 3.

5.3.2.1 Model library

We build random libraries of models at different redshifts z = 0.00, 0.05, 0.10, 0.15,
0.20 and 0.25, as described in Section 4.3.1.

At each redshift, we generate a random library of stellar population models
for wide ranges of star formation histories, metallicities and dust contents. Each
star formation history is parametrized in terms of an underlying continuous model
with exponentially declining star formation rate on top of which are superimposed
random bursts (see also Kauffmann et al. 2003b). The models are distributed
uniformly in metallicity between 0.2 and 2 times solar. The attenuation by dust is
randomly sampled by drawing the total effective V-band absorption optical depth,
Ty, between 0 and 6, and the fraction of this contributed by dust in the ambient
ISM, p, between 0 and 1 (see Section 3.2.1 for more details on the prior distributions
of these parameters). For each model, we compute the specific star formation rate
averaged over the past tg = 10% yr:

Sy, At ()

tSM*(t) ’ (56)

Ys(t) =

where M, (t) is the stellar mass at time .
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In parallel, we generate for each redshift bin libraries of infrared spectra for
wide ranges of dust temperatures and fractional contributions by different dust
components to the total infrared luminosity. As in Chapter 3, the fraction of the
total luminosity of dust contributed by the diffuse ISM, f, = LCIlSM /L, and
the fractional contribution by warm dust in thermal equilibrium to the total dust
luminosity of the birth clouds, fv%c, are uniformly distributed between 0 and 1; the
fractions of luminosity contributed by the other components in the birth clouds,
&3 (hot mid-infrared continuum) and &5G; (PAHs), are randomly draw from
prior distributions such that 5\%0 +§1\%§R +§1?ACH = 1. We distribute uniformly the
temperature of warm dust in thermal equilibrium in the birth clouds, T\SC, between
30 and 60 K, and the temperature of cold dust in thermal equilibrium in the diffuse
ISM, TéSM, between 15 and 25 K. Finally, we distribute uniformly the contribution
by cold dust to the total infrared luminosity of the ISM, féSM, between 0.5 and 1.

For each model in the library of infrared spectra, we compute the total mass of
dust as

Mg = 1.1 (MEC + MEM 4 M ISM) | (5.7)

where MV?}C, M\}VSM and MéSM are the masses of the dust components in thermal
equilibrium: warm dust in the birth clouds and the ambient ISM and cold dust in
the ambient ISM, respectively. The multiplying factor 1.1 accounts for the small
contribution by stochastically heated dust grains. Dust in thermal equilibrium
constitutes the bulk of the mass of dust in galaxies (see Chapter 2 and references
therein). The mass My(Tq) of dust in thermal equilibrium at temperature Ty is
estimated from its far-infrared emission L ;F 4 using (Hildebrand 1983):

L% = dm My(Ty) kx Ba(Ta), (5.8)

where k) is the dust mass absorption coefficient and Bj(Ty) is the Planck function
of temperature Tjy.

We combine stochastic libraries of attenuated stellar spectra and infrared dust
emission spectra at each redshift by associating models with the same value of f,,
within some error interval 6 f,, = 0.15, scaled to the same total dust luminosity L.
For each combined spectrum, we compute the synthetic photometry in the GALEX
FUV and NUV, SDSS ugriz, 2MASS JHKs and IRAS 12-, 25-, 60- and 100-pm
bands (equation 4.4).

5.3.2.2 Corrections applied to the observed fluxes

In the redshift range of our sample, prominent optical nebular emission lines can
significantly affect the observed fluxes in the SDSS gri bands. The model spectra
we use to interpret these data do not include nebular emission lines. Therefore, to
interpret the observed optical fluxes of our galaxies with our model, we first need to
correct the SDSS gri observed magnitudes for contamination by nebular emission
lines (e.g. Kauffmann et al. 2003b). We use the corrections computed by Jarle
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Brinchmann (private communication), which are inferred from fits of the stellar
emission of each SDSS optical spectrum with Bruzual & Charlot (2003) models (we
assume that the corrections derived in this way within the aperture sampled by the
SDSS fibre applies to the galaxy as a whole).

We also compute k-corrections to the ultraviolet, optical and near-infrared mag-
nitudes of each galaxy in our sample. To minimise this correction, we k-correct
the magnitudes from the galaxy redshift to the the closest redshift among the grid
z = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25. We use the version v3 of the KCORRECT
code of Blanton et al. (2003) and assume a standard cosmology with €, = 0.30,
Qp = 0.70 and Hy = 70 km s~ Mpc~!. No k-corrections are applied to the IRAS
12-, 25-, 60- and 100-um fluxes. Yet it remains a very good approximation to
compare these fluxes with the fluxes computed at the fixed redshifts of the model
libraries, given the large effective width of the IRAS filter response functions, and
the relatively large observational uncertainties in these bands.

To account for the uncertainties linked to the k-correction and emission-line
correction, we add the following uncertainties to the observed fluxes: 2 per cent
for GALEX, 2MASS, and SDSS z bands, and 1.5 per cent for the SDSS ¢ri bands.
The SDSS wu-band photometry is known to be quite uncertain; to account for this,
we take an observational uncertainty of 10 per cent for the flux in this band.

5.3.2.3 Spectral fits

Each model in the libraries is characterized by a set of parameters randomly drawn
physical quantities. We perform spectral fits by comparing the observed spectral
energy distribution of a galaxy with every model in the library at the corresponding
redshift. Specifically, for each observed galaxy, we compute the y? goodness of fit
of each model. Then, we build the likelihood distribution of any given physical
parameter by weighting the value of that parameter in each model of the library
by its probability, exp(—x?/2). We take our estimate of the parameter to be the
median of the likelihood distribution, and the associated confidence interval to be
the 16th—84th percentile range (see more details in Chapter 3).

We use this approach to derive the likelihood distributions of several physical
parameters of the galaxies in our sample, based on fits of the GALEX FUV and
NUYV, SDSS ugriz, 2MASS JHKs and IRAS 12-, 25-, 60- and 100-um fluxes for
all the galaxies in our sample (in different redshift bins). The parameters we focus
on are: the star formation rate, 1; the specific star formation rate, 1g; the stellar
mass, M,; the dust mass, My; the total luminosity of the dust, L}°"; the fraction of
this contributed by the diffuse ISM, f,; the effective absobtion optical depth, 7y,
and the fraction of it contributed by dust in the ambient ISM, pu.

We first check how well the model can reproduce the observed spectral energy
distributions of the galaxies in our sample. The histograms in Fig. 5.3 show, for each
photometric band, the distribution of the difference between the observed luminosity
L2 and the best-fit model luminosity L9, in units of observational error o. The
model can fit remarkably well the observed ultraviolet, optical, near-, mid- and far-
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Figure 5.3: Distribution of the difference between observed luminosity L9” and
best-fit model luminosity L™°¢, in units of the observational error o for the galaxies
in our sample. Each panel refers to a different photometric band (as indicated).
The best-fit model for each galaxy was selected by fitting as many luminosities as
available in the following bands: GALEX (FUV and NUV), optical SDSS ugriz,
2MASS (JHKs), and IRAS (12, 25, 60 and 100 pm). The red dashed curve shows
a Gaussian distribution with unit standard deviation, for reference.
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Figure 5.4: Best fit model (in black) to the observed spectral energy distribution
(in red) of one galaxy in our sample with median properties in Fig. 5.6, IRAS
F15028+0820. The blue line shows the unattenuated stellar spectrum. For each
galaxy, the red squares show the observed broad band luminosity (GALEX FUV,
NUV; SDSS ugriz; 2MASS JHKs; IRAS 12-, 25-, 60- and 100-um) with its error
as the vertical bar and the width of the filter as the horizontal bar. The residuals
(LSPs — L3od) /LSPS are shown at the bottom of each panel

infrared luminosities of the galaxies simultaneously. We note that the model appears
to underestimate slightly (by a factor that corresponds to ~ 0.10 magnitudes)
the observed K s-band luminosity of the galaxies. This small offset is within the
uncertainty of current population synthesis models, and it has negligible influence
on our results (as inferred from removing the K s-band constraint from the spectral
fits.

In Fig. 5.4, we show, an example of best-fit spectral energy distribution (in
black) to the observations of a galaxy in the sample (in red). For reference, this
galaxy is located near the median of the relation between the dust-to-stellar mass
ratio and the specific star formation rate illustrated in Fig. 5.6 below.

5.4 The relation between star formation activity and dust
content in galaxies

5.4.1 Results

The method described above allows us to derive statistical constraints on the total
dust luminosity, L°®, the total dust mass, My, the star formation rate, 1, the stellar
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Figure 5.5: Median-likelihood estimate of the dust mass, My, against star formation
rate averaged over the last 108 yr, ¢, for the 3321 galaxies of our sample (gray
symbols) and the SINGS galaxies (blue symbols). The median error bars for each
sample are plotted in the lower-right corner using their respective colours. These
error bars correspond to the median confidence intervals, computed using the 16th—
84th percentile range of the likelihood distribution for My and v for each galaxy in
each sample. The red line is a linear robust fit minimizing the absolute deviation
along the x-axis.

mass, M,, and the fraction of L!°* contributed by dust in the diffuse interstellar
medium, f,, for the 3321 galaxies in our GALEX-SDSS-2MASS-IRAS sample.

In Fig. 5.5, we show the relation between dust mass My and star formation rate
1 derived in this way for the galaxies in our sample (gray dots). The median dust
mass is 4.8 x 10" My. The correlation between dust mass and star formation rate
is remarkably tight, spanning four orders of magnitudes in ¢ and My. We perform
a linear fit to the points of Fig. 5.5 by computing the bisector of two least-square
regression lines: one of the y-axis variable on the z-axis variable and one of the
x-axis variable on the y-axis variable (Isobe et al. 1990). This gives (red line in
Fig. 5.5)

My = Ag®, (5.9)

with A = (1.57 £ 0.02) x 107 and «a = 1.04 £ 0.01, where My is expressed in Mg,
and v in Mg yr~!. The quantity A can be regarded as the average efficiency

of dust production in galaxies. We emphasize that the quoted uncertainties are



5.4. The relation between star formation and dust content 131

formal uncertainties computed by taking into account the confidence range of each
measurement. However, these uncertainties do not take the scatter of the relation
directly into account; these formal uncertainties are much smaller than the typical
scatter of the relation (about 0.7 dex in My). The expression in equation (5.9) can
be used to estimate the typical dust mass in a galaxy, based on the star formation
rate. We note that equation (5.9) can be combined with the Schmidt-Kennicutt law
(Schmidt 1959; Kennicutt 1998b) to relate the dust mass to gas mass in a galaxy
(currently under investigation). To our knowledge it is the first time that such an
expression can be calibrated for a large sample of galaxies.

We also show for comparison in Fig. 5.5 the dust masses and star formation
rates of the SINGS galaxies derived in Chapter 3. These local galaxies follow the
same relation as the galaxies in our sample, and extend to slightly lower dust masses
and star formation rates. The typical error bars on My and @ for SINGS galaxies
are smaller than for our sample. This is because a wider collection of constraints
are available for the SINGS galaxies (see more details in Chapter 3).

In Fig. 5.6, we explore the relations between g and three particularly interesting
physical parameters for the galaxies in our sample: the dust-to-stellar mass ratio
My /M., the ratio of dust mass to star formation rate My/v, and the fraction of
L°* contributed by dust in the diffuse ISM. The top panels show remarkably strong
correlations between g and these quantities: the Spearman rank coefficients are
rg = 0.86, —0.63 and —0.75, respectively. All these correlations have a significance
above 200 for the sample size. In the bottom panels of Fig. 5.6, we show the
same correlations for pairs of galaxies that have been closely matched in stellar
mass®. These panels demonstrate that the stellar mass is not driving the strong
correlations observed in the top panels of Fig. 5.6. We use red triangles to mark
galaxies for which 12- and 25-um IRAS fluxes are available in addition to the fluxes
at 60 and 100 pm, hence for which the error bars on the derived parameters are
smallest. These galaxies follow the same distribution as the rest of the sample. This
indicates that the parameters derived for galaxies with only two IRAS fluxes are
not systematically biased relatively to those derived using all four TRAS bands.

The strength of the correlations between ¢g and My /M,, My/v, and the fraction
of L°" contributed by the diffuse ISM in Fig. 5.6 suggest that the specific star
formation rate is a fundamental diagnostic of the properties of the ISM in galaxies.
The left panels in Fig. 5.6 show that the most dust-rich galaxies are those with the
highest specific star formation rates. This is not surprising, as dust is produced by
supernovae and AGB stars in actively star-forming galaxies. In the middle panels,
Myg4/v can be regarded as proxy of the dust-to-gas ratio, as 1 is related to the
gas mass (H1 + Ha) by virtue of the Schmidt law. The anti-correlation between
M4/ and vg suggests that the ISM is more enriched in dust in galaxies with low
specific star formation rate i.e. which have presumably exhausted their gas reservoir.
Finally, the right panels of Fig. 5.6 show that the fraction of L}°" contributed by

5This match is achieved by comparing the physical properties of galaxy pairs with the same
stellar mass M...



132 Chapter 5. The relation between star formation and dust content

o) T T T T 9 T T T T 1.0
+ Galaxies with 2 IRAS bands 4» '
Galoxies with 4 IRAS bands :

0.6
-2+
0.4

Log (M. / ¥)

Log (M, / M.)

0.2

Fraction of L™ from diffuse ISM

= —0.60 i = —0.66
s . . : . ‘ 0.0 . ‘
-13 -12 -1 -10 -9 -8 -13 -12 =11 -10 -9 -8 -13 -12 -1 -10

Log (9. / yr') Log (% / yr") Log (%, / yr™")

T T T 2 T T T 1.0 T T T

05

0.0

Alog (M, / M,)
Q
Alog (M. /¥)

—05}+

A Fraction of L™ from diffuse ISM

.l - ‘ i

0.84 = —0.58 S f, = -0.55
-2 | 1 TRCO -1.0 I 1
-2

I
2 4

NE o
- L
|
ES

]
-4 -2 2 4 —4 -2

0 0 0
409 (¥ /yr) ALog (% / y) A(H/y)
Figure 5.6: Top: Median-likelihood estimate of three galaxy properties against
specific star formation rate, 1g. Left panel — ratio of dust mass to stellar mass,
Myg4/M,; middle panel — ratio of dust mass to star formation rate, My/v¢ (as dis-
cussed in Section 5.4.1, this is used as a proxy for the dust enrichment of the ISM);
right panel — fration of total infrared luminosity contributed by dust in the ambient
ISM. The blue triangles show galaxies in our sample with available measurement
in the four IRAS bands. The error bars represent the median confidence ranges for
each parameter. Bottom: In these panels, we show the same relations for galaxy
pairs in our sample that are closely matched in stellar mass. The Spearman rank

coefficient, rg, is indicated in each panel.

dust drops in galaxies with highest specific star formation rates is. This trend was
previously found for other local galaxy samples in Chapters 3 and Chapter 4. Indeed
we expect that the main contribution to the total dust luminosity comes from dust
heated by young stars inside birth clouds for highly star-forming galaxies, whereas
the bulk of dust emission is attributed to dust in the diffuse ISM heated by old
stars in more quiescent galaxies.

5.4.2 Results in stellar mass ranges

We now divide our sample in three stellar mass ranges to further explore the re-
lations of Fig. 5.6. We have already demonstrated in the previous section that
the correlations observed in Fig. 5.6 are not primarily driven by stellar mass. We
now investigate possible systematic differences in the ISM properties of galaxies
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Figure 5.7: Same relations as in Fig. 5.6 in three stellar mass ranges indicated at the
top of the figure (blue — log (M./Mg) < 0.2; yellow — 10.2 < log (M,/Mg) < 0.7;
red — log (M,/Mg) > 0.7). The right-hand panels illustrate how the distribution
of the dust-to-stellar mass ratio, the dust mass to star formation rate ratio and the
fraction of total infrared luminosity contributed by dust in the ambient ISM evolve
with stellar mass. The median value of the distribution is indicated as a short line
of the corresponding colour.

with different stellar masses, since it is known that the star formation activity of
a galaxy tends to decrease with increasing stellar mass (e.g. Brinchmann et al.
2004). Fig. 5.7 shows the dust-to-stellar mass ratio My /M., the ratio of dust mass
to star formation rate Mq/1, and the fraction of Li°* contributed by dust in the
diffuse ISM as a function of the specific star formation rate g, in three bins of stel-
lar mass (M,/Mg). The distribution of the y-axis quantity and its median value
(colour coded) is displayed on the right-hand panels.

Fig. 5.7 shows that the relation between My/M, and g barely changes with
stellar mass. There is perhaps a slight tendency for the most massive galaxies to
have slightly higher My/M,. Also, we note that Mg/v, which measures the dust
enrichment of the ISM, increases with stellar mass. The greatest variation with
stellar mass in Fig. 5.7 in the fraction of L$°" contributed by dust in the diffuse
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ISM. The median of this parameter changes from 0.5 in the lowest stellar mass bin
to 0.7 in the highest stellar mass bin. We note that the median stellar mass in
the three bins presents a small dynamic range, thereby possibly hiding a stronger
evolution of these properties with stellar mass. It is tempting to interpret the
relations of Fig. 5.6 and Fig. 5.7 as evolutionary sequences, where the diffuse ISM
of more massive galaxies is dust enriched from previous episodes of star formation.
We return to this possibility in the next section.

5.4.3 Comparison with chemical evolution models

In this section, we compare our median-likelihood estimates for the star formation
rate and dust content of the galaxies in our sample with the predictions of chemical
evolution models. Based on the formalism develop by Dwek (1998), Calura, Pipino
& Matteucci (2008) carry out a detailed study of the evolution of dust properties for
the solar neighbourhood, as well as for dwarf irregular and elliptical galaxies. These
authors take into account the production of dust in the cold envelopes of low- and
intermediate-mass stars, and in type-II and type-la supernovae. The destruction of
dust grains occurs through the shock waves caused by supernovae explosions. The
models of Calura, Pipino & Matteucci (2008) allow one to predict the stellar mass
and dust mass of galaxies with a given star formation history as a function of time.

In our analysis, we consider the models for the solar neighbourhood and for
a dwarf irregular galaxy with continuous star formation. Detailed descriptions of
these models can be found in Calura, Pipino & Matteucci (2008). We highlight
only the most relevant features for our analysis here. First, the solar-neighbourhood
model is designed to reproduce the properties of the Galactic disk component solely,
in a 2 kpc-wide ring located at 8 kpc from the Galactic centre. In this model, the
Galactic disk is formed in two main episodes, assuming gas infall but no outflow.
The exact expression for the star formation rate is given in Chiappini, Matteucci &
Gratton (1997), and it is mainly a function of the gas mass surface density with a
critical threshold. In the dwarf-irregular model, the star formation rate is expressed
as a Schmidt law and increases continuously with time. This model assumes gas
infall and galactic winds.

In Fig. 5.8, we compare our median-likelihood estimates of My/M, and Mg/
as a function of g for the galaxies in our sample with the predictions of the solar-
neighbourhood model (red filled squares) and the dwarf-irregular model (blue filled
circles) of Calura, Pipino & Matteucci (2008) at ages from 1 to 12 Gyr. Both
models lie remarkably well in the range spanned by our data at t = 12 Gyr. The
stellar mass of the dwarf model at 12 Gyr, 1.4 x 108 Mg, corresponds to the lower
stellar mass limit of our sample. For reference, we select a galaxy of our sample
with derived physical properties similar to those of the dwarf model at 12 Gyr at
plot it as an open blue circle in Fig. 5.8.

To compare the properties of the solar-neighbourhood model of Calura, Pipino
& Matteucci (2008) with those of spiral galaxies in our sample, we must account
for the fact that this model does not include a bulge component. The correction
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Figure 5.8: Comparison between our sample median-likelihood estimates and the-
oretical predictions from the chemical evolution models of Calura, Pipino & Mat-
teucci (2008), for the dust-to-stellar mass ratio (top panel) and ratio of dust mass
to star formation rate (bottom panel) against specific star formation rate. The
time evolution of the solar neighbourhood model and of the dwarf irregular model
of Calura, Pipino & Matteucci (2008) are plotted in red and in blue, respectively.
The red filled squares and blue circles indicate galaxy ages of 1, 3, 6 and 12 Gyr.
The yellow arrow displays the correction for 12 Gyr when adding the Galactic bulge
component to the solar neighbourhood model (see Section 5.4.3). For comparison,
we show as open symbols galaxies in our sample which have properties similar to
the Galactic-bulge corrected solar neighbourhood model (red open squares) and to
the dwarf irregular model (blue open circle).
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to the dust mass is negligible, since bulges, like elliptical galaxies, tend to have
little in interstellar medium. After we add the typical stellar mass of the bulge of
the Milky Way to the solar-neighbourhood model of Calura, Pipino & Matteucci
(2008), this corrected model presents characteristic values of our Galaxy (M, =
2 x 101 Mg, 9 = 3 Mg yr=!) with a dust mass of Mg = 2 x 108 M. The
model corresponding to our Galaxy lies among the less star-forming and less dusty
galaxies of our sample. The red open squares in Fig. 5.8 show galaxies from our
sample selected for having similar stellar mass and star formation rate to those of
our Galaxy. The solar-neighbourhood predictions corrected for the Galactic bulge
component (orange arrow) are remarkably close to this subsample.

A valuable feature of chemical evolution models is that they allow one to predict
the evolution of the dust content of galaxies as a function of time. This allows us
to test the hypothesis that the sequences followed by galaxies in our sample in
Figs. 5.6, 5.7 and 5.8 are driven by evolution. In the top panel of Fig. 5.8, the
dwarf-irregular model from ages 3 to 12 Gyr follows the trends observed for the
galaxies in our sample as the specific star formation rate decreases with time. A
similar trend is not observed for the solar-neighbourhood model, but we emphasize
here that the model does not account for the Galactic bulge. In the bottom panel
of Fig. 5.8, we can see that both models indicate dust enrichment of the ISM with
time, as observed in for sample. These comparisons suggest that the correlations
found in Section 5.4.1 are the result of an evolutive sequence.

5.5 Discussion

5.5.1 The effect of inclination

Optical SDSS observations show that our sample is mainly composed of spiral galax-
ies. The concentration index C, defined as the ratio of the radii enclosing 90 per
cent and 50 per cent of the r-band luminosity of a galaxy is computed for the galax-
ies in our sample. The results indicate that 64 per cent of the galaxies lie below the
value C = 2.6, considered as the boundary between late- and early-type galaxies
(Strateva et al. 2001). It is therefore important to look at possible systematic effects
related with galaxy inclination in our sample. The predictions of the dust model
described in Section 5.3 are averaged over viewing angle. However, the observed
fluxes and colors of galaxies have been found to vary with inclination (e.g. Maller
et al. 2008), due to the non-uniform distribution of dust in spiral galaxies.

In Fig. 5.9, we plot the several relevant galaxy properties used in this paper
against the axis ratio b/a. This ratio is inversely proportional to inclination.

We first highlight a selection effect in our sample: at low b/a (i.e. high in-
clination), we do not observe galaxies fainter than magnitude r ~ 16 (Fig. 5.9a).
This occurs because the optical light from these galaxies is attenuated by dust in
the edge-on disk. We conclude that edge-on galaxies our sample are biased towards
small attenuation, or dust content, as a consequence of optical selection. A galaxy
with a dust content above a certain threshold can be optically-detected when it is
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Figure 5.9: Galaxy properties against axis ratio b/a (i.e. inclination) for the
galaxies in our sample: (a) apparent r-band magnitude, m,; (b) stellar mass, M,;
(c) star formation rate, ¥; (d) total infrared luminosity, LI°*; (e) dust mass, Myg;
(f) fraction of L° contributed by dust in the diffuse ISM, f,. The red squares and
their error bars indicate the median values and the standard deviation in bins of
b/a. The median observational error in m, is indicated on the upper left corner of
panel (a). Likewise, the median confidence interval for the sample on the median-
likelihood estimates of the parameters in panels (b) to (e) is indicated on the upper
left corner of each panel.
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observed at low inclinations, but at similar intrinsic galaxy luminosity it will drop
out of the sample if the galaxy is highly inclined. The SDSS spectroscopic sample
limit » < 17.77 is reached at b/a = 0.6: for axis ratios equal or higher than this
value, we are able to detect optically galaxies with a full range of dust contents.

We now explore relations of physical parameters derived in this chapter with
galaxy axis ratio. The estimate of stellar mass, mainly constrained by the observed
near-infrared fluxes, which practically not affected by dust, does not vary with axis
ratio, meaning that it is not affected by inclination. The star formation rate is the
quantity that varies the most: face-on galaxies (b/a ~ 1) have a value typically
0.7 dex higher than edge-on galaxies. This increase is significant compared to
the median error on the star formation rate estimate. Two effects contribute to
this trend. First, the young stellar populations which contribute the most to the
estimate of the star formation are more attenuated in edge-on galaxies, because
their light has to travel longer path through the ISM (the optical depth increases).
Secondly, the selection effect mentioned above means that we are missing dusty,
actively star-forming galaxies at low axis ratio. In Figs. 5.9d and 5.9e, the estimates
on dust mass and dust luminosity increase slightly with axis ratio and reach a
plateau at b/a = 0.6. These trends are a consequence of our selection effect in the
optical only. Finally, Fig. 5.9f shows an effect on the estimate of the contribution
of the diffuse ISM to L!°* with inclination. This is due to the model used to
interpret the observations. In edge-on galaxies, the optical depth through the disk
is so high that the short wavelength radiation from young stars is very attenuated
(as discussed above). This makes the model underestimate the amount of stars
heating the dust in birth clouds, and therefore it overestimates the contribution of
the diffuse ISM heated by old stars to the total dust luminosity.

It is important to notice that these effects are weak compared to the scatter of
the estimated parameters. At most, these effects will introduce only a slight scatter
in the relations derived in this chapter.

5.5.2 Contamination by AGN hosts

We have seen in Chapter 4 that AGN hosts may present an excess of infrared
emission that is not caused by dust heating by stellar light. In these cases, the
model we use to interpret the observed spectral energy distributions of the galaxies
is not applicable, since it does not include the contribution of AGN to dust heating.
Our sample is restricted to purely star-forming galaxies on the basis of the analysis
of their optical emission lines, as described in Section 5.2. However, optically-thick
AGN would not be detected by the analysis of their optical emission lines. We
therefore discuss the possible contamination of optically-thick AGN hosts in our
sample. This question is a fair concern as the fraction of optically-selected AGN is
known to increase with the total infrared luminosity (Veilleux et al. 1995; Cao et al.
2006). In addition, evidence for dust-enshrouded AGN activity has been found in
some ULIRGs and LIRGs of the IRAS sample (Dudley & Wynn-Williams 1997;
Imanishi & Dudley 2000).



5.5. Discussion 139

In Section 5.2, we describe the selection criteria adopted to discard AGN hosts
of our sample. These criteria are based on observations of the broad and narrow
optical emission lines of the galaxies. However, as mentioned above this method
does not prevent us from including dusty, optically-thick AGN in our sample. X-ray
observations, which are less affected by extinction, would be necessary to identify
this type of AGN, but they are not available for our whole sample. We hence rely
on the results from previous studies of infrared galaxies to roughly estimate the con-
tamination of our sample by AGN hosts. Elbaz et al. (2002) calculate the fraction
of AGN hosts in their ISOCAM-HDFN sample supplemented by Chandra X-ray
Observatory measurements. The sample studied by Elbaz et al. (2002) extends to
much higher redshift (out to z = 1.3) and the total infrared luminosities of the
galaxies are very similar to the values found for the galaxies in our sample. Elbaz
et al. (2002) find that only 12+ 5 per cent (5/41) of their infrared galaxies are clas-
sified as AGN hosts using Chandra X-ray observations. The optical spectra of the
galaxies reveal that only 7 per cent (2/28) of the AGN hosts detected with Chandra
show broad emission lines. We remind the reader that AGN hosts presenting both
broad and narrow emission lines are excluded from our sample (Section 5.2). Based
on these estimations, we can roughly infer that the fraction of optically-thick AGN
in our sample is at most 5 per cent. Furthermore, AGN are likely to be less common
in the local universe than at high redshift.

We investigate if optically-thick AGN can cause an excess of infrared emission
in the galaxies of our sample (e.g. de Grijp et al. 1985; Pasquali, Kauffmann &
Heckman 2005). AGN can contribute to the total infrared luminosity of their host
galaxies by heating the dust in the vicinities of the active nucleus (in particular, in
a dusty torus surrounding it). Using a matched sample of SDSS DR2 and IRAS
objects, Pasquali, Kauffmann & Heckman (2005) confirm an excess in emission for
the 60- and 100-pm fluxes of optically-selected AGNs. It is very likely that optically-
thick AGNs display an even stronger emission in the infrared. For the most infrared
luminous galaxies in our sample which are detected in the four IRAS bands, we do
not find any significant excess of L8/L1% and L!1%?/L? infrared colours. Such
an excess could indicate the presence of optically-thick AGN. However, we would
need more detailed observations in the mid-infrared regime to definitively rule out
the existence of AGN hosts in our sample (for example Spitzer/IRS mid-infrared
spectra; see Chapter 4).

5.5.3 Comparison with the GALICS simulation

We now turn to a comparison of our results with the GALICS semi-analytic model
from Hatton et al. (2003). The baseline of this model follows the now classical semi-
analytic/hybrid approach, which we summarize briefly. Dark matter halo merger
trees are constructed from a N-body simulation. We use here the same simulation
that was used in the whole series of GALICS papers (Hatton et al. 2003; Blaizot et al.
2004, 2006). This simulation describes a cubic volume of side 100h~! Mpc with a
halo mass resolution of ~ 1.6 x 10'* M. The model assumes gas to be shock-heated



140 Chapter 5. The relation between star formation and dust content

T T ) T
(a) |
s Al |
- T
1 5
~ <
1 ~
J -
< 1ol I |
g A
3 i §'
i - This work ,
8L L I -2 I S ! L I
0.0 0.1 0.2 8 9 10 11 12
Redshift Log ( M. / Mg )
T T T 12 T T T
2t 1 : (d)
2 4L 1 S nr .
~ ~
*_T £
= OoF N R
3 ’ S 101 1
-1F =}
I I I 9 I I * I
-12 -10 -8 -12 -10 -8
Log (¥ / yr™") Log (y. / yr')

Figure 5.10: Comparison between the median-likelihood estimates for our sample
(gray points) and the predictions of the GALICS simulations (red squares) for: (a)
Total infrared luminosity L°" against observed redshift z; (b) Star formation rate
1 against stellar mass M,; (c¢) Ratio of the total infrared luminosity to stellar mass
Lt°t/M, against specific star formation rate 1g; (d) Ratio of the total infrared
luminosity to star formation rate L}°" /1) against specific star formation rate vs.

to the virial temperature when falling into these haloes, and then lets it cool down
onto galactic discs at a rate depending on its temperature and metallicity. These
discs form stars at a rate given by the Kennicutt law (Kennicutt 1998a), and may
expel part of their ISM due to supernovae explosions. When haloes merge, galaxies
gather in the same potential wells and may merge together too, typically on a
dynamical friction timescale. These mergers give birth to (or feed) the bulge and
starburst components, which in turn evolve as a result of the competition between
the Kennicutt law and supernova feedback. GALICS features some approximate
implementation of AGN feedback to resist the over-cooling problem: gas cooling is
stopped in haloes in which the bulge mass locked in galaxies is greater than 1011 M.
One of the specificities of the GALICS model is that it proposes predictions for the
infrared emission by dust for all its galaxies. In short, the far-infrared emission of
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model galaxies is derived by assuming that all absorbed stellar light is re-emitted
by dust. Extinction is computed as described in Hatton et al. (2003, see their
section 6.2), and the spectral energy distribution of dust is then drawn from a
series of templates from Devriendt, Guiderdoni & Sadat (1999) depending on the
overall dust luminosity. Hatton et al. (2003) have show that this model is able to
reproduce the IRAS luminosity functions, which we are interested in here.

To carry out the comparison of our results with GALICS we further make use of
mock catalogues made with the MOMAF software (Blaizot et al. 2005). Specifically,
these mocks allow us to select model galaxies on their apparent magnitudes, with
r < 17.77 and mgoum < 10.4 (corresponding to the 0.25 Jy completeness limit of
IRAS FSC at 60 pm). This selection results in 133 objects among 51 GALICS light-
cones of 1 square degree each. This number of galaxies (on average ~ 2.7 per square
degree) is higher than what we observe (a rough estimate gives ~ 0.5 per square
degree). However, the agreement is improved when we include all galaxies in the
SDSS DR6 sample (with no selection on star formation or AGN contamination)
and perform a match with TRAS data with a tolerance of 30 arcsec: we then find
~ 1.2 source per square degree. The remaining factor of two may in part be due to
a slight overestimate of r-band counts by the GALICS model (see Blaizot et al. 2006,
Fig. 2). We note that this disagreement is not a real concern for the comparison
we wish to carry out in the present chapter, since our goal is to understand the
properties of the selected galaxies, not their number.

We can now look at the physical properties of the model galaxies. Adjusting to
the limited number of properties predicted by GALICS, we focus our investigation
on the relations between (i) the total dust luminosity, (ii) the instantaneous star
formation rate (averaged over only 10%yr), and (iii) the stellar mass. Fig. 5.9 shows
these relations for GALICS galaxies (red points) and our observed sample (black
dots). Fig. 5.9a shows that GALICS reproduces rather well the distribution of dust
luminosities that we observe from z = 0 to z = 0.2. The only possible disagreement
(which has little statistical significance) is the fact that GALICS seems to have no
galaxies with L°® < 10° Lg. This is likely simply due to the selection of model
galaxies. Fig. 5.9b shows the relation between stellar mass and star formation
rate. Again, this plot shows a good agreement in the range where GALICS is valid,
i.e. above the resolution limit indicated by the vertical dashed line. From this
plot, we also see that GALICS tends to produce high-mass galaxies with lower ¢
than observed. This is possibly due to the fact that GALICS star formation rates
are measured over the last Myr and may often be lower than star formation rates
which would be measured over a longer timescale (e.g. if the galaxy is finishing an
exponential burst phase). The agreement found in Fig. 5.9a goes in this direction,
since the model dust luminosity takes in ultraviolet light produced over a longer
period (a few 100 Myr). Also, Fig. 5.9b seems to indicate that stellar masses of
model galaxies are systematically higher than those observed (we are currently
trying to understand the origin of this offset). Keeping this in mind, Figs. 5.9¢ and
5.9d show that the the relations between dust luminosity and star formation rate,
are again in very good agreement with the galaxy sample.
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Figure 5.11: Left panel: median-likelihood estimate of the total effective V-band
absorbtion optical depth of the dust seen by young stars inside stellar birth clouds,
Ty, against the dust mass, My, for the galaxies in our sample. Right panel: median-
likelohood estimate of the effective V-band absorbtion optical depth of the dust seen
by stars older than 107 yr in the ambient ISM, p7y, against the dust mass. The
error bars represent the median confidence intervals for the estimated parameters.
The Spearman rank coefficient, rg, is indicated on the top left corner of each panel.

Overall, the agreement between GALICS predictions and our measured properties
for observed galaxies is very satisfactory. This suggests that the semi-empirical
description of dust emission from Hatton et al. (2003) is able to provide robust
predictions for the far-infrared emission of galaxies from the local universe. The
statistical results presented here, together with the model of Chapter 2, provide a
new framework to model dust emission with more details and physical insight in
such semi-analytic models.

5.5.4 Relation between dust mass and optical depth

It is interesting to explore the relation between the dust mass and the attenuation
of stellar light in galaxies. The simple attenuation model of Charlot & Fall (2000)
allows us to distinguish between the effective V-band absorption optical depth seen
by young stars inside birth clouds, 7y, and the effective V-band absorption optical
depth seen by stars older than 107 yrs which heat the dust only in the diffuse ISM,
/MA' V-

Stellar birth clouds are in general optically thick, and therefore the stellar con-
tinuum from young stars is practically all absorbed by dust inside these regions.
As a consequence, the most effective way to probe the optical depth 7y seen by
stars younger than 107 yr is to use the ratio of emission lines originating from the
ionized gas surrounding OB stars inside birth clouds. The most widely-used diag-
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nostic of this kind is the Balmer decrement Ha/HB. Another more indirect way of
probing the amount of dust inside birth clouds is to observe the infrared emission
from the galaxies. This allows one to distinguish between the emission coming from
dust heated by young stars inside birth clouds, and the emission coming from dust
heated by older stars in the diffuse ISM. However, this distinction is not trivial,
since the emission by dust in these regions depends not only on the amount of dust
(i.e. the optical depth), but also on the heating conditions, geometry and on the
properties of the dust grain population. The model presented in Chapter 2 allows us
to use multi-wavelength observations to statistically constrain the amount of dust
in the birth clouds and in the ISM. The effective V-band optical depth seen by stars
in the diffuse ISM, u7y, is well constrained using only broad-band photometric ob-
servations which probe the stellar continuum and dust emission, as in the analysis
presented in this chapter. However, photometric observations alone do not allow us
to derive tight constraints on the optical depth seen by young stars in birth clouds,
7y . Constraining this parameter would require emission line observations to probe
the H 11 regions inside the birth clouds.

In Fig. 5.11, we plot the median-likelihood estimates of the dust mass, My, the
effective V-band absorption optical depth seen by young stars in birth clouds, 7y,
and the effective V-band absorption optical depth seen by stars in the diffuse ISM,
uty, for the galaxies in our sample. The figure shows that the correlation between
7y and My is not as strong as the correlation between u7y and My. This is because
we cannot estimate accurately 7y using only broad-band photometric observations,
as discussed above. Also, the bulk of the mass of dust in galaxies is expected
to reside in the diffuse ISM. Therefore, it is not surprising that the correlation
of My with pu7y is stronger than the correlation of My with 7y,. Nevertheless,
both the correlations shown in Fig. 5.11 between the mass of dust and the V-
band absorption optical depth are statistically significant. We note that substantial
scatter is introduced in these correlations are due to two main factors: (i) the large
confidence intervals for My and 7y, which are a result of the limited observational
constraints used in the fit; (ii) the absorption optical depth does not only depend
on the quantity of dust in the ISM, i.e. the total mass of dust My, but also on the
spatial distribution of the dust in the ISM.

5.5.5 Implications for studies of galaxies at high redshifts

We now discuss the implications of our study for studies of galaxies at higher red-
shifts. These studies are crucial to understand the cosmic evolution of the star
formation activity and ISM properties of galaxies.

We demonstrate in this chapter that the dust mass in galaxies is strongly corre-
lated with the star formation rate. It is therefore not surprising that high-redshift,
strongly star-forming objects show high dust attenuation. However, because these
galaxies are younger, their metallicity is assumed to be typically lower than at z = 0.
This can play an important role for dust particle formation, explain!!! (e.g. Engel-
bracht et al. 2008). If we consider both of these effects, it is not clear whether
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high-redshift galaxies are intrinsically more dusty than present-day galaxies. More-
over, the measurement of the dust attenuation in these objects suffers from several
limitations.

Observations at high redshifts show that more distant galaxies tend to be more
actively star-forming than local galaxies, and that the star formation in the Universe
shows a peak around z ~ 2 —3. A very strong fraction of this star formation occurs
in very dusty objects which contribute significantly to the observed cosmic infrared
background. In a recent study, Magnelli et al. (2008) present evidence for an excess
emission at 3.3 pm in 5 galaxies at 0.6 < z < 1.7. Investigating the origin of
this excess, they conclude that it likely corresponds to the 3.3-ym PAH feature, in
agreement with dust model expectations. The excess also correlates with the star
formation rate in the galaxies.

These findings agree with the results of our study for local galaxies. Future
observations will bring more insight into the dust content of high redshift galaxies
and allow to compare the relation between star formation rate and dust mass at
high redshift to the one found in Fig. 5.5 for local galaxies.

5.6 Summary and conclusion

In this chapter, we have assembled a sample of ~ 3000 local galaxies with photo-
metric observations from the far-ultraviolet to the far-infrared. These galaxies were
primarily selected from the SDSS DR6 spectroscopic sample cross-correlated with
IRAS all sky catalogues. The optical and infrared observations were supplemented
with matched ultraviolet and near-infrared data from GALFEX and 2MASS, respec-
tively. The size of this sample represents a significant improvement over previous
studies (e.g. Chapter 3). We have used the model developed in Chapter 2 to de-
rive statistical constraints on the star formation rate, stellar mass, dust attenuation,
dust luminosity, dust mass and fraction of dust luminosity contributed by dust in
the diffuse ISM for all the galaxies in our sample.

The size of our sample has allowed us to investigate significant correlations
between the derived physical properties of the galaxies. In particular, we find that
the star formation rate correlates remarkably well with the dust mass of galaxies over
four orders of magnitude in both quantities. This is in agreement with results from
previous studies which suggest that more actively star-forming galaxies have higher
dust contents. We quantify the relation between the star formation and dust mass
of galaxies by providing a liner fit to the observed trend (equation 5.9). This can
be regarded as a simple empirical recipe to estimate the total dust mass of galaxies
from the star formation rate. We also find that the dust-to-stellar mass ratio, the
dust mass to star formation ratio and the fraction of dust luminosity contributed
by dust in the diffuse ISM correlate strongly with the specific star formation rate
of the galaxies. These results confirm previous results found in Chapters 3 and 4
for smaller local galaxy samples. The higher number of galaxies in this sample has
allowed us to check the significance of such correlations.
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We have compared our results with the predictions of the recent chemical evolu-
tion models of Calura, Pipino & Matteucci (2008), which include the production of
interstellar dust grains in the cold envelopes of evolved stars (mainly AGB stars) and
in the cool ejecta of supernova, as well as the destruction of the dust grains through
shock waves from supernova explosions. The predictions of this model agree quite
well with the relations between specific star formation rate, dust-to-stellar mass
ratio and dust mass to star formation rate that we find for our sample. We suggest
that these relations may be interpreted as an evolutive sequence: as galaxies form
stars during their lifetimes, their specific star formation rate decreases and their
interstellar medium is enriched with dust.

Optical measurements of the axis ratio of our galaxies have allowed us to in-
vestigate possible systematic effects with inclination which could bias our results.
We find that, for b/a < 0.6 (i.e. high inclinations), the optical SDSS selection fails
to detect the stellar light from relatively dusty galaxies. This observational bias
produces the most important systematic effects with inclination on the median-
likelihood estimates of parameters such as the total dust luminosity and the star
formation rate. In addition, for highly-inclined galaxies, the ultraviolet and optical
radiation from young stellar populations is more attenuated. As a result, we un-
derestimate the star formation rate and overestimate the contribution by dust in
the diffuse ISM to the total dust luminosity in these galaxies. We note, however,
that the main effect of this bias is, at most, to introduce scatter in the observed
relations between physical parameters.

We have compared our results with hybrid galaxy simulation models which treat
the evolution of baryons in galaxies using simple, semi-analytic recipes, the GALICS
simulation (Hatton et al. 2003). We select mock galaxies from the simulations using
the same criteria that were used to select the observational sample. We find that the
agreement between GALICS predictions and our measured properties for observed
galaxies is very satisfactory. This validates the semi-empirical recipes used in this
simulation.

In general, the results of this study confirm and quantify already known rela-
tions between the star formation rate and the dust content of galaxies in the local
universe. At high redshifts, these relations are more difficult to understand. On one
hand, high-redshift galaxies form stars at very high rates and a big fraction of this
star formation is obscured by dust. In fact, the number of galaxies for which the
infrared dominates the energy output increases with redshift and reaches a maxi-
mum around z = 2. On the other hand, galaxies at higher redshifts are expected
to have lower metallicities, and hence, less metals available to form dust grains.
Future statistical studies such as the one presented here, but including galaxies at
high redshifts, will become possible in the forthcoming years with space observa-
tories such as the Herschel Space Telescope and the James Webb Space Telescope.
Hopefully, these future studies will shed more light into the cosmic evolution of the
dust content of galaxies. The results presented in this chapter can provide a local
reference for comparison with local galaxies in such studies.
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CHAPTER 6

Conclusion

Studies of the light emitted by galaxies at different wavelengths are crucial to un-
derstand the formation and evolution of galaxies. We have seen in this thesis that
the detailed study of the spectral energy distributions of galaxies at ultraviolet,
optical and infrared wavelengths provides important information on the radiation
produced by stellar populations and on how this radiation is affected by gas and
dust in the interstellar medium.

In recent years, observations at different wavelengths have started to become
available for large samples of galaxies. These observations include mostly local
galaxies, but current and future deep surveys will provide observations of large
galaxy samples at higher redshifts. Extracting constraints on the stellar popula-
tions and ISM of galaxies from these multi-wavelength observations requires the
consistent modelling of the emission by stars, gas and dust.

At the starting point of this thesis, sophisticated radiative transfer models were
available to compute consistently the emission from stars and dust in galaxies were
available. These models are useful to interpret in detail the emission from individual
galaxies in terms of constraints on stellar populations and the spatial distribution
and physical properties of the dust. However, because of the complexity of ra-
diative transfer computations, these models are not optimised to derive statistical
constraints from observations of large samples of galaxies. In order to exploit the
new observational surveys and set the best constraints on galaxy formation and
evolution scenarios, we require a model that is optimised to interpret consistently
the whole multi-wavelength emission from large samples of galaxies in terms of
physical parameters, such as star formation rate, stellar mass and dust content.
Our primary goal in this thesis was to build such a model.

We have developed a simple but versatile model to interpret the mid- and far-
infrared spectral energy distributions of galaxies consistently with the emission at
ultraviolet, optical and near-infrared wavelengths. Our model relies on the Bruzual
& Charlot (2003) population synthesis code to compute the spectral evolution of
stellar populations, and on the two-component model of Charlot & Fall (2000) to
compute the total infrared luminosity absorbed and reradiated by dust in stellar
birth clouds and in the ambient ISM. We distribute this total infrared energy in
wavelength over the range from 3 to 1000 um by considering the contributions by
four main dust components: PAH emission, mid-infrared continuum emission from
hot dust, warm dust with adjustable equilibrium temperature in the range 30—
60 K and cold dust with adjustable equilibrium temperature in the range 15-25 K.
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We keep as adjustable parameters the relative contributions by PAHs, the hot mid-
infrared continuum and warm dust to the infrared luminosity of stellar birth clouds.
Cold dust resides (in an adjustabe amount) only in the ambient ISM, where the
relative ratios of the other three components are fixed to the values reproducing
the observed mid-infrared cirrus emission of the Milky Way. We find that this
minimum number of components is required to account for the infrared spectral
energy distributions of galaxies in wide ranges of star formation histories.

We have shown that this simple but versatile model allows us to derive statistical
estimates of physical parameters such as star formation rate, stellar mass, dust
content and dust properties, from combined ultraviolet, optical and infrared galaxy
spectra. To achieve this, we have adopted a Bayesian approach similar to that
successfully employed by previous studies to interpret ultraviolet, optical and near-
infrared galaxy spectra using only the Bruzual & Charlot (2003) and Charlot & Fall
(2000) models. Using this technique, we have derived median-likelihood estimates
of a set of physical parameters describing the stellar and dust contents of local
star-forming galaxies from three different samples:

(i) 66 galaxies from the Spitzer Infrared Nearby Galaxy Survey (SINGS; Kenni-
cutt et al. 2003), in Chapter 3;

(ii) 101 galaxies from the Spitzer-SDSS-GALEX Spectroscopic Survey (SSGSS;
Schiminovich et. al, in preparation), in Chapter 4;

(iii) a new, larger sample of 3321 galaxies observed with GALEX, SDSS, 2MASS
and IRAS, in Chapter 5.

Our model reproduces well the observed spectral energy distributions of these galax-
ies across the entire wavelength range from the far-ultraviolet to the far-infrared,
and the star formation histories and dust contents of the galaxies are well con-
strained.

A main advantage provided by this model is the capacity to study the relation
between different physical parameters of observed galaxies in a quantitative and
statistically meaningful way. In the first two applications of this model (Chapters 3
and 4), we have found that, for example, the specific star formation rate of the
star-forming galaxies correlates strongly not only with observed infrared colours,
but also with several other properties of the galaxies, such as the fraction of total
infrared luminosity contributed by dust in the ambient ISM, the contributions by
PAHs, warm dust and cold dust to the total infrared luminosity and the ratio of
dust mass to stellar mass. These correlations provide important insight into the
link between star formation and ISM properties in galaxies.

To further investigate and quantify the relation between the star formation
activity and the dust content of galaxies, we have assembled in Chapter 5 a large
sample of 3321 galaxies with photometric observations from ultraviolet to infrared
wavelengths. We have found that the star formation rate correlates remarkably well
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with galaxy dust mass over four orders of magnitude in both quantities. We have
provided a simple empirical recipe to estimate the total dust mass of galaxies from
the star formation rate. The study of this sample has also confirmed that the dust-
to-stellar mass ratio, the dust mass to star formation ratio and the fraction of dust
luminosity contributed by dust in the diffuse ISM all correlate strongly with the
specific star formation rate of the galaxies. We have compared our results with the
predictions of chemical evolution models by Calura, Pipino & Matteucci (2008) and
discussed the possibility of interpreting these relations as an evolutionary sequence.
We have also compared our results with hybrid, state-of-the-art galaxy sim-
ulations in which the evolution of baryons is treated using simple, semi-analytic
recipes, the GALICS simulation (Hatton et al. 2003). We have found that the agree-
ment between the predictions of these simulations and our measured properties for
observed galaxies is very satisfactory. This illustrates the usefulness of our model
to test the validity of the semi-empirical recipes used in cosmological simulations.

The model developed in this thesis is optimised to interpret the spectral energy
distributions of star-forming galaxies using a minimum set of free parameters. Our
model does not include the potential contribution by AGNs to dust heating. This
constitutes a current limitation of the model, especially because the fraction of AGN
hosts is known to increase at higher redshifts. For future applications of the model
to higher redshifts studies, it will be important to include the contribution by AGN
to the heating of dust.

Another possible way to extend this model is to combine it with a simple pre-
scription to compute the emission by nebular lines from ultraviolet to infrared
wavelengths (such as the model of Charlot & Longhetti 2001). This would allow
us to explore in more detail than what has been done so far the potential of mid-
and far-infrared emission lines to constrain the physical conditions of star-forming
regions in galaxies.

The model presented in this thesis should be useful to interpret data from any
modern galaxy survey at ultraviolet, optical and infrared wavelengths. It can also
be used to design new observations by optimizing the set of observables required to
constrain specific physical parameters of galaxies.

The future Herschel Space Telescope and James Webb Space Teslescope will
soon collect observations of large samples of galaxies at higher redshifts which the
model presented in this thesis should be useful to interpret. The comparison of the
relations linking the physical properties of galaxies at these early epochs with those
identified at low redshifts will have important implications for our understanding
of the physical processes that dominate galaxy evolution.






APPENDIX A

Physical constants

Table A.1: Physical and astronomical constants used in this thesis.

Physical constants

2.9979 x 101° cms™!

Speed of light c

Planck constant h  6.6261 x 10727 ergs™!
Boltzmann constant E 1.3807 x 1073* Js
Stefan-Boltzmann constant ¢ 5.6708 x 107° ergem 2 K471
Astronomical constants

Solar luminosity Lo 3.839 x 1033 ergs™!
Solar mass Mg 1.989 x 1033 ¢

Parsec pc  3.086 x 10'8 cm

Jansky Jy 10723 ergs™'em 2 Hz !
Cosmological parameters

Total matter density Q. 0.30

Cosmological constant Qpx  0.70

Hubble constant Hy 70 kms™' Mpc™!






APPENDIX B
Derived physical parameters of the
SINGS galaxies

In this appendix, we list the median-likelihood estimates of several physical param-
eters for the galaxies of the SINGS sample derived from fits to observed ultraviolet,
optical and infrared observations using the method described in Chapter 3. For
each parameter, we list the estimate given by median of the likelihood distribution
and the confidence interval associated with this estimate, given by the 16th—18th
percentile range of the likelihood distribution.

Table B.1: Median-likelihood estimates and confidence intervals
of five parameters derived for the SINGS galaxies: fraction of the
total infrared luminosity contributed by dust in the ambient ISM
(fu); fraction of the total V-band absorption optical depth of the
dust contributed by the ambient ISM (p); total effective V-band
absorption optical depth of the dust (7 ); effective V-band absorp-
tion optical depth of the dust in the ambient ISM (u7y ); logarithm

of the specific star formation rate (1g).

Galaxy fu H Tv pry  log(vs/yr)
NGC 0024  0.60079:599  0.508+9:195  0.27770:120  (.142+0-0%5  _9.898+0-20°

NGC 0337 0.4907095%  0.42079297  0.682701%5  0.31275042  —9.08870-570
NGC 0628  0.53470090  0.39470292  0.55210005  0.23215:05>  —9.61370352
NGC 0855  0.440%5:09%  0.20179204 075270350 0.172+0:0%0  _10.24075170
NGC 0925  0.518T0975  0.42670397  0.32270-060  0.14715030  —9.62870-4998
NGC 1097  0.51270919  0.15370:052 257770835 0.412%0:5%%  —10.11075:1%7
NGC 1266 0.60079:945  0.36310-106 502770990 1.829+0-040  _10,070+9-092
NGC 1291 0.79173-925  0.24275950  0.29271-230  0.07275-0%  —11.85075-850
NGC 1316 0.793%399  0.02570915  2.72270235  0.05770:025  _12.20070210
NGC 1377 0.16170902  0.08470000  4.897T0-0%0  0.40715:050  —8.71370:000
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Table B.1: (continued)

Galaxy fu 7 Tv pry log(ys/yr~t)
NGC 1482 0.602799%8  0.485+0-138 335770710 1,637+0-035 g 743+0:195

NGC 1512 0.62170992  0.4767025L  0.352700%0  0.172%5:03>  —10.48070350
NGC 1566 0.61075978  0.50970-202  0.53270815  0.307700%  —9.88370132
NGC 1705  0.064%394  0.0287045L  0.09775:99%2  0.00275:9%0  —9.128*0210
NGC 2403 0.532F70072  0.49770385  0.34270:035 017245035 —9.45370-3%0
Holmberg T 0.66970:953  0.19579:000  0.30770:950  0.062+9:500  —8.44375-000
DDO 053 0.30175:952  0.34070 9% 0.15270030  0.05270-0%0  —9.0237099
NGC 2798 048375027 0.36270020  3.19275200 116775058 —9.30370 155
NGC 2841 0.73779:979  0.30910-140  0.64271 970 0.182+0-930  _11.020%9-9%0
NGC 2915  0.55870922  0.744735%5  0.097T00%  0.072+5:092  —9.7530-495
Holmberg T 0.71170185  0.22779-44¢ 0.30770530  0.05719:515  —8.69875:29%
NGC 2976 0.52470989  0.20870:225  1.30210250  0.28710952  —9.98310-230
NGC 3049  0.392F5:080  0.28170135  0.99770550  0.28275:085  —9.31870 1%
NGC 3031  0.69670972  0.41179150  0.32270-020  0.122%5:930  —10.90073955
NGC 3190  0.911F79938  0.29770337  1.15270:925  0.347150%>  —11.74070-355
NGC 3184  0.69815:9%8  0.33570-283  1.017712%5  0.31279:99°  _10.260754L7
NGC 3198 0.3967095%  0.06870007  2.34270310  0.19770930  —9.96370-155
IC 2574 0.36010097  0.487700%  0.092F5:000  0.04710500  —8.188F5:000
NGC 3265 04857003 0.31779413  1.94270-985  0.63715:020  —9.73370:078
Mrk 33 0.25615:035  0.15670 000  1.81770998  0.28270-0%0  —9.05870 o0
NGC 3351 0.473799%4  0.115%0:923 296270795 (0.252+0-050  _10.150+9-970
NGC 3521 0.67570056  0.26770037  1.84270-70  0.492+0:055  _10.35070 090
NGC 3621 0.54375:099  0.59270-337  0.52770080  0.32275:038  —9.60870 150
NGC 3627  0.61370:95%  0.24970261  1.937F1-535  0.502%5:03>  —10.17073217
NGC 3773 0.4007095  0.51770332  0.30270:030  0.15215:030  —9.03870-055
NGC 3938 0.54170985  0.39570-24%  0.627707a2  0.25710:53%  —9.778%0:1%
NGC 4125  0.9057091%  0.0247908;  2.24779-99%  0.042%5010  —11.82079:2%5
NGC 4236 047375085 0.56370132  0.14270050  0.07775:028 87387035
NGC 4254 0.45070:585  0.22970:036  1.80270:39%  0.38775:0%0  —9.47375-140
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Tab .
le B.1: (continued)
Galaxy f
"
NGC 4321 p R
+0. 1% .
0.57979:029  .123+0:044 P
NGC 4450 0.8730.018 —0.010 3.257458:332 038710015 )
. —0.043 0,1814‘04252 —0.020 —10'050+0_297
NGC 4536  0.46210-058 0202 08571420 (.15719:025 —0.280
’ —0.051 0.193+0~117 —0.030 _11.610+O-180
NGC 4559  0.559+0-083 TOALT o 379 tlATO () 4710055 ~0.350
5597006 051715385 447005 —9.66370 122
NGC 4569  0.76410-025 T0168 () 39710155 () 909 10.020 o108
. —0.046 0.08910-057 —0.065 —09.74810-485
NGC 4579  0.756710:073 +0.057 361210995 .317+0.9%5 —0.135
7561006 0.235707%0 317H000%  —11.1301 0600
NGC 4594 0.92210:035 —0.146 08724:%)?28 0.917+0035 0,000
92275535 0.05575 515 21750035 —11.08070149
NGC 4625 0.365+0-022 0041 9 (13940885 () 7+0.015 0180
36810051 015010000 10770050 —12.32010380
NGC 4631 0.465+0-056 Too00  0-942%5000  0.142¥5500 0260
46510058 0.23910-222 ' 14230000 —9.61370:000
NGC 4725  (.75810-047 10224 g7 1405 () 4oot0.065 T 5.000
758707056 0.52670:757 To-005  —9.243%0120
NGC 4736 0.42210-029 Tolsr 032270008 0.16775058 —0.170
“H4s_0.051 0.09410-000 107 _0.025 —10.87070-160
NGC 4826  0.78070-059 0000 9990000 () 4g7+0.000 T 5.100
78010050 0.17110:238 1870000 —10.31070-000
NGC 5033 0.6121+0-103 0000 1'6121—?1338 0.26710-035 —0.000
T 7-0.092 0.33670-274 ~e¥1-0.020 ~11.030709-160
NGC 5055  0.69170080 ot 132TTgge0 042770470 ~0:280
69150050 02722535 ' 42710030 —10.04070:357
N -0 1.497+1-65 _
GC 5194 (0.435+0:019 285 ] g7TL650 () 499 10.040 0.290
. —0.025 0.136+0~002 —0.040 —10.450+0'240
NGC 5195 0.7315505 Tooor 21971055 02875553 ~0.150
315025 0.069 00 28740058 —9.53870:035
9 38
Tololo 89 0.34070-065 —0.004 38121“;338 0.979+0.035 —0.035
34070070 04357005 ' 27270035 _11.340+0 4%
NGC 5408 0.173+0017 0088 () 9570080 () 1()7+0.00 080
70085 0.33119-000 —0.035 —8.93810.080
NGC 5474 0.709Z5633 Tooas  0:092T55r5  0.02775505 o
70970672 .31210-232 02715002 —8.103100%%
NGC 5713 0.5477+0.069 —0.101 0.407458:%?2 0.197+0.050 000
. —0.054 O_328+0~183 —0.000 _9.353+0'900
NGC 5866 0.9580-022 —0.104 2.142458:382 0.702+0-025 —0.000
958707055 0.22570733 70210025 —9.678103%9
104710 0.34319-067 Todss  0.937Ig%ss  0.212X0 —0.322
34350000 04687530 S35 021270070 —12.190%0 560
NGC 6822 0 405+0.049 —0.243 0.1121‘8:858 0 047+0.045 —0.260
’ —0.022 04 +0.082 ’ —0.020 -8 +0.040
93 558
NGC 6946 0.571 55005 Toore  0-182%505  0-09275025 —0.310
BTITY L8 0.69370-207 ' 09270090 —8.81870:0%
N 3- +0 187
GC 7331 0.635+0-053 0.207 () 719+0-105 () y77+0.165 0.150
N 63570037 0.270703%  2.0677; e —9.673105
GC 7552 0.47010:022 o1 '067—0'822 0.5827+0-030 —0.497
AT0T0G33  0.310% 047 ' 58210020 —10.380101%0
NGC 7793 0.518708%9 Toore 28575065 0.94270575 —0-110
: —0.015 042 +0.071 o ’ —0.045 _9.2 40.100
6007 0.462170310 6370210
—0.140 0.1771+9-030
—0.040 _8'9881_8@?2
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Table B.2: Median-likelihood estimates and confidence intervals of
three more parameters derived for the SINGS galaxies: logarithm
of the stellar mass (M,); logarithm of the dust mass (My); and

logarithm of the total dust luminosity (L°°).

Galaxy log(M./M¢) log(Ma/Mo) log(Li**/Lo)
NGC 0024 8.89710 110 6.267703%0  8.787F00%
NGC 0337 9.49270080  7.34710952  10.29070:010
NGC 0628 9.957t015  T.887T0 AT 10.27010 930
NGC 0855 8.84710 060 B.507I0Te  8.60770:050
NGC 0025 O512°0N0 7.367H0LR 0.70700%
NGC 1097 10.83075-110  8.32770195  10.80010-029
NGC 1266  10.24070:0%0  7.222%0030  10.450%0:060
NGC 1291 1087070010  6.882%0180  9.43770:010
NGC 1316 11.600%0950  7.18750050  10.06070:070
NGC 1377 897TTHI  6.547705%  10.1807500
NGC 1482 10.120%0738  7.457500%  10.66070:050
NGC 1512 9.952101%  6.9177036  9.447F0030
NGC 1566  10.48070:050  7.902%03%0  10.60070:050
NGC 1705 8.072100%0  479TIYIN  7.99270:010
NGC 2403 9.20270355%  6.902153%0  9.56270:950

Holmberg IT

0.000
8.027750%0

0.035
470220050

0.000
7.96275 010

DDO 053 6.53670000 399040455 7 g7 +0.015
NGC 2798 9.73270100 728710090 10.56070:050
NGC 2841 1053010480 745770350  9.75270:030
NGC 2915 7.647T00%  3.9827030  7.327700%0
Holmberg I 6.819%0%0 443740358 710285032
NGC 2976 8.842103%0  6.19270702  8.93270:050
NGC 3049 8.9871 0080  6.72710312  9.59270:00
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Table B.2: (continued)

Galaxy log(M, /M) lo
NGC 3031 10.52o+g:(1)<;§ i(i\giﬁiz log(Li*/Le)
NGC 3190  10.51070060 6.8474:3:?(?2 9.6720.015
NGC 3184 9.87210-338 7'342;2:2:(5) 9.732+0.03>
NGC 3198 9.572+9-115 7172;2:?22 9.757+0:038
IC 2574 To62t000 68212:;22 9.617+5:9%0
wous oo owrtE st
Mrk 33 8 999-10.005 60547;2‘222 9.477+3013
NGC 3521 10.480+0:090 7.822;3222 P g
NGC 3627 10.360%9139 7.647;2:222 9.847+0052
NGC 3773 81870080 5-807;2:232 10410 0
R B
NGC 4125 10.93070-99 6.207;3322 9.94715-0%0
O s
NGC 4254 10.300%9%5 8.307;2:;?2 8.492*0:030
NGC 4321 10.720%03%0 8.352;2:32 108805 05
NGC 4450 10.79073-979 7332;2332 10.82010.030
NGC 4536 10.390+0:2 7.902;3;22 81200
NGC 4550  9.822+0038 7 462;2:22‘; 10.820*0630
NGC 4569 10.950+0:020 7.757;222: 09527 0
NGC 4579 10.9607995 7.697;2:41122 10.370%5:950
NGC 4625 8.527+9:000 6.42712:(1;2 9.917+0:050
NGC 4631 9.73270 100 7.892;2:222 8.85270-000
NGC 4725  10.930%0%%0 7 967;212 10510 g
NGC 4736 10.19073:99 7.107;(0).2;2 1019055
NGC 4826 10,210t8:138 6'602;2?(1)2 9.87715:019
NGC 5033 10,180t8:g8 7'642;2:2& 9.6671’8:838

0225995 10'270t8:8§8
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Appendix B. Derived physical parameters of the SINGS galaxies

Table B.2: (continued)

Galaxy

IOg(M*/MQ)

log(Mq/Me)

log(Lg™/Lo)

NGC 5055
NGC 5194
NGC 5195
Tololo 89
NGC 5408
NGC 5474
NGC 5713
NGC 5866
IC 4710
NGC 6822
NGC 6946
NGC 7331
NGC 7552
NGC 7793

10.49010-350
10.14070 520
1027019999
8.4171023%
7.10870.29
8.297109%
10.24015-320
10.51070 0%
77570 00
71371000
10.05010-329
10.94015-9%0
10.21070 820

0.305
8.76215 502

7.8621035
8.01755350
6.257100e2
6.30710372
5.14710 353
5.84210-200
7.67225 150
6.57710 098
5.7821033
5.387100%
7.6021032
80120427
7.92270:30°

0.155
6.83270 150

10.33010:036
1060010930
9.43270045
9.1670 052
824750020
8.71219012
10.710+5-939
9.5721000
8.64277030
779710000
10.37010:05
10.770199%
11.06010 930

0.025
9.12210 052
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Table B.3: Median-likelihood estimates and confidence intervals of
six more parameters derived for the SINGS galaxies: global contri-
butions (i.e. including stellar birth clouds and the ambient ISM)
by PAHs (££3Y;), the hot mid-infrared continuum (&5 ) and warm
dust in thermal equilibrium (£§°) to the total infrared luminos-
ity; equilibrium temperature of warm dust in stellar birth clouds
(T\E€); contribution by cold dust in thermal equilibrium to the to-
tal infrared luminosity (££°%); and equilibrium temperature of cold

dust in the ambient ISM (T25M).

Galaxy PAH MIR W' T gt T
NGC0024  0.10419:949  0.08119:939  0.292+0957  43.2%88 (.521%0119 18,023
NGC0337  0.08470:030  0.055T0038  0.455T0081  49.572%  0.405709%%  20.5724
NGC0628 0.1317503%  0.1241053F  0.315700%  43.9135. 0.42975122  17.071%
NGCO0855 0.06179:0%2  0.02715011  0.53570158  49.7730  0.385100%9  21.3%20
NGC0925 0.08579:026  0.09419:927  0.338709%8 42,6775  0.48375975  16.3+33
NGC1097  0.0959:016 04749018 = (42810047 54 7432 (9 492+0.052 17 9+22
NGC1266 0.01875:055 0.048%0930  0.41670515  53.8750 0.518709%  23.6%07
NGC1291  0.109799%7  0.05179:913  0.20519:040 55,9719 0.63475007% 1847} )
NGC1316  0.09079:918  0.038%9:99%  0.26679:9%5  59.1%92  0.60419:912  21.2%0:9
NGC1377  0.13079:9%  0.170%9:948  0.649709%2  59.8700 0.05073993 19.5%%1
NGC1482  0.10579:997  0.074+991%  0.430739%  59.070¢  0.3917093L  24,0%01
NGC1512  0.12275:03%6  0.10615936  0.25370055  37.1723  0.52470110  17.829
NGC1566 0.11470938  0.11570:04L  0.287+0-088 4647100 0.48510129 19 1+21
NGC1705 0.02179:011  0.12775:9%7  0.77070330  32.2726  0.0917093%  20.8%33

. . . 7. . .
NGC2403  0.097%0035  0.1097003 035170012 41.170% 044170118 187755
Holll 0.01870:000  0.013¥0:050  0.37970057  57.9708 059070030 243709
DDO053  0.020%0031  0.080%00%% 0.61170303  50.07%7  0.26670:08 20.87%0
NGC2798  0.071%00%]  0.079%0030 052670022  57.875% 0.320700% 23371
NGC2841  0.12970-039  0.08815:9%%  0.1607055, 41.67:%* 0.621150%%  17.0%7%
NGC2915  0.024700%0  0.01470000  0.4807095%  52.7790 048370000 247739
Holl 0.05770:03;  0.082%00%%  0.24070073  38.4755%%  0.6197010%  19.3733
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Table B.3: (continued)

tot tot tot BC tot ISM
Galaxy PAH MIR Ew Tw 36 Te

NGC2976  0.09379:946  0.10470:93L  0.35310:0% 42,6751 0.44970120 193718
NGC3049  0.08970:030  0.075%5:959  0.51770123  56.8710  0.3057097¢  19.0%29
NGC3031  0.13979:048  0.08319:922  0.221709%4 384795 0.55870 100 18.3+16
NGC3190  0.12419:926  0.094+9-927 009910939 46.8*5% 0.68210:081 224409
NGC3184 0.13570:032  0.1071093%  0.23370055  41.273%%  0.52670 152  17.2128
NGC3198  0.10279937  0.15779:932  0.36619:0%0  37.47%0  0.37270:0%  16.2708
1C2574 0.017F5:05%  0.11670593  0.45270-03:  37.2%29  0.415705% 177725
NGC3265 0.08479:935  0.08410:015  0.52170992 564727  0.3137098%  23.9+0-7
Mrk33 0.06119057  0.10670937  0.685703%%  58.9%0% 0.158700%  20.0137
NGC3351  0.088%9:930  0.16519935  0.339709%5  40.6755  0.408%5:98  17.7+2¢
NGC3521  0.15970959  0.11270-050  0.25975:950  43.9775  0.4687010%  18.175%
NGC3621  0.142709%3  0.123%5:0%%  0.33770.09%  38.3%%5  0.3997011  18.0723
NGC3627  0.11779:047  0.123+0-041 0.20970970  46.2753  0.459759%  19.5+27
NGC3773  0.0627002  0.16215:032  0.45570727 451155 0.321700%%  20.61733
NGC3938  0.12070:035  0.112F592%  0.29770088  38.0730  0.46370 L0 17.013%
NGC4125  0.22679:049  0.12470937  0.149%0:080  47.8+73 (049470100 93 g+0-8
NGC4236  0.06870:012  0.02970058  0.4617059%  51.6758  0.4407099%  18.0%17
NGC4254  0.15279:025  0.13340:930  0.34970972 359791 0.366709% 17.5%18
NGC4321  0.1267055°  0.11515:037  0.289709%%  40.1%5% 046770595 17.671%
NGC4450  0.108%9:927  0.072+9916  0.12679924 491782  0.69179:949 18.7+13
NGC4536  0.10070:938  0.14575:0%8  0.40970 102 49.775°,  0.33679087  19.9721
NGC4559  0.08970052  0.09315:035  0.33670052  41.371% 04817005 17.5755
NGC4569  0.12579:935 012249975 .222+0.95L  51.9+%1  0.52370:061  19.0%23
NGC4579  0.123F9:937 010410949 0.1847094 423196 (.588%0:098  18.7+1¢
NGC4594  0.207F9:931  0.104+9918  0.11870928  40.571%2  0.57179:995 18811
NGC4625  0.11019:94 009673919 0.3909-04L 376773 04017004  16.210:3
NGC4631  0.10019:937  0.102+9:922  0.419+3994 45744 0.37970:088 17 g+26
NGC4725  0.07179:928  0.028*99L0  0.174709%0 584712 072370073 17.019]
NGC4736  0.12719:950  0.119%992 04261095 387473 0.33079:09%  18.8%30
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Table B.3: (continued)

Galaxy

tot
PAH

tot
MIR

&'

BC
TVV

géot

ISM
TC

NGC4826
NGC5033
NGC5055
NGC5194
NGC5195
Tol89
NGC5408
NGCb5474
NGC5713
NGC5866
1C4710
NGC6822
NGC6946
NGC7331
NGC7552
NGC7793

0.10555:0%9
0.126+00%0
0.12570053
0.12270-058
0.09610003
0.0247000%
0.03370:013
0.07113:5%
0.08510035
0.09519-0%3
0.07719527
0.0047:660
0.138709%5
0.1157005
0.07719:0%

0.09075-030

0.0971953%
0.10810 05
0.10675-05%
0.116001%
0.046 5500
0.08875:0%3
0.06475053
0.06710 054
0.11610052
0.05919:51%
0.103%50%3
0.032%5 500
0.099700%2
0.09370 013
0.0837001%

0.07155:0%9

0.18670-522
0.26570 0%
0.214700%3
0.33270 0%
0.358700%%
0.55470- 553
0.79870 35
0.24610-057
0.382700%2
0.05570 020
0.54679-155
05240000
0.34270 953
0.29870973
0.5347 0655

0.33170-521

50.5154
40.172%!
39.611%°
42,0752
59.1798
55.9120
55.0733
49.5197,
54.0736
42.37209
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