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ABSTRACT

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 ultravi-
olet, optical and near-infrared wavelengths. Our 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 reradiated by dust in stellar birth clouds as the sum of three components: a com-
ponent of polycyclic aromatic hydrocarbons (PAHs); a mid-infrared continuum characterizing
the emission from hot grains at temperatures in the range 130–250 K; and a component 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. Our
model is both simple and versatile enough that it can be used to derive statistical 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 the star formation rates, stellar masses, effective dust optical depths,
dust masses and relative strengths of different dust components of 66 well-studied nearby
star-forming galaxies from the Spitzer Infrared Nearby Galaxy Survey (SINGS). We explore
how the constraints derived in this way depend on the available spectral information. From
our analysis of the SINGS sample, we conclude that the mid- and far-infrared colours of
galaxies correlate strongly with the specific star formation rate, as well as with other galaxy-
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. Our model
can be straightforwardly applied to interpret ultraviolet, optical and infrared spectral energy
distributions from any galaxy sample.

Key words: dust, extinction – galaxies: ISM – galaxies: stellar content – infrared: galaxies.

1 IN T RO D U C T I O N

The spectral energy distributions (SEDs) of galaxies contain valu-
able information about their contents in stars, gas and dust. Direct
ultraviolet (UV), optical and near-infrared radiation from stars pro-
vides 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

⋆E-mail: dacunha@iap.fr

formation activity and the physical conditions of the star-forming
gas. At wavelengths λ � 3 µm, 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 UV, optical and
infrared wavelengths are now becoming available for large samples
of galaxies. These include data collected in the UV by the Galaxy

Evolution Explorer (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
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1596 E. da Cunha, S. Charlot and D. Elbaz

Astronomical Satellite (IRAS; Beichman et al. 1988), the Infrared

Space Observatory (ISO; Kessler et al. 1996) and the Spitzer Space

Telescope (Werner et al. 2004), and in the submillimetre by the Sub-
millimetre Common User Bolometer Array (SCUBA) on the James
Clerk Maxwell Telescope (Holland et al. 1999). Extracting con-
straints on the stellar populations and ISM of galaxies from these
multiwavelength 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 trans-
fer equation for idealized (bulge + disc) spatial distributions of
stars and dust (e.g. Rowan-Robinson 1980; Efstathiou & Rowan-
Robinson 1990; Popescu et al. 2000; Gordon et al. 2001; Misiriotis
et al. 2001; Misselt 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 molec-
ular 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 distri-
bution and physical properties of the dust. However, because of the
complexity of radiative transfer computations, it is not optimized 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 stellar populations, the dynamic expansion
of H II regions and radiative transfer of starlight through gas and
dust. The authors of this model provide a simple parametrization of
the UV, optical and infrared spectra of starburst galaxies by adding
the spectra of different types of compact H II regions and their sur-
rounding photodissociation regions (PDRs). 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 cal-
ibrated spectral libraries to interpret the infrared emission from
galaxies at wavelengths between 3 and 1000 µm. For example,
Chary & Elbaz (2001) and Dale & Helou (2002) both present single-
parameter families of infrared spectra to relate an observed SED 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 characterize the infrared emission from ob-
served galaxies and to investigate the origin of the cosmic infrared
background (e.g. Chary & Elbaz 2001; Franceschini et al. 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 emis-
sion of the dust to the emission from stellar populations. Another
potential limitation is that most existing spectral libraries were cal-
ibrated 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 paper, we present a simple, largely empirical but physi-
cally motivated model to interpret the mid- and far-infrared SEDs
of galaxies consistently with the emission at UV, optical and near-

infrared wavelengths. We compute the spectral evolution of stellar
populations using the Bruzual & Charlot (2003) population syn-
thesis code. To describe the attenuation of starlight by dust, we
appeal to the two-component model of Charlot & Fall (2000).
This has been shown to account for the observed relations be-
tween the UV and optical (line and continuum) spectra and the
total infrared luminosities of galaxies in wide ranges of star for-
mation 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 molecu-
lar clouds) and in the ambient (i.e. diffuse) ISM in galaxies. We
then distribute this luminosity in wavelength to compute infrared
spectral energy distributions. We describe the infrared emission
from stellar birth clouds as the sum of three components: a compo-
nent of polycyclic aromatic hydrocarbons (PAHs); a mid-infrared
continuum characterizing the emission from hot grains at tem-
peratures in the range 130–250 K; and a component of grains in
thermal equilibrium with adjustable temperature in the range 30–
60 K. In the ambient ISM, we fix for simplicity the relative pro-
portions 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.

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 UV, optical
and infrared galaxy spectra. To achieve this, we adopt a Bayesian
approach similar to that successfully employed by e.g. Kauffmann
et al. (2003), Brinchmann et al. (2004), Gallazzi et al. (2005) and
Salim et al. (2007) to interpret UV, 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). Our model
reproduces well the observed SEDs of these galaxies across the
entire wavelength range from the far-UV (FUV) to the far-infrared,
and the star formation histories and dust contents of the galaxies
are well constrained. We explore how the constraints derived in
this way depend on the available spectral information. From our
analysis of the SINGS sample, we conclude that the mid- and far-
infrared colours of galaxies are tightly related to the specific star
formation rate and to other galaxy-wide properties connected to this
parameter.

We present our model of the combined UV, optical and infrared
SEDs of galaxies in Section 2. In Section 3, we first describe our
approach to derive statistical constraints on galaxy physical parame-
ters from multiwavelength observations. Then, we use this approach
to interpret observations of the SINGS galaxy sample taken with
GALEX, 2MASS, Spitzer, ISO, IRAS and SCUBA. We compare our
results to those that would be obtained using previous prescriptions
of the infrared emission from galaxies. We also discuss potential
sources of systematic errors. Section 4 summarizes our conclusions.

2 TH E M O D EL

In this section, we describe our model to compute the mid- and
far-infrared SEDs of galaxies consistently with the emission at UV,
optical and near-infrared wavelengths. In Section 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 trans-
fer through the ISM in galaxies. Then, in Section 2.2, we present
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A simple model to interpret galaxy spectra 1597

our model to compute the SED 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 2.3, we show exam-
ples of combined UV, optical and infrared SEDs of different types
of star-forming galaxies.

2.1 Stellar emission and attenuation by dust

We use the latest version of the Bruzual & Charlot (2003) stellar
population synthesis code to compute the light produced by stars in
galaxies. This code predicts the spectral evolution of stellar popu-
lations at wavelengths from 91 Å to 160 µm and at ages between
1 × 105 and 2 × 1010 yr, for different metallicities, initial mass
functions (IMFs) and star formation histories. We use the most re-
cent version of the code, which incorporates a new prescription by
Marigo & Girardi (2007) for the thermally pulsating asymptotic
giant branch (TP-AGB) evolution of low- and intermediate-mass
stars. The main effect of this prescription is to improve the pre-
dicted near-infrared colours of intermediate-age stellar populations
(Bruzual 2007; see also Charlot & Bruzual, in preparation). In all
applications throughout this paper, we adopt the Galactic disc IMF
of Chabrier (2003).

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 born in dense molecular clouds, which dissipate
typically on a time-scale t0 ∼ 107 yr. Thus the emission from
stars younger than t0 is more attenuated than that from older stars.
Following Charlot & Fall (2000), we express the luminosity per unit
wavelength emerging at time t from a galaxy as

Lλ(t) =

∫ t

0
dt ′ψ(t − t ′) Sλ(t ′) e−τ̂λ(t ′), (1)

where ψ(t − t′) is the star formation rate at time t − t′, Sλ(t′) is the
luminosity per unit wavelength per unit mass emitted by a stellar
generation of age t′ and τ̂λ(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 τ̂λ reflects the different attenuation affecting
young and old stars in galaxies:

τ̂λ(t ′) =

{

τ̂ BC
λ + τ̂ ISM

λ for t ′ ≤ t0,

τ̂ ISM
λ for t ′ > t0.

(2)

Here τ̂ BC
λ is the effective absorption optical depth of the dust in

stellar birth clouds and τ̂ ISM
λ is that in the ambient ISM. We also

adopt the prescription of Charlot & Fall (2000) to compute the
emergent luminosities LHα(t) and LHβ (t) of the Hα (λ = 6563 Å)
and Hβ (λ = 4861 Å) Balmer lines of hydrogen produced by stars in
the birth clouds. This assumes case B recombination and includes
the possible absorption of ionizing photons by dust before they
ionize hydrogen.

The shape of the effective absorption curve depends on the com-
bination of the optical properties and spatial distribution of the dust.
We adopt the following dependence of τ̂ BC

λ and τ̂ ISM
λ on wavelength:

τ̂ BC
λ = (1 − μ)τ̂V (λ/5500 Å)−1.3, (3)

τ̂ ISM
λ = μτ̂V (λ/5500 Å)−0.7, (4)

where τ̂V is the total effective V-band absorption optical depth
of the dust seen by young stars inside birth clouds, and μ =

τ̂ ISM
V /(τ̂ BC

V + τ̂ ISM
V ) is the fraction of this contributed by dust in the

ambient ISM. The dependence of τ̂ ISM
λ on λ−0.7 is well constrained

by the observed relation between ratio of far-infrared to UV lu-
minosity and UV spectral slope for nearby starburst galaxies (see
Charlot & Fall 2000). The dependence of τ̂ BC

λ 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 τ̂ BC

λ ∝ λ−0.7 by analogy with
τ̂ ISM
λ . We adopt here a slightly steeper dependence, τ̂ BC

λ ∝ λ−1.3

(equation 3), which corresponds to the middle range of the optical
properties of 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 emphasize
that the dependence of τ̂ BC

λ on wavelength has a negligible influence
on the emergent UV and optical continuum radiation. It affects
mainly the attenuation of emission lines in galaxies with large
τ̂ BC
V /τ̂ ISM

V and hence small μ (Section 3.4.2 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

L tot
d (t) = LBC

d (t) + L ISM
d (t), (5)

where

LBC
d (t) =

∫ ∞

0
dλ

(

1 − e−τ̂BC
λ

)

∫ t0

0
dt ′ψ(t − t ′)Sλ(t ′) (6)

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

L ISM
d (t) =

∫ ∞

0
dλ

(

1 − e−τ̂ ISM
λ

)

∫ t

t0

dt ′ψ(t − t ′)Sλ(t ′) (7)

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:

fμ(t) ≡ L ISM
d (t)/L tot

d (t). (8)

This depends on the total effective V-band absorption optical depth
of the dust, τ̂V , the fraction μ 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 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 distribution in wavelength of L BC

d and
L ISM

d ). By construction, the infrared emission computed in this
way can be related to the emission at shorter wavelengths using
equations (1)–(7) above.

2.2.1 Components of infrared emission

The infrared emission from galaxies is generally attributed to three
main constituents of interstellar dust: PAHs, which produce strong
emission features at wavelengths between 3 and 20 µm; ‘very small
grains’ (with sizes typically less than 0.01 µm), which are stochas-
tically heated to high temperatures by the absorption of single UV
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1598 E. da Cunha, S. Charlot and D. Elbaz

photons; and ‘big grains’ (with sizes typically between 0.01 and
0.25 µm), 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 & Nord-
sieck 1977; Draine & Lee 1984; Leger & Puget 1984). Here, we
build on the results from these studies to describe the different com-
ponents of infrared emission in galaxies, without modelling in detail
the physical properties of dust grains. As mentioned in Section 1,
the motivation for this approach is to build a model simple enough
to derive statistical constraints on the star formation and dust prop-
erties of large samples of observed galaxies, based on consistent fits
of the UV, 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 µm.
Although still uncertain, the carriers of these features are gen-
erally accepted to be PAH molecules transiently excited to high
internal energy levels after the absorption of single UV pho-
tons (Leger & Puget 1984; Allamandola, Tielens & Barker 1985;
Leger, D’Hendecourt & Defourneau 1989; Allamandola, Hudgins &
Sandford 1999). PAH emission tends to peak in the ‘photodissoci-
ation regions’ at the interface between ionized and molecular gas
in the outskirts of H II 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-ionizing UV radiation from young stars dom-
inates the energy balance and can dissociate molecules such as H2

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.1 We use the mid-infrared spec-
trum of the PDR in the prototypical Galactic star-forming region
M17 SW extracted from the ISO/ISOCAM observations of Cesarsky
et al. (1996) by Madden et al. (2006). The observed spectrum does
not extend blueward of 5 µm. We extend it to include the 3.3-µm
PAH emission feature using the Lorentzian profile parametrized by
Verstraete et al. (2001), FLorentz

ν = f 0 [1 + (x − x0)2/σ 2]−1, where
x = 1/λ is the wavenumber, x0 = 3039.1 cm−1 the central wavenum-
ber of the feature and σ = 19.4 cm−1 half the FWHM. We set the
amplitude f0 so that the luminosity of the 3.3-µm emission feature is
10 per cent of that of the 11.3-µm feature (the relative ratio found by
Li & Draine 2001 for neutral PAHs). We write the spectral energy
distribution of PAHs in our model as

lPAH
λ = LM17

λ

(
∫ ∞

0
dλ LM17

λ

)−1

, (9)

where LM17
λ is the adopted M17 spectral template, and lPAH

λ is nor-
malized to unit total energy.

The above ISO/ISOPHOT observations of a sample of 45 nor-
mal star-forming galaxies also reveal a component of near-infrared

1 In reality, changes in PAH molecule size and ionization state, variations
in metallicity and contamination by an active galactic nucleus (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; Galliano, Dwek &
Chanial 2008; Smith et al. 2007). We ignore this refinement here.

continuum emission characterized by a very high colour tem-
perature (∼1000 K) at wavelengths between 3 and 5 µm (Lu
et al. 2003). This component accounts typically for at most a few
per cent of the total infrared luminosity, but it contributes sig-
nificantly to the observed Spitzer/IRAC band fluxes at 3.6 and
4.5 µm. 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 re-
lated 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 µm to the mean flux density of the
7.7-µm PAH feature has a roughly constant value of 0.11.

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

l
Td
λ = κλ Bλ(Td)

[
∫ ∞

0
dλ κλ Bλ(Td)

]−1

, (10)

where Bλ(Td) is the Planck function of temperature Td, κλ is the dust
mass absorption coefficient and l

Td
λ is normalized to unit total energy.

The dust mass absorption coefficient is usually approximated by a
single power law of the form

κλ ∝ λ−β , (11)

where β is the dust emissivity index. Models and observations of
infrared to submillimetre dust emission and laboratory studies of
carbonaceous and amorphous silicate grains suggest values of β

in the range 1 � β � 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 β). Typically, these studies favour β ≈ 1 for small
carbonaceous grains, which radiate most of their energy at mid-
infrared wavelengths, and β ≈ 1.5–2 for big silicate grains, which
reach lower temperatures and radiate most of their energy at far-
infrared and submillimetre wavelengths. We therefore adopt β =

1 in equation (11) to compute the near-infrared continuum emis-
sion in our model. We scale this emission so that the continuum
flux density at 4 µm be 0.11 times the mean flux density of the
7.7-µm PAH feature (see above). We find that a temperature Td =

850 K provides optimal fits to the observed SEDs of galaxies at
wavelengths between 3 and 5 µm (see e.g. Fig. 1).

(ii) Mid-infrared continuum emission from hot dust. In addition
to PAH features, the mid-infrared spectra of star-forming galax-
ies (out to wavelengths λ ∼ 40 µm) also include a component of
smooth continuum emission. This component is generally attributed
to a continuous distribution of small grains with very low heat ca-
pacity, which are stochastically heated to high temperatures by the
absorption of single UV photons (e.g. Sellgren 1984). The accurate
modelling of this emission would require the computation of tem-
perature fluctuations of grains of different sizes and optical proper-
ties caused by the absorption of UV photons in different interstellar
radiation fields (e.g. Purcell 1976; Aannestad & Kenyon 1979). For
simplicity, in our model, we describe the ‘hot’ mid-infrared con-
tinuum emission as the sum of two greybodies (equation 10) of
temperatures Td = 130 and 250 K, with equal contributions to the
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A simple model to interpret galaxy spectra 1599

Figure 1. Best model fit (in black) to the observed mean spectral energy distribution of the Galactic cirrus emission. The model was computed using
equation (15) and the parameters listed in equation (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): near-infrared continuum (dotted); PAHs (short-dashed); hot
mid-infrared continuum (long-dashed) and warm and cold grains in thermal equilibrium (solid). The fit residuals (Lobs

λ − Lmod
λ )/Lobs

λ , where Lobs
λ and Lmod

λ are
the observed and model fluxes in a given photometric band, are shown at the bottom.

total infrared luminosity,

l MIR
λ =

(

l250
λ + l130

λ

)

[
∫ ∞

0
dλ

(

l250
λ + l130

λ

)

]−1

. (12)

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
below).

(iii) 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 SED 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, with characteristic temperatures T BC

W and
T ISM

W , respectively; and cold grains, which can reside only in the
ambient ISM, with characteristic temperature T ISM

C . 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 temperature to vary between 15 and 25 K. We describe the
emission from grains in thermal equilibrium using greybody spectra
(equation 10) with emissivity index β = 1.5 for warm dust and
β = 2.0 for cold dust (equation 11).

In summary, the infrared SED of stellar birth clouds in our model
can be written as

LBC
λ,d =

(

ξ BC
PAH lPAH

λ + ξ BC
MIR l MIR

λ + ξ BC
W l

T BC
W

λ

)

(1 − fμ)L tot
d , (13)

where L tot
d is the total infrared luminosity reradiated by dust (equa-

tion 5), f μ is the fraction of this contributed by the ambient ISM

(equation 8), lPAH
λ , l MIR

λ and l
T BC

W
λ are computed using equations (9),

(12) and (10), and ξ BC
PAH, ξ BC

MIR and ξ BC
W 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

ξ BC
PAH + ξ BC

MIR + ξ BC
W = 1. (14)

Similarly, the infrared SED of the ambient ISM can be written as

L ISM
λ,d =

(

ξ ISM
PAH l PAH

λ + ξ ISM
MIR l MIR

λ + ξ ISM
W l

T ISM
W

λ

+ ξ ISM
C l

T ISM
C

λ

)

fμL tot
d , (15)

where l PAH
λ , l MIR

λ , l
T ISM

W
λ and l

T ISM
C

λ are computed using equations (9),
(12) and (10), and ξ ISM

PAH , ξ ISM
MIR , ξ ISM

W and ξ ISM
C are the relative con-

tributions 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

ξ ISM
PAH + ξ ISM

MIR + ξ ISM
W + ξ ISM

C = 1. (16)

In practice, we can fix the shape of the mid-infrared SED 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 dif-
fuse 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
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1600 E. da Cunha, S. Charlot and D. Elbaz

of the intensity of the interstellar radiation field have only a small
influence on the overall shape of the diffuse mid-infrared SED.
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 SED of the ambient ISM in our model.
In Fig. 1, we show the model spectral energy distribution L ISM

λ,d

(in black) computed using equation (15) that best fits the mean
Galactic cirrus emission observed by the Cosmic Background Ex-

plorer/Diffuse Infrared Background Experiment (COBE/DIRBE) at
wavelengths between 3.5 and 240 µm (Dwek et al. 1997). The blue
lines show the different components of the best-fitting model, with
parameters

ξ ISM
PAH = 0.22,

ξ ISM
MIR = 0.11,

ξ ISM
W = 0.07,

ξ ISM
C = 0.60,

T ISM
W = 45 K,

T ISM
C = 18 K. (17)

For reference, we include in Fig. 1 additional observations of the
mean Galactic cirrus emission obtained with Spitzer/IRAC at wave-
lengths 3.6, 4.5, 5.8 and 8.0 µm (Flagey et al. 2006) and with the
COBE/Far-Infrared Absolute Spectrophotometer (FIRAS) at wave-
lengths between 140 and 1000 µm (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. 1 to fix the mid-infrared SED 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 ξ ISM

PAH , ξ ISM
MIR and ξ ISM

W ) to their values of equation (17),
and we keep ξ ISM

C and T ISM
C as adjustable parameters. Thus, for a

given contribution ξ ISM
C by 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 ξ ISM

PAH = 0.550(1 − ξ ISM
C ), ξ ISM

MIR = 0.275 (1 − ξ ISM
C )

and ξ ISM
W = 0.175(1 − ξ ISM

C ), respectively.
The total spectral energy distribution of a galaxy in our model is

computed as the sum

L tot
λ,d = LBC

λ,d + L ISM
λ,d , (18)

where L BC
λ,d and L ISM

λ,d are given by equations (13) and (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 as

ξ tot
PAH = ξ BC

PAH (1 − fμ) + 0.550
(

1 − ξ ISM
C

)

fμ, (19)

ξ tot
MIR = ξ BC

MIR (1 − fμ) + 0.275
(

1 − ξ ISM
C

)

fμ, (20)

ξ tot
W = ξ BC

W (1 − fμ) + 0.175
(

1 − ξ ISM
C

)

fμ, (21)

ξ tot
C = ξ ISM

C fμ, (22)

for PAHs, the hot mid-infrared continuum and warm and cold dust
in thermal equilibrium, respectively.

We compute luminosity densities in any filter from L tot
λ,d using the

general formula

Lλ0
ν = Cν0

∫

dν ν−1 Lν Rν
∫

dν ν−1 Cν Rν

=
λ2

0

c
Cλ0

∫

dλ Lλ λ Rλ
∫

dλ Cλ λ Rλ

, (23)

where

λ0 =

∫

dλ λ Rλ
∫

dλ Rλ

(24)

is the effective wavelength of the filter of response Rλ(Rν), and the
calibration spectrum Cλ(Cν) depends on the photometric system.
For the AB system, Cν is fixed at 3631 Jy, implying Cλ ∝ λ−2 (Oke
& Gunn 1983). For the IRAS, ISO/ISOCAM and Spitzer/IRAC pho-
tometric systems, the convention is to use νCν = λCλ = constant,
and hence, Cλ ∝ λ−1 (see Beichman et al. 1988; Blommaert et al.
2003; Reach et al. 2005, and also the IRAC Data Handbook2). The
Spitzer/MIPS system was calibrated using a blackbody spectrum of
temperature 10 000 K, such that Cλ = Bλ(10 000 K) (MIPS Data
Handbook3). In Fig. 2, we show an example of infrared spectral
energy distribution L tot

λ,d computed using our model, for parameter
values typical of normal star-forming galaxies (equation 25 below).
As we shall see in Section 2.2.2, this parametrization of infrared
galaxy spectra allows us to account for the full range of observed
colours of star-forming galaxies.

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 observations 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 µm) filter, F6.75

ν tends to be
dominated by the PAH emission features at 6.2, 7.7 and 8.6 µm. The
IRAS 12-µm flux density F12

ν captures the PAH emission at 11.3 and
12.7 µm and the mid-infrared continuum emission from hot dust.
The ISOCAM LW3 (15 µm) and the IRAS 25-µm flux densities,
F15

ν and F25
ν , reflect primarily the mid-infrared continuum emission

from hot dust. At longer wavelengths, the IRAS 60-µm flux density
F60

ν samples the emission from warm grains in thermal equilibrium
in star-forming clouds, and the IRAS 100-µm flux density F100

ν that
from colder grains in thermal equilibrium in the ambient ISM. To
test our model, we require photometric observations in all these
filters. This reduces the sample to 107 galaxies. 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 3 and 4, we show the locations of these galaxies in vari-
ous infrared colour–colour diagrams (black crosses). Fig. 3 shows
L60

ν /L100
ν as a function of L12

ν /L25
ν (IRAS colours), while Fig. 4 shows

L15
ν /L60

ν as a function of L6.75
ν /L15

ν (ISO colours). The well-known
correlations between the different infrared colours of galaxies illus-
trated by Figs 3 and 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 ac-
tivity 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 L12

ν /L25
ν , L6.75

ν /L15
ν and L15

ν /L60
ν and low

L60
ν /L100

ν . In contrast, actively star-forming galaxies, in which the

2 http://ssc.spitzer.caltech.edu/irac/dh/.
3 http://ssc.spitzer.caltech.edu/mips/dh/.
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A simple model to interpret galaxy spectra 1601

Figure 2. Example of infrared spectral energy distribution computed using the model presented in Section 2.2.1, for ‘standard’ values of the parameters
(equation 25): f μ = 0.6, ξ BC

PAH = 0.05, ξ BC
MIR = 0.15, ξ BC

W = 0.80, T BC
W = 48 K, ξ ISM

C = 0.8 and T ISM
C = 22 K. The black curve shows the total infrared spectrum.

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, hot mid-infrared continuum and warm dust in thermal equilibrium. The red curve shows the contribution by dust in the ambient ISM. The
total luminosity is L tot

d = 1010 L⊙ (equations 13, 15 and 18).

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

ν /L25
ν , L6.75

ν /L15
ν and L15

ν /L60
ν and high

L60
ν /L100

ν .
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’ values. After some experimenta-
tion, we adopted the following standard parameters (corresponding
to the model shown in Fig. 2):

fμ = 0.60,

ξ BC
PAH = 0.05,

ξ BC
MIR = 0.15,

ξ BC
W = 0.80,

ξ ISM
C = 0.80,

T BC
W = 48 K,

T ISM
C = 22 K. (25)

These values allow the standard model to match roughly the ob-
served typical (i.e. median) infrared colours of nearby star-forming
galaxies in Figs 3 and 4 (green circle). Each panel of Figs 3 and
4 shows the effect of varying one parameter of the model, with
the other parameters held fixed at their standard values.4 We can
summarize 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 μ is to increase the

4 In practice, an increase in any of ξ BC
PAH, ξ BC

MIR and ξ BC
W will be accompa-

nied by a drop in the other two fractions by virtue of equation (14). Like-
wise, an increase in ξ ISM

C implies a drop in the sum ξ ISM
PAH + ξ ISM

MIR + ξ ISM
W

(equation 16). When exploring such variations, we keep the relative ratios
of the unexplored fractions fixed.

contribution to the total infrared luminosity by cold dust. This raises
the infrared luminosity around 100 µm (Fig. 2), causing L60

ν /L100
ν

and even L15
ν /L60

ν to decrease (Figs 3a and 4a). In addition, a larger
f μ leads to an increase in L12

ν /L25
ν and L6.75

ν /L15
ν , 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 ξ ISM
C causes L12

ν /L25
ν

and L6.75
ν /L15

ν to decrease in Figs 3(b) and 4(b), because of the
corresponding drop in PAH emission from the ambient ISM (see
footnote 4). Also, both L15

ν /L60
ν and L60

ν /L100
ν decrease because of

the larger contribution by cold dust to the 60-µm flux, and even
more so to the 100-µm flux.

Contribution by PAHs to the infrared emission from stellar birth

clouds. Increasing ξ BC
PAH raises the contribution by PAH features

to L6.75
ν and L12

ν , and to a lesser extent L15
ν (Fig. 2). This leads to

a marked increase in L6.75
ν /L15

ν and L12
ν /L25

ν and a milder one in
L15

ν /L60
ν in Figs 3(c) and 4(c). The slight decrease in L60

ν /L100
ν when

ξ BC
PAH increases in Fig. 3(c) is caused by the associated drop in ξ BC

BG

(footnote 4).
Contribution by the hot mid-infrared continuum to the infrared

emission from stellar birth clouds. The main effect of increasing
ξ BC

MIR is to make L15
ν and L25

ν larger (Fig. 2). This causes a drop in
L12

ν /L25
ν and L6.75

ν /L15
ν , while L15

ν /L60
ν increases (Figs 3d and 4d).

The slight decrease in L60
ν /L100

ν when ξ BC
MIR increases in Fig. 3(c) is

again caused by the associated drop in ξ BC
BG (footnote 4).

Contribution by warm dust in thermal equilibrium to the infrared

emission from stellar birth clouds. Increasing ξ BC
W makes L60

ν larger,
and to a lesser extent also L25

ν and L100
ν (Fig. 2). Remarkably, this

causes L12
ν /L25

ν to drop and L60
ν /L100

ν to rise in Fig. 3(e), almost along
the observational relation. In Fig. 4(e), an increase in ξ BC

W makes
L15

ν smaller (because of the associated drop in ξ BC
MIR; see footnote 4),

and hence, L15
ν /L60

ν smaller and L6.75
ν /L15

ν larger.
Equilibrium temperature of warm dust in stellar birth clouds.

Increasing T BC
W across the range from 30 to 60 K moves the
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1602 E. da Cunha, S. Charlot and D. Elbaz

Figure 3. Ratio of 60- to 100-µm IRAS luminosity density plotted against ratio of 12- to 25-µm IRAS luminosity density. The data points in all panels (black
crosses) are from the Elbaz et al. (2002) sample discussed in Section 2.2 (typical measurement errors are indicated in the upper left-hand 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 μ = 0.05, 0.50 and 0.95; (b) contribution by cold dust in thermal equilibrium to the infrared luminosity of the ambient ISM, ξ ISM

C = 0.50, 0.80, 1.0;
(c) contribution by PAHs to the infrared luminosity of stellar birth clouds, ξ BC

PAH = 0.00, 0.05 and 0.50; (d) contribution by the hot mid-infrared continuum to
the infrared luminosity of stellar birth clouds, ξ BC

MIR = 0.00, 0.15 and 0.50; (e) contribution by warm dust in thermal equilibrium to the infrared luminosity of
stellar birth clouds, ξ BC

W = 0.15, 0.80 and 0.95; (f) equilibrium temperature of warm dust in stellar birth clouds, T BC
W = 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 1 and Section 2.2 for a description of these models).

wavelength of peak luminosity of dust in thermal equilibrium in
the stellar birth clouds roughly from 70 to 40 µm. This causes
L12

ν /L25
ν to drop and L60

ν /L100
ν to rise in Fig. 3(f). In Fig. 4(f), the

effects on L6.75
ν /L15

ν and L15
ν /L60

ν are negligible.
Equilibrium temperature of cold dust in the ambient ISM (not

shown). The most significant effect of increasing T ISM
C at fixed ξ ISM

C

in Figs 3 and 4 is a small rise in L60
ν /L100

ν caused by a blue shift of
the peak infrared luminosity of cold dust in the ambient ISM (from
about 140 to 80 µm as T ISM

C increases from 15 to 25 K). Variations
in T ISM

C also have a significant influence on the emission redward
of 100 µm.

The green lines in Figs 3 and 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 com-
ponents of galaxies are related to each other. However, we have
checked that the properties of every galaxy in Figs 3 and 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

Table 1. Parameters of the ‘standard’, ‘cold’ and ‘hot’ models plotted in
Figs 3 and 4.

Model ‘Cold’ ‘Standard’ ‘Hot’

f μ 0.75 0.60 0.20

ξ ISM
C 0.75 0.80 0.90

ξ BC
PAH 0.45 0.05 0.01

ξ BC
MIR 0.15 0.15 0.09

ξ BC
W 0.40 0.80 0.95

T BC
W (K) 40 48 55

T ISM
C (K) 18 22 25

listed in Table 1. We emphasize that these are not unique sets of
parameters optimized to fit specific galaxy SEDs. Rather, they are
examples of how the colours in those regions of the diagrams can
be reproduced using our model.

Figs 3 and 4 allow us to draw some general conclusions about the
influence of the various parameters of our model on the observed in-
frared colours of galaxies. For example, as expected from Fig. 2, the
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A simple model to interpret galaxy spectra 1603

Figure 4. Ratio of 15- to 60-µm ISO and IRAS luminosity density plotted against ratio of 6.75- to 15-µm ISO luminosity density. The data points in all panels
(black crosses) are from the Elbaz et al. (2002) sample discussed in Section 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. 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 1 and Section 2.2 for a description
of these models).

L60
ν /L100

ν colour appears to be controlled primarily by the fraction f μ

of total infrared luminosity contributed by dust in the ambient ISM
and the properties of dust in thermal equilibrium: the relative con-
tribution ξ ISM

C by cold dust to the infrared luminosity of the ambient
ISM (and the temperature T ISM

C of this dust) and the relative contri-
bution ξ BC

W by warm dust to the infrared luminosity of stellar birth
clouds (and the temperature T BC

W of this dust). These parameters also
have distinct effects on the mid-infrared colours L12

ν /L25
ν , L6.75

ν /L15
ν

and L15
ν /L60

ν , 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 com-
ponents of hot dust: the relative contributions ξ BC

PAH and ξ BC
MIR of PAHs

and the hot mid-infrared continuum to 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
ξ ISM

C . In Section 3 below, we show how well these various model
parameters can be constrained in galaxies with observed infrared
SEDs.

2.2.3 Constraints on dust mass

It is also of interest to derive constraints on the dust mass in galax-
ies. The mass Md(Td) in dust grains in thermal equilibrium at the
temperature Td can be estimated from the far-infrared radiation L

Td
λ

of these grains using the formula (Hildebrand 1983)

L
Td
λ = 4π Md(Td) κλ Bλ(Td), (26)

where κλ and Bλ have been defined before (equation 10). We adopt
this formula to estimate the mass contributed by dust in thermal
equilibrium in stellar birth clouds (with temperature Td = T BC

W )
and in the ambient ISM (with temperatures Td = T ISM

W and Td =

T ISM
C ) in our model. We adopt as before a dust emissivity index

β = 1.5 for warm dust and β = 2 for cold dust and normalize κλ

at 850 µm assuming κ850 µm = 0.77 g−1 cm2 (Dunne et al. 2000).
Using equations (10), (13), (15) and (26), we compute the mass
contributed by warm dust in stellar birth clouds and in the ambient
ISM as

M BC
W = ξ BC

W (1 − fμ) L tot
d

[

4π

∫ ∞

0
dλ κλ Bλ

(

T BC
W

)

]−1

(27)

and

M ISM
W = ξ ISM

W fμ L tot
d

[

4π

∫ ∞

0
dλ κλ Bλ

(

T ISM
W

)

]−1

, (28)

and that contributed by cold dust in the ambient ISM as

M ISM
C = ξ ISM

C fμ L tot
d

[

4π

∫ ∞

0
dλ κλ Bλ

(

T ISM
C

)

]−1

. (29)

To include the contribution by stochastically heated dust grains
(not in thermal equilibrium; see Section 2.2.1), we adopt a standard
Mathis et al. (1977) distribution of grain sizes N(a) ∝ a−3.5 over
the range 0.005 ≤ a ≤ 0.25 µm. We assume that the stochastically
heated dust grains are very small (a ≤ 0.01 µm) and have mass
densities typical of graphite, ρ ≈ 2.26 g cm−3, while bigger grains
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1604 E. da Cunha, S. Charlot and D. Elbaz

in thermal equilibrium have mass densities typical of silicates, ρ ≈

3.30 g cm−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 (a > 0.01 µm). 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

Md ≈ 1.1
(

M BC
W + M ISM

W + M ISM
C

)

, (30)

where M BC
W , M ISM

W and M ISM
C are given by equations (27), (28) and

(29).

2.3 Combined ultraviolet, optical and infrared spectral energy
distributions

A main feature of our model is the consistent modelling of UV, op-
tical and infrared spectral energy distributions of galaxies. This is
achieved by first computing the total energy absorbed by dust in stel-
lar birth clouds and in the ambient ISM, L BC

d and L ISM
d (Section 2.1),

and then redistributing it at infrared wavelengths (Section 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
AGN). Different combinations of star formation histories, metallic-
ities and dust contents can lead to the same absorbed energies L BC

d

and L ISM
d in a model galaxy. Furthermore, these energies can be

distributed in wavelength using different combinations of dust pa-
rameters in the stellar birth clouds (ξ BC

PAH, ξ BC
MIR, ξ BC

W and T BC
W ) and

the ambient ISM (ξ ISM
C and T ISM

C ). In our model, therefore, a wide
range of UV and optical SEDs can be associated to a wide range of
infrared SEDs, at fixed L BC

d and L ISM
d (or equivalently, at fixed f μ

and L tot
d ; see equations 5 and 8). In Section 3 below, we show how

combined observations at UV, 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 UV, optical and infrared spectral
energy distributions with our model, we compute examples of atten-
uated stellar population spectra consistent with the f μ parameters of
the cold, standard and hot infrared models of Table 1 (Section 2.2.2).
For simplicity, we assume solar metallicity and select models with
exponentially declining star formation rates

ψ(t) ∝ exp(−γ t), (31)

where γ is the star formation time-scale parameter. We choose mod-
els with γ = 0, 0.07 and 0.25 Gyr−1 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. Kauffmann & Charlot
1998). For the attenuation of starlight by dust (equations 3 and 4),
we adopt effective dust absorption optical depths τ̂V = 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 ob-
scured (e.g. Wang & Heckman 1996; Hopkins et al. 2001; Sullivan
et al. 2001). We adopt fractions μ = 0.1, 0.3 and 0.5 of τ̂V arising
from dust in the ambient ISM. The resulting model galaxies have
f μ ≈ 0.2, 0.6 and 0.75, respectively, consistent with the parameters
of the hot, standard and cold infrared models of Table 1.

In Fig. 5, we show the combined SEDs 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 tot

d absorbed by
dust. As we shall see in the next section, the ability to compute

such combined UV, optical and infrared SEDs for wide ranges
of physical parameters of galaxies has important implications for
statistical estimates of star formation histories and dust properties.

3 C ONSTRAI NTS O N PHYSI CAL
PA R A M E T E R S FRO M M U LT I WAV E L E N G T H
G A L A X Y O B S E RVAT I O N S

In this section, we show how the simple model described in Sec-
tion 2 can be used to extract star formation histories and dust prop-
erties from UV, optical and infrared observations of galaxies. In
Section 3.1, we first describe our methodology to derive statistical
constraints on galaxy physical parameters from multiwavelength
observations. Then, in Section 3.2, we use this methodology to
constrain the physical parameters of star-forming galaxies in the
SINGS sample. We compare our results to those that would be ob-
tained using previous models in Section 3.3. Finally, we discuss
possible sources of systematic errors associated with our approach
in Section 3.4 and summarize the applicability of this model in
Section 3.5.

3.1 Methodology

The model of Section 2 allows one to compute the UV, optical and
infrared emission from galaxies. This model contains a minimum
number of adjustable parameters required to account for the ob-
served relations between various integrated spectral properties of
galaxies: age, star formation history, stellar metallicity, two com-
ponents for the attenuation by dust and four contributors to the
infrared emission (PAHs, hot mid-infrared continuum, warm and
cold dust in thermal equilibrium). 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 SEDs of galaxies. For example, age, metallicity and dust
attenuation have similar effects on the UV and optical spectra of
galaxies. An efficient way to derive statistical constraints on the var-
ious parameters in these conditions is to consider a wide library of
models encompassing all plausible parameter combinations. 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.
(2003) to interpret the optical spectra of SDSS galaxies. The un-
derlying assumption is that the library of models is the distribution
from which the data were randomly drawn. Thus, the prior distri-
bution 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.

3.1.1 Model library

We build a comprehensive library of models by generating sepa-
rately a random library of stellar population models, for wide ranges
of star formation histories, metallicities and dust contents, and a ran-
dom library of infrared spectra, for wide ranges of dust temperatures
and fractional contributions by the different dust components to the
total infrared luminosity. We then combine these libraries following
the procedure outlined in Section 2.3.

For simplicity, we follow Kauffmann et al. (2003) and
parametrize each star formation history in the stellar population li-
brary in terms of two components: an underlying continuous model,
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A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f μ) and in the ambient ISM (f μ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 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).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. 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 parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 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, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, μ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For μ, we adopt the same probability density
function as for γ above, i.e. p(μ) = 1 − tanh (8 μ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and μ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 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 μ 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, ξ BC

W . For each
random drawing of ξ BC

W , 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 (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C 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 ξ ISM

PAH , ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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1606 E. da Cunha, S. Charlot and D. Elbaz

ISM, as described in Section 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 μ,
which we scale according to the total infrared luminosity L tot

d , as
outlined in Section 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 μ to within some error interval δf μ.5 That
is, we associate each stellar population spectrum, characterized by
f μ

SFH, to all the infrared spectra characterized by f μ
IR, such that

f μ
IR = f SFH

μ ± δf μ. Each spectral combination satisfying this con-
dition is included in the final model library and is assigned a value
f μ = (f μ

SFH + f μ
IR)/2. We adopt δf μ = 0.15, which allows good

reproductions of combined UV, optical and infrared observations of
galaxies (Section 3.2).

Our final library of combined UV, optical and infrared SEDs
consists of about 661 million models. It is important to note that
such a large number of models are required to properly sample the
multidimensional observational space.

3.1.2 Statistical constraints on physical parameters

We now investigate the accuracy to which the model library de-
scribed in the previous section can help us constrain the star forma-
tion histories and dust properties of galaxies for which multiwave-
length observations are available. To assess this, we evaluate how
well we can recover the parameters of a random set of models with
known properties, based on spectral fits. We consider the follow-
ing observable quantities: the GALEX FUV (1520 Å) and near-UV
(NUV, 2310 Å) luminosities; the optical UBV luminosities; the
2MASS near-infrared JHKs (1.25, 1.65 and 2.17 µm) luminosi-
ties; the Spitzer/IRAC 3.6-, 4.5-, 5.8- and 8.0-µm luminosities; the
ISO/ISOCAM 6.75- and 15-µm luminosities; the IRAS 12-, 25-, 60-
and 100-µm luminosities; the Spitzer/MIPS (Rieke et al. 2004) 24-,
70- and 160-µm luminosities and the SCUBA 850-µm luminosity.
We also include the hydrogen Hα and Hβ 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 observational 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 follows. 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 χ 2 goodness of fit of that model (e.g. Bevington &
Robinson 2003)

χ 2
j =

∑

i

(

Li
ν − wjL

i
ν,j

σi

)2

, (32)

where Li
ν and Li

ν,j are the luminosities in the i th band of the mock
galaxy and the j th model, respectively, σ i is the (10 per cent)
uncertainty in Li

ν , and

wj =

(

∑

i

Li
νL

i
ν,j

σ 2
i

)

⎡

⎣

∑

i

(

Li
ν,j

σi

)2
⎤

⎦

−1

(33)

5 This allows us to include the uncertainties that could arise, for example,
from orientation effects, in the connection between the stellar and dust
emission.

is the model scaling factor that minimizes χ 2
j . Then, we build the

probability density function of any physical parameter of the mock
galaxy by weighting the value of that parameter in the j th model
by the probability exp(−χ 2

j /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 ±1σ range in the
case of a Gaussian distribution).

In Fig. 6, 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 μ;
the total effective V-band absorption optical depth of the dust, τ̂V ;
the fraction of this contributed by dust in the ambient ISM, μ; the
specific star formation rate, ψS, defined as the ratio

ψS(t) =

∫ t

t−t8
dt ′ ψ(t ′)

t8 M∗

(34)

of the star formation rate averaged over the past t8 = 108 yr to the
current stellar mass M∗ of the galaxy; the stellar mass, M∗ (this ac-
counts for the mass returned to the ISM by evolved stars); the total
infrared luminosity, L tot

d ; the fractional contributions by PAHs, the
hot mid-infrared continuum and warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

PAH, ξ BC
MIR and ξ BC

W ;
the equilibrium temperature of warm grains in stellar birth clouds,
T BC

W ; the contribution by cold dust to the total infrared luminosity
of the ambient ISM, ξ ISM

C and the equilibrium temperature of this
dust, T ISM

C . Most of these parameters are recovered remarkably well
by our model. In particular, fμ, τ̂V , μ, ψS, M∗, L tot

d , ξ BC
MIR, ξ ISM

C

and T ISM
C are recovered to very high accuracy. The most uncertain

parameters are ξ BC
PAH, ξ BC

W and T BC
W , for which the typical confi-

dence intervals reach almost 0.14, 0.18 and 11 K, respectively. We
conclude that our model is a valuable tool for deriving statistical
constraints on the star formation histories and dust properties of
galaxies for which multiwavelength (UV, optical and infrared) ob-
servations are available.

3.2 Application to an observational sample

3.2.1 The sample

Here, we exploit our model to interpret a wide range of UV, optical
and infrared observations of a sample of well-studied nearby galax-
ies: the Spitzer Infrared Nearby Galaxy Survey (Kennicutt et al.
2003). This sample contains 75 galaxies at a median distance of
9.5 Mpc (we adopt a Hubble constant H0 = 70 km s−1 Mpc−1). The
galaxies span wide ranges in morphology (from E–S0 to Im–I0) and
star formation activity (from quiescent to starburst). Some galaxies
include low-luminosity AGN.6 We note that this sample 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 (L tot

d � 1011 L⊙ instead of L tot
d � 1012 L⊙), but it

includes observations across a much wider range of wavelengths.
Observations at UV, optical and infrared wavelengths are avail-

able for most galaxies in this sample. GALEX ultraviolet (NUV and
FUV) observations are available for 70 galaxies (Dale et al. 2007).
In the optical, we adopt UBV fluxes from the RC3 for 65 galaxies

6 The low-luminosity AGN should have a negligible impact on the integrated
broad-band fluxes of the galaxies. We distinguish galaxies hosting low-
luminosity AGN from normal star-forming galaxies in the spectral analyses
presented later in this paper.
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A simple model to interpret galaxy spectra 1607

Figure 6. Median likelihood estimates of 12 parameters (indicated in the upper left-hand corner of each panel) recovered from the spectral fits of 100 mock
galaxies, compared to the true values of these parameters (see Section 3.1.2). 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 µm), ISO/ISOCAM (6.75 and 15 µm), IRAS (12, 25, 60, 100 µm), Spitzer/MIPS (24, 70 and 160 µm), SCUBA (850 µm) and Hα and
Hβ luminosities.

(de Vaucouleurs et al. 1991).7 Near-infrared JHKs fluxes are avail-
able for all galaxies from the 2MASS Large Galaxy Atlas (Jarrett
et al. 2003). In the mid- and far-infrared, we use the Spitzer observa-
tions published by Dale et al. (2007). This includes IRAC photom-
etry at 3.6, 4.5, 5.8 and 8.0 µm and MIPS photometry at 24, 70 and
160 µm. ISO, IRAS and SCUBA 850-µm 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 IRAS 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 multiwavelength observations
can be combined 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 (JHKs) 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. 2007). Also, the infrared Spitzer

IRAC and MIPS fluxes include extended-source aperture correc-

7 We 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, private
communication).

tions (amounting typically to 10 per cent; see Dale et al. 2005, 2007).
Following Draine et al. (2007), we exclude nine galaxies with bad
IRAC and MIPS detections (because of contamination by external
sources; very low surface brightness compared to foreground cirrus
emission; and saturation issues): NGC 584, 3034, 1404, 4552, M81
DwarfA, M81 DwarfB, DDO 154, DDO 165 and Holmberg IX.
For 19 galaxies, we include Hα and Hβ emission-line fluxes (cor-
rected for contamination by stellar absorption) from the integrated
spectroscopy of Moustakas & Kennicutt (2006). Our final sample
includes 66 galaxies, of which 61 have GALEX 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 UV and infrared properties of the SINGS galax-
ies in Fig. 7. Fig. 7(a) shows the MIPS L70

ν /L160
ν luminosity ratio

plotted against the IRAC + MIPS L8
ν/L24

ν luminosity ratio. SINGS
galaxies in this diagram follow a sequence very similar to that fol-
lowed by the galaxies of the Elbaz et al. (2002) sample of Section 2.2
in the analogous IRAS L60

ν /L100
ν versus L12

ν /L25
ν diagram (Fig. 3). In

Fig. 7(b), we plot ratio of total infrared to UV luminosity L tot
d /LFUV

as a function of UV spectral slope βUV (the ‘IRX–UV diagram’). We
used equation (4) of Dale & Helou (2002) to estimate L tot

d from the
MIPS observations at 24, 70 and 160 µm, and equation (1) of Kong
et al. (2004) to compute βUV from the GALEX FUV and NUV
luminosities. Previous studies have shown that starburst galaxies
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1608 E. da Cunha, S. Charlot and D. Elbaz

Figure 7. Selected properties of the SINGS galaxy sample discussed in
Section 3.2. (a) Ratio of 70- to 160-µm luminosity plotted against ratio
of 8- to 24-µm luminosity. (b) Ratio of total-infrared to UV luminosity as
a function of UV 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 et al. 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 AGN (LINER and
Seyfert). Filled circled indicate three galaxies selected along the L70

ν /L160
ν

versus L8
ν/L24

ν relation, for which a wide set of observations are available
(Section 3.2.2). Typical measurement errors are indicated in each diagram.

follow a tight sequence in this diagram (indicated by the dotted
line in Fig. 7b), while more quiescent star-forming galaxies tend to
exhibit redder UV spectra (i.e. larger βUV) than starburst galaxies
at fixed L tot

d /LFUV (Meurer, Heckman & Calzetti 1999; Bell 2002;
Kong et al. 2004). Fig. 7 confirms that the SINGS galaxies are rep-
resentative of the UV and infrared properties of nearby galaxies.

3.2.2 Example of constraints on physical parameters

We now use the methodology outlined in Section 3.1 to constrain
the star formation histories and dust properties of the SINGS galax-
ies. We first assess how well our model can reproduce the observed
multiwavelength observations of these galaxies. For each observed
galaxy, we select the model of the library presented in Section 3.1
that minimizes χ 2

j (equation 32), as computed by including 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 µm), ISO/ISOCAM (6.75 and 15 µm), IRAS (12, 25,
60 and 100 µm), Spitzer/MIPS (24, 70 and 160 µm), SCUBA
(850 µm) and Hα and Hβ. Fig. 8 shows the resulting distribu-
tion of the difference between the observed luminosity Lobs

ν and
the best-fitting model luminosity Lmod

ν , in units of the observational
error σ obs, for the 66 galaxies in the sample (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 AGN
by Kennicutt et al. (2003).

Fig. 8 shows that our model can reproduce simultaneously the
UV, optical 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 simplicity of the model. We
find that the galaxies the least well fitted at UV and optical wave-
lengths 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 obser-
vations 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 sig-
nificantly underestimate the 3.6-µm emission in Fig. 8 are also low-
metallicity dwarf galaxies (NGC 4236, IC4710 and NGC 6822).
For these galaxies, our simple scaling of the near-infrared contin-
uum strength around 4 µm with the flux density of the 7.7-µm PAH
feature may not be appropriate (see Section 2.2.1). Fig. 8 further
shows that the galaxies with 8-µm mid-infrared luminosities least
well reproduced by the model tend to be hosts of low-luminosity
AGN. 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. 8 that our model is adequate to
investigate the constraints set on the physical properties of SINGS
galaxies by their UV, optical and infrared SEDs.

To investigate the implications of these fits for the determi-
nation of physical parameters, we focus on three galaxies span-
ning different dust properties along the L70

ν /L160
ν versus L8

ν/L24
ν

colour–colour relation in Fig. 7(a), for which a wide set of ob-
servations 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 galaxies, observations
from GALEX (FUV and NUV), 2MASS (JHKs), Spitzer (IRAC
and MIPS), IRAS and SCUBA are available, along with integrated
Hα and Hβ spectroscopy from Moustakas & Kennicutt (2006). For
NGC 3521 and 337, additional constraints are available from RC3
(UBV) and ISO (ISOCAM 6.75 and 15 µm) photometry.

Fig. 9 shows the models (in black) providing the best fits to the
observed UV, optical, Hα and Hβ, and infrared SEDs 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-fitting models, the sequence of increas-
ing F70

ν /F160
ν and decreasing F8

ν/F15
ν 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 strengthen-
ing of the unattenuated UV and optical spectrum (in blue) from
NGC 3521 to NGC 337 to Mrk 33 in Fig. 9. We investigate this
trend further in Section 3.2.3 below.

We can study in more detail the constraints set on the star
formation histories and dust properties of the galaxies by look-
ing at the probability distributions of the corresponding model
parameters. In Figs 10 and 11, we show the likelihood distri-
butions of 14 quantities constrained by the observed SEDs of
NGC 3521, NGC 337 and Mrk 33. These distributions were derived
using the model library of Section 3.1.1, following the procedure
outlined in Section 3.1.2. Fig. 10 shows the likelihood distribu-
tions of parameters pertaining to the star formation history and dust
content: fraction of the total infrared luminosity contributed by dust
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A simple model to interpret galaxy spectra 1609

Figure 8. Distribution of the difference between observed luminosity Lobs
ν and best-fitting model luminosity Lmod

ν , in units of the observational error σ obs, for
the 66 galaxies of the SINGS sample studied in Section 3.2. Each panel refers to a different photometric band (as indicated). The best-fitting 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 µm), ISO/ISOCAM (6.75 and 15 µm), IRAS (12, 25, 60 and 100 µm), Spitzer/MIPS (24, 70 and 160 µm), SCUBA (850 µm) and Hα and
Hβ. 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.

in the ambient ISM (f μ); fraction of the total effective V-band ab-
sorption optical depth of the dust contributed by the ambient ISM
(μ); effective V-band absorption optical depth of the dust (τ̂V ); ef-
fective V-band absorption optical depth of the dust in the ambient
ISM (μτ̂V ); specific star formation rate (ψS; equation 34); stellar
mass (M∗); and dust mass (Md; equation 30). Fig. 11 shows the like-
lihood distributions of parameters pertaining to the dust emission:
total infrared luminosity (L tot

d ); global contributions (i.e. including
stellar birth clouds and the ambient ISM) by PAHs (ξ tot

PAH), the hot
mid-infrared continuum (ξ tot

MIR) and warm dust in thermal equilib-
rium (ξ tot

W ) to the total infrared luminosity (equations 19, 20 and 21);
equilibrium temperature of warm dust in stellar birth clouds (T BC

W );
contribution by cold dust in thermal equilibrium to the total infrared
luminosity (ξ tot

C , equation 22); and equilibrium temperature of cold
dust in the ambient ISM (T ISM

C ).
The different histograms in Figs 10 and 11 refer to different as-

sumptions about the available set of observations. The grey shaded
histograms show the results obtained when using all the observa-
tional measurements from Fig. 9. In this case, all the parameters are
well constrained by the observed UV, optical and infrared SEDs of
the galaxies, except for the equilibrium temperature T BC

W 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. 5a). We find that, as anticipated from Fig. 9, the transition

from NGC 3521 to NGC 337 to Mrk 33 corresponds to a combined
rise in specific star formation rate (ψS) and dust temperature (T BC

W

and T ISM
C ), a larger contribution to the total infrared luminosity by

warm dust (ξ tot
W ) relative to cold dust (ξ tot

C ), and by stellar birth
clouds relative to the ambient ISM (f μ), and a weakening of PAH
features (ξ tot

PAH). 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 fraction of dust mass contributed by PAHs decreases, from
NGC 3521 to NGC 337 to Mrk 33. We emphasize the importance
of finding tight constraints on all the adjustable model parameters
in Figs 10 and 11. This confirms that the problem 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
multiwavelength observations.

In many situations, observations may not be available across the
full range from UV 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 10 and 11 when reducing the set of available observations. We
illustrate this by considering three potentially common situations.

(i) Case I (red histograms in Figs 10 and 11). We relax the con-
straints on the Hα and Hβ, ISO/ISOCAM (6.75 and 15 µm), IRAS

(12, 25, 60 and 100 µm), Spitzer/MIPS (160 µm) and SCUBA
(850 µm) luminosities. This leaves constraints from GALEX (FUV
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1610 E. da Cunha, S. Charlot and D. Elbaz

Figure 9. 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. 7(a). 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 photometric bands. The residuals (Lobs

λ − Lmod
λ )/Lobs

λ are shown at the bottom of each panel. Filled squares refer to broad-band luminosities
(GALEX FUV and NUV; RC3 UBV; 2MASS JHKs; Spitzer IRAC and MIPS; ISO, IRAS and SCUBA); open squares to the integrated Hα and Hβ luminosities.

and NUV), RC3 (UBV), 2MASS (JHKs), Spitzer/IRAC (3.6, 4.5,
5.8 and 8.0 µm) and Spitzer/MIPS (24 and 70 µm).
The most important effect of excluding the constraints on LHα and
LHβ is to lose the determination of the total effective V-band ab-
sorption optical depth τ̂V in Fig. 10. This is because emission lines
are the best tracers of dust in stellar birth clouds. In fact, the prod-
uct μτ̂V , i.e. the part of τ̂V arising from dust in the ambient ISM,
remains reasonably well constrained by UV, optical and infrared
photometry alone. In Fig. 11, the loss of far-infrared information
redward of 70 µm (IRAS 100 µm, MIPS 160 µm and SCUBA
850 µm) has the most dramatic effect on determinations of the con-
tribution by cold dust to the total infrared luminosity (ξ tot

C ) and on
the equilibrium temperature of both cold (T ISM

C ) and warm (T BC
W )

dust. The IRAC data at wavelengths 3.6, 4.5, 5.8 and 8.0 µm still
provide valuable constraints on ξ tot

PAH, while the loss of ISO 6.75 and
15 µm and IRAS 12 µm information makes determinations of ξ tot

MIR

and ξ tot
W more uncertain. The lack of far-infrared information also

weakens the constraints on the dust mass Md in Fig. 10.

(ii) Case II (blue histograms in Figs 10 and 11). This is simi-
lar to Case I, but we also relax the constraint on the Spitzer/MIPS
70-µm luminosity. The main effect is to significantly worsen esti-
mates of the contributions to the total infrared luminosity by warm
dust in thermal equilibrium (ξ tot

W ) and by the hot mid-infrared con-
tinuum (ξ tot

MIR). The constraints on the total infrared luminosity L tot
d

itself are also slightly worse.
(iii) Case III (green histograms in Figs 10 and 11). This is similar

to Case II, but we also relax the constraints on the GALEX FUV
and NUV luminosities. Not including information about the UV
radiation from young stars has only a weak influence on the results
of Figs 10 and 11, when optical, near-infrared and mid-infrared data
out to 24 µm are already available. The constraints on the specific
star formation rate (ψS), the attenuation parameters (μ, τ̂V and the
product μτ̂V ) and the relative contribution by dust in the ambient
ISM to the total infrared luminosity (f μ) become marginally worse.
The total infrared luminosity L tot

d and the stellar mass M∗ remain
reasonably well constrained.
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A simple model to interpret galaxy spectra 1611

Figure 10. Likelihood distributions of physical quantities derived from fits to the observed UV, 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 μ); total
effective V-band absorption optical depth of the dust (τ̂V ); fraction of the total V-band absorption optical depth of the dust contributed by the ambient ISM (μ);
effective V-band absorption optical depth of the dust in the ambient ISM (μτ̂V ); specific star formation rate (ψS); stellar mass (M∗) and dust mass (Md). The
different histograms correspond to the different sets of observational constraints indicated at the top of the figure (see text of Section 3.2.2 for more detail).

Figure 11. Likelihood distributions of physical quantities derived from fits to the observed UV, optical and infrared spectral energy distributions of NGC 3521
(top row), NGC 337 (middle row) and Mrk 33 (bottom row): total infrared luminosity of the dust (L tot

d ); global contributions (i.e. including stellar birth clouds
and the ambient ISM) by PAHs (ξ tot

PAH), the hot mid-infrared continuum (ξ tot
MIR) and warm dust in thermal equilibrium (ξ tot

W ) to the total infrared luminosity;
equilibrium temperature of warm dust in stellar birth clouds (T BC

W ); contribution by cold dust in thermal equilibrium to the total infrared luminosity (ξ tot
C )

and equilibrium temperature of cold dust in the ambient ISM (T ISM
C ). The different histograms correspond to the different sets of observational constraints

indicated at the top of Fig. 10 (see text of Section 3.2.2 for more detail).

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 μ, 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, e.g. for
NGC 3521 in Fig. 9a). The inclusion of either far-infrared obser-
vations to constrain the temperature of the dust in thermal equilib-
rium or UV 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 con-
straints obtained on f μ for NGC 3521 in all the cases considered in

Fig. 10). We have checked that the predicted mid-infrared emission
of the ambient ISM in these analyses is always consistent with the
expectation that stellar UV photons (with λ < 3500 Å) are the main
contributors to the excitation of PAH molecules and the stochastic
heating of dust grains responsible for the hot mid-infrared contin-
uum. 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 UV. In the SINGS sample, for example, UV 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 (ψS). This fraction reaches about 85 per cent
for galaxies with the highest ψS. At the same time, PAHs and the
hot mid-infrared continuum are found to produce from about 1 to
35 per cent, respectively, of the infrared luminosity of the ambient
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1612 E. da Cunha, S. Charlot and D. Elbaz

Figure 12. Estimates of the total infrared luminosity L tot
d derived from fits

of the observed UV (GALEX FUV and NUV), 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 µm and MIPS 24, 70 and 160 µm), for 61 galaxies with GALEX

measurements in the sample studied in Section 3.2. The different symbols
have the same meaning as in Fig. 7. The error bars (in both the horizontal and
vertical directions) represent the 16th–84th percentile range in L tot

d derived
from the likelihood distributions. The bottom panel shows the logarithm of
the difference L tot

d (GALEX + UBV + 2MASS) minus L tot
d (GALEX + UBV

+ 2MASS + Spitzer) divided by L tot
d (GALEX + UBV + 2MASS + Spitzer).

ISM in these galaxies. Thus, enough stellar UV photons are pro-
duced to account for the mid-infrared emission from PAHs and hot
dust in the ambient ISM of these galaxies, even if a large part is
absorbed by cooler grains in thermal equilibrium.

The above examples illustrate the usefulness of our model to in-
terpret multiwavelength observations of star-forming galaxies, and
how particular observations may be important to constrain specific
galaxy parameters. To further investigate the need for infrared infor-
mation in the determination of L tot

d , we compare in Fig. 12 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 GALEX 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 12). There is a tendency for
starlight-based estimates of L tot

d to lie systematically under the more
precise estimates including infrared constraints for the most lumi-
nous galaxies. This could arise, for example, if the SINGS galaxies
with the largest infrared luminosities contained significant amounts
of enshrouded stars with little contribution to the emergent optical
and near-infrared light. At low L tot

d , starlight-based estimates of the
infrared luminosities of blue compact dwarf galaxies in our sample
are very uncertain in Fig 12. We conclude that rough estimates of
L tot

d may be obtained based on UV, optical and near-infrared obser-
vations alone (at least for values in the range from a few ×108 to
a few ×1010 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.

3.2.3 Sample statistics

We can estimate the physical parameters of all the 66 SINGS galax-
ies in our sample in the same way as exemplified in Figs 10 and 11
above for NGC 3521, NGC 337 and Mrk 33. By doing so, we can
explore potential correlations between different parameters of star-
forming galaxies and infrared colours. In Table 2, we present the
results of this investigation. We list the Spearman rank correlation
coefficients for the relations between three Spitzer infrared colours,
L8

ν/L24
ν , L24

ν /L70
ν and L70

ν /L160
ν , and 11 parameters derived from our

spectral fits of SINGS galaxies: the specific star formation rate, ψS;
the fraction of total infrared luminosity contributed by dust in the
ambient ISM, f μ; the global contributions (i.e. including stellar birth
clouds and the ambient ISM) by PAHs (ξ tot

PAH), the hot mid-infrared
continuum (ξ tot

MIR) and warm dust in thermal equilibrium (ξ tot
W ) to the

total infrared luminosity (equations 19–21); the equilibrium tem-
perature of warm dust in stellar birth clouds, T BC

W ; the contribution
by cold dust in thermal equilibrium to the total infrared luminosity,
ξ tot

C (equation 22); the equilibrium temperature of cold dust in the
ambient ISM, T ISM

C ; the star formation rate averaged over the past
100 Myr, ψ = M∗ψS (see equation 34); the stellar mass, M∗ and
the ratio of dust mass to stellar mass, Md/M∗ (see equation 30). We
also indicate in Table 2 the significance levels of these correlations
for our sample size of 66 galaxies.

Table 2 shows that the infrared colours L8
ν/L24

ν and L70
ν /L160

ν cor-
relate well with several model quantities, such as ψS, f μ, ξ tot

PAH, ξ tot
W ,

T BC
W , ξ tot

C and T ISM
C , while L24

ν /L70
ν does not. Furthermore, it is inter-

esting to note that the specific star formation rate, but not the star
formation rate itself, correlates well with L8

ν/L24
ν and L70

ν /L160
ν . This

is illustrated in Fig. 13, where we show L8
ν/L24

ν and L70
ν /L160

ν as a
function of both ψS and ψ for the 66 galaxies in our sample. We
find that, as anticipated in Section 3.2.2, 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. 14, we explore the relations between ψS and other physical
properties of the SINGS galaxies, which correlate well with infrared
colours: f μ, ξ tot

PAH, ξ tot
W , ξ tot

C and Md/M∗ (Table 2). The Spearman
rank coefficients for these correlations are rS = −0.764 (indicating
a 6σ significance level for the sample size), −0.551 (4σ ), 0.739
(6σ ), −0.647 (5σ ) and 0.780 (6σ ), respectively. For completeness,
we also show in Fig. 14 the relation between dust-to-gas mass ratio,
Md/MH, and ψS, for the 35 galaxies with gas masses MH = M(H I +

H 2) available from Draine et al. (2007). In this case, the Spearman
rank coefficient is rS = −0.537, indicating a 3σ correlation only
for the reduced sample size. We note that the dust masses in Fig. 14
are typically within 50 per cent of those estimated by Draine et al.
(2007) on the basis of their more sophisticated physical dust model.

The strong correlations between infrared colours and several
physical quantities of the SINGS galaxies in Figs 13 and 14 pro-
vide important insight into the link between star formation and ISM
properties in galaxies. For example, we also find a 7σ correlation
between the star formation rate ψ and the dust mass Md for the 66
SINGS galaxies in our full sample, and a 5σ correlation between ψ

and the gas mass MH for the 35 galaxies with H I and H 2 measure-
ments (not shown). To some extent, the rise in the contribution by
stellar birth clouds (i.e. giant molecular clouds) to the infrared emis-
sion from a galaxy when ψS increases (Fig. 14a), the accompanying
rise in the contribution by warm dust (Fig. 14c), the drop in that by
cold dust (Fig. 14d) and the weakening of PAH features (Fig. 14b)
have been anticipated in several previous studies (e.g. Helou 1986;
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A simple model to interpret galaxy spectra 1613

Table 2. Correlations between three Spitzer infrared colours L8
ν/L24

ν , L24
ν /L70

ν and L70
ν /L160

ν 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 rS of the relation between the two quantities, while the second row indicates the significance level of the correlation for
the sample size.

ψS f μ ξ tot
PAH ξ tot

MIR ξ tot
W T BC

W ξ tot
C T ISM

C ψ M∗ Md/M∗

L8
ν/L24

ν −0.723 0.679 0.715 0.108 −0.858 −0.437 0.663 −0.318 −0.007 0.634 −0.377
6σ 5σ 6σ 1σ 7σ 4σ 5σ 3σ <1σ 5σ 3σ

L24
ν /L70

ν 0.018 −0.201 0.182 0.253 0.212 0.423 −0.390 −0.081 0.503 0.243 0.133
<1σ 2σ 1σ 2σ 2σ 3σ 3σ <1σ 4σ 2σ 1σ

L70
ν /L160

ν 0.466 −0.464 −0.556 −0.162 0.741 0.509 0.577 0.692 −0.123 −0.450 0.040
4σ 4σ 4σ 1σ 6σ 4σ 5σ 6σ 1σ 4σ <1σ

Figure 13. Spitzer infrared colours plotted against median likelihood estimates of the star formation rate, for the 66 SINGS galaxies of the sample discussed
in Section 3.2. (a) Ratio of 8- to 24-µm luminosity plotted against star formation rate averaged over the past 100 Myr, ψ = M∗ψS (see equation 34). (b) Ratio
of 70- to 160-µm luminosity plotted against ψ . (c) Ratio of 8- to 24-µm luminosity plotted against specific star formation rate ψS. (d) Ratio of 70- to 160-µm
luminosity plotted against ψS. The different symbols have the same meaning as in Fig. 7. For each point, the vertical error bars represent the ±1σ observational
uncertainties, while the horizontal error bars represent the 16th–84th percentile range derived from the likelihood distribution of the quantity on the x-axis.

Cesarsky et al. 1996; Silva et al. 1998; Dale et al. 2001, 2007). The
originality of our approach is to quantify 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 emphasizing 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.

3.3 Comparison with previous models

The model we have developed allows one to interpret the infrared
SEDs of galaxies consistently with the UV and optical emission,
in terms of combined constraints on the star formation and dust
properties. At the 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 3.2.2 (Fig. 9).

Chary & Elbaz (2001) propose a library of template spectra to
reproduce the observed correlations between the total infrared lumi-
nosity L tot

d (LIR in their notation) and the luminosities in individual
ISO and IRAS bands, for local galaxies. This leads them to assign a
unique luminosity to a given infrared spectral shape. In Fig. 15,
we compare the best-fitting SEDs inferred from our model for
NGC 3521, NGC 337 and Mrk 33 (in black, from Fig. 9) with
template spectra from Chary & Elbaz (2001, in green). Since the
three galaxies have similar infrared luminosities (Fig. 11), they are
assigned similar infrared spectra in the prescription of Chary &
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1614 E. da Cunha, S. Charlot and D. Elbaz

Figure 14. Median likelihood estimates of galaxy properties plotted against specific star formation rate, for the 66 SINGS galaxies of the sample discussed in
Section 3.2. (a) Fraction of total infrared luminosity contributed by dust in the ambient ISM, f μ. (b) Global contribution (i.e. including stellar birth clouds and
the ambient ISM) by PAHs to the total infrared luminosity, ξ tot

PAH. (c) Global contribution by warm dust in thermal equilibrium to the total infrared luminosity
ξ tot

W . (d) Contribution by cold dust in thermal equilibrium to the total infrared luminosity, ξ tot
C . (e) Ratio of dust mass to stellar mass, Md/M∗. (f) Ratio of dust

mass to gas mass, Md/MH, for the 35 galaxies with gas masses MH = M(H I + H2) available from Draine et al. (2007). The different symbols have the same
meaning as in Fig. 7. The error bars represent the 16th–84th percentile ranges derived from the likelihood distributions of the estimated parameters.

Elbaz (2001, shown as dotted green lines in Fig. 15). However, as
Figs 7 and 9 show, NGC 3521, NGC 337 and Mrk 33 have different
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. 15) correspond to widely differ-
ent 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 SED typical of an ultraluminous
infrared galaxy (ULIRG, with LIR ≥ 1012 L⊙). 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) parametrize the SEDs of normal star-
forming galaxies in terms of a single parameter αSED, which is
inversely proportional to the intensity of the interstellar radiation
field heating dust grains. Variations in αSED can account for the
observed range of F60/F100 colours of normal star-forming galax-
ies. Dale et al. (2007) find that the Dale & Helou (2002) models
that best fit the MIPS colours of NGC 3521, 337 and Mrk 33 have
αSED = 3.32, 2.23 and 1.44, respectively (these models are shown
as blue lines in Fig. 15). This sequence in αSED is consistent with
that in the specific star formation rate ψS inferred from our analysis
of these galaxies (see Fig. 10). As mentioned above, our model can
provide greater insight into the star formation histories and dust
properties of galaxies.

3.4 Potential sources of systematic errors

3.4.1 Star formation prior

We have checked the sensitivity of our results to the prior distribu-
tions of star formation histories in the model library of Section 3.1.
We have repeated our results using continuous star formations his-
tories (i.e. omitting superimposed stochastic starbursts). We find
that, in this case, the overall quality of the fits to the UV, optical
and infrared SEDs 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 IMF. Adopting
a Salpeter (1955) IMF instead of the Chabrier IMF would lead to
stellar mass estimates about 1.4 times larger.

3.4.2 Attenuation law

In this study, we have assumed that the effective dust absorption
optical depth in stellar birth clouds scales with wavelength as τ̂BC

λ ∝

λ−1.3 (see Section 2.1). Adopting instead τ̂BC
λ ∝ λ−0.7 (i.e. the

same wavelength dependence as the attenuation law in the ambient
ISM; see Charlot & Fall 2000) does not change significantly the
overall quality of the fits to the broad-band SEDs of the SINGS
galaxies. However, for the galaxies with spectroscopic observations,
the Hα/Hβ ratios predicted using τ̂BC

λ ∝ λ−0.7 tend to be lower than
observed by typically 15 per cent (see also Wild et al. 2007). This has
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A simple model to interpret galaxy spectra 1615

Figure 15. 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. 9 (in red). In each panel, the black line shows
the best-fitting model from Fig. 9; 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).

negligible implications for the constraints on the dust parameters μ

and τ̂V derived for the SINGS galaxies.

3.4.3 Inclination

The predictions of our model are averaged over viewing angles. In
practice, however, because of the non-uniform spatial distribution of
dust, observed fluxes at UV, 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 δf μ in the connection between stellar and dust emis-
sion (see Section 3.1). Also, we do not find any systematic trend in
the quality of spectral fits with the inclination of the SINGS galax-
ies. In the future, we plan to investigate the effect of orientation
further by applying our model to larger samples of galaxies span-
ning wide ranges in physical properties and inclinations.

3.5 Applicability of the model

Our model is designed primarily to interpret UV, optical and infrared
observations 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 3.2).
Constraints on these quantities for statistical samples of galaxies
at various redshifts are expected to provide useful insight into the

processes that were important in the evolution of the galaxies we
see today.

Our model is not optimized to interpret in detail multiwavelength
observations of individual galaxies, for which the consideration of
geometrical factors becomes important. Studies of this type gen-
erally require complex radiative transfer calculations 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 starburst 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 II regions, represents a suitable alternative.

4 SU M M A RY A N D C O N C L U S I O N

We have developed a simple but versatile model to interpret the mid-
and far-infrared SEDs of galaxies consistently with the emission at
UV, 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 lu-
minosity 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 µm by consider-
ing the contributions by four main dust components: PAH emis-
sion, 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 adjustable
amount) only in the ambient ISM, where the relative ratios of the
other three components are fixed to the values reproducing the ob-
served mid-infrared cirrus emission of the Milky Way. We find that
this minimum number of components is required to account for the
infrared SEDs of galaxies in wide ranges of star formation histories.

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. 9 illustrates,
these models provide appropriate fits to the observed UV, optical
and infrared SEDs 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 contribu-
tions by different dust components to the total infrared luminosity of
every SINGS galaxy in our sample. The accuracy of these estimates
depends on the available spectral information. We find that, for ex-
ample, although the total infrared luminosity L tot

d of a galaxy can be
roughly estimated using UV, optical and near-infrared data alone (at
least for values in the range from a few ×108 to a few ×1010 L⊙),
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 rate of SINGS galaxies
correlates strongly not only with observed infrared colours, but also
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1616 E. da Cunha, S. Charlot and D. Elbaz

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 for-
mation 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 be-
tween giant molecular clouds and the diffuse ISM. Studies of these
relations at different redshifts will have important implications for
our understanding of the physical processes that dominate galaxy
evolution.

Our model should be useful for interpreting data from any modern
galaxy survey at UV, 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. This
model is meant to be used by the astronomical community and we
intend to make it publicly available.
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