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ABSTRACT

We present a self-consistent model of the spectral enesgyilitions (SEDs) of spiral galaxies from the ultravioletv) to the
mid-infrared (MIR)far-infrared (FIR)submillimeter (submm) based on a full radiative transfdcwdation of the propagation of
starlight in galaxy disks. This model predicts not only tbtal integrated energy absorbed in the /dptical and re-emitted in the
infraredsubmm, but also the colours of the dust emission based onpdiniegalculation of the strength and colour of the [dytical
radiation fields heating the dust, and incorporating a filtalation of the stochastic heating of small dust grairgsRéH molecules.
The geometry of the translucent components of the model @rerally constrained using the results from the radiatinsfer
analysis of Xilouris et al. on spirals in the middle rangetef Hubble sequence, while the geometry of the opticallktb@nponents

is constrained from physical considerations with a postechecks of the model predictions with observational datdlowing the
observational constraints, the model has both a distdbudf diffuse dust associated with the old and young disk stellar ptipnk

as well as a clumpy component arising from dust in the paresiecnlar clouds in star forming regions. In accordance it
fragmented nature of dense molecular gas in typical stanifg regions, UV light from massive stars is allowed to eitfreely
stream away into the flise medium in some fraction of directions or be geometsidadticked and locally absorbed in clumps.
These geometrical constraints enable the dust emissior firddicted in terms of a minimum set of free parameters: émeral
face-on dust opacity in the B-bamé, a clumpiness factdr for the star-forming regions, the star-formation r&tER the normalised
luminosity of the old stellar populatioold and the bulge-to-disk ratiB/D. We show that these parameters are almost orthogonal in
their predicted fect on the colours of the dyBAH emission. In most practical applicatioBgD will actually not be a free parameter
but (together with the angular sifig, and inclinationi of the disk) act as a constraint derived from morphologi@danposition

of higher resolution optical images. This also extends #émge of applicability of the model along the Hubble sequeWée further
show that the dependence of the dust emission SED on theramfithe stellar photon field depends primarily on the ratioateen
the luminosities of the young and old stellar populatiors gpecified by the paramete®s=Randold) rather than on the detailed
colour of the emissions from either of these populations fitodel is thereby independent of a priori assumptions ofltailed
mathematical form of the dependence of SFR on time, allowidgoptical SEDs to be dereddened without recourse to populatio
synthesis models.

Utilising these findings, we show how the predictive poweratfiative transfer calculations can be combined with messants of
6ga1, i @nd B/D from optical images to self-consistently fit Uptical-MIR/FIR/submm SEDs observed in large statistical surveys
in a fast and flexible way, deriving physical parameters omlgect-by-object basis. We also identify a non-parameést of the
fidelity of the model in practical applications through caripon of the model predictions for FIR colour and surfadgtiness
with the corresponding observed quantities. This shouldffeetive in identifying objects such as AGNs or star-formiradagies
with markedly diferent geometries to those of the calibrators of XilourisleThe results of the calculations are made available in
the form of a large library of simulated dust emission SEDansing the whole parameter space of our model, togethertigéth
corresponding library of dust attenuation calculated gigie same model.

Key words. Radiative transfer - Scattering - (ISM): dust, extinctioBalaxies: spiral - Galaxies: individual: NGC 891 - Infrared
galaxies - submillimeter - Ultraviolet: galaxies

1. Introduction

Copious quantities of interstellar dust are present in tisksd

* We dedicate this paper to the memory of Angelos Misiriotisely  Of all metal rich star-forming galaxies. This dust pervadés
missed as a friend, collaborator and exceptional scientist components of the interstellar medium (ISM), ranging fréa t
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diffuse ionised and neutral medium filling most of the volume There are several reasons why obtaining information about
of the gaseous disk, through embedded neutral and molecular relative absorption probabilities of ptical photons as a
clouds of intermediate sizes and densities, down to theedeffisnction of wavelength is a very complex problem, which can-
cloud cores on sub-parsec scales which are the sites of format be solved by means of the application of single wavetengt
tion of stars. The ubiquity and high abundance (relativehto t dependent correction factors as is the case for extinctiorec-
available pool of interstellar metals) of grains is a funeatal tions for stargl.

result of the solid state being the favoured repository ébrarc- Firstly, as already noted, the ISM is highly structured hwit
tory elements in all but the coronal component of the ISM, ardust present in both large scale and small scale structlines.
affects the very nature of galaxies. In particular, dust playsa strongly dfects the dependence of attenuation on/&ffical

jor role in determining the thermodynamic balance of the JSMvavelength, even for uniform geometrical distributionstafrs,
through photoelectric heating and inelastic interactisits gas as shown by the study of attenuation of starlight in a turbu-
species, influencing the propensity of galaxies to accostel lent ISM with a log-normal density distribution by Fische®a
and condense gas into stars (see e.g. Popescuf& 2010). In Dopita (2005). Similarly, various studies have shown thét d
view of the physical role played by dust particles in the pss ferent mass fractions of dust in clumps andfuie structures

of star formation, it can be regarded as a minor perversihef can dfect the amplitude and wavelength dependence both of the
ture that, by virtue of their strong interaction cross smtivith UV/optical attenuation and of the dust emission (Kuchinski et
stellar photons, the very same particles strongly inhiidt dis- al. 1998, Bianchi et al. 2000a, Witt & Gordon 2000, Misselt et
tort our view of the resulting stellar populations, thusyarting al. 2001, Misiriotis & Bianchi 2002, Pierini et al. 2004, ffsiet

a straightforward confrontation of theories for star fotimain al. 2004, Bianchi 2008). All these studies indicate that eted
galaxies with observations. for the attenuation of starlight and its re-emission in tifeaired

Statistical studies of the luminosity and colour distribuwill only have predictive power if independent constraimsthe
tions of large samples of galaxies seen d#fedent orientations geometry of the dust-bearing structures in the ISM are alksl
(most notably the attenuation-inclination relation) habhewn Secondly, stellar populations offtérent ages have system-
the severity of this fiect even in the optical bands, and not jusatically different geometrical relations to these dust structures
in exceptionally opaque systems, but in the major part of tfSilva et al. 1998, Charlot & Fall 2000, Popescu et al. 2000)
population of star-forming disk galaxies in the local Unise due to the disruption of birth clouds through the action ef-st
(Driver et al. 2007, Shao et al. 2007, Choi 2007, Driver et dar winds and supernovae, the migration of stars away fraseh
2008, Unterborn & Ryden 2008, Padilla & Strauss 2008, Ctatouds with time and the subsequent dynamical evolutiotedf s
& Park 2009, Maller et al. 2009, Ganda et al. 2009, Masters lar populations on Gyr timescales from a thin disk to a thiskd
al. 2010). This means that we not only need to solve the pratenfiguration (Wielen 1977).
lem of deriving intrinsic stellar emissivities from newlgrined Thirdly, the response of grains to light is not just a questio
stars emitting predominantly in the ultraviolet, but alsed to of the wavelength and flux of the photons hitting them but afso
decode the fect of dust on the amplitude and colours of optitheir optical properties (dependent on shape, size and asimp
cal light to derive the SF history of galaxies. This is funagem tion; see review by Draine 2010). A particularly complexexsip
tally an ill-constrained problem using broad-band optitdata of this is the account that should in principle be made of gsy s
alone, due to the agmetallicity/opacity degeneracy (Silva & tematic diterences in composition on location in the ISM, such
Elston 1994, Worthey 1994, Li & Han 2008). Even for galaxas for example the transition between pure refractory sgeni
ies bright enough for constraints on dust attenuation to Aéem the difuse ISM irradiated by UV to ices and ice-coated grains
through optical spectroscopy, for example from measurésnein opaque molecular clouds. Furthermore, even supposieg th
of the emission from hydrogen recombination lines, large uaomposition and size distribution is known, the stochaestids-
certainties still prevail due to the complex geometry oftdos sion of small dust grains responding to impulsive heatirgtba
galaxies and the fierent dfect of this dust on the light from be calculated throughout the volume, which is computatipna
stellar populations of dlierent ages. challenging.

In recent years the advent of spaceborne infrared astronomyArguably, the most fundamental and challenging of these
has meant that we have now the capability of viewing the aBroblems is the determination of the geometry of the dust-
sorbed energy of the starlight in galaxies, which would seembearing structures in the ISM, since knowledge of this ise pr
offer a solution to unravelling theffects of dust, at least from requisite to obtaining a self-consistent solution embradhe
an observational perspective. Star-forming disk galaatesob- amplitude and geometry of the stellar populations and thieaip
served to have most of this absorbed energy re-radiatecein Bfoperties of the grains. Where FIR data is available, a pioive
far-infrared (FIR), with a significant amount also in the midway of constraining the geometry of dust on all scales is & us
infrared (MIR) and in the Polycyclic Aromatic Carbon (pAH)the fact that grains act as test particles with FIR colou-ch
bands (see review of Sauvage et al. 2005). Simple energy mgteristic of the intensity and colour of the interstelladiation
ance measurements indicate that indeed a large fractidmeof fields (ISRF), which in turn are a strong function of morpfgo
stellar light is absorbed even in relatively quiescentaigjalax- cal structures within galaxies. For example grains lodadigited
ies in the local universe (Popescu &fTa12002, Xu et al. 2006, by the strong radiation fields within embedded star fornmates
Driver et al. 2008). Commonly, the total re-radiated endggy 9ions emit an infrared radiation that peaks aroungréQwhile
estimated by fitting the (typically sparsely sampled) measu grains heated by thefilise radiation fields in the disk of galax-
mgggso Ig:vweunséteer?;élfgggfré)e;l\gléhﬁ gliﬁozr?)gg?::c))?;?r? é ZE% We note that attenuation is an integral property of an exddruis-

. jbution (e.g. a galaxy) of light and should not be confuséth the
2007) or with SED models that use templates (Xu et al. 199 tinction measured for point sources (e.g. single stsvéjle the ex-

Sajina et al. 2006, Marshall et al. 2007, da Cunha et al. 2008)ction is simply proportional to the column density of tiamd its

However, this appl’oach is inSicient to derive the intrinsic UV wavelength dependence is determined by the optical piepeof the

and optical emission of galaxies, even in cases where thé tgjrains, the attenuation depends on the distribution of adistars, the
infrared emission can be accurately estimated. variation of dust properties and the orientation of the xjata
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ies will emit an infrared radiation that typically peaks Wehg- the relation between gas, dust and stars in galaxies is etenpl
wards of 10Q:m, but also exhibit substantial emission in thé&urthermore, deriving information on galaxies on an obgct
MIR region due to the stochastic heating of small grains (sebject base is better suited to the decoding process, atfteas
Sauvage et al. 2005). In general using dust grains as tratergvolved disk galaxies in the local Universe with more unifor
the ISRF is a key way to constrain both opaque and transtyeometries.
cent components of the ISM on all spatial scales, and the tech In this paper we follow the decoding approach, using an
nical implementation of this approach is to use radiatia@sr empirical determination of geometry to self-consisterhg-
fer (RT) calculations. Muchféort has been put into this prob-dict the UVjoptical attenuation of starlight and the correspond-
lem of developing ficient RT codes, and there are now sevMng dustPAH emission SEDs of star-forming galaxies in the
eral available in the literature (see Kylafis & Xilouris 20f@6 a |ocal Universe. To this end we use an updated and enhanced
comprehensive review on radiative transfer techniqued use version of the original model of Popescu et al. (2000, here-
galaxy modelling). Specific RT calculations of the integtht after Paper I) which incorporates the geometrical consisain
MIR/FIR/submm emission from grains heated by starlight idust and stars in spiral galaxies found by Xilouris et al 9@
disk galaxies have been made for various specificationseof tBpecifically, we calculate a comprehensive library of sigti
geometry of stars and dust by Siebenmorgen & Krigel 1998tegrated dugPAH re-emission SEIHsof disk galaxies as a
Silva et al. 1998, Popescu et al. 2000, Efstathiou & Rowafunction of a minimal set of physical parameters needed e pr
Robinson 2003, Piovan et al. 2006, Bianchi 2008. dict the dustPAH emission. We further describe how this set of
Further empirical constraints on the geometry of dust iusfPAH re-emission SEDs can be self-consistently combined
galaxies are possible for systems where major dust-beeoimg with a new library of UVoptical dust attenuations calculated
ponents of the ISM are translucent, thus allowing inforovati using the same model (an update of the existing library from
about the distributions of dust and stars on scales of hdsdre Tuffs et al. 2004; hereafter Paper IIl) to invert an observed set
parsecs to be inferred from images of the optical emissibis T of broad-band photometry of a galaxy spanning the/dptical
approach, which also relies on modelling of the data with RTFIR/submm range to derive the intrinsic (i.e. as would be ob-
techniques, was adopted by Xilouris et al. (1999) in theiega served in the absence of dust) [dptical emission of the galaxy.
tigation of the large scale filuise components in edge-on spiraln particular we demonstrate that this analysis can, witlsay+
galaxies, revealing reproducible trends in the geometistars nificant loss in accuracy, be done independent of a priori as-
with respect to the dust. The analysis of Xilouris et al. wias a sumptions of the detailed mathematical form of the depecelen
notable in that it was also able to measure the extinctiorféaw of SFR on time. This approach allows the [dgtical SED to be
the visible component of dust for these systems, showing it dereddened in a fast and flexible way without recourse tolpepu
be consistent with that of dust in thefllise ISM of the Milky tion synthesis models. The latter models can then be compare
Way in the observed optig®lIR range. In principle the geomet-the dereddened Udptical SED to derive the SF history in a fur-
ric constraints on the distributions of stellar emissiatyd dust ther, independent step, avoiding bias due to th¢ragrllicity-
derived from optical observations of translucent regicas loe opacity degeneracy.
extended to more obscured components of the ISM, such as forThe primary motivation to develop this approach was to ex-
example the molecular layer in the disk out of which stars atend the applicability of a fully self-consistent RT sotutito
forming, by making use of the physical connection between gahe large statistical samples of optically selected loaaiverse
stars and dust to further constrain the geometry of the pmbl star-f()rming galaxies spanning a full range of mass, mdq;g)p
Overall, our knowledge of galaxies, at least in the locaMérse, and environment for which, thanks to facilities such as GXI.E
suggests that the specification of geometry does not neegl toISE, Spitzer, AKARI and Herschel (e.g. Driver et al. 2009,
completely ad hoc and can be empirically constrained by tiles et al. 2010, Martin 2010) integrated photometry is fasw
colour of the integrated dust emission, by the optical mesasuthe first time becoming routinely available across the fu4-U
ments of structure, and by considerations of physical iéitg. submm rangB.In addition to showing how the UMptical atten-
This approach can be directly applied to the panchromateeb uation is constrained through the observed colour and &mdeli
vations to decode their information into basic physicabpeg- of the observed PAKIust emission spectrum, we also describe
ters of galaxies, and we therefore call this approdeboding how to utilise morphological information from high resotn
observed panchromatic SEQsee Popescu & Tis 2010). optical observations of galaxies (such as linear sizes sKsdi
The only alternative to invoking empirical constraints ba t and the bulge-disk decompositions) which are expectedriteco
distributions of dust and stars in galaxies is to calculatsé from the next generation of wide field imaging spectroscopic
geometry from first principles, using numerical simulaa@f surveys of local Universe galaxies (e.g. Driver et al. 2009)
how galaxies form and evolve. This approach was followed
by Chakrabarti et al. (2008), Chakrabarti & Whitney (2009),2 a|| available in electronic format at CDS data base
Jonsson et al. (2009) and we calleihcoding predicted physi- 3 Here we emphasise once more that our model has been calibrate
cal quantities A particular advantage of the encoding approadbr local Universe galaxies, and therefore its applicap#hould mainly
is in its application to high redshift galaxies with more qaex lie within low redshift galaxies. The models are also taedetb spiral
geometries due to frequent mergers and interactions, where galaxies. We have not attempted to model elliptical gakaxétarburst
drodynamical simulations are ideal for describing streesion  galaxies or AGN nuclei. Models for starburst galaxies carobed in
scales greater than ca. 100 pc (Jonsson et al. 2009), ateastRowan-Robinson & Efstathiou 1993, Krugel & Siebenmorg&94,
statistical sense. The coupling of cosmological simufeiwith Silva et al. 1998, Efstathiou et al. 2000, Takagi et al. 2aD@pita et

- - . . al. 2005, Siebenmorgen & Kriigel 2007, Groves et al. 2008dé®
SED modelling tools is moreover an obvious way to mterp’rettfor starburst dwarfs can be found in Galliano et al. (2003pdils

cosmological evolution of luminosity functions of both tieect (J. AGN torus were presented by Pier & Krolik 1992, Efstathi@
and re-radiated components of stellar light, somethingtvhas  rowan-Robinson 1990, Granato & Danese 1994, Efstathiou8aRe
already been done using semi-analytic models of structure fRobinson 1995, Nenkova et al. 2002, Dullemond & van Bemme620
mation (Almeida et al. 2010). On the other hand, the encodirgtz et al. 2006, Honig et al. 2006, Schartmann et al. 20@8)kova et
process relies on the assumption that the theory used técpredl. 2008.
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keeping with the decoding approach that we have adopted, @fehe model by virtue of its prediction of the colour-lumaity
envisage that the model will be well suited to the establishim relation for spiral galaxies.
of empirical relations between SF activity and SF historpjpf
tically selected galaxies with a large range of propertieis-o . .
teres{ such as dynamical mass (both of the parent DM halo a%wCalculatlon of the infrared SEDs
in disk), baryonic gas content, dust content, relativipaeticle We calculate the infrared SEDs using an updated versioneof th
content, and environment. Amongst other applications théeh model from Paper | which was applied to the interpretation of
should also be useful for evaluating the relation betweeadr dust emission from edge-on galaxies by Misiriotis et al.O®0
band and spectroscopic measures of both SFR and opacitpéper 11) and also used to make predictions for tffeats of
spiral galaxies so that these quantities may be measures@sc dust in the optical range in Paper Il and by Mollefihet al.
where a full panchromatic coverage of the UV-submm SED {2006; Paper 1V). In the following we describe the changes in
not yet available. detail, giving their physical motivation, and showing hdvey
Although we have calibrated the model using the optical onterlink with the mathematical formulation of the model.
servations of the galaxies from Xilouris et al. (1999) wharke
all spirals in the middle range of the Hubble sequence, we ha o
incorporated a bulge-to-disk luminosity ratio parametéich 2.1. The distribution of stars and dust
will extend the applicability of the model to galaxies oflear  Star-forming galaxies are fundamentally inhomogeneoois; ¢
and later morphological types. We have also identified a nogaining highly obscured massive star-formation regiossyall
parametric test to evaluate the fidelity of this model byuert as more extended large scale distributions of stars and iust
of its prediction of the colour-surface-brightness relatior spi-  js important to emphasize that the large-scale distribuiadit-
ral galaxies. This test will allow galaxies with systematiffer- fyse dust plays a major role in mediating the propagatiothof p
ences from the geometry adopted in this model to be identifieghns in galaxy disks and dominates the total bolometricuadp
This paper is organised as follows. In Sédt. 2 we descrild@st emission. The discovery of thidiilise component was one
our model for the dust emission, together with the physiaal mof the highlights of the Infrared Space Observatory (ISE8(s
tivation associated with its underlying assumptions, amd f Tuffs & Popescu 2006 and Sauvage et al. 2006 for reviews on
mulate the mathematical framework underpinning the quanthe ISO science legacy on normal nearby galaxies). Thidtresu
tative comparison of dust emission with the attenuatiosieal was obtained both from analysing the integrated propesfies
lations presented in this paper. We draw particular atentio frared emission from galaxies (Popescu et al. 2002) bufedso
the changes in the model compared to the original formulgesolved studies of nearby galaxies (Haas et al. 1998, Kijpe
tion in Paper I. Specifically, we describe the inclusion oHPA et al. 2003, Tfs & Gabriel 2003, Popescu et al. 2005) and is
molecules, needed to extend the applicability of the model how being confirmed by the infrared data from Spitzer (Pérez
shorter (mid-IR) wavelengths, and which also led to a revisi Gonzalez et al. 2006, Hinz et al. 2006, Dale et al. 2007, Bend
to the overall grain size distribution to preserve consisyevith et al. 2008, Kennicutt et al. 2009) and AKARI (Suzuki et al.
the extinction and emission properties of interstellatddigur-  2007). Our model being empirically motivated we tried to in-
ther major update to the model is the inclusion of the conti¢torporate all available observational constrains pravioe the
bution to dust heating of the young stellar population atoapt data. Accordingly our model includes both #&dse component
wavelengths, avoiding the artificial cutf@f the emission of this and a localised component representing the star-formation
population beyond the UV range in the original version of thglexes.
model from Paper I. In this section we further describe asexi A schematic picture of the geometrical components of the
treatment of the emission from star-formation regionspinc model is given in Figi11, together with a mathematical prigscr
porating a wavelength-dependence of the escaping UV l@httfon of the stellar emissivities and dust opacities usedhia t
achieve consistency with their attenuation propertievasdi- model.
lated in Paper Ill and including an updated template for hre ¢~ The large scale distribution of stars and dust are approxi-
responding infrared emission using the recent model of @&ovmated as continuous spatial functions of stellar emissaitd
et al. (2008). In SecL]3 we illustrate our model for the calse dust opacity, which we refer to as filise” distributions. We
the well studied galaxy NGC 891. A more general quantitativeave separate distributions for the old and young stellaufzo
analysis of the #ects of the main assumptions of the model ofions, and we also consider separate distributions feust dust
the predicted spatially integrated SEDs as well as testhien hssociated with these populations.
fidelity of the model are given in Se¢il 4. We then present our The old stellar population resides in a disk and a bulge,
library of simulated dust emission SEDs in Sé¢t. 5 and discugith its emissivity described by a double exponential anca d
the predicted variation of these SEDs with the main pararset&/aucouleurs distribution, respectively:
of the model in Secf.]6. We summarize the main results of the
paper in Secf]s. R
The updated calculations of attenuation of stellar light fo;(1, R 2) = %1, 0, 0) exp(— o Ek)
the difuse component are given in Appenfix B. To facilitate the hdisk  Ais
use of this library of attenuation in combination with thestlu

emission calculations we give in Appendix C formulae for the  + 5”981, 0,0) exp(7.67BY4) B/, (1)
composite attenuation of stellar light from thétdrent geomet-

rical components of stellar emissivity in terms of the paeters [RZ + 22 (a/b)2

used for the prediction of the dust emission. For an easysaccB = TR 2)

to potential users of the model we give in Apperidix D a step-by _

step guide on how to use the model for fitting real data, tagetrwhereR andz are the cylindrical coordinateg?sk(1, 0, 0) is the
with the full mathematical formalism. In this appendix weal stellar emissivity at the centre of the disg'sk, sk are the scale-
describe the non-parametric test to objectively judge fieeey length and scaleheight of the disi€“9%(1,0,0) is the stellar
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Fig. 1. Schematic representation of the geometrical distribgtafistellar and dust emissivity together with a mathembpiczscrip-
tion of the stellar emissivities and dust opacities usedérhodel. Here, and in the main body of the text we use the scipetr
“disk”, “bulge” and “tdisk” for all the quantities respeegly describing the disk (the old stellar disk plus the aggted dust disk,
whether the latter is sometimes referred to as the “first dis#t’), the bulge and the thin disk (the young stellar diskspthe
associated dust disk, whether the latter is sometimegeefév as the “second dust disk”).

emissivity at the centre of the bulgRg is the dfective radius was also able to find a general relation between the scaletseig
of the bulge, andh andb are the semi-major and semi-minorand scalelength of old stars and dust and the dependends of th

axes of the bulge. relation on wavelength. The derived relation enabled usxto fi
The total luminosity of the old stellar population in theldis the relative distribution of old stars and dust in our modiel.

is then given by: Papers | and Il we verified that the derived geometrical param
disk disk <k diske eters from Xilouris et al. correctly pre_dicted the dqst esitu'E_!

L0 = 47 K2, 0,0) A% (hd"™Y) (3) SEDs of the 5 nearby edge-on galaxies. Observationally st wa

also confirmed that the dust disk not only has a larger scajéte
than the stellar disk (Alton et al. 1998, Davies et al. 1998y},
was detected to physically extend well beyond the stellsk di
(Popescu & Tés 2003; see also Popescu et al. 2002 and Hinz
et al. 2006 for dwarf galaxies). From resolved studies ofxal

dick sick R 12 ies it was also found that there is a large scale distribubion
Kext (A, R, 2) = kGyy (4,0, 0) eXp(_W‘ - W) (4) diffuse dust having a face-on opacity that decreases with radius

d zg (Boissier et al. 2004, Popescu et al. 2005, Pérez-Gonehlal.

where«dsk(1, 0,0) is the extinction coicient at the centre of 2006, Boissier et al. 2007, Mufioz-Mateos et al. 2009).

. - - ) The geometrical parameters of our model are listed in
disk isk
the disk and** andz;** are the scalelength and scaleheight 0Fable[Ef.’t, where all the length parameters are normalistibto

thel?\ujltjf fﬁggiealut?]deV;Z?afrmeet?el?ssézns?:rri%iiiz the geometry of t -bandd ks caleler(}g'&h of the disks*{(B). In our calculations we
1S — IS — 1
old stellar population and of the first dust disk are empiiyca ehs™(B) = hrey = 5670pc, the fixed reference scalelength

constrained from resolved optical and near-IR images wiagh ©f 0Ur model galaxy, as derived for NGC 891.

sults of the modelling procedure of Xilouris et al. (199%rF  The “"young” stellar population and associated dust are also
edge-on systems these calculations completely deterrhime $PeCified by exponential disks, which are taken to have small
scale heights and lengths of the exponential disk of oléstad Scaleheights (thin disks, thereby the superscript ‘tgljskhich
associated diuse dust, as well as thefective radius and ellip- We shall refer to as the “young stellar disk” and the “seconstd
ticity of the dustless stellar bulge. This is feasible fogedn disk™

systems since the scale height of the dust is less than tiia¢ of _ R 2

stars. By analysing a sample of 5 nearby edge-on galaxiés wjt?s(1, R 2) = 5'%k(4, 0, 0) exp(— i ﬂ) (5)
morphological classification in the range of Sb-Sc, Xilsuet hgsk A

al. found that the scalelength of the dust was larger thanotha

the stellar disk, that the scaleheight of the stars was ldhge

that of the dust and that the scalelength of the stellar disk duisk ) R 2 = 454, 0,0) ex R4 ©6)
creases with increasing wavelength. In this way Xilouriglet ~& ¥~ ext \- % htddisk zédisk

whereas for the bulge there is no exact analytical formuléfe
spatially integrated luminosity.

The dust associated with the old stellar population (“ths# fir
dust disk”) is also described by an exponential disk:
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wheren'@sk(2, 0,0) is the stellar emissivity at the centre of theo the value 0.387 found for our proto-type galaxy NGC 891,
thin disk, hiisk and 29 are the scalelength and scaleheight afhich is also close to what was found for a second edge-on
the thin disk £95K(1, 0, 0) is the extinction coficient at the cen- galaxy with submm data, NGC 5907, which we modeled in
tre of the thin disk andsk and 2%« are the scalelength andPaper Il. We note here that the attenuation-inclinatioatieh
scaleheight of the dust associated with the young steléd: di ~ predicted for this fixed ratio of opacities in the two dustkdis

The total luminosity of the young stellar disk is given by: was found to successfully reproduce the observed attemiati

. . . . inclination relation of a large and statistically compleiam-
Ly = 4794, 0, 0) 27 (hg"=4)? (7) ple of galaxies from the Millennium Galaxy Catalogue Survey

Unlike the old components, the parameters describing t&%nver et al. 2007). We thus adopt as a free parameter of the

. f
geometry of the young components cannot be constrained frg#delthe total central face-on opacity in the B-bang
images of stellar light, because the young stellar popriatare ¢ gisk
highly obscured in most cases. It was thus necessary toraimsts = 78
these parameters from physical considerations. The seajath
of the young stars was taken to be 90 pc (the value for the Mill@{s
Way) and its scale length is equated to that of the “old stell
disk” in B-band,ht¥isk = hdisk(B). The dust associated with the
young stellar population was fixed to have the same scaltleng
and scaleheight as for the young stellar disk. The reasathifor 2.2. The clumpy component
choice is that our thin disk of dust was introduced to mimig th . _ .
diffuse component of dust which pervades the spiral arms, g Important component of the spatially integrated dustsemi
which occupies approximately the same volume as that oedupﬁ:gz df;o(;? ri?sr;?/remsl?zgrsgﬂgxggv?(ﬂfsﬁ; ;zc())r(;]elclj(lejjtblg é?l\e/;bg': .
by the young stars. This choice is also physically plaus#ifee ! Ve
the star-formation rate is closely connected to the gasserf (1998), Popescu etal. (2000), Charlot & Fall (2000), Efstat
density in the spiral arms, and this gas bears the grainshwh Rowan-Roblns_on (2003), Jonsson et aI._ (2009). Becausethe
caused the obscuration. In principle it would be more réalis €/0Uds are spatially correlated with their progeny on parse

to place the young stellar population and associated dtestin Sc@/€s, they are illuminated by a strong UV-dominated taxfia
spi?al patternyrathgr than inﬁo% disk. However, in practceve f'_eld Of_ intensity 10—. 100 times that in the_ tﬁ_Jse ISM. Th'.s .
show in SecfZ12, this makes littlefitirence to the predicted vol- 9IVES rise to a localised component of emission from grains i
ume integrated dust emission SED and starlight attenuafian thermal equilibrium with these intense radiation fieldsjchih
galaxy. Furthermore, the inclusion of spiral arms wouldasec despite the tiny filling factor of the SF regions in the galaxy
sitate another model parameter to describe this more compf@" Nevertheless exceed the entiféusie infrared emission of
geometry. Also, in most practical applications for the ipte- & 92laxy at intermediate wavelengths (ca. 20 to caumBp It is
tation of the integrated emission of galaxies in large stigl therefore particularly important to incorporate a clumpynpo-
samples, photometric information about the spiral armepats nent of o!ust associated Wlth the opaque parent moleculadslo
not available. For all these reasons we consider the appesxi ©f massive stars. Following Popescu &ffI(2005) we refer
tion of the second dust disk to be both reliable and practize (0 these clumps as “active clumps”. The active clumps are as-

geometrical parameters of the young stellar disk and sedast SUmed to have the same spatial distribution as the yourlgrstel
disk are listed in Table El.1. disk and the second dust disk. Furthermore, it is assumed tha

gﬁg properties of these clumps do not systematically depend
heir radial location within the galaxy. In reality we expeatar

ftdisk
+ 75 (11)
The remaining parameters - the amplitudes of the two stellar
ksn¥sk, 59k and of the bulge®'9¢- and their link to the free
arameters of the model are discussed in $edt. 2.3.

Apart from the geometrical parameters described above,
distributions of dffuse stellar emissivity and dust are also d : , . :
scribed in terms of their amplitudes. The amplitudes of the t formation complexes in more pressurised regions (suches th
dust diskscisk, sk can be expressed in terms of the centrdpner disk) to be_more compact_and therefore have_ warmer FIR
face-on opacity in the B bana 9 ik defined by: colours than their counterparts in Iow_pressure regionsh(sis _

pacity B "B y the outer disk), as modelled by Dopita et al. (2005). And in-
deed this phenomenon has been observed in Hll regionsin M 33
(Hippelein et al. 2003). However, bearing in mind that wel wil
_ empirically calibrate our template (see Sécf] 2.8) on thelevh
TSk 2 Sk, 0, 0) 281k (9) ensemble of star forming complexes in the Milky Way, the as-
i ] ] ] o _ sumption we make in this regard should not significanffect

The opacity of the first dust disk can be derived jointly witkyyr predictions for the integrated emission of galaxies.
the geometrical parameters from the optimisation teclenmfu  Since birthclouds of stars are typically fragmented duééo t
Xilouris et al. (1999). The optimisation also determines éx- combined €ects of supernovae, stellar winds, and the general
tinction law of the difuse dust empirically, since the calculamgtion of stars away from the clouds, only a certain fractibn
tions are done independently for each opfild&iR image. For the total luminosity of massive stars in a galaxy will be lca
the galaxies studied by Xilouris the derived extinction las  apsorbed. Following the original formulation in Paper | e d
consistent with a Milky Way type dust, which is also the typfote this fraction in our model by the “clumpiness factd,
of dust adopted for our dust model (see Secll 2.4ldnd A). TBghce birthclouds are completely opaque at all/biMticajnear-
opacity of the second dust disk was a free parameter in the &l wavelengths (e.g. Sievers et al. 199&)can be physically
culations from Papers | and II, and is strongly constrainethb  jdentified with the luminosity-weighted mean fraction ofesti-
level of the submm emission. To minimise the number of fragyns from the massive stars, averaged over the lifetimdef t
parameters, we fix stars, which intersect the birthcloud. This concept, fingto-

f disk duced by Popescu et al. (2000), allows UV light to freelyaatne
(10) away from star-forming regions in some fraction of direntip

S _ , > 1S ,
ratio Té"d's“ allowing the dffuse dust to be illuminated with more UV pho-

5 = 2685 (18, 0.0) 4 (8)
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tons than would have been the case if the young stars had bketh physical and empirical reasons. Physically, it sedkedyl
assumed to be completely cocooned in their parent moleculaat most passive clumps will be optically thin, since assa®
clouds. This is in qualitative accordance both with the High they become optically thick to the impinging external UVhiig
guency at which counterparts of star-formation regions sge they will lose their principal source of heating (the phd¢ae
24um are detected in the UV, as well as with the predominantric effect) and will be prone to collapse and form stars (Fischera
of PAH emission from dfuse dust in galaxies correlated with& Dopita 2008). Empirically, this presumption is supportad

cold dust (Bendo et al. 2008). the recent findings of Holwerda et al. (2007a,b), that thacstr
A more detailed description of the clumpy component igire of the difuse ISM consists of optically thin dusty clouds.
given in Sect{ 2.5]1 arid 2.8. Furthermore, the change in the shape of the predicted dust em

An approximation of our model is that the heating of théion SEDs imposed by the incorporation of passive clummisten
grains in the active clumps is dominated by photons from ttie provide a colder solution than needed to fit real data @ian
stellar progeny, and we neglect any external contributiomf 2008).
the difuse ambient radiation fields in the galaxy. This should
be an excellent approximation for spiral galaxies, wheesfilh
ing factor of star formation regions is small. We note thahi$
approximation were invalid, we would be forced to perform ra
diative transfer calculations with parsec resolution toperly As mentioned in SecE_2.1, the amplitudes of the stellar popu
describe the heating of grains in the optically thick bifibucis, |ations of the two stellar disks;#sk(1, 0,0) and#'9sk(4, 0, 0))
which would render the calculation of a comprehensive set gfe parameters that are yet to be determined. In other woeds w
SEDs as given in this paper intractable with current conmguti want to find a solution for the attenuation of stellar lightiatust
resources. To date, the best resolution achieved with ap-adamission SED that can fit observed SEDs to provide resulting
tive grid code when modeling the observed dust emission SkRrinsic stellar SEDs. At the same time, in our modelling-pr
from an individual galaxy is about 20 pc (Bianchi 2008). ltyancedure we deliberately do not want to use population syighes
case, we would only expect collectivéfects, whereby photons models to fully fix the intrinsic SED, as we want to be as free as
from adjacent SF regions provide a significant fraction @& thpossible of any assumptions about the SF history. Nonethele
dust heating, to be significant in galaxies with very highweé some constraints on the input SEDs need to be made to avoid
densities of SF regions, such as the central region of as&trb having the amplitude of the stellar SED a free parametercit ea
galaxy. The low filling factors of opaque clouds in spirakdiss  of the sampled wavelengths listed in TabIe]E.2. Since themai
supported by high resolution surveys of the Galactic Plaitie wfactors shaping the dust emission SEDs are the total luritynos
large ground-based telescopes in the submm (e.g. the AP&Pfhe young stellar population and of the old stellar popates,
Telescope large Area Survey - ATLAS; Schuller et al. 2009)e choose to have these two quantities as free parameteus of o
At these wavelengths the clouds are optically thin, thusally model and produce calculations for all combinations of ¢hes
tracing the total column density of dust, yet only sporadiak®s two variables. We then assume that each of the two components
of dust emission can be seen with local enhancement in visggung and old stellar populations) have a fixed wavelength d
optical depth much greater than 1. This contrasts with sts'vependence (a fixed template SED), thus reducing the number of
in the CO lines (Matsunaga et al. 2001), which show a mofgee parameters describing the intrinsic SEDs of the stptia-
highly filled distribution of emission due to optical deptffieets ulations to two. We will show in Sedf. 2.3 that these assuomsti
in the radio molecular line. Recently the new Herschel Irfda have a negligible féect on the predictions for the dust emission

Galactic Plane Survey (Hi-Gal) (Molinari et al. 2010) has resgps and the associated parametérandF. In turn, the solu-

\é(;?riier?aﬁ?h?r?lfrrﬁ)r?g)(l)orgye(;‘tfhngggs?gqrir?issigigncg?ﬁeomlrll?vw\ygiﬁm for the wavelength dependence of the attenuation illie
: . , . ptical range, which depends mé, F (and inclination), will be
showing again that the optically thick molecular cores vy similarly secure, thus allowing the true dereddened stelais-

a small filling factor. In summary, based on all availableesbs sion SED to be recovered. Irffect we are using the fact that
vational evidence we believe it is a reasonable approxanad he d d fthe d ission SED h I £ 1h
ignore the external heating of active clumps the dependence of the dust emission on the colour of the
: . stellar photon field depends primarily on the ratio betweéen t
Suminosities of the young and old stellar populations rathan
on the detailed colour of the emissions from either of thexe p
ulations. This way of constructing the model will allow SE-hi
Yories to be extracted from the dereddened stellar emiSH&in

2.3. Constraints on the intrinsic SEDs of the stellar
populations

tribution of dust is exclusively associated with the opapgaeent
molecular clouds of massive stars - the active clumps. llityea
some of the dust in the filuse dust disks may also be in clump
without internal photon sources, and thus heated only bithe . :

fuse ambient radiation fields in the disk. Following Papesdeg n alseparate st_ep frrc])m the ?xtractlorréf?n:F. I |t
also Popescu & Tilis 2005) we refer to such clumps as “pas-_ co_r:jstrurc]tmgt e temp ?teS\I;Ds of the Sbevf’,“ pgeu ation
sive” or “quiescent” clumps. Provided passive clumps are Op/elcpna eEt e term “optical’, » lonising anA non
tically thin, the transfer of radiation through the diskdlviie onising UV" to denote the wavelength rangés _4430 A <
virtually identical to that in a homogeneous disk. Howeoece 4430A,1 < 9124, 912< 1 < 4430A, respectively, thereby
the passive clumps become optically thick, the self-siriglof marking the boundary between the UV and optical regime in the
grains will yield a solution with a reduction in both the ae B band.

ation of the stellar light and the infrared emission comgarce

the case where the same mass of grainsffasily distributed. 5 31 The template SED of the old stellar population in the
These @ects have been quantified by Bianchi et al. (2000a) who 45k

showed that the shape of the infrared SED of a disk galaxy can

be strongly &ected shortwards of 2Q0n (see also Misselt et In defining the fixed shape of the SED of the old stellar pop-
al. 2001 for passive clumps distributed in a spherical spell ulation in the disk we only consider optical radiation and ne
ometry). We do not include passive clumps in our model falect any contribution in the UV. The precise wavelengthetep
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dence of this SED was fixed to the empirical relation obtained3.3. The template SED of the young stellar population

by Xilouris et al. (1999) from fitting simulated images proed L
by radiative transfer calculations to the observed B, V, KJ The wavelength dependence of the stellar luminosity preduc

imagel of NGC 891. The SED of the old stellar population ir*Jy the young stellar population in the UV cannot be conséain

the disk, as “calibrated” on NGC 891 is given as the light blu%mpirically,f t‘?ﬁ this pop()julatior} E[.S heavitlg o_bscurgdl b3\/NdUSt d
curve in Fig[3. In applications to other galaxies this cureeds ecause of this we used popuiation syntnesis modets. Ve use

to be scaled according to the total output of the old steltar-p the models from Kotulla et al. (2009), making standard agsum

ulation in the disk of the modelled galaxy. For this purpose wions for the star-fo_rmatlon hl_story,_namely an exponéiytie-
use a unitless parameteld defined as clining star-formation rate with a time constant 5 Gyr, so-

lar metallicity and a Salpeter IMF with an upper mass it

|_disk 100M,. We emphasise that, although arbitrary, this choice of pa-
old= — (12) rameters will not significantly bias the model dereddenifitye
Loni observed UYbptical SEDs, since, as we will show in Sdcil4.3,

using diferent assumed shapes for the stellar emissivity SED
where Ll‘j'r?it = 2.241x 10°”W, which corresponds to 10 timesdoes not significantlyféect the predictions for the dust emission
the luminosity of the non-ionising UV photons produced by &EDs.
1M,/yr young stellar population, as defined in Séct. 2.3.3. Thus We also consider that a fractidg,_,v = 0.3 of the ionising
old is the normalised luminosity of the old stellar populatiéms UV photons (emitting shortwards of 912 A) from the massive
the disk and is adopted to be one of the free parameters of thars within the HIl regions are locally absorbed by dustisTh
model. In this scheme the best fit solution for NGC 891 correaakes only a minor contribution to the dust heating, an order

sponds twld = 0.792. of magnitude less than the contribution of the non-ionigihg
The intrinsic spectral luminosity densities of the old Istel photons.
population in the disk correspondingatd = 1, L% ., used in A new feature of the model is the consideration of the opti-

our calculations are listed in Tadle E.2. The spéctral lwsity cal emission fr.om the young stellar popullation embe_ddetién t
density of the old stellar population in the disk of a modeéhgg Second dust-disk. Previously the emissivity function & fiop-

is then given by: ulation had been artificially truncated longwards of the Bda
In order to fix the shape of the SED template for the young stel-
Ldisk — g|d x .9 13) lar population in the optical we again make use of the best fit
v o X v, unit ( )

solution to NGC 891. Specifically, the optical radiationrfro

; . ' . ; this template at each wavelength sampling point was fixed to

yvhereLS'Sk has been previously defined in terms3(4, 0, 0) be the residual between the prediction of the populatioth®mn

in Eq.[3, sis model for the best fit of NGC 891 and the empirical SED of
the old stellar population (derived from the best fit of NGQ.89
as explained aboJéYhe resulting optical part of the SED tem-

Lglr(ljit _ f Lg'%nn da (14) plate of the young s.tellar population was then combined thigh

’ UV part (which is simply the population synthesis SED for the

best fit SFR for NGC 891) to fix the shape of the template over

the full UV/optical range. For use in other model galaxies, the
overall amplitude of this SED of the young stellar populafias

lengttl the values of.9"} ; from TableE.2. “calibrated” on NGC 891, needs to be scaled according to the

As already mentioned, we will show in SeLf.}4.3 that, a FRof that galaxy, adopting FRas a free parameter of the

though the template SED of the old stellar population used jRodel.

the model is fixed to a single shape (here defined empirically 0 For logistical purposes only, we chose as a unit for the lumi-

the galaxy NGC 891), it is still valid to use it to model the Husosity of the young stellar populatid.tiﬂﬁ"g = 4.235% 103 W.

emission SEDs of other galaxies which may have veffetBnt which is the luminosity produced by & FRof 1 My/yr (for

stellar emission SEDs. the standard assumptions about the SF history described be-

fore) in the range (912- 50000) A. LY*'" can be given as a

unit
2.3.2. The template SED of the old stellar population in the sum of the luminosity of the non-ionising UV photohﬁﬁ?ﬁv =
bulge 2.241x 10°°W and the luminosity of the optical photons emitted

o by the young stellar disk?>\"3 = 1.994x 10°W. As already
The wavelength dependence of the stellar luminosity preduqmroduced in SecC2Z3.1, v P

by the bulge stellar population is simply linked to that oé th 1, we also d(lejined the unit for the lu-
Lo s
old stellar population in the disk via a wavelength indeparid minosity of the old stellar populatiobiy; to correspond to 10

unit
bulge-to-disk ratio B, one of the free parameters in our model. 6 The fraction of ionising UV photons that is absorbed by dostil
regions exhibits a broad range of values, varying from 073¢doue et
al. 2001; Inoue 2001). However, even if this fraction apphes unity,
their contribution to the dust emission of the star-formamnplexes
is still only at the percent level, because the intrinsicilupsity of the
ionising UV photons is so much smaller than that of the navisiog
4 In the K and H bands we rescaled the luminosities derived hyV photons (Bruzual & Charlot 1993). This means their cdnttion
Xilouris et al. (1998) to more recent, higher quality datanfrthe to the total dust emission is even less.
2MASS survey. " Physically, this approach corresponds to the dynamicéirieeaf
5 Throughout the paper all spectral integrations are donewsee- stellar populations born in the young stellar disk and thainsfer over
length rather than over frequency. This ensures self-stargiy in cases time into the larger scale height old stellar disk due tods#t scatter-
where functions are sparsely sampled in wavelength. ings with spiral arms aridr giant molecular clouds.

and the value of_l‘j'r?it can be derived by integrating over wave

LM% = (B/D) x LYisk (15)
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times the luminosity of the non-ionising UV photons prodiicegalaxies, particularly with regard to whether conductiragtip

by a 1 M,/yr young stellar population. In addition we also defineles are included as a constituent of the dust model. For exam

Limit ion-uy = 0-267x 10%W for the luminosity of the ionising ple in the model of Fischera & Dopita a substantial part of the

UV photons. We note thdt’®""? s not included in the defi- diffuse 6Qum emission is powered by optical photons absorbed
" young nitlon-uv by iron grains in equilibrium with the ambient radiation @sl

nition of Ly, Iso Chlewicki & Laureijs 1988), wh in the model

We then parameterised the calculations in term8 BR (see also Chlewicki & Laureijs 1988), whereas in the mode
of Weingartner & Draine (2001) this emission mainly arises

SER | tdisk from carbonaceous grains stochastically heated by UV pisoto
IMoyrt = L young (16) Potentially, therefore, the choice of grain model can infee
© unit the inferred contributions of young and old stellar popolag
where theS FRis linked to the normalised luminosity of thein heating the grains. We are however not aware of any direct
young stellar population in the thin disk. evidence for the existence of pure metallic grains in tHiuge
In an equivalent way we can link the normalised luminositipterstellar medium of galaxies. Furthermore, simple @ters-
of the young stellar population in the UV to the SFR: tions of potential redox reactions indicate that any suelngrin

the difuse neutral ISM will be susceptible to oxidation and will
_ revert to the properties of non-conducting grains (Dule§9
SFR Ligsk 17 like silicates. Here we substituted the model of Draine & Lee
1Mgyr-1 [ Yound (17) (1984) and Laor & Draine (1993) used in Papers I-1V to the
latest model from Weingartner & Draine (2001) and Draine &

unit, uv
wherelY®“" = 2241x 10°°W, as defined previously, and Li (2007) incorporating a mixture of silicate, graphite aP&H

unit, uv

molecules.
_ We note that the adopted dust model is only used for the cal-
SFR Lidisk culation of transfer of radiation through theffdise interstellar
1Myyrt — [Young (18) medium, where the properties of the grains are reasonably we
unit, fon—uv constrained. When including the infrared emission from-sta

The intrinsic spectral luminosity densities of the yourj-st forming co_mplexes, which contain dense clouds where grains
lar population corresponding ® FR= 1 M, yr-L, L% ysed May form ices and other complex compounds, we use a tem-

: . . . , unit’ late model SED function which is observationally constedl
in our calculations are listed in Talfle .2. P . ! e y cor '
The spectral luminosity density of the young stellar populé'iIS described in Se¢f. 2.8. This sidesteps the uncertainttas

Lo o . : ; optical properties of grains in dense clouds.
tion in the thin disk of a model galaxy is then given by: For the parameters of the model we consider Case A and
_ SFR young

Ry = 3.1 from Weingartner & Draine (2001), with the updates

T IMgoyrt XLy unit from Draine & Li (2007) (revised size distribution and opatic
constants for PAHSs). The parameters of the model considered
wherelL sk has been previously defined in termsj#¥*%(1,0,0)  here are summarised in Table E.3.
in Eq.[7, Following Li & Draine (2001) we allow the relative abun-

dance of neutral and ionised PAHSs to vary with molecule sige b

to be independent of position in the galaxy (or intensityhef ta-
Lo o= f Lo meda (20) diation field). The ionisation fraction®on) of PAHs was fixed

Uv+opt according to the average over the three phases of thesdilSM

LE[disk (19)

givenin Fig. 7 of Li & Draine (2001). The PAH-size distribati

young . . : o i .
and the value oL} yo%?gn be derived by integrating over wavey,ss then multiplied withbio, and 1— ®jen, respectively, to ob-
length the values df;" ;' from Table E.2. tain the size distribution of ionised and neutral PAH-males,
respectively.

Since for the dust and PAH emission we accurately take into
2.4. The dust model account the stochastic heating of the grains by the ambéent r
The dust model - i.e. the prescription for the optical prdiper diation fields (see Se¢i. 2.6), we also need to derive thedzeat
of the grains, the chemical composition and the grain sige dpacities for our dust grains. The heat capacities for $diead
tribution - was updated to include PAH molecules, which agraphite grains needed to derive the temperature disitsiare
regarded as the carriers of the unidentified infrared eonidsia- summarised in Popescu et al. (2000). The heat capaciti¢iseor
tures commonly seen in the mid-IR emission spectrum of st&#AH-molecules were calculated using Eq. 15 of Li & Draine
forming galaxies. As shown by Zubko, Dwek & Arendt (2004)(2001) and Eqg. 5 from Li & Draine (2002).

there is no unique model incorporating PAHs that can simul- Finally, to facilitate the incorporation of future improve
taneously fit the main observational constraints on such-madents in the dust mod@étclusion of new dust models, we have
els, namely the extinction and emission properties of tlie dtonstructed a flexible interface between the code for catitg
fuse cirrus in the Milky Way. Several models have been praust emission and the input dust model.

posed in the literature, including the models from Zubkolet a Because we have modified the dust model we also had to
(2004), the model of Fischera & Dopita (2008) which considedo the calculations of attenuation from Paper Ill. Froma th
ers an extra component of iron grains with the optical pri@er perspective of the extinction properties of the two dust eted
from Fischera (2004), and the model of Weingartner & Drainghe old version and the new updated version), they are bsth d
2001 (see also Li & Draine 2001; Draine & Li 2007). Althougtsigned to reproduce the observed extinction curve of thé&yMil
not unique in terms of reproducing the properties of the alaway. However the discrepancy arises from the change in the re
tic cirrus, these models do nevertheles$ediin some predic- ative contribution of absorption and scattering to thel testéinc-
tions relevant to the modelling of the infrared emissiongifa tion. This will give rise to a small but non-negligibleftéirence
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in the overall energy balance (around 10% for NGC 891 - s&nceF, must satisfyF, < 1.0 at all wavelengths, our model

AppendiXB). In AppendikB we briefly describe the attenuatiohas an intrinsic constraint on the clumpiness factor of
calculations obtained with the revised dust model and coenpa

with the results from Paper lIl. F <1.0/maxf,) = 0.61 (24)
Physically, this constraint corresponds to the requirdmen
2.5. Calculation of radiation fields that the “porosity factor’py of the birthcloud, used in Eq. A2,

In the formulation of our model an explicit calculation ofifa Al2 and A3 of Paper |ll to denote the fragmentation of the
ation fields is onlv done for the ﬂIiJsepcom onent. There arecIoud, is always less than unity. This limit denotes a coneple
y P Y lack of fragmentation of the cloud due to the action of super-

}mom?gggéetl)s t;)t/e\ll:/erl]rlﬁr ﬁ?esﬂucsee g‘stedrztsiur‘?gegeigi%cgnrbenovae and stellar winds, such that the probability of esadpe
model h %ﬁ ndg ,I m ,di tribution of star ,ndd hotons into the diuse ISM is determined only by the migra-
odethas a diuse and a ciumpy distribution ot stars a USion of stars away from their birthclouds.

The first channel is through the illumination of theéfdsely dis-
tributed dust by the smoothly distributed population of stiairs.
The second channel is through the escape of radiation frem th5.2. Combining radiation fields from the young and old
young stars, out of the localised star-forming complexes. stellar populations

Thus, the first step in the calculation of radiation fielddia t _.

diffuse medium is to determine the amplitude and SED of tyance "’.‘” the gifuse stellar components are attenuated by the
stellar light which escapes from star-forming complexes. same distribution of dust, theftlise radiation fields seen by each

grain can be considered to be a sum of the radiation fields pro-
duced by each stellar component. Thus we calculated fhesdi
2.5.1. The escape fraction of stellar light from the clumpy radiation fields separately for the three main stellar comepts

component of our model, the young stellar disk, the old stellar diskd #re
bulge. Then the individual éiuse radiation fields can be com-
bined to produce the totalfftlise radiation fields of our desired
model galaxy. This is the same concept as that used in Paper Il
for the calculation of the attenuation of stellar light.

In Sect[Z.P we introduced the factér which can be physically
identified with the luminosity-weighted mean fraction ofedi-
tions from the massive stars, averaged over the lifetiménef t
stars, which intersect the birth-cloud. The high opacisuased T hi hi p h diati ¢ lcul
by our model for the birth clouds bestows a grey body absampti. . ofac 'evﬁ t |s”we Irst ran the ra r:atlve t:ans ﬁr cadcu a-h
characteristic for the locally absorbed radiation in ardiidual tlgns or -eac ste z?r colmponen.t, e.ac. wavelengt gn .eac
star-formation region. There is nevertheless a waveletggen- 91ven optical deptirg, using the intrinsic spectral luminosity
dence of the probability of absorption of stellar photonsause densitiesL9 . and L), as tabulated in Table E.2. This re-
stars of diferent masses survive forftlirent times, such that sulted in the calculation of the unit energy densities ferdisk
lower mass and less blue stars spend a higher proportioeiof tmﬁfffﬁ,it(R z Té), for the thin dismtfijr']‘it(R, z Té) and for the bulge
lifetime radiating when they are further away from theirtiir W% (R z 1) for the unit stellar luminosities (i.4.29  for the
clouds, and because of the progressive disruption of thelslo "4 unit B young L v, unit
by supernovae and stellar winds. To calculate this wavetend!iSk or the bulge and ;' for the thin disk). _
dependence we follow the analysis of Appendix A of Paper Ill, Thenthe unitradiation fields were scaled according to the lu
thus preserving consistency between the model of the atenfinosity of each diuse stellar component, according to the pa-
tion of light from the young stellar population given in Papie  rameters of the model. For the 0|9 stellar disk (onlffudie) the
and the model of the infrared emission from star-formingarg resulting radiation fieldsg'Sk(R, z 7, old) were obtained from:
given here. Denoting the wavelength dependence of thelyocal | _
absorbed radiation by the functiéf, the spectrum and ampli- u*{(R z, 71, old) = old x uPi(R %) (25)
tude of the starlight from the young stellar population ie thin _ ) o
disk with spectral luminosity density'%sk which is intercepted where old is the normalised luminosity of the old stellar
by a parent cloud is thus given by: population, defined by Ed.]12. For the young stellar disk
udsR, z, ré, S FRF) is derived from:

Lo = Fyx L (21) sk f SFR
Rzt SFRF)= — — x (1- Ff
where UiT(R 2 e SERF) 1Mpyr-t x( 1
F/l =F x f/l (22) X uilc,husr‘](lt(R’ Z’Té) (26)

and f, is tabulated in Table A.1 of Paper lll. As described invhereS FRis related to the normalised luminosity of the young
Paper Ill, the tabulated values &f correspond to a secular de-stellar populations in E¢._16. For the bulge the radiatioligie
crease of the solid angle subtended by the parent clouds oaragiven by:

timescale of 3« 10’ yr. For completeness we remind the reader ‘ bulde ;

thatL'9iskis defined in terms of the free parameter of the mode, %R zg,0ld, B/D) = old x B/D x U} 2 (R 2 1)

SFRin Eq[I9 (see Sedi. 2.3.8). (27)
The amplitude and spectrum of the light from the young stel- o i
lar population which illuminates theftiise dust, is given by The total difuse radiation fields
tdisk dif f local ui(R z 75, SFRF, old, B/D) are given by:
LY =1 loca (23)

f disk f
. . u ,SFRF,old,B/D)=u ,old) +
& We note that 'k andL!“'*k denote the same physical quantities, ex- AR Z’ B I? / )b | (R Zf’ 7> Old)
pressed respectively as spectral densities in wavelemgtfrequency.  +Ul"YR, z 75, SFRF) + U"Y(R, z 74, 0ld, B/D) (28)
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This formulation provides an exact treatment of the spatiml which case Eq. 21 becomes:
variation of the colour of the radiation field in galaxies,igthis
a crucial factor in shaping the infrared SEDs. SER

In principle this formalism implies that we would need tq ocal _ | young
create a library of radiation fields calculated for each ias q‘*  1Mpyrt Feal fa cOM(F) > Ly uni (32)
value of theF factor, implying a diferent wavelength depen-
dence (1- Ff,) of the fraction of photons escaping from the - .
clumpy component into the fliise one, making the problem?-2-3- The radiative transfer calculations

quite intractable. In practice, however, it is possibleito@ify — one of the key elements of any self-consistent model for the
the problem if we make the assumption that the wavelength dg=ps of galaxies is the incorporation of a radiative tran@d)
pendence (& Ff)) is fixed to the (I~ Feaf,) corresponding to code that can be used to determine the radiation fields ixgala
a fiducial calibration valuéca = 0.35, which we consider 10 jes and their appearance in the tdytical bands. Four meth-
be a typical value for spiral galaxies in the local univeiB@is ods have been proposed so far in RT models, though only two
intermediate value dFc, (theoretical values dF can vary from  of them have been broadly used in the context of galaxy mod-
0 to 0.61; Paper Ill) is consistent with the observation 8@t g|ling, namely ray-tracing methods (Kylafis & Bahcall 1987,
70% of the dust emission from spiral galaxies emanates frafflya et al. 1998, Semionov & Vansevitius 2005a, Semionov
the difuse component (e.g. Sauvage et al. 2006). Furthermogevansevigius 2006) and Monte-Carlo (MC) techniques (Witt
detailed analysis of face-on spiral galaxies with resolstd- et a1, 1992, Bianchi et al. 1996, de Jong 1996, Gordon et al.
formation regions in the Spitzer 24n and the GALEX FUV 3001, Baes & Dejonghe 2002, Baes et al. 2003, Baes et al. 2005,
bands (e.g. Calzetti et al. 2005) have shown an almost ongnsson 2006, Baes 2008, Bianchi 2008, Chakrabarti & \Mitne
to-one correspondence between the direct and re-radigtetd 1200g)[{

coming from these complexes, albeit with a large variance in gince our model makes explicit calculations of radiation
the ratio of the two emissions. Thus there were essentially fig|qs in galaxies we use an ray-tracing code, which is better
Spitzer sources with no FUV counterparts (meaning 8a$ g jited to this type of problem. As in Paper | we use the Kylafis &

unlikely to take the value 0.61), but also no FUV sources wiancall (1987) code, updated and revised according to tee sp
no Spitzer counterparts (meaning tirats unlikely to take the (ific needs of our modelling technique.

value 0). We note that the value Bf, is only used to determine The code of Kylafis & Bahcall (1987) was originally de-

the exact wavelength dependence of that part of the light frQ,¢|5neq to model the surface brightness distribution ofedig
the young stellar population which escapes the star-foamat o5|55ies with cylindrical symmetry. This utilises a ragding

complexes and actually illuminates theffdse dust. Although nethod that exactly calculates the direct and first ordettesea-
the computed colour of this light will be inaccurateRifdiffers |5 and uses the method of scattered intensities to ajpeie
from Fcq, corresponding inaccuracies in the predictions for thge pigher order scattered light (see review of Kylafis & Xilis
dust emission SEDs are unlikely to be more than a few percesyos). Several modifications were incorporated for the gnes
as demonstrated in Seft. 4.3, where we quantify theceon o nyjication, the most significant of which we briefly deserib
the dust emission of changing the spectral shape of thasteflo o
emissivity. We note that, for the same reason, when deréaglen F.irstl : -

. y, the code used was generalised and optimised for ap-
the observed UXoptical SED, the wavelength dependence of they . ation'to any cylindrically symmetric distribution ofréssiv-

component of _attenuation fr(_)m the C'P”?py component can E‘?and opacity, such as the thin disk representing the yctlg

the exact solution foF found in the optimisation. lar population and associated dust in our standard calookat
Bhd the annular representation of this disk that we use in the
tests made in Sedf._4.2 to evaluate the second disk approxima
L ) . tion to spiral structure. To achieve this, we incorporatedma

The use of the calibration factét. means that in practice 5y sampling scheme which automatically adapts to variatio

all the equations that describe the illumination of thiéusie dust emissivity and opacity encountered along the rays. feurth

by the young stellar disk need to be rescaled to accommodgigions of low emissivity, where the method of scattereeriai-
different values oF than those used in the calibration. For thi§as pecomes less accurate. the maximum order of the satter

! . X Ay, ,
we define a correction factor for thefllise componemIr®(F):  jight had to be reduced. The reduction was done progregsivel

ing the star-formation regions correspondindg, is given in

Table[E 4.

| young accordingly to the emissivity encountered, such that oh# t
corrd(F) = (1 - F) x — unit, UV (29) fully accurate first order scattering term was utilised ia te-
fuv Lﬁ uni?(1 — Feq f1)da gions with the smallest emissivity. This is a good approxiora
’ for the geometries of dust and stars considered here, inlwhic
In this case Ed. 26 becomes: low emissivities are never encountered in regions of higgcep

ties. Lastly, for application to the calculation of rad@atienergy

SER densities the code was further modified to calculate theovect

Ltdisk f,S FRE) = 1 = Eeatf1) corrd(F) x radiation field sampled in each direction of a predefined et o
i (RZ75,SFRF) 1M@yr—1( calf2) o) 216 directions.
utdisk (R 7, ré)(SO) To provide a more frequent sampling of the inner part of the
,uni d

galaxy the spatial positions were arranged on an irreguidr g

In an analog way we define a correction factor for the locdlisdith sampling intervals in radial direction ranging from30in

componentorr'(F):

9 There are also RTs initially developed for use in other @étysical

young contexts (Mattila 1970, Witt 1977, Yusef-Zadeh 1984, Wobal €1996,

EY=F unit, Uy 31) Lucy 1999, Wolf et al. 1999, Bjorkman & Wood 2001, Steinackeal.
corr'(F) X o (31) , ;

Jou Lot Feal fada 2003, Wolf 2003, Juvela 2005, Steinacker et al. 2006, Ftitt.€006).
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the centre to up to 2 kpc in the outer disk and with samplingrint sampling indicate that our models conserve energy to withtn

vals in vertical direction ranging from 50 pc in the plane pota  ter than 1 percent.

500 pc in the outer halo. This scheme was necessary to pyoperl

sample the radiation in the more optically thick centraioeg,

where, as can be seen from Hi§j. 4, the dust associated with

thin stellar disk in conjunction with the strong positiod@pen- As described in detail in Popescu et al. (2000) our calaati

dence of the emissivities of the young stellar populationz)i incorporates an explicit treatment of the temperature deict

and the inner emissivity cusp of the bulge (in b&and2) can tions undergone by small grains whose cooling timescales ar

lead to quite small scale structures even in tHféude radiation shorter than the typical time interval between impacts of UV

fields. We made some further tests with higher sampling,-raqmotons_ This so-called “stochastic heating” processraetes

ing from 25 pc to up to 1 kpc in radial direction and from 25 pc tehe amplitude and colour of the bulk of thefidise emission from

up 250 pc in vertical direction. This made a less than 1#edi most spiral galaxies in the shortest infrared wavelengtidba

ence in the results with a large increase in the computdtioat (< 100um). Thus, since for each position in the galaxy the en-

We have therefore concluded that the optimum sampling of teegy density of the radiation fields heating the grains hasibe

radiation fields is thA\R = 50 pc - 2kpc and\z = 50 pc - 500 pc  derived (see Sedf.2.5), we can calculate the probabikityibii-

scheme. tion of temperaturé;(a, T) for each grain size and composi-
The database of integrated SEDs presented in this patien i by equating the rate of absorption of energy to the rate of

does not incorporate thefect of the reabsorption of infraredemission of energy :

light emitted by grains in the galaxy, as this process hag anl

marginal éfect on the integrated dust emission, and would en-

tail a significant increase in complexity and decrease iredpe ;g2¢ anbsi(& Dudd = 4rx(rad) anbsi(a ) X

of the calculations. This is a good approximation for thespr

problem. For example, for the most opaque disks we consider

(r,'; =8), only the~ 3um dust emission shows a significantxfB‘(a’ T Pi(@T)dTdl (33)

depression in the integrated emission. However we do ckeul

reabsorption of infrared light when we produce maps of gatax wherec is the speed of light anB, is the Planck function.

seen at higher inclination, and this process has been iocagal The probability distribution of temperature is calculated

in the calculation of the profiles presented in Sect. 4.1. lowing Voit (1991), which combines the numerical integoati
The radiation fields illuminating the dust in thefidise disk Meéthod of Guhathakurta & Draine (1989) and a stepwise analyt

are calculated taking into account anisotropic scatterising C2l @pproximation. We sample the temperature distrilouitio

the albedo and anisotropy of the scattering phase funcgon &t l0garithmically spaced points.

defined in Sec{_)A and the geometry of the dust as defined by

Egs[3 andl6 in Sedi2.1. At each Ydytical wavelengll of 2.7, caiculation of infrared emissivities and spatially
Table[E.2 and each optical depzt@ a separate calculation was integrated SEDs in the diffuse component
made for each of the three stellar components, with smoot
distributed emissivities given by Eg. 1 for the old stellappla-
tion in the disk and in the bulge, and Ed. 5 for the young stell
population in the thin disk. This adequately samples theewav

length variation in the optical constants of grains; testsedon

this indicate uncertainties at the level of a percent. Coring 11.i(@) = Qabsi(a /l)fBA(a, T)Pi(a, T)dT (34)
the corresponding error due to the finite sampling of thdastel
SEDs, the reader is referred to Séct] 4.3, in which we shotv t
the exact colours of either young or old component of thdsstel

SEDs only #ect the resulting dust emission SEDs at the IeV(aIrain size and composition, we can then integrate over thi gr

.Of a percent. Overa_lllz therefore, we conS|qur that unoeres size distributiom(a) to obtain the infrared emissivity per H atom
introduced by our finite wavelength sampling on the predhctef . . PSP

e . of grains of a given compositian j7;;:
dust emission SEDs are minor.

When calculating the heating of the grains, and therefore of
the wavelength-integrated energy absorbed, the radifigts ., (%=
were interpolated on a fine wavelength grid containing 508 daii =
points logarithmically sampled between 912 and 50000 AtsTes
done with 1000 data points showed negligibl&etiences in the wherej . is in units of [W srtA-tH"1].
results, therefore we decided to fix the wavelength samptng n
500. Energy balance tests done within a common wavelenggi}1

%h% Calculation of grain temperature distributions

l%%ce the temperature distribution of a grain is known, thghtr
pesd i of a grain of radius and compositiomis then given by:

I3\%’1erell’i is in units of [W nT2srtA-1].
Once the infrared brightnessés; are calculated for each

na’n(a)l,i(a)da (35)
Amin

Finally, the total infrared emissivity per H atorﬁj is ob-
ed by summing over the grain composition

10 The radiation transfer calculations were performed at ediche
wavelengths given in Tab[eE.2, with the exception of theist wave- |5 = Z j;',i (36)
length at 50000 A, where the radiation fields could be exiaipd suf- i
ficiently accurately from the radiation fields at 22000 A asig a ) . . .
Rayleigh-Jeans law. The sampling points for the calcutatiare the In Fig.[2 we show the calculation for the infrared emis-
same as those used for the calculation of attenuation inrPigpexcept  Sivity of grains heated by the local interstellar radiatiids
for the addition of points at 1500 & 3650 A to improve the defori of  (LIRF), with the energy densities of the radiation fieldseiak
the stellar emissivity SEDs. from Mathis, Metzger & Panagia (1983). The resulting indcr
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We checked the fundamental energy balance in the calcu-
lations, by comparing the energy absorbed from the radiatio
fields with the energy emitted in the infrared, obtaining sien

IV tency to within better than 1%.
L :
@ | 2.8. The infrared emission from the star-forming regions
T 107
© ; In our model we take the total energy absorbed by the birth-
o clouds to be
T =27 .
i 0 Lg)l;:sal = f Ll/?cal da+ inﬂ—UV L}grlf—kuv (40)
= i ; _ Z
I Si—i . - 3 : ' : K , .
10-28 T . ' . N whereL*@ is defined in Eq-32, 19 is defined in E¢[_18 and
10 100 1000 fonw=03. ,
A [um] That is, as justified in Sedf. 2.2, we take the heating of the

grains in the birthclouds to be dominated by photons from the
Fig. 2. The dust and PAH emission SED for thefdie ISM at stellar progeny, and neglect any external contributiomftbe

: : ! P . ambient radiation fields in the galaxy.
high Galactic latitude (solid line) calculated using ourdaeb . . . ,
AE‘,O plotted here are tf(1e COBE )data (symbols Wi?h error barg Todetermine the SED of the reradiated Ilghtfrom dustgrains
These are given as an average of the data from the North ec @rg Tzﬁ: ngleﬁglt%zigsét?agg;hgo%dns(ggs)s_ e a fixed spectral
tic pole field and the Lockman Hole field (Arendt et al. 199 P P 9 :
and are further colour corrected. The contributions of tified | local _ | local LPDR (41)

ent dust compositions to the total model SED are as follows: Shdust ™ —abs

(dotted line), Gra (dashed line), PAH (dashed-dotted ine)  whereLPPR is the template function for a photodissociation re-
gion, normalised such that

SED is similar to that presented in Fig. 12 of Draine & Li (2007

and indicates that our method for calculating stochastitihg

of grains gives similar results to the method of Draine & Li.‘! LFPRda =10

This can be taken as a benchmark test for the calculation-of i

frared emission. In Fid.]2 we also plotted the colour-caedc

(42)

In Fig.[2 we also show the predicted contribution of thigedient

dust compositions to the total infrared emissivity. the templatd."PR. Although this model was primarily developed

Once the total infrared emissivities per H atom have beggy 56 in predicting the SED of starburst galaxies, its amein-
calculated, these can be then scaled to the volume densméé?f

i o . constituent is a prediction of the PAdist and nebular line
dust grains at each position in the galaxy to obtain the velu P A

"Bmission from the HIl region and PDR components of individ-
e - - - 4 disk
luminosity density of the first and second dust didk§i (R 2 15 SE regions, and so, with suitable choice for the values of

andLY> (R, 2), as a function of position: the model parameters, is also directly applicable to theipre
tion of the PDR emission from SF regions in spiral galaxies. F

pirically constrained prediction for the detailed spelctoam of

| disk _ 4r Té Tratio H the spectral template used here we only consider the PDR com-
2dus(R2) = Cond(B) 2 Aisk (1 — X Ia (R2x ponent calculated by Groves et al., ignoring the emission-co
ext(B) Zg (1 + Tratio) . S
ponent from the HII region (as justified below). We also only
_ R 14 include the PAH and dust emission components in the spectral
X expl - —— . (37) : ; . >
hgsk Zisk template, not including the free-free and line emissiomftbe
gas phase.
. The prime physical motivation for the use of the model of
Lf(ijsuks (R2)= 4n B x MR 2) Groves et al. is that it self-consistently calculates tffea on

Cex(B) 22K (1 + Tratio) the emergent dust and PAH emission SED of the dynamical evo-
R 2 lution of the emitting regions. Specifically, the model cioless
X exp(——. - _] (38) aspherically symmetric, fully enclosed mass-loss buluieen
hidisk Adisk by the mechanical energy input through winds and supermafvae
disk disk . . 3R 1 a star cluster as a function of the external density (pararised
where LySK . and LY are in units of [Wm®A™] and interms of the pressure of the ambient ISM) and a “compastnes
Cext(B) = 6.38x 1022cn?H! is the extinction cross-sectionparameter”C, which scales according to the mean luminosity-
in the B band (at 4430 A) for the dust model considered hemgeighted flux of photons onto the PDR. The emission from PAH
The spatially integrated SEDs (the spectral luminositysitgh and dust in the PDR is then self-consistently determinealidin
of the difuse component of the model galaxy (with the fixed siz& separate radiation transfer calculation (Groves et 8I8R@&s
hdisk y - diTf. modelig thep: a function of the grain column density in the PDR (which in
sref? "4 dust the formulation of Groves et al. is actually prescribed thylo a
dif f. model isk isk combination of the gas column in the PDR and the metallicity)
Liqust = 27 ££(Lg,§ust+ '—tfdsusr) RdRdz (39) Being based on a dynamical model, the calculations of Groves
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Table 1. The references used for collecting the observed flux
densities of the 57 SF regions plotted in . 3. 100.00F

Bains et al. (2006) 10.00
Buckley & Ward-Thompson (1996)
Conti & Crowther (2004)

Gordon (1987)

Gordon & Jewell (1987)

Hill et al. (2005)

Mooney et al. (1995)

Moore et al. (2007)

Sievers et al. (1991)

Thompson et al. (2006) !
Ward-Thompson & Robson (1990) A [um]

1.00F

s, (A)/S,(100um)

Fig. 3.MSX and IRAS mid-IR and far-IR integrated photometry
et al. explicitly take into account the expected variationolour for 57 SF regions from Conti & Crowther (2004), supplemented
and amplitude of the incident photon flux on the PDR due to thyy all published sub-mm ayar near-mm data for which inte-
increase in radius and evolution of the stellar populatidnich ~ grated flux measurements covering the full angular extetiteof
acts to broaden the SED of the dust emission from the large éaurce are available (18 sources); (see Table 1). Measateme
semble of SF regions atfiiérent evolutionary stage expected irare normalised to the 1Q0n flux density. The solid line is the
a spiral galaxy. The model also considers the photodesgiructadopted model for the PDR dust, PAH emission from Groves et
of PAH, strongly influencing the relative amplitudes of tieP  al. (2008), having compactness paramétg(C) = 6.5, metal-
and far-IRsubmm emission components from the PDR. licity 1.0, and PDR column densitpg(N) = 22.0. The dashed-

To empirically verify these predictions of the model, and deine, which deviates slightly from the solid line in the sulom
termine the best model parameter to determine the PAH arid dig#§ge, is the same but with the free-free emission included.
emission template from an ensemble of localised SF regions i

spiral galaxies, we compared the model predictions with OE’etermined quantity. Likewise, the relatively high vallfetiee

ompactness fact@ is needed to fit the rather warm observed
ar-IR/mid-IR colours. As directly confirmed through high res-
olution imaging of the sources this indicates a close prexim
ity (typically parsec scales) of the exciting star clusterghe

served data (see Tallé 1) for the radio-selected samplaef s
formation regions in the Milky Way of Conti & Crowther (2004) f
This sample is distributed throughout the disk of the MilkgyV
so is likely to be representative of the population of SFagegi

I(?f "[5h7eggaall§:)§i)<l:. Isr':a'??o[rlrgnmz Eé%ti(t)rrlli P:é?ﬁy?gr:ff/guggmhse%ﬁﬂs PDRs, most of which are associated with rather dense fragmen
malised to the 100m flux density. Overlaid on this is the best ﬁé:]: molecular material which will be only slowly pushed outin

model for the PDR emission from Groves et al., found by sear he cluster. It is interesting to note that the fit of the PDRdelo

ing the parameter space in the compactness @ [ the dust the data leaves no room for a warmer dust emission compo-

o . . nent from an enclosed HIl region, suggesting that the Hilomesg)
column density in the PDR (adjusted by varying the product ?ﬁ)ically extend to larger spatial scales. On this picttire cloud

fragments carrying the PDR emission are embedded iffasei
9Bhised medium which blends in with thefilise emission from
the second dust disk.

Although, as we argue above, the physical values for the
mpactness paramet€, metallicity and hydrogen column

pletely insensitive to this parameter which onfiegts the emis-
sion lines (see Fig. 4 of Groves et al.), which are not reguiine
our template. In comparing the model with the data we did hO\%

g\ll:;elgsaks?r:gteotﬁi(;cg%?;?oenf;:%er:r%igmI\?v?llloa?lscgrt?ep?en??dmte density used for the fit seem plausible, we note that there may
' ; P . P - be room for some systematic uncertainties in these parasnete

the broad-band continuum data of the Milky Way star formanolf the optical properties of the grainsfiér from the model of

regions. The free-free emission slightly raises the le¥eha \Weingartner & Draine used by Groves et al.. The most impértan

emission near 1 mm above t_he prediction of the dusft EMISSIBLint however in the context of our use of this template SED is
template, as shown by the divergence of the dotted line, lwhi atit gives a good fit to a representative sample of star&tion

includes the free-free component from the full line in Eig. 3 ions in our Milky Way. So even if the physical interpreat

- . re
The best fitting PDR model is for compactness parame ; : ;
log(C) = 6.5, metallicity 1.0, and hydrogen column densit}gﬁhe shape of the SED may be still somewhat imprecise, the

" : . mplate itself will be the correct one. In conclusion, wéedwe
log(N) = 22.0._Although there is a large §pread in observe[(ﬁat the PDR model of Groves et al. that best fits the galatetie s
colours, indicating the wide range of evolutionary stated en-

vironment of individual SF regions, overall this model repr forming regions can be taken as a template SED for the clumpy

. ﬁ]omponent of our model.
duces the mean colours of the population of sources over the
whole spectral range covered by the data. This spectrakrang
extends from 12m (including the PAH emission), through 25,2.9. The free parameters for the calculation of the infrared
60 and 10xm (where emission is dominated by large grainsin  SEDs
thermal equilibrium with the intense local radiation figldsnd
into the submnmear-mm range (where the emission is dom
nated by dust which is cold due to the self-shielding of ggair?

iThe spatially integrated SED for the dust emission of a gaix
iven by:

in the PDR. This latter cold dust emission componentfisalilt model_f
. . . . L ,SFRF,old,B/D) =
to predict theoretically, depending on the otherwise poooin- _ rausTs R /D)
strained dust column density, so is fundamentally an esglyi LS4 °"*(r}. S FRF, old, B/D) + L% (SFRF) (43)
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10.0F:

1.0

Uy [10% erg/pc®/A]
Uy [10% erg/pc®/A]
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R [kpc] z [kpe]

Fig. 4. Examples of calculated radial profiles of radiation fieldBig. 5. Examples of calculated vertical profiles of radiation fields
in the plane of the diskz(= 0 pc), for the best fit model of our in the centre of the diskR = 0pc), for the best fit model of
prototype galaxy NGC 891. Theftirent profiles are for elier- our prototype galaxy NGC 891. Thefi#irent profiles are for

ent wavelengths. different wavelengths.

WhereLifLL’STOde'is defined by Eq.39 and?%? (SFRF) is de- As described in Secf_2.9, since the luminosity of the old
fined by Eq[41L. From Ef.43 one can see that the free paramestediar populations has been derived from the optimisatighe

of our model are, to recap: optica)NIR images, we only need 3 free parameters to fit the

o dust emission SED of NGC 891@, SFR F. For this we ran
— the central face-on opacity in the B-bang (Eq.[I1; the calculations for trial combinations of these paransetéfe

SectlZ]L),_ note that the normalised luminosity of the old stellar pagioh
— the clumpiness factd¥ (Sect[2.P), derived for NGC 891 isld = 0.792. Throughout this section all
— the star-formation rat8 FR(Sect[2.3.8), the examples shown are for the best fit mBHér NGC 891,

— the normalised luminosity of the old stellar populatioid PR f_ _ _
(Sect[Z31) and which is forrg = 3.5, S FR= 2.88 My/yr andF = 0.41.
— the bulge-to-disk rati®/D (Sect[2.3.R).
3.1. The radiation fields
In cases where detailed modelling of the opid#R images is ] ] ] ) »
also available, e.g. the study of NGC 891, tié andB/D pa- The first step in the calculation (see Séct] 2.5) is the diéoiva
rameters are independently constrained from the optimisaf ©Of the radiation fields illuminating the fiuse dust, which we

the optical images, and thus only 3 free parameters are deetfgistrate in Figs[# anfl5 through examples of radial andiver
for the modelr! SFRF cal profiles of energy densitiag of total radiation fields (not
Tas .

o to be confused with profiles of stellar emissivities). Thargh
We note that the free parameters F, andB/D are also ise in the inner parts of the radial profiles in the K and B band
free parameters for the attenuation of the/ojptical stellar light g produced by the dominance of the radiation coming from the

given in Paper l1l (the fourth and final free parameter tE8@S 1 ;5e. We note here the large variation in the colour of the ra
the attenuation is the inclinationof the disk). Therefore the diation fields with position, in particular in the radial etion,

dust emission SEDs predicted here can be used in conjuncmch, as shown in the next figures, will introduce largfett
with the predictions for attenuation given in this paperd@elf- oces in the shape of the FIR SEDs. Thus, models that assume

consistent modellirgg of the gptical-IR'submm SEDs. _ radiation fields with the fixed colour of the local intersteltadi-
The parametery can be related to the total dust mass usingtion fields (LIRF) are likely to introduce systematic urter-

the equation: ties in the predictions for the dust emission SEDs.

Maust = ¥ &(B) 7 (44)

3.2. The temperature distributions

wherey is a constant related to the geometry of the distributio . . . .
Y g y ﬂ—ne next step in the calculations (see Secl. 2.6) is theat@iv
0

the probability distributions of dust temperature. Iy @ we

show examples of temperature distributions for grains fiédi

ent sizes and compositions placed &tatient positions within

3. Illustration of the model on NGC 891 the galaxy. The sizes plotted for each composition refleet th
range of sizes given by the dust model considered in thisrpape

We illustrate our model, including description of the imber- i ;
: . i : or example sizes smaller than 10A are only considered fet PA
diate steps in the calculation, using NGC 891. Because of tﬁe P y

changes to our model, it is important to see if we can now fit the: \we quote the best i FRto two decimal places because we use
whole SED of NGC 891, including the MIR emission dominated FRas a proxy for the luminosity of the young stellar populatjsee
by the PAH spectral features. Eq.[16).

of dust in galaxies and to the dust model. For our model wit
h2(B) in parsecy = 0.9912M, pc™2.
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molecules. Also, according to the dust model, the biggestdPAFor the stochastically heated grains there is a strong hift
are those of 100A, while graphites have only sizes largar ththe peak of the SED towards longer wavelengths with increas-
100A. As expected, small grains exhibit broad probabiliggrit  ing grain size. This is seen for the small grains (Si and PAH;
butions. For example PAH molecules are only heated stoeha#te green curves) placed at large galaxian radii (seconeiémd
cally, as they have small sizes. Larger grains have narrpieér  'oW), Which all exhibit strong stochastic heating (as aleers
ability distributions, eventually tending towards a déitaction, from the broad probability distribution of temperature iig G,
when they start to emit at equilibrium temperature. corresponding panels). Since most of the energy is radeted

The figure also illustrates the dependence of the temperatH}e highest temperature side of the probability distriimsi and

distributions with position in the galaxy, due to the spatiaia- SINCe the increase in the grain size will decrease the witifeo
tion of the intensity and colour of the radiation fields. Fram- Probability distributions, this means that grains withdegsizes

ple a graphite grain of size@16xm will exhibit a delta func- Will reach systematically lower maximum temperatures ia th
tion temperature distribution if placed in the centre ofgléaxy Probability distributions, thus radiating at longer wagths.

(first and third row from the top, middle panels, blue curves i BY contrast, grains in equilibrium temperature with the ra-
Fig.[8), where the radiation fields have higher energy dmitdlatlon fleldslwnllshow a small shift in Fhe S_ED.peak with in-
and redder colours, than if placed in the outskirts of thexgal C'€@sing grain size, and in the opposite direction, nanely t
(second and 4th rows from the top, middle panels). Thus,dn twards_shorter wavelengths (see the que_curves from _the first
centre of the galaxy the.0816um graphite grain will emit at and third row from the top, left column of Figl 7). According t

equilibrium temperature, while the same grain will staretoit E£9-[33, the peak of the infrared brightness will be deternhine
stcé)chastically alg = 15000 pc. g by the wavelength dependenceQ@yfysin the far-infrared and by

m_e equilibrium temperature at which they radiate. For &giv

osition. For example a.0316um grain placed in the centre Ofradiation fieldurag, the eql_JiIibriu_m temperature depends only
RIGC 891, will exh?bit a Iowe/i te?npergture if it had a silicatd®" N€Qabs (sée EG.3B). Since bigger grains are more opaque at
composition (left upper panel) than if it had a graphite Compshorter wavelengths, tending to a black-body case, theyrbbs

. : - : : dhiciently, and therefore their equilibrium temperature is
sition (middle upper panel), due to thefdrences in the optical more 0
properties of the grains. higher, providing the&,,s has the same wavelength dependence

in the far-infrared, independent of grain size. This is edi¢he
case for silicate grains. The graphite grains however haxees
3.3. The infrared emissivities variation in the wavelength dependence in the far-infravih
grain size, which produce the non-monotonic shift in thekpea
In Fig.[1 we show examples of calculated infrared brightegssof their infrared brightness (see first and third row from tiye,
(from Eq.[34) for grains of dierent sizes and compositionsmiddle column from Fig 17, where the blue curves intersect).
placed at dierent positions within the fiuse ISM of our proto- A special case is represented by the smallest PAH molecules
type galaxy NGC 891. For the calculations we used the proljghe red curves on the right column of Fig. 7). Their infrared
bility distributions of temperature shown in Fig. 6. We asémw prightnesses are dominated by the emission bands due to
the same positions and sizes as those fromiFig. 6. Followiag tibrational transitions, and these features occur at theesa
trends in the temperature distributions, one can see therdepyavelengths, independent of the molecule size. This isuseca
dence of the infrared brightnesses with position in the>gala the vibrations seen in the mid-infrared correspond to the
due to the variation in the intensity and colour of the radrat fundamental stretching or bending modes of the C-H and C-C
fields. One should note that here we show the absolute brighbnds, and do not involve the molecule as a whole.
ness of each grain, meaning that the emission is not weigbted
take into account the abundance of grains according to $izejip The wavelength variation of the peak of the infrared bitig
composition; it simply indicates the response of each dushg nesses with grain size for a variable galaxian position (gitn
to the radiation fields. fields).
By comparing the pairs of positions, first and third row fronThe shift in the peak of the infrared brightness towards éng
the top on one hand, and second and 4th row on the other hamglvelengths with increasing grain size for stochastidadigted
we see that overall the SEDs show a stronger radial variatigrains (described aj is a strong function of galaxian position.
than a vertical variation and that this trend is indepenaént By comparing the first and 3rd rows from the top with the sec-
grain composition and grain size. This is primarily a resfithe ond and the 4th rows for the small Si and PAH grains (green
fact that the radiation fields show a stronger variation iloeo curves, Fig[l7) we see that the shift becomes less pronounced
in the radial direction than in the vertical direction (semia for grains at small galaxian radii, where the radiation edde
Fig.[5 and #), as described in Séct]3.1, which, in turn, isectli stronger and redder. For the largest PAH molecules (or €orre
consequence of the finite disk plus bulge description of osponding silicate grains) there is almost no shift, theakpee-
geometrical distributions of stars and dust. We will dischere maining constant with wavelength. This shows that thesmgyra
both the change in the peak of the SEDs as well as the chaggepite being small, are in a transition phase towardsibgjuin
in the overall amplitude of the infrared brightness. As etpd, temperature, as also proven by their narrower temperaistre d
for a given grain size and composition the peak of the SEBstion from the corresponding panels in FAig. 7. So even PAH
shifts towards longer wavelengths and its amplitude dee®amolecules can start to emit closer to equilibrium tempeeaiiu
in weaker radiation fields, especially at large galacticiiradplaced in the centre of the galaxy.
However the wavelength shift of this peak and its amplitusle a Conversely, the described shift of the peak of the SEDs to-
a function of grain size have a more complex behaviour. wards shorter wavelength with increasing grain size foingra
heated at equilibrium temperature is also a strong funation
i) The wavelength variation of the peak of the infrared btigh galaxian position. By comparing the first and 3rd rows from th
nesses with grain size for a fixed galaxian position (radiati top with the second and the 4th rows for the big silicate and
field). graphite grains (blue curves) we see that the shift can lzzsed

Finally Fig.[8 shows the dependence of temperature on co



Cristina C. Popescu et al.: Modelling the spectral energiritiution of galaxies. 17

102 T T T T T T T
Si R=0pc Jl Gro R=0pc PAH* R=0pc
10° z=0pc 4 z=0pc i i
= 1072t “H+ . .
o
~ 1
e
S 107k 1 E E
©
107 1 E E
1002 : : . . . . . . .
Si R=15000pc || Gra R=15000pc R=15000pc |
10°F z=0pc 4 g z=0pc . .
= 102k 1 - -
o
~ 1
£
S 107k 1 A A
el
107 1 A A
1002 : . : : : :
Si R=0pc Jl Gra R=0pc
10°+ z=600pc | z=600pc u
= 102k 1 - -
o
~ 1
£
S 107k 1 A A
el
107 1 A A
1953 . . ; ; ; ; .
Si R=15000pc || Gra R=15000pc R=15000pc |
10°F z=600pc | 8 z=600pc | i
= 1072t “H+ . .
o
~
e
S 107k 1 E E
©
107 1 E E
107® . . . . .
10 100 1000 10 100 1000
T[K] T[K]

Fig. 6. Temperature distributions for dust grains dfdient sizes (plotted asftirent curves in each panel) and various composition:
Si (left panels), Gra (middle panels) and PAHight panels), heated by thefflise radiation fields calculated for the best fit model
of our prototype galaxy NGC 891. Temperature distributitarsPAH® are not plotted in this figure. The colour codding is as
follows: red is for grains with radiua < 0.001um (0.00035, 0.00040, 0.00050, 0.00063 and 0.0Qt0)0) green is for grains with
0.001< a < 0.01(0.00158,0.00251, 0.00398, 0.00631, 0.01@Q0and blue is for grains with > 0.01 (0.0316, 0.10000, 0.31623,
0.7943um). The biggest grains have delta function distributioimg;esthey emit at equilibrium temperature. Going from the tio

the bottom panels the calculations are done féiedént positions in the model galaxy:= 0 pc,z= 0pc;R = 15000 pcz = 0pc;

R =0pc,z=600pc; andrk = 15000 pcz = 600 pc.

in the weaker and bluer radiation fields at large galactidi.radterms of grain size only. This also shows that models tha¢ hav
This means that even big grains can start to emit stochlgtica fixed grain size for the transition between the main heating
in the outer regions of galaxies. Indeed, by looking at the canechanisms of dust, irrespective of the radiation field8 |@ad
responding panels from Figl 6 we see that the big grains haveeaystematic spurious shifts in the mid-infrared to FIRocoé
non-negligible width in the probability distribution ofrteera- with increasing galactocentric radius.

ture for the outer disks.

To conclude, the shift of the peak of the infrared brightnedd The variation of the amplitude of the infrared brightsees
as a function of grain size strongly depends on the temp@ratW'th grain size for a fixed galaxian position (radiation fis)d
of the grains, and therefore on the stochastic or non-stichaAs apparent from Fid.l7, the amplitude of the infrared brigists
nature of the heating mechanism. Since the heating mechaniacreases with increasing grain size, with a small incrdase
depends both on grain size and on the intensity and coloteof the small grains and a bigger increase for the bigger grains.
radiation fields, it is clear that the shift cannot be destliln  Since the width of the SEDs is approximately constant (for
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Fig. 7. Infrared brightnesses for grains ofiirent sizes (plotted asftirent curves in each panel) and various composition: Si (lef
panels), Gra (middle panels) and PAKight panels), heated by thefflise radiation fields calculated for the best fit model of our
prototype galaxy NGC 891. Infrared brightnesses for PAke not plotted in this figure. The colour coding is as follovesl is for
grains with radiuga < 0.001um (0.00035, 0.00040, 0.00050, 0.00063 and 0.0@H100 green is for grains with.001 < a < 0.01
(0.00158, 0.00251, 0.00398, 0.00631, 0.010®) and blue is for grains wita > 0.01 (0.0316, 0.10000, 0.31623, 0.7948). The
grain sizes considered in this plot are the same as thogeglotFig[®. Going from the top to the bottom panels the dat@ns are
done for diferent positions in the model galaxy:= 0 pc,z= 0 pc;R = 15000 pcz = 0pc;R = 0 pc,z= 600 pc; andrk = 15000 pc,
z=600pc.

a constant set of parameters), the amplitude of the infranetlich, for a fixed colour of the radiation fields, will allowdi
brightness will scale with the area under their SEDs, nameaidyains to have a higher increase in their infrared brigltess
with the energy absorbed (per umi). For a given radiation with increasing grain size.

field uraq, Eq.[33 tells us that this is determined only by the

optical properties of the grains in the UV and optical regimg,) The variation of the amplitude of the infrared brightses

Indeed, overall theQass increases with increasing grain sizeyith grain size for a variable galaxian position (radiatiéields).
with a smaller trend for smaller sizes, and a bigger trend for . s . . . .
bigger grains. Especially in the case of silicate, the bigirgr As mentioned inii), the bigger grains have a faster increase in

show a tendency for higherfigiency in absorbing optical the amplitudg of their infrar(_ed SEDs .with ir)creasing sizanth
photons, which will boost the amplitude of their SEDs due to € Small grains, due to the increase in tfiecency of absorb-
higher proportion of red photons being absorbed. Thus,erigdn9 red photons. If the radiation fields will also change itoco,

grains will absorb more red photons than the smaller grairﬁjéfe to their spatial variation, this will in<_juce an addita'md.iffer-
ence in the amplitude of the SEDs of big and small grains. Thus
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Fig. 8. The best fit model SED of NGC891, correspondingé;o: 3.5,SFR=2.88My/yr, F = 0.41, together with the observed data
in the MIR/FIR/submm (plotted as rhombus symbols with error bars). Thersbddlux densities and the corresponding references
are given in Tablgll. The calculated total intrinsic steB&D is plotted as black line and rhombus symbols. The predistellar
SED given by population synthesis models is plotted as diark lme. The intrinsic stellar SED of the young stellar plaion in

the difuse component (the fraction-1F escaping the star-forming complexes) is plotted with mdimee The intrinsic SED (only
diffuse) of the old stellar population, as derived from the ojstition of the opticaNIR images of NGC891, is plotted with light
blue line. The corresponding SED for the bulge is plottedhwink line. The diferent symbols overplotted on the {Bptical SEDs
indicate the wavelength at which the radiative transfecudations were performed. The predicted PAH and dust eanisSED is
given with red line. Also plotted are the two main componefisfrared emission: the predictediiise SED (dark-green line) and
the predicted clumpy component associated with the stamif@ regions (light-green line).

at small galactocentric radii, where the radiation fields r@d- adding it to the solution for the dust emission from the |ead
der (see Fid.]4), more optical photons are available to kibhest component from the star-formation regions, is shown in Bjg.
amplitude of the SEDs of the big grains. The trend of increasgether with the observed Fisubmm data that were used to
ing the relative contribution of big grain emission to theaim constrain the model solution. Details on the observed flux de
grain emission with decreasing galactocentric radius jegnt sities used in the plot are given in Table 2. The best fit sofuti
from Fig.[4, especially for the case of silicates, which havecorresponds taé = 35, SFR= 288M,/yr andF = 0.41.
b_road range in grain sizes. .ObV'OUS|y 'ghe Increase in t.“?’“”t Compared with the solution obtained in Paperré (= 4.1,
sity of the radiation fields with decreasing galactocemntius SFR= 38M,/yr andF = 0.22) there are changes in all three

will also increase the amplitude of the SEDs, but this wibh-pr ¢ The d L“ lel ibuted h
duce an overall boost for both small and big grains. ree parameters. The decreaseryis solely attributed to the
fact that we used improved observational data to fit the submm

To conclude, the increase in the relative contribution gf blpoints. If we had used the original data the solution for dyac

grain emission to the small grain emission is a strong fencti, . 14 he ynchanged. The decreass FRand the increase if
of the colour of the radiation fields, and, unlike the wavgtén sentially due to the combination of adding the contidiou

. ; is,es
dependence, does not depend on the heating mechanism O]Josﬁhtﬂe young stellar population in the optical, and of inchgd

grains. This also shows that models that assume a fixed colﬂ% wavelen : ;
o e . e gth dependence of the fraction of photons esgapi
of the radiation fields (e.g. that of the local interstelladiation the star-forming regions.

fields) will incur systematic errors in the mid-infrared t¢RF

colours with increasing galactocentric radius. With the red line we show the model fit for the total dust
Finally, the increase in the amplitude of thar@ PAH fea- emission of NGC 891. We also show the main components
tures with respect to the.3um feature at small galactocentricof the dust emission, the filise component (dark-green line)
radius is also due to the redder radiation fields, which wil-p and the localised emission from the clumpy component (ight
vide additional optical photons capable of exciting theraib green line). One can see that overall most of the dust emis-
tional transition at aroundam, but not energetic enough to exsion is powered by the flise component. Our solution gives

cite the transitions around&um. for the total dust luminosity 2 = 9.94 x 10°W, of which
Lg'ufsft = 6.89x 10°°W is emitted in the dfuse medium (69%).
3.4. The integrated SED From the figure it is apparent that theffdse component domi-

nates the emission longwards of @@ and shortwards of 2@m.
The best fit SED, obtained by spatially integrating the sotut Thus, most of the emission in the FIR and in the fNIR
described above for the ftlise dust emission component an@PAH region) is dffuse. It is only at intermediate wavelengths



20 Cristina C. Popescu et al.: Modelling the spectral endrsfyibution of galaxies.

Table 2. The total MIRFIR/submm flux densities of NGC 891. The observed flux densitiagale only within a fixed aperture
were extrapolated to the whole galaxy using the best fit mofd€iGC 891.

wavelength F, error(F,) telescope reference
um Jy Jy
12 5.46 0.82 IRAS Rice et al. (1988); Sanders et al. (2003) ragee
25 7.39 1.11 IRAS Rice et al. (1988); Sanders et al. (2003) ragee
60 63.8 9.6 IRAS Rice et al. (1988); Sanders et al. (2003) ameer
100 185 28 IRAS Rice et al. (1988); Sanders et al. (2003) geera
170 193 18 ISO Popescu et al. (2004) -
200 165 17 ISO Popescu et al. (2004) -
450 40.95 8.0 SCUBA Israel etal. (1999) extrapolated
850 4.85 0.6 SCUBA Israel etal. (1999) extrapolated
1200 0.92 0.13 IRAM Guelin et al. (1993) extrapolated

(20— 60um) where the localised dust emission within the stathose of integrated dust emission SEDs and evaluate th&dimi
forming complexes dominates. In the IRAS 2% and Spitzer tions imposed by the approximations.
24um bands almost all the emission is predicted to come from
the star-forming complexes, suggesting tkfecacy of this band
as a direct tracer of SFR. Indeed empirically studies hage/sh
that of the Spitzer bands it is the 2t band which is more
closely related to star-formation (e.g. Calzetti et al. @01 A fundamental aspect of our model was the inclusion of a sec-
In Fig.[8 we also show the corresponding intrinsic stellasnd disk of dust associated with the young stellar poputatio
SED (as would be seen in the absence of dust) of NGC 8%lhich was taken to mimic the fluse dust that is known to ex-
together with the stellar emissivity components. In allesathe st in spiral arms through direct observations in the FIRhbo
symbols indicate the wavelengths at which the radiativestra the Milky Way and in nearby well resolved galaxies. The secon
fer calculations were performed. The black line represtrgs dust disk was originally introduced in Paper | to provide te
total stellar emission produce in the galaxy. In the UV rangserved level of submm emission in the spatially integrated.S
this is given by the population synthesis models (plottethas As discussed in Paper | and in Popescu &%2005), the ad-
blue line), as explained in Se€t._213.3. A fraction of thisi®m ditional quantity of dust needed to fit the observed submma dat
sion is locally absorbed in the star-forming complexes]efiie cannot be provided by clumpy optically thick dust, whetheats
remaining 1- F escapes in the fluse young stellar disk (the dust is in star formation regions or in passive quiescemhpki
mauve line). Thus, the flierence between the black line and th&his conclusion has been reinforced by the utilisation efith-
mauve line in the UV represents the localised (and wavelengiroved dust emission templates for star formation regiotrs-
dependent) absorption of stellar light (see[Eq. 21). In fitecal duced in Secf_218, since these are now empirically comgtdai
range the total emission is given as a sum of the emission frggy submm and near-mm data.
the young stellar disk (mauve line plots only théfigse emis- More fundamentally, although one is in principle free to add
sion from the young stellar disk, which is slightlyfidirent from dust to the model in any form one likes to reproduce the oleserv
the total emission of the young stellar disk, due to the la@al level of emission deep in the submm, if this dust is selfislaig,
sorption), the old stellar disk (light blue line) and thedp(pink it will in practice struggle to supply the necessary lumiho®
line). fit the FIR flux density peak of spiral galaxies at around 160
One important result of such calculations is to determiee tio peak at around 160 micron the dust grains must be heated by
fractional contribution of the dierent stellar components to theradiation fields at around 1 Habing, which is indeed the illan
dust heating. For the case of NGC 891 we derive the followirign of the difuse dust. Heating at around 100 Habing (as at the
fractions: 11% for bulge, 20% for the old stellar disk, 38% foPDR surface in embedded star-formation regions) wouldigeov
the young stellar disk and 31% for the star forming complexdabe luminosity but with too blue dust FIR colours, while thestl
This means that the young stellar populations are resplerfsib  emission from the self-shielded dust would be too red as well
69% of the dust heating while the old stellar population®aot as not providing the luminos[f§. Of course, one solution would
for the remaining 31%. be to invoke star-forming complexes extending to radii oferd
10 times their actual sizes into thefdise component, so that the
dust illumination is reduced to the required levels. Howéhis
4. Fidelity of the model is akin to spreading the dust around the spiral arms, whiek-is
actly what our second dust disk solution tries to mimic, so th
In order to fit observed dy&tAH emission SEDs of real galaxiesdifference to a diuse dust component then becomes semantic.
like NGC 891 it was necessary to make some basic assumptions
and approximations, which, however, have implicationsomby ~ ** A possible way out of this conundrum might be to invoke hegagih
for the SED of the integrated re-radiated light, but alsdfierge- the self-shielded grains by the absorption of secondary™IR pho-
ometrical characteristics of this light and of the direct/dptical tons emitted atthe PDR surface for the star-formation regitlowever,
stellar light. The main assumptions are the existence offasdi even if this process could provide enough luminosity to aotdor the

. . . 160um peak in the integrated SED of galaxies, it could not sinmgta
dust component associated with the young stellar populztie ously boost the MIR PAH emission, which require UV or blueicgit

approximation of this dust in the form of an exponential @iskl ot0ns for excitation. By contrast the integrated MIR PAigsion
the utilisation of a fixed spectral emissivity law for the y@u s known to be statistically related to the 18® emission from spiral
and old stellar populations. Here we check whether our modglaxies (eg Bendo et al. 2008), typically accounting<§ot5% of the
is consistent with the available observational constsadietyond total re-radiated starlight.

4.1. The existence of a diffuse dust component associated
with the young stellar population




Cristina C. Popescu et al.: Modelling the spectral energiritiution of galaxies. 21

In general, the fit to data provided by our two-dust disk
model is one of relatively large opacity for the central oes 1.000F
of local universe spiral galaxiesg = 3.5-4; Paper I; Driver et i
al. 2007; see also Seff. B.4), with most of the opacity pextid
by the second dust disk. This is in contrast to the solutidowf
opacity (r,f3 = 1) and one disk of dust (obtained by Xilouris et
al. 1997 and Bianchi 2007 from modelling the optical data/pnl
which fails by a factor ot 3 to reproduce the submm emission
(Popescu et al. 2000; see also Baes et al. 2010).

Apart from the need to fit the submm data, and the physical
considerations already outlined in Séct.]2.1 linking theose
dust disk with the corresponding star-forming disk of gheré
is further empirical evidence for the existence of a secamst d

disk, as derived from comparison of the model predictiorthwi _ ) ) ) )
other data, as follows: Fig. 9. Comparison between theudn Spitzer vertical profile of

NGC 891 integrated over longitude (dashed line) and oureeorr
sponding model predictions (solid line). Before compariadth
the model, the @m image had the stellar component subtracted

8 micron dust/PAH ]
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i) Comparison of model predictions for the stellar emidgiun
the optical with population synthesis models

We checked whether the predicted intrinsic SED of the 0&]f

stellar populations in NGC 891, as derived from optimigatio

of the optical data only (Xilouris et al. 1999), together wit light at 8um (estimated by multiplying a Spitzer@um image

the corresponding SFR needed to produce the total luminodily a factor of 0.26; Helou et al. 2004). FId. 9 shows again an

emitted by the dust, could be fitted by the population syrishegxcellent agreement. Thus the model containing a secortd dus

models of Kotulla et al. (2009). In Fig.l 8 one can see thaisk can predict both the overall level of emission and thapsh

the predictions for the optical emission from the old stellaf the predicted vertical profile.

population (light blue line) in the B, V, and | bands fall sesly

below the predictions from the population synthesis modgl) Comparison of model predictions for the attenuation-

(dark blue line). In this plot we already included the secduast inclination relation with observations

disk. In its absence the SFR needed to reproduce the enesggtrong independent evidence for the existence of a second

emitted in the infrared would be even greater, so the disgrep dust disk came from the attenuation-inclination relatibmvas

would increase. It is clear from here that there is a need féfiown in Popescu & Tis (2009) that while a two dust-disk

extra stellar luminosity presumably hidden by extra duse (t model with higher central face-on opacity can reproducethe

second dust-disk in our formulation). In Popescu et al. @00served attenuation-inclination relation, a single duskanodel

we assumed that the young stellar population was only emittiyyjp, ¢, = 1.0 completely fails to reproduce the observed data.

in the UV, while in the optical we only had the contributionifn - The aitenuation-inclination relation is an especially sitave

the old stellar populations, as derived by Xilouris et aB98).  test, as the rise in attenuation with inclination will vetsomgly

This assumption is not supported by the predictions of thgnend on the relative scaleheights of the assumed dusslaye

population synthesis models, and indicates that the ogéifion 4 stellar populations. In particular it is an independestfor

of the optical images can only reveal information about tie Ohe existence of the second component of dust represented by

stellar populations and associated dust, but completdsithe  the second dust disk. We should also mention here that one of

information about the young stellar populations and assedi the strength of this test is that it is completely independéthe

dust. assumed dust emission properties. Thus, this would also see
to rule out a one-dust disk model with low opacity but with dus

ii) Comparison of model prediction for the spatial distritan  grains having modified optical properties in the submm (e.g.

of PAH emission with observations enhanced submm emissivity), as proposed by Alton et al 4200

Since our model with the second disk of dust and stellar emand Dasyra et al. (2005).

sivity was only fitted to the spatially integrated dust enass

it is possible to use the spatial information provided by thg) Comparison of model predictions for the vertical prafiia

observations to check the predictions of the model. We hatfee optical and NIR in NGC 891 with observations

already used the predictions from Popescu et al. (2000) The solution with a second dust-disk and extra luminosity€o

compare the predictions of the model for the spatial digtiim ing from the young stellar population emitting in the optica

of infrared emission with the ISOPHOT data of NGC 891 diands was further used to predict the appearance of theygalax

170 and 20@m (Popescu et al. 2004). The comparison was the optical bands. In particular the average verticafif@®

done for the radial profiles, as the observed ISOPHOT imadeasve been used to test whether the dip produced in the plane

were only resolved in radial direction. The model preditsio of the galaxy by the dust layer has the right deepness[Fig. 10

were found to be in excellent agreement with the observatioshows a comparison between the | band averaged vertical pro-

More recently Spitzer images of NGC 891 became availabfde obtained from the observed images of NGC 891 (Xilouris

which have a linear resolution of 100 pc aur®, comparable et al. 1998) and the corresponding model predictions farethr

to the thickness of the second dust disk. Since we have noases. The first case (left panel) is the original soluticiaioled

included the PAH features in the model, which dominate th®y Xilouris et al. (1999), which only includes the old stelthsk

8um emission, these data can be used to test the predictionsgiod associated dust. The second case (middle panel) is our tw

the vertical distribution of PAH emission in NGC 891. Forsthi dust-disk model, but without the inclusion of the younglstel

comparison we first subtracted the component of directastellisk. Finally, the right panel shows again the predicticrsofur
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Fig. 10.A comparison between the observed averaged vertical pa§fl&SC 891 in the | band (solid line) and the corresponding
model predictions (dashed line) for three cases: the ontedtkklsmodel (left panel) Withé = 1.0 and one stellar disk (the old stellar
disk); the two dust-disk model (middle panel) \Nﬁb = 3.5 and one stellar disk (the old stellar disk); the two duskanodel (right
panel) With‘r; = 3.5 and two stellar disks (the old and the young stellar disk).

two-dust disk model, but with the inclusion of extra lumiitps young stars will be still perfectly correlated with the thayer
coming from the young stellar disk. One can immediately seddust and gas with a (local) scaleheight of 90 pc, sinceftieete
that the inclusion of a second dust disk which is not accompaf-corrugations is purely gravitational. So the basic wailtgeo-
nied by a stellar luminosity component would produce a gteon metrical coupling between stars and dust which gives riskdo
dust lane (a larger depth in the vertical profile) than shawthé dust emission from the thin disk, as calculated in this mostil
observed images. This is a clear indication that there isedl neapplies. To conclude, if corrugations occur, the seconttdisk
for extra luminosity, as also indicated by population sysik will tend to be blurred, making dust lanes in edge-on gakixie
models (see i) above). In fact the two dust disk model with twie NIR less prominent.

(old and young) stellar components is able to reproducelthe o

served data better than the one disk model, especially iBthe L ) .
band. 4.2. Approximating the spiral arm component with an

exponential disk

In the K band the model with the two dust disks and two
stellar components predicts a somewhat more prominent d&gen if it is accepted that there is affdise dust layer associ-
lane than observed. This would indicate either a shortdescaated with the young stellar population, we must still evedube
length for the second dust disk (though this would f&dalilt to  effect of artificially distributing this stellar emissivity drdust
reconcile with the excellent fit we found in Paper | for the ra@pacity in an exponential disk instead of a spiral arm pattir
dial profile at 85Qum), or more luminosity in the young stellaris clear that this will completely prohibita comparison offace
disk than predicted by the population synthesis model. #ata brightness distributions in face-on systems, but here e@aly
ready noted by Dasyra et al. (2005), Bianchi (2007) and Biancconcerned with the spatially integrated dust emission S&iils
(2008) that the second dust disk shows its maximdiece in the efects of this approximation on these.
the K band, since it is only there that the first disk of dust be- To do this we ran a simulation with the parameters corre-
comes transparent and is therefore not shielding the settiskd sponding to the best fit solution of NGC 891 (see Seci. 34), i.
of dust. A possible alternative reason for thdfidulty in fit- we kept the same luminosity for the young stellar populadiod
ting the vertical profile in K-band is that, due to its very simathe same amount of dust, but we redistributed the correspond
scale height, the appearance of the second dust disk at thHegestellar emissivities and dust opacities in a spiralgratt\We
long wavelengths would be easily blurred in real galaxigeit modeled the spiral pattern using 3 circular arms, with aafadi
turbations from co-planarity occur, even if any such pdradr distribution as given in Fig._11. The vertical distributienthe
tions had relatively small amplitudes. Although the scalght same as for the case of the thin exponential disk. This means
of the molecular layer in Milky Way is around 90 pc, as adoptdtiat for any given line of sight through the spiral arm thempa
in our model for the second dust layer, it is well known thdty is higher than for the case of a second dust disk, and fpr an
CO and other tracers of star-formation exhibit systematitiv given line of sight through the interarm regions the opaisty
cal displacements from the mean place known as “corrugsitionower than for the case of the second dust disk - being just the
(Spicker & Feitzinger 1986 and references therein). Theadis opacity of the first dust disk. So we will have a solution with a
ery of Matthews & Uson (2008) of a non-planar disk in stahigh contrast between arm and interarm regions, that catilbe s
formation tracers in an isolated galaxy other than the Millgy, characterised by the same central face-on opacity - whittteis
is a strong evidence that non-planarity is a rather freqpbat effective central face-on opacity if all the dust were distréali
nomena. Matthews & Uson found that undulated patterns withan exponential disk instead of in a spiral arm.
amplitude of~ 250 pc are visible in particular in the distribution  After calculating the radiation fields and the infrared emis
of the young stellar population and the dust, suggestingtiiea sivities using the same procedure outlined in $éct 2[and 3 we
process leading to the vertical displacements may be linkkd obtain a total integrated infrared SED that looks very samib
the regulation of star formation in galaxies. ThEeet of corru- that obtained for the exponential disk case (see[Elg. 13.ifh
gations will mean that the edge-on thin disk will not be segn gegrated dust luminosity is only®% lower than for the standard
such in the optical, but only the distribution correspoigdimthe model. Here we should mention that the attenuation-inttna
amplitude of the corrugations. This would be more than ehougurve (not plotted in this paper) obtained for the solutiathw
to blur and hide any dust layer in the NIR. Nevertheless, tlaespiral pattern is also almost identical to that obtainedHe
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Fig. 11. The radial distribution used to test th&ext of a spi-
ral pattern for the young stars and associatéilisé dust (solid Fig. 13. Comparison between model solutions for dust emission
line), overplotted on the distribution for the standard ®lotith  SEDs calculated using intrinsic SEDs of the old stellar popu
an exponential disk (dotted line). The radial coordinatgiven |ation peaking in the J (solid line) and K band (dashed line),
in units of exponential scalelengths, where the scaleleofyhe respectively. The solution is for the best fit of NGC 891.
exponential disk i&'¥sk = 5670 pc.

of stellar light (see Fig_BI]1) when changing the main free pa
- - - 3 rameters of our model.

100.0 : 4.3. The approximation of a fixed spectral shape for the

SEDs of the old and young stellar populations

As discussed in Se¢f. 2.3, the dust emission SEDs are c@ldula
by dividing the stellar emission SED into two fixed specteaht
plates with dffering spatial distributions - one UV-dominated
corresponding to the young stellar population, weightedhiy
model parameteS FR and one optically dominated, corre-
sponding to the old population and weighted by the model pa-
rameteold. This is a radically dierent approach to the handling
of stellar emissivity SEDs compared to previous modelsHer t
panchromatic UV-submm emission of galaxies. It enable®us t
obtain the same solution for the dust emission, and thezeifer
reddening of any given galaxy, without the need to input tria
. . . population synthesis solutions for the full UbpticafNIR stellar
Fig. 12. Comparison between model solutions for the dUSt_em'gfnpission SEyD to the calculation of the dllfls)f)emiyssion. Thig ne
sion SEDs calculated under the assumption that the emisSii 5 44ch requires however that the solution to the dustsionis
of the young stellar population and the opacity of the asgedi g jnyarient to the assumed shape of the stellar emissiEp S
dust are distributed in a thin disk (solid line) and in a SE@- \ithin each of the two templates. Here we test this assumptio
tern (dashed line), respectively. The solution is for thetfieof i, y,rn for the old and the young stellar emission templates.
NGC 891. For the old stellar population the spectral shape was empir-
ically derived from fitting the optical images of NGC 891. The
spectral shape was consistent with the SED having a flux den-
case of an exponential disk. The insensitivity of the shdjkeeo sity per unit frequency peaking in the J band. Reasonabla-var
attenuation-inclination curve to the inclusion of a sppattern tions from this shape are to consider spectral templatdsimga
was already demonstrated by Semionov et al. (2006). Inpgssitowards longer wavelengths, e.g. in the K band. We therefore
we also note that Misiriotis et al. (2000) showed that theeapp consider a calculation in which the spectral shape wasealter
ance of simulated dusty spiral galaxies seen edge-on,latddu to allow for a brightening of the K band luminosity by 58%
using a spiral structure, does noffdr from that calculated using and a corresponding dimming of the J band luminosity by 48%,
a pure exponential disk. change that preserves the spectral integrated luminokityeo
The similarity in the solutions obtained for both the inteeld stellar population. The result of this calculation fréig.[13
grated infrared SEDs and for the attenuation-inclinatelation shows that the predicted dust emission SEDs are completely i
reassures us that the approximation of a second expontiial sensitive to (possible) changes in the spectral shape aflthe
disk of stellar emissivity and dust opacity is an excellent o stellar populations, as indicated from the overlap of tlisaned
when making predictions for the spatially integrated SEIdés SEDs.
is in contrast to the large change in the shape and amplitide o For the young stellar population the spectral shape was fixed
the infrared SEDs (as we will show in S€lct. 5) and attenuatioftom a combination of population synthesis models and empir
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Fig. 15. Comparison between model solutions foffa$e dust
emission SEDs calculated usingfdrent contributions of the

young and old stellar populations, but preserving the tstislt
5F E lar luminosity. The solid line is the solution corresporgliio
s 1 the best fit of NGC891, but without the bulge contributioneTh
I 1
10

dashed line corresponds to an increase in the luminositireof t

> 4 _ young stellar population in thefilise stellar disk by a factor of 2
— F 1 andadecrease in the luminosity of the old disk stellar patr
- 3F 4 byafactor of 1.68.

Finally, it is important to check what thefect of changing
the colours of the young stellar population in the UV is, sinc
there it is these photons that make a significant contributio
the dust heating. We therefore made a more drastic change, by
A [um] changing the slope of the UV SED from nearly flat fip) to a
monotonically decreasing slope between the 1350A and 2800A
Fig. 14.Comparison between model solutions for dust emissiepectral sampling points. We therefore brightened the A350
SEDs calculated usingfliérent spectral templates for the intrin-data point by 24% and dimmed the 2800A flux by 38%, thus pro-
sic SEDs of the young stellar population in the UV: our staddaducing a very blue spectrum. As before we kept the overall lu-
model (green line) and a model with bluer colours (red lin@), minosity of the young stellar population constant. The liasy
spectively. The solution is for the best fit of NGC 891. In botdust emission SED is shown in the two panels of Eig. 14, pdotte
cases the the total luminosity of the young stellar popaiatias in a linear scale and for fierent cuts in luminosity to allow a
kept fixed. better visualisation of the smallffierences in the SEDs. Again,
since a bluer stellar SED was considered, this resulted iremo
stellar photons being absorbed by dust and a larger predicte
dust luminosity, as seen from the plots. The overall inazéas
cal fitting of the optical images. This resulted in a spedtal- the dust luminosity was.T%, which is still a minor variation
plate having a flux density per unit frequency peaking in thiteking into account the dramatic change by 62% in the colours
| band. Reasonable variations from this shape are to cansidéthe UV stellar SED. In fact this is almost surprising, bu w
spectral templates peaking towards shorter wavelengthsine should keep in mind that the bluer UV photons have higherprob
the V band. We therefore consider a calculation in which trability of absorption in the star forming complexes, andéifiere
spectral shape was altered to allow for a brightening of the thie escaping radiation illuminating theftlise component would
band luminosity by 34% and a dimming of the | band luminosstill be strongly reddened due to the local absorption.
ity by 25%. As before this change was chosen to preserve the By contrast we also did a calculation in which we changed
spectral integrated luminosity of the young stellar popiata  the relative contribution of the young to old stellar popigias
The resulting dust emission SED (not shown in this paper) &nd kept fixed the total stellar luminosity. We have used the s
essentially indistinguishable from the one calculateshgigiur lution for NGC 891 for the dfuse component, set the bulge-
standard model. There is only an increase in the predictet! dip-disk ratio to 0 and used this as a reference SED. We then in-
luminosity by 02%, which is to be expected due to the shift itreased the luminosity of the young stellar population tacadr
the spectral peak of the young stellar population to sharéee- of 2 and decreased the luminosity of the old stellar popahati
lengths, which resulted in a larger fraction of stellar mmst in the disk by a factor of 1.68, which preserves the total stel
being absorbed by dust. So changing the colours of the youag luminosity. The resulting SEDs are shown in Hig] 15. This
stellar population in the optical by as much as 59% productse there is a significant change in the SEDs, followed by an
changes of less of a percent for the predicted dust emisgionihcrease in the total dust luminosity by 33% and an increase i
minosity. the MIR emission by a factor of 2. This shows again that the
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main factors influencing the dust emission SEDs are the Bvertable 3. The parameter space sampled by our library of dust and
luminosities of the old and young stellar populations, ant nPAH emission SEDs (for the fluse component only).
(possible) variations in the spectral shape of the temglatéar

SEDs. t, SFR old B/D
Mo/yr
4.4. The relative opacity of the first and second dust disk > o9 90 000
3 05 02 02 050

A further approximation of the model is the fixed ratio betwee
the opacity of the first and second dust disks. While most o
the fixed parameters have been calibrated to empiricaloakt

1.0 0.5 0.5 1.00
2.0 1.0 1.0 2.00

we acknowledge that this ratio has been only calibratedeo th; g 50 5.0
value of NGC 891 (close to NGC 5907). The validity of this as-g 100 100
sumption has been succesfully tested in a statistical sangee 9 20.0 200

attenuation-inclination relation in Driver et al. (200However
this assumption still needs to be proven on an object-bgaibj

basis by fitting the panchromatic SEDs of galaxies. As we Wi be considered. As we will show in Sec16.5, the locus of the
show in AppendiXD we have identified a parametric test $9|R colours corresponding to the parameter space defindteby t
potentially flag out galaxies that may not follow the colouryajues in Tabl&l3 overlaps quite well with the locus of observ
luminosity relation predicted by our model due to other gebm F|R colours of real life spiral galaxies.

rical characteristics. To compute the library of diuse SEDs we first calculated

a library of radiation fields, computed for the main stellane
ponents of our model: young stellar disk, old stellar diski an
bulge, for the 7 values of opacity used in Table 3 and for the 16
We have created a library offflise SEDs that spans the paramlJV-optical wavelengths detailed in SeCf.12.3. For the buige
eter space of 4 parameter%:, SFR, old, andB/DT With the the old stellar disk only 6 optical wavelengths were usednas
exception ofS FR, these are the main parameters of the mod@Ur model we assume that these stellar components have neg-

SFR is defined in terms of the primary paramet8§RandF: ligible emission in the UV range. In total we created a ligrar
of 196 data cubes of radiation fields, sampled at 22 radial po-

SFR=SFRx(1-F) (45) sitions and 12 vertical positions (264 spatial points wittiie

o _ ) ~model galaxy). We then created the library of temperatuse di
which is equivalent with th& FRfor the case that = 0. This  tributions, for the 4 grain compositions used in our modiik (s
definition is possible because in our model we made the assurggte, graphite, PAY PAH"), the 7 values of opacity, 9 values of
tion that the wavelength dependence of the fraction of escapFR, 9 values obld and 5 values oB/D. In total we computed
photons from the clumpy componentinto théase one is fixed, 3 Jibrary of 11340 data cubes of temperature distributieash
allowing us to separately calculate the SEDs for tiiude com- sampled at 264 spatial points within the model galaxy and for
ponent and for the clumpy component. In this formulaBiAR 3| grain sizes contained in the dust model. For each of time te
is an dfective star formation rate powering théfdise dust emis- perature distribution data cubes we created correspordings
sion. of infrared emissivity. In total a library of 11340 files offiared

In Table[3 we give the parameter values at which the modghissivities were calculated.
for the difuse component has been sampled. In total we have 7 \when used to fit observed panchromatic SEDs, the library
(for Té) x 9 (for SFR) x 9 (for old) x 5 (for B/D) = 2835 com- of simulated dust and PAH emission SEDs should be used in
binations, corresponding to 2835 simulated SEDs. All theieho conjunction with the library of simulated attenuations tisir
SEDs are available in electronic form. The choice of theparalight recalculated in this paper, taking into account®#® ratio
eter values was done such that it covers the parameter spacefehe galaxy and its inclination, as described in Appefdix D
local universe galaxies but also the asymptotic values efeh
parameters. Thus fmé3 we considered the range [0.1,8.], which ) o o
means galaxies with almost no dust at all to galaxies haweg o 6 Predicted variation of the dust emission SEDs
twice as much opacity as the average value found from thiestat  with the main parameters of the model.
tical analysis of the Millennium Galaxy Catalogue (Driveiaé o Lt
2007). ForS FR we considered the range [0.,281}, /yr, which  6-1. Variation of the SEDs with g
means galaxies with no recent star-formation activity (eating iy Amplitude of the SED

from the young stellar p_opulation) to galaxies_having_ veighh As expected, the amplitude of thefiise dust and PAH
star-formation rate (typical of starburst galaxies whitlowWd ¢nission SEDs increases with increasing optical depthtfer t
be outside the range of spiral galaxies addressed by th&rpapgpical thin cases and tends to a saturation value for tHeadiyt

For the old stellar population the parametéd was scanned hick cases. This is seen in Fig.]16 from the bunching of the
analogous t& FR Finally, we considered galaxies spanning thgIue and black curves on one hami (= 4,8) and from the

whole Hubble sequence, from bulgeless galax@®= 0.0)to .
bulge dominated galaxie®(D = 2.0). This choice of param- big gap between the green and red curves on the other hand

f . . :
eters allows a smooth overlap with the parameter spacef st&s = 0-1,1). An interesting feature of the SEDs is the fact
burst galaxies, very quiescent galaxies, early type gedaénd that the ratio between the FIR and MIR (PAH) amplitudes

higher redshift aalaxies. It also allows rare (unexpectades INcreases .With. increasing opacity for _the models where the
9 g ( P ? stellar luminosity has a higher contribution from the oléllsir

13 We note that the fixed (and calibrated) parameters of the hawde population with respect to the young stellar populationt (bu
given in the AppendikE. where the young stellar population has still a non-neglggib

5. The library of SEDs for the diffuse component
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Fig. 16. Integrated dust and PAH emission SEDs for thudie component, for model galaxies withfdient face-on opacities
(plotted as dierent curves in each panel). All models shown in this figueefar pure disk galaxiesB/D = 0.0). From left to
right the panels show model galaxies with various levelsooficbution from the old stellar populations (0#d0.1 (0.0), old= 2.0
and old= 20.0). From top to bottom the panels show models with variousltesf SFR (SFR= 0.0, 2.0, 20.0 My/yr). The colour

coding is as follows: green is fmé =01, redis forr:3 =10, blueis forr:3 = 4.0 and black is forré = 8.0.

contribution). This can be seen for example on the rightdmott heating in the optically thin regions of the galaxy.

panel of Fig.[1b, where the green curve;(z 0.1) shows
almost identical levels in the FIR peak and in the PAH feature

while the black curve7(;j = 8) shows two order of magnitude
difference in the FIR to MIR levels. This change in the FIR) Peak of the SED
to MIR colour is due to the fact that with increasing optical
depth the disk becomes first optically thick to the UV radiati
(provided by the young stellar population), while still bgi
relatively transparent to the optical photons (mainly jxled Another interesting feature of the plots is the fact that the
by the old stellar population). This will have the conseqeen peak of the SEDs from fiuse dust shifts towards longer wave-
that the PAH emission (and small grain emission), which lengths with increasing opacity for the optically thick ireg,
mainly heated by the UV photons will tend to a saturation lleveor the models where the stellar luminosity has a higherr¢ont
as expected for the optically thick case, while the FIR eimiss bution from the young stellar populations with respect ®dld
will be still boosted by the optical photons, which have nditellar population. This can be seen for example in the botto
reached the optically thick limit yet. Apart from thisfect, row of Fig.[16, where the trend of shifting the peak of the SEDs
which is simply related to the optical properties of the gsai becomes increasingly less strong in moving from the lefheo t
there is an additional geometricaff@ct which will boost the right panel, where the solution changes from a young to an old
FIR-to-MIR colour with increasing opacity. This is due tceth stellar population dominance of the stellar SED. As befaten
fact that the old stellar populations have larger scalgitsi moving to a solution where more optical photons are avalabl
than the young stellar populations, which will mean thatrgda these will provide extra heating to the dust, due to theirevagp-
proportion of the optical photons will be less confined to thiécally thin regime, both because of their optical propestand
regions of higher optical depth, and will therefore providdra because of their spatial distribution (as discussed bgfatgch

in turn will cancel the shift towards cooler SEDs.
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Fig. 17.Integrated dust and PAH emission SEDs for th&udie component, for model galaxies witlfdrent levels of SFR (plotted
as diferent curves in each panel). All models shown in this figuedarpure disk galaxie®/D = 0.0). From left to right the panels
show model galaxies with various levels of contributiomfirthe old stellar populations (olé 0.1, old = 2.0 and old= 20.0).
From top to bottom the panels show models with various fac&-band opacities*ré =01, T; = 1.0, andré = 8.0). The colour

coding is as follows: green is for SFR 0.0 My/yr, red is for SFR = 2.0 Mg/yr, blue is for SFR = 10.0 My/yr and black is for
SFR = 20.0 Mg/yr.

6.2. Variation of the SEDs with S FR(young stellar 6.3. Variation of the SEDs with old (the old stellar population)
opulation
pop ) The increase in the luminosity of the old stellar populapoo-
duces a shift of the peak of the infrared SED of th&utie
dust towards shorter wavelengths (see Eid. 18), similah¢o t
case of increasing the luminosity of the young stellar papoih.
However, the shift is accompanied by a decrease in the MiR-to

The increase in the contribution of the young stellar pojiute. F'R ratio, opposite to theffect obtained in the case of increas-
to the stellar SEDs will have theffect of increasing the MIR INg the luminosity of the young stellar population. Indegt

to FIR level of the difuse dust emission SEDs, with essentiall 1IR-to-FIR colours become cooler, due to the fact that the ad
no change in the submm level (see Figl 17). At the same tifjiilonal optical photons will mainly boost the FIR emissiand

the peak of the dust emission SEDs will shift towards short pt the PAH emission. Obw_ousl_y_ thigfect is less pronounced
wavelengths. Overall this will result in warmer SEDs, withtp 0" mOdeIS with higher Iumm_osmes of the young ste_llar pop
FIR SED peaks and MIR-to-FIR colours becoming systema{!ations (see trends from going from the left to the rightdan
cally bluer. It is interesting to note that théect of increasing c0lumn in Fig[18) and is enhanced for models with higher dust

SFRis completely dferent from the fect of increasing-é, opacity (see trends for going from the top to the bottom row in

showing that the two parameters are completely orthogQmed. Fig.[18).

should also notice that the trend in bluer SEDs with incregsi

S FRbecomes less pronounced for models with higher cont@-4. variation of the SEDs with B/D (bulge-to-disk ratio)

bution from the old stellar populations to the stellar SEBese(

trends in moving from the left column to the right column off he variation in the bulge-to-disk ratio produces variagion the
Fig.[011). infrared SEDs with less dynamical range (see Eig. 19), simpl
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Fig. 18.Integrated dust and PAH emission SEDs for théudie component, for model galaxies witlifdient contribution from the
old stellar population (plotted asftirent curves in each panel). All models shown in this figuesfar pure disk galaxies/D =
0.0). From left to right the panels show model galaxies withaas levels of SFR (SFR= 0.0, SFR = 2.0 and SFR = 20.0). From

top to bottom the panels show models with various face—oanijacities(é =0.1, ré = 1.0, andré = 8.0). The colour coding
is as follows: green is for olé 0.0, red is for old= 2.0, blue is for old= 10.0 and black is for old= 20.0.

due to the smaller dynamical range in the values of the paraneat degrees of modulations due to variationséjnHere we need
ter B/D. Nevertheless, the peak of the SEDs is shifted to shorterremember that for fitting total SEDs the template for tlae-st
infrared wavelengths with increasirgyD and the MIR-to-FIR forming complexes must be added to thfule SEDs, boosting
colours get cooler, following the trends expected for aatioh the MIR emission (see SeEt. 6.5, below).

in the luminosity of an old stellar population. Thus the atidn

induced by theB/D ratio follows similar trends with the varia- . ) . .

tion induced by theold parameter. It is however expected thaf->- €olour variation of the combined diffuse and localised

in most cases the value of ti D to be inputted from observa- dust emission SEDs

tions, and thus not to be a free parameter of the model. Adding the emission from the localised dust emission tetepla
o . of star-formation complexes to the solution for th&use emis-
Overall it is interesting to observe that the 3 parameters g, o obtain the total emission adds extra variations ® th
the modelrg, S FRandold are orthogonal parameters, producdust emission SEDs, especially boosting the warm dust emis-
ing quite diterent éfects in shaping the dust emission SEDssion from larger grains. Thigkect, controlled by th& parame-
For example it is clear that the only way to increase the le¥el ter, is in practice rather orthogonal to the variations i& 8ED
the submm emission is through avariationé),fas neither anin- of the difuse component discussed above, due to tiferéint
crease in the luminosity of the old or of the young stellarydap behaviour of the UYbptical attenuation as a function Bf(see
tions could account for this. In other words in the submm vee aAppendiXQ) and due to the fact that, over the parameter range
tracing dust column densities, while in the MIR and FIR we araf the model, the localised dust emission template is alralost
tracing both dust column densities and heating sourcesalsb ways much warmer in the FIR than the predicted FIR colours
obvious that if we want to have warmer MIR-to-FIR colours wef the difuse dust emission. In fact the FIR colours of the dif-
have to increase the luminosity of the young stellar popartat  fuse dust emission only approach those of the PDR template fo
while if we want to have cooler MIR-to-FIR colours we need tthe extreme cas8 FR= 20 andold = 20 in an optically thin
increase the luminosity of the old stellar populationshwditfer- galaxy in which the UV illuminates the fluse dust, as can be
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Fig. 19. Integrated dust and PAH emission SEDs for thiéudie component, for model galaxies witlffdient bulge-to-disk ratios
(plotted as dferent curves in each panel). All models shown in this figuesfar galaxies with a fixed contribution from the old
stellar population (olg= 2.0). From left to right the panels show model galaxies withauas levels of SFR (SFR= 0.0, SFR = 2.0

and SFR = 20.0). From top to bottom the panels show models with various-fat B band opacitiesf, = 0.1, 7} = 1.0, and

ré = 8.0). The colour coding is as follows: green is fofB = 0.0, red is for BD = 0.5, blue is for BD = 1.0 and black is for
B/D = 2.0.

seen by comparing the top RH panel of Fig. 18 with the templat@meter space covered by the models overlaps with the param-
SED in Fig. 5. A further reason for the orthogonality of thente eter space of real life spiral galaxies, we overplotted threez
plate SED to the SED of thefliise emission is that dust in thesponding colours of the spiral galaxies with Hubble typdiear
diffuse ISM is more fficient in chanelling absorbed UV energythan Sd from the ISOPHOT Virgo Cluster Deep Survey (IVCDS;
into the PAH features than dust in the star-formation regjionTuffs et al. 2002a, 2002b; Popescu et al. 2002) and from the cat-
due to the photo-destruction of PAH in star-formation regio alog of compact sources of the ISOPHOT Serendipity Survey
(see Secf.218). Overall, solutions for the total infraredssion  (Stickel et al. 2000). One can see that except from a fewerstli
require most (though not all) of the emission in the2®0um the observed galaxies lie on the locus defined by our models.
range to be localised emission from star-formation regiaiith  One can also observe that the position of NGC 891 in this dia-
the MIR and FIRsubmm emission flanking this range being pregram does not have any preferential place, but lies somewher
dominantly difuse in origin. towards the very quiescent region of the models (as expected
More detalled comparlsons with data and appllcatlons of the
TB, SFR old, B/D and F will produce a large variation in
the colours of the simulated SEDs. In FIg.] 20 we plot the From Fig.[20 it is also obvious that our models embrace a
170/100um colour versus the 1980um colour for our model somewhat larger areain parameter space than that definedlby r
SEDs. The SEDs were derived by combining all the simulatdife spiral galaxies. This was done on purpose, from the ahoi
SEDs of the dfuse component from our library with the tem-of the minimum and maximum values of the main parameters
plate SED for star-forming regions, whereas the combinatiof the model. We tried to push the limited values towards the
was done for dferent values of thd- factor (including the asymptotic values, in order to cover even rare (unexpectsis
asymptotic values). This defines the locus in the colouowol that could occur in real life (see Selct. 5 and Table 3 for thgea
diagram occupied by our model SEDs. To check that the paf-parameter space).
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sulting from a lack of knowledge afcan be derived by running
separate optimisations for the quartile values.df should be
noted that the inclination angle should not be considered as
free parameter, as itstect on the SED would not be orthogonal

to theré parameter. The other parameByD should also be an
input parameter for the routine and not a free parameteadas
where information orB/D is missing, users are advised to use
the correlation betweeB/D and apparent optical-NIR colours
to estimate thé/D.
The use in the model of the third parameter accessible
through optical observations,y, is qualitatively diferent to that
of B/D andi. Wherea®3/D andi can (for practical applications)
only be used as constraintigs may in practice be used either as
a constraint (as in the example given above) or as a free param
eter. Whertyy is used as a free parameter, the angular surface
areaegaI effectively serves as free amplitude scaling factor for
the amplitude of the diuse dust emission (see Eq. D.5).
R T T T Secondly, our model is in its present form only designed to
analyse star-forming galaxies. As noted above, when parfor
-0.2 00 02 04 06 08 ing an optimisation with the optical structural paramefedsd
Log F100/F60 by direct observation, the optimisation no longer has amyet

, i of freedom in terms of scaling parameters. This makes theemod
Fig. 20. The 170100 versus 1080 micron colour-colour plot sepsitive to a test of the fundamental assumption, thatubeis!

for our simulated SEDs (black diamonds). Overplotted witgyc|ysjvely heated by stellar photons. The fits will be systé-
red triangles are the observed colours of the spiral ga@axig,|ly piased if dust is heated by photons from non-stellarses
from the ISOPHOT Virgo Cluster Deep Survey (IVCDSfU v’ AGN or by some completely fierent channel. For example,

et al. 2002a, 2002b; Popescu et al. 2002) and the ISOPHRJincorporating the optical and UV constraints, the modsitb
Serendipity Survey (Stickel et al. 2000). Only spiral gigax fit parameters foS FRandr,f3 will be likely to be skewed up-

\r/ggé::[g?ﬁ;e;zgﬁiggrgf&tgéngsgi Eiinr?h%%tggﬁ Icr:]glt\;vuhrlzai;;?;rtn wards if an AGN heating dust with a harder UV photon spectrum
than expected from a pure stellar source is present. In #sie ¢
the dereddened UWdptical spectrum from steyii will however

Most fundamentally, however, we emphasise that in thgovide a direct flag for the presence of a bluer spectral emis
context of a RT solution it is the combination of the obsivity in the UV than could be provided by stars. Potentially
served amplitude and colour of the dust emission SED witherefore, our SED fitting technique can provide a method for
the self-consistently applied constraint on the atteondt the recognising the presence of dust-obscured AGN activity.

UV/optical that leads to an inherently non-degenerate s@iutio ~ Thirdly, we note that the spectral form of theffdse com-

ponent of the dust emission SED given by Eq.ID.5 predicts that

galaxies will lie on specific locii in a colour - surface brigkss
diagram for the dust emission, dependent on the surfacédtglens

In this paper we have assembled the components from whighUV/optical emissivity and-5. In cases wherégy is known
we can combine the predictions for the attenuation of gfarli from optical measurements, any deviation of the observed po
(as originally formulated in Paper 1l and re-expressecehiar tions of galaxies in colour - surface brightness space frioen t
AppendiXB and AppendiXIC) with the predictions for the SEositions predicted by the model can be therefore used as-a no
of the dustPAH re-radiated starlight (self-consistently calcuparametric test of the fidelity of the geometry used in the ehod
lated as described in Sect. 2) to extract the physical pasasef  Without having very specific a priori knowledge of the physi-
a star-forming galaxy from an observed [dyticayNIR - mid- cal properties of the observed sources. This would als@s#sv
IR/far-IR/submm SED. the most direct verification of the major role played by eiwiss
The detailed mathematical prescription of how to combirfeom diffusely distributed dust in our model.
the library of dust emission SEDs with the library of atten- Finally, we caution the potential user of this model that, al
uation to fit U\Vjoptical to infraredsubmm SEDs is given in though RT solutions applied in this way are in principle ayver
AppendixD. Here we discuss some of the issues regarding fhmverful way to constrain physical properties of galaxibsjr
applicability and physical relevance of our model. predictive power is ultimately reliant on an priori knowggof
Firstly, our model is designed for data sets that have gotite geometry of the system. Although we have specified this ge
enough optical images to deriBD andi parameters. For the ometry using empirical constraints derived from spirabgas
i parameter this should be the case for most optical surveysobfntermediate morphological type, and have endeavourer-t
local universe galaxies. For example, the SDSS, with an-angend the applicability to galaxies of earlier or later type®ugh
lar resolution of 1.8, was able to derive inclination angles fothe B/D parameter, constrained from optical imaging, the prac-
galaxies with recession velocities rangingtd 0000 knis. With  tical range of morphological types where the advantagekeof t
modern surveys routinely having0.5” resolution, inclinations RT treatment outweigh deviations of real from assumed geom-
should be available up to~ 0.1, which encompasses the locaktry still remain to be determined. This question can only be
Universe galaxies. In cases where inclination angles dammo answered by statistical analysis, such as potentiallysagalk in
derived, an expectation value may be assumed instead, andamon-parametric way vis the colour-surface-brightnelssioa
quartile range of uncertainty in derived physical paramsete- for the difuse dust emission component (as proposed above) for

Log F170/F100

7. Discussion
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different morphological classes of galaxies, and will be the sufiredictions for the attenuation of starlight with the praidins

ject of future studies. for the SED of the dugiPAH re-radiated starlight to extract the
physical parameters of a star-forming galaxy from an olesiry
UV/opticalNIR - mid-IR/far-IR/submm SED.

8. Summary The analysis of the library of ffuse integrated SEDs

In this paper we presented a radiative transfer model for sppeCtL6) showed that the main parameters of the model a qui
ral galaxies that self-consistently accounts for the a¢ion of orthogonal, producing éferent efects in shaping the dust emis-
stellar light in the UVoptical and for the dust re-emission in the'on SEDs. Specifically we have shown that:

MIR/FIR/submm. We used this model to create a comprehen- The amplitude of the dust and PAH emission SEDs increases

sive library of dust and PAH emission SEDs and corresponding . .., : ; : :
. ; - : with increasing optical depth for the optical thin cases and
attenuations of stellar light (originally presented andatived tends to a saturation value for the optically thick cases,

in Paper Ill and given in revised form in this paper) that can b : : :
; . . .. — The ratio between the FIR and MIR (PAH) amplitudes in-
used to routinely fit the panchromatic SEDs of large statsti creases with increasing opacity for the models where the

Sam(;)llj(?sn?(];jgllrr?z:\g%kei)eqr?%alibrate d for local Universe aalaxies stellar luminosity has a higher contribution from the olel st
9 ' lar population with respect to the young stellar population

gﬂi(?tth;;exfi%rse %E?]gﬁqp;ggg'g?ej;ggL‘;P:{gg’tgiv‘?gl'%%wé — The peak of the SEDs shifts towards longer wavelengths with
9 : g P increasing opacity for the optical thick regime, for the mod

have not attempted to model elliptical galaxies, starbyeiax- els where the stellar luminosity has a higher contribution

ies, dwarf galaxies or AGN nuclei. ; :

The free parameters of our model for the calculation of the gtzwa:hpeogggt]i%rfte”ar populations with respect to the old
infrared SEDs are: — The increase in the contribution of the young stellar popu-
lation to the stellar SEDs will have thefect of producing
warmer SEDs, with both FIR SED peaks and MIR-to-FIR
colours becoming systematically bluer.

The increase in the luminosity of the old stellar population
produces SEDs with warmer FIR SED peaks but with redder
MIR-to-FIR colours.
— The variation in the bulge-to-disk ratio produces variasio
in the infrared SEDs with less dynamical range, simply due
to the smaller dynamical range in the values of the parame-
f . . . ter B/D. Overall the peak of the SEDs is shifted to shorter
For the parametery we have provided a relation for converting  jnfrared wavelengths with increasirgyD and the MIR-to-
to total dust masses (see Eq} 44). FIR colours get cooler, following the trends expected for a

The free parameters,, F, andB/D are common to the setof  variation in the luminosity of an old stellar population.
parameters needed to predict the attenuation of thgoplital
stellar light (the fourth free parameter thdfezts the attenu- Overall we found that theffect of increasing FRis com-
ation is the inclinationi of the dISk) Therefore the SimUlatedp|ete|y diferent from the fect of increasing-‘f3 and works in the
dust emission SEDs presented here can be used in conjuncggposite direction from that produced by an increasaidnWe
with the predictions for attenuation given in this paperdaelf-  a|so verified that the only way to markedly increase the lefel
consistent modelling of the Wptical—lR/su_bmm _SEDs. Our the submm emission is through avariationréf
model _has also a parameter the a_ngula_r 8ige which can be The spatially integrated SEDs were derived from simulated
used either as a constraint (fixed via optical images) or & fin, o g5 of dust emission, themselves calculated from 3D data
parameter. Whefiga is used as a free parameter it determm%bes of infrared emissivity representing the responseaifg

thezsi_mphtgde scallndg ?f the f't'd h ion that th éintegrated over size distribution and composition) torédia-
Ince in our model we made the assumption that the waygs, fie|qs derived from radiative transfer calculationsir@al-

length dependence of the fraction of escape photons from fgaiqns take full account of the large variations in colotthe

clumpy component into the fluse one is fixed, we can Sepy,iation fields as a function of position in the galaxy, vihiee

arately calculate the SEDs for theffdise component and forshow to be important (Sedt_B.1). Such variations lead telar
the clumpy component. For the clumpy component we adoptﬁg

the model of Groves et al. (2008), which we tuned to fit the tqp
tal MlR/FlR/Smem SED of the ensemble of Star-forming Con'ﬁ.ends in the infrared brightnesses Sm 3.3) with iti the
plexes in the Milky Way (Secf.2.8). For thefidise component galaxy. In particular we goncluded ghat: ) Hms

we defined anféective star-formation ratB FR (corresponding i) The shift of the peak of the infrared brightness as a func-

to the total illumination by t_he young _stellar populationtbé ion of arain size stronal n n th mperature of th
diffuse dust) and created a library offdse SEDs that spans the;?ainc;, gna:j thser:fc?:eoor? %/hgespt)gcr?js?ic ;r?\éi-srt)c?cﬁtaléxgug\ the
parameter space of,, SFR, old, andB/D. In total we sam- ofhe heating mechanism. Since the heating mechanism dspen
pled 7 values ir’ré, 9inSFR, 9inold and 5 inB/D, making both on grain size and on the intensity and colour of the radia
a total of 2835 simulated SEDs. This corresponds to a libvérytion fields, it is clear that the shift cannot be describedeimis
196 data cubes of radiation fields, sampled at 22 radialiposit of grain size only. This also shows that models that have & fixe
and 12 vertical positions (264 spatial points within the lodgrain size for the transition between the main heating mecha
galaxy), a library of 11340 data cubes of temperature 8istri nisms of dust, irrespective of the radiation fields, willdea sys-
tions and a library of 11340 files of infrared emissivitiese Wtematic spurious shifts in the mid-infrared to FIR colourighw
described (AppendikID) how in practice one can combine tligcreasing galactocentric radius.

— the central face-on opacity in the B—baﬂfg

— the clumpiness factoF which defines the fraction of UV
photons locally absorbed in star-formation regions and the
corresponding fraction available to illuminate thefa$e
dust,

— the star-formation rat8 FR

— the normalised luminosity of the old stellar populatadd,

— the bulge-to-disk rati@/D.
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il) The increase in the relative contribution of big grainiem ture entailed the approximation of a fixed spectral shap¢®r
sion to the small grain emission is a strong function of tHewo SEDs of the old and young stellar populations. We quantified
of the radiation fields, and, unlike the wavelength dependgnthis approximation showing it has a negligiblgezt on the dust
does not depend on the heating mechanism of the grains. Témsission SEDs (Se¢t. 4.3).
also shows that models that assume a fixed colour of the radia-We have derived updated and improved solutions for the
tion fields (e.g. that of the local interstellar radiatiodd® will edge-on galaxy NGC 891 (Selt. 3), one of the galaxies from the
incur systematic errors in the mid-infrared to FIR colouiithw set used to constrain the geometry of the model. Since thie lum
increasing galactocentric radius. nosity of the old stellar populations has been fixed to theesl

Basis for the radiative transfer calculations were emairicderived by Xilouris et al. (1999) from the optimisation oétbp-
constraints for the geometry of the large scale distrimgiof tical/NIR imagesold = 0.792 andB/D = 0.33, only 3 free pa-
stellar emissivity and dust opacity of the translucent goalque rameters were needed to fit the dust emission SED of NGC 891,
components of galaxies (Selct.12.1). The translucent coepen namelyré, SFR F. For the integrated SED of NGC 891 the
were constrained using the results from the radiation feansyqq fit solution was found for: = 35, SFR = 2.88M/yr
analysis of Xilouris et al., while the geometry of the opliga B
thick components is constrained from physical considenati
with a posteriori checks of the model predictions with obse
vational data. The main checks concern the nature of tiiesa
distribution of dust associated with the young stellar gation
which is needed to predict the observed Billbmm emission of
real life galaxies. These checks (S&¢t. 4) showed that:

and F = 0.41, which corresponds to a total dust luminosity
pf LIkl = 994 x 10°°W, of which L'\ = 6.89 x 10%°W
Is emitted in the dfuse medium (69%). The results indicate
that the diftuse component dominates the emission longwards of
60um and shortwards of 2@m, while the localised dust emis-
sion within the star-forming complexes dominates at int=tim
_ i) Comparis_on of modgl prediction_s for the st_ellar emiSy_ivi I(’?atr? g\’t\;%\/((elz%rlgé%i%gva? éurrg)thlet II?) : arrilge?jt ér:};r?r?]?slz}gnwv%ﬁi-n
'n.tﬁe optg:al V\Q'ghkpoplélaluonﬁyntheSISHmOé:I_eLs IS not cstesit the star-forming complexes dominates. The total dust eomss
I, st i el il ore et i componint AINGC e sprecominanty powered by th young il po-
. Y Nia y ulations, which contribute 69% to the dust heating. Theitbeta
second dust disk and young stellar disk in our model formu'ﬁfput fr(;m the diferent stellar components is as follows: 11%

tion. o ; o
if) Comparison of model predictions for the vertical prosfilefrom the bulge, 20% from the old stellar disk, 38% from the

of PAH emission with observations at 100 pc linear resotutio’°""9 stellar disk and 31% from the star forming complexes.
reveals a good agreement, consistent with the existencthof a Acknowledgementswe would like to thank an anonymous referee for construc-
dust layer, as represented by the second dust disk. tive and useful comments that hel_ped impr_0\_/e the qu_alith@baper. We WQU|d

i) Comparison of model predictions for the attenuationf’-"riog'r‘t?etooa}cck;‘l’)g:‘efcge%A'gerr;i'r;' for 2£j°i"n'd[')’:gir‘::§”£? g&ﬂ?‘” the optical
inclination relation with observations is also consistaith the P DOnezf us (NDK) ackﬁjvﬁedg:suguppon from EU Marie CourieyB9965
existence of a thin dust layer, as represented by the seastd @nd EU REGPOT grant 206469.
disk.

iv) Comparison of model predictions for the optical surface
brightness distributions of the edge-on galaxy NGC 891 wifReferences
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by an extra stellar luminosity component produces a stmonge 795
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Fig. A.1. The extinction curve for the dust model used in this pd=ig. A.2. The extinction curve for the dust model used in this pa-
per (solid line), which is a Milky Way dust model. With dashedper (solid line) together with the contributions to the egtion
dotted line we plotted the observed mean extinction cunaiof from the diferent dust compositions used in the model: Si (dot-
galaxy (Fitzpatrick 1999). Also plotted are the two compuase ted line), Gra (dashed line), PAH (dashed-three-dottes) liAs

of extinction, the model absorption curve (dotted line) dmel in Fig.[A]], the observed mean extinction curve of our galaxy

model scattering curve (dashed line). plotted with dashed-dotted line.
Appendix A: Calculation of the extinction per unit dust mass, which we denote hegg;:
cross-section and scattering phase function
. . o _ COA) = — Cexl) (A.6)
A prerequisite for the calculation of radiation fields anftaned fam_ (4/3)r a¥n(a) pyda

emission is knowledge of the extinction cross-section eftbp-

ulation of grains, and, since we consider anisotropicedatj in wherepy is the density of the grain material a@d}, is in units

the radiation transfer calculations, the scattering pffasetion of cn?/g.

needs to be known as well. In turn, Cg}; is related to the extinction ci&cient kex, as
The absorption cross-section of grains of compositioch used in the mathematical prescription of the dust distigiout

{Si,Gra,PAH,PAH"}, Capsi, is obtained by integrating the ab-from Eqs[# anl6 using:

sorption dficienciesQapsi Over the grain size distributiam(a):
o kex(1. R.2) = pausR. 2) X C (A.7)

Bax wherepqus(R, 2) is the dust mass density at position (R,z) in the
Cabsi(1) = f ma’n(a) Qapsi(a, 1) da (A.1) galaxy in units of g cm® andkex(A, R, 2) is in units ofcnT™.
8min Figs[A1 and’AP show the resulting extinction curve of the

dust model adopted here, together with the absorption aate sc
tering components (Fi§._A.1) and the components given by the
different grain composition (Fig._A.2). As expected, the figures
confirm that the model extinction curve fits well the observed
mean extinction curve of our galaxy.

The averaged anisotropy of the scattering phase function g

whereCqps; is given in units of [crAH™Y], amin is the minimum
grain size ana@m;,x is the maximum grain size.

Similarly, the scattering cross-section of grains of cosipo
tioni, Cscai, is Obtained by integrating the scatterirfi@encies
Qscai OVver the grain size distribution(a):

Bmax needed in the radiative transfer calculation is obtainedsimi-
Cscai(d) = f 7a?n(a) Qscai(a, 1) da (A.2) lar mannerto Eq§. AL AZ A3, ahdA.4.
Smin
. _ Amax 2 A )

Then, by summing over the grain compositiowe obtain the 9(1) = famm 7 & N(a) Qscai(@. 4) Qpnasei(a. ) da (A-8)
total absorption and scattering cross-secti@igs andCegca
Cabsd) = Z Cabsi(4) (A.3) 9() = Z ai(4) (A.9)

i
Cocald) = chcai ) (A.4) whereQpnasei iS the anisotropyféiciency.

i
The extinction cross-sectioBex: is the sum of the absorptionApp_endiX B: The_ library of attenuations of stellar
and Scattering cross-sections: |Ight for the diffuse stellar components
Cext(l) = Cabs(d) + Cscal) (A.5) The second set of simulated data needed to fit the panchmmati

SEDs is the library of attenuations in the {dticafNIR as a

We note that the extinction cross sectt@yy is defined as per function ofrlf3 andi. As mentioned in Sedf. 2.4, the revision of
unit H. In some applications it is useful to define a crossigect the dust model required a recalculation of the databasehéor t
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T attenuation of stellar light, as presented in Paper Ill. Dher-

1 all concept and characteristics of the calculations aresémee
as in Paper lll, but a small change, mainly in the zero point of
the calculations, was apparent due to the change in theveelat
contribution of absorption and scattering to the totalretion.
Here we only give an example of a comparison between the
attenuation-inclination curves obtained using the new ted
old dust model (Fid. Bl1).

The attenuation-inclination relations for disks show a-sys
tematic change with inclination when changing the dust rhode
Thus the attenuation for the low inclinations is decreasedem
than for the high inclinations, with a tendency for the c@rve
to converge at the edge-on inclinations. This means that the
shape of the attenuation-inclination is steepened for thegnt
dust model. The curves for bulges show the biggésed when
changing the dust model, but in most of the cases there is no
change in the shape of the curves. As one can see the curves run
almost parallel, except perhaps for the lowest values ofitpa
The smaller change is seen for the thin disk component, where
neither the shape nor the zero point are changed signifjcantl

We also did some tests to quantify thiéeet of the change in
the dust model to the overall energy balance. By integrdtieg
attenuation over all angles we obtained an estimate of tiaé to
energy absorbed by dust in a galaxy. This absorbed energy was
found to be on average 10% smaller for the attenuations calcu
lated using the new dust model than for those from Paper .

Appendix C: Formulation of composite attenuation
of stellar light

In Sect. 5.1 of Paper lll a generalised formula was givenwsho
ing how the composite attenuation (that is the overall aten
tion of an arbitrary combination of luminosity components
stellar populations in the young stellar disk, the old atetlisk
- - - - ] and the bulge) can be derived from the library of attenuation
stellar light from the diuse component and the attenuation of
] the clumpy component. At any wavelength, the composite at-
B band ] tenuation depends on the relative luminosity of the threkast
] components, which we have described in this paper in terms of

the parameterS FR F, old andB/D, which we used to describe
the dust emission. Here we re-write the generalised exipress
for the composite attenuation (Eq. 16 from Paper I11) forgpe-
cific parameterisation adopted in this paper.

At a given wavelengtl, the composite attenuatiadmm, in a
galaxy is given by:

4F Thin Disk

L
Amy =-25 lOQL_S (C.1)

whereLg andL, are the intrinsic and the apparent luminosity

Fig. B.1. The attenuation-inclination relation for the disk (top)d€nsities. The quantitids) andL, can be further expressed as a
bulge (middle) and thin disk (bottom) in the B band. In each!Mmation of the corresponding quantities for the disk disk

panel the solid curves represent the attenuations catcivaith 2nd bulge:

the dust model used in this paper, incorporating a mixture of

silicate, graphite and PAH molecules. The dotted curves rep , _

resent the corresponding attenuations calculated wittdtige L9 = LO %Sk | Q1disk | @buloe (C.2)
model used in Paper Ill, incorporating only a mixture ofcsities L, = |disk, |tdisk | buige (C.3)
and graphites. In each panel the Trelient curves represent the ™t ~ 4 4 Z '
attenuation-inclination relations forﬁrentré: 0.1, 0.3, 0.5,
1.0, 2.0, 4.0, 8.0, with the values increasing from bottomvesi
to top curves.

The apparent and intrinsic luminosity densities for th&dis
thin disk and bulge are related as follows:
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Appendix D: How to use the model to fit UV/optical

Anrflisk to infrared/submm SEDs
Lgisk = | 9diskq0 25 = |9 diskadisk (C.4) The six physical parameters determining our model presicti
Am;disk of the SED are:
Lidisk _ [Ouisk() _F )10 25 = [0Wskalisk  (c5) - i SFR,F,old, B/D andi&
A% whereby
Dulge _ | Obulgey 25 | O.bulge pbuige (C6)  _ ;! SFRF,old, andB/D

whereAnfisk, Amdisk and Am?'%® are the attenuation values ex-determineLT9.¢, the model prediction for the dust luminos-
pressed in magnitud_es forftheﬂ”dise componentin the disk, thinity density in the IRsubmm as given by E@._ %3 of this paper,
disk and bulge anddisk Aisk and A*%° are the corresponding whereas

attenuations expressed in linear form. Using EgE. Td, 16nt9 Té, SFRF, old, B/D andi

Eqs[CA[CH, CI6 we can rewrite EQs.]C.2 C.3as:
determine the attenuation in the measureddpticafNIR emis-

sion (whereby the dependence 8irRandold is a weaker de-

L9 = old Lo .+ S—FRl L9 4 (B/D)old L%,  (C.7) pendence due to the dependence of the composite attenaation
’ IMoyr—= = ’ the relative amplitudes of the young and old stellar popurha,
L, = old Lo adisk, SFR LYoung (1 _ £ ) Atdisk as described in Appendix C). This attenuation is given in mag
4 A, unit 72 1Mg yr-1 ~A.unit 7 nitude form,Amy, by Eqs[C.II0,C.11 and Cl14. In the following
(B/D)old Lg!?mit Agmge (C.8) it is convenient to express it in the linear form:

Ay(zL, SFRF,old, B/D, i) = 10 04am) (D.1)

By making the notation: ) )
We note that two of the six physical paramete&8$; Rand

SFR 1 Lﬁ‘t‘r’]‘f old, are extrinsic (that is, the quantity scales with the amadint
eSFRold) = - yr1 old Lod (C.9)  material in an object). This is a consequence of our modekyal
¢ 4, unit having a fixed size, expressed in terms of the fixed reference
the composite attenuation from EEG..1 becomes: scale length of the old stellar population in B-banch@f¥; =

hdiskB) = 5.67 kpc.

Amy = -2.5 log A (C.10) The dust emission SED of theffiise component of a galaxy
where with a valué for hd'differing fromhd's« will be:

Adisk 1 (1 - F f,) (S FRold) Aisk 1. (B/D) A9 _
A = = 4 1 (C.11 L9f (SFRold,z\, F,B/D) = /2
1 1+ (SFRoId)+ B/D (C.11) 1.aus(S FROId, g, F, B/D) = {7

dif f, mode odel model __f
For the case thaild = 0 in the optical and in the UV E@:HOXLA»GUSt (SFR™* old - 7g: F, B/D) (0-2)
becomes: where
Amy = —2.5 log(1- F f;) + Am{¥isk (C.12) SFR= SFRvwdely ;2
The use of the calibration factd¥.a in our procedure means ©ld = old™%¢!x £2 (D.3)

that in practice the equations describing the attenuatimntd \yhereS FR™M!js the star-formation rate of the model galaxy
the difuse dust illuminated by the young stellar disk need to Bfyying the reference sizdisk, oldmd!is the normalised lumi-

rescaled to accommodatdferent values of than those used in . sref” .
: ) . - nosity of the ol llar disk lation of the m | galtvay-
the calibration. For this we need to use the correction fdctio osity of the old stellar disk population of the model ga

. et ing the reference sizefisk, S FRis the real star formation rate
the difuse componerdorrd(F) as defined in Eq.29, and rescale 9 sref
Eqm in a similar way to the formulation of the radiationds 14 i is the inclination of the disk. as used in Paper I

in Sect[2.5: 5 Throughout this paperds is taken as the true B-band scalelength
tdisk _ | Otdiskq _ d tdisk of the stellar population. We note however that in any dustggy hdis<
L =L (1= Fea f2) corr(F) Ay (C.13) will not actually be a directly observable quantity, evethié distance
In this case E4_C.11 becomes: to the ga}laxy is known. As Qescrlbgd and quantified in EapehMp-
parent size of a galaxian disk obtained from photometrioafilisdi ffer
A= [A;jiSk + (1 = Fea 1) corrd(F) e(S FR old) A‘fiSk n from the true size due to the stronger attenuation of ligtt@atentre of

bul galaxies compared to the outer regions. Due to the appeardsize
(B/D) A} /[1 + (SFRold) + B/D] (C.14) (expressed by) as a quadratic term in EG.D.2 determining the ampli-
tude of the SEDs for a given value 8fFRandold, this dfect can ap-

and Eq[C.IR becomes: preciably influence the solutions obtained from fitting SEDierefore,
d idlisk if using the measured angular sizes of galaxies as a camtsitnditting
Amy = =25 log(1- Fcal fa) corr(F) + Am; (C.15) the dust emission SEDs the apparent sizes should be camhietderue

. izes using the correction factors tabulated in Tables 1Baper IV.
Eq.[C.14, together with Eqs. C]10 dnd C.11 are the analogeof milarly, the B/D ratio should be converted from an observed ratio,

original expression for the composite attenuation from HJ. as determined in photometric fits to data, into the intrimaito, using
in Paper Ill. EqCC.T5 together with Eig. Cl12 are the analog ebrrection factors tabulated in Paper lI. In princigileas derived from
Eq. 17 from Paper lII. measurements of axial ratios, should also be corrected.
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of the galaxy that we want to modaeilid is the real normalised Correspondingly, if optical data is available, we can regui
luminosity of the old stellar disk population of the galaxat that
we want to model, and
f L. star(7h, S FRF, 0ld, B/D, i, D) d1 =
hdisk optical

S

{= =3 (D.4) _ f | I(|_;“S'<+ Lldisk 1 | BUlge) 43 (D.10)
optical

Eq.[D.2 expresses the fact that radiation field energy desitl After manipulation of Eqs[12[13_15 ard]19 from

hence the colours of the dust emission, varies accordingrto ssects[2:3]2,2.3.2 aid 2.8.3 and EGJD.7, this leads to:
face density of luminosity. In cases where a galaxy is uriveso

Zis unconstrained by the data, and becomes afurtherfrempargld _ Oldcon(Tf SFRF,B/D,i)= (FUNC1+ FUNC2)
= B ] i) =

eter of the model. Since we may also not know the distéhtz FUNC3 (B-11)
the galaxy, it is convenient to express the dust emission SIEDWhere
the difuse component from EQ. D.2 as a flux density by dividing
throughout by 4D?, to obtain: Sobs
FUNC1 = 4n D2><f - : ~dA(D.12)
optical Afl(TB’ SFRF,old,B/D,i)

2
: 1 (0
Shaus(S FROId. 75, F. B/D) = -~ x( gal ] y
TT

A,dus hdisk SFR
_ sref FUNC2 = RTVRYT=E f Lﬁf’;‘r']‘i?d/l (D.13)
XLg:LL,Sr?odekS FR“Ode', 0|dm0del,‘r|f3, F, B/D) (D.5) o Yr optical
wheredg, is the half angle subtended at the Earth by the actyay;nc3 = (1+ B/D) x L%¢ (D.14)
uni )

B-band scalelength of the galaxy:
Note thatold®" is a weak function ofS FRas well aSTé,

hdisk B/D andi due to the need to take into account the contribution
Ogal = E (D.6) of optical photons by the young stellar population, as desdr
_ o in Sect[Z.31.
We note that, provided the galaxy isfBaiently resolved foflga, We are now in a position to determine the physical model pa-

to be measuredsii;[Jst as expressed by E[g. .5 depends on thrameters from a combined set of measureddpiical flux den-

value of¢ (via S FRandold -cf. Eq.D:3), but is independent of Sities S35, measured at wavelength"s s@", and IRsubmm

the distance. flux densities of the pure dust component (corrected for con-
Our model is constructed such that the total emitted lumiamination by direct stellar light at short infrared wavejéhs)

nosityL,, siar Of UV and optical light powering the dust emissiorS{%,,, measured at wavelength§"$9s! To do so, we min-

can be directly constrained from available measured appargnise the function

UV/optical spatially integrated fluxe§°°S_, corrected for at-

tenuation (expressed here in linear foAfrsr;aBy[E_E] D.1) as a-func ;

tion of 75, SFR F, old, B/D, i and distanc®: X2(SFRold, 75, F,B/D) =

L. star(7h. SFRF, 0ld, B/D. i, D) = S~ Sl’d”j_(_s FRold. 7 F.B/D))’ (D.15)
, e ot st iobs dust
4rD? Lo (D.7) subject, if UV data is available, to the constra@tFR =

f .

Au(tg, SFRF, o0ld, B/D, i) SFROYrL, F,i, D) from Eq[D.9 and, if optical data is available,
where, as outlined in Sect. 5 of Paper Il and in Appefdix C @fid = oldCO“(Té,s FRF,B/D,i, D) from Eq.[D.I1.0iobs dust are
this paper the dependence 8iFR old andB/D is for the opti- the 10 uncertainties in the measurements &gy« is given by
cal range only. Depending on the exact range of wavelengths f
which S% _is available,L, r can be integrated over wave-

A, star
length to obtain constraints on the parame®@BR = S FRO" Si.aus(S FRold, 7}, F, B/D) =
andor old = old®°" as a function oi'; andi. Specifically, if UV~ .. . Llocal (SFRF)
data is available we can require that Sy aus{S FRold, 75, F. B/D) + —— " ——— (D.16)
diff local ;
£ 3 wis whereS |  and LP% are given by Eq. DI5 and EQ. A1, re-
f v Li.star(rg, F-1, D) dd = fuv L' (-8) spectively. In the case that the distance, the optical strec

and orientation parametei3, 6ga, £, B/D andi are known

ggg‘sbigi_ng EqLIF from Sedf. 2.3.3 and EQS.]D.7 D.8, iSe optimization problem posed by Eg._D.15 is reduced from

the parameter selSG:RoId,ré,F,B/ D,¢) to the parameter set

f .
SFR _ SFR™(g,Fi.D) 4eD? 5 (S FRold,r{,F). With just 4 parameters, this might potentially
1M, yr-1 1M, yr-1 LYooy be solvable purely considering the dust emission data,rmear
Sobs ’ in mind the orthogonal féect of these parameters on the am-
Xf Astar 4, (D.9) plitude and colour of the dust emission SEDs, (as described i
uv A/l(Té» F.i) Sect[®) if at least 4 data points are available well samptieg
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whole MIR/FIR/submm range. However, this will often be theAppendix E: Tables describing the fixed parameters
exception rather than the rule, and in any case the fit is prima  of our model

ily and more robustly constrained through the optical and UV

measurements. This is firstly because, if both UV and optical

measurements are available the number of the primary seafghje E.1.The geometrical parameters of the model, as defined
parameters would be reduced from four to just twd andF. in Paper Il and SecE2.1. All length parameters are nosedl
Secondly, and perhaps more significantly, the model would &9 the B-band scalelength of the disk of the standard modal

longer have any degree of freedom in terms of scaling paramgdaxy, as derived for NGC 891d'sKB) = hiirsgf = 5670pc
ters, due to the fact that, as noted abds&Randold are the

only extrinsic parameters in the full parameter set.

Below we illustrate how to use the optical and UV con- hg
straints by giving a possible processing path for a galasti wi hgfst(V) 0.966
a known (spectroscopically determined) redshift, for ahite- hg:zk(l) 0.869
grated UV and optical photometry were available, and forolvhi hﬁisk(J) 0.776
B/D, i andfy, are known from optical imaging. The parameter he*(K)  0.683

“hEK(B)  1.000

. Isk 0.074

set to be determined is thmé, SFRold, F: f]gdisk 1.406
isk 0.048

— stepi): choose a trial value for each oé andF hidisk 1.000

Zdsc 0,016

— stepii): setSFRto S FR°"andold to old®" from Eqs[D.9 h%‘{'s: 1.000

for the trial val ! andF. Z" 0.016

andD.11 for the trial values af; and ] 0.229

— stepiii): find S FR™%! and old™%! from Eq.[D.3, substi- H

tuting for £ as defined in Eq.DI4. The value bk used B 0387

in Eq.[D.4 should be derived from the optically measured™s
value using the correction factors tabulated as a function o

andr,f3 in Tables 1-5 of Paper IV.

— step iv): using the trial values Of'ré and F, together Table E.2.The intrinsic spectral luminosity densities of the old
with SFRdel and old™de! and ¢ from step i) find andyoungstellar populations, as defined in $eck. 2.)ltbe 1
L dif f.mode{ g £ pgnodel g|gmodel -f E B/D). andSFR = 1Mgyr?, respectively, and tabulated at the sam-
4, dust ’ e pling wavelengths of the radiation fields.

dif f, model
A, dust

— stepv): substituteL
diff

from stepiv) into Eq.[D.5 to

old=1 SFR=1Myyr?

computeS|'y . ComputeL'” (S FR°", F) (note the use y) o Cyou
of the extrinsic value 08 FR= S FR°"here). Substitute the A WHz WjHz
values forSi'LLst andL'?2!  determined at the wavelengths
of the IR'submm observations in Eq. DJ15 to determirge 912. 0344x 10?1
for the trial combination of; andF. 1350. 0905x 10%
1500. 0844 x 107
— stepvi): repeat step$) to v), until the combination ofr, 1650. 863 1021
andF that minimisesy2 is found. The values o8 FRand 2000 0908x 10°
. . . f 2200. 0926x 107
old from stepsi) to vi) found for the pair ofr; andF that 2500 0843 1024
minimisesy?2 are then best fit parametersSr-Randold. 2800 0910% 107
3650. 1842x 107

. . 4430. 4771.>.<- 1070 2271x 107
We note that in the case of edge-on galaxies UV data shouldsgag  9382% 1071 3.837x 102

not be used to constraBiFR since typically only a few percent  gogo. 1964x 102!  5.734x 102
of the total UV disk luminosity will be seen, and the solution 12590. 720x 1?* 0.931x 10!
can be subjected to stochastic variations, because thwedce 22000. 6497x10% 0.728x 10
photons may only be emitted by a small numbers of star-fogmin 50000. 158x 10?* 0.141x 1%
regions. In this case tH@ FRis better constrained from the FIR
emission, as modelled for NGC 891 (Paper | and $éct. 3).

Having found the best fit parameter set, the following two
further steps can be made:

— stepvii: deredden the U¥ptica)NIR spectrum using the
fitted values ofr,;, F, and the measure/D andi

— stepviii: apply a population synthesis modelling fit to the
dereddened Upptical spectrum fronvii to find the star
formation history.
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Table E.3.The parameters of the dust model considered in this
paper (see Sedi._2.4). For parameter definition see Weiregart
& Draine (2001).

¢}

parameter value

b. (atomgH) 6.0x 10° x 0.93
be1 0.75

b1 0.25

ao1 (A) 4.0

ag2 (A) 20.0

01 0.4

o2 0.55

Cy 9.99x 102 x 0.93
a g (um) 0.0107

acg (um) 0.428

ag -1.54

By -0.165
pg(g/cm3) 2.24

Si

parameter value

Cs 1.00x 10 3% 0.93
s (um) 0.164

acs (um) 0.1

s -2.21

ps(g/en?) 3.2

Bs 0.3

Table E.4. The wavelength dependence of the fraction of pho-
tons escaping from the clumpy component into th&ude
medium as described in SECt. 2.2, For= Fcy = 0.35.

A (1 - Fcal fd)
A

912. 0.427
1350. 0.484
1500. 0.527
1650. 0.545
2000. 0.628
2200. 0.676
2500. 0.739
2800. 0.794
3650. 0.892
4430. 0.932
5640. 0.962
8090. 0.984
12590. 0.991
22000. 0.994

50000. 0.999
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