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ABSTRACT

We present a self-consistent model of the spectral enesgyitnitions (SEDs) of spiral galaxies from the ultraviole) to the
mid-infrared (MIR)far-infrared (FIR)submillimeter (submm) based on a full radiative transfdcidation of the propagation of
starlight in galaxy disks. This model predicts not only tbtat integrated energy absorbed in the /Ojptical and re-emitted in the
infraredsubmm, but also the colours of the dust emission based onpéiniegalculation of the strength and colour of the [dytical
radiation fields heating the dust, and incorporating a fil¢glation of the stochastic heating of small dust grairgsRéH molecules.
The geometry of the translucent components of the model fErerally constrained using the results from the radiaticansfer
analysis of Xilouris et al. on spirals in the middle rangehaf 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 distahudf 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 Wt
fragmented nature of dense molecular gas in typical stanifg regions, UV light from massive stars is allowed to eitfreely
stream away into the fluse medium in some fraction of directions or be geometsidaticked and locally absorbed in clumps.
These geometrical constraints enable the dust emissior firddlicted in terms of a minimum set of free parameters: ¢méral
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 sifg, and inclinationi of the disk) act as a constraint derived from morphologi@dainposition

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

Utilising these findings, we show how the predictive powerasfiative transfer calculations can be combined with messants of
a1, I @and B/D from optical images to self-consistently fit Uaptical-MIR/FIR/submm SEDs observed in large statistical surveys
in a fast and flexible way, deriving physical parameters omlagject-by-object basis. We also identify a non-paramet#t of the
fidelity of the model in practical applications through caripon of the model predictions for FIR colour and surfadghiness
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 SEDansiing the whole parameter space of our model, togethertiéth
corresponding library of dust attenuation calculated gifie 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 fréra 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 tdependent correction factors as is the case for extinctorec-
available pool of interstellar metals) of grains is a funéamal tions for stars-.

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, ardluist present in both large scale and small scale structlings.
affects the very nature of galaxies. In particular, dust playsa strongly dfects the dependence of attenuation on/affical

jor role in determining the thermodynamic balance of the ]SMvavelength, even for uniform geometrical distributionstafrs,
through photoelectric heating and inelastic interactioitk 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. Popescut& 2010). In  Dopita (2005). Similarly, various studies have shown thiét d
view of the physical role played by dust particles in the pssc ferent mass fractions of dust in clumps andfuie structures

of star formation, it can be regarded as a minor perversityaef can dfect the amplitude and wavelength dependence both of the
ture that, by virtue of their strong interaction cross smttvith UV/optical attenuation and of the dust emission (Kuchinski et
stellar photons, the very same particles strongly inhiid dis- al. 1998, Bianchi et al. 2000a, Witt & Gordon 2000, Misselt et
tort our view of the resulting stellar populations, thusvareting 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 aied
galaxies with observations. for the attenuation of starlight and its re-emission in tifeared

Statistical studies of the luminosity and colour distribuwill only have predictive power if independent constraimsthe
tions of large samples of galaxies seen dftedént orientations geometry of the dust-bearing structures in the ISM are alkl
(most notably the attenuation-inclination relation) hav@wn 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 tfgilva et al. 1998, Charlot & Fall 2000, Popescu et al. 2000)
population of star-forming disk galaxies in the local Unisee due to the disruption of birth clouds through the action ef-st
(Driver et al. 2007, Shao et al. 2007, Choi 2007, Driver et dhr 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 let 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 feect 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 funagam tion; see review by Draine 2010). A particularly complexexstp
tally an ill-constrained problem using broad-band optitata of this is the account that should in principle be made of g:sy s
alone, due to the agmetallicity/opacity degeneracy (Silva & tematic diferences 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 sjgeni
ies bright enough for constraints on dust attenuation to 4éem the difuse ISM irradiated by UV to ices and ice-coated grains
through optical spectroscopy, for example from measurésnein opagque molecular clouds. Furthermore, even supposigg th
of the emission from hydrogen recombination lines, large uaomposition and size distribution is known, the stochaestigs-
certainties still prevail due to the complex geometry oftdns sion of small dust grains responding to impulsive heatirgtba
galaxies and the ffierent éfect of this dust on the light from be calculated throughout the volume, which is computatipna
stellar populations of dierent 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 aBtoblems is the determination of the geometry of the dust-
sorbed energy of the starlight in galaxies, which would seem bearing structures in the ISM, since knowledge of this iseax pr
offer a solution to unravelling theffects of dust, at least from requisite to obtaining a self-consistent solution embrahe
an observational perspective. Star-forming disk galaaiesob- amplitude and geometry of the stellar populations and thiealp
served to have most of this absorbed energy re-radiatecein Bioperties of the grains. Where FIR data is available, a pove
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 colouw-ch
bands (see review of Sauvage et al. 2005). Simple energy b’;gterlsnc of the |_nter_15|ty and colour of the mterstelladmﬂqn
ance measurements indicate that indeed a large fractidmeof fields (ISRF), which in turn are a strong function of morptgio
stellar light is absorbed even in relatively quiescentamjalax- cal structures within galaxies. For example grains lodadlgited
ies in the local universe (Popescu &fT&12002, Xu et al. 2006, by the strong radiation fields within embedded star fornmeten
Driver et al. 2008). Commonly, the total re-radiated endggy 9ions emit an infrared radiation that peaks aroungré0while
estimated by fitting the (typically sparsely sampled) measu grains heated by the filise radiation fields in the disk of galax-
ments of PAHdust emission either with phenomenological SED Wi - _
models (Devriendt et al. 1999, Dale & Helou 2002, Draine & L;% e note that atienuation is an integral property of an extdrutis-

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

Sajina et al. 2006, Marshall et al. 2007, da Cunha et al. 2008)ction is simply proportional to the column density of tasd its
However, this approach is infiicient to derive the intrinsic UV wavelength dependence is determined by the optical piepest the

and optical emission of galaxies, even in cases where thé tgjrains, the attenuation depends on the distribution of aludistars, the
infrared emission can be accurately estimated. variation of dust properties and the orientation of the xje&
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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 10Qum, but also exhibit substantial emission in thé&urthermore, deriving information on galaxies on an obfset
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 translyeometries.
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 radiatie@sr empirical determination of geometry to self-consistemnhg-
fer (RT) calculations. Muchfeort 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 sevng dustPAH emission SEDs of star-forming galaxies in the
eral available in the literature (see Kylafis & Xilouris 206 a local 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 1) which incorporates the geometrical constisain
MIR/FIR/submm emission from grains heated by starlight idust and stars in spiral galaxies found by Xilouris et al 9@)9
disk galaxies have been made for various specificationseof tBpecifically, we calculate a comprehensive library of spigti
geometry of stars and dust by Siebenmorgen & Kriigel 1994tegrated dugPAH re-emission SE@sof disk galaxies as a
Silva et al. 1998, Popescu et al. 2000, Efstathiou & Rowafiinction of a minimal set of physical parameters neededée 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 itusfPAH 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 inforomati using the same model (an update of the existing library from
about the distributions of dust and stars on scales of hdisdye Tuffs et al. 2004; hereafter Paper lll) 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 flluse components in edge-on spiraln particular we demonstrate that this analysis can, witlsay+
galaxies, revealing reproducible trends in the geometistans 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 depecglen
notable in that it was also able to measure the extinctiorféaw of SFR on time. This approach allows the [dytical SED to be
the visible component of dust for these systems, showing it dereddened in a fast and flexible way without recourse tolgepu
be consistent with that of dust in theffdise 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 thénaggllicity-
derived from optical observations of translucent regicens lobe 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 sotrti to
forming, by making use of the physical connection betweem gahe large statistical samples of optically selected loaziverse
stars and dust to further constrain the geometry of the probl star-forming galaxies spanning a full range of mass, mdqgyo
Overall, our knowledge of galaxies, at least in the locaMérse, and environment for which, thanks to facilities such as GXLE
suggests that the specification of geometry does not neeel toISE, Spitzer, AKARI and Herschel (e.g. Driver et al. 2009,
completely ad hoc and can be empirically constrained by tBiles et al. 2010, Martin 2010) integrated photometry is faw
colour of the integrated dust emission, by the optical mesasuthe first time becoming routinely available across the ful-U
ments of structure, and by considerations of physical iféitg. submm rangé.In addition to showing how the UMptical atten-
This approach can be directly applied to the panchromatielb uation is constrained through the observed colour and amieli
vations to decode their information into basic physicabpag- of the observed PAHust emission spectrum, we also describe
ters of galaxies, and we therefore call this approdeboding how to utilise morphological information from high resdtut
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 simulafiaf 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 Al available in electronic format at CDS data base
Jonsson et al. (2009) and we calleihcoding predicted physi- 2 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 quex lie within low redshift galaxies. The models are also taggetb spiral
geometries due to frequent mergers and interactions, where galaxies. We have not attempted to model elliptical gakaxstarburst
drodynamical simulations are ideal for describing streesion  galaxies or AGN nuclei. Models for starburst galaxies caifiobed in
scales greater than ca. 100 pc (Jonsson et al. 2009), at”EﬁStgmaQ{i?bigZ%n g{;;fﬁéﬁ'%‘: ;9%3(’)’05“%?('&& ilegegwﬁfﬁ
statistical sense. The coupling of cosmological simuletiwith - : Lo ’ '
SED modelling tools is moreover an obvious way to intergret t al. 2005, Siebenmorgen & Krugel 2007, Groves et al. 2008d&lt

loqical luti flumi ity f . f both tieect for starburst dwarfs can be found in Galliano et al. (2003pdkls
cosmological evolution of luminosity functions ot bo €SCl  for AGN torus were presented by Pier & Krolik 1992, Efstathi®

and re-radiated components of stellar light, somethingwhas  Royan-Robinson 1990, Granato & Danese 1994, Efstathiou &zRe
already been done using semi-analytic models of structure fropinson 1995, Nenkova et al. 2002, Dullemond & van Bemm@520
mation (Almeida et al. 2010). On the other hand, the encodirgtz et al. 2006, Honig et al. 2006, Schartmann et al. 20&$kova et
process relies on the assumption that the theory used tacpred!. 2008.
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keeping with the decoding approach that we have adopted, @féhe 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 historgjef
tically selected galaxies with a large range of propertieis-o . .
terest, such as dynamical mass (both of the parent DM halo a%wCalcuIatlon of the infrared SEDs
in disk), baryonic gas content, dust content, relativigicticle We calculate the infrared SEDs using an updated versioneof th
content, and environment. Amongst other applications thbéeh model from Paper | which was applied to the interpretation of
should also be useful for evaluating the relation betweeadtr dust emission from edge-on galaxies by Misiriotis et al.0®0
band and spectroscopic measures of both SFR and opacityéper I1) and also used to make predictions for theats of
spiral galaxies so that these quantities may be measur@d@sc dust in the optical range in Paper Ill and by Mollefihet al.
where a full panchromatic coverage of the UV-submm SED {2006; Paper V). 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 oimterlink 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; N
incorporated a bulge-to-disk luminosity ratio parametéicly é/'l' The distribution of stars and dust

will extend the applicability of the model to galaxies of k& Star-forming galaxies are fundamentally inhomogeneoais; ¢
and later morphological types. We have also identified a nogining highly obscured massive star-formation regiossyall
parametric test to evaluate the fidelity of this model byusrt as more extended large scale distributions of stars and Hust
of its prediction of the colour-surface-brightness relatior spi-  is important to emphasize that the large-scale distribuiclif-
ral galaxies. This test will allow gal_aX|e_s with systema_ilifer-_ ~ fuse dust plays a major role in mediating the propagatiorof p
ences from the geometry adopted in this model to be identifietbns in galaxy disks and dominates the total bolometricadp
This paper is organised as follows. In Sect. 2 we descrildést emission. The discovery of thidfilise component was one
our model for the dust emission, together with the physiaal mof the highlights of the Infrared Space Observatory (ISE§(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 gquanthe ISO science legacy on normal nearby galaxies). Thidtresu
tative comparison of dust emission with the attenuatioeweal was obtained both from analysing the integrated propesfies
lations presented in this paper. We draw particular attert  frared emission from galaxies (Popescu et al. 2002) bufeiso
the changes in the model compared to the original formulgesolved studies of nearby galaxies (Haas et al. 1998, Hijype
tion in Paper I. Specifically, we describe the inclusion oHPA et al. 2003, Tés & Gabriel 2003, Popescu et al. 2005) and is
molecules, needed to extend the applicability of the model ow 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 interstellatddgur-  2007). Our model being empirically motivated we tried to in-
ther major update to the model is the inclusion of the contigorporate all available observational constrains praviothe
bution to dust heating of the young stellar population atogpt 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 asevi A schematic picture of the geometrical components of the
treatment of the emission from star-formation regionspinc model is given in Fig. 1, together with a mathematical prigscr
porating a wavelength-dependence of the escaping UV l@httfon of the stellar emissivities and dust opacities usedhi t
achieve consistency with their attenuation propertieoasd- model.
lated in Paper Il and including an updated template fortire ¢~ The large scale distribution of stars and dust are approxi-
responding infrared emission using the recent model of &ownated as continuous spatial functions of stellar emissitd
et al. (2008). In Sect. 3 we illustrate our model for the case 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 fects of the main assumptions of the model otions, and we also consider separate distributions féust dust
the predicted spatially integrated SEDs as well as testhien hssociated with these populations.
fidelity of the model are given in Sect. 4. We then present our The old stellar population resides in a disk and a bulge,
library of simulated dust emission SEDs in Sect. 5 and dscugith its emissivity described by a double exponential anda d
the predicted variation of these SEDs with the main pararset&/aucouleurs distribution, respectively:
of the model in Sect. 6. We summarize the main results of the

paper in Sect. 7. R

The updated calculations of attenuation of stellar light fo;(1, R, 2) = 5%%(1, 0, 0) exp(___ - ﬂ)
the difuse component are given in Appendix B. To facilitate the hdisk  Zisk
use of this library of attenuation in combination with thestiu

emission calculations we give in Appendix C formulae for the  + 5”91, 0,0) exp(-7.67BY4) B/, (1)
composite attenuation of stellar light from théfdirent geomet-

rical components of stellar emissivity in terms of the pagters VRZ + 2 (a/b)?

used for the prediction of the dust emission. For an easysaccB = T R (2)

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

step guide on how to use the model for fitting real data, tagetrwhereR andz are the cylindrical coordinategd’sk(, 0, 0) is the
with the full mathematical formalism. In this appendix weal stellar emissivity at the centre of the disi's, 2k are the scale-
describe the non-parametric test to objectively judge fieaey length and scaleheight of the disi“9%(1,0,0) is the stellar
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Old stellar bulge:
n(\, R, z) = n”8%(},0,0) exp(—7.67 BY*) B~7/8,

yR?+ 2% (a/b)?
o= R,

Old stellar disk: Young stellar disk:

e disk / ———— z| i i R z
7, By 2) = 17,0, 0) exp | — 7o »disk ) 0B )= O g (_h'digk = z!di!ak)
8 s

Dust disk associated with the old stellar disk:

' ! R
kSRR, 2) = k88X 0,0) exp (_hjiﬁk - Zl‘;lk) Clumpy component

Dust disk associated with the young stellar disk:

i s R |z
nL‘;fk(’\v R, Z) = K:Sr,lt k()‘v 0, 0) €Xp (_ h:,idisk - Z('idi“k)

Fig. 1. Schematic representation of the geometrical distribstioistellar and dust emissivity together with a mathembpoascription of the
stellar emissivities and dust opacities used in the modeleHand in the main body of the text we use the superscripk™dibulge” and “tdisk”
for all the quantities respectively describing the disle(thd stellar disk plus the associated dust disk, whethelatter is sometimes referred to
as the “first dust disk”), the bulge and the thin disk (the yguatellar disk plus the associated dust disk, whether ther lstsometimes referred to
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, anda 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
, , , ) eters from Xilouris et al. correctly predicted the dust esitis

LAisk = 4 7 p9sk(4, 0, 0) sk (hdisk)2 (3) SEDs of the 5 nearby edge-on galaxies. Observationally st wa

) . also confirmed that the dust disk not only has a larger scaiéhe
whereas for the bulge there is no exact analytical formuléfe  than the stellar disk (Alton et al. 1998, Davies et al. 1999},

spatially integrated luminosity. _ “was detected to physically extend well beyond the stellsk di
The dust associated with the old stellar population (“tre fir(popescu & Tés 2003; see also Popescu et al. 2002 and Hinz
dust disk”) is also described by an exponential disk: et al. 2006 for dwarf galaxies). From resolved studies ofxal
ies it was also found that there is a large scale distribubion
K1, R 2) = k3552, 0,0) EXp(_hd_Zk _ %) (4) diffuse dust having a face-on opacity that decreases with radius
3 par (Boissier et al. 2004, Popescu et al. 2005, Pérez-Gonehlal.

_ 2006, Boissier et al. 2007, Mufioz-Mateos et al. 2009).
wherexJ$(4,0,0) is the extinction coéicient at the centre of ~ The geometrical parameters of our model are listed in
the disk anchi*k andzj* are the scalelength and scaleheight ofable E.1, where all the length parameters are normalistitéto
the dust associated with the old stellar disk. B-band scalelength of the diskd'SKB). In our calculations we

In our model the parameters describing the geometry of trekehd'*{(B) = hisk = 5670 pc, the fixed reference scalelength

old stellar population and of the first dust disk are empllyca of our model galaxy, as derived for NGC 891.

constrained from resolved optical and near-IR images &agh The “young” stellar population and associated dust are also
sults of the modelling procedure of Xilouris et al. (1999rF specified by exponential disks, which are taken to have small
edge-on systems these calculations completely deterhme dcajeheights (thin disks, thereby the superscript 'tdjskhich

scale heights and lengths of the exponential disk of oldstad e shajl refer to as the “young stellar disk” and the “secomstd
associated diuse dust, as well as théfective radius and ellip- gk

ticity of the dustless stellar bulge. This is feasible fogeen

systems since the scale height of the dust is less than thiae of disk disk R Vi
stars. By analysing a sample of 5 nearby edge-on galaxiés wit"*(4, R 2) = 7*(1,0,0) eXP(—W( - m)
morphological classification in the range of Sb-Sc, Xilsust s %
al. found that the scalelength of the dust was larger thatnotha
the stellar disk, that the scaleheight of the stars was fdhgm

i i i R 4
that of the dust and that the scalelength of the stellar désk dkéd)ltsk( 1R 2) = 9541, 0, 0) exp(— i - @] (6)
d

(5)

creases with increasing wavelength. In this way Xilourislet
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wheren'9s4(1, 0,0) is the stellar emissivity at the centre of theéo the value 0.387 found for our proto-type galaxy NGC 891,
thin disk, hisk and 2%k are the scalelength and scaleheight afhich is also close to what was found for a second edge-on
the thin disk «9%K(1, 0, 0) is the extinction cofficient at the cen- galaxy with submm data, NGC 5907, which we modeled in
tre of the thin disk andh{'s* and Z¥* are the scalelength andPaper Il. We note here that the attenuation-inclinatioatieh
scaleheight of the dust associated with the young stelék: 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 attamiati
inclination relation of a large and statistically compleiam-

LiTK = 47.7'%%K(1, 0, 0) 21 (1942 (7) ple of galaxies from the Millennium Galaxy Catalogue Survey
Unlike the old components, the parameters describing tF}Denver et al. 2007). We thus adopt as a free parameter of the

o f
geometry of the young components cannot be constrained frgtRdelthe total central face-on opacity in the B-bang
images of stellar light, because the young stellar popriatare ;¢ 4isk  fidisk

highly obscured in most cases. It was thus necessary toraémst™s =78+ 7 (11)
these parameters from physical considerations. The se#jath

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 scaldeng
and scaleheight as for the young stellar disk. The reasahifr 2.2. The clumpy component
choice is that our thin disk of dust was introduced to mimi th

diffuse component of dust which pervades the spiral arms, difd Important component of t_he spatlally mtegrateq dustse_ml
which occupies approximately the same volume as that oedupp'O from star-forming galaxies arises from dust in thefbirt
by the young stars. This choice is also physically plausitifee clouds of massive stars, as previously modelled by Silvd.et a
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 grainshwhi Rowan-Robinson (2003), Jonsson et al. (2009). Becausethe
caused the obscuration. In principle it would be more ralis Clouds are spat!ally .correlated with their progeny on parse
to place the young stellar population and associated dtesain SCa/€S; they are illuminated by a strong UV-dominated tauia
spiral pattern rather than into a disk. However, in practisawe feld of intensity 10- 100 times that in the duse ISM. This
show in Sect. 4.2, this makes littlefftirence to the predicted vol- 91Ves rise to a localised component of emission from grains i
ume integrated dust emission SED and starlight attenuafian thermal equilibrium with these intense radiation fieldsjckh
despite the tiny filling factor of the SF regions in the galaxy

galaxy. Furthermore, the inclusion of spiral arms wouldesec hel d4th i@ude infrared emissi f
sitate_another model parameter to describe this more campf@n nevertheless exceed the entirguse infrared emission o

geometry. Also, in most practical applications for the ipte- 2 9alaxy at intermediate wavelengths (ca. 20 to cqurbp It is
tation of the integrated emission of galaxies in large stigal therefore particularly important to incorporate a clumpynpo-
samples, photometric information about the spiral armepais nent of d_ust associated w|th the opaque parent moleculadslo
not available. For all these reasons we consider the appeoxi of massive stars. F(leowlng Popes”cu &ﬂE“(.ZOOS) we refer
tion of the second dust disk to be both reliable and pracfidee t© these clumps as “active clumps”. The active clumps are as-

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

Apart from the geometrical parameters described above, gﬁglprop.erties of these clumps do not systematically depend
distributions of difuse stellar emissivity and dust are also de%— eir radial location within the galaxy. In reality we expstar
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 band 4 ++isk qefined by- colours than their counterparts in Iow_pressure regionsh(sis _
pacity B ' y the outer disk), as modelled by Dopita et al. (2005). And in-
Lhdisk _ 2Kdisk(/lB 0 O)Zgisk 8) deed this_ phenomenon has been obser_ved_ in H.II regionsin M 33
B ext ey = (Hippelein et al. 2003). However, bearing in mind that wel wil
_ empirically calibrate our template (see Sect. 2.8) on thelevh
Té’td's" = 2%k 15, 0, 0) 281k (9) ensemble of star forming complexes in the Milky Way, the as-
) ) ) ) . ~ sumption we make in this regard should not significanffect
The opacity of the first dust disk can be derived jointly withyyr predictions for the integrated emission of galaxies.
the geometrical parameters from the optimisation techofu  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 opfid&iR image. For the total luminosity of massive stars in a galaxy will be lca
the galaxies studied by Xilouris the derived extinction M@as  apsorbed. Following the original formulation in Paper | vee d
consistent with a Milky Way type dust, which is also the typgiote this fraction in our model by the “clumpiness factde’,
of dust adopted for our dust model (see Sect. 2.4 and A). TBfce birthclouds are completely opaque at all/biicajnear-
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, finstoi-
 disk duced by Popescu et al. (2000), allows UV light to freelyastne
(10) away from star-forming regions in some fraction of direntp

o = B _ > 1S .
ratio Tgtd'SK allowing the dffuse dust to be illuminated with more UV pho-

The remaining parameters - the amplitudes of the two stellar
ksn¥isk ptdisk and of the bulggV'%- and their link to the free
arameters of the model are discussed in Sect. 2.3.
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tons than would have been the case if the young stars had beeth physical and empirical reasons. Physically, it sedkesyl
assumed to be completely cocooned in their parent molecutflaat 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 UVhig
guency at which counterparts of star-formation regions sg¢e they will lose their principal source of heating (the phdtae
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 thecstr
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 and 2.8. Furthermore, the change in the shape of the predicted dust em

An approximation of our model is that the heating of theion SEDs imposed by the incorporation of passive clumpisten
grains in the active clumps is dominated by photons from tfie 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, wheedfilh
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 Sect. 2.1, the amplitudes of the stellar popu
describe the heating of grains in the optically thick bitibucis, |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 wagds w
SEDs as given in this paper intractable with current conmguti want to find a solution for the attenuation of stellar lightlatust
resources. To date, the best resolution achieved with ap-ad@mission SED that can fit observed SEDs to provide resulting
tive grid code when modeling the observed dust emission Skdrinsic 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 collectivéiects, 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. Noneshele
dust heating, to be significant in galaxies with very highwoeé some constraints on the input SEDs need to be made to avoid
densities of SF regions, such as the central region of aB&irb 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 Table 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&Phe young stellar population and of the old stellar popaiss,
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 sporadiahs two variables. We then assume that each of the two components
of dust emission can be seen with local enhancement in visgabung and old stellar populations) have a fixed wavelength d
optical depth much greater than 1. This contrasts with stsrvependence (a fixed template SED), thus reducing the number of
in the CO lines (Matsunaga et al. 2001), which show a mofge parameters describing the intrinsic SEDs of the stptia-
highly filled distribution of emission due to optical deptfieets ylations to two. We will show in Sect. 4.3 that these assuomgti
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 '&SEDs and the associated parameférandF. In turn, the solu-

vealed the fainter, more extended emission componentshwhig,, for the wavelength dependence of the attenuation itte
dominate the morphology of the dust emission in the Milky Wa)()ptical range, which depends oé, F (and inclination), will be

Zhs()r;vglwlgﬁﬁ%a”} ggfgrﬂﬁ Zﬂxﬂgth'ggsrgglﬁﬁu;ﬂr ;\(/);ﬁ;bl Ime{erngb s similarly secure, thus allowing the true dereddened stetais-
9 ' Y, sion SED to be recovered. Irffect we are using the fact that

vational evidence we believe it is a reasonable approxanat the dependence of the dust emission SED on the colour of the

ignore the external heaing of active clumps. stellar photon field depends primarily on the ratio betwden t

. A_”Other approximation of our m_odel IS Fhat the clumpy OIIﬁ'uminosities of the young and old stellar populations rathan
tribution of dust is exclusively associated with the opapaeent on the detailed colour of the emissions from either of these p

molecular clouds of massive stars - the active clumps. llityea ulations. This way of constructing the model will allow SE-hi

Some Of. the dust in the fluse dust disks may also be in Cl.ump?ories to be extracted from the dereddened stellar emi&Hian
without internal photon sources, and thus heated only byithe in a separate step from the extractionréfandF

fuse ambient radiation fields in the disk. Following Papeseg : .
also Popescu & Tiis 2005) we refer to such clumps as “pas- In constructing the template SEDs of the stellar population

sive” or “quiescent” clumps. Provided passive clumps are o e_c_onS|deE the term “optical”, "UV", “ionising UV" and "non
tically thin, the transfer of radiation through the disklvaie }g(;msmg UV” to denote the wavelength ranges 4430A,1 <
virtually identical to that in a homogeneous disk. Howevage 4430_'&'/1 < 912A,912< A < 44304, 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 comgddre

the case where the same mass of grainsffsigily distributed. o i

These &ects have been quantified by Bianchi et al. (2000a) thc')s'l' ggi template SED of the old stellar population in the
showed that the shape of the infrared SED of a disk galaxy can

be strongly &ected shortwards of 2Q6n (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 wavelengthatep

2.3. Constraints on the intrinsic SEDs of the stellar
populations
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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

image$ 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 biu@TPirically, as this population is heavily obscured by dust
curve in Fig. 8. In applications to other galaxies this cureeds Secause of this we used population synthesis models. We used

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 purpoge wions for the star-formation history, namely an exponditite-
use a unitless parameteid defined as clining star-formation rate with a time constant 5 Gyr, so-

lar metallicity and a Salpeter IMF with an upper mass diibb

|_disk 100M,. We emphasise that, although arbitrary, this choice of pa-
old = — (12) rameters will not significantly bias the model dereddenifitye
Lonit observed UYoptical SEDs, since, as we will show in Sect. 4.3,

using diferent assumed shapes for the stellar emissivity SED
where Lg'git = 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 8EDs.
1M,/yr young stellar population, as defined in Sect. 2.3.3. Thus We also consider that a fractidgn_uy = 0.3 of the ionising
old is the normalised luminosity of the old stellar populatioms UV photons (emitting shortwards of 912 A) from the massive
the disk and is adopted to be one of the free parameters of gftars 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 tald = 0.792. of magnitude less than the contribution of the non-ionidihg
The intrinsic spectral luminosity densities of the old Istel photons.
population in the disk correspondingatd = 1, L°9 ., used in A new feature of the model is the consideration of the opti-

our calculations are listed in Table E.2. The spectral lasity ~cal emission from the young stellar population embeddeten t
density of the old stellar population in the disk of a modéagg Second dust-disk. Previously the emissivity function ds frop-

is then given by: ulation had been artificially truncated longwards of the Bidha
In order to fix the shape of the SED template for the young stel-
Ldisk _ g|d x L9 13) lar population in the optical we again make use of the best fit
v old x v, unit ( )

solution to NGC 891. Specifically, the optical radiationrfro
this template at each wavelength sampling point was fixed to

whereL ;' has been previously defined in terms8f(1. 0, 0) be the residual between the prediction of the populatiothsymn

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 NGC.89
as explained abovéYhe resulting optical part of the SED tem-
Lold _ f Lold dq (14) plate of the young stellar population was then combined thith
unit g ount 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
lengtt? the values ong"ﬂmt from Table E.2. “calibrated” on NGC 891, needs to be scaled according to the
As already mentioned, we will show in Sect. 4.3 that, ak 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 o 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 populatidrm”g = 4.235x 1036W,
emission SEDs of other galaxies which may have vefietBnt \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

ung

2.3.2. The template SED of the old stellar populationinthe ~ Sum of the luminosity of the non-ionising UV photobig; s, =
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 preducintroduced in Sect. 2.3.1. v P

by the bulge stellar population is simply linked to that oé th L, we also d(ﬂined the unit for the lu-
i i 1 (o]
old stellar population in the disk via a wavelength indeparid minosity of the old stellar populatiobyy to correspond to 10

unit
bulge-to-disk ratio @, one of the free parameters in our model. ¢ The fraction of ionising UV photons that is absorbed by dostil
regions exhibits a broad range of values, varying from 073¢oue et
al. 2001; Inoue 2001). However, even if this fraction apphess unity,
their contribution to the dust emission of the star-formamnplexes
is still only at the percent level, because the intrinsicihmsity of the
ionising UV photons is so much smaller than that of the nanisiog
4In the K and H bands we rescaled the luminosities derived hyV photons (Bruzual & Charlot 1993). This means their cdmttion
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 dynamicdirieeaf
5 Throughout the paper all spectral integrations are donewsee- stellar populations born in the young stellar disk and ttrainsfer over
length rather than over frequency. This ensures self-statgiy in cases time into the larger scale height old stellar disk due tode#t scatter-
where functions are sparsely sampled in wavelength. ings with spiral arms aridr giant molecular clouds.

and the value of 29 can be derived by integrating over wave

L9 = (B/D) x Lisk (15)




Cristina C. Popescu et al.: Modelling the spectral energiridiution of galaxies. 9

times the luminosity of the non-ionising UV photons prodiicegalaxies, particularly with regard to whether conductirgtip

by a 1 M,/yr young stellar population. In addition we also defineles are included as a constituent of the dust model. For exam
Lia ., = 0.267x 10°W for the luminosity of the ionising ple in the model of Fischera & Dopita a substantial part of the
uv bhotons. We note that’®“"® is not included in the defi- diffuse 6Qum emission is powered by optical photons absorbed

nition of Y249 nit fon-=uv by iron grains in equilibrium with the ambient radiation @s!

unit : : : (see also Chlewicki & Laureijs 1988), whereas in the model

We then parameterised the calculations in terss BR of Weingartner & Draine (2001) this emission mainly arises

SFR |_tdisk from carbonaceous grains stochastically heated by UV pisoto
IMoyrt = [young (16) Potentially, therefore, the choice of grain model can infoee

© unit the inferred contributions of young and old stellar popiolad
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. _ewdence for thg existence qf pure metallic grains in t_hﬁjsle

In an equivalent way we can link the normalised luminositipterstellar medium of galaxies. Furthermore, simple agrs.-
of the young stellar population in the UV to the SFR: tions of potential redox reactions indicate that any suelingrin

the dituse neutral ISM will be susceptible to oxidation and will
, revert to the properties of non-conducting grains (Duleg@9
SFR Lk 17 like silicates. Here we substituted the model of Draine & Lee
1Mgyr-1 =~ |Young (17) (1984) and Laor & Draine (1993) used in Papers I-IV to the
latest model from Weingartner & Draine (2001) and Draine &

unit, uv
wherel’®™"9 = 2.241x 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 L}gf_kuv culation of transfer of radiation through theffdise interstellar
IMgyr® — [Y°Ung (18) medium, where the properties of the grains are reasonably we
unit ion-uv constrained. When including the infrared emission front-sta

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

in our calculations are listed in Table E.2 v, unit’ plate model SED function which is observationally constea,

The spectral luminosity density of the young stellar populé‘s described in Sect. 2.8. This sidesteps the uncertaintie

I . ; ; : 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

- W XLy unit from Draine & Li (2007) (revised size distribution and ogtlic
constants for PAHs). The parameters of the model considered
whereL'9skhas been previously defined in terms;8#(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-
Lyoun9 = f L°dda (20) diation field). The ionisation fractioniy,) of PAHs was fixed

Uviopt according to the average over the three phases of thesdilSM

L:/disk (19)

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

young : : : .. . .
and the value of} yoﬁ?gn be derived by integrating over wavey,as then multiplied withDo, and 1— @jon, 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 prtipsr diation fields (see Sect. 2.6), we also need to derive thedaeat
of the grains, the chemical composition and the grain sige dpacities for our dust grains. The heat capacities for s$#iead
tribution - was updated to include PAH molecules, which agraphite grains needed to derive the temperature disivitsiare
regarded as the carriers of the unidentified infrared eonidfgia- summarised in Popescu et al. (2000). The heat capaciti¢isefor
tures commonly seen in the mid-IR emission spectrum of sté&#AH-molecules were calculated using Eq. 15 of Li & Draine
forming galaxies. As shown by Zubko, Dwek & Arendt (2004)(2001) and Eq. 5 from Li & Draine (2002).

there is no uniqgue 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@iclusion of new dust models, we have
els, namely the extinction and emission properties of tlie dconstructed a flexible interface between the code for catitig
fuse cirrus in the Milky Way. Several models have been proust 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 prigger 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 galaway. However the discrepancy arises from the change in the re
tic cirrus, these models do neverthelesediin some predic- ative contribution of absorption and scattering to thel testénc-
tions relevant to the modelling of the infrared emissiongifa tion. This will give rise to a small but non-negligiblefiirence
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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
Appendix B). In Appendix B 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 IIl. 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 ofira Al2 ar]d AL3 of Paper Il to _denot(_e the_fragmentatlon of the

ation fields is only done for the fluse component. There ar cloud, is always Ie_ss than unity. This limit denote_s a cotteple

two channels by which the fluse interstellar medi.um can bglaCk of fragmentathn of the cloud due to the action of super-
novae and stellar winds, such that the probability of esadpe

llluminated by stellar light, since, as d_esc_ribed in Seé, Bur hotons into the diuse ISM is determined only by the migra-
model has a diuse and a clumpy distribution of stars and dus ion of stars away from their birthclouds.

The first channel is through the illumination of théfdsely dis-
tributed dust by the smoothly distributed population of staks.
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 fielddiat _.

diffuse medium is to determine the amplitude and SED of tiRince all the diuse stellar components are attenuated by the
stellar light which escapes from star-forming complexes. same distribution of dust, thefflise 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 thesdi
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 disld #re
bulge. Then the individual @use radiation fields can be com-
bined to produce the total flluse 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. 2.2 we introduced the facter 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 opaciguased hi hi p h diati ¢ lcul
by our model for the birth clouds bestows a grey body absampti. . Tofac 'evﬁ t 'S”\Ne Irst ran the ra rl]atlve t:ans ﬁr cadcu a-h
characteristic for the locally absorbed radiation in ardniidual “9”3 or _eac ste af‘r co_mponen_t, t—_:‘ac_ wavelengt _an _eac
star-formation region. There is nevertheless a waveletigpen- 9iven optical deptirg, using the intrinsic spectral luminosity
dence of the probability of absorption of stellar photonsause densitiesLo . and L/, as tabulated in Table E.2. This re-
stars of dfferent masses survive forftérent times, such that sulted in the calculation of the unit energy densities ferdisk
lower mass and less blue stars spend a higher proportioeif thidisk (R z Té), for the thin disku'™sk (R z, Té) and for the bulge
lifetime radiating when they are furth_er away fr_om theirthvir ubhugg(RZTf) for the unit stellaryluminosities (.e99 for the
clouds, and because of the progressive disruption of thedslo ~ 4 unit B young o v, unit

by supernovae and stellar winds. To calculate this wavetendlisk or the bulge and,; for the thin disk). .
dependence we follow the ana]ysis of Appendix A of Paper lll, . Then the unit radiation fields were scaled accordlng tothelu
thus preserving consistency between the model of the atten@inosity 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 old stellar disk (onlffusie) the
and the model of the infrared emission from star-formingaeg  resulting radiation fieldsds{R, z, Té, old) were obtained from:
given here. Denoting the wavelength dependence of thelyocal .

absorbed radiation by the functiéi, the spectrum and ampli- ul's{R, z,ré, old) = old x uﬂfﬁﬁit(R, z,ré) (25)
tude of the starlight from the young stellar population ia 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 Eq. 12. For the young stellar disk

udisk R,z 71, S FRF) is derived from:

Lol = F o Lo 1) sk f SFR
SFRF)= — "~ x (1 Ff
Where u/l (R» Z TB’ R ) 1 M@ yr,l X ( /l) X
Fi=Fxf, 22) x UfSi(R 2 7E) (26)

and f, is tabulated in Table A.1 of Paper Ill. As described itvhereS FRis related to the normalised luminosity of the young
Paper I, the tabulated values f correspond to a secular de.stella_r populations in Eq. 16. For the bulge the radiatioli$ie
crease of the solid angle subtended by the parent clouds o@ragiven by:
timescale of 3 10’ yr. For completeness we remind the reader,

thatL'9sis defined in terms of the free parameter of the modél"%(R z 7{, old, B/D) = old x B/D x Ug?ﬁi(R z7})
SFRin Eq. 19 (see Sect. 2.3.%). (27)
The amplitude and spectrum of the light from the young stel- o ]
lar population which illuminates thefflise dust, is given by The ; total difuse radiation fields
sk i el ui(R z 75, SFRF, old, B/D) are given by:
LY =1-LS (23)

f disk f
. . U (R z 1, SFRF,old, B/D) = u*(R, z 7, old) +
8 We notethaLf{"SkandL‘vd'Skdenotethesamephysicalquantities,ex-ﬁ( %78 R /D) = LR 2 75, 0ld)

pressed respectively as spectral densities in wavelengtfraquency.  +U'Y*{R, z, T;, SFRF) + ulju'ge(R, z Té, old, B/D) (28)
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This formulation provides an exact treatment of the spatial which case Eq. 21 becomes:
variation of the colour of the radiation field in galaxies,igfhis
a crucial factor in shaping the infrared SEDs. SER

In principle this formalism implies that we would need tq iocal _ I young
create a library of radiation fields calculated for each jiss + ~ 1M yr? Feal T cOrm(F) X L) i (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 fluise one, making the problem?-2-3- The radiative transfer calculations

quite intractable. In practice, however, it is possibleitoify — 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 trani?d)
pendence (& Ff)) is fixed to the (I- Fcaf,) corresponding to code that can be used to determine the radiation fields ixgala
a fiducial calibration valuéca = 0.35, which we consider to jes and their appearance in the tdytical bands. Four meth-
be a typical value for spiral galaxies in the local univeiBeis ds have been proposed so far in RT models, though only two
intermediate value dfc (theoretical values d can vary from  of them have been broadly used in the context of galaxy mod-
0 to 0.61; Paper I1l) 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). Furthermogevansevicius 2006) and Monte-Carlo (MC) techniques (Witt
detailed analysis of face-on spiral galaxies with resolst- et 51 1992, Bianchi et al. 1996, de Jong 1996, Gordon et al.
formation regions in the Spitzer 24n and the GALEX FUV 2001, 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 & Witne
to-one correspondence between the direct and re-radigted Izoog)_g

coming from these complexes, albeit with a large variance in gjnce our model makes explicit calculations of radiation
the ratio of the two emissions. Thus there were essenti@ly Re|ds in galaxies we use an ray-tracing code, which is better
Spitzer sources with no FUV counterparts (meaning 1a$  gyited to this type of problem. As in Paper | we use the Kylafis &

unlikely to take the value 0.61), but also no FUV sources witancall (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,q|5ned to model the surface brightness distribution ofedig
the young stellar population which escapes the star-faamat 5 ayies with cylindrical symmetry. This utilises a ragding

complexes and actually ”!“'T“”ate? theﬂfdise dust. Although method that exactly calculates the direct and first orddteseal-
the computed colour of this light will be inaccuratefifdiffers |igp¢ and uses the method of scattered intensities to ajpedi®
from Fea, corresponding inaccuracies in the predictions for theg higher order scattered light (see review of Kylafis & Xiiis
dust emission SEDS are unlikely to be more thaf‘ a few perc%OS)_ Several modifications were incorporated for the gires
as demonstrated in Sect. 4.3, where we quantify theceon onqjication, the most significant of which we briefly deserib
the dust emission of changing the spectral shape of theustefl o
emissivity. We note that, for the same reason, when deréuaiglen F.irstl ; L

. y, the code used was generalised and optimised for ap-
the observed Uxbptical SED, the wavelength dependence of t ication to any cylindrically symmetric distribution ofréssiv-

component of attenuation from the clumpy component can Ugean opacity, such as the thin disk representing the yetelg
the_?;:a(gfsolgtmn LO(;Z fqumlj In tr}ehopt|m|s_,at|on. h lar population and associated dust in our standard caionkgt
. e diective reddening law ot the continuum photons escapyj the annular representation of this disk that we use in the
ing the star-formation regions corresponding=g is given in a5t made in Sect. 4.2 to evaluate the second disk approxima
Table E.4. L . . tion to spiral structure. To achieve this, we incorporatedra
The use of the calibration factéica means that in practice 15y sampling scheme which automatically adapts to variatio
all the equations that describe the illumination of thiéudie dust emissivity and opacity encountered along the rays. fearth
by the young stellar disk need to be rescaled to accommodalfions of low emissivity, where the method of scattereeriai:

different values oF than those used in the calibration. For thiﬁes becomes less accurate. the maximum order of the ssghtter
. - . d . N 1 A )
we define a correction factor for thefilise componemrr®(F):  jight had to be reduced. The reduction was done progregsivel

young accordingly to the emissivity encountered, such that ohgy t
corrd(F) = (1 - F) x — unit, UV (29) fully accurate first order scattering term was utilised ia te-
fuv Lﬁ uni%(1 — Feq 1) da gions with the smallest emissivity. This is a good approxiora
| for the geometries of dust and stars considered here, inlwhic
In this case Eq. 26 becomes: low emissivities are never encountered in regions of higcep

ties. Lastly, for application to the calculation of radaatienergy

SER densities the code was further modified to calculate theovect

tdisk f _ _ d radiation field sampled in each direction of a predefined &et o
U (R 27 SFRF) 1M, yrt (1= Feafy) corr(F) x 216 directions.
Xutflusrlfit(R» z Té)(30) To provide a more frequent sampling of the inner part of the

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 from®in
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,

FY=F unit, UV 31) Lucy 1999, Wolf et al. 1999, Bjorkman & Wood 2001, Steinackeal.
corr'(F) = F x — (31) : :

UV L‘l’ um? Fea f1dA 2003, Wolf 2003, Juvela 2005, Steinacker et al. 2006, Ftitd. 2006).



12 Cristina C. Popescu et al.: Modelling the spectral endiglyibution of galaxies.

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 centraioag,

where, as can be seen from Fig. 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 dhct

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

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

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

ing from 25 pc to up to 1 kpc in radial direction and from 25 pc tehe amplitude and colour of the bulk of thefdise 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 computdtioant (< 100um). Thus, since for each position in the galaxy the en-

We have therefore concluded that the optimum sampling of tBeyy density of the radiation fields heating the grains hasbe

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

scheme. tion of temperaturé;(a, T) for each grain siza 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 €fect on the integrated dust emission, and would en-

tail a significant increase in complexity and decrease iredpe a2 anbsi(a, Dudd = 4x(ndd) anbsi(& ) X

of the calculations. This is a good approximation for thespre

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

(Té =8), only the~ 3um dust emission shows a signiﬁcanffBA(a’ TP T)dTdl (33)

depression in the integrated emission. However we do aksul

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 incatgxi 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 Method of Guhathakurta & Draine (1989) and a stepwise analyt

are calculated taking into account anisotropic scattetising Cal @approximation. We sample the temperature distributio
the albedo and anisotropy of the scattering phase functon®l logarithmically spaced points.

defined in Sect. A and the geometry of the dust as defined by

Egs. 4 and 6 in Sect. 2.1. At each Ydytical wavelengttf of 2. 7. calculation of infrared emissivities and spatially

Table E.2 and each optical depzté a separate calculation was integrated SEDs in the diffuse component

made for each of the three stellar components, with smoott&l}/ h distributi ¢ inis k i
distributed emissivities given by Eq. 1 for the old stellappla- 1€ the temperature distribution of a grain is known, tig ity

tion in the disk and in the bulge, and Eq. 5 for the young stell§¢SS4.i 0f @ grain of radius and compositionis then given by:

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. Coting  14i(@) = Qabsi(a ﬂ)fBA(& T)Pi(a T)dT (34)
the corresponding error due to the finite sampling of thdastel
SEDs, the reader is referred to Sect. 4.3, in which we shotv t%
the exact colours of either young or old component of thésstel

SEDs only #ect the resulting dust emission SEDs at the Iev%lrain size and composition, we can then integrate over thie gr

.Of a percent. Overa_lllz therefore, we consm_ier that unaetres size distributiom(a) to obtain the infrared emissivity per H atom
introduced by our finite wavelength sampling on the predicté

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

When calculating the heating of the grains, and therefore of
the wavelength-integrated energy absorbed, the radifigts ., Amax
were interpolated on a fine wavelength grid containing 58 daii = f
points logarithmically sampled between 912 and 50000 AtsTes
done with 1000 data points showed negligibl§efiences in the wherej" . is in units of [W srtA-tH1].
results, therefore we decided to fix the wavelength sampting N
500. Energy balance tests done within a common Wavelenggﬂ,]

%h% Calculation of grain temperature distributions

erel . ; is in units of [WnT2srA-1].
Once the infrared brightnesseés; are calculated for each

ra’n(a)l,i(a) da (35)
@min

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

10 The radiation transfer calculations were performed at eddhe
wavelengths given in Table E.2, with the exception of thekst wave- jT = Z jji (36)
length at 50000 A, where the radiation fields could be extetpd suf- i
ficiently accurately from the radiation fields at 22000 A asiwg a ) ) ) )
Rayleigh-Jeans law. The sampling points for the calculatiare the In Fig. 2 we show the calculation for the infrared emis-
same as those used for the calculation of attenuation inriapexcept ~ Sivity of grains heated by the local interstellar radiatiaids
for the addition of points at 1500 & 3650 A to improve the defoni of  (LIRF), with the energy densities of the radiation fieldsetak
the stellar emissivity SEDs. from Mathis, Metzger & Panagia (1983). The resulting indchr
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We checked the fundamental energy balance in the calcu-

lations, by comparing the energy absorbed from the radiatio
I fields with the energy emitted in the infrared, obtaining sien
o107 tency to within better than 1%.
L :
s » I 2.8. The infrared emission from the star-forming regions
T 1077
® ; In our model we take the total energy absorbed by the birth-
o clouds to be
T -27 .
i 0 : L!’St?g '= le/lo ! da+ fion—uv L}grlf—kuv (40)
= A !
10-2| = . : . Y] \]/cvhereL'f(;a;is defined in Eq. 32,19 is defined in Eq. 18 and
10 100 1000 ion—uy = ¥-3-
A [um] That is, as justified in Sect. 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 thefdse ISM at high Stelkl)z?\r pro%e_ny, a?.d Igegle(;t anyl external contributiomfitbe
Galactic latitude (solid line) calculated using our modo plotted @Mbientradiation fields in the galaxy. _ _
here are the COBE data (symbols with error bars). Theseza gs an To determine the SED of the reradiated light from dust grains
average of the data from the North ecliptic pole field and tbekman and PAH molecules in the birthclouds we use a fixed spectral
Hole field (Arendt et al. 1998) and are further colour coredctThe template of a photodissociation region (PDR):
contributions of the dferent dust compositions to the total model SED
?re)as follows: Si (dotted line), Gra (dashed line), PAH (ealsdotted L';fcd"ﬂstz Llocal) PDR (41)
ine).

whereL"PR is the template function for a photodissociation re-

. L . ) 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.J(‘ LPORG) = 1.0 (42)
This can be taken as a benchmark test for the calculation-of in -
frared emission. In Fig. 2 we also plotted the colour-caaédc
DIRBE/COBE data for the high Galactic latitude. As expected, We use the model of Groves et al. (2008) (see also Dopita
there is a good match between the model and the observatigisil. 2005), fitted to broad-band measurements of dust akid PA
In Fig. 2 we also show the predicted contribution of th@edient emission from galactic star-formation regions, to proxddeem-
dust compositions to the total infrared emissivity. pirically constrained prediction for the detailed spelctoam of
Once the total infrared emissivities per H atom have bedéhe templaté."PR. Although this model was primarily developed
calculated, these can be then scaled to the volume densityfasfuse in predicting the SED of starburst galaxies, its amen-
dust grains at each position in the galaxy to obtain the velurtal constituent is a prediction of the PAdst and nebular line
luminosity density of the first and second dust diglﬂéjﬁst(R, Z) emission from the HIl region and PDR components of individ-
andLtdisk (R 2), as a function of position: ' ual SF regions, and so, with suitable choice for the values of
Adustt > = the model parameters, is also directly applicable to thdipre
tion of the PDR emission from SF regions in spiral galaxies. F
: X j/lH(R’ 2) X the spectral template used here we only consider the PDR com-
Cext(B) 2Z§(1 + 7ratio) ponent calculated by Groves et al., ignoring the emission-co
2 ponent from the HII region (as justified below). We also only
X exp(—hd—isk - Tk) (37) include the PAH and dust emission components in the spectral
d ZS template, not including the free-free and line emissiomTitbe
gas phase.
f The prime physical motivation for the use of the model of
B X j/lH(R» 2) x Groves et al. is that it self-consistently calculates theat on
Cext(B) 220 (1 + Tratio) the emergent dust and PAH emission SED of the dynamical evo-
2 lution of the emitting regions. Specifically, the model cioless
X exp[—hTisk - Tsk) (38) aspherically symmetric, fully enclosed mass-loss bulahieen
d ZEJ by the mechanical energy inputthrough winds and superrufvae
i i : . _ a star cluster as a function of the external density (pararnset
where Lt and LYSK, are in units of [WmPA™] and i, ierms of the pressure of the ambient ISM) and a “compastnes
Cex(B) = 6.38x 107%2cn?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 hekgeighted 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 determinemLidn
of the difuse component of the model galaxy (with the fixed sizg separate radiation transfer calculation (Groves et &i8R&s
pdisk ) L 91 f. modelig than: a function of the grain column density in the PDR (which in
sref A, dust . . .
the formulation of Groves et al. is actually prescribed tiylo a
dif f. model disk tdlisk combination of the gas column in the PDR and the metallicity)
Lidust =27 foR(LLdust+ L ausd R dRdz (39) Being based on a dynamical model, the calculations of Groves

f
4n Tg Tratio

Lidus(R 2) =

4 T

LidusR 2) =
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Table 1. The references used for collecting the observed flux dessiti
of the 57 SF regions plotted in Fig. 3.

100.00

Bains et al. (2006)

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) 1
Ward-Thompson & Robson (1990) A [um]

10.00

1.00F

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

Fig. 3.MSX and IRAS mid-IR and far-IR integrated photometry for 57

et al. explicitly take into account the expected variationdlour SF regions from Conti & Crowther (2004), supplemented bypab-
and amplitude of the incident photon flux on the PDR due to ttjghed sub-mm andr near-mm data for which integrated flux measure-
increase in radius and evolution of the stellar populatignich ments covering the full angular extent of the source arelablai (18

. sources); (see Table 1). Measurements are normalised thbOthen
acts to broaden the SED of the dust emission from the large Alx density. The solid line is the adopted model for the PDRtdu

semble of SF regions atfiizrent evolutionary stage expected ifpaH emission from Groves et al. (2008), having compactnasarpeter
a spiral galaxy. The model also considers the photodegiruct|og(C) = 6.5, metallicity 1.0, and PDR column densigg(N) = 22.0.
of PAH, strongly influencing the relative amplitudes of t#éP The dashed-line, which deviates slightly from the solicelim the
and far-IRsubmm emission components from the PDR. submm range, is the same but with the free-free emissiondad.

To empirically verify these predictions of the model, ane de
termine the best model parameter to determine the PAH and dus

emission template from an ensemble of localised SF regions | _ ) L . .
spiral galaxies, we compared the model predictions with of€t€rmined quantity. Likewise, the relatively high valuettee

served data (see Table 1) for the radio-selected samplawef sfomMPactness fact@ is needed to fit the rather warm observed
formation regions in the Milky Way of Conti & Crowther (2004) far-IR/mid-IR colours. As directly confirmed through high res-

This sample is distributed throughout the disk of the Milkgyy °lution imaging of the sources this indicates a close prexim
so is likely to be representative of the population of SFaagi 1Y (typically parsec scales) of the exciting star clustershe

in the galaxy. In Fig. 3 we plot the mid-JRr-IR/submm SEDs PDRs, most of whi(_:h are assqciated with rather dense fratgmen
of 57 galactic star-forming regions from Conti & Crowtheorn Of molecular material which will be only slowly pushed oudrin
malised to the 100m flux density. Overlaid on this is the best fitthe Cluster. Itis interesting to note that the fit of the PDRielo
model for the PDR emission from Groves et al., found by seard® the data leaves no room for a warmer dust emission compo-
ing the parameter space in the compactness f&céord the dust Nentfroman enclosed Hll region, suggesting that the Hilregy
column density in the PDR (adjusted by varying the product pically extend to larger spatial scales. On this picttire cloud
metallicity and gas column density). The other major pateme fragments carrying the PDR emission are embedded iffese
pressure, was kept fixed as the PAH and dust emission is cdfftiséd medium which blends in with thefflise emission from
pletely insensitive to this parameter which onfjegts the emis- the second dust disk. _
sion lines (see Fig. 4 of Groves et al.), which are not requime ~ Although, as we argue above, the physical values for the
our template. In comparing the model with the data we did hogompactness paramet&;, metallicity and hydrogen column
ever take into account the free-free emission componemtfhe density used for the fit seem plausible, we note that there may
PDRs, since this emission component will also be repredénte be room for some systematic uncertainties in these parasnete
the broad-band continuum data of the Milky Way star fornratidf the optical properties of the grainsttér from the model of
regions. The free-free emission slightly raises the lefehe Weingartner & Draine used by Groves et al.. The most impaortan
emission near 1 mm above the prediction of the dust emissid@int however in the context of our use of this template SED is
template, as shown by the divergence of the dotted line, lwhithat it gives a good fit to a representative sample of stardtion
includes the free-free component from the full line in Fig. 3~ regions in our Milky Way. So even if the physical interpredat
The best fitting PDR model is for compactness paramet&the shape of the SED may be still somewhat imprecise, the
log(C) = 6.5, metallicity 1.0, and hydrogen column densit};emplate itself will be the correct one. In conc_lusmn,wbehﬁ_e
vironment of individual SF regions, overall this model repr component of our model.
duces the mean colours of the population of sources over the
whole spectral range covered by the data. This spectrakra ; ;
extends from 12m (including the PAH emission), through 25?299. ;I;eDfsree parameters for the calculation of the infrared
60 and 10«m (where emission is dominated by large grains in
thermal equilibrium with the intense local radiation figldsnd The spatially integrated SED for the dust emission of a gaisx
into the submpmear-mm range (where the emission is domgiven by:
nated by dust which is cold due to the self-shielding of ggain

in the PDR. This latter cold dust emission componentfigadilt Lmodel ! S ERFE old. B/D) =
to predict theoretically, depending on the otherwise poooin- _ raus(Te> SR 0ld, B/D)
strained dust column density, so is fundamentally an exgilyi LgfLL‘QOdekr;, SFRF,old, B/D) + LY (SFRF) (43)
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Fig. 4. Examples of calculated radial profiles of radiation fieldéhie Fig. 5. Examples of calculated vertical profiles of radiation figlthe
plane of the diskZ = 0pc), for the best fit model of our prototypecentre of the diskR = 0pc), for the best fit model of our prototype
galaxy NGC 891. The dlierent profiles are for ierent wavelengths. galaxy NGC 891. The dlierent profiles are for flierent wavelengths.

dif f, model: : - . . ,
whereL', s defined by Eq. 39 ant?% (S FRF) is de- opticalNIR images, we only need 3 free parameters to fit the

fined by Eq. 41. From Eq. 43 one can see that the free parametg|s: emission SED of NGC 89% SFR F. For this we ran
of our model are, to recap: the calculations for trial combinations of these paransetéfe
) ST ) . hote that the normalised luminosity of the old stellar pagioh

a ?eectcgn:t;al face-on opacity in the B bamg (Ba. 11; derived for NGC 891 isld = 0.792. Throughout this section all
T the examples shown are for the best fit métér NGC 891,

— the clumpiness factd¥ (Sect. 2.2), o i
— the star-formation rat§ FR(Sect. 2.3.3), which is forrg = 3.5, SFR= 2.88 Mo/yr andF = 0.41.

— the normalised luminosity of the old stellar populatiold
(Sect. 2.3.1) and 3.1. The radiation fields

— the bulge-to-disk rati®/D (Sect. 2.3.2).
The first step in the calculation (see Sect. 2.5) is the dioiva

In cases where detailed modelling of the opfiNéR images is of the radiation fields illuminating the fiuse dust, which we

also available, e.g. the study of NGC 891, tid andB/D pa- jjlustrate in Figs. 4 and 5 through examples of radial andiver

rameters are independently constrained from the optifisaf  cal profiles of energy densitiag of total radiation fields (not

the optical images, and thus only 3 free parameters are deegiebe confused with profiles of stellar emissivities). Thargh

for the model:ré, SFRF. rise in the inner parts of the radial profiles in the K and B band
We note that the free paramete’@ F, andB/D are also is produced by the dominance of the radiation coming from the

free parameters for the attenuation of the/oiptical stellar light bulge. We note here the large variation in the colour of the ra

given in Paper Ill (the fourth and final free parameter thgas diation fields with position, in particular in the radial eation,

the attenuation is the inclinatioinof the disk). Therefore the Which, as shown in the next figures, will introduce largéett

dust emission SEDs predicted here can be used in conjunctfdt¢es in the shape of the FIR SEDs. Thus, models that assume

with the predictions for attenuation given in this paperdme”_ ra._d|a.t|.0n fields with the _f|Xed CO!OUr of the local |nte_r5m|ta_d|'

consistent modelling of the Udptical-IR/'submm SEDs. ation fields (LIRF) are likely to introduce systematic urtaer-
The parameter!, can be related to the total dust mass using?S " the predictions for the dust emission SEDs.

the equation:

5 f 3.2. The temperature distributions
Maust = ¥ h5(B) Tg (44) . . . L

. ... The nextstep in the calculations (see Sect. 2.6) is theatariv
wherey is a constant related to the geometry of the distributiq} the probability distributions of dust temperature. Iy Fé we

of dust in galaxies and to the dust model. For our model Willhow examples of temperature distributions for grains fiedi

h&(B) in parsecy = 0.9912M; pc2. ent sizes and compositions placed afatient positions within
the galaxy. The sizes plotted for each composition refleet th
3. lllustration of the model on NGC 891 range of sizes given by the dust model considered in thisrpape

) ) ) o _ For example sizes smaller than 10A are only considered fér PA
We illustrate our model, including description of the imie~ molecules. Also, according to the dust model, the biggestsA
diate steps in the calculation, using NGC 891. Because of th& those of 100A, while graphites have only sizes larger tha

changes to our model, it is important to see if we can nowfittl%ebol,g\ A ted Il arai hibit broad probabilisirit
whole SED of NGC 891, including the MIR emission dominate - As expected, small grains exhibit broad probabilist

by the PAH spectral features. o 11 We quote the best fi6 FRto two decimal places because we use
As described in Sect. 2.9, since the luminosity of the olg FRas a proxy for the luminosity of the young stellar populatieee
stellar populations has been derived from the optimisaifdhe Eg. 16).
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butions. For example PAH molecules are only heated staehasbw), which all exhibit strong stochastic heating (as alsers
cally, as they have small sizes. Larger grains have narrpmé+ from the broad probability distribution of temperature ig.Fo,
ability distributions, eventually tending towards a dditaction, corresponding panels). Since most of the energy is radatted
when they start to emit at equilibrium temperature. the highest temperature side of the probability distritmsi and
The figure also illustrates the dependence of the temperatsince the increase in the grain size will decrease the wifeo
distributions with position in the galaxy, due to the spataia- probability distributions, this means that grains withdegsizes
tion of the intensity and colour of the radiation fields. Fram- will reach systematically lower maximum temperatures ie th
ple a graphite grain of size@16um will exhibit a delta func- probability distributions, thus radiating at longer wasmgjths.
tion temperature distribution if placed in the centre ofglaéaxy By contrast, grains in equilibrium temperature with the ra-
(first and third row from the top, middle panels, blue curves idiation fields will show a small shift in the SED peak with in-
Fig. 6), where the radiation fields have higher energy diesssitcreasing grain size, and in the opposite direction, nanly t
and redder colours, than if placed in the outskirts of thexgal wards shorter wavelengths (see the blue curves from the first
(second and 4th rows from the top, middle panels). Thus,an tAnd third row from the top, left column of Fig. 7). According t
centre of the galaxy the.@316um graphite grain will emit at Eq. 34, the peak of the infrared brightness will be deterchine
equilibrium temperature, while the same grain will staretoit by the wavelength dependence@fysin the far-infrared and by
stochastically aR = 15000 pc. the equilibrium temperature at which they radiate. For a&giv
Finally Fig. 6 shows the dependence of temperature on coradiation fieldu,,q, the equilibrium temperature depends only
position. For example a.0316um grain placed in the centre of on theQaps (See Eqg. 33). Since bigger grains are more opaque at
NGC 891, will exhibit a lower temperature if it had a silicateshorter wavelengths, tending to a black-body case, theyrbbs
composition (left upper panel) than if it had a graphite compmore dficiently, and therefore their equilibrium temperature is
sition (middle upper panel), due to thefdrences in the optical higher, providing th&Q,,s has the same wavelength dependence
properties of the grains. in the far-infrared, independent of grain size. This is edi¢he
case for silicate grains. The graphite grains however hanees
variation in the wavelength dependence in the far-infraveh
grain size, which produce the non-monotonic shift in thekpea
In Fig. 7 we show examples of calculated infrared brightesssof their infrared brightness (see first and third row from titye,
(from Eg. 34) for grains of dierent sizes and compositiong‘nidd|e column from Fig. 7, where the blue curves intersect).
placed at dferent positions within the ffuse ISM of our proto- A special case is represented by the smallest PAH molecules
type galaxy NGC 891. For the calculations we used the prol{#he red curves on the right column of Fig. 7). Their infrared
bility distributions of temperature shown in Fig. 6. We atémw brightnesses are dominated by the emission bands due to
the same positions and sizes as those from Fig. 6. Followimg vibrational transitions, and these features occur at theesa
trends in the temperature distributions, one can see thendepvavelengths, 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 radiat fundamental stretching or bending modes of the C-H and C-C
fields. One should note that here we show the absolute brighends, 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 sizeiip The wavelength variation of the peak of the infrared hiig
composition; it simply indicates the response of each draihg nesses with grain size for a variable galaxian position {gin
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 éwng
the top on one hand, and second and 4th row on the other hamayelengths 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 independént 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 itogo curves, Fig. 7) we see that the shift becomes less pronounced
in the radial direction than in the vertical direction (seyaim for grains at small galaxian radii, where the radiation edde
Fig. 5 and 4), as described in Sect. 3.1, which, in turn, isectli stronger and redder. For the largest PAH molecules (or corre
consequence of the finite disk plus bulge description of ogponding silicate grains) there is almost no shift, theakpee-
geometrical distributions of stars and dust. We will dischisre maining constant with wavelength. This shows that thesimgra
both the change in the peak of the SEDs as well as the changspite being small, are in a transition phase towardsibguiin
in the overall amplitude of the infrared brightness. As etpd, temperature, as also proven by their narrower temperaisiré d
for a given grain size and composition the peak of the SEDbstion from the corresponding panels in Fig. 7. So even PAH
shifts towards longer wavelengths and its amplitude deeamolecules can start to emit closer to equilibrium tempeeaifu
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 fomgra
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 lezsed
For the stochastically heated grains there is a strong Bhiftin the weaker and bluer radiation fields at large galactidi.rad
the peak of the SED towards longer wavelengths with incre@Bhis means that even big grains can start to emit stochligtica
ing grain size. This is seen for the small grains (Si and PAl the outer regions of galaxies. Indeed, by looking at the co
the green curves) placed at large galaxian radii (secondnd responding panels from Fig. 6 we see that the big grains have a

3.3. The infrared emissivities
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Fig. 6. Temperature distributions for dust grains offdient sizes (plotted asftirent curves in each panel) and various composition: Si (lef
panels), Gra (middle panels) and PAKtight panels), heated by thefflise radiation fields calculated for the best fit model of owtqiype
galaxy NGC 891. Temperature distributions for PA&te not plotted in this figure. The colour codding is as foowed is for grains with
radiusa < 0.001uym (0.00035, 0.00040, 0.00050, 0.00063 and 0.0Qd0Y) green is for grains with.001 < a < 0.01 (0.00158, 0.00251,
0.00398, 0.00631, 0.0100mm) and blue is for grains wita > 0.01 (0.0316, 0.10000, 0.31623, 0.7948). The biggest grains have delta function
distributions, since they emit at equilibrium temperat@eing from the top to the bottom panels the calculationglares for diferent positions

in the model galaxyR = O pc,z= 0pc;R= 15000 pcz = 0pc;R = 0pc,z= 600 pc; andR = 15000 pcz = 600 pc.

non-negligible width in the probability distribution ofrtgpera- iii) The variation of the amplitude of the infrared brightees
ture for the outer disks. with grain size for a fixed galaxian position (radiation fis)d

To conclude, the shift of the peak of the infrared brightnegss apparent from Fig. 7, the amplitude of the infrared bnigists
as a function of grain size strongly depends on the temperatincreases with increasing grain size, with a small incrdase
of the grains, and therefore on the stochastic or non-stichathe small grains and a bigger increase for the bigger grains.
nature of the heating mechanism. Since the heating mechanince the width of the SEDs is approximately constant (for
depends both on grain size and on the intensity and colotieof 2 constant set of parameters), the amplitude of the infrared
radiation fields, it is clear that the shift cannot be desdiin  brightness will scale with the area under their SEDs, namely
terms of grain size only. This also shows that models that hawith the energy absorbed (per umit). For a given radiation
a fixed grain size for the transition between the main heatifigld u;aq, Eg. 33 tells us that this is determined only by the
mechanisms of dust, irrespective of the radiation fieldil@dd optical properties of the grains in the UV and optical regime
to systematic spurious shifts in the mid-infrared to FIRotws Indeed, overall theQ,,s increases with increasing grain size,
with increasing galactocentric radius. with a smaller trend for smaller sizes, and a bigger trend for
bigger grains. Especially in the case of silicate, the bigjrgr
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Fig. 7. Infrared brightnesses for grains offdirent sizes (plotted asftBrent curves in each panel) and various composition: Siffeiels), Gra
(middle panels) and PAH(right panels), heated by thefflise radiation fields calculated for the best fit model of ootqiype galaxy NGC 891.
Infrared brightnesses for PAHare not plotted in this figure. The colour coding is as follovesl is for grains with radiua < 0.001um (0.00035,
0.00040, 0.00050, 0.00063 and 0.0010%), green is for grains with.001 < a < 0.01 (0.00158, 0.00251, 0.00398, 0.00631, 0.03@8) and
blue is for grains witha > 0.01 (0.0316, 0.10000, 0.31623, 0.7948). The grain sizes considered in this plot are the same &= tplotted
in Fig. 6. Going from the top to the bottom panels the caléoitest are done for dierent positions in the model galaxig = 0pc,z = 0pc;
R = 15000 pcz = 0pc;R=0pc,z= 600 pc; andR = 15000 pcz = 600 pc.

show a tendency for higherfiiciency in absorbing optical due to their spatial variation, this will induce an additbdiffer-
photons, which will boost the amplitude of their SEDs due toence in the amplitude of the SEDs of big and small grains. Thus
higher proportion of red photons being absorbed. Thus,dsiggat small galactocentric radii, where the radiation fields rad-
grains will absorb more red photons than the smaller grairder (see Fig. 4), more optical photons are available to hihest
which, for a fixed colour of the radiation fields, will allowddi amplitude of the SEDs of the big grains. The trend of increas-
grains to have a higher increase in their infrared brigltegs ing the relative contribution of big grain emission to theatim
with increasing grain size. grain emission with decreasing galactocentric radius jmegnt
from Fig. 7, especially for the case of silicates, which have
iv) The variation of the amplitude of the infrared brightees broad range in grain sizes. Obviously the increase in thenint
with grain size for a variable galaxian position (radiatiéields). ~sity of the radiation fields with decreasing galactocentius
As mentioned iriii) , the bigger grains have a faster increase Myill also increase the amplitude of the SEDs, but this with-pr
the amplitude of their infrared SEDs with increasing sizenth duce an overall boost for both small and big grains.
the small grains, due to the increase in tiffece2ncy of absorb- To conclude, the increase in the relative contribution of bi
ing red photons. If the radiation fields will also change itoco, grain emission to the small grain emission is a strong foncti
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Fig. 8. The best fit model SED of NGC891, correspondingréo: 35, SFR= 288 My/yr, F = 0.41, together with the observed data in the
MIR/FIR/submm (plotted as rhombus symbols with error bars). Therebeddlux densities and the corresponding references aea givTable 1.
The calculated total intrinsic stellar SED is plotted asckline and rhombus symbols. The predicted stellar SED dgiwepopulation synthesis
models is plotted as dark blue line. The intrinsic stellaDRfthe young stellar population in thefflise component (the fractior-F escaping the
star-forming complexes) is plotted with mauve line. Theingic SED (only difuse) of the old stellar population, as derived from the ojst@tion

of the opticgINIR images of NGC891, is plotted with light blue line. The mmponding SED for the bulge is plotted with pink line. Thietient
symbols overplotted on the Ubptical SEDs indicate the wavelength at which the radiatigasfer calculations were performed. The predicted
PAH and dust emission SED is given with red line. Also plotéed the two main components of infrared emission: the predidifuse SED
(dark-green line) and the predicted clumpy component @&ssaktwith the star-forming regions (light-green line).

of the colour of the radiation fields, and, unlike the wavglkbn of the young stellar population in the optical, and of inéhgd
dependence, does not depend on the heating mechanism otlieewavelength dependence of the fraction of photons esgapi
grains. This also shows that models that assume a fixed coltw star-forming regions.
of the radiation fields (e.g. that of the local interstelladiation With the red line we show the model fit for the total dust
fields) will incur systematic errors in the mid-infrared tdRF emission of NGC 891. We also show the main components
colours with increasing galactocentric radius. of the dust emission, the filise component (dark-green line)
Finally, the increase in the amplitude of ther@ PAH fea- and the localised emission from the clumpy component ight
tures with respect to the.3um feature at small galactocentricgreen line). One can see that overall most of the dust emis-
radius is also due to the redder radiation fields, which wil-p sion is powered by the fiise component. Our solution gives
vide additional optical photons capable of exciting theraib for the total dust luminosity 2@ = 9.94 x 10%W, of which
tional transition at around@m, but not energetic enough to exigLfot = 6.89x 10°6W is emitted in the dfuse medium (69%).
cite the transitions around3um. From the figure it is apparent that theffdse component domi-
nates the emission longwards of @@ and shortwards of 2@m.
. Thus, most of the emission in the FIR and in the IR
3.4. The integrated SED (PAH region) is dffuse. It is only at intermediate wavelengths
(20— 60um) where the localised dust emission within the star-
forming complexes dominates. In the IRAS 2% and Spitzer
4um bands almost all the emission is predicted to come from

The best fit SED, obtained by spatially integrating the sofut
described above for the ftlise dust emission component an

adding it to the solution for the dust emission from the |csead the star-forming complexes, suggesting thicacy of this band

component from the star-formation regions, is shown in Big. as a direct tracer of SFR. Indeed empirically studies have/sh
together with the observed Fisubmm data that were used tc}hat of the Spitzer bands it is the /2%1 bar¥d which is more

constrain the model solution. Details on the observed flux declosely related to star-formation (e.g. Calzetti et al.@01

sities used in the plot are given in Table 2. The best fit sotuti : A

f In Fig. 8 we also show the corresponding intrinsic stellar
corresponds tag = 35, SFR= 288My/yr andF = 041. oep (as would be seen in the absence of dust) of NGC 891,
Compared with the solution obtained in Paperrf (= 4.1, together with the stellar emissivity components. In allesathe
SFR= 38Mo/yr andF = 0.22) there are changes in all threesymbols indicate the wavelengths at which the radiativestra
free parameters. The decreaserénis solely attributed to the fer calculations were performed. The black line represtres
fact that we used improved observational data to fit the subntatal stellar emission produce in the galaxy. In the UV range
points. If we had used the original data the solution for @gac this is given by the population synthesis models (plottethas
would be unchanged. The decreas8iRRand the increase i blue line), as explained in Sect. 2.3.3. A fraction of thisiem
is essentially due to the combination of adding the contigiou sion is locally absorbed in the star-forming complexes|aiie
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Table 2. The total MIRFIR/submm flux densities of NGC 891. The observed flux densitiaadte only within a fixed aperture were extrapolated
to the whole galaxy using the best fit model of NGC 891.

wavelength F, errorF,) telescope reference

pm 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) aaeer
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

remaining 1- F escapes in the fluse young stellar disk (the This conclusion has been reinforced by the utilisation efith-
mauve line). Thus, the fierence between the black line and theroved dust emission templates for star formation regiotie-
mauve line in the UV represents the localised (and wavelengiuced in Sect. 2.8, since these are now empirically coms&tdai
dependent) absorption of stellar light (see Eq. 21). In fitecal by submm and near-mm data.
range the total emission is given as a sum of the emission from More fundamentally, although one is in principle free to add
the young stellar disk (mauve line plots only théfiase emis- dust to the model in any form one likes to reproduce the olegkerv
sion from the young stellar disk, which is slightlytidirent from  |evel of emission deep in the submm, if this dust is selfsleié,
the total emission of the young stellar disk, due to the latal it will in practice struggle to supply the necessary lumino®
sorption), the old stellar disk (light blue line) and thedri(pink fit the FIR flux density peak of spiral galaxies at around 460
line). ) _ ) ~ To peak at around 160 micron the dust grains must be heated by
One important result of such calculations is to determiee thadiation fields at around 1 Habing, which is indeed the illhan
fractional contribution of the dierent stellar components to thesion of the dituse dust. Heating at around 100 Habing (as at the
dust heating. For the case of NGC 891 we derive the followilBDR surface in embedded star-formation regions) wouldigeov
fractions: 11% for bulge, 20% for the old stellar disk, 38% fothe luminosity but with too blue dust FIR colours, while thestl
the young stellar disk and 31% for the star forming complexesmission from the self-shielded dust would be too red as well
This means that the young stellar populations are resplerfsib  as not providing the luminosit§. Of course, one solution would
69% of the dust heating while the old stellar population®aot be to invoke star-forming complexes extending to radii ofad

for the remaining 31%. 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, s® 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|n general, the fit to data provided by our two-dust disk

and approximations, which, however, have implicationsomy  model is one of relatively large opacity for the central cegi

forthe SED ofthe integrated re-radiated light, butalsafierge- ¢ .5 yniverse spiral galaxies{ = 3.5 - 4; Paper I; Driver et

ometrlc_al characterl_stlcs of th|s_I|ght and of the_dlrect/UMmaI_ al. 2007; see also Sect. 3.4), with most of the opacity pevid

stellar light. The main assumptions are the existence dfm by the second dust disk. This is in contrast to the solutidowf

dust component associated with the young stellar populgatie opacity (rf ~ 1) and one disk of dust (obtained by Xilouris et
g =

approximation of this dust in the form of an exponential ¢iskl al. 1997 and Bianchi 2007 from modelling the optical datg/pnl

the utilisation of a fixed spectral emissivity law for the ymu ; ; A
and old stellar populations. Here we check whether our mo rl"Ch fails by a facto.r of 3 to reproduce the submm emission
opescu et al. 2000; see also Baes et al. 2010).

is consistent with the available observational constsaietyond

those of integrated dust emission SEDs and evaluate theafimi  Apart from the need to fit the suomm data, and the physical
tions imposed by the approximations. considerations already outlined in Sect. 2.1 linking theosel

dust disk with the corresponding star-forming disk of gheré
is further empirical evidence for the existence of a secamst d
4.1. The existence of a diffuse dust component associated disk, as derived from comparison of the model predictiorts wi
with the young stellar population other data, as follows:

A fundamental aspect of our model was the inclusion of a sec-
ond disk of dust associated with the young stellar populatio
which was taken to mimic the fluse dust that is known to ex- ** A possible way out of this conundrum might be to invoke hegagin
ist in spiral arms through direct observations in the FIRhbp ~ the self-shielded grains by the absorption of secondaryMIR pho-
the Milky Way and in nearby well resolved galaxies. The secorions emitted atthe PDR surface for the star-formation regiblowever,
dust disk was originally introduced in Paper | to provide ¢he even if this process could provide enough luminosity to aotéor the

d level of sub ission in th tially int #0 S 160um peak in the integrated SED of galaxies, it could not sinmgta
served level of submm emission In the spatially integra ously boost the MIR PAH emission, which require UV or blueicgit

As discussed in Paper | and in Popescu &312005), the ad- nofons for excitation. By contrast the integrated MIR PAHission
ditional quantity of dust needed to fit the observed submma daé known to be statistically related to the 1@ emission from spiral
cannot be provided by clumpy optically thick dust, whetheats galaxies (eg Bendo et al. 2008), typically accounting<fot5% of the
dust is in star formation regions or in passive quiescempkl total re-radiated starlight.
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8um emission, these data can be used to test the predictions for
' ' the vertical distribution of PAH emission in NGC 891. Forsthi
8 micron dust/PAH ] comparison we first subtracted the component of directastell
1 light at 8um (estimated by multiplying a Spitzet&um image
E by a factor of 0.26; Helou et al. 2004). Fig. 9 shows again an
— ] excellent agreement. Thus the model containing a secortd dus
disk can predict both the overall level of emission and thepsh
of the predicted vertical profile.

1.000

0.100}

0.010¢

flux (Jy/arcsec)

[ model conv. to Spitzer PSF

[ - - - - Spitzer (8um—0.26+3.6um) iif) Comparison of model predictions for the attenuation-

0.001 s inclination relation with observations
0.0 0.2 0.4 0.6 0.8 1.0 A strong independent evidence for the existence of a second
z (kpc) dust disk came from the attenuation-inclination relatibnvas
shown in Popescu & Tis (2009) that while a two dust-disk
Fig.9. Comparison between theugn Spitzer vertical profile of model with higher central face-on opacity can reproducetiie
NGC 891 integrated over longitude (dashed line) and ouesponding Served attenuation-inclination relation, a single duskdnodel
model predictions (solid line). Before comparison with thedel, the  \ith ‘ré = 1.0 completely fails to reproduce the observed data.
8um image had the stellar component subtractéd o The attenuation-inclination relation is an especially sitre
test, as the rise in attenuation with inclination will vetyosgly
depend on the relative scaleheights of the assumed dusslaye
i) Comparison of model predictions for the stellar emidgivin  and stellar populations. In particular it is an independestt for
the optical with population synthesis models the existence of the second component of dust represented by
We checked whether the predicted intrinsic SED of the olfle second dust disk. We should also mention here that one of
stellar populations in NGC 891, as derived from optimigatiothe strength of this test is that it is completely indepetdéthe
of the optical data only (Xilouris et al. 1999), together lwit assumed dust emission properties. Thus, this would also see
the corresponding SFR needed to produce the total luminosid rule out a one-dust disk model with low opacity but with dus
emitted by the dust, could be fitted by the population synghegrains having modified optical properties in the submm (e.g.
models of Kotulla et al. (2009). In Fig. 8 one can see thahhanced submm emissivity), as proposed by Alton et al 4200
the predictions for the optical emission from the old stellaand Dasyra et al. (2005).
population (light blue line) in the B, V, and | bands fall sesly
below the predictions from the population synthesis modid) Comparison of model predictions for the vertical prafiia
(dark blue line). In this plot we already included the secdust the optical and NIR in NGC 891 with observations
disk. In its absence the SFR needed to reproduce the eneT@y solution with a second dust-disk and extra luminositpco
emitted in the infrared would be even greater, so the disetep ing from the young stellar population emitting in the optica
would increase. It is clear from here that there is a need fipands was further used to predict the appearance of theygalax
extra stellar luminosity presumably hidden by extra dusé (tin the optical bands. In particular the average verticafig®
second dust-disk in our formulation). In Popescu et al. @00have been used to test whether the dip produced in the plane
we assumed that the young stellar population was only emwittiof the galaxy by the dust layer has the right deepness. Fig. 10
in the UV, while in the optical we only had the contributionfin  shows a comparison between the | band averaged vertical pro-
the old stellar populations, as derived by Xilouris et aB99). file obtained from the observed images of NGC 891 (Xilouris
This assumption is not supported by the predictions of tke al. 1998) and the corresponding model predictions farethr
population synthesis models, and indicates that the ogition  cases. The first case (left panel) is the original soluticiaioled
of the optical images can only reveal information about tlie oby Xilouris et al. (1999), which only includes the old steltsk
stellar populations and associated dust, but completdsithe and associated dust. The second case (middle panel) is our tw
information about the young stellar populations and aséedi dust-disk model, but without the inclusion of the younglatel
dust. disk. Finally, the right panel shows again the predicticrsoiur
two-dust disk model, but with the inclusion of extra lumiigs
if) Comparison of model prediction for the spatial distrtmn coming from the young stellar disk. One can immediately see
of PAH emission with observations that the inclusion of a second dust disk which is not accompa-
Since our model with the second disk of dust and stellar emisied by a stellar luminosity component would produce a geon
sivity was only fitted to the spatially integrated dust enoss dust lane (a larger depth in the vertical profile) than shawthé
it is possible to use the spatial information provided by thebserved images. This is a clear indication that there isea ne
observations to check the predictions of the model. We hafm extra luminosity, as also indicated by population sysik
already used the predictions from Popescu et al. (2000) rtidels (see i) above). In fact the two dust disk model with two
compare the predictions of the model for the spatial distidm (old and young) stellar components is able to reproducelthe o
of infrared emission with the ISOPHOT data of NGC 891 aterved data better than the one disk model, especially iBthe
170 and 20@im (Popescu et al. 2004). The comparison wasand.
done for the radial profiles, as the observed ISOPHOT images In the K band the model with the two dust disks and two
were only resolved in radial direction. The model predittio stellar components predicts a somewhat more prominent dust
were found to be in excellent agreement with the observatiotane than observed. This would indicate either a shortdesca
More recently Spitzer images of NGC 891 became availablength for the second dust disk (though this would Hfdlilt to
which have a linear resolution of 100 pc aur®, comparable reconcile with the excellent fit we found in Paper | for the ra-
to the thickness of the second dust disk. Since we have ndial profile at 85¢:m), or more luminosity in the young stellar
included the PAH features in the model, which dominate thiisk than predicted by the population synthesis model. & ala
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Fig. 10.A comparison between the observed averaged vertical padfN&C 891 in the | band (solid line) and the corresponding ehpdedictions
(dashed line) for three cases: the one dust disk model Gﬂﬁelmwithr; = 1.0 and one stellar disk (the old stellar disk); the two duskanodel

(middle panel) withr; = 3.5 and one stellar disk (the old stellar disk); the two duskanodel (right panel) With; = 3.5 and two stellar disks
(the old and the young stellar disk).

ready noted by Dasyra et al. (2005), Bianchi (2007) and Bianc
(2008) that the second dust disk shows its maximdi@ace in

the K band, since it is only there that the first disk of dust be-
comes transparent and is therefore not shielding the setiskd

of dust. A possible alternative reason for thdfidulty in fit-

ting the vertical profile in K-band is that, due to its very $ma
scale height, the appearance of the second dust disk at these
long wavelengths would be easily blurred in real galaxigeif
turbations from co-planarity occur, even if any such pdxdur
tions had relatively small amplitudes. Although the scaight

of the molecular layer in Milky Way is around 90 pc, as adopted
in our model for the second dust layer, it is well known that
CO and other tracers of star-formation exhibit systemagitiv
cal displacements from the mean place known as “corrugsition
(Spicker & Feitzinger 1986 and references therein). Theodis
ery of Matthews & Uson (2008) of a non-planar disk in star-
formation tracers in an isolated galaxy other than the Milkyy,
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1.00f...| E
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0.10F s .
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is a strong evidence that non-planarity is a rather freqpbet Fig. 11. The radial distribution used to test théext of a spiral pat-
nomena. Matthews & Uson found that undulated patterns w " fcér the r)}/ou(?.g S:Larg, anfd asr?omateizwg dusé (lsollldhhne), over-

- 1 e : , ansiiis tted on the distribution for the standard model with apamen-
amplitude of~ 250 pc are visible in particular in the distributiontja| disk (dotted line). The radial coordinate is given iritarof expo-
of the young stellar population and the dust, suggestingttiea nential scalelengths, where the scalelength of the expiamatisk is
process leading to the vertical displacements may be link#d  h'“isk = 5670 pc.

the regulation of star formation in galaxies. THeeet of corru-

gations will mean that the edge-on thin disk will not be segn a

such in the optical, but only the distribution correspoigdmthe  concerned with the spatially integrated dust emission Séidls
amplitude of the corrugations. This would be more than ehoughe dfects of this approximation on these.

to blur and hide any dust layer in the NIR. Nevertheless, the To do this we ran a simulation with the parameters corre-
young stars will be still perfectly correlated with the thayer  sponding to the best fit solution of NGC 891 (see Sect. 3gb), i.
of dust and gas with a (local) scaleheight of 90 pc, sincefliee® e kept the same luminosity for the young stellar populaiod

of corrugations is purely gravitational. So the basic vaftgeo- the same amount of dust, but we redistributed the correspond
metrical coupling between stars and dust which gives riseelo ing stellar emissivities and dust opacities in a spiralgrattWe
dUSt.em|SS|On from the thin dlSk,-aS calculated in this m,(BiEHI modeled the Spira] pattern using 3 circular arms, with aaladi
applies. To conclude, if corrugations occur, the seconttdis&  gistribution as given in Fig. 11. The vertical distributienthe

will tend to be blurred, making dust lanes in edge-on gakie same as for the case of the thin exponential disk. This means
the NIR less prominent. that for any given line of sight through the spiral arm the@pa
ity is higher than for the case of a second dust disk, and fpr an
given line of sight through the interarm regions the opaisty
lower than for the case of the second dust disk - being just the
opacity of the first dust disk. So we will have a solution with a
high contrast between arm and interarm regions, that catilbe s
Even if it is accepted that there is affdise dust layer associ- characterised by the same central face-on opacity - whitteis
ated with the young stellar population, we must still evedithe effective central face-on opacity if all the dust were distréoli
effect of artificially distributing this stellar emissivity drdust in an exponential disk instead of in a spiral arm.

opacity in an exponential disk instead of a spiral arm pattir After calculating the radiation fields and the infrared emis
is clear that this will completely prohibita comparison offace sivities using the same procedure outlined in Sect 2 and 3 we
brightness distributions in face-on systems, but here w®@nly obtain a total integrated infrared SED that looks very samib

4.2. Approximating the spiral arm component with an
exponential disk
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Fig. 12. Comparison between model solutions for the dust emissiétig. 13. Comparison between model solutions for dust emission SEDs
SEDs calculated under the assumption that the emissivitlyeojoung calculated using intrinsic SEDs of the old stellar popuolatpeaking in
stellar population and the opacity of the associated destlistributed the J (solid line) and K band (dashed line), respectively 3dlution is

in a thin disk (solid line) and in a spiral pattern (dashee@)jnmespec- for the best fit of NGC 891.

tively. The solution is for the best fit of NGC 891.

within each of the two templates. Here we test this assumptio

that obtained for the exponential disk case (see Fig. 12).iith in turn for the old and the young stellar emission templates.
tegrated dust luminosity is only&6 lower than for the standard  For the old stellar population the spectral shape was empir-
model. Here we should mention that the attenuation-ingbna ically derived from fitting the optical images of NGC 891. The
curve (not plotted in this paper) obtained for the solutiathw spectral shape was consistent with the SED having a flux den-
a spiral pattern is also almost identical to that obtainedtie sity per unit frequency peaking in the J band. Reasonabla-var
case of an exponential disk. The insensitivity of the shdpleed tions from this shape are to consider spectral templatddmgpa
attenuation-inclination curve to the inclusion of a spjsattern towards longer wavelengths, e.g. in the K band. We therefore
was already demonstrated by Semionov et al. (2006). Inp@ssiconsider a calculation in which the spectral shape wasealter
we also note that Misiriotis et al. (2000) showed that thes@pp to allow for a brightening of the K band luminosity by 58%
ance of simulated dusty spiral galaxies seen edge-on,lagdu and a corresponding dimming of the J band luminosity by 48%,
using a spiral structure, does noffdr from that calculated using change that preserves the spectral integrated luminobityeo
a pure exponential disk. old stellar population. The result of this calculation fr&ig. 13

The similarity in the solutions obtained for both the inteshows that the predicted dust emission SEDs are completely i
grated infrared SEDs and for the attenuation-inclinateation sensitive to (possible) changes in the spectral shape aflthe
reassures us that the approximation of a second expontintial stellar populations, as indicated from the overlap of tHieied
disk of stellar emissivity and dust opacity is an excellent o SEDs.
when making predictions for the spatially integrated SEDD8s For the young stellar population the spectral shape was fixed
is in contrast to the large change in the shape and amplittidef@m a combination of population synthesis models and empir
the infrared SEDs (as we will show in Sect. 5) and attenuatiogal fitting of the optical images. This resulted in a spedtai-
of stellar light (see Fig. B.1) when changing the main free pglate having a flux density per unit frequency peaking in the
rameters of our model. | band. Reasonable variations from this shape are to canside
spectral templates peaking towards shorter wavelengtipsine
the V band. We therefore consider a calculation in which the
spectral shape was altered to allow for a brightening of the V
band luminosity by 34% and a dimming of the | band luminos-
As discussed in Sect. 2.3, the dust emission SEDs are c@dulaty by 25%. As before this change was chosen to preserve the
by dividing the stellar emission SED into two fixed spectemht spectral integrated luminosity of the young stellar popaia
plates with difering spatial distributions - one UV-dominatedl'he resulting dust emission SED (not shown in this paper) is
corresponding to the young stellar population, weightedhegy essentially indistinguishable from the one calculateshgisiur
model parameteS FR and one optically dominated, corre-standard model. There is only an increase in the predictet du
sponding to the old population and weighted by the model plaiminosity by 02%, which is to be expected due to the shift in
rametempold. This is a radically dierent approach to the handlingthe spectral peak of the young stellar population to sharase-
of stellar emissivity SEDs compared to previous modelsHer tlengths, which resulted in a larger fraction of stellar mimst
panchromatic UV-submm emission of galaxies. It enable®usheing absorbed by dust. So changing the colours of the young
obtain the same solution for the dust emission, and thexdfiar stellar population in the optical by as much as 59% produces
reddening of any given galaxy, without the need to input tri@hanges of less of a percent for the predicted dust emission |
population synthesis solutions for the full UdpticafNIR stellar minosity.
emission SED to the calculation of the dust emission. Thig ne  Finally, it is important to check what thetect of changing
approach requires however that the solution to the dustsgmnis the colours of the young stellar population in the UV is, sinc
is invarient to the assumed shape of the stellar emissiE S there it is these photons that make a significant contributtio

4.3. The approximation of a fixed spectral shape for the
SEDs of the old and young stellar populations
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Fig. 15.Comparison between model solutions foffase dust emission
SEDs calculated usingfiiérent contributions of the young and old stel-

lar populations, but preserving the total stellar lumitodihe solid line
5E 3 is the solution corresponding to the best fit of NGC891, buheuit the
E E bulge contribution. The dashed line corresponds to an aserén the
: E luminosity of the young stellar population in thefdise stellar disk by
I .
10

3 a factor of 2 and a decrease in the luminosity of the old disKast
population by a factor of 1.68.

F, [y]

By contrast we also did a calculation in which we changed
the relative contribution of the young to old stellar poyigdas
A [um] and kept fixed the total stellar luminosity. We have used the s
lution for NGC 891 for the dfuse component, set the bulge-
Fig. 14. Comparison between model solutions for dust emission SEfs-disk ratio to 0 and used this as a reference SED. We then in-
calculated using diierent spectral templates for the intrinsic SEDs ofreased the luminosity of the young stellar population tycadr
the young stellar population in the UV: our standard modei€g line) of 2 and decreased the luminosity of the old stellar popostesti
and a modellwnh bluer colours (red line), respectively. Et.lhutlon IS in the disk by a factor of 1.68, which preserves the totat stel
for the bes”t fit of N|GC_: 891. Inlf)othfpasdes the the total lumigasfithe |, | minosity. The resulting SEDs are shown in Fig. 15. This
young stellar population was kept fixed. time there is a significant change in the SEDs, followed by an
increase in the total dust luminosity by 33% and an increase i
the MIR emission by a factor of 2. This shows again that the
main factors influencing the dust emission SEDs are the Bvera
the dust heating. We therefore made a more drastic changeldminosities of the old and young stellar populations, antl n
changing the slope of the UV SED from nearly flat fip) to a  (possible) variations in the spectral shape of the temptaitar
monotonically decreasing slope between the 1350A and 28068£&Ds.
spectral sampling points. We therefore brightened the A350
data point by 24% and dimmed the 2800A flux by 38%, thus pro-
ducing a very blue spectrum. As before we kept the overall 14-4. The relative opacity of the first and second dust disk
minosity of the young stellar population constant. The ltesy
dust emission SED is shown in the two panels of Fig. 14, plotté\ further approximation of the model is the fixed ratio betwee
in a linear scale and for fierent cuts in luminosity to allow a the opacity of the first and second dust disks. While most of
better visualisation of the smallftierences in the SEDs. Again,the fixed parameters have been calibrated to empiricaloekt
since a bluer stellar SED was considered, this resulted iremave acknowledge that this ratio has been only calibratedéo th
stellar photons being absorbed by dust and a larger predictalue of NGC 891 (close to NGC 5907). The validity of this as-
dust luminosity, as seen from the plots. The overall in@éas sumption has been succesfully tested in a statistical sentdee
the dust luminosity was.1%, which is still a minor variation attenuation-inclination relation in Driver et al. (200However
taking into account the dramatic change by 62% in the coloutds assumption still needs to be proven on an object-bgatbj
of the UV stellar SED. In fact this is almost surprising, bug whbasis by fitting the panchromatic SEDs of galaxies. As we will
should keep in mind that the bluer UV photons have higherprokhow in Appendix D we have identified a parametric test to
ability of absorption in the star forming complexes, anddiiere potentially flag out galaxies that may not follow the colour-
the escaping radiation illuminating theflilise component would luminosity relation predicted by our model due to other getbm
still be strongly reddened due to the local absorption. rical characteristics.
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Table 3. The parameter space sampled by our library of dust and PARiIge, for the 7 values of opacity used in Table 3 and for the 16

emission SEDs (for the fillise component only). UV-optical wavelengths detailed in Sect. 2.3. For the bagd
i the old stellar disk only 6 optical wavelengths were usedpas
7y  SFR old B/D our model we assume that these stellar components have neg-
Mo /yr ligible emission in the UV range. In total we created a lilgrar

0.1 0.0 0.0 0.00 of 196 data cubes of radiation fields, sampled at 22 radial po-
0.3 01 01 025 sitions and 12 vertical positions (264 spatial points witthie

0.5 02 02 050 model galaxy). We then created the library of temperatuse di
1.0 05 05 100 tributions, for the 4 grain compositions used in our modiik (s

O©COoO~NOUTAWN P
N
o
[EnY
o
=
o

4.0 20 20 2.00 cate, graphite, PAH PAH"), the 7 values of opacity, 9 values of

8.0 50 5.0 SFR, 9 values obld and 5 values oB/D. In total we computed
10.0 10.0 a library of 11340 data cubes of temperature distributieash
20.0 20.0 sampled at 264 spatial points within the model galaxy and for

all grain sizes contained in the dust model. For each of time te
perature distribution data cubes we created correspodings
5. The library of SEDs for the diffuse component of infrared emissivity. In total a library of 11340 files offiared

. . emissivities were calculated.
We have created a library offtlise SEDs that spans the param-"\yhen ysed to fit observed panchromatic SEDs, the library
eter space of 4 parameters;, SFR, old, andB/D** With the  of simulated dust and PAH emission SEDs should be used in
exception ofS FR, these are the main parameters of the modelynjunction with the library of simulated attenuations tefligr
SFRis defined in terms of the primary paramet&iSRandF:  ight recalculated in this paper, taking into account#® ratio
SFR = SFRx (1-F) (45) of the galaxy and its inclination, as described in Appendix D

which is equivalent with th& FRfor the case thaF = 0. This , L o
definition is possible because in our model we made the assuripPredicted variation of the dust emission SEDs
tion that the wavelength dependence of the fraction of escap With the main parameters of the model.
photons from the clumpy componentinto th&dse one is fixed, . g

allowing us to separately calculate the SEDs for ttfeude com- -1 Variation of the SEDs with 7g

ponent and for the clumpy component. In this formulaofR ) Amplitude of the SED

is an dfective star formation rate powering thefdse dustemis- ~  Ag expected, the amplitude of thefitise dust and PAH

sion. , _ emission SEDs increases with increasing optical depthtfer t
In Table 3 we give the parameter values at which the mo%‘[%tical thin cases and tends to a saturation value for tHeailyt
&

for th? difuse component has been sampled. In total we haven(ck cases. This is seen in Fig. 16 from the bunching of the
(for 75) x 9 (for SFR) x 9 (for old) x 5 (for B/D) = 2835 com- pjye and black curves on one hang, (= 4,8) and from the
binations, corresponding to 2835 simulated SEDs. All theleho big gap between the green and red curves on the other hand
SEDs are available in electronic form. The choice of the para ' = 0.1,1). An interesting feature of the SEDs is the fact
eter values was done such that it covers the parameter spac%ﬁgt the ratio between the FIR and MIR (PAH) amplitudes
local universe galaxies but also the asymptotic values edeh increases with increasing opacity for the models where the

parameters. Thus_fmé we considered the range [0.1,8.], whichse|jar Juminosity has a higher contribution from the olellist
means galaxies with almost no dust at all to galaxies haweg 0 hopyation with respect to the young stellar populationt (bu
twice as much opacity as the average value found from thestajyhere the young stellar population has still a non-neglgib
tical analysis of the Millennium Galaxy Catalogue (Drivé@€  ¢ontripution). This can be seen for example on the rightdpott
2007). FO'SFRW(.E considered the range [_0.,2MJ_>/_yr, which panel of Fig. 16, where the green curveé(: 0.1) shows
means galaxies with no recent_star-formatlo_n activity ("‘*’?“"9 almost identi;:al Iévels in the FIR peak and in the iDAH featpre
from the young stellar population) to galaxies having veighh while the black curve@ = 8) shows two order of magnitude

star-formation rate (typical of starburst galaxies whitlodd "' X . .
be outside the range of spiral galaxies addressed by th-mpapdlfference in the FIR to MIR levels. This change in the FIR

For the old stellar population the parametdd was scanned (©© MIR colour is due to the fact that with increasing optical
analogous t& FR Finally, we considered galaxies spanning th%epth the disk becomes first optically thick to the UV radiati
whole Hubble sequence, from bulgeless galaxg®(= 0.0) to (Provided by the young stellar population), while still bei
bulge dominated galaxie®(D = 2.0). This choice of param- '¢latively transparent to the optical photons (mainly pied
eters allows a smooth overlap with the parameter space rf sk the old stellar population). This will have the consecpeen
burst galaxies, very quiescent galaxies, early type gedaednd that the PAH emission (and small. grain emission), _Wh|ch is
higher redshift galaxies. It also allows rare {(unexpectedjes Mainly heated by the UV photons will tend to a saturationlieve
to be considered. As we will show in Sect. 6.5, the locus of t3 €xpected for the optically thick case, while the FIR eoiss
FIR colours corresponding to the parameter space defindueby /il b€ still boosted by the optical photons, which have not
values in Table 3 overlaps quite well with the locus of obeery €&ched the optically thick limit yet. Apart from thisfect,
FIR colours of real life spiral galaxies. which is simply related to the optical properties of the gsai

To compute the library of diuse SEDs we first calculategthere is an additional geometricaffect which will boost the
a library of radiation fields, computed for the main stellame  F'R-t0-MIR colour with increasing opacity. This is due teth

ponents of our model: young stellar disk, old stellar disk af@ct that the old stellar populations have larger scaleitsi
than the young stellar populations, which will mean thatrgda

13 We note that the fixed (and calibrated) parameters of the havde proportion of the optical photons will be less confined to the
given in the Appendix E. regions of higher optical depth, and will therefore provickéra
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Fig. 16.Integrated dust and PAH emission SEDs for thfeudie component, for model galaxies witlfeient face-on opacities (plotted afeient
curves in each panel). All models shown in this figure are foemlisk galaxiesg/D = 0.0). From left to right the panels show model galaxies
with various levels of contribution from the old stellar pigtions (old= 0.1 (0.0), old= 2.0 and old= 20.0). From top to bottom the panels show
models with various levels of SFR (SFR 0.0, 2.0, 20.0 M,/yr). The colour coding is as follows: green is ftir =01, redis forr,f3 = 1.0, blue is
for T; = 4.0 and black is forrf3 =8.0.

heating in the optically thin regions of the galaxy. 6.2. Variation of the SEDs with S FR(young stellar
population)

The increase in the contribution of the young stellar potborte
to the stellar SEDs will have thefect of increasing the MIR

i) Peak of the SED to FIR level of the difuse dust emission SEDs, with essentially
no change in the submm level (see Fig. 17). At the same time
the peak of the dust emission SEDs will shift towards shorter

wavelengths. Overall this will result in warmer SEDs, withtHp

Another interesting feature of the plots is the fact that ther SED peaks and MIR-to-FIR colours becoming systemati-
peak of the SEDs from fiuse dust shifts towards longer wavega|ly bluer. It is interesting to note that th@ect of increasing

:ceng;hs Wihh Iincrﬁasin% opaclilty 1;0r t_he qptiﬁally tni.d;] mag SFRis completely diferent from the fect of increasingrf3
or the models where the stellar luminosity has a higherrcont ; 6]1&1’
bution from the young stellar populations with respect ®dld showing that the two parameters are completely orthog '

el lation. Thi b ; lo in the bott should also notice that the trend in bluer SEDs with incregsi
stellar popufation. This can beé Seen Tor example in the % FRbecomes less pronounced for models with higher contri-

row of Fig. 16, where the trend of shifting the peak of the SEQ io from the old stellar populations to the stellar SEBme(
becomes increasingly less strong in moving from the lefhto tirends in moving from the left column to the right column of

right panel, where the solution changes from a young to an qk% 17)
stellar population dominance of the stellar SED. As befaten B
moving to a solution where more optical photons are avaslabl
these will provide extra heating to the dust, due to theire@- 6 3. variation of the SEDs with old (the old stellar population)
tically thin regime, both because of their optical propestand

because of their spatial distribution (as discussed bgfatéch The increase in the luminosity of the old stellar populatioo-
in turn will cancel the shift towards cooler SEDs. duces a shift of the peak of the infrared SED of th&utie
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Fig. 17. Integrated dust and PAH emission SEDs for th&udie component, for model galaxies wittffeient levels of SFR (plotted asfidirent
curves in each panel). All models shown in this figure are foemlisk galaxiesg/D = 0.0). From left to right the panels show model galaxies
with various levels of contribution from the old stellar pdations (old= 0.1, old = 2.0 and old= 20.0). From top to bottom the panels show
models with various face-on B band opacitieé € 0.1, r; =10, andrf3 = 8.0). The colour coding is as follows: green is for SFR0.0 M,/yr,

red is for SFR= 2.0 My/yr, blue is for SFR= 10.0 M, /yr and black is for SFR= 20.0 My/yr.

dust towards shorter wavelengths (see Fig. 18), similahéo tinduced by theB/D ratio follows similar trends with the varia-
case of increasing the luminosity of the young stellar pafioh. tion induced by theold parameter. It is however expected that
However, the shift is accompanied by a decrease in the MiIR-io most cases the value of tiBg#D to be inputted from observa-
FIR ratio, opposite to thefiect obtained in the case of increastions, and thus not to be a free parameter of the model.

ing the luminosity of the young stellar population. Indettg

MIR-to-FIR colours become cooler, due to the fact that the ad

ditional optical photons will mainly boost the FIR emissiamd Overall it is interesting to observe that the 3 parameters of

not the PAH emission. Obviously thidtect is less pronouncedthe model:ré, S FRandold are orthogonal parameters, produc-

for models with higher luminosities of the young stellar popng quite diterent éfects in shaping the dust emission SEDS.

ulations (see trends from going from the left to the rightda L :
column in Fig. 18) and is enhanced for models with higher dlrj:Pr example itis clear that the only way to increase the lefrel

opacity (see trends for going from the top to the bottom row FZ'e submm emission is through a variatiombfas neither an in-
Fig. 18). crease in the luminosity of the old or of the young stellarydap

tions could account for this. In other words in the submm vee ar

tracing dust column densities, while in the MIR and FIR we are
6.4. Variation of the SEDs with B/D (bulge-to-disk ratio) tracing both dust column densities and heating sourcesalso

obvious that if we want to have warmer MIR-to-FIR colours we
The variation in the bulge-to-disk ratio produces variasitn the have to increase the luminosity of the young stellar pojriat
infrared SEDs with less dynamical range (see Fig. 19), gmpqvhile if we want to hz?lve cooler MIR-to-FIR cololurs We_need to
due to the smaller dynamical range in the values of the pararfitcrease the luminosity of the old stellar populationshwitter-
ter B/D. Nevertheless, the peak of the SEDs is shifted to shortamt degrees of modulations due to variationséjnHere we need
infrared wavelengths with increasirgyD and the MIR-to-FIR to remember that for fitting total SEDs the template for tlae-st
colours get cooler, following the trends expected for aataosh  forming complexes must be added to thuke SEDs, boosting
in the luminosity of an old stellar population. Thus the aéion  the MIR emission (see Sect. 6.5, below).
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Fig. 18. Integrated dust and PAH emission SEDs for th€udie component, for model galaxies witlfdient contribution from the old stellar
population (plotted as fierent curves in each panel). All models shown in this figuesfar pure disk galaxiesB/D = 0.0). From left to right
the panels show model galaxies with various levels of SFRR(SF 0.0, SFR = 2.0 and SFR = 20.0). From top to bottom the panels show
models with various face-on B band opacitie§ £0.1, r; =10, andT; = 8.0). The colour coding is as follows: green is for aid.0, red is for
old = 2.0, blue is for old= 10.0 and black is for old= 20.0.

6.5. Colour variation of the combined diffuse and localised (see Sect. 2.8). Overall, solutions for the total infraradssion
dust emission SEDs require most (though not all) of the emission in the2@0um
range to be localised emission from star-formation regiasits

Adding the emission from the localised dust emission tefeplane MIR and FIRsubmm emission flanking this range being pre-
of star-formation complexes to the solution for théabe emis-  gominantly difuse in origin.

sion to obtain the total emission adds extra variations & th

dust emission SEDs, especially boosting the warm dust emis- The combined fect of the 5 main parameters of the model
sion from larger grains. Thidkect, controlled by thé& parame- Té, SFR old, B/D and F will produce a large variation in
ter, is in practice rather orthogonal to the variations im 8ED the colours of the simulated SEDs. In Fig. 20 we plot the
of the difuse component discussed above, due to tiferént 170/100um colour versus the 1060um colour for our model
behaviour of the UYbptical attenuation as a function Bf(see SEDs. The SEDs were derived by combining all the simulated
Appendix C) and due to the fact that, over the parameter rangEDs of the dfuse component from our library with the tem-
of the model, the localised dust emission template is almbst plate SED for star-forming regions, whereas the combinatio
ways much warmer in the FIR than the predicted FIR colouvgas done for dferent values of thd= factor (including the

of the diffuse dust emission. In fact the FIR colours of the difasymptotic values). This defines the locus in the colouowol
fuse dust emission only approach those of the PDR template fiiagram occupied by our model SEDs. To check that the pa-
the extreme cas8 FR= 20 andold = 20 in an optically thin rameter space covered by the models overlaps with the param-
galaxy in which the UV illuminates the flluse dust, as can beeter space of real life spiral galaxies, we overplotted threez
seen by comparing the top RH panel of Fig. 18 with the templadgponding colours of the spiral galaxies with Hubble typdiear
SED in Fig. 5. A further reason for the orthogonality of thete than Sd from the ISOPHOT Virgo Cluster Deep Survey (IVCDS;
plate SED to the SED of thefliise emission is that dust in theTuffs et al. 2002a, 2002b; Popescu et al. 2002) and from the cat-
diffuse ISM is more ficient in chanelling absorbed UV energyalog of compact sources of the ISOPHOT Serendipity Survey
into the PAH features than dust in the star-formation regjion(Stickel et al. 2000). One can see that except from a fewastli
due to the photo-destruction of PAH in star-formation regio the observed galaxies lie on the locus defined by our models.
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Fig. 19. Integrated dust and PAH emission SEDs for thudie component, for model galaxies withffdient bulge-to-disk ratios (plotted as
different curves in each panel). All models shown in this figued@rgalaxies with a fixed contribution from the old stellapplation (old= 2.0).
From left to right the panels show model galaxies with vasitevels of SFR (SFR= 0.0, SFR = 2.0 and SFR = 20.0). From top to bottom
the panels show models with various face-on B band opao{iztges 0.1, r; =10, andr; = 8.0). The colour coding is as follows: green is for
B/D = 0.0, red is for BD = 0.5, blue is for BD = 1.0 and black is for BD = 2.0.

One can also observe that the position of NGC 891 in this digs originally formulated in Paper Il and re-expressecehar

gram does not have any preferential place, but lies somewh&ppendix B and Appendix C) with the predictions for the SED

towards the very quiescent region of the models (as expectaaf the dustPAH re-radiated starlight (self-consistently calcu-

More detailed comparisons with data and applications of theted as described in Sect. 2) to extract the physical paeasef

model will be given in a series of future papers. a star-forming galaxy from an observed [dyticaJNIR - mid-
From Fig. 20 it is also obvious that our models embracelR/far-IR/submm SED.

somewhatlarger area in parameter space than that definedlby r - The detailed mathematical prescription of how to combine
life spiral galaxies. This was done on purpose, from the@0iihe |iprary of dust emission SEDs with the library of atten-
of the minimum and maximum values of the main paramet&igtion to fit UVjoptical to infraregsubmm SEDs is given in

of the model. We tried to push the limited values towards t")@ppendix D. Here we discuss some of the issues regarding the

asymptotic values, in order to cover even rare (unexpectsts applicability and physical relevance of our model.

that could occur in real life (see Sect. 5 and Table 3 for thgea . . .
of parameter space). Firstly, our model is designed for data sets that have good

Most fundamentally, however, we emphasise that in tfg0Ugh optical images to deri&D andi parameters. For the
context of a RT soluti’on it is tr’Ie combination of the obl Parameter this should be the case for most optical surveys of
served amplitude and colour of the dust emission SED wikﬂcal universe galaxies. For example, the SDSS, with an-angu
the self-consistently applied constraint on the atteoudt the & resolution of 1.6, was able to derive inclination angles for

o 9alaxies with recession velocities rangingtd 0000 kns. With

UV/optical that leads to an inherently non-degenerate saluti X X e s T
modern surveys routinely having0.5” resolution, inclinations

should be available up to~ 0.1, which encompasses the local

Universe galaxies. In cases where inclination angles ddomo

derived, an expectation value may be assumed instead, and th

In this paper we have assembled the components from whiphartile range of uncertainty in derived physical paramsete-

we can combine the predictions for the attenuation of gfiarli sulting from a lack of knowledge dfcan be derived by running

7. Discussion
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therefore, our SED fitting technique can provide a method for
recognising the presence of dust-obscured AGN activity.

Thirdly, we note that the spectral form of theffdse com-
ponent of the dust emission SED given by Eq. D.5 predicts that
galaxies will lie on specific locii in a colour - surface brighss
diagram for the dust emission, dependent on the surfacétglens
of UV/optical emissivity and—é. In cases wher€g, is known
from optical measurements, any deviation of the observed po
tions of galaxies in colour - surface brightness space frioen t
positions predicted by the model can be therefore used as-a no
parametric test of the fidelity of the geometry used in the ehod
without having very specific a priori knowledge of the physi-
cal properties of the observed sources. This would als@sEsv
the most direct verification of the major role played by eiiss
from diffusely distributed dust in our model.

Finally, we caution the potential user of this model that, al
though RT solutions applied in this way are in principle ayer
powerful way to constrain physical properties of galaxtasjr

— predictive power is ultimately reliant on an priori knowtgglof
-0.2 00 0.2 04 0.6 0.8 the geometry of the system. Although we have specified this ge
Log F1 OO/F6O ometry using empirical constraints derived from spirabgas
of intermediate morphological type, and have endeavowreg-
Fig. 20. The 170100 versus 1080 micron colour-colour plot for our tend the applicability to galaxies of earlier or later ty@®ugh
simulated SEDs (black diamonds). Overplotted with rechgies are the BD parameter, constrained from optical imaging, the prac-
the observed colours of the spiral galaxies from the ISOPMD3o  tical range of morphological types where the advantagebeof t
Cluster Deep Survey (IVCDS; Tis et al. 2002a, 2002b; Popescu et alRT treatment outweigh deviations of real from assumed geom-
20.02? anld the 'SQhPHOtLlsere”d'p'nl’.S”rr‘]’ey (Ssd“Cke' elt aﬁmﬁly etry still remain to be determined. This question can only be
Zgrrare%?eagﬁfsv#lte :ousitioi %/fpsggré%&tinatnhe coellcr)iﬁgotdui—imgrvz\i/nﬁe answered by sta_tlstlcal anaIyS|s, such as pOtent.'a"mt.a In
a non-parametric way vis the colour-surface-brightnelssion
for the difuse dust emission component (as proposed above) for
different morphological classes of galaxies, and will be the sub
separate optimisations for the quartile values.df should be ject of future studies.
noted that the inclination angle should not be considered as
free parameter, as itdfect on the SED would not be orthogonal
to ther|, parameter. The other parameB#D should also be an 8. Summary

input parameter for the routine and not a free parameteasas | this paper we presented a radiative transfer model for spi

where information orB/D is missing, users are advised to Usgy| galaxies that self-consistently accounts for the atiion of

the correlation betweeB/D and apparent optical-NIR coloursgtg||ar light in the UVoptical and for the dust re-emission in the

to estimate thé/D. MIR/FIR/submm. We used this model to create a comprehen-
The use in the model of the third parameter accessitife library of dust and PAH emission SEDs and corresponding

through optical observationgy,, is qualitatively diferentto that attenuations of stellar light (originally presented andatibed

of B/D andi. Whereas3/D andi can (for practical applications) in pPaper Il and given in revised form in this paper) that can b

only be used as constraingga may in practice be used either agysed to routinely fit the panchromatic SEDs of large statsti

a constraint (as in the example given above) or as a free para@mples of spiral galaxies.

eter. Whenfyy is used as a free parameter, the angular surface Qur model has been calibrated for local Universe galaxies,

area@gal effectively serves as free amplitude scaling factor faind therefore its applicability should mainly lie withindaed-

the amplitude of the diuse dust emission (see Eg. D.5). shift galaxies. The models are also targeted to spiral gedaye
Secondly, our model is in its present form only designed {tave not attempted to model elliptical galaxies, starbyasax-

analyse star-forming galaxies. As noted above, when perfories, dwarf galaxies or AGN nuclei.

ing an optimisation with the optical structural paramefesd The free parameters of our model for the calculation of the

by direct observation, the optimisation no longer has amyete infrared SEDs are:

of freedom in terms of scaling parameters. This makes thesmod

0.6}
0.4}

0.2}

Log F170/F100

sensitive to a test of the fundamental assumption, thatubeisl — the central face-on opacity in the B-baf{g
exclusively heated by stellar photons. The fits will be syste- — the clumpiness factoF which defines the fraction of UV
cally biased if dust is heated by photons from non-stellarces photons locally absorbed in star-formation regions and the

like AGN or by some completely ffierent channel. For example,  corresponding fraction available to illuminate thefua$e
by incorporating the optical and UV constraints, the moasitb dust,

fit parameters foS FRandr{, will be likely to be skewed up- — the star-formation rat8 FR .

wards if an AGN heating dust with a harder UV photon spectrunt the normalised luminosity of the old stellar populatiid,
than expected from a pure stellar source is present. In &sie ¢ — the bulge-to-disk rati@/D.

the dereddened Udptical spectrum from steyii will however

provide a direct flag for the presence of a bluer spectral-emior the parameteré3 we have provided a relation for converting
sivity in the UV than could be provided by stars. Potentiallyto total dust masses (see Eq. 44).
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The free parameteré, F,andB/D are commonto the setof  FIR colours get cooler, following the trends expected for a
parameters needed to predict the attenuation of thgopkical variation in the luminosity of an old stellar population.
stellar light (the fourth free parameter thdfeats the attenu-
ation is the inclinatiori of the disk). Therefore the simulated  Overall we found that theffect of increasings FRis com-

dust emission SEDs presented here can be used in conjuncfiflely diferent from the ffect of increasing, and works in the
with the predictions for attenuation given in this paperdaelf- - opposite direction from that produced by an increaseldn We
consistent modelling of the Udptical-IR'submm SEDs. Our zjso verified that the only way to markedly increase the lefel
model has also a parameter the angular &ige which can be o <, ;bmm emission is through avariatior’réf

used either as a constraint (fixed via optical images) or asea f The spatially integrated SEDs were derived from simulated

?hagzr%?ﬁtgggigﬁ;oﬁﬁgfis a free parameter it Oletermlne|rsnages of dust emission, themselves calculated from 3D data

i ) ) cubes of infrared emissivity representing the responseaifig
Since in our model we made the assumption that the wa\gstegrated over size distribution and composition) to rédia-

length dependence of the fraction of escape photons from ¥, fields derived from radiative transfer calculationsir@al-

clumpy component into the filuse one is fixed, we can sep-y|ations take full account of the large variations in coloithe

arately calculate the SEDs for theffdse component and for ragiation fields as a function of position in the galaxy, vihize

the clumpy component. For the clumpy component we adopiggoy to be important (Sect. 3.1). Such variations lead gelar

the model of Groves et al. (2008), which we tuned to fit the {qrends in the grain temperature distributions (Sect. 3s2Hun

tal MIR/FIR/submm SED of the ensemble of star-forming compg calculation of stochastic emission, leading to comasing

plexes in the Milky Way (Sect. 2.8). For thefiilise component yrends in the infrared brightnesses (Sect. 3.3) with pasiti the

we defined anfective star-formation raté FR (corresponding galaxy. In particular we concluded that:

to the total illumination by t_he young .stellar populationtbé i) The shift of the peak of the infrared brightness as a func-

diffuse dust) and created a library offdse SEDs that spans th&;on "ot grain size strongly depends on the temperature of the

parameter space af, SFR, old, andB/D. In total we sam- grains, and therefore on the stochastic or non-stochaatice
pled 7 values ir’ré, 9inSFR, 9inold and 5 inB/D, making of the heating mechanism. Since the heating mechanism depen
a total of 2835 simulated SEDs. This corresponds to a libwary both on grain size and on the intensity and colour of the radia
196 data cubes of radiation fields, sampled at 22 radialipasit tion fields, it is clear that the shift cannot be describedeimis
and 12 vertical positions (264 spatial points within the elodof grain size only. This also shows that models that have d fixe
galaxy), a library of 11340 data cubes of temperature 8istri grain size for the transition between the main heating mecha
tions and a library of 11340 files of infrared emissivitiese Wnisms of dust, irrespective of the radiation fields, willdeéa sys-
described (Appendix D) how in practice one can combine tliematic spurious shifts in the mid-infrared to FIR colourighw
predictions for the attenuation of starlight with the pridins increasing galactocentric radius.
for the SED of the dugPAH re-radiated starlight to extract the i) The increase in the relative contribution of big grainiem
physical parameters of a star-forming galaxy from an olervsion to the small grain emission is a strong function of tHewo
UV/opticafNIR - mid-IR/far-IR/submm SED. of the radiation fields, and, unlike the wavelength dependen
The analysis of the library of fiuse integrated SEDs does not depend on the heating mechanism of the grains. This
(Sect. 6) showed that the main parameters of the model aie q@lso shows that models that assume a fixed colour of the radia-

orthogonal, producing ffierent éfects in shaping the dust emis-tion fields (e.g. that of the local interstellar radiatiorid#&® will
sion SEDs. Specifically we have shown that: incur systematic errors in the mid-infrared to FIR coloutithw

increasing galactocentric radius.

— The amplitude of the dust and PAH emission SEDs increases Basis for the radiative transfer calculations were emairic

with increasing optical depth for the optical thin cases argPnstraints for the geometry of the large scale distrimstiof
tends to a saturation value for the optically thick cases. Stéllar emissivity and dust opacity of the translucent apaie

_ The ratio between the FIR and MIR (PAH) amplitudes incomponents of galaxies (Sect. 2.1). The translucent coergen
creases with increasing opacity for the models where €€ constrained using the results from the radiation feans
stellar luminosity has a higher contribution from the olelst @nalysis of Xilouris et al., while the geometry of the opliga
lar population with respect to the young stellar population thick components is constrained from physical considenati

— The peak of the SEDs shifts towards longer wavelengths wiffith & posteriori checks of the model predictions with obser
increasing opacity for the optical thick regime, for the moovatlonal data. The main checks concern the nature of tifiesei

els where the stellar luminosity has a higher contributidfjStribution of dust associated with the young stellar pafion
from the young stellar populations with respect to the oldhich is needed to predict the observed fiibmm emission of
stellar population. real life galaxies. These checks (Sect. 4) showed that:

— The increase in the contribution of the young stellar popu- ) Comparison of model predictions for the stellar emiggivi
lation to the stellar SEDs will have thefect of producing in the optical with population synthesis models is not cstesit
warmer SEDs, with both FIR SED peaks and MIR-to-FIfith one dust disk model with one stellar disk component, and
colours becoming systematically bluer. indicates the need for extra luminosity hidden by extra et

— The increase in the luminosity of the old stellar populatiopecond dust disk and young stellar disk in our model formula-

produces SEDs with warmer FIR SED peaks but with reddé@n-
MIR-to-FIR colours. i) Comparison of model predictions for the vertical pradile

— The variation in the bulge-to-disk ratio produces variasio of PAH emission with observations at 100 pc linear resotutio
in the infrared SEDs with less dynamical range, simply du€veals a good agreement, consistent with the existencthof a
to the smaller dynamical range in the values of the paranféust layer, as represented by the second dust disk.
ter B/D. Overall the peak of the SEDs is shifted to shorter iii) Comparison of model predictions for the attenuation-
infrared wavelengths with increasir®yD and the MIR-to- inclination relation with observations is also consist&ith the
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existence of a thin dust layer, as represented by the seamid d  One of us (NDK) acknowledges support from EU Marie Courieny89965
disk. and EU REGPOT grant 206469.

iv) Comparison of model predictions for the optical surface
brightness distributions of the edge-on galaxy NGC 891 with
observations indicates that a two dust disk model with twd (oReferences
and young) stellar components is able to reproduce the @deraimeida, C., Baugh, C.M., Lacey, C.G., Frenk, C.S., GranGtd., Silva, L. &
data better than the one disk model with one stellar disk./ée a  Bressan, A. 2010, MNRAS 402, 544 N
showed that a two dust disk model which is not accompanié@?hP-B-' TreHWh\?”l"’" M., Davies, JA-'IQEJE”;&AR”S%&“;‘ES” Gear, W.,
by an extra stellar luminosity component produces a stongg,,, FTErfc))(r;I’ouHs,aEél?/It.”,néiaﬁchi, gt Davies, J., KylsfiN. 2000, A&A 356,
dust lane than observed in real images. In the K band the model 795
with the two dust disks and two stellar components predictsAion, P.B., Xilouris, E.M., Misiriotis, A., Dasyra, K.M.& Dumke, M. 2004,
somewhat more prominent dust lane than observed, indicatin  A&A, 425, 109 _ _
either a shorter scalelength for the dust disk (though thuislg Are”é"’ E'G" Odegard, N., Weiland, J.L.., Sodroski, T.&usér, M.G., Dwek,

. . . . . ., Kelsall, T., Moseley, S.H., Silverberg, R.F., LeisawiD., Mitchell, K.,
be dificult to reconcile with the excellent fit we found in Paper | reach, w.T., & Wright, E.L. 1998, ApJ, 508, 74
for the radial profile at 850m) or more luminosity in the young Baes, M. 2008, MNRAS, 391, 617
stellar disk than predicted by the population synthesiset®d Baes, M. & Dejonghe, H. 2001, MNRAS 326, 722
possible alternative reason for thefiiulty in fitting the vertical Baes. M. & Dejonghe, H. 2002, MNRAS 335, 441 .
profile in K-band is that, due to its very small scaleheighe t 2% \i+ 22%es )0 geégnglgek’ \';'Vjsgbggg's SM&SR??E”EQ’ Linder,
appearance of the second dust disk in the K band, where the fifges, M. Stamatellos, D., Davies, J.., Whitworth, A.Rb&ini, S., Roberts,
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Fig. A.1. The extinction curve for the dust model used in this paper
(solid line), which is a Milky Way dust model. With dashedtial
line we plotted the observed mean extinction curve of ourgal
(Fitzpatrick 1999). Also plotted are the two componentsxainetion,

the model absorption curve (dotted line) and the model exdatf curve
(dashed line).

Appendix A: Calculation of the extinction
cross-section and scattering phase function

A prerequisite for the calculation of radiation fields anfitaned
emission is knowledge of the extinction cross-section eftbp-
ulation of grains, and, since we consider anisotropic edat in
the radiation transfer calculations, the scattering ptiasetion
needs to be known as well.

The absorption cross-section of grains of compositica
{Si,Gra,PAH,PAH*}, Capsi, is Obtained by integrating the ab-
sorption dficienciesQaps; over the grain size distributian(a):

Carsi(®) = [ " @2 0(8) Qaver (. 4) da (A1)
Amin

whereCaps i is given in units of [crAH™], ami, is the minimum
grain size anamay is the maximum grain size.

Similarly, the scattering cross-section of grains of cosipo
tioni, Cgcai, IS Obtained by integrating the scatterirfj@encies
Qscai OVer the grain size distributiom(a):

ama)(
Conaill) = f 7 @2 N(2) Qucan (3 ) da
Amin

(A.2)

Then, by summing over the grain compositiowe obtain the
total absorption and scattering cross-secti@igs andCegca

Cabs(/l) Z Cabs i (/l)

Z Cscai(/l)

The extinction cross-sectidBey: is the sum of the absorption
and scattering cross-sections:

Cext(/l) = Cabs(/l) + Csca(/l)

We note that the extinction cross sect@yy is defined as per
unit H. In some applications it is useful to define a crossisect

(A.3)

Cscd)

(A.4)

(A.5)
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Fig. A.2. The extinction curve for the dust model used in this paper
(solid line) together with the contributions to the extinat from the
different dust compositions used in the model: Si (dotted liGeg
(dashed line), PAH (dashed-three-dotted line). As in Fid., Ahe ob-
served mean extinction curve of our galaxy is plotted witlshaal-
dotted line.

per unit dust mass, which we denote hegg;

Cext(/l)

S (4/3)r an(a) pg da

Cg]xt(/l) =

(A.6)

wherepy is the density of the grain material a@}; is in units

of cn?/g.

In turn, CT}; is related to the extinction céicient ey, as

used in the mathematical prescription of the dust distigout 00 02 Oicos?")g 08 10
from Eqgs. 4 and 6 using:
kext(4, R, 2) = paus(R, 2) x Cg]xt (A7) b ' ' ' '
ab oo
wherepgus(R, 2) is the dust mass density at position (R,z) in the F Thin Disk
galaxy in units of g cm? andxex(4, R, 2) is in units ofcnt?. B band

Figs. A.1 and A.2 show the resulting extinction curve of the
dust model adopted here, together with the absorption aatd sc
tering components (Fig. A.1) and the components given by the
different grain composition (Fig. A.2). As expected, the figures E
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
needed in the radiative transfer calculation is obtainedsimi-
lar manner to Egs. A.1, A.2, A.3, and A.4.

Gi(1) = [7™ 7w a?n(a) Qscai(@ A) Qpnasei( ) da (A-8)

o) = Y e (A.9)

0.6

1—cos(i)

Fig. B.1. The attenuation-inclination relation for the disk (topulde
whereQphasei is the anisotropyféciency. (middle) and thin disk (bottom) in the B band. In each paneldhlid
curves represent the attenuations calculated with therdadel used
in this paper, incorporating a mixture of silicate, graph#ind PAH
Appendix B: The library of attenuations of stellar molecules. The dotted curves represent the correspontigrguations

light for the diffuse stellar components

calculated with the dust model used in Paper I, incorpogabnly a
mixture of silicates and graphites. In each panel theffeint curves

The second set of simulated data needed to fit the panchomggpresent the attenuation-inclination relations f(ﬂ’ej'entré: 0.1,0.3,
SEDs is the library of attenuations in the idytica/NIR as a 0.5, 1.0, 2.0, 4.0, 8.0, with the values increasing fromdsotturves to

function ofz[, andi. As mentioned in Sect. 2.4, the revision of %P curves.

the dust model required a recalculation of the databasehéor t
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attenuation of stellar light, as presented in Paper Ill. Oher-
all concept and characteristics of the calculations aresémee

as in Paper lll, but a small change, mainly in the zero point of . _Amg'Sk . _
the calculations, was apparent due to the change in theveelat L3k = L3910 25 = L diskadisk (C.4)
contribution of absorption and scattering to the totalrectton. Am;disk
Here we only give an example of a comparison between theuisk _ | 0, tdisk "5 _ [ Otdisk ptdisk
attenuation-inclination curves obtained using the new ted C =6 (1-Ff)10 2> =L A (€.5)
old dust model (Fig. B.1). AmPHo

The attenuation-inclination relations for disks show a-syg""9® = [ $P9¢1g 25 = | % Pulge puiee (C.6)

tematic change with inclination when changing the dust rhode
Thus the attenuation for the low inclinations is decreasedem whereAm‘jiSk, Amidisk and AmPY'9€ 5re the attenuation values ex-

than for the high inclinations, with a tendency for the c@vepressed in magnitudes for thefdise component in the disk, thin
to converge at the e_dg(i—on. |nc.I|na_t|ons. This means that the, and_ bulge anAjiS", Aildi%k andAgulge are the corresponding
shape of the attenuation-inclination is steepened for tasgmt 1o 1ations expressed in linear form. Using Egs. 13, 1519

dust model. The curves for bulges show the biggésedbwhen £.5 ¢4 C.5 C.6 we can rewrite Egs. C.2 and C.3 as:
changing the dust model, but in most of the cases there is ng> T L T ' '

change in the shape of the curves. As one can see the curves run
almost parallel, except perhaps for the lowest values ofitpa | o old SFR oun old
The smaller change is seen for the thin disk component, whé‘r = old Ly unit + 1M yr1 Li,uni?J’ (B/D)old Ly (C.7)
neither the shape nor the zero point are changed signifjcantl _ SFR _
We also did some tests to quantify thiéeet of the change in L = old L', AY* + T L e (L= F ) Aftisk
the dust model to the overall energy balance. By integratieg oY
attenuation over all angles we obtained an estimate of tfaé to (B/D)old Ljf‘fmit Aﬁ”'ge (C.8)
energy absorbed by dust in a galaxy. This absorbed energy was )
found to be on average 10% smaller for the attenuations cal&Y making the notation:

lated using the new dust model than for those from Paper IIl. young

SFR 1 Ly uni

e.(SFRold) TV yr T oid Lo (C.9)

Appendix C: Formulation of composite attenuation ) i ' _

of stellar light the composite attenuation from Eg. C.1 becomes:
In Sect. 5.1 of Paper Ill a generalised formula was givenwshoArm =-2510g Ay (C.10)
ing how the composite attenuation (that is the overall atien \yhere
tion of an arbitrary combination of luminosity components _ _
stellar populations in the young stellar disk, the old atetlisk Adisk 4 (1~ F f,) ex(S FRold) A9+ (B/D) Aﬁ”'gfp
and the bulge) can be derived from the library of attenuation AL = 1+ e(SFRold) + B/D {C.11)

stellar light from the dfuse component and the attenuation of _ ) )

the clumpy component. At any wavelength, the composite &tor the case thaild = O in the optical and in the UV Eq. C.10
tenuation depends on the relative luminosity of the threllest becomes:

components, which we have described in this paper in terms of : tdisk

the parameterS FR F, old andB/D, which we used to describe M = —25 log(1-F ) + Amy (C.12)

the dust emission. Here we re-write the generalised expressthe use of the calibration factd¥ in our procedure means
for the composite attenuation (Eq. 16 from Paper IIl) forshe-  that in practice the equations describing the attenuatigntd

cific parameterisation adopted in this paper. o the difuse dust illuminated by the young stellar disk need to be
At a given wavelength, the composite attenuatiam, ina  rescaled to accommodateférent values of than those used in
galaxy is given by: the calibration. For this we need to use the correction fdoto

the difuse componertorrd(F) as defined in Eq. 29, and rescale
Eq. C.5in a similar way to the formulation of the radiatiordie
in Sect. 2.5.2:

Amy = -25 Iog% (C.1) .
¢ Ludisk — | O.tdisk(1 _ Foy ) corrd(F) Aldisk (C.13)

whereL? andL, are the intrinsic and the apparent luminosityn this case Eq. C.11 becomes:

densities. The quantitids) andL, can be further expressed as g, _ [ adisk _ d tdisk
summation of the corresponding quantities for the disk, tlisk % = A+ (1= Fea Ty) corri(F) e(S FR old) A7+

and bulge: (B/D) A2"¥Y/[1 + (S FRold) + B/D] (C.14)
and Eq. C.12 becomes:
LY = LGk sy | Puloe (C2) Am, = 2.5 log(1— Fea f2) cOMT(F) + Amidisk (C.15)
disk , | tdisk , | bul
Ly = L+ L+ L7° (C.3) Eq. C.14, together with Egs. C.10 and C.11 are the analogof th

original expression for the composite attenuation from Hgj.
The apparent and intrinsic luminosity densities for thédisin Paper Ill. Eq. C.15 together with Eq. C.12 are the analog of
thin disk and bulge are related as follows: Eq. 17 from Paper Il
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Appendix D: How to use the model to fit UV/optical of the galaxy that we want to modalld is the real normalised
to infrared/submm SEDs luminosity of the old stellar disk population of the galakat

. . . ~_we want to model, and
The six physical parameters determining our model preaficti

of the SED are: sk
- 7L, SFR, F, old, B/D andi* {= hdsiskf (D.4)
re
whereby >

Eqg. D.2 expresses the fact that radiation field energy delasitl
- r;, SFRF,old, andB/D hence the colours of the dust emission, varies accordingrto s
odel . . face density of luminosity. In cases where a galaxy is uriveso

determineL7"3 ¢, the model prediction for the dust luminos+ is unconstrained by the data, and becomes a further frempara
ity density in the IRsubmm as given by Eq. 43 of this papereter of the model. Since we may also not know the distante
whereas the galaxy, it is convenient to express the dust emission &ED

o f - the difuse component from Eq. D.2 as a flux density by dividing

7e: SFRF, old, B/D andi throughout by 4D?, to obtain:

determine the attenuation in the measureddf¥calNIR emis-
sion (whereby the dependence 8irRandold is a weaker de- oV
pendence due to the dependence of the composite attenoanogdlgzst(s FRold, T;, F,B/D) = 1 [ gal )

the relative amplitudes of the young and old stellar poportas;, e hdisk.
as described in Appendix C). This attenuation is given ininag diff mode odel —tamodel fs”
nitude form,Am,, by Egs. C.10,C.11 and C.14. In the following XLy dust (S FRod! olgmede! -1 F, B/D) (D.5)

itis convenient to express it in the linear form: wherefg, is the half angle subtended at the Earth by the actual

A)(T:;, SFRF,old, B/D, i) = 100-4xAm) (D.1) B-band scalelength of the galaxy:

We note that two of the six physical paramete3$; Rand
old, are extrinsic (that is, the quantity scales with the amadfint = (D.6)
material in an object). This is a consequence of our modakyal >* D '

having a fixed size, expressed in terms of the fixed refgrerwé note that, provided the galaxy istBaiently resolved foflgq

Lo ok /
Edcir’;ll(eB;e:%Eg;)fktf;e old stellar population in B-bandhfy; = |\ measgreds;’jgzst as expressed by Eq. D.5 depends on the

s : pe. . value of¢ (via S FRandold -cf. Eq. D.3), but is independent of
The dust emission SED of thefflise component of a galaxythe distance.

with a valué® for hdiskdiffering fromhdisk. will be:

disk
hs

sref Our model is constructed such that the total emitted lumi-
nosityL,, star Of UV and optical light powering the dust emission
it (SFRold ot F,B/D) = 2 x can be directly constrained from available measured appare
dif f nfézl: d |’ . :j | _f UV/optical spatially integrated quxe§3f’§tar, corrected for at-
XL} o e9e(S FRedel olgmede! L F, B/D) (D.2) tenuation (expressed here in linear form by Eq. D.1) as a-func
. f . . .
Where tion of rg, SFRF, old, B/D, i and distanc®:
SFR = SFRW™dely /2 ¢ .
L ,SFRF,old,B/D,i,D) =
old = oldmode!y 2 (D.3) tstarltg SFR cobs / )
whereS FR™%!js the star-formation rate of the model galaxy 47D? - A, star _ (D.7)
having the reference siz€'s;, old™?'is the normalised lumi- Ai(rg, SFRF,old, B/D, i)

nosity of the old ste_llar_dlisk population of the model galagy- \here, as outlined in Sect. 5 of Paper Il and in Appendix C of
ing the reference S|z@'§ef, S FRis the real star formation rate this paper the dependence 8 R old andB/D is for the opti-
cal range only. Depending on the exact range of wavelengths f

14 5 inclinati 1 i . ) . ,
i is the inclination of the disk, as used in Paper Ill which SSPS_is available,L, swr Can be integrated over wave-
15 Throughout this papends« is taken as the true B-band scalelengttlwength t6 obtain constrainté on the parame@ER = S FRO"

of the stellar population. We note however that in any dustggy hdis< i : , > ,
will not actually be a directly observable quantity, evethié distance andorold = old®®"as a function of; andi. Specifically, if UV
to the galaxy is known. As described and quantified in Papeh&ap- data is available we can require that

parent size of a galaxian disk obtained from photometriaAfitisdi ffer

from the true size due to the stronger attenuation of ligthetentre of _
galaxies compared to the outer regions. Due to the appearHrgize f L., star(Té, F,i,D)da = f Ltﬂd'Skd/l (D.8)
(expressed by) as a quadratic term in Eq. D.2 determining the amplid/uv uv

tude of the SEDs for a given value 8fFRandold, this &fect can ap- P, :
preciably influence the solutions obtained from fitting SECieerefore, l(égr(‘jnsblgl.ng Eq. 17 from Sect. 2.3.3 and Egs. D.7 and D.8, this

if using the measured angular sizes of galaxies as a camsitnditting

the dust emission SEDs the apparent sizes should be cahuggrue SER S FF@O”(TQ, F,i,D) 1

sizes using the correction factors tabulated in Tables 1 Baper IV. - = ) = 47D? x —~oung

Similarly, the B/D ratio should be converted from an observed ratio,lM@ yr IMg yr LuniL uv

as determined in photometric fits to data, into the intrimatio, using gobs

correction factors tabulated in Paper Ill. In princigleas derived from % f _TAsar (D.9)
measurements of axial ratios, should also be corrected. uv A/I(TI:,, F.i)
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Correspondingly, if optical data is available, we can reguiwhole MIR/FIR/submm range. However, this will often be the
that exception rather than the rule, and in any case the fit is prima
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 search
parameters would be reduced from four to just andF.
Secondly, and perhaps more significantly, the model would no
. _ longer have any degree of freedom in terms of scaling parame-
After manipulation of Egs. 12, 13, 15 and 19 fromgrg due to the fact that, as noted abds&Randold are the
Sects. 2.3.2,2.3.2 and 2.3.3 and Eq. D.7, this leads to: only extrinsic parameters in the full parameter set.

(FUNCL1 + FUNC2) Below we illustrate how to use the optical and UV con-

f L/l, star(Té: S FR F? 0|d9 B/ D? i7 D) d/l =
optical

disk | y tdisk , | bul
ft_ I(Ll'S + LS4 L0999 da
optical

(D.10)

old = 0ld®(ry, SFRF, B/D,i) = FUNC3 (D.11) straints by giving a possible processing path for a galax wi
a known (spectroscopically determined) redshift, for vahite-
where grated UV and optical photometry were available, and forolhi
gobs B/D, i andfg, are known from optical imaging. The parameter

A, star

ptical Ay(r5, S FRF, old, B/D, i)

FUNCl=47rD2><f

0o

di(D.12) setto be determinedis thmé, SFRold, F:

stepi): choose a trial value for each oé andF

SFR
_ young,
FUNC2= T IMyyrt x j;ptical L%, unitd? (D-13)  _ stepii): setS FRto S FR°"andold to old*" from Egs. D.9
and D.11 for the trial values o‘fé3 andF.
— Id . .
FUNC3 = (1+ B/D) x L (D-14)  _ stepiii): find S FR™! and old™! from Eq. D.3, substi-

tuting for ¢ as defined in Eq. D.4. The value b§’sk used
in Eq. D.4 should be derived from the optically measured
value using the correction factors tabulated as a function o

andré in Tables 1-5 of Paper IV.

Note thatold®®" is a weak function ofS FRas well aSTé,
B/D andi due to the need to take into account the contribution
of optical photons by the young stellar population, as dbedr
in Sect. 2.3.1.

We are now in a position to determine the physical model pa-

rameters from a combined set of measureddpical flux den-
sities SO°S_ . measured at wavelength$Ps s, and IRsubmm
flux densities of the pure dust component (corrected for co

tamination by direct stellar light at short infrared wavejéns)

— step iv): using the trial values ofr,'; and F, together
with  SFR™9%! and old™d¢ and ¢ from step iii) find

Ldiff’mOdekS F Rnodel g|gmodel T; F, B/D).

N- %4 dust ’

dif f, model

SOs < Measured at wavelength§°s9st To do so, we min- — Stepv): substituteL ;= from stepiv) into Eq. D.5 to
imise the function computeS' . ComputeL> (SFR" F) (note the use

of the extrinsic value 06 FR= S FR°" here). Substitute the
values forSi';LSt andL?% determined at the wavelengths
of the IR'submm observations in Eq. D.15 to determirie

for the trial combination of-é3 andF.

Y2(SFRold, 7, F,B/D) =
S, aSFROIA, 7}, F, B/D) Y’

CTiobs dust

obs _
A, dust

S

(D.15)

2,

iobs dust stepvi): repeat step$) to v), until the combination ofré

andF that minimisegy2 is found. The values df FRand
old from stepsi) to vi) found for the pair of*ré andF that
minimisesy2 are then best fit parametersSri-Randold.

subject, if UV data is available, to the constral@tfFR =
S FR‘O”(T;, F.i, D) from Eq. D.9 and, if optical data is available,

old = old*"(z,, SFRF, B/D, i, D) from Eq. D.11.0iobs dust are
the 10 uncertainties in the measurements &)@stis given by
We note that in the case of edge-on galaxies UV data should
not be used to constraBiFR since typically only a few percent
of the total UV disk luminosity will be seen, and the solution
can be subjected to stochastic variations, because thivedce
photons may only be emitted by a small numbers of star-fogmin
regions. In this case tH@ FRis better constrained from the FIR
_emission, as modelled for NGC 891 (Paper | and Sect. 3).
Having found the best fit parameter set, the following two
her steps can be made:

Si.qus{S FRold, 7j, F, B/D) =

Llocal

/1,dust(S FR F)

it
4nD?

A,dus

(SFRold, r}, F, B/D) + (D.16)

where.SiiLLSt and L% are given by Eq. D.5 and Eq. 41, re
spectively. In the case that the distance, the optical &trec furt

and orientation parametei3, 6y, ¢, B/D andi are known
the optimization problem posed by Eq. D.15 is reduced from. stepvii: deredden the Upptica/NIR spectrum using the
the parameter seS(FRoId,T,;,F,B/D,g) to the parameter set fiited values Oﬁ-é, F, and the measure®/D andi

(S FRO'd,Té,F). With just 4 parameters, this might potentially

be solvable purely considering the dust emission datajrizpar — stepviii: apply a population synthesis modelling fit to the
in mind the orthogonal féect of these parameters on the am- dereddened Upgptical spectrum fronvii to find the star
plitude and colour of the dust emission SEDs, (as describbed i formation history.

Sect. 6) if at least 4 data points are available well samplieg
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Appendix E: Tables describing the fixed parameters Table E.3. The parameters of the dust model considered in this pa-

of our model per (see Sect. 2.4). For parameter definition see Weingaitizaine
(2001).

C
parameter value
be (atomgH)  6.0x 10°° x 0.93

Table E.1.The geometrical parameters of the model, as defined in Paper
Il and Sect. 2.1. All length parameters are normalised &Bkband
scalelength of the disk of the standard modal galaxy, avetbrior

-hdisk(RY _ pdisk _ be1 0.75
NGC 891:hdiK(B) = hisk, = 5670 pc . o 0o
ao1 (A) 4.0

“FASKRY 1 000
hOSK(B)  1.000 o () 0.0

hdisk(v)  0.966

hdsk(1)  0.869 o1 8.;15
hdisk(J)  0.776 o2 .
i ' C 9.99% 1012 x 0.93
hgsk(K)  0.683 9
disk 0.074 ag (um) 0.0107
hdisk 1406 ac,g (,Um) 0.428
sk 0.048 P :(1)-%15
hidisk 1.000 S alen? b 54
4%“5'( 0016 pg(g/C ) .
i ' Si
disk
h%i:k (1)882 parameter value
éde 0.229 Cs 100X 105 % 0.93
b/a 06 ags (um) 0.164
Ak acs (um) 0.1
B 0.387 as 221
—TEdISk— ps(g/ent) 3.2
Bs 0.3

Table E.4. The wavelength dependence of the fraction of photons es-
Table E.2. The intrinsic spectral luminosity densities of the old an§@Ping from the clumpy component into theffdse medium as de-
young stellar populations, as defined in Sect. 2.3,dior = 1 and Scribedin Sect. 2.2, fdf = Fea = 0.35.
SFR = 1M,yr?, respectively, and tabulated at the sampling wave-

lengths of the radiation fields. ;\1 (1-Feafa)
od=1 SFR=1Myyr? 912. 0.427
1 leﬂnit Lzol;dr:tg 1350. 0.484
A W/Hz W/Hz 1500. 0.527
1650. 0.545
912. 0344x 107 3288' 8'2%2
1350. 0905x 10% 2500. 0.739
1500. 0844 x 107 2800. 0.794
1650. 0863x 107 3650. 0.892
2000. 0908x 107t 4430. 0.932
2200. 0926x 107! 5640. 0.962
2500. 0843x 107t 8090. 0.984
2800. 0910x 107! 12590. 0.991
3650. 1842x 107 22000. 0.994
4430. 4771x 107 2271x 107 50000. 0.999

5640. 9382x 107! 3.837x 10*
8090. 19%4x10% 5734x 10%
12590. 720x10% 0.931x 10
22000. 64097x1071 0.728x 10*
50000. 1%58x107! 0.141x 10"




