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ABSTRACT

We present a semi-empirical model for the infrared emissibdust around star-forming
sites in galaxies. Our approach combines a simple modeld@itiee transfer in dust clouds
with a state-of-the-art model of the microscopic opticaigmrties of dust grains pioneered
by Draine & Li. In combination with thesTARBURST99 stellar spectral synthesis package,
this framework is able to produce synthetic spectra fongatawhich extend from the Lyman
limit through to the far-infrared. We use it to probe how mioglglaxy spectra depend upon
the physical characteristics of their dust grain popuratj@nd upon the energy sources which
heat that dust. We compare the predictions of our model Wit8t and 24+m luminosities

of sources in thé&pitzer First Look Survey, and conclude by using the models to aedalys
relative merits of various colour diagnostics in distirgjung systems out to a redshift of 2
with ongoing star formation from those with only old stelfapulations.

Key words:. infrared: galaxies — infrared: ISM — dust, extinction — edilie transfer — galax-
ies: starburst — galaxies: high-redshift

1 INTRODUCTION dominates, marked by a series of broad emission featuresgsg,
, and references therein), the catalogue ohatas re-
cently been greatly expanded Byitzer (Eraine & le; Smith
et aI.). These are attributed to polycyclic aromatidrogar-
bon (PAH) molecules, and so we shall refer to them as ‘PAH fea-
turesﬂ. Finally, in the rest-frame near-infrared (NIR) — here take
to refer toA < 4um — stellar emission dominates.

This wealth of available information has motivated manylstu
ies which have sought to provide a framework in which thissemi

Itis increasingly clear that the infrared spectra of gadaxiold vi-
tal clues concerning galaxy energetics. Observations ofiearest
neighbours tell us that around 60 per cent of their star ftionas
obscured by dust at visible wavelengths (Takeuchi gt al§RGhd
the cosmic infrared background (CIB) indicates by its bifglss
that this is also true of sources at cosmological redshifeuéer
& Dwek P001). Furthermore, deep sub-millimetre surveys §Bm
E;ﬁgrl:vig:éjgtr:rs :tHg' i?agiﬁ)’nsc:?i“lltil ﬁjmjﬂzﬁsﬁ;gi.tl sion can be interpreted. Some of these take an empiricabagipr
(ULIRGS) atz~ 2 ) _ clearly very dusty systems matching unresolved sources to template spectra derived &
= i ' variety of local galaxies| (Rowan-Robinson & Crawfard 1989;

amnd, |f|n(;t haﬂ;l;ognng.actlvgqnudclel, ver;; aCtt'.V eIIy st?mfrtl.n ?hr? Iso et al.[200L] Rowan-Robinson effal. 204, 2005). These yasictfi-
marl et &, ). Given the degree of optical extinctioftiese agnostics which are readily applicable to large numbersuifces.

;;ystefrrtﬁ (Swmbg nktet (14) |th|.s ta pparent thbgt l—i\{/ap;[?;ﬁ(il But they provide little information about the physical pesses
ies of the cosmic star formation history are subject to which fundamentally shape the spectra.

incompleteness. . . .
. Others have sought to develop semi-empirical models of in-
The advent of th&pitzer Space Telescope has allowed a much frared spectra, considering the propagation of radiatioough

greater understanding of the sources which comprise the I&IB dusty media ie' | Siva et HI. 1998 Efstathiou dtal. POGEK-T

resolution and sensitivity has allowed more than two millio- . - : -
frared galaxies to be resolved in 49 dexj sky by theSpitzer Wide- agi et al{ 2003} Efstathiou & Rowan-Robingjon 1995). Thik s

Area Infrared Extragalactic (SWIRE) Survgy (Lonsdale #2803,
). MoreoverSpitzer's wavelength coverage,8-160um, en-
compasses three emission regimes in the spectra of norfaat ga
ies, each yielding information complementary to the othiershe
rest-frame far-infrared (FIR) — here taken to extend fromwuad

30 to 30Qum — thermal emission from large dust grains dominates.
In the rest-frame mid-infrared (MIR) — here taken to exterahf
around 4 to 3@um — emission from transiently-heated dust grains
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be split into two parts: modelling the optical propertiesrafivid-
ual dust grains, and modelling the large-scale transporadi-
tion through some realistic dust geometry. Some authags feitz
et al.|200B;| Piovan et . 20Qpp,b) have incorporated aldétai
consideration of the radiative transport, including atiresnt not
only of absorption, but also of elastic photon scatteringiclv be-
comes the principal source of complexity. Others (p.g. Li &iDé¢

1 In the literature, they are also commonly referred to asratic Infrared
* Email: dcf21@mrao.cam.ac.uk Bands’ (AIBs), or, historically, as ‘Unidentified Infraréghnds’ (UIBs)
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P001 ;| Draine & Ll 200[7) have developed highly sophisticatemtl-
els of the optical properties of individual dust grains, sumplify

radiative transfer. Essentially a computational tradexibts: stud-
ies which include a detailed treatment of radiative transfeolve

many evaluations of dust emissivities in differing enviments.
This is prohibitively time consuming with state-of-tha-arodels
of the microscopic optical properties of individual dusaigs and
so simpler alternatives must be sought.

In this paper, we use a state-of-the-art model for the iddizi
dust grains — that L1) anOl)
— and then seek to make a minimal set of simplifications in our
treatment of the radiative transfer problem such that iohees
computationally viable.

In Section R we outline the dust geometries which we consider
In Sectionl]B we go on to present our modelling of the radiative
transfer, and in Sectioﬂ 4 we construct UV-visible radiafields
appropriate for dust-heating by star-forming galaxie§¢mions|]5
andI]S we draw upon models of dust grain populations and their
microscopic optical properties from the literature. In ﬁim:ﬂ we
conclude the development of our model with a simple framé&wor
for modelling the evolution of the metallicity and mass ofda
passively-evolving star-forming gas clouds. In Sect mﬂﬂ) we
present the basic predictions of our model. In Secfion 10 see u
the model to predict 8- and 24m luminosities for a sample of
galaxies and compare to observations. Finally, in Se@qm\m
develop a simple model for the evolving colours of early- kid-
type galaxies.

Wherever required, we assume a flaipm cosmology with
Ho = 72kms I Mpc—t andQp = 0.7.

2 THE MODEL GEOMETRY

In this paper we consider two basic geometries for the dyhsiai-
bution of dust and the source of illumination. The first geoynis
a shell of dust grains — which we shall term a ‘circumnucleaain
population — surrounding a point-like heating source, esenting
dust around a star-forming region. The second is a unifostridi
bution of dust grains — which we shall term a ‘diffuse’ graiopp
ulation — spread throughout a diffuse inter-stellar medil@&i)
within which the radiation field is assumed spatially unifiorin

a future paper, we shall use them as components of a composite dl,

model for star-forming galaxies.

The geometry adopted for our diffuse populations is the sim-
pler. We assume the dust-bearing ISM to be optically thimat i
frared wavelengths, such that the re-absorption of dusssar
can be neglected. We further assume the UV-visible headitig-r
tion field within it to be spatially uniform, hence all grain§ any
given size and composition have the same emissivity. Urieset
conditions, total dust emission is directly proportiormttie num-
ber of grains present, and we therefore scale all quanfigesinit
volume of ISM.

The circumnuclear geometry is illustrated in FigLﬂe 1. A
point-like heating source lies at the centre of a spheriball of
dust, of inner radiusg and outer radius;. Within the shell, we
trace the density of the medium via the number density ofdryein
nuclei, assumed to be spherically symmetric and denotgd),
such that the column densilN¢ of hydrogen nuclei along a line of
sight passing through a dust shell to its nucleus is given by:

Ne = / &

Astrophysically, the cavity at < ro might correspond to an H

ny(r)dr.

Dust Shell
H number density ng(r)
Grain number density ng,(r)

Heat Source

Figure 1. Dust in a spherical shell of dust around a single isotropatihg
source.

region, essentially devoid of dust due to the sublimatiograins
by energetic photons.

3 RADIATIVE TRANSFER

We adopt a highly-simplified treatment of the radiative sfen
which we argue is sufficiently accurate for a wide range obpro
lems.

3.1 Thecircumnuclear geometry

The evolution of the surface brightnelgsalong rayY in Figure[IL
is governed by the time-independent equation of radiatasesfer:

=—Cyexthn (r)ly +&v (r)ny(r)+

O [1iCyscd @),

(2
where the first term on the right-hand side describes therptiso
of radiation by dust, the second dust emission, and the thid
scattering of photons into the ray. The integral in the tiénan is
over solid angle€)’ atX; 8’ is the scattering angle betwee@'cand
the direction ofY.

As mentioned above, we usg(r) to parameterise the varying
spatial density of materiaC, aps andC, scaare the cross sections
to absorption and scattering respectively, expressed yzogen
atom, and averaged as described below over the composaiwhs
sizes of particles within the grain populatiag.(r) is the emissiv-
ity of the grain population — the power emitted per unit freacy
into unit solid angle, normalised in the same way as for tlsr
sectionss measures distance along the ray.

The extinction cross sectiof, ex:, is the sum of the absorp-
tion and scattering cross sections:

S |x

(©)

The averaging of the quantities above over grains of vargom-

Cy.ext = Cy abs+Cv sca



positions and sizes is performed as follows:

- d ir

Y @ (% ”gﬁ) da, @
. dni,,

3 / st(w)(% ”ﬁf‘)) da, (5)

wherej € {ext absscg, i denotes a population of grains of given
composition, anmigr(a) denotes the spatial number density of
grains of each composition with radius smaller tlaan

The first simplification that we make is to neglect scattering
such thatCy sca= 0. We discuss the validity of this assumption
in the following section. Integrating the remaining ternfis€qua-

Cv,j

ev(r)

tion (ﬂ) over all rays passing through the po¥in Figureﬂ, we
obtain {Chandresekiigr 1960; Rowan-Robifison |1980):
10/,
ar (PHU)) =M (&) ~Cuabsh (1)), (6)
where:
1,1
W0 =3 [ ldu, p=coso. %
-1
and:

1
H(r) = 5 [ Ivudu, ®
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through the sphere of constant radius passing throughrelated
toHy(r) via:

Fu(r) = 4mHy(r). (10)
Equation [IS) can thus be re-written:
32 (PRn) = mlr) (4, (1) - Cuanu(r)) . (A1)

This equation is integrated numerically from the inner t tter
radius.

3.2 Assumptionsmadein the circumnuclear geometry

The assumptions made in the previous section — i.e. the ctegfle
scattering and the radial beaming of dust emission — wilehzag-
ligible effect upon the predictions of our model for columene
sities of dust which are optically thin at all wavelengths, ifor
N < 1023Hm~2. For column densities of dust which are optically
thick in the UV, but not in the infrared, our neglect of scettg will
lead us to under-estimate the path lengths of UV/opticatgi®
through the dust shell by a factor of 1-2, and so to undemest
the absorption of UV/optical radiation by a similar fact®ince this
effect is essentially the same as that of reducing the coldensity

with 6 denoting the angle made between each ray and the radial©f dust, the effect when using these models to fit the speshipe

direction, as shown in Figuﬂa 1.

GeometricallyJy (r) may be visualised as the average surface

brightness along all rays passing througlaveraged overdstera-
dians.Hy (r) may similarly be visualised as the average projecte
onto the radial direction.

Rowan-Robinson|(19|30) introduced what has become a

widely-used decomposition of the surface brightrigsaslong each
ray into three components, depending upon where photonsitas
teracted with matter:

ly =159 1@ 1) )

of real sources will be that we will over-estimate the dustses
of these objects.
Our assumption that dust emission is beamed radially out-

g Wwards only begins to fail for dust shells with higher colunend

sities still, when they become optically thick even at infchwave-
lengths. As the dust emission is assumed to take the shpatst
out of the dust shell, we will under-estimate its re-absorpin
these optically thick cases. In practice, this effect bezosignif-
icant for dust column densities 10?8 Hm~2, as will be shown in

Figurel )
Rowan-Robinson| (1980) studied the effects of a similar et o

assumptions in their calculation of radiative transpohadh-centred

wherelf,l) is radiation from the central heat source which has not star-forming clouds, and for the range of systems they densi

been absorbed by du$&2> is radiation emitted by dust anés) is
scattered radiation — which we have already neglected. &Nt
do not use this in our mathematical treatment of Equaﬁbnit(@
useful in our discussion presently.

The relationship betweel (r) andH, (r) encodes the angular
distribution of the radiation flux passing through In the limiting
case of a radiation field propagating exclusively in theabdirec-
tion, Hy (r) = Jy(r). In the opposite limit of an isotropic radiation
field, Hy (r) = 1/2J,(r). Given a point heat source, as in Figﬂe 1,
the former limit is applicable to the compondép; the radiation

field emanating from the heat source is purely radial.llé%r how-
ever,Hy (r) < Jy(r).

Our second, and final, assumption, is tafr) = Hy(r) in
Equation [b). For UV-visible wavelengths, this assumptioids
because the heating radiation field is expected to dominate o

dust emission at these wavelengths, anti,solf,l). In the infrared,

Wherel\(,z) is expected to dominatg, J,(r) is under-predicted, but
the assumption continues to hold&§(r) > Cy apsly(r), that is
to say, if the dust emission from the shell is not appreciably
absorbed. Geometrically, this assumption is equivaleassoming
that dust emission is beamed along the outward radial direct
Finally, we note that the net outward fld (r) of radiation

they report errors of around 10 per cent.

In addition to the two assumptions just discussed, it is also
apparent that the adopted geometry is simplistic, havirlg one
single heat source. We note, however, that this geometiysisroa-
tionally indistinguishable from an ensembledfsmaller circum-
nuclear geometries, each heated by its own central heatesoiith
luminosity scaled by a factor/N with respect to the single shell,
and each containing a dust shell with inner and outer radiiesc
by factor /+/N and dust density distributian(r) scaled according
to:

n'(r) = vNn(rvN)

wheren(r) is the density distribution of the single shell.

The column density of dust around each heat source in this lat
ter ensemble is the same as that in the former single circaleau
shell; the radiation field incident upon grains on the inrdgesof
each dust shell is the same; the total mass of dust in the s&sda
the same; and to a remote observer, the total solid anglersddx
by the dust in the two cases is the same. In summary, although
our circumnuclear model is nominally of dust around a sirgat
source, it is also a good model of systems where that luntinosi
production is distributed between several discrete ssurce

(12)
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3.3 Thediffuse geometry

Our treatment of radiative transfer in diffuse dust graipydations
is simpler than the above. Instead of having a heat source-of |
minosity L,, we have an interstellar radiation field (ISRF), whose

energy densit;E\(,D we normalise tgx xo, whereyp is that of the
solar neighbourhood interstellar radiation field less th&ntic mi-
crowave background (CME) andy is a free parameter. We adopt
Xo = 7.46 x 10" Jm3, derived from integration of the ISRF of
Mathis et a]. [1983) anfd Mezger e{ . (1p82).

The total luminosity emerging from the model can then be
written:

EMcA
4

whereV is the volume of the dust-bearing ISM, aAdts surface
area through which the interstellar radiation field leabesgalaxy.

4 THE HEATING RADIATION FIELD

In this paper, we consider models for the heating radiatield fi
due to star formation. We generate these using Version 5theof
STARBURSTI9 stellar spectral synthesis packaet al.
[1999:; [Vazquez & Leitherdr 2005). This package offers truil-fa
ity to model stellar populations with two classes of stanfation
histories (SFHs). The first is ongoing star formation, pestieg at
constant star-formation rate (SFR), which began at some time
t previously; we hereafter term these models ‘continuousiSF
The second is a delta-function SFH, representing an irstanus
burst of star formation at some tinigoreviously, of total masm;
we term this the ‘instantaneous’ SFH. The stellar poputetimod-
elled for the instantaneous SFHs may be referred to as sitejlar
populations (SSPs), which is to say that all of the starsiwitiem
are coeval.

STARBURST99 models both stellar emission and also nebu-
lar continuum. For the former it uses the stellar evolutiacks of
the Padova grouy (Fagotto e{fal. 7994), with the additiomaufks
for thermally pulsing asymptotic giant branch (TP-AGB)rstto
improve the accuracy of the modelling of low and intermesliat
mass starE. For the nebular continuum, the emission coefficients
of (1940) are used. This is the source of a problem in
sTARBURSTOY] the data o 0) do not extend beyond
4.5um, however they are extrapolated to 160, yielding large,
unphysical, infrared luminosities. Fdr > 4um, we use a more
physical extrapolation, taking, 0 v—01,

In addition to the continuous and instantaneous SFHs mod-

elled by STARBURST99, we have also considered arbitrary SFHs,
modelled by convolving the luminosityssgt), of a 18 Mg, single

2 We neglect the CMB in this normalisation because, in conti@she
starlight component of the ISRF, it would make no sense t@ecd it by

a factorx. It should be noted that the CMB is also absent from all models
presented in this paper.

3 It should be noted that this is a significant departure froevipus ver-
sions of STARBURST99, which used the stellar evolution tracks of the
Geneva group, and did not model low mass stars, introdu@ngus er-
rors in the modelling of old stellar populations.

4 See notice by Hunt, October 30, 2006, in tkrowledge Base of the
STARBURST99 website.

stellar population of agewith our star formation history:

/O't ( w(t')

106M.,
5 THE DUST MODEL

Ly(t) (14)

) Lsset —t")dt’.

Whilst there exist fairly tight observational constraintsthe com-
position and size distribution of dust grains in the Milky Weel-
atively little is known about those in other galaxi).
In this paper, we therefore base our dust grain populatiom tipat
inferred from observation of our own galaxy.

Following |[Li & Draing (2001, hereafter, LDO1), we con-
sider binary populations of ‘carbonaceous’ and silicasrgy. The
former sub-population includes both PAH molecules andelarg
graphitic grains; the optical properties of these grainkilek a
smooth transition with grain radius, centred around a sadhia; .

The absorption cross sections of carbonaceous grainsiobras
taken to be:

C%pd@) = Eran(Q)CY204(@) + [1— Epan(@)ICY 5pd@),  (15)
where the weighting paramet&san(a) is given by:
Epan(a) = (1-qgra) xmin[1, (g /@)%, (16)

andggra = 0.01 sets even the smallest PAH molecules to exhibit 1
per cent of the continuum absorption of graphitic grainse Tran-
sition radius,ag, is set by default to 58.

For the size-distribution of grains in each of these pojporat
we follow the parametric forms used By Weingartner & Drjaine
); for the carbonaceous grains, we use:

1 (Zy) (g
~ (7)) (&) oo
1, 35A < a < ay
X 3
exlo{*[(a*ang)/ac,g] }, &g < a
whereD(a) represents two log-normal peaks:
2
_ B 1
D(a)—i;EeXp{—E }}7

which were introduced by LDO1 to reproduce the mid-infrared
minosities observed by ISO, thefrared Telescopein Space (IRTS)
and by IRAS at 6¢um. The termF (&, By, a; g) provides curvature:

G

4+ =
a

(ati,g)ag F(a Bg.ag) (17)

{In (a/ag;) (18)

g

1+Ba/a B=0
(1-Baja)* B<O,
Z is the mass ratio of metalZ, = 0.02 is the solar mass ratio

of metals, and all other symbols are as defined in Weinga&ner
Draine {200[1). The normalisation constaBtsare given by:

F(a By, a) = { (19)

3 exp(-4.50?) bcime
(2m  pado s | In(201/35A)
1+erf Bt T

wheremc = 1.99 x 10-26kg is the mass of a carbon atom,=
2.24x 10°kgm=2 is the density of graphiteag; = 3.5A and

(20)

+



Parameter Value

ag —154

By -0.165

ag 0.0107um
acg 0.428um

Cy 9.99x 10712
as —2.21

Bs 0.300

as 0.164um

Cs 1.00x 10713
bc1 0.75c

bc,z O.25bc

bc 6.0x10°°

Table 1. The parameters of the default size distribution which wepado
thel) preferred distribution Ryr = 3.1 Milky

Way sight lines.

ago = 30A arethe wavelengths of the centres of the two log-normal

peaks, anadr = 0.4.
For the silicate grains, we use:

1 /27, dnairI G a as .
nh ( z ) (H) “a (@) F(a;Bsas)  (21)

1 35A < a < as
exD{_[(a_at,s)/ac,s]S}7 s < a

By default, we set the parameters of these size distribsition

to those preferred by Weingartner & Drgirfe (3001) Ry = 3.1
Milky Way sight lines, as given in Tablg 1. The effect of using
stead the size distributions preferred by those autho®jfot 4.0
andRy = 5.5 Milky Way sight lines will be discussed in Sectiﬂn 8.

The appearance & in Equation @7) is a departure from
Weingartner & Draire[(2001), who only considered Galactidi-e
ronments. Thus, their size distributions are normalisealdast-to-
gas-mass ratio appropriate for solar metallicity envirenta. As
the variation in this ratio withZ is quite poorly understood, we
make the assumption that it is linearly proportionalZtaovhich is
implicit in our renormalisation above.

These distributions are plotted in Figlﬂe 2. To calculate th
absorption cross sections of silicate and graphitic graiesfol-

low LDO1 and use dielectric functions for these species ifigr&
Lee|198}) and Mie theory (see, elg., Bohren & Huffppan [1998) to

estimate the absorption cross sections of spherical fetaf ra-
diusa. The treatment of graphitic grains is slightly complicabsd
the anisotropy of graphite’s dielectric function. We fell@ D01 in

calculating an averaged absorption cross section usinglgs

approximation’ 3).

For the PAH molecules, LD01 give algebraic fits to terrektria
laboratory measurements 6fAH{@) for neutral and ionised sam-
ples [Draine & Ui [2007, hereafter, DLO7) revise these inltpat
of new near-infrared data (Mattioda eflal. 2005b), and ireotd fit
the high-fidelity spectra of nearby star-forming galaxieserved
by the Spitzer Infrared Nearby Galaxies Survey (SINGS; Kenni-
cutt et aI.@) project. We implement the cross sectiovesngby
both LDO1 and DLO7, which are shown in Figuﬂas 3(a) End 3(b) fo
neutral and ionised grains respectively, both of radifisI& the re-
mainder of this paper, we use the DLO7 cross sections thmugh
except in Sectiop 10. In both cases, we average the crosersect
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Figure 2. The adopted size distributions for silicate (top) and cadoeous
(bottom) grains, assuming a solar metallicity environmeimit areas under
each distribution represent unit masses of grain material.

of neutral and ionised PAH molecules with a weighting par@me
f describing the ionisation fraction. We take this to have faule
value of 80 per cent, matching that wh IEZbOl)jfin
in their model fits to Galactic photo-dissociation regiofke re-
sulting absorption cross secti@‘?vf’gbga) is shown for a range of

grain radii in Figure[|3(c), and the absorption cross se@@ygbga)
of the silicate grain population Figuﬂa 3(d).

6 MODELLING THE EMISSIVITY OF THE DUST

In this section, we outline how we model the emissivitibéa, r)
of dust grains as a function of the energy denkEijyr) of radiation
to which they are subjected.

6.1 Transiently-heated grains

Modelling emission from transiently-heated grains reggithe cal-
culation of the time-averaged probability distributioR§E) for
their internal energies. Exact treatment of this problenuldioe-
quire knowledge of all of their vibrational energy levelsianan-
sition probabilities. Our simplified analysis follom
). We use Debye models for the normal modes of the C/Si
skeletons of PAH and silicate particles, with Debye temjpees

as used by Draine & |i[(20p1). We use Einstein models for the
stretching, in-plane bending, and out-of-plane bendinglesoof

the peripheral C—H bonds of PAH molecules: we assume the snode
of each bond to be quantum harmonic oscillators with the SJame
damental frequencies, as giver{in Draine & [i (3001).

To reduce the resulting mode spectra to a computationally
tractable number of energy states, we follow Guhathakurta &
Draine {1989) andl Draine & Li[(20p1) in dividing them inkg,
bins (for our choice of bins, see Appendix A), with mean eiresrg
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Figure 3. The adopted absorption cross sections. Panels (a) anddi)tebse for neutral and ionised PAH grains respectivelgiean by LD0O1 and DLO7
for grains of radius B.. A discussion of the near-infrared feature introduced itie cross sections of ionised PAHs by DLO7 &@5lum, and the negative
feature at 905um, can be found ia5a). Panels (c) andHavshose for carbonaceous and silicate grains respectioeh variety of

grain radiia, assuming a PAH ionisation fractidn= 0.8. Each trace is normalised with respect to the classicé grass section ofa?.

Uj, widthsAU;, and time-averaged occupation probabilifResWe
denote asT j; the transition rate between binsand j. The time
evolution ofP; is then given by:

dP;
=1 ;Tijpj—;TJ’iPi.
1A el

5 =
The time-averaged steady-state probability distributidrich we
seek is that to which the above converges over time, and fahwh
dp;/dt =0.

The elements of j with j > i describe the upward transitions
of grains that result from photon absorption; we model thesieg
equations (15-25) Ll); in Appendix B we re-
produce these relations and describe a numerical optianistitat
we use in their calculation. The elements wijtk: i describe the
radiative cooling of grains; here we use the ‘thermal cardirs’
approximation (equation 41 01, reproducedeh
as Equationp B4), which models the cooling of grains as a oaonti
ous process, where each stadaly makes downward transitions to
the adjacent statie— 1. This allows much faster solution of Equa-
tion|22 to findP;.

The diagonal terms are chosgn (Draine & Li 2001) so that;

(22)

Tii :*ZTjiy (23)
J#!
hence EquatiorEtZ) can be re-written in the form:
dp; MNoin
EI = Z)T”Pj =0. (24)
J:

These equations are solved, subject to the additional risatian

constraint:

(25)

P =1,
.Z'

using the method gf Guhathakurta & Draine (1989). Given #e v
tor P;, we calculate the time-averaged emissivity of each grain us
ing the thermal approximation, under whieh(a,r) can be calcu-

lated using equation (56) 01):
B 2hv3 P
VT2 IZ exp(hv/k6;)—1|’

(26)

where 0; is the characteristic temperature of binas defined in
(R00}), the sum is over all bins whose central
energies are greater thdwv, and we have neglected the factor
(14 A3ug /87) shown by those authors; this represents stimulated
emission and may straightforwardly be shown to be negkgibl

all of the models presented in this paper.

6.2 Largegrains

For sufficiently large grains, the approach outlined ab@emes
inefficient. Their internal energies become much largen tha en-
ergies of the photons they absorb, and so their temperatunted-
tions are not significant. Their internal energy probapitiistribu-
tionsP(E) tend towards delta function re 2001). In this
limit, we can model the energetics and emission of thesegtay
numerically solving the equation of radiative balance ta fineir
equilibrium temperatures:

/(; " Cy abd@)ouy dv = / " 4nCy apd@By(T) v, (27)



wherecis the speed of light, anB, (T ) the Planck function at tem-
peratureT. (BOOL) show that when grains are bathed
in the local ISRF of the Solar Neighbourhood, this continuapa
proximation is valid for grain radii greater than 2K0We adopt
this same transition radius for the range of models consilbere.
The emissivities of these grains are calculated by assuming
them to radiate as modified blackbodies with a single cheristic
temperature:

&y =Cy anBv(T). (28)

7 EVOLUTION OF GASMASSAND METALLICITY

To follow the evolution of a star-forming system we use a $emp
closed box model. We denote the total stellar mass-losydat
to stellar winds and supernovae) &g), with metallicity Zoytfiow-
The total mass of gas and dust in a cloudngt), of which metals
comprise a magsy(t), such thafZ(t) = my(t) /me(t). Thus we may
write:

dme
& ="
We consider two models for the mixing of metal-enriched ma-
terial in the cloud. In the simpler, we assume a time-invdniaetal-
licity, such thaim;(t) = Zmg)ouq(t). We call this model the ‘constant
Z’ mixing model. In the second, we assume perfect mixing, such
that the metallicity of the material which goes into formingw
stars is representative of that of the whole cloud, in whizkec

wt) +3(t). (29)

B — 209 + Zouroul)Z(1). (30)
We call this the ‘perfect mixing’ model.

To calculateX(t) and Zoygion(t) we used the sameTAR-
BURST99 models as described in Sectﬂ)n 4. The evolving metallic-
ity of the gas forming into new stars could not be treated ghigo
as the Padova stellar-evolution tracks usedsiyRBURSTI9 are
only available for five stellar metallicitiesZ = 0.0004, 0.004,
0.008, 0.02 and 0.05. Instead, we modelled each SSP within ou
calculation of the SFH using the track whose metallicity Veam-
rithmically closest to that desired.

As a simple starting point, we model two dwarf-galaxy-
sized clouds. Firstly, we model a system composed initiafly
5x 10° M, of gas and dust of metallicity.05, but with no stars.
This cloud begins to undergo star formation at a rate®M\., yr—1
at a redshiﬂ of z= 10, and maintains this rate of star formation
until the current epoch. We show the evolution of the mass and
metallicity of this system in FigurE 4.

Secondly, we form a model of an early-type galaxy. We as-
sume a system of total massx5L.0° M, composed initially of
zero-metallicity gas. We assume it to undergo star formadiba
constant rate in the redshift range 10-5, such that 90 perafen
this material is converted into stars over this period. TW@wgion
of the mass and metallicity of this system is shown in Figﬂlre 5
We note that our perfect mixing model predicts such galatdes
have decreasing metallicities with time (FigL[lle 5b). Aftex 5,
mass loss from low-mass stars dominate the return of mhteria
the ISM. This material has lower metallicity than supernejecta.

5 See Sectioﬂ 1 for a definition of our adopted cosmology.
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Figure4. A model of the ISM of a galaxy of total mass&L0° M ., initially

of metallicity 0.05 solar, but containing no stars. It begia form stars at a
rate of 03 M, yr—1 atz= 10, and maintains this rate of star formation until
the current epochmy is the total mass of gas and dust in the galaxy’s ISM.
Panels (a) and (b) represent differing models of the mixihmaterial in
the ISM, as described in the text.

8 RESULTS: VARIATIONSIN DUST EMISSION WITH
PHYSICAL CONDITIONS

In this section, we present model results using the diffesengetry
described in Sectio@.s. The simple optically-thin appration
allows us to investigate how the emissivity of dust depemqadsitihe
physical properties of the grain population, and the réatiafield
which heats the dust. Throughout this section, we take foinser-
stellar heating radiation field sTARBURST9 model of a continu-
ous SFH of age 1Gyr, and assume the ISM to be contained within a
homogeneous spherical volume of radigsThis leaves three free
parametersny, x andrg. We choose, however, to re-parameterise
the problem in terms of more physically interesting quaagit- the
column density of hydrogen nuclei along a diameter of the ISM
N, the total star-formation rate of the heating radiationdfi&¥,
andy — by means of the relations:

WL, o
o= — 31
®7\ xxocm 3D
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Figure 5. A model of the ISM of an early-type galaxy of total mass 5
10°M,,, which converts 90 per cent of this material into stars inréfeshift
range 10-5m is the total mass of gas and dust in the galaxy’s ISM and
m, the mass of metals. Panels (a) and (b) represent differirdelaof the
mixing of material in the ISM, as described in the text.

and

i = No/21o, (32)

whereL, g is the specific luminosity of aTARBURST99 model of
unit SFR. The former relation may be derived by setting tlhese
term on the right-hand side of Equati(13) to edial, o.

We truncate our adopted ISRF at an upper energy b&ung
which we set to the ionisation energy of hydrogen,6E3/; as-
trophysically, we would expect inter-stellar neutral hygen to
severely attenuate the radiation field at shorter wavetendio
avoid altering the bolometric luminosity of the ISRF as aules
of this truncation, we assume that the truncated radiatigepro-
cessed to longer wavelengths with a spectrum matching thheo
nebula continuum component of ts@ARBURSTI9 model.

In Figureﬂs we illustrate the contributions made by graimaco
posed of silicates, graphite, and PAH molecules to the thiat
emission. The division between the contributions made hplgjtic
and PAH grains is somewhat blurred because of their beirg-inc
porated into a single carbonaceous grain population withosity-
varying optical properties. For the purposes of the decaitipa
shown in Figureg6, we take ‘graphitic’ grains to be those wittlii
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?
=}
T
N
=<1
E
5108
=
— Total emission
---- PAH emission
1016 | i Graphite emission
-- Silicate emission
1 1 1 1 1 1
2 5 10 20 50 100 200
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Figure 6. Model spectrum of the emission from dust in our diffuse geome
try, neglecting stellar emission. We assume an ISRF apiattepfior x = 1,

Ne = 10P*Hm 2, W =1 M, yr1, for a system of age 1 Gyr. We decompose
the total emission into the contributions from grains cosgzbof graphite,
PAHSs and silicates.
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Figure 7. Spectra modelled using our diffuse geometry with =
10%*Hm~2; we plot the sum of stellar and dust emission. We illustrhee t
effect of varying the intensity of the ISRF with respect to that of the solar
neighbourhood.

> 504, and ‘PAH molecules’ to be those grains with rai50A.
We see that the emission shortwards ofu®® is dominated by
grains in the carbonaceous log-normal peaks, whilst theas
grain population contributes around 70 per cent of the FéRrttal
emission. The graphitic grain population is seen to playatively
minor role in shaping the SED, in agreement with the findingiof
& Draine {200L) that the upper limit on the sizes of the caeson
ceous grains in their model was poorly constrained.

In Figure[’y, we show the effect of varying the intensityof
the ISRF with respect to that of the Solar Neighbourhood |sthi
holding N; and the star-formation rat¢’ of the galaxy constant.
This means effectively altering the volume occupied by thetd
and hence the energy density in the ISRF at fixed total luminos
ity. As x decreases, the peak of the FIR thermal emission is seen
to move to longer wavelengths. The temperature of the grains
tributing to this emission can be estimated from peak of they g
body emission, showing that the temperature of the larglgra
falls from about 24K to 13K ag varies from 10 to @.

In the MIR, the luminosities of the PAH features are essen-
tially independent ofy. This behaviour is explained by consider-
ing the transient nature of the heating of the small grains.tke
range of conditions considered, these small grains coaiiefily
between photon absorption events. Thus, the MIR spectralakg
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Figure 8. Spectra modelled using our diffuse geometry wity =
10%*Hm~2, including both stellar and dust emission. The effect ofyvar
ing the ionisation fractiorf from its default of 08 is illustrated.

ies are independent of whether a small number of grains ate ea
undergoing frequent excitations, or a larger number ofngraire
each undergoing less frequent excitations. If we considengle
photon of stellar origin, the probability of its being abised de-
pends only upon the integrated column density of dust iettses

in its passage through the ISM. Thus, the emission of tratigie
heated grains depends only uplp and the form of the spectral
energy distribution and hendg, independent of.

In Figure[ﬂ}, we show the effect of changing the ionisation
fraction f of the PAH grains, as defined in Sectiﬂn 5, from its de-
fault of 80 per cent. For a discussion of observational evidehat
PAH ionisation states vary between differing astrophytsiogiron-
ments, see, e.d}, Draine & 1[i (2401). We see that the MIR featu
inthe 5< A /um < 9 region are enhanced in ionised PAHSs; those in
the 10< A /um < 20 region are enhanced when PAHSs are neutral.

The effect of PAH ionisation can be understood in terms of
the adopted absorption cross sections shown in Fﬂure 3eithe
hancement of the luminosity of theSA /um < 9 PAH features
when PAHSs are ionised can be explained simply from our adop-
tion of aCf (@) which is larger at these wavelengths for ionised
PAHSs; the enhancement of the8gm feature when PAHs are neu-
tral may similarly be explained. The enhancement of thaufestin
the 10< A /um < 20 region when PAHSs are neutral, however, can-
not be so explainedz}an(a) is essentially independent of PAH
ionisation state at these wavelengths. The explanatideaddies
in the energetics of these grains. The UV-visible absanptimss
sections of PAH molecules are essentially independentedf iitm-
isation states; neutral and ionised grains re-process IS ra-
diation into the MIR at essentially identical rates. If maltPAHs
are less luminous than ionised PAHs in the 3 /um < 9 region,
they must be more luminous at other wavelengths to have the sa
bolometric luminosities.

We now examine the variation in the MIR feature strengths
as a function of the physical properties of the populatioffAH
molecules. The size distribution of PAH grains may deperitit cr
cally upon environment; in H regions, for example, strong fluxes
of ionising photons may destroy many of the smallest gr&8nsh
speculation is supported by the observation (see, e.gng&fner
& Draine) that a diverse set of grain size distributiaresre-
quired to fit Milky Way sight lines.

In Figureﬂ)(al) we decrease the numberof interstellar car-
bon nuclei per hydrogen nucleus locked up in PAH moleculas fr
its default value obc = 6 x 1075, We meanwhile hold the power-
law component of the grain size distribution unchanged. ¥é& s
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that the result of removing some of the smallest grains frben t
model in this way is that the MIR luminosity decreases — avalht
to leave only the Jeans tail of the stellar emission in its@Id his
result is as might be expected as carbonaceous grainawitlﬁ,&
contribute in excess of 90 per cent of emission at 10um.

In Figure@(bl), the effect of altering the relative projpams
of the numbers of carbon nuclei composing PAH moleculesén th
two peaks is illustrated; as defined in Sect[lmb@l is the propor-
tion in the 35A peak andbc » = 1 bc 1 that in the 3@ peak. Our
default model habc ; = 0.75. We see that the effect this change on
dust emission is to enhance emissiod af 17um when a greater
fraction of the carbon nuclei are placed in theA peak, while re-
ducing emission ad > 17um. A pivoting motion is seen around
A ~ 17um, where the emissivities of grains in the two log-normal
peaks, normalised per unit carbon atom, approximatelyleme
another.

In Figurel]a(cl), we consider_the effect of varyiag — the
grain radius, as defined in Equati@(lS), at which the oppiazp-
erties of the carbonaceous grain population shift from eéhos
graphite to those of PAH molecules. We see that the features a
A < 11um are little altered wheay is changed from 58 to 104,
but that further reducingy to 4A does suppress those PAH fea-
tures with respect to the MIR continuum. As shown in Fi(ﬂlmsy(
above, emission a&x < 17um is dominated by dust in the A
log-normal distribution, and so is only affected orageis reduced
to a comparable size. We conclude that our model predictoas
relatively insensitive t@g, a result in agreement wie
), who found it to be relatively poorly constrained tyser-
vation.

Thus far we have used as our default grain size distribution
that preferred by Weingartner & Drajne (2001) for Milky Waglst
lines with Ry = 3.1. These are typically sight lines which pass
through infrared cirrus, away from dense molecular clotitiswy-
ever, those authors also fit grain size distributions to tis dlong
sight lines which pass through more dense parts of the Milky,W
characterised by larger values Bf;. For each value oRy, they
present a range of fits for different assumed valuel-ofin Fig-
ure, we show the spectra produced by our model when we use
the grain size distributions given by those authordRpr= 4.0 and
5.5, in each case using the valuel®f which they find to best fit
the sight lines studied. For these enhanced valud®,ofwve find
that the infrared emission is reduced in line with what woléd
expected from the reduced number of dust grains per unitaolu
density in these size distributions.

9 RESULTS: CIRCUMNUCLEAR SHELLS

In this section, we present spectra modelled using our Tintu
clear geometry. As in the previous section, our defaultihgata-
diation field is a stellar population with a continuous SFyrs
formation rate¥ = 1 Mo yr~1 and age 1Gyr. We again truncate
this at an upper energy bound Bf,ax = 13.6eV and scale up the
nebula continuum component of the heating radiation fietdat:
ingly.

We find that the predictions of our model depend only weakly
upon the geometrical thickness,— rq, of the dust shell. For ex-
ample, the emission from a dust shell of inner radigis= 1kpc
and outer radius; = 3kpc is little different from that of an in-
finitesimally thin shell at a radius of 2kpc. Within the acacy of
our numerical integration, these two models are indisistzable
at A < 14um. At longer wavelengths, they do differ, the thicker
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Figure 9. In each row, the left plot shows spectra modelled using dtust geometry withN; = 10?*Hm2, x = 1 and¥ = 1 M, yr~1. These include both
stellar and dust emission, and illustrate the effect of maryhe the size distribution of carbonaceous grains uperotterall dust emission. The right plot
shows the size distribution of carbonaceous grains usdtkiplot to its left. Panel (al) illustrates the effect of wagythe strengths of the log-normal peaks
in the size distribution. Panel (b1) illustrates the effetvarying the relative strengths of the two log-normal pedkanel (c1) shows the effect of varying
the grain radiusg at which the carbonaceous grain population makes its snathition from having the optical properties of PAH molesuto those of

macroscopic graphite particles.
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Figure 10. Spectra modelled using our diffuse geometry wih =
10%*Hm~2; we plot the sum of stellar and dust emission. We use the grain
size distributions preferred t[y Weingartner & Dr. ﬁi Milky Way
sight lines withRy = 3.1, Ry = 4.0 andRy = 5.5. The values ob¢ in these
models are, respectively, 610>, 4x 10~ and 3x 1075.

shell having an enhanced luminosity at 15410, enhanced by
23, 72 and 29 per cent at 20, 40 andu0 respectively. This can
be understood in terms of two effects: an enhanced probabili
multiple-photon heating of small grains close to the inrdgesof
the shell, and radial variations in the temperatures ofahgel dust
grains. For the remainder of this section, we adopt a gegmsitin
ro = 1kpc andr; = 3kpc.

Figure shows model spectra for dust shells with column
densitiesNe = 10?4 and 15Hm~2; we assume solar metallicity
for both the stellar populations and the dust shells. Foheae
show the contribution made by attenuated stellar radiatiore.

I‘(,1> in Equation ﬂa) — given by:

Lstellar = Lye~Cvadle, (33)

whereL, is the luminosity of the central heating source.
WhenNe = 10?4Hm~2, stellar emission contributes 95 per

cent of emission at gm. Convolution of this spectrum with the

passhands dpitzer's InfraRed Array Camera (IRAC) reveals that
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Figure 11. Spectra of dusty star-forming regions modelled using our ci
cumnuclear geometry. For the heating radiation field, dastpbpulation
with continuous SFH, star-formation raé= 1 M. yr—! and age 1Gyr is
used. Panels (a) and (b) show spectra of dust shells of collensities
N = 10?4 and 165 m~2 respectively.

stellar emission contributes 92, 91, 34 and 11 per cent iclibe-
nels at 35, 45 5.8 and 80um respectively.

At Ne = 102°Hm2, these contributions reduce to 60 per cent
of emission at 44m, and 48, 45, ® and 088 per cent in the IRAC
channels at 3, 45, 58 and 80um respectively. An absorption
feature in the attenuated stellar emission component isa®eind
10um, indicating that the silicate.Bum feature has an optical
depth of 04 in this model.

In these model spectra, two PAH features appear well-islat
from their neighbours: that at3um and the new D5um feature
added by DLO7. In th&; = 10?®Hm~2 model, these have equiv-
alent widths (B and 004pm respectively. In thél. = 10?4Hm=2
model, the Bum feature has equivalent width.0um; the
1.05um feature is not apparent.

Infrared Spectra of Galaxies 11

10%

(a) Early-type system

— Age = 0.89Gyr (2 =6)
-- Age = 2.5Gyr (z = 2.5)
Age =5.6Gyr (z=1)

- Age = 13Gyr (2 =0)

0%

10% -

10%%

10+

1024

(b) Late-type system

1023 — Age = 0.89Gyr (2 = 6)

2.5)
Age =5.6Gyr (z=1)
-+ Age = 13Gyr (2 =0)

1022

L,/WHz !

100 -

1020 L

10%

(c) Late-type system; N, = 102 Hm ™3

1023 |

10

102!+

1020 L

. .
0.1 1 10 100
A pm

Figure 12. The time-evolution of the spectra of dust-enshrouded star-
forming regions modelled using our circumnuclear geoméirall cases,

ro = 1kpc andr; = 3kpc. Panel (a) shows the evolution of the SED of the
early-type galaxy modelled in Figuf¢ 5; the star-formatiistory and dust
column density assumed are as shown in that figure for thegierfixing
model. Panel (b) shows the evolution of the system with amgetar for-
mation modelled in Figurﬂ 4. Panel (c) shows a system wittsémee SFH

as Panel (b), but assuming a constant column dehsity 10?°Hm=2.

In these plots we have, as previously, assumed the grain sizesive stars which produce it. This contrasts with the behavéeen

distribution which|Weingartner & Draihg (2001) fit to Milky &y
sight lines withRy = 3.1, assumingoc = 6 x 10~°. From Fig-
ure , we can see that the effect of using a size distrib@pn
propriate for a larger value dR; would be a small reduction in
dust emission at all wavelengths.

In Figure we trace the evolution of our model spectra as a

function of age for a range of SFHs. FiglE 12(a) traces tloe ev
lution of the early-type galaxy modelled in Figyfe 5; Figfig(b)
traces that of the system with ongoing star formation medeith

Figure[h.

in Figure(b), where the system becomes more metal-rich an
dusty as it evolves, increasing extinction at ultraviolavelengths.

10 THE DEPENDENCE OF MIR LUMINOSITY UPON
SFR

To probe the dependence of the MIR luminosities of our models
upon SFR, we constructed a set of circumnuclear models, teach
ing a continuous SFH of age 1 Gyr but different star formataias,

Figure c) shows a system with the same SFH as that mod- ranging from 0.02 to 100 Myr—1. We adopt otherwise constant

elled in Figure 12(b), but assuming a constant dust shelinsol
densityNe. = 10?°°Hm~2. The time-invariance of the emission at

model parametersy = 1kpc,r; = 3kpc and\. = 102°°Hm—2. We
constructed two sets of models, using the LDO1 and the DL PA

A <£300nm can be understood in terms of an equilibrium being cross sections, to compare their predictions.

reached between star formation and stellar death among dke m

We compare these to the sources in 8pizer extragalac-
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tic First Look Survey (FLS) field. We correlated this soure-c
alogue with the Fourth Data Release of the Sloan Digital Sky S
vey (SDSS[ York et 3l 20p¢; Adelman-McCarthy ef[al. 2006) us

ing a 2’ matching radius to obtain redshifts for these sources, and

used emission line measurements from the MPA/JHU cataﬂ)gue
To remove AGN and spurious/marginal detections from tha-cat
logue, and to correct for aperture effects and extinctioa,fol-
lowed [Nikolic et al. [2044): AGN were identified using the spe
tral classification scheme §f Veilleux & Osterbrpdk (llogaper-
ture and extinction corrections were applied to the emis$ite
data using the prescription pf Hopkins e} &l. (3003). Wenesstid
the SFRs of the sources by comparing their iminosities with
that predicted bys TARBURSTI9 for a 1 Gyr-old continuous SFHs.
K-corrections for theSpitzer 8um and 24.m fluxes were derived
using our models described above, selecting for each otijactt
model which most closely matched therHlerived SFR.

We convolved our model spectra with theu® and 24pm
passbands d¥itzer to produce matching data from our model and
the observed source population. The results are shown m@;
also shown are power-law fits to the observed source popalati
the fit coefficients for which are listed in Talﬂs 2 (c.f. a danffit
performed b5). Inthe upper panels, we use tf&LD
PAH cross sections (see Sectl])n 5) in our models; in the lpae+
els we use the DLO7 cross sections. The non-linearity of cadeh
Ly (24um) — W relations at¥ > 10 M. yr—?! results from the in-
creasing emission of grains excited by multiple photonkahigh-
est star formation rates.

These results are insensitive to the chosen geometry, as the

emission from our models at both 8 and @4 is dominated by
grains in the transiently heated regime. The luminosities faow-
ever, dependent upon the column density of dust; this i¢ylitee

be one cause of the scatter of the FLS sources from our model re

lations. Increasind\c by an order of magnitude, to #Hm=2, in-
creases our predictions bf (8 um) by a factor of around 1.75, and
Lv(24pm) by a factor of around 2. IncreasiiNg further causes our

predictions forL, (8um) to decrease as self-absorption becomes

significant. Further scatter in these plots is likely to ieBom the
uncertainly in the conversion of ddluminosities into star forma-
tion rates.

It is interesting to note that a better fit to the gd lumi-
nosities of the FLS sources is obtained using the LD01 PAldscro
sections compared to the DLO7 cross sections (see Fi@besntﬁ
@d). This difference can be explained by the enhanced PAskcr

sections at 2dm in the LDO1 model, as seen in Figurﬂas 3(a) and

E(b). The fit to the 24um luminosities in FigurﬂS(d) can be im-
proved by increasind|l;, but this leads to an over-prediction of the
8-um luminosities in Figurﬂ3(c).

11 PREDICTED GALAXY COLOURS

Using the models presented in Sectiﬂn 9, we can make predic-

tions of the relative merits of colour diagnostics in thecdimina-
tion of systems with ongoing star formation from those wittlyo
old stellar populations. In Figuv|§|14, we show the colourtatd-
and early-type models, with continuous and instantanebitits 3e-
spectively, enshrouded by three different column derssidfedust.
In the lower panel we consider colours formed betweerdthand
of the UK InfraRed Telescope (UKIRT), as used by the UKIRT

6 Available from:http ://www.mpa-garching.mpg. de/SDSS/i

A a b N

9.45+0.05
9.06+0.04

087+0.08 75
097+0.07 81

8um
24um

Table 2. Coefficients of the power-law fits shown in FigLE 13, where
l0g;o(VLy(A)/Le) = a+b x log;o (W/ Mg yrt). The number of sources
used in each fit i8l. Although theK-corrections derived for the FLS galax-
ies differ depending upon whether the LDO1 or DLO7 PAH crasgiens
are used, these differences are modest; the changes totbke-lpav coeffi-
cients above are much smaller than the quoted errors.
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Figure 14. Plot of the positions of galaxies modelled by our circumeacl
geometry in colour-colour space. Each trace representsviblation of a
model galaxy from an age of @Gyr (top-right end) to 1BGyr (lower-

left end). Late-type galaxies, with continuous SFHs, a@whwith solid

traces; early-type galaxies, with instantaneous SFHsanen with dashed
traces. Three traces are shown for each galaxy type, repirgggalaxies
enshrouded with three different column densities of duditcélours are
shown in magnitudes, and are calculated in the galaxy raster

Infrared Deep Sky Survey (UKIDSS), in conjunction wishitzer
MIR photometry. In the upper panel, we consider colours tvhic
use only IRAC photometry. In all cases, the late-type models
pear redder than systems with only old stellar populatiargsult

of the enhanced UV-pumping of PAH grains. Models which are en
shrouded by higher column densities of dust appear sysiatiat
redder, as a result of their enhanced dust emission.

All of these colour predictions are robust to changes in star
formation rate. In our model, both stellar and PAH emission are
linearly proportional td¥ except at the highest star formation rates
(see Figurg 13); only the far-infrared greybody varies iloaowith

Y. These predictions are also robust to changes in the assumed
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Figure 13. Solid lines: TheSpitzer-convolved 8um (Left panels) and 24im (Right panels) luminosities of circumnuclear models wvaitimtinuous SFHs,
age 1Gyrrg = 1kpc,r1 = 3kpc andN; = 102Hm~2. Dashed lines: Power-law fits to tiSpitzer extragalactic FLS source population (points). In the upper
panels we use the LDO1 PAH cross sections; in the lower paveelsse the DLO7 cross sections.

masses of the galaxiesW¥ is assumed to scale linearly with mass
whilst N; remains constant. In Figu@ls we investigate the red-
shift and column density dependence of the colours showigin F
ure by tracing the redshift evolution of systems of camisti.
The diagnostic power of colours formed between IRAC chanel
is limited beyondz > 0.5; at higher redshifts these bands are in-
creasingly dominated by stellar emission, especially aetodust
column densities. The power df— 8um andJ — 24um colours
extends to higher redshifts, though a degeneracy existgebet
highly obscured old stellar populations and recent stanébion.

In all cases, the two SFHs considered in Fie 15 convergiglat
redshift; both contain relatively young stellar populagoshortly
after their formation az = 10.

12 SUMMARY

We have developed a semi-empirical model of the emissiomnisif d
in star-forming galaxies, capable of producing model speghich
extend from the Lyman limit through three orders of magretird
wavelength to the far-infrared. A particular strength ssstate-of-
the-art model of the mid-infrared PAH features: we treattthe-
sient heating of small dust grains using the sophisticatetthod of
Draine & L{ (001) and use the grain interaction cross sestiof
Draine & L{ (2007).

In SectionB, we showed how the predictions of our model de-
pend upon the microscopic properties of the dust grain @ojou
— its grain size spectrum and ionisation state, for exanipl&ec-
tionsﬂ) anﬂo, we went on to demonstrate the spectra prodyced
our model depend upon the large scale properties of galakieis
star formation histories and dust column densities. In lf’ei@, we
found that thepitzer extragalactic First Look Survey (FLS) source
population is better matched by models which use the PAHscros

sections of Li & DrainH(ZOQl) than those which use the cress s
tions of Draine & Lji (200f7).
In Section 1, we provide estimates of the near-to-mid-

infrared colours of early- and late-type galaxies, denratisig the
power of our model as a tool for interpreting colour-coloia-d
grams.
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APPENDIX A: CHOICE OF ENERGY BINS

The energy bins used in Sectie.l are chosen soRtE&} is
well-sampled in regions where it is changing rapidly. Fersmall-
est grains, this means that the ground state, and thosetdldse
must be well-sampled. To ensure that this is the case, wheshf t
lowest-energy bins in our scheme to contain fidowest-energy
vibrational states of dust grains, one in each bin, thusitgéhem
exactly. At the opposite extreme, we require the occupgtiof-
ability of our highest-energy bin to be very small, such tthet
high-energy tail oP(E) is not truncated.

To meet these requirements, we place the NexXtins at linear
intervals ofUn, —Un,—1 aboveUy;,. We then place the remaining
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Npins — N1 — N2 bins at logarithmic intervals abowgn, N, with

multiplicative spacingx given by:

11
15 10A
=3 154250 (70 15 50A
350A—50A o
3504

NN N

O O DD

< 10A
< 50A
< 350A

(A1)

In this paper, we ushl; = 20, N, = 50 andNp;ns = 600.

APPENDIX B: CALCULATING THE TRANSITION
MATRIX T

Several approximations for calculating the emission freocisas-
tically heated dust grains are discussed in detail by Dré&irig
(£001). They all rely on dividing the possible enthalpy emtof
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the grain into of the order of 500 bins and calculating theophl- max
ity of a grain transitioning from an enthalpy that belongste bin Yj
to an enthalpy belonging to a different bin. AU

The upward transition rateg; are given by RDraine & I_i ymin
p00], equation 15): !
cAU; W :
Ti =T —L]J- " Gji(E)CabdE)Ug(E)dE  for j < Npins,
b (B1) W W, Ws Wy
c W, E —Wl d Uimax
Ti = 50 e (g ) Cand B (€ N
+ [ Cd e ] tori—tws (@2 oo

c

whereCyps is the grain absorption cross sectiag, is the energy
density of the radiation field an@; is a correction factor for the
finite width of bins and is given by:

E-W
W, E
AU, BV
min(AUj,AUi) Wo < E <W
Gji= AU jAU; 7 (B3)
W, —
— E <W,
a0y, e<EsWe
0 otherwise.

The integration limit quantitie®v;, Wo, W5 andW; are defined in
Figure[BLW is equal taJ" —umn.
Throughout this paper, we use the continuous cooling approx

imation for the downward transition Ol, equa

tion 41):
1 8
Ui—Uj h3¢?

Escabs(E)
8 /oEuexp(E/kGu) -1

Tii

dE fori>1;j=i—1(B4)

T;i=0 forallother{i,j} (B5)

where 8, is the characteristic temperature of hinas defined by
(ood).

The computational cost of evaluating the transition makjix
is dominated by evaluating the upward transitions, in paldr the
integrand in Equatio 1), separately for edchj} pair. It may
be reduced by noting that, althou@y; is a function ofi and j,
it always remains a linear function of E. Hence the integramnd
Equation ) is, for any{i, j} pair, a linear combination of:

1(ab) = [ ECadEue(B) (86)

and

b
Iz(a,b):/a dE -E - Capd E)ug (E).

wherel; and |, are independent af and j. We can then write
Tji as a linear combination df (W1, W), 11(Wo, W), 11(W5,Wy),
I2(W,W0), 12(Wa,Ws) andlo(Ws,Wy), with coefficients which are
independent oE. We evaluaté; andl, by non-adaptive integration
using a pre-computed grid of the two integrands appearihgand

Io. By using this grid, we reduce the number of necessary evalua
tions ofCapy E) andug (E) from &(N2) to ¢/(10°). Non-adaptive
integration is appropriate sincg, the output of stellar population
models, is computed on a fixed grid.

(B7)

Figure B1. lllustration of the energy boundaries used in funct®p(E),
wherej andi are the indices of the upper and lower bins respectively and
UMin andUMa* are the boundaries of thith bin. Note thai\, is the smaller
andW the larger of the pair of valuegt " — U'a) and (U™ —U™in),
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