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Abstract. This paper reviews the theoretical modelling of starbuataxjes with particular empha-
sis on the importance of the gas-phase physics in detergnihanform of the continuum SED and
the emission line spectrum. Both line and continuum diatic®save been used as star formation
indicators. Here, we examine from the point of view of theottyehow reliable each of these indi-
cators may be, and to what physics of the galaxy they aretsensiith the aim of decreasing the
errors associated with measuring the star formation histbthe universe.

1. INTRODUCTION

What motivates our theoretical attempts to model the SEDgatdxies? Put another
way, what do we hope to learn from such an exercise? Firsdyshould recall that the
bolometric luminosity of a starburst galaxy is dominatedtiiog young stars it contains.
Thus regardless of how much or how little of this luminosgyreprocessed through
the dusty interstellar medium either through thermal eimiss the IR of dust grains,

through fluorescent processes or through heating and resgmiin an ionized medium,
the pan-spectral SED tells us what the star formation ratewtly is, or has been in the
recent past. The first objective of pan-spectral SED maugls therefore to be able to
reliably infer star formation rates in galaxies and to pdaviikely error estimates using
observational data sets which may in practice be restrtotedly certain emission lines
or spectral features.

The importance of being able to reliably measure star faomatannot be under-
estimated, since the star formation history of the univessefundamental indicator of
galaxy evolution. The famous Lilly-Madau Plot [62] provadthis quantity on a global
scale. This plot shows the star formation rate (in solar e&psr year) per (cosmology
corrected) co-moving volume (Mppvs. the redshiftz. As shown notably by Ascasibar
et al.[6], an unacceptable scatter attaches not only to Itsergational estimates, and
also to theoretical estimates based on A@DM cosmology. For the observational
data, much of this scatter results from uncertain corrastior the absorption by dust,
and from the application of different methods with differ@iservational biases and
uncertainties. For the theoretical curves the uncertgsnére mostly due to cosmic
variance, the choice of the “prescription” of star formatihich has been adopted,
and to the treatment of feedback between the star formatiote interstellar medium.

Beyond the global picture of the star formation history oé tiniverse provided
by the Madau Plot, there is increasing interest in derivimg $tar formation rates of



individual galaxies at high redshift to determine how gaaxwere assembled as a
function of environment and of time. At high redshift, magssdusty protogalaxies
have been observed to be forming stars at many thousanddanfrsasses per year
[7Q]. If continued, such bursts would convert all the gatagas into stars in roughly
a dynamical timescaley 108 years. By contrast, there is increasing evidence that the
Lyman break galaxies represent a more moderate (and psobalth less massive)
class of object with, in many cases, little dust obscuratod star formation rates
~ 50Myr~L. In order to interpret the SEDs of such distant objects, vt fieed to
understand how the form of the SED is controlled by the in¢des physics and the
geometry of the stars with respect to the gas. To do this, wddmoe best advised to
first study and model nearby star-bursting objects such @s220 in which we can
better resolve the structure of a starburst region, and faclwwe frequently have much
better quality data over more wavebands than we have for mgltredshift objects.
Once understood, such objects can then be used to gain physight into these more
distant sources

Such theoretical studies of nearby objects provide therskoaotivation for SED
modelling; to gain insights into the physical parameterstafburst galaxies, such as the
stellar populations, the atomic and molecular gas contieatstar and gas-phase metal-
licities, the physical parameters such as pressure or mesity of their interstellar
media, and the nature of the interstellar dust, its comjposdand spatial distribution.
These physical parameters then drive insight into the ghyprocesses which control
them. These include as supernova processing, shock-iddt@eformation, dust grain
processing, synchrotron losses as well as many others.

2. STAR FORMATION INDICATORS

Almost any feature in the SED of a starburst galaxy could,ringiple, be used as a
star formation rate (SFR) indicator, provided the appierbolometric correction can
be worked out. In many cases, however, this is by no meansial #kercise. Here we
briefly discuss some of the more commonly-used techniquegtermine the SFR in
galaxies. Others exist (for example, the X-ray flux), butsthare not yet sufficiently
well understood from a theoretical point of view to warramtlusion here.

The optical / UV continuum. For those techniques which depend upon optical or
UV datae.g.[14], the effects of dust obscuration in and around thefetaning regions
are particularly severe, and make it mandatory that we wtaled the dust attenuation
physics, which is discussed extensively by Fischera heig [8 principle, provided
that the initial mass function (IMF) is invariant, the imsic UV luminosity should
scale directly as the star formation rate. From stellar tspakesynthesis models, the star
formation rate is given in terms of the 1500A flux ty/[49, 67]:

[SFRuv/Mg yr 1] = (1.2—1.4) x 10728 [Lyy ferg s T Hz 1. (1)

Thefar-IR continuum. The use of the far-IR emission from warm dust associated
with the star formation region may provide a more reliabtaneste of the SFR [31, 40].



However, star formation rates derived in this way most fegdly assume that the dust is
effectively acting as a re-processing bolometer wrappedrat the star forming region,
and that cool and old stars do not provide too much of a carttab.

In any real galaxy, old stars exist, and the stars are neithebscured by dust,
and nor are they totally obscured [69]. This degree of oladour is one of the many
“geometrical” factors which render the derivation of thesallote SFR quite uncertain.
For example, Inoue [45] includes a number of these geonaétectors in the following
formula for the IR luminosity of a galaxy:

Lir = Lya + (1 — f)Lic +€Luv + Nloid (2)

This allows a fraction(1— f), of the ionizing flux to be absorbed by dust in the H
region, assuming that all of the Lymanphotons are multiply scattered by the gas and
ultimately absorbed by dust in the surroundinigrefgion, that a fractiorg, of the non-
ionizing UV photons are absorbed, and that a fractjoof the radiation field produced
by the old stars is also absorbed by dust. Photoionizatiotetsmf HI regions show
that, typically, the Lymaru flux is of order 30% of the total stellar flux absorbed by the
nebula, so that globally, the dust is fairly efficient in aatg and re-radiating the flux
originally radiated by the star in the Lyman continuum.

The dust obscuration is observed to increase both with galamass|[53], and
with the absolute rate star formation [12,/1) 23, 88]. Thia ba understood as the
combination of the degree of chemical evolution of the stilar medium, which leads
to a low dust to gas ratio in dwarf galaxies, and of the openadf the Schmidt Law [74]
of star formation, which couples the star formation rateypet area to the gas surface
density, and therefore, for a given dust to gas ratio, to t& dbscuration, provided
that the surface rate of star formation is coupled to the aloite of star formation,
which appears to be most often the case. Recent dzta [49 V&8 Xxrr [ Zgas with
n~13-16.

Theradio continuum. The radio continuum has also been used as a star formation
rate indicator. Observationally, there is an extraordipatose correlation between the
60um infrared continuum and the radio 1.4 GHz continuum of stamfng galaxies.
This linear correlation spans 5 decades of magnitude with less than 0.3 dex dispersion
[92,191]. The mean relationship between thei60flux and the 1.4 GHz continuum is:

[L1.agHz/W HZ 1] = 10" [Legym/Lo | 3)

In star forming galaxies at 1.4 GHz, the non-thermal emrsbiprelativistic electrons
dominates by at least an order of magnitude over the freeengission/ [16]. Therefore,
and somewhat remarkably, this relationship couples a puh&rmal process with a
non-thermal process, over many decades of flux, and loedtlyin individual galaxies.

If the lifetime of the synchrotron electrons is short conguamwith the evolution
timescale of the starburst, then as Bressan, Silva & Grajidip have shown, the
synchrotron emissivity acts as a bolometer of the supernatea This works because
the relativistic luminosity is ultimately derived from tHeermi acceleration process
in supernova shocks, which for constant efficiency shoulgroportional to the star
formation rate. Specifically, the non-thermal luminosgyiven by:



Lnt(v) OM, B 1y—@ (4)

whereM, is the total star formation rate. Since the observed sddotiax lies in the
range, 06 > a > 1.0, there is only a very weak dependence on the magnetic fi¢hdsin
case. To the extent that the FIR luminosity is providing aob@étric indication of the
SFR, this seems to provide the most natural explanationeoftR : radio correlation
in starburst galaxies. This will be especially true when pihessure in the interstellar
medium is high, since provided that the magnetic pressuire egjuipartition with the
gas pressure, the synchrotron losses are strongly enaalitagthe high interstellar
magnetic field.

Recombination emission lines. A fairly direct and extensively-used technique is to
measure hydrogen recombination line fluxes. Provided tiealthl region can absorb all
the EUV photons produced by the central stars, this shouédrbiable technique, since
in this case the flux in any hydrogen line is simply proporéltn the number of photons
produced by the hot stars, which is in turn proportional ®llrthrate of massive stars.
This relationship has been well calibrated at solar metgfifor the Ha line. In units of
M yr—1, the estimated star formation rate is given by [26,49, 67]:

[SFRua /Mo yr] = (7.0-7.9) x 10 *[Lyq /ergs™1]. (5)

Provided that the star-formation regions are resolvedr, Be@mer decrements can be
used to estimate the absorption in any foreground dust isck@wvever, it is possible
that some star forming regions are completely obscured) avdHa. This problem
can be avoided by observing at infrared wavelengths, i, Bor example. A further
complication is that the dust content of the nebula is metaidependent, and therefore
an appreciable fraction of the hydrogen ionizing photony bma absorbed by dust in
high metallicity HI regions. This possibility, first seriously quantified byr®stan [63],
has been discussed by a number of authors since and itsledfebeen investigated and
quantified (as far as is possible by direct observation) ierges of recent papers by
Inoue and his collaborators |43, 42] 44]. Dopita [24] hasnghthat this effect increases
in importance in the more compactiHegions, and may lead to errors as high-a30%
in estimates of the global SFR. Indeed, in ultra-compadttégions, as much as 90%
of the ionising photons may be lost to dust in the ionized felbdowever, the magnitude
of this effect is a function of the product of the metalli¢iB/ and the dimensionless
ionization parametef7/, both of which can in principle be determined by emissiog lin
diagnostics.

[Oll] emission lines. The Balmer lines shift out of the visible range by 0.4. The
other strong emission lines accessible at higher redstaftree [QI] and [Qlll] lines.
Of these, the [@I] lines are known to be very sensitive to the ionization paetan and
therefore the [@] A3727 9A lines have been used of necessity to try to estimate the SFR
for galaxies lying in the redshift range~ 0.4 — 1.5. Photoionization models show that
these are by no means ideal as star formation indicatorapsedheir strength not only
depends on the attenuation, which tends to be large in théu\also on the metallicity
of the ionized gas. These may lead to large discrepanciesebatSFR estimated from



Ha and from the [@] lines |15]. However, Kewley and her collaboratorsi[54] av
developed techniques to allow corrections for both meigajliand reddening which
bring the results of these two emission line techniquesnmich better agreement (see
also the paper by Kewley, elsewhere in these proceedings).

3.PHYSICAL ELEMENTSOF SED MODELLING

A successful model for the SED of a starburst galaxy musgldogether in one package
a wide range of physics including the structure evolutiod atmospheric models of
stars, the full physics of ionized plasmas, a realistic dostlel and a certain amount
of molecular physics. In addition, the geometry of the dushwespect to the stars is
fundamental in determining the shape and peak of the fap{Bmission, as discussed
by Popescu & Tuffs (this volume). Ideally we should seek teetlegp an understanding
of the geometry from the constraints offered by the othespdsyof the problem. Finally,
the radiative transfer problem must be solved for the corplelti-phase nature of the
interstellar medium. Few, if any, models have all these @ayglements included at the
same time.

Stellar Spectral Energy Synthesis.  There are a number of publicly available codes
which give consistent results on the SED of the stellar camepg for whatever choices
of the IMF are preferred. These include the Starburst 99 addeeitherer [59], the
Pégase code [34], the Bruzual and Charlot code [11] and theltpKodama & Arimoto
[4€]. These codes differ mainly on their predictions in tHé\Esince here they rely on
theoretical atmospheric and mass-loss models in which d deal of progress has been
made recently. In this respect the Starburst 99 code is plplize state of arl [78]. The
major strength of the Bruzual and Charlot code is in the ssgithof the older stellar
populations.

lonized Gas Physics. For the ionized plasma, two major codes have been used in

SED modelling, the Cloudy codel33], and the Mappings Il €{@3, 20, 21]. Both of
these include all relevant gas-phase physics and a complatdel for the absorption
and re-emission of radiation by dust grains in the nebulas&hcodes provide both
the emission line SFR diagnostics discussed above, as wdliving estimates of
both the chemical abundance and the ionization parametéeimonized gas[20, 52].
The ionization parameter provides us with an independeysipal constraint on the
geometry of the gas and dust with respect to the central stars

Grain Composition and Size Distribution. Most models use a dust model con-
sisting of both a carbonaceous and silicaceous compongatt kom composition, the
grain size distribution and the grain composition are theqgyal factors which deter-
mine the wavelength-dependence of the absorption anesogtprocesses. Most mod-
els use a grain size distribution and a composition whickdyiesults consistent with
observations of the extinction curve, and which also attertgpmatch the constraints
on the cosmic abundances of the atomic species locked uehgrains in local and
Magellanic Cloud environments. Examples include the olR&sert et all[19] the more



recent Weingartner & Draine model [89) 90] or the models oERwand his collaborators
[32].

The far-IR re-emission process depends critically on tlagngsize distribution, since
small grains are subject to large stochastic variationseofperaturel [60, 27]. Most
codes take this effect into account when computing the Rasppectrum. The grain
size distribution in the ISM results from the balance betw#e grain formation and
destruction processes. It has usuélly [63] been repredéyta power law over a wide
range of sizesg;

dN(a)/da=ka ™ amin < a< amax. (6)

wherea, amin andamay are derived by an empirical fit to the scattering and extimcti
in the local ISM. A more complex distribution has been sutgptsn physical grounds
[89], and this takes into account both silicate and carbmmtaining grains with different

grain-size distributions. For the carbonaceous graimsptiycyclic aromatic hydrocar-
bon grains (PAHS) are treated as providing an additionalpmrmant on a continuous
distribution of grain sizes. Even these distributions cammapproximated by power-laws
over a wide range of radii.

Grain shattering has been shown to lead naturally to thedtom of a power-law
size distribution of grains witlr ~ 3.3 [47], observationally indistinguishable from the
MRN value,a ~ 3.5. Such a grain size distribution can also hold only betwestam
limits in size,the smaller size being determined by natdestruction processes such
as photodestruction, and the upper limit being determinetinbits on the growth by
condensation and sticking. To capture these elements gilty&ics, Dopita et al [25]
have adopted a modified grain shattering profile with the form

o (8/amin) 2

_ —-a
dN(a)/da=ka 1L e

(7)

Although it is certainly true that the size distribution ifuaction of the environment,
it is very dangerous to make the grain size distribution @ parameter, since this could
enable one to fit the far-IR emission peak with entirely therwg geometry of the gas
with respect to the stars. It is better to take the approashggred by Dwek, and use
the constraints offered by the UV attenuation by the dusukameously with fitting
the far-IR peak. However, in such an exercise we must alsedakount the turbulent
fractal structure of the ISM dust screen, which provideseatpr than expected opacity
in the IR, but which gives a smaller than expected attennatiadhe UV, see Fischera
35,136, 37].

Grain Destruction. Since, in this conference, the possibility that environtakn
effects change the nature of the grains, the grain sizeilwistvn, and the relative
abundance of the PAH molecules has been discussed at sagtie lehus now consider
these issues. The life-cycle of dust grains in the intdestehedium must, in large
measure, represent a balance between grain destructiahatidring in the fast shocks
found in the hot and warm phases of the ISM, and the procedsiek twild up grains in
the dense molecular clouds. Dust evolution therefore dégpapon the mass transport
between these various phases. The presence or absenceloétiggains in a particular



environment can be inferred by a measurement of elemergidtitens in the interstellar
medium.

Dwek & Scalo [30] and McKeel[61], have developed the evohdiy equations
which describe these processes. These are simplified heté lbe the mass of a
particular grain-forming element in the ISM, and suppos&etiond of this element is
locked up into dust in the interstellar medium. In the hotgghdhe evolution 0d will
depend on the characteristic timescale needed to deseayrdins in the (warm) low-
density phase through supernova explosiaggg, the timescale needed to regenerate
the dust in the cold dense phagg,, and the time taken to transport the dust from the
(cold) dense to the (hotter) less-dense phasey. Assuming that the growth time of
dust grains in the cold phase is very short compared withriesicale of mass transport
between the cold and warm phases (or its inverse), the dgaémolution of the dust
mass in the hot phase is:

d(MudH) _ Mcde  Mnudy ®)

dt TcH TsNR
and in equilibrium;
o4 TsnRMc
o SNREE (©)
oc Tc-HMH

In other words, the difference in the dust fractions betwdentwo phases depends
simply on the relative size of the reservoir of dust in thelqadtase and ratio of the time
taken for the dust to escape into the hot phase to the timae takaestroy it in the hot
phase.

Now, what determines the timescale of destructigQr? This is the mean interval
between the passage of fast shocks which result in spugtefigrains or in the destruc-
tion of PAH molecules. The sputtering rate is a rather comfulaction of temperature,
and threshold energy[28] but can be rather well fitted by aragqgn of the form{[29]:

da ~1/4

0t = AnTg
whereTg is the gas temperature in units of’kDand A andB are constants. For graphite,
A=6x10"%umyr—! andB = 3.7 while for silicateA = 1.8 x 10 °umyr—! andB = 4.
The sputtering lifetime for average size graias{(0.1um) is of order 10 years in fast
shocks. This is comfortably shorter than the grain brakimgscale, so that only the
very largest grains can survive. Depending on the magnelit donfiguration, grains
start to be destroyed (rather than simply shattered) inkshiaster than 100 knt$, and
the process is complete by400 km s1.

How often do shocks this fast pass through the warm phase oftiérstellar medium?
We can estimate this by asking at what size and shock veldoigupernova remnants
become dominated by cooling, after which they rapidly slewd. The end of the adi-
abatic (Sedov-Taylor) phase is signalled by the coolingsioale in the shell becoming
less than the dynamical expansion timescalgs < Tayn. The cooling timescale in a
strong shock can be approximated [22] by:

exp [— BT, 2] (10)

Teool = 200V02 /Zn yr (11)



whereviqg is the shock velocityys, in units of 100 km s, the chemical abundang
is with respect to solar, and the pre-shock densitydésn—3. The Sedov Taylor solution
for the SNR expansion gives:

Tayn = 3.9 x 10°EY 013y, %3years (12)

wereEs; is the kinetic energy of the explosion in units ofi@rgs. Therefore, we can
infer that the SNR becomes radiative when:

V1o = 3.5E2/°n~1/971/6, (13)

This is interestingly close to the velocity at which sputigrand grain destruction is
complete. The radius at which this condition is met is fougdbting thatt = 2R/5vs
and using this to eliminate time in the Sedov equation for#ukus:

Vioo= 8.0Ex*n" V2R, ¥?km 571 (14)

whereRyg is the radius in units of 10pc. Thus, from eqns. 13 Bdd 14 we iaat the
SNR becomes radiative when:

R310 _ 5‘2E2166n71.22270.33' (15)

In a disk-like galaxy, the gas with surface den§ityM@pc*2 is confined within twice
the scale heightd. The surface rate of supernova events is proportional tsuhface
rate of star formationZsnr [ Zskr, and the observational Schmidt Law [[49, 64] gives
>sprU zg;‘s These relationships appear to hold in the case of starpalaties as well.
Thus the timescale for the gas to be processed through anawaeshock is:

Tsnr O H/(ZsnrRYp) O s 005 g 8H 0227933 + constz  %'2%%  (16)

because, in a self-gravitating layer, the scale heighttiwé¢he velocity dispersion of
the disk gas in the vertical plane;, givingH = v%/nGZgas and in disk galaxies the
observed Hvertical velocity dispersion is observed to be almost camisat between
7 and 10 km s1[87,76,/55,) 75]. In disk galaxies, as decreases with increasing
radius,so doeg, and therefore the two terms in eqnl 16 almost cancel eaeh, gfiting
the final result thatgyr ~ const

The fact that the SN processing timescale is virtually camisis a remarkable and
perhaps even a counter-intuitive result. It may be givingysofound clue about the
process of self-regulation of star formation in galaxiec8 the supernovae act to
turbulently stir the ISM, and since the ISM density struetisrthought to originate from
the turbulent cascade of energy from large scales to snaéscand since this turbulent
cascade is thought to set up the conditions for new star fitmmahen the Schmidt law
itself may simply be the expression of this turbulent casqadcess with constangng.

Return now to the effect that this has on the grain populattos clear from equation
that, if the SNR rate is also determining the timescale gjdacale mixing, and
therefore the mass-exchange rate between the varioussphtaseratio of the two
timescales may not change much with environment. Theréfove are to deplete the
dust fraction in the hotter phase, we must rely on decreasiagnass fraction of the
cold phase relative to the hotter phase as a function of@mvient.



PAH Physics. The PAH molecules having a molecular weight similar to ceron
(Co4H12), are very important in absorbing UV photons, and fluoregémthe IR in
a number of strong and broad emission line features in theelagh range between
3.29um and 2@um . Being carbonaceous, and somewhat graphitic in their cntde
structure, the PAH molecules have strong absorption in 1& A band. The absence
of this absorption feature in the attenuation curve of tgbtlof starburst galaxies [14].
as well as the relative weakness of the IR PAH features in siarburst galaxies such
as Arp220 may be evidence of the photodestruction of PAH cudéds in environments
with a strong UV or EUV field.

This is supported by observations in our own galaxy. Whetaildéel measurements
have been made of the distribution of PAH emission within paat HI regions, it is
found that the PAH avoids the ionized regions, and is insteadd in a narrow zone of
emission (the photo-dissociation region) beyond the dobemdary of the ionized gas
[13]. This is clear evidence that PAH molecules cannot serfor significant lengths
of time in the hostile environment in the ionized zones of dh #dgion. This is to
be expected, because the photodissociation timescaldssimeigion are very short.
However, PAHs can survive, and are excited into emissiorhé ghotodissociation
regions (PDRs) outside the ionizedl lHegion.

The physics of the photodestruction process is rather taingand so this leads to
uncertainties in the form of the SED where the PAH featuresamong. The most likely
destruction process is by PAH charging. Thelectrons associated with the benzene
rings are relatively easy to remove. Removal of the first eausickling of the C-C
skeleton with strong 6/2m and 77— 7.9 um skeletal deformation bands and both a
broadening and change in relative intensities of the otRezrhission features. Indeed,
charged PAHs are an essential feature of any model whichegaonduce the observed
PAH IR emission spectrum. Most models use the “astronofiRraH absorption prop-
erties (based largely on the measured properties of coedrinLi and Drainel[60].
PAH photodestruction appears to be caused by removal of twwee electrons, which
requires photons harder than about 14eV. Thus, the simphgdtdestruction model
model is that the presence of hard photons leads to rapidg@issbciation in the ion-
ized gas. In this case, the PAHs are destroyed in the ioniasénd their C is returned
to the gas phase. Evidence for this can be adduced from theh&dcin HI regions|[39],
the measured gas-phase log[C/O] has its solar value atisg[&@/H], using the new so-
lar abundances|[7} 4, 5]. This argues for the complete plestoaction of C-containing
grains in HI regions.

A somewhat more sophisticated approach might be to say #ids Rre destroyed
whenever the absorption weighted mean radiation field (ecéssarily ionizing) results
in a photodissociation timescale which is short comparetthéoresidence time of the
PAHSs in that radiation field. In this case we would comparetptiissociation timescales
with dynamical timescales to obtain a criterion for surliva

A third approach posits the possibility that photodissticra(by the ejection of an
acetyleneic group) is countered by repair through acaretibcarbon atoms [2,! 3].
However, such a repair mechanism could only occur in phesadiiation regions, not in
the ionized gas where such groups would be rapidly photeediated.



An ISM/Dust Modd for Starburst Galaxies. We [25] have used a grain shattering
profile of the form of eqn.[{7) with both graphitic and silieatis components. The
grain size limits for both graphitic and silicaceous grans set t@mi, = 0.004um and
amax= 0.25um . The somewhat smaller size cutoff than the MRN distribugimvides a
stronger dust re-emission continuum below#s , which is required to fit the observed
IRAS colors of starbursts [72]. The constant k is determihgdhe total dust-to-gas
mass ratio, which is determined by the depletion of the hedesnents onto dust. Our
models use a solar abundance set as modified by the latestaatmendeterminations
[4,15,17,.8]. The depletion factors are those used by Dopitd.4R0] for starburst and
active galaxy photoionization modeling and are similahtwse found by Jenkins, Jura &
Loewenstein[46] and Savage & Sembach [73] in the local ISMgthe UV absorption
lines to probe various local lines of sight.

When present, the PAHs are set at an abundance which usggi db®arbon. Con-
sequently, the carbonaceous grain component is presentyatather low abundance;
equivalent to 69ppm of Carbon. The PAHs are assumed to beogedtwhenever there
are appreciable numbers of photons with energies greadar.5eV present,e. ef-
fectively throughout the ionized portions of thél Hegions. This is all consistent with
the observed C/O and O/H measurements of gas-phase abesdamt regions in the
UV made by Garnett et al. [39] for which both the C/O and O/Hosaagree with their
solar values on the new solar abundance scale. This inditteiethe depletion factor of
C in the ionized gas is similar to that of O, which is known tosbeall.

The destruction of PAHs in the ionized and diffuse phasehefl6M will largely
remove the 2200A bump from the UV attenuation curve. In ottdecompute this
attenuation we have to take account the turbulent fraatadtstre of the ISM dust screen
see Fischerall35, 36, 37]. The cloudy fractal nature of the fovegd screen flattens the
attenuation curve relative to the extinction curve (whiah eannot in any case observe
in starburst galaxies, since we cannot make measuremettie ektinction in lines of
sight to individual stars). When this is done, our grain mquevides an excellent fit to
the Calzettil[14] attenuation curveeg Fidll). This curve has been derived empirically
from an ensemble of observations of starburst galaxieswéinch has been widely used
in the literature.

Geometrical Concerns. The dust grain temperature distribution, and therefore the
shape and peak of the far-IR peak depends critically on tleengérical relationship
between the dust grains and the stellar heating sourcemadsua the model. Models
with warmer far-IR colors will have a more compact dispasitdf gas with respect to the
stars. The difficulty here is that, in any starburst modedséhgeometrical relationships
are not determined priori.

In the semi-empirical modelling of Dale and his collaborat(17, 13], and this con-
ference), the SED of disk and starburst galaxies were stegjgsform a one-parameter
family in dust temperature. This suggested that starbaisixges have hotter dust tem-
peratures. Lagache et al [58] (again empirically) have sstggl that the luminosity con-
trols the form of the SED. Both of these may be true to somengéxsence IR luminous
galaxies have greater rates of star formation.

The French group [38] take the simplest approach of apprating the starburst by
a spherical H region and clumpy dust shell around the central star formaggon. A



= |
@ °f ,
W
= |
2
T |
“LI'J’ a ///
L Q_,_:__:ﬁ’
'fl' 1 1
0.5 1 2 3 5 10

VA [umT]

FIGURE 1. The interstellar dust attenuation curve computed for ost chodel and for a turbulent ISM
with a log-normal density distribution (Dopita et al. 20(24]) (solid line) is compared with the empirical
Calzetti attenuation curve derived for starburst galaxiée two are identical within the errors.

more sophisticated approach is taken in the GRAZIL code byPédova/Trieste group
[77,l142.)67]. Their starburst model uses a spherical gegmatin King profiles, and they
allow for the formation of clusters of stars in molecular gdexes, and their subsequent
escape from these regions.

In the rather sophisticated models of Takagi et .al |84, 85hass-radius relation-
ship for the star formation region of/kpc = ©(M/10°M,)%/2 is adopted along with
a stellar density distribution given by a generalised Kingfife. The paramete® is a
compactness parameter which expresses the degree of pattantration, and is re-
lated to the optical depth of the dust through which the sitatiregion is seen. For a
sample of ultra-luminous starbursts, they find that, whitesshconform to a constant sur-
face brightness of order 38, kpc 2, there are a few objects with surface brightnesses
roughly ten times larger than this, which they ascribe td-{posrger systems.

In a starburst, the individual stars form in clusters at thees of dense molecular
complexes, and initially the geometry of the gas with respethe dust is determined
by the evolution of the mass loss bubblelf Hegion around individual clusters. It is only
at later times that these bubbles may link up to create a-srgke HI region complex
driven by collective effects. In dense starbust regiors stiape of the SED is therefore
determined more on the scale of individudl Ifegions, rather than on a galaxian scale.
The size of each Hregion is therefore a function of both the mass of the centusiter
and its age. To provide the correct geometry, we therefoee t@ understand the time
evolution of individual HI regions. An attempt to do this was recently described by
Dopita et al.|[25], and this work forms the basis of the foliogvsection.



4. HIl REGION EVOLUTION IN STARBURST GALAXIES

In what follows, one should be aware that the problem of ttedugion of the size of H
regions in the interstellar medium is by no means triviathAugh we will assume that
the ISM is uniform, and of a uniform pressure, such is celyaiot the case in real ob-
jects. The turbulent multi-phase structure of the ISM puoidly modifies the evolution
of HIl regions. An attempt to model this, by evolving a source ofarm mass-loss in
an isotropic log-normal density distribution (which matiegically approximates to the
structures produced in a turbulent medium) is shown in 2hSoedels will be required
in future modelling. For the time being, let us consider om¢hse of uniform pressure
and density in the ISM.

The work of Dopita et al.|[25] drew on the theory of the sizetritisition of Hil
regions by Oey & Clarkl[65, 66]. In this, thelHregions expand and evolve as stellar
mass-loss and supernova driven bubbles for as long as titeinal pressure exceeds
the ambient pressure in the ISM. When this condition is ngéomet, the H region
is assumed to “stall”. Of course, on reaching the stall cioonli the HI region does
not abruptly stop expanding, but a momentum-conservingmesipn continues until
interstellar turbulence destroys the integrity of sweptshell. The time taken to reach
the stall radius turns out to be proportional to the staliusdand the mass of the OB star
cluster is important in determining the stall radiugt Hegions with low mass clusters
stall early and at small radius for a given pressure or dgmsihe ISM.

The radiusR and internal pressur®, of a mass-loss pressurised Ifegion are given
by [65,.66];

250 1/5| 1/5 _-1/5
R= (3087'[) m/echo o3/ (17)
/ 2/5 _3/5,-4/5
(38501T)2/5Lm/ec 0/ t=e. (18)

Here,LmechiS the mechanical luminosity of the mass-loss from the e¢stars g is the
density of the ambient medium ahd the time. The particle density is given in terms of
the ambient density by = pg/umy, and the ambient pressure = nkTp. Eliminatingt
between equatioris117 and 18, and seting P, we obtain the following conditions for
stall:

_ 7 250\ /*° Lmech 2/3 HmMyNn (19)
~(3850m)2/5 \ 3087 pmgn R4/3
= NKTo = Ny KTy - (20)

lonization Parameters. Equation$_ IO and 20 imply that, for any given pressure in
the ISM, all stalled H regions have a common ratio bfnech/nH”Rz. To the extent
thatN, O Lmech WhereN, is the flux of ionizing photons from the central stars, thén al
stalled HI regions will be characterized by a common value of the idiongparameter,
U = N*/47TCRI%nH||. This ionization parameter is very important in the theofryHa
region spectra since it is one of the three parameters wihatdrmine the emission line



FIGURE 2. The radiative structure of a 2-D radiative mass-loss blowlbte evolving in a turbulent
ISM with a log-normal density distribution having a meanmtensity of unity. This has been computed
using the PPMLR code developed hy![82]. It shows a numberatififes seen in reallHregions such as
elephant-trunk clouds, and demonstrates how differehigvolution compared to the case of a uniform
density medium. In a log-normal density distribution, thé khass-loss bubble expands more rapidly than
in a uniform medium, and it leaves a number of high emissi@asare regions having relatively high dust
temperatures close to the exciting star(s).

spectrum of the H region. The other two are the input spectrum of the excittag(s)
and the gas-phase metallicity.

In fact, even for Hi regions which are not stalled, there is a unique value of the
ionization parameter in thelHregion. This is because the pressure in the stellar winds
at the outer boundary of the mass-loss bubble determinegythigbrium pressure in the
HIl region plasma. Thu®y, = Lmech/47TR\%,VW = Py = nun kKThi,, wherevy, is the mean
stellar wind velocity measured at the radius of terminatbthe free-wind regiorRy.

This free-wind boundary is visible in Fig 2 as the boundarthefinner region where the
cross-shaped cooling artifacts in the free-wind resulfiogn the finite wind injection
region give way to the shocked hot turbulent gas filling tre of the bubble. In general
we can takdR, = aRwith a ~ 0.3. Thus:

U = a®KTyi NyVi /Clmech (21)

Since the H region temperature is alwayg; ~ 10°K, then, for any central star cluster
at a particular time in its evolution, the ionization paraenas determined solely by
the instantaneous ratio &,y /Lmecnh Thus, for coaeval clusters which are massive
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FIGURE 3. The time dependence of the ionization parameter of thle relgion as a function of
metallicity computed for a cluster of mass<a0°M., from STARBURST99, with a mechanical energy

efficiency factor of 0.1. These computations include thduatin of the self-consistent size evolution of
the HI region.

enough so that stochastic variations in these quantiteesia@important, the ionization
parameter will be essentially independent of cluster magdsseonly a function of cluster
age. All the quantities needed to compute the ionizatiomrpater, are given in the
STARBURST99 output files.

Since the extended atmosphere of the exciting stars absgreatder and greater
fraction of the ionising photons as the metallicity incregsand at greater metallicity
a greater fraction of the momentum flux in the radiation fisldonverted to mechanical
energy in the winds, the ratio dfl,v/Lmech Strongly decreases as the metallicity
increases. The effect of this @ is shown in Fid_B.

Dust Temperatures. The determination of the dust temperature, or more properly
the shape and the peak of the far-IR bump in starburst SEDstisanstraightforward
as determining the ionization parameter. However, the gmpdysics that drives the
distribution of dust temperatures is readily understood.

We saw above how Hregion in high pressure (or density) environments willlstal
a smaller radius, according to the Oey & Clark theaory [65, 8B]s means that the dust
within the ionized gas of the IHregions will be hotter when the ISM pressure is high.
At the outer boundary of the IHregion we normally expect to find molecular clouds
in approximate pressure equilibrium with the ionized gdseréfore, the radiation field
with energies below the Lyman Limit is absorbed by the gastaediust in a rather thin
photodissociation region (PDR) behind the ionization fiwhich bounds these molec-
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FIGURE 4. Integrated starburst SEDs computed for metallicities 2.0, 0.4 and 0.2, for a fixed
size distribution of HI region diameters, and for a range of ISM pressiés= 10%,10°&€10”cm—3K.
Here the< 10 Myr stellar population is assumed to reside within tHé kgions, and a 16 100Myr
population provides an unobscured foreground contribufidhe molecular cloud shell around thélH
regions is assumed to be destroyed on an e-folding timest&l&yr. Note that the optical and UV line
and continuum spectra are strongly dependent on metgllitit that the far-IR peak is a function only of
the pressure in the ISM. Note also the invariance of the PAkssion features in the mid-IR.

ular clouds. At any point in the PDR, the local radiation fieddietermined only by the
radiation field incident on the molecular cloud and by theagbtdepth up to that point.
For a given grain size distribution and composition, thergtamperature distribution,
and hence the far-IR re-emission function, is determinetthbyocal radiation field. The
global far-IR spectrum is the integral of the local far-IRespra through the PDR. Hence
the far-IR spectrum is determined only by the radiation fiakdent on the molecular
cloud.

The result of this is that smalleriHregions, which are preferentially encountered in
region of the ISM with higher pressure will be characteribgdhotter far-IR dust emis-
sion spectra. Provided that the PDR remains thin in compangth the radius of the
HIl region, the far-IR spectrum of the ensemble of t¢gions remains a function only
of the pressure. The abundance of the heavy elements camakly a difference when
the changing abundance drives a changing grain size disoih when the changing
ratio of photon energy to mechanical energy produced by émral stars leads to a



changing size distribution in thelHegion population, or when the opacity of the grains
falls so low that the spherical divergence of the radiatieldfihrough the PDR becomes
important. This dependence of the far-IR spectrum on pressullustrated in Fig4.
The invariance of the PAH features in these models is intiegesThis occurs de-
spite the fact that the abundance of changes by a factor ofiyri@@ and the relative
abundance of PAH molecules relative to silicaceous gragweadses strongly at low
metallicity. The reason for this is that at the wavelengtlerethey strongly absorb, the
PAH molecules dominate the total dust and molecular opatitgy therefore convert a
fixed fraction of the bolometric luminosity of the star to PA&khission features. In order
to decrease the relative strength of the PAH features at letalircity, we need to ensure
that the molecular clouds become “leaky” to the incidentatoin, which requires that
the column density in the molecular clouds does not exee8c 10?1 H atoms cn?.

5. PAN-SPECTRAL FITSTO STARBURST GALAXIES

SED Fitsto ULIRG Galaxies. In order to test these “multiple IHregion” models
for the SEDs of Starburst Galaxies, Reuland etlal. [71] halkeaed data from the
literature for 41 ultra-luminous infrared galaxies (ULIRGn the local universe. The
data consist of UV/optical fluxes from tfAdird Reference Catal ogue of Bright Galaxies
v3.9, aperture-corrected JHK-band photometry from Sdign@ad] and 3-1500um
data from Klaas et al.[56, 57] and from Spoon![81]. The cosmichl model used to
derive luminosity distance is the concordance cosmolodl @y, = 0.27,Qx = 0.73
andH, = 71km s Mpc~1[79,186].

The variables characterising the fit are:

- The ISM pressureR/k cm—3K. As described above, this determines the tempera-
ture distribution of the grains, and hence the position draps of the far-IR dust
re-emission peak. It serves the same role as the compagaesseter of Takagi
et al [84/85]

« The attenuation of the foreground dust screen expresseaqliivadent optical mag-
nitudes of extinctionA,. The extinction computation is not fully self-consistent,
because we do not compute the far-IR emission arising frasrathsorption. How-
ever, this will be unimportant provided that the coveringtéa of the molecular
clouds around the star formation region is large. This ghbela good approxima-
tion because, as discussed above, the dust obscuratiosessel to increase both
with galaxian mass [$3], and with the absolute rate star &dion [12 /1) 23, 88].

« The molecular cloud destruction timescale, or, equivijetiie timescale taken
for stars to escape from the dense region of star formatidmaslecular clouds,
TMyr. This effectively determines the fraction of UV / visétadiation which is
intercepted by dust in dense clouds, and which is thereemmitted in the far-IR.
This number effectively determined the intrinsic rationdf to far-IR, while the
previous factor determines the shape of the UV / visible SED.

- The star formation rate (SFRI.yr—1). The model spectra are scaled to an absolute
star formation rate of DM.yr 1, so that the SFR is simply the inverse of the factor
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FIGURE 5. Here we show the fits to the SEDs of a few well-known ULIRGS ie khcal universe,
scaled to a star formation rate of0M.yr—1. The shape of the far-IR bump is used to fit the pressure;
P/k. The visible and UV part of the spectrum is fitted by a combamabf foreground screen attenuation
with an effectiveA,, and a molecular cloud dissipation timescalyr. Finally, the overall scaling factor
provides the estimate of the total star formation rate.

by which the observed SED has to be scaled to fit the theoketindels.

The result of this fitting exercise is shown in Hiy 5 for fourliAerown ULIRGS.
The remaining 37 objects give fits of comparable quality. [Bngest deviations are seen
in the far-UV, but this is most likely due to the presence ofreab number of relatively
unobscured stars. These make a negligible contributidretBolometric flux, and hence
to the estimated total SFR.

Implicationsfor hi-z Starbursts.  All of the fits ULIRGS are characterized by high
pressures|ogP/k > 6 cm 3K, and therefore have far-IR bumps which peak below
100um . This result is not unexpected, because the star formeggion can only be as
compact as itis in ULIRGS if the star formation is occuringaimery high pressure and
high density environment. The pressure can be indirectriad from measurements
of pressure in the H regions though measurements of the density-sensitive][S I
A6717,6731 A doublet in warm IRAS galaxies. This has been done bylée{g0, 51]
and indeed, pressurésgP/k > 6 cm 3K are inferred for most objects.



In the local universe, the “dust temperature” inferred fritre modified Black-Body
fits to the long wavelength side of the far-IR peak in starbgedaxies is observed to
correlate with the absolute luminosity, which for theseagas can be interpreted as
proportional to the rate of star formation [9]. However, g@me exercise applied to
high-redshift submillimeter selected galaxies (SMGs)tes a similar correlation, but
shifted to higher luminosity. At a given luminosity, the dus SMGs is about 20K
cooler than in ULIRGs in the local universe, and at a givert tereperature, the SMGs
are typically 30 times as luminous as their ULIRG countetigpar

What does this mean? As reported above, Takagi et al [84, &bfdund that most
ULIRGS have a constant surface brightness of ordéfLikpc 2. Our results show
that this corresponds to an ISM with a pressure of otdgP/k ~ 7 cnm 3K . These
parameters probably characterise “maximal” star fornmatadove which gas is blown
out into the halo of the galaxy and star formation quenchedy @ergers, which pro-
vide an additional ram-pressure confinement of the stardton activity may exceed
this surface brightness. Thus, in order to scale the stardton up to the rates inferred
for SMGs (~ 1000— 5000V, yr 1), we must involve a greater area of the galaxy in star
formation, rather than trying to cram more star formatioto ithe same volume. For
a typical value of 18L.kpc 2, we require “maximal” star formation over an area of
~ 10kp@, and the most luminous SMGs require star formation to benebete over an
area of at least- 100kp&. We can therefore conclude:

+ SMGs are truly starbursts extended on a galaxy-wide scalleer than the more
confined or nuclear starbursts which characterise ULIR@sarhocal or moderate-
redshift universe.

» Because of the greater physical extent inferred for théstat region in the SMGs,
the modelling parameters we have derived for local ULIRG8sgure, molecular
gas dissipation timescales, and line of sight attenuatansprobably be directly
applied to modelling SMGs in the distant universe. This isdjoews indeed!

6. THE WAY FORWARD

The modelling described here can be improved in a numberys vigefore fully reliable
SEDs of starburst galaxies can be obtained. In rough ordemgeicy:

« To perform the full radiative transfer and scattering ckdtians for the turbulent
foreground screen of diffuse matter in order to correctlyeidhe UV and the ratio
of the UV to far-IR flux.

« To correctly compute the SEDs of ultra-compadt Kgions around isolated OB
stars, since these are likely to form a greater fraction efHh region population
in high-pressure regions of the ISM.

« To understand the process of the escape of stars from clelst@onments into
the general ISM. item To properly understand the life-cyafléAHs in the ISM
through both advances in theory, and through modelling tBsSof individual
star formation regions in nearby galaxies observed witteSpi
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+ To quantify the X-ray emission mechanisms to allow star fation rates derived
from X-rays to be properly calibrated.
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