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Abstract. We present a model for nebular emission in star forming galaxies, which takes into accouffetite @& dust
reprocessing. The nebular emissions (continuum emission, 54 H and He recombination lines and 60 nebular lines from UV
to IR) have been computed with CLOUDY and then included into GRASIL, our spectrophotometric code specifically devel-
oped for dusty galaxies. The interface between nebular emission and population synthesis is based on a set of pre-computed
H 1 region emission models covering a wide range of physical quantities (metallicity, density, geometry and number of H
Her and Qi1 ionizing photons). These quantities are fully adequate to describe the emission properties of the majority of star-
forming and starburst galaxies. Concerning the extinction properties of normal star forming galaxies, we are able to interpret
the observed lack of correlation between the attenuation measuredaatdHn the UV band as a consequence of age selective
extinction. We also find that, for these galaxies with modest SFR, the ratjtyF¥IRrovides the best constraints on the UV at-
tenuation. The accurate treatment of lines and continuum in dusty galaxies also allows to deafferigntdSFR estimators

in a consistent way, from the UV to radio wavelengths, and to discuss the uncertainties arising froffieteatdbhysical
conditions encountered in star forming galaxies. We provide our best estimates /firSiRBsity calibrations, together with

their expected range of variation. It results that SFR derived througteten when corrected for extinction using the Balmer
decrement, isféected by important uncertainties due to age selective extinction. Another remarkable result is that SFR from
UV luminosity corrected by means of the ratio FAIR/ has a small uncertainty. Finally, our model provides a calibration of SFR

from radio luminosity; its value diers from estimates from other works, but we are able to reproduce the obseryeskIR

ratio. These results are relevant to estimates of the contribution of disk galaxies to the cosmizSFR at
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1. Introduction However, the discovery by IRAS of powerful and highly
dust enshrouded starbursts (Soifer et al. 1986), namely the
Massive stars in young stellar generations leave their signaty(gninous and Ultra Luminous Infrared Galaxies, has under-
as UV, ionizing photons and supernova (SN) explosions. Thyied the necessity to model nebular emission by consistently
ongoing star formation in galaxies is traced by the reprocesgking into account dust reprocessing. Moreover, an impressive
ing of stellar radiation (line and continuum emission from thgealth of information is coming from infrared spectral region.
surrounding ionized gas, thermal emission by dust grains) aggth star formation and a possible nuclear activity contribute
by synchrotron emission of SN accelerated electrons. The ky-infrared luminosity, but with dferent emission properties
drogen recombination lines have been widely used as tracerg@yopoulou et al. 1999). The combination offerent indi-
the current star formation rate (SFR), because of the direct pgators (such as optical, near- and mid-infrared emission lines,
portionality between their intensity and the number of livinghid-infrared PAH bands, shape of the continuum from the far-
massive stars. In the absence of dust, nebular emission mogglaviolet to the radio wavelengths) should then allow to ob-
predict an almost constant ratio oftio Hg for a large variety tain a fair picture of the star formation process and possible

of environments (e.g. Osterbrock 1989); so, the dust absoABN contribution for a wide class of active galaxies.
tion can be estimated by comparing the observed ratio to the

theoretical one (Balmer decrement method). Two models have been recently published in which spec-

tral synthesis and photo-ionization codes are coupled. Charlot
& Longhetti (2001, henceforth CLO1) combined a popula-
Send gprint requests toP. Panuzzo, tion synthesis code with the photo-ionization code CLOUDY
e-mail:panuzzo@sissa.it (Ferland 2001), including an approximate prescription to
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estimate the dust absorption. According to CLO1, the preserzeel then summarized in the last section. Finally, some techni-
of dust increases the uncertainty of standard SFR estimatakdetails of Sects. 2.2.1 and 3 are described in Appendices A
such as K or [O11] luminosities, from a factor of a few to and B.
several decades. Only the simultaneous consideration of sev-
eral other lines and spectral features can reduce the uncerta'ﬂ1
within a factor of a few. In a similar way, Moy et al. (2001,
hereafter MRF01) interfaced the evolutionary synthesis modelthis section we summarize the main features of our popu-
PEGASE (Fioc & Rocca-Volmerange 1997) with CLOUDY. Inlation synthesis code GRASIL. More details can be found in
these models the dust processes are partially treated (extinc8dwa et al. (1998) and Granato et al. (2000). GRASIL repre-
but not emission) using a simple screen approximation sents galaxies by means of two main components characterized
However, growing evidence has been collected in the ey different geometries: a spheroidal component (the bulge)
cent past showing that a physical understanding of distts and a disky component. Dust, that may be present in both com-
in galaxies requires the inclusion offidirent environments, ar- ponents, is divided in two phases: i) dense molecular clouds
ranged in a rather complex geometry. A sophisticated treatm@Cs), where star formation is active, and iiffdise medium
tends to become more and more important as the obscurafoncirrus).
gets higher. Young stars are assumed to be born into MCs, and to leave
In this paper, we propose a new method to compute netihem progressively as their age increases. As a consequence
lar emission in star forming galaxies. The method was implée fraction of light of young simple stellar populations (SSPs)
mented in the spectrophotometric synthesis model GRASI[adiated inside MCs is a decreasing function of SSPs age, pa-
(Silva et al. 1998), and then it was used to study the properti@sneterized by the “escape time”. Thus, the light of young stars
of normal star-forming galaxies. will be attenuated by both the MCs and the cirrus, while older
The main advantage with respect to previous treatment$@pulations will only be fiected by dust in the cirrus compo-
that GRASIL already provides a sound treatment of all the g&ent. The molecular cloud is modeled as a thick spherical shell
pects of dust reprocessing, since it makes use of a geom&gense gas (and dust) around a central point source, represent
which is much closer to reality than a screen between the st all the stellar content of the cloud. The time dependence
and the observer. Dust modeling is thus related to real ph@éihe escape fraction gives rise to the age-selective extinction
ical parameters, describing theffdrent distributions of dust because younger stellar generations are more attenuated thar
and stars in molecular complexes anffuie components, andolder ones.
their age dependence. Massive stars are supposed to ionize the surrounding
One of its important features is that it takes into accoufftedium and to give rise to the corresponding line and contin-
that, since stars are born in dense environments (the molectflgi nebular emissions. This radiation comes generally from
clouds) and progressively become less obscured, the relaf{fifin MCs and it is accordingly extinguished. However, it
geometrical arrangement of dust and stars depends on thel§g¥orth noticing that, when the escape time is short enough,
of the stellar generation considered. Granato et al. (2000) h&vélgnificant number of ionizing photons can arise from star
shown that this age-dependent extinction can explain the diffnérations outside MCs and, consequently, we will also con-
ferences between the observed attenuation laws in normal Sitgr HII regions extinguished only by the cirrus component.
starburst galaxies (see also Poggianti et al. 2001). To compute nebular emission we have used the photo-
GRASIL has been shown to reproduce the UV to radio CC)H)_nl_zatlon c_ode CLOUDY (version 94), as detailed in the fol-
tinuum SEDs of galaxies, at low and high redshift, and in difing sections. _ _
ferent evolutionary stages (Silva et al. 1998; Franceschini et al. SINCe our interest is focused on the star formation pro-
1998; Granato et al. 2000; Rodighiero et al. 2000; Granato et&fSS and the obscuration of star-forming regions, we do not
2001). include in our model the emission d.ue.to an Active Galac_:tlc
The paper is organized as follows. In Sect. 2 we descriB'éJCIeus (AGN). We neglec_t the_|on|zat|on due to UV radia-
how we modeled stellar radiation and the computation of nei" from p(_)st-AG!B_stars,_gnce In presence of even a_modest
ular emission from the single H regions. Section 3 explainsStar formation activity their contribution is very low (Binette

the calculation of nebular emission from galaxies and in tl’% ‘2" 19342)' M;ILeove:, we negtlk(]ac: t_hetco_ntr:lbutllon OI(Sh?CkS
following sections our model is applied to the case of nok; oduced by explosions, that is typically low (Kewley

mal star-forming galaxies. In particular in Sect. 4 thffedient et al. 2001). Finally, we do not include line emission from

methods to estimate the attenuation are discussed. In Seéf.h dto-dlz_somatllcm regrl]ons andff_‘ﬁmse twartm neIlFJztrli_i bw 'Z;;
different SFR estimators, together with their uncertainties, aré tlme IL(ij, aa_ O;Jhg somt(aj_ 'ni structure mesth : Ie .
presented. In Sect. 6 we discuss the use of IR nebular ling§ Nty produced in these media. As a consequence their lumi-

Thus, in Sect. 7 the main results of the paper are discussa sities in our model will be only lower limits; this problem
' will be discussed in Sect. 2.3.

The final output of our model is a complete and detailed

t}50pulati0n synthesis with gas and dust

1 Additional details on these models are given and compared to our

method in Sect. 3. spectrum of star-forming galaxies, from far-UV to the radio
2 The GRASIL code and updated information on it can be found Wavelengths (an extension to X-ray band is in progress, Silva
the URL: etal., in preparation), including stellar absorption features, neb-

http://web.pd.astro.it/granato/grasil/grasil.html. ular emission, dust and PAH emission.
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2.1. Stellar radiation Thus, we computed a library of photoionization models as

. . . a function of Qq, Qne, and Qo. When estimating the actual
SEDs of stellar generations (SSP, simple stellar populauorl];:\)a emission due to a given stellar population, we com@ute

have been computed by following the prescriptions outlined e, andQo from the corresponding SED, and then interpolate
Bressan et al. (1994) and in Silva et al. (1998). These SEJJS, | aue from the above library.

cover a wide range in age and metal content. They can be Com-r,q yy; region library can be freely retrieved through the
puted for an arbitrary initial mass function (IMF) and allow th%RASIL web page (see Sect. 1).

use of diferent atmosphere models, from the low-resolution In the following, we will describe the adopted procedure
(but covering a wide parameter space) Kurucz-Lejeune m%d test its accuracy

els (Kurucz 1993; Lejeune et al. 1998), to the intermediate- '

resolution models of Pickles (1998) and Jacoby et al. (1984). In o

the latter two cases, which are derived from observed stars, 21d.1. lonizing spectra

corresponding fluxes have been extended into the unobserve L .

region by means of the Lejeune et al. (1998) models. The Inegrder to have photoionization models as a functioraf

) i i : . i | SEDs with piece-wi
of higher resolution models is particularly useful when deali ;Zkl?cr:giero,inWae V\?;p;%XcILn?rEZt rtiae SS ac S: W[ grarg:tce?smi/;se
with emission lines superimposed to absorption features of { ' y P

) . . . Svered as much as possible.
intermediate age populations. As for the most massive stars, we ; :
The Lyman continuum spectra of typical young stellar

have adopted the atmospheric models by Schaerer et al. (1996 ulations show two prominent discontinuities, at 504.1 A

for mass-losing blue supergiants, and the models by Schm%? . . S i
et al. (1992) in the Wolf Rayet (WR) phase. It will be stresse%qd 221.8 A, corresponding respectively to the ionizing ener

below that the emission from Hregions has been compute les for Ha and Hel. At wavelengths smaller than 227.8 A

: ) : ; ere are very few photons. Between the Lyman break,
in a way that is almost independent of the detailed shape of &1 break andyHa bregk spectra can be reasongbly well rep-
adopted SEDs of stellar populations. ' '

resented by blackbodies. Thus, when computing the libraries,
we used the following functional representation of the ioniz-

2.2. Hii regions model ing SEDs:

The emission spectrum from a singlaiHegion depends on 0 for1 <2278 A

two main ingredients: the SED of the ionizing star cluster and | AueB,(The) for 227.8 A<21<5041A (1)
the properties of the excited gas. For a given stellar evolutiofi ~ | A4B,(TH) for5041A <1< 91176 A °

scenario, the SED is determined by the IMF and the total mass, | A,B,(T,) for91176 A <A
age and metallicity of the cluster, as well as by the adopted ) _ )
model atmospheres. On the other hand, the important prophereB,(T) is the Planck function at temperatareThis func-
ties of the excited gas are the density, the chemical compositisth depends on the 6 quantitifge, Tre, A, Th, A @andTy;.
and the geometry. In a galaxy the situation is more complicatd@wever, we found that the SEDs of young stellar populations
and star forming regions possibly havéfdient ages andfier- an be well approximated by writing these 6 quantities in terms
ent metallicities. In starbursts, star clusters dfatient ages and Of only three parameters. These are the numbers of ionizing
metallicities may coexist within the same star forming regioRhotons for H, Her and Ot (Qn, Que, andQo):
To compute the line emission intensities, one should consider = o =
the spectrum of the ionizing source, provided by the recent s =f h—vdv, Qhe =f h—vdv, Qo =f h—vdv, (2)
. . . . . . . 14 4 4

formation history, and use a photoionization code with suitable VH Vhe vo
values of the gas parameters. To reduce the computing cost,®@here vy, ve andvo are the photoionization threshold fre-
can use a pre-built library of line intensities, corresponding tiuencies for respectively HHei, and O (the last one cor-
different ages of the ionizing SSP andfeiient metal contents respond tolp = 3507 A). The relationship between tig@val-
of both the SSP and the gas. This still requirdiedent libraries ues and the parameters of analytical spectra is described in
for different masses of the ionizing SSPs, assumed IMFs aqgbendix A.
model atmospheres. It becomes particularly time consuming in We built a library for a grid of values d®y, Qne, andQo,
applications requiring a large number of models. and for diferent assumptions on the gas density, metallicity and

Our approach has been to pick out the physical parameti@iig factor (¢). When the filling factor is dferent from 1,
which actually #ect the emission properties ofiHregions. the gas in the Hi region is supposed to be divided in small
The analysis described in the following section shows that thieimps, ance is defined as the ratio between the volume oc-
emission line spectrum of aniHregion with fixed gas proper- cupied by the clumps and the total volume of thart He-
ties (metallicity, density and geometry) is described with region. The gas density refers to the hydrogen density inside the
sonable precision by only three quantities: the number of ioclumps. Hil regions are assumed to be spherical and ionization
izing photons for H, He1 and O (Qu, Que, andQo, defined bounded, with a constant density along the radius, and with a
in Eg. (2)). This method allows us to get rid of the particusovering factor of 1. The abundance of elements respect to H
lar SSP model and IMF. In fact, flierent ionizing sources thatare from McGaugh (1991). These abundances are relative to
provide the same values &, Qne, andQo, Will produce the gas phase, thus they already account for the fraction stored in
same emission line spectra, within a reasonable accuracy. dust (depletion).



102 P. Panuzzo et al.: Dust and nebular emission. 1.

The characteristics of dust insidetHegions and itsféects e A A o AN e

on the emerging emission are still poorly known. However, ﬁlta“
is reasonable that the mairffect is that a fractiorfy (typi- Hg
cally ~30%, see DeGioia-Eastwood 1992) of ionizing photorigg
is absorbed by dust. To approximate the consequence, oneXan
multiply the nebular emission of a dust-free model by a faetn
tor 1- fq. Thus, absorption by internal dust has not been cons|d; , ., )

ered in Hit region models presented here. Moreover, includi Ilﬁgzi
Sfpm

dust inside photo-ionization models would introduce new fregis199 ®

parameters, and the library could be coherently used only[ils2%;

some specific cases. 2316 121um

It is worth noticing that the emission properties of the ioner]i45um ®
ized gas (i.e. the ratio of fferent line intensities) at a fixed den{gyil ooy
sity do not depend directly on the geometry of the gas, wh ]ggggi?n ®
it shows a dependence on the ionization paramétéhat ex- [om]szum
presses the number of ionizing photons per particle. For a tlﬂrjg]lf;;?m 5

spherical shell at distan¢efrom a central ionizing source, the[su]6731
. . . . . SI6717
ionization parameter i8 = Qu/(47R°cny); it can be shown [smiji9um

(SeeAppendiXB)thattheVOIlJmeaveragedionizationparan]glII]gum llllllillllll llllllillllllllllllillllll llllllillllll

ter (U) for a sphere, with densityy and filling factore, is -5 0 5 -5 0 5 -5 0 5 -5 0 5
e [%]

3) Fig. 1. Differences between iregion models excited by SSP spec-
tra with and without high energy photons. Crosses are fiiemince
smaller than 1%, empty squares foffeience between 1% and 5%;

where ag(H, T) is the recombination cdicient of hydro- circled symbols refer to very low luminosity lines. Gas and star metal-

gen in the case B. Thus, in our geometty) is propor- licity is 0.008; the stellar mass isx310* Mo,

tional to Qxnne?)Y® while for the plane parallel geometry

U oc Qu/Nw.

As a consequence, our results remain also valid fiedi 2-2-3- Accuracy
ent geometries arar filling factors, provided that we renor-gefore proceeding further, we need to analyze the errors intro-

malize Q to maintain the same value d9). duced by adopting the analytic SEDs (Eq. (1)) instead of the
The computed lines are 54 H and Hecombination lines real SSP with the san®@ values.

and 60 nebular line of other elements with wavelength from UV A first problem is that our analytical spectra neglect pho-

to FIR. The complete list of lines and the space of parametgsss with energy higher than the IHeionization threshold
covered by the library can be found in the web page. (hereafter we will refer to these photons as high energy pho-
tons). This does not allow a realistic evaluation of the lumi-
nosity of the Har lines. However, nebular Helines are su-
perimposed to the generally more intense photospheric lines,
The nebular continuum emission can be easily evaluated amiitted in the stellar atmospheres of WR stars (Conti 1991,
ing the Stomgren theory for the case B approximation (se&chaerer et al. 1999). We also cannot compute line intensities
Osterbrock 1989) and added to the emerging spectrum.  of highly ionized elements, such as©@or Nelv. These lines

)

_ SQZB/S(H»T) 3Qunue\"?
a 4c A ’

2.2.2. Nebular continuum emission

We get are typically either not observed, or very faint in pure star form-
ing galaxies, so that they are often interpreted as a signature of
v(H, T) v (He, T) AGN activity. The impact of neglecting high energy photons on
E, =Qn 2s(H,T) + QHeaB(He,T) , (4)  other lines is guantified by comparing the calculated emission

of H1I regions excited by SSP spectra with and without high
where y,(He, T) andy,(H, T) are the total emission cfie energy photons, normalized in order to have the s@meThe
cients andhg(He, T) andag(H, T) are the recombination co-results (for some ages and metallicities) are shown in Fig. 1 for
efficients, respectively of helium and hydrogen. In the former Salpeter IMF between 0.15 and 1B}. The diference in
codficients we take into account recombination, free-frébe two cases is always10%, and typically<1%; the highest
emission of H1 and Hai and the Ly two photons decay emis- difference appears at SSP ages at which the WR stars produce
sion. Free-free emission is computed as described in Bres#agir maximum flux in high energy photons. We conclude that
et al. (2002), while other cdicients are from Burgess & the lack of high energy photons is not very important, at least
Summers (1976), Aller (1984), Osterbrock (1989), Ferlaridr the lines considered here.
(1980) and Nussbaumer & Schmutz (1984). TheniHeon- The comparison between line intensities ofitHegion
tribution to the nebular emission is very small and can heodels excited by an SSP spectrum and those excited by a
neglected. parametric spectrum with the same value€gaf Que, andQo
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Fig. 2. Differences between Hregion models excited by SSP spectr&ig. 3. As Fig. 2, but with SSPs with a top-heavy modified Kennicutt’s
and parametric spectra with the sa@s. Empty triangles representIMF.

differences between 5% and 10%, filled triangles represéateices

greater than 10%.

modified Kennicutt's IMF (dlodN/dlogm = -0.4 for

is shown in Fig. 2. Typical dierences in the emission lines ar®-15Mo < m < 1 Mo and dlogN/dlogm = -1 for 1 Mo <
lower than 10%, with the larger ones arising at lower valu8&< 120Mo, Kennicutt 1983). The dierences betweenire-
of Qu, i.e. older ages. Most of them are due to discrepanc@z@” models excited by SSP spectre_l and analytical ones with
between the SSP and parametric SEDs at wavelengths lorf&rsame values are notlarger than in the case of the Salpeter
than the Lyman break. Indeed, photons with wavelengths corfdF: despite the very dierent slope of the IMF.
sponding to Lyman serie lines can b@ently absorbed and I conclusion, our analytical spectra can reproduce with a
re-emitted in optical lines. When the ionizing flux decreas€§0d accuracy the nebular emission properties af iegions
with respect to the non-ionizing one, thiect can be impor- €xcited by star clusters with iiierent IMF, age and metallicity
tant. Notice however that, when computing the lines emitted By only making use of the three quantiti€gi, Que, andQo.
a combination of Hi regions excited by clusters withftiirent Obviously this accuracy could be improved by adding some
ages, the most important contribution arises from the young@#ger quantity to describe the SED with more details, but this
populations. would dramatically increase the number oftHegion models

As noticed in previous works (see e.g. Stakid et al. 2001 used for the library.
or Rubin et al. 2001), the photo-ionization models cannot be ac-
curate when the gas metall_ic_ity_exceedsthc_a solar value,_for S&Va3 ¢ and O infrared lines
eral reasons. As the metallicity increases, fine structure infrared
lines of metals (that depend little on temperature) dominate t8e, Cut and O1 fine structure infrared lines are produced
cooling processes, but their transition probabilities have not yeit only in Hix regions, but also in warm neutral and ion-
been well determined. On the other hand, optical collisionailyed interstellar medium and photodissociation regions (PDR).
excited lines, that depend strongly on the electronic tempef@1]63.2um and 145.5:m, [C1]369 um and 61Qum infrared
ture, become uncertain because the temperature is regulatelif®s have upper energy levels respectively of 228 K, 326 K,
infrared lines. Furthermore, the thermal instability of the g&2.5 K and 23.6 K (Kaufman et al. 1999), so they can easily
affects the line intensity when the temperature is low and the produced in neutral medium. Because carbon has a ioniza-
metallicity is high. Finally, a further source of uncertainty ation potential (11.26 eV) which is lower than H, thaiGon is
high metallicity is due to the poorly known depletion of metalpresent in PDR and in neutral medium illuminated by far-UV
into dust grains. In order to minimize this problem, we usestellar radiation. Indeed, the @ 157.7 um line is the most
a set of abundances measured by McGaugh (1991) in the mgagortant coolant of warm neutral medium. The relative con-
phase. tribution of different media to these lines is still a matter of

In order to check the flexibility of our procedure, we comdebate (Heiles 1994; Malhotra et al. 2001). Since our model
pare in Fig. 3 the results obtained by repeating the abodees notinclude PDR or neutral gas emission, the luminosities
test when adopting a veryftierent IMF, namely a top-heavypredicted for these lines must be taken as a lower limit.
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Fig. 4. Diagnostic diagram Log ([@1]/HB) vs. Log ([Si1]/Ha). Crosses are observediryjalaxies from Dessauges-Zavadsky et al. (2000). The
three solid closed lines show the regions occupied lyregion models from our library with three values@fie/Qu (0.5, 0.275 and 0.05).

The arrows show shifts at increasifld), Que/Qn, Or Qo/Que- Log (U)) ranges from-0.867 to—3.534, andQo/Qpe from 0.13 to 0.63. The
models have a gas metallicity of 0.004, while the closed dotted line shows the position of models with solar metalliQity/&hd= 0.275.

All the models have a hydrogen density of 10@niThe thick long dashed line separates the region occupiedibgdfiaxies (on the left) from

the AGN region, as empirically defined by Veilleux & Osterbrock (1987); the thick dot-dashed line delineates the same separation comp
by Kewley et al. (2001).

2.4. Comparison with observed H Il galaxies and ionization parameter. This may be accomplished by split-
ting the recent SF history in subsequent episodes of suitable

In Fig. 4 we compare our H library with observations of : ; : L
. uration, and by computing their separate contributions to the
a sample of Hr galaxies (crosses) from Dessauges—ZavadsE ission lines

et al. (2000), a revision of the Terlevich’s catalogue (Terlevic% D . :
et al. 1991). Hi galaxies are typically defined as galaxies with The total emission in the link(E,) at the epoch of obser

2 . . vationT, m written
spectra very similar to those of iHregions; these objects are ationT, may be written as

interpreted as bursting dwarf galaxies. In the figure we shgw _ = (0" O . O
the dependence of models dd) (or Q4 via the Eq. (3)) and o ZJ: Nen s (i Qe Qo Zoed) ®)
on the hardness of the ionizing SED, expresseddy/Qq
andQo/ Que. whereNy . j is the number of Hi regions that have formed in

The library covers the region of the [@]/HB vs. [Si]/Ha thetimeintervalT-t;.1, T-tj], Qj, ;o ; @re the corresponding
diagnostic diagram populated by observed galaxies. Some ionizing photon fluxesZyasis the current metallicity of the gas
models fall in the region of the diagnostic diagrams occupiéddE] is the emission from the singleiregion.
by AGNs; these models are produced by the hardest spectra inNHj iS obtained by assuming that eachrtiegion is illu-
the library Que/Qu ~ 0.5), harder than the spectra that can b@inated by a single cluster of total ma¥s, so that
built with true SSPs. 01

ft,- W(T - t)dt

(6)

. . Ny j = ,
3. Nebular emission from a star-forming galaxy " M=

When considering a star-forming galaxy as a whole, we newgere? is the SF,R'Q*H,] for the single Hi region at diferent
to integrate the emission lines resulting from tifieets of dif- 29€S can be obtained by

ferent stellar populations. This cannot simply be obtained by oo ¥

calculating the ionizing photon fluxegy, Que, andQo of the  Qj; = h:/’ dv

integrated spectrum and by getting the corresponding line in- V:, .

tensities from our interpolation tables. Indeed, the intensity of va ftj’” Y(T - t)(S,(t, Z(T - t))/hv)dtdy

metal lines also depends on the hardness of the ionizing spec- = Niin (7)

tra and on the ionization parameter. To obtain a more realis-

tic description of the nebular emission, it is then necessarywiere we have emphasized the dependence on the metallic-
model the formation and evolution of the population ofi IFe- ity of the ionizing spectra. Similar expressions hold Qﬁej,
gions, each one characterized by fiatient intensity, hardnessananj.
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The emission properties of thjgpopulation depend on thechoices ofM* and gas density. Also, thelHregions library can
ratios Q;;e’j/Q*;,yj and ngj/Q*Hej, that are constrained by thebe used for dterent IMFs, and we relax the hypothesis that the
age of thej population, and on the average ionization parametaetallicities of the excited gas and of the ionizing stellar popu-
of the Hix regions(U)’;. lation are the same (but a non-negligibl&elience is expected

The correspondence between the integrated Lyman contily in extreme situations). Finally, our library can be easily
uum of the population (expressed b} i | xQ;‘ﬂ) and(U)’Jf is used for other population synthesis models.
determined by the stellar mabt' of ionizing clusters through
Egs. (6). (7) and 4. Attenuation properties of normal star forming
) 3a§/3 3Q*,;,jnH62 13 galaxies
W= T[ In ] ' (8) In star forming galaxies, the intrinsic UV luminosity is directly

related to the star formation rate; on the other hand, the UV flux
As shown in Fig. 4, Hi galaxies exhibit a big variation of js heavily dfected by extinction. Therefore it is important to
the ionization parameter value, which means that the valygderstand how dust absorptioffiexts the UV luminosity and,
of stellar masav* andor of the filling factor are subject to 55 g consequence, the SFR estimates.
substantial variations. Observations (e.g. Kennicutt 1984) sug- |n this section we discuss several methods to estimate the
gest thatM* varies approximately from 1000 to 401, ande  attenuation in normal star forming galaxies by considering
from 0.1 to 0.001. the UV, optical emission lines and FIR properties. We will

The duration of the subsequent episodes in which we splfow that observations require the extinction dfetient stellar
the SF hiStOI'y should be chosen by considering the eVO'”“QGpulations to vary with age, with younger popu|ationﬁ‘@u
of the shape of the ionizing spectra. A lower limit is set bjng a larger extinction.
considering that each Hregion will be illuminated by all the  Notice that we will use the termttenuationwhen it refers
stars formed within the finite formation time of a typical stafo the amount of light lost at a give wavelength from a complex
cluster, that we assume to be 1 Myr (see e.g. Fuente et al. 20@}3tem (i.e. a galaxy) and the teextinctionfor the light lost

As remarked in Sect. 2.2.1, the presence of dust insiggm a simple source (as a star) with dust along the line of sight.
H 11 regions can be important. Thus one can multiply the nebu-

lar emission obtained from Eg. (5) by a factor Xg. ) ) .
Finally, the emission lines are extinguished in the same wéy!- EStimation of UV attenuation
as the stellar populations that produced them (see Sect. 2). Attenuation in local star forming galaxies can be derived in
In galaxies with normal dust content, almost all the ph@everal ways.
tons in the resonant ly line are reprocessed via two-photon A common method is to relate the UV attenuation to the
decay and dust absorption and re-emission. In our model $gsnuation in k. Calzetti (1997) suggested that the attenua-
assume that all Ly photons decade via two-photons emissiofion of the stellar continuum is only a fractior@.44) of the
and then these photons are possibly absorbed by dust. Anyhaifénuation of the ionized gas. By extending this assumption to
their contribution to the IR luminosity amounts£d.0%. Only the UV while adopting a suitable extinction law, it is straight-

in the case of very low dust content, the relative contributiGgrward to obtain (aflyy = 2000 A, e.g. Buat et al. 2002)
of absorbed Ly photons increases respect to the contribution

from absorbed stellar continuum and may be significant. A dA2000 = 1.6An. . 9)

tailed treatment of the Ly transfer should also include the ef-.”}e gas attenuation atdHis derived from the Balmer

fects of winds and outflows, which strongly reduce the resonani o ent:
scattering. _
i i i i 1 LHe
We conclude this segho_n by comparing our method WItRHa — 1.086 In ﬂL ’ (10)
other approaches found in literature. €0—1 \jHe LHg

Fioc & Rocca-Volmerange (1997) comput&g, from the
integrated spectrum and then analytically obtain tjgdife in-
tensity. Other hydrogen and metals lines are then rescale
fixed proportions. Moy et al. (2001) have improved the prev ce Osterbrock 1989).

ous model by cogplmg the |n.tegrated _spgctrumwnh_CLQUD\?. An alternative method to derive the UV attenuation is to
A more detailed analysis of emission properties in star

. o ) consider the reprocessing of star light into the infrared emis-
fo_rmmg galaxies is by CLO1. Th_ese authors_obtalngd the €Mion. Meurer et al. (1999) (see also Calzetti et al. 2000) as-
sion from the galaxy by summing the line intensities of sep-

arate SSPs of given constant average metallicity, weightedsoumed that the energy re-emitted by dustin a galaxy is provided

the corresponding SFR. CLO1 also have a more detailed mo ar%’ﬁnarlly by the UV flux of young star populations. They re-

for dust absorption (see Charlot & Fall 2000) that accounts BR/e (fjlu(feqs. ((r}ggv:f_thfgogaf)eg th;eFratlo t?)ettr\:\:eezrl/tgtieilfa?nd
an age selective extinction. = » FRIR/ F 1600,

Compared to MRFO1, our model accounts for the coexitsI9n by:

tence of dfferent populations of i regions, while at variance F
pop g Aseoo= 2.5 |Og(i + 1) , (11)

whereeg, = THg/TH, IS derived from the adopted extinction

aw andjug/ jue is the ratio of BB and Hr emission cofficients
typically assumed 2.87 at an electronic temperature 610

with CLO1, it quickly computes the line emissions foffdrent 0.84F 1600
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3 ‘ ‘ ‘ ‘ Table 1. Values of the relevant parameters used to model normal star
i «Tese=1 Myr 7| forming galaxies. Ref. model: see Sect. 5.
— i 0T e =3 Myr
o i T...=9 Myr |
g L *Tesc | Param. All models Ref. model
— R — 277 Tinf 6-18 Gyr 12 Gyr
R Z=2o/5 ] ven  0.3-0.7Gyr' 0.3 Gyr!
~f T 1=Rly Ms  10°-10M M, 10°M,
= L i z 0.004-0.04  0.02
g I ] Tesc 1-9 Myr 3 Myr
(@]
< | ] e 0.1-1.25 0.5
. 6=45" | 0 0°—90
|
0 4 fq 03 0.3

A, [mag]

Fig. 5. On the ordinateAxoq derived from the ratid-gr /F2000 (USINg
Eqg. (12)); on the abscissAy, from Balmer decrement. Filled circles
show SFG sample data. Lines connect models (see Sect. 4.2) withiiherder to give an interpretation of this observational problem,
sameMg zind star formation hllstory, but fiierentyc. Solid I|r_1€_*5: we simulated a set of disk galaxies by exploring the space of
(';"G h= dl?_l Mo, Vseh =01(?-3 Gyr Tt = 18 nyr’ so_'ar metalhcllty; parameters appropriate for normal star forming galaxies. We

ashed linesMg = 107 Mo, vscn = 0.7 Gyr™™, 7ot = 6 Gyr, solar computed the star formation history, gas fraction and metal en-
metallicity. To emphasize the dependence on metallicity, we show trlce:hment with our chemical evolution code (Silva et al. 1998)
first model (solid lines) fotesc = 3 Myr butZ = 0.04 (dot-dashed line) In order t int out the d nden f the results on .m A IIi.
or Z = 0.004 (dotted line). For simplicity only models with= 45> |1 Ord€r to pointout the dependence ot the results on metallic-
are shown here. ity, we considered dierent values for the metallicity of stars
and gas obtained from the chemical code.

The parameters that regulate the star formation history in
our models are the baryonic mass of the galaMg), the gas
infall time scale tint), and the star formationfiéciency vsch
. of the assumed linear Schmidt law. The age of the galaxies has
- ) -2 .
(Helou et al. 1988), anBligoo = A1eo0- fieo0 (I W cm™). Note o0y sot 16 10 Gyr. The parameters that regulate the attenuatior
that this relation was derived for starburst galaxies. are the escape fimas, the optical thickness of MC at Am
SO
_In the same framework, Buat et al. (1999) proposed a 1g;, ) and the orientatiofi of the disk galaxy with respect to

lation between the UV attenuation and ther/Fuy ratio  the celestial planed(= 0° means face-on models). The dust

(duv = 2000 A), which is suited for normal star formingextinction and emission) properties are similar to the galactic

4.2. Ayv in simulated normal star-forming galaxies

where the infrared flu¥gr is defined as the flux in the [40—
120]um interval derived from the 60 and 1@@n IRAS bands

galaxies: one (see Silva et al. 1998 for more details). The /thast ra-
tio is assumed to be proportional to the metallicity. Emission
Frr Frr 2 lines are computed for fierent gas densitiesy, filling fac-
Azoo0 = 0466+ Iog( 2000) - O.433[Iog( 2000)] " (12) " torse and stellar masses of clustevt; however we concen-

trate on H recombination lines that do not depenchgnM*

Buat et al. (2002, hereafter B02) compared g derived or e. Table 1 summarizes the values of the parameters used in
from the ratioFrr/Fuy (Eg. (12)) with the attenuation suf-our computations.
fered by Hr in a sample (called SFG sample) of normal star The models are compared with data in Fig. 5; the attenu-
forming galaxies. The SFG sample consists of 47 spiral andation at Hr is derived from the Balmer decrement (Eq. (10),
regular galaxies in nearby clusters. They were observed in thieere we assume, = 1.47), while the attenuation in UV has
UV (dyv = 2000 A) with the SCAP, FOCA and FAUST in-been derived by using Eq. (12). For simplicity, we only repre-
struments (Boselli et al. 2001), in the optical (Gavazzi et aent the most dusty (solid lines) and less dusty (dashed lines)
2002), and in the FIR by IRAS. The galaxies were selectedntodels; all other cases range between the two. Models refer
haveEW(Ha) > 6 A in order to minimize the errors indd to a 45 inclination; face-on models show a slightly lower at-
and HB fluxes. Galaxies with Seyfert activity were excludetenuation, while edge-on models have larger attenuations and
from the sample. Metallicity of the galaxies in the samplscatter.
ranges from-Z;/4 to ~2Z,. The models cover quite well the location of the observed

In Fig. 5 we report the attenuation ineHsersus the value galaxies in this diagram and confirm a real lack of correlation
of Ayy derived from the ratidrr/Fyy for the SFG sample, asbetween the UV attenuation, as derived from gz /Fuy ra-
in Fig. 2 of their paper. As pointed out by Buat and collabordio andAy,.
tors, the two quantities show a lack of correlation, contrary to In order to clarify the origin of this scatter and to identify
what is expected from Eq. (9). a good estimator of UV attenuation, we contrast the intrinsic
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Fig. 6. UV attenuation in the models versus the attenuationeatler Fig- 7. UV attenuation vs. the ratibrir/Fuy; lines refer to Egs. (11),
rived from the Balmer decrement. Almost vertical lines connect mokft2) and our fits.
els with the same optical thickness of Mfy€) and escape time{sJ),
but different SF histories and dust content in cirrus. Only the less and
most dusty models are associed to symbols which refer to the esc@pBigh7vc. As a consequence, the attenuation in tterived
time. The thick solid line refers to Eq. (9). from the Balmer decrement is underestimated.

The variation in dust content of the galaxy #mdof the
inclination, at constantyc and 7ese Shifts the models in
Fig. 6 along a constant direction, somewhat steeper than that
of Eq. (9); furthermore, a variation in metallicity corresponds
to a variation of the amount of dust which varies the attenu-
ation due to the diuse component. Thes&ects add further
4.2.1. Attenuation from Balmer decrement dispersion to the data.

o ] ] ] Our models suggest that galaxies in Fig. 5 wikh, >

The scatter in Fig. 6 must be entirely ascribed to the interplay; mag may be characterized by escape times larger than the

between the dierent stellar lifetimes associated to the emi?ypical lifetime of the ionizing stars. Models with,, > 2.5
sion properties and the geometry set by the critical escape tifgye an equivalent widtEW(Ha) lower than 6 A; there are
In fact, He is mainly produced by ionizing massive stars witdeyeral possible explanations for the higher obsefygdwith

a lifetime around 3 Myr, while UV is also emitted by less Magarge EW(Ha), such as a small burst (increasing the equiva-
sive and longer-living stars. We may devise the following typjant width), or an underestimate ofgrbr [N 1] lines (giving

cal cases. higherAu,).

Escape time shorter than the typical lifetime of an io_nizing The results of models and observations described above
star. crosses. Independently ayic, the models tend to define aygint out that age selective extinction is present in normal star-
relation which seems however steeper than Eq. (9). This is qYming galaxies and complicates the picture of extinction in
to the fact that both W and UV emissions are mainly producegjgjaxies. The simple hypothesis of screen extinction does not
outside MCs, so that they do not respond tifences imwc  work in this kind of galaxies; dierent ways to compute atten-
and the attenuation is mainly due to théfase medium. —5ti0n give inconsistent results because they rise from specific

Escape time longer than the typical lifetime of an ionizingopylations (ionizing and non-ionizing UV emitters) that have

star. triangles. Emission lines are produced only inside MCgigerent lifetimes and live at ffierent optical depths.
S0 An, essentially measuregc. Whentyc > 0.5 the UV flux

produced inside MCs is completely reprocessed into the IR. _ _
Thus,Ayy saturates whilé\,, still increases. This results in an4.2.2. Attenuation from the continuum
almost horizontal displacement in Fig. 6.

UV attenuation — directly extracted from our modefg){ =
—2.5log(Luv/Luvo)) — respectively withAy, from the Balmer
decrement anégr/Fuy (see Figs. 6 and 7).

A more robust estimation of the UV attenuation can be ob-

. Escape time comparab_le to th? typical lifetime of an _ioni%éined by considering the energy reprocessed by dust in the IR.
ing star. open squares. At increasingc, the Hy to HB ratio In Fig. 7 we plot the intrinsicAyy against the ra-

Lﬂcreaseslgo(rjn thf %mlttrt_]edl\;/glue tc& ‘E mtr;]lxmum Vfa:[lrli;ﬁfd HX Frr/Fuv. The solid line represents Eq. (12) and the short
e i emitted outside the S and by Ihe sum o ' dashed line refers to Eq. (P1Models show that, contrary to

coming from within the MCS (the attenuz_atlon is lower at H the case of Balmer decrement, the UV attenuation correlates
than at K8) and from outside. Then the ratio decreases again to

the asymptotic value fixed by the attenuation of théudie gas. 3 1o convert attenuation at 1600 A of Eq. (11) indgy at 2000 A
This causes a behavior that is intermediate between the former assumeFieoo = Faoo and Aggge = 0.9 - Ajgeo = 0.9 -
two cases and, in particular, gives rise to the turnover sho®@b log(Frir/0.84F 2000+ 1), as in B0O2.
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quite tightly with theFgr/Fyy ratio. The origin of this correla- Table 2. Calibrations of SFR (SFRuminosity) from dust emission,
tion is that the FIR flux is essentially provided by the UV emisa 103" M, yr-*W-* (or a: 1033 M, yr-*W-*A), and from UV lu-
sion of young stellar populations as assumed by Meurer etminosity (lower panel, in 16* Mo yr* W™ Hz).

(1999) and Buat et al. (1999). Thus, tRer/Fuv measures

the ratio between the reprocessed energy flux and the residual Band SFRL  A(SFRL)
energy flux in the UV. Outside the MCs, a contribution to the IRs-1000 399 3.12-7.39
FIR comes from the optical emission of old stellar populations;
. . . : IR 498 3.62-8.93
this causes a dispersion around the average relation.
Similar results were obtained by Gordon et al. (2000); their FIR 8.82 6.12-16.4
models show that théyy,—Fgr/Fuv relationship is valid for PAH 7.7um 46.7 31.3-81.4
different assumptions on dust properties. The dispersion found 1SO LW3 79.9  70.9-135.
by Gordon et al. (2000) is much smaller than in our simulations, MIPS 24 480 34.6-114
but in their models all the stellar populationsfen the same i ’ '
extinction (i.e. no dependence on age is introduced). MIPS 70 9.23 6.19-17.0
Models also show that edge-on systems tend to follow a MIPS 160 7.66 6.15-13.7
different relation from what is found for face-on systems; this uv 2845 103.4-622.8
is due to the greater contribution of thefdse medium to at-
L 9 . . UV 1259 92.7-184.0
tenuation in the direction of the plane of the galaxy.
Our models suggest the following relation for face-on UVer 1045 90.7-1145
systems:
Asooo = 2.5 Iog(i N 1) . (13) the radio regime. Only models withsc < 6 Myr are used here
1.25F 2000 because the majority of the data in Fig. 5 can be explained with
while for edge-on systems it is preferable to use shor_t escape times3 Myr, in agreement with other evidences
coming from the analysis of the UV SEDs and from the number
Aoooo = 2.03 Iog( Frr + 1) ) (14) counts in HR diagrams of massive stars (Silva et gl. 1998). In
0.5F 2000 order to give a useful reference value of the calibration, we

In Fig. 7 we also compared the relations proposed by Meu?@{lected a ref_erence model whose parameter; are summarize
et al. (1999) (Eq. (11)) and by Buat et al. (1999) (Eq. (124} Tablg 1. Thls_model is rgpres_ented by a star in Fig. 5. Unlt_ess
with models. The former seems to better agree with our moo%qherWlse specified, all calibrations referto a Salpelter IMF with
and lies between face-on and edge-on models, while the secBi = 0-15 Mo andmy, = 120Ms and solar metallicity.

tends to underestimate the UV attenuation (but only by 0.8 mag

in the least favorable case). 5.1. SER from the continuum

Meurer et al. (1999) showed that the observed locus in the
diagramFgr/Fuv vs. the UV spectral indeg in starburst Infrared luminosity is one of the most common SFR estimators.
galaxies could be well reproduced by a screen dust model withe interstellar dust is able to convertin IR emission a substan-
increasing optical thickness. They obtained the following reltial fraction of the UV light emitted by young stars. Thus, the
tion betweenAyy ands: IR luminosity is proportional to the SFR.

The relation between the SFR and the infrared luminosity
Asgoo = 4.43+1.993. (15) is summarized in Table 2. The first column indicates the ob-
Recently, Bell (2002) compared the spectral indgx served quantity, the second column provides the value of the
with Auy (FIR/UV) for a sample of normal star-forming galax-calibration for the reference model described above, and the
ies and found thag is typically greater (redder) than the exdast column provides the range of variation of the calibration
pected value for starbursts. among the set of models.

We also found a loosg— Ayy correlation for disk galaxies. ~ The row labeled IR 1000 refers to the total dust emission
Indeed, it is worth noticing that in these galaxies the contribffom 8 to 100Qum, while IR refers to the infrared emission esti-
tion from stars outside star forming regions is quite substantifted with the four IRAS bands (Sanders & Mirabel 1996) and
and can Signiﬁcanﬂyf%ct even the UV S|0pe_ FIR refers to the far-infrared emission estimated from the 60
and 10Qum IRAS bands (as described in Helou et al. 1988).

In the following rows of Table 2, we show the calibration of
the specific luminosity at the peak of the PAH emission feature
In the previous section we justified the tangled relation betweah7.7um (PAH 7.7um), the flux in the ISO band LW3, and the
the attenuation properties of star forming galaxies as seerSHRTF experiment MIPS at 24m, 70um and 16Qum.
different wavelengths, by means of a model that accounts for The infrared estimators exhibit larger variations in normal
the complex interplay between geometry, obscuration time astdr-forming galaxies than in starburst galaxies. Inspection of
stellar lifetimes. the above table shows that the calibrations can vary by up

Using these models, we have obtained calibrations of ttee 80% around the reference model. In the case of normal
SFR for a wide range of fiierent observables from the UV togalaxies a considerable part of radiation from young stars is

5. SFR estimators
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Table 3. Calibrations of SFR in UV band in the dust-free case, and fdable 4.Calibrations of SFR for emission lines (in B M, yrt w-1,
radio emission (in 1¢° M, yr* W1 Hz) as a function of metallicity. or a: in 10% M, yr~* W=1. No dust: the intrinsic calibrations in the
case without dust. Ref. model: calibrations for the reference model.
7 uv 149 GHz 8.44 GHz Max value: the maximum value found in our models. The values be-
tween brackets in the forth column refer to the edge-on case.

0.0008 78.9 59.5 166.1
0.004 88.7 65.1 2126 Line Nodust Ref.model Max value
0.008 94.8 66.6 230.9 HB 0.187 0.758 7.94 (25.8)
0.015 99.7 67.7 246.2
Hao 6.08 6.62 15.12 (29.3
0.02 103.4 68.6 258.4
P 0.99 1.415 2.52 (4.37)
0.03 107.7 69.8 269.1
0.04 112.3 71.1 280.7 P#o 0.99 0.99 1.06 (1.18)
0.05 1174 125 293.5 Pa 0.436  0.505 0.676 (0.938)
Bry 5.69 6.31 7.86 (10.2)
o , Brg 3.28 3.50 4.12 (4.96)
not absorbed by MCs clouds, so that variations in the duration
of the obscuration by MCs and in the optical depth of MCs Bra 1.69 1721 1.91(2.10)
produce an important change in IR emission. Furthermore, the  Hua 12.9 13.12 14.7 (16.2)
absorption of light from old populations byflise dust may be [0m3727 0.127 0.844 25.2 (104.8)

a significant source of IR radiation, thus weakening the corre-

lation with the SFR. This is quite fierent from more powerful

starbursts yvhere mo;t O_f the energy Pf9dvced_by young ;tarﬁ 18 worth noticing that the variation of 1.49 GHz calibration

converted into IR emission, so that variations in absorption ¢ metallicity is +15%.

not produce any important variation of the IR flux. Observations indicate that FIR and radio emissions are
The ratio between SFR and UV luminosity,; = 2000 A) strongly correlated over a wide range of IR luminosities, from

is presented in the lower panel of Table 2. First row refegga . forming to starburst galaxies (Sanders & Mirabel 1996):
to UV uncorrected for dust extinction, the second to the UV lu-

minosity corrected for extinction through the UV slop&y( Fer/(3.75% 102 Hz)
vs. 3, Eq. (15) converted to 2000 A) and the last row to UV Iud = log = J(Wm=2Hz Y
. . . . . . 1.49GH

minosity corrected for extinction by adopting the relatian,

vs. logFrr/Fuv) with Egs. (13) and (14). These calibration&rom calibrations in Table 2 and in Table 3, for the FIR and the

refer to face-on models; calibrations from edge-on models havé9 GHz, we obtaiiy = 2.32 for the reference model, with a

a much larger range of variation, with the important exceptidgange of variatiorg = 2.05-2.48.

of the FIR-corrected estimator. Remarkably, the 0.2 dex observed scatter is fully accounted
It is important to notice that the FIR-corrected UV estiln our models simply by the variation of the SFR-FIR relation-

mator is quite robust; in fact, as shown in Sect. 4.2, the &hip (see also Perez-Olea & Colina 1995). This suggests that

tenuation in the UV is tightly related to the ratixr/Fuv, the relationship between radio emission and star formation is

for a significant variation of the optical depth and escape tirg&tremely tight and implies that the underlying physical mech-

(Fig. 7). Consequently, by adopting the rafigr/Fyy to es- anism responsible for it is quite homogeneous.

timate Ayy, one may get the intrinsic UV flux and obtain a  Although IR and radio calibrations depend én(here as-

reliable SFR indicator. In summary, UV and FIR fluxes alongumed to be 0.3), their values change by less than 5% (25%

are fragile SFR indicators, while their combination is a vefpr 8.44 GHz) iffy = 0 is assumed.

good estimator of the UV attenuation. Notice also that, because

of the slope of the relatioAyy vs. Frr/Fuv, this method is

not much #ected by uncertainties in the FIR flux due to ol

~235+0.2 (16)

5.2. Optical near- and mid-infrared emission lines

populations. H recombination lines are the only ones almost proportional
We also provide the dust free calibration of UV foffdrent to the Lyman continuum flux and, as a consequence, to the
metallicities in Table 3. SFR; other emission lines also depend on other quantities so

Finally, we report in Table 3 the new radio calibrationthat their use as SFR estimators is quite dangerous.
at 1.49 GHz and 8.44 GHz, according to Bressan et al. (2002), In Table 4 we report our calibrations for some emis-
as a function of the stellar metallicity. The emission at thes@n lines. The second column shows the intrinsic calibrations
frequencies in our model is provided by ionized gas (therm@ithout dust); the third column provides the calibration for the
emission) and SN remnants (non-thermal emission). The vagference model described above. The forth column provides
ation in luminosity (at constant SFR) is due to the variatidhe maximum value found in our models (the minimum value
of the number of ionizing photons of SSPs with metallicityef calibrations corresponds to the case without dust).
of the temperature of the ionized gas for free-free component, The calibrations are given assuming that the fraction of ion-
and to the variation of SN rate for non-thermal contribution&ing photons absorbed by dust insidatHegions () is O.
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Calibrations for diterent valuedy can be obtained by dividing  observing other lines that (if visible) are better estimators
the value reported by 4 f4. of SFR; therefore we conclude that {(B727 is a poor in-
dicator of SFR.
HB. The first entry in the table is fHHuncorrected for extinc-
tion; this line may be the only hydrogen line detected in
the spectra of intermediate—redshift galaxies and, in thgt|nfrared nebular metallic lines
case there is no way to correct it for extinction. The cali-
bration we provide here shows that for a typical SFR of Bhe IR spectral range contains numerous bright forbidden fine-
few My/yr, the inferred SFR may be underestimated bysiructure lines that are excellent diagnostics of gas density,
factor of three. hardness of the exciting radiation field and abundance of im-
Hao. The Hyo row refers to the ki luminosity corrected for portant elements.
extinction using the Balmer decrement (Eqg. (10)). We no-
tice that the decrement has been evaluated from compgri Densit d ionizi " hard,
isons of the observed ratio of the intensity of the emission$™ . .y a.n lonizing spectrum hardaness
at He and H3 with the expected ratio. We did not attempt to diagniostics

simulate a real measure of the Balmer decrement in a Syfirerent IR fine structure transitions of the same ion have dif-
thetic spectrum. Thus, our calibration assumes that ongdsent sensitivity to collisional deexcitation. This can be used
able to correct the lines for the contribution of the underlyg, identify the typical electron density of the emitting gas
ing older populations. (Rubin et al. 1994). Typical line pairs used for this purpose are
It is worth noticing that, due to the age selective extinctioTAr 11]21.8 xm/9 um, with a maximum sensitivity to the elec-
the calibration may change by a factor of two, or even mofg,, density at logife) = 4.7, [Ne]36/15.5um (log (ne) =

because the extinction ateHs underestimated, as demonz”), [Om]52/88 um (log(e) = 2.9), [Sm]19/33 um
strated in Sect. 4.2.1, when the escape time is similar to Yq}g'g (ne) = 3.5), and [Ni]122/205um (log (ne) = 1.8). Though
lifetime of ionizing stars. collision strengths for these lines may need to be reexamined

Another factor of uncertainty is provided by the orientatiO(Rubm et al. 2001), it appears that they can trace the density
of the observed galaxy because the extinction frofiuge o ipe emitting gas over a wide range, fram = 10 cnT3 to
medium is characterized by a mixed geometry, which tenqﬁ = 10° cmr3, i.e. possibly encompassing the typical den-
to produce a higher ratio between attenuation and reddgfires of star forming regions in normal galaxies as well as in
ing than for the screen geometry. compact obscured starbursts (Bressan et al. 2002).

Pa3, P&y. In Table 4 then Pafollows, either uncorrected or The hardness of the ionizing spectrum and the aver-
corrected (Pgy) for extinction, assuming that the intrinsic

: > .~ -age ionization parameter may be derived by analyzing ra-
valuetﬁf Pﬁ{.B”;. IS 5.'6|5 (andTPgB/t;BWS;RZ'%)'bm tT)'tS_ tios of line intensities in dferent ionization stages of suit-
case the extinction 1S lower and the can be oblaiNgye glements. Typical ratios are [NB/[Ne1], [Ar 1] /[Ar 11]
with a large accuracy. However, it must be kept in min

h h | h inties in the ph nd [Stv]/[St] (e.g. Giveon et al. 2002). Our model can be
that at these wavelengths uncertainties in the photomefiye 4 14 ohtain information on the age of the ionizing stellar

of d|ﬁer§nt \_Navr(]eband_s ma;(; constitute the Iaggelr source pulation and on the ionization parameter in singlg k-
uncertainty in the estimated extinction (e.g. Calzetti et ions or in starbursts of short duration. In other conditions, this

p 191??.t bl i ith B tod f fincti method will only provide the average values for these quanti-
ar. 1he laple continues with Bauncorrected for ExUnclion. o e wij| explore these topics in a forthcoming paper.

This line sits at the short wavelength border of kaéand
(A = 18752 A); like H3, it may be detected by ground
observations only in the spectra of intermediate redsh@t2. Abundance determinations

galaxies. ] ) )
Bry, Big, Bra, Hue. The following entries in the table It iS Straightforward to extend to the infrared the method used

are Biy, Brg, Bra and Hur uncorrected for extinction. As for abundance determinations for optical lines. This method is

expected, the extinctionffiects decrease when the wavebased on the ratio between the sum of the intensities of the

length increases, except for W@l = 12.371um) that falls  MOSt gbuhdant ions qf an eIemen'F, and that of a hydrogen re-

in the absorption feature of silicates. combination line (typically the Br line). It works as long as
[OnJ3727. The table closes with the 3727 line uncor- the current d_en;ity is lower than the critical density for colli-

rected for extinction (note we only use solar metallicity)$ional deexcitation.

The importance of this line is that in high redshift galaxies In the near- and mid-infrared the elements to which

this is the only bright line that, once redshifted, remainge can apply the above method are neon (fiN&5.5 um

in the optical domain. Recently, Jansen et al. (2001) ignd [Nei]12.8 um), argon ([Amm]9 um and [Arn]7 um)

vestigated the use of this line as SFR tracer, and foua@d sulphur ([$v]10.5um, [Sm]18.7 um and [S1]1.03 um).

that SFR estimations by means of [i{{3727 agree with Suitable calibrating relationships can be found in Giveon et al.

the Hyo value, as long as the line intensity is correcte®002) and Verma et al. (2003).

for extinction and calibrated for metallicity. However, In the far-infrared the method is applicable only to nitro-

it is not possible to perform these corrections withogen ([N]122 um and [Nm1]57 um). For these lines we have
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We notice that the metallicity is well determined for values be-
low solar. For higher values the relation steepens considerably
making the determination of the metal content quite uncertain.

A linear fit to models in which the metallicity is lower
than 0.015 is plotted in Fig. 8; its analytical expression is

11l

0.0001

P\

N
o5 Iog(n) = -1821+ 1.203logNys, (19)

N/H

I

n,=100, m="7
n,=10, m=0.7 |

o—a Ny=10, m=7

whereN,3 is given in hertz.

We stress that this relation holds as long as the density is
below the critical density for collisional de-excitation of the
[N m]122 um transition fie ~ 300 cnT3).

A similar calibration could be obtained by adopting the
C Ll . FIR luminosity instead of the radio luminosity. However, in the

o 10t case of disk galaxies the relation between the FIR luminosity
No, [Hz] and the SFR is not as tight as that between the radio luminosity
Fig. 8. The relationship between nitrogen abundance (relative to H§d the SFR (see Table 2). This would introduce a significant
drogen) and\,; (defined by Eq. (18)) for models withfiierent den- Scatter in the calibration.
sities and ionization parameters. The dashed line shows a linear fit to
models withZ < 0.015. 7. Discussion

10-8
x—x ny=10, m=70

Ll

107 Lol |

‘ ‘1‘010

The first application of the model presented in this work is the
derived the following calibrations with respect to thexBine analysis of attenuation in quiescent star-forming galaxies.

(for different assumptions on the electronic temperatdye These galaxies exhibit a poor correlation between the at-
tenuation in the UV band anddH(B02, see also Fig. 5), with
1.907x 10°° (Lin a2z + 0.24 7N 1g57) / Lere the former generally lower than what expected from the latter
N for Te = 10000 K on the basis_ of th_e simple Iawuv_ = _1.6AHQ (Eq. (9)). Our
— = (17) model explains this poor correlation in the context of age se-
H 3.546x 1(r5(L[N 122 + 0.231L N 1g57) / Lere lective extinction. As the extinction in the UV is very high,
for Te = 5000 K the contribution to the observed UV flux from stars outside the

molecular clouds is important even for relatively small optical

where NH is the nitrogen abundance respect to hydrogen. Thfcknessestyc). It is worth noticing that the fraction of young
relevant transition data have been taken from Lennon & Burkg/ emitting stars outside MCs increases for decreasing escape
(1994), Peng & Pradhan (1995) and Storey & Hummer (199%ne, while very young stars (which ionize the gas) spend most

It is worth noticing that this method requires the measuref their life inside MCs. Therefore, above a threshold value
ment of the intrinsic intensity of a hydrogen recombinatiofor ryyc which depends on the escape time, an increasg®f
line. Thus, it is not applicable when these lines are not geroduces an attenuation imHarger than that in UV.
cessible, either because of instrumental limitation or for very Thus, neither observations nor modeling support the as-
high extinction. In this case, we suggest to adopt another indirmption of a constant relationship between the attenuation
cator tightly correlated with the intrinsic intensity of hydrogesutered by the continuum and the attenuation for the gas,
recombination lines or, equivalently, with the SFR. The besat least for a current SFR smaller than WQ/yr. As a con-
SFR indicator we have found is the radio luminosity (Table 3equence, the results of Calzetti (199AXEY/AYS ~ 0.44)
To this purpose, we have run a set of models varying the metednnot be extrapolated from starbursts to disk star-forming
licity of the gas (fromZ = 0.0008 toZ = 0.05), the hydrogen galaxies.
density, from 10 to 100 cni, and the ionization parameter.  Moreover, the extrapolation of theaHattenuation to the
The latter is a function of the mass of ionizing clustet§ and UV through the previous reported simple law yields UV cor-
of the filling factore through Eq. (8). We stress that the emisrected fluxes larger than those expected from ¢brrected
sion lines resulting from quiescent star forming galaxies are tféxes, as found by Sullivan et al. (2000, 2001). These authors
sum of the emission of H regions of diferent ages, so thatexplain the result by introducing star formation histories that
there is not a single ionization parameteat work. However, change rapidly with time aridr a more complex model of ex-
since all the ionization parameters scale linearly with the quainrction. On the other hand, our model explains this result as a
tity m = (M*€?)Y/3, we have changeth from 0.7 to 70MY*®  natural consequence of the age selective extinction.
to simulate a similar range of variation of. The fraction of An additional interesting issue is that the attenuationdn H
ionizing photon absorbed by dust was assumed tfye0.3. derived from the Balmer decrement can be underestimated,

Figure 8 shows the relationship in our models between thimce in disk galaxies the escape time and the lifetime of very
nitrogen abundance and the ralig; defined as massive stars is often similar.

The comprehensive treatment of nebular and continuum

N2z = (Linma22 + 0.24 7N mg57) /L1.49 GHZ (18) emission allows to conclude that the assumption of a constant
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Table 5. Comparison of some calibrations of SFR with results frora new calibration for the nitrogen abundanc¢HNas a func-
previous works. Calibrations are referred to a Salpeter IMF b#en of the intensities of the [M]122um and [Nm]57 um, and
tween 0.1 and 100/,. Referencea: Kennicutt (1998)p: Haarsma Brq lines. When the latter line is missing or useless (e.g. when

etal. (2000). affected by strong extinction), we suggest the possible use of
the radio luminosity as indicator of the ionizing fl@Qy, that
This work  others enters implicitely the above calibration. We provide a new cali-

uv 1.20 14x 102 My yr*W-1Hz a bration of the metallicity with the ratibl,3 defined by Eq. (18).

IRs1000  4.63 45% 1079 M, yr WL a This new cahbranop will turn out to be particularly useful for
the Herschel experiment.

Ha 7.05 79x107°° Mg yrtw1 a

1.49GHz 79.6 123x 102 Mo yr*W1Hz b

8. Summary

extinction for all stellar populations is not satisfactoryyare we summarize the main points of this paper.
However, the detailed models presented in this work indi-

cate thatAyy can be accurately estimated by using the ra-

tio Frr/Fuv (cf. Egs. (13) and (14)). This conclusion holdsl. We have introduced the nebular emission calculations from
provided that the main contribution to FIR comes from the ab- CLOUDY into our spectrophotometric code GRASIL. The
sorbed UV radiation of young stars, but it does not depend on method which interfaces nebular emission computations
the escape times and on the extinction properties of dust. Thewith population synthesis is based on pre-computed li-
relationships we obtain are intermediate between those by Buatbraries of Hi region models. These libraries can be re-
et al. (1999) and by Meurer et al. (1999), the latter derived for trieved from the GRASIL web sifeand easily used for
starburst galaxies. other population synthesis codes.

By using our set of simulated disk galaxies, we calibrated As a result, we can model the spectra of star-forming
different SFR estimators, collected in Tables 2-4. Some cal- galaxies from far-UV to radio wavelengths, including
ibrations may be compared with values obtained in the litera- Stellar absorption features, nebular emission, dust and
ture. In particular we compare the results with Kennicutt (1998) PAH emission.

(UV, IR and Hr) and Haarsma et al. (2000) (radio); these com3. We applied the model to study the attenuation in normal
parisons are summarized in Table 5, after a small correction star forming galaxies. The poor correlation between the ex-
factor (1.16), which accounts for the slightlyfidrent IMF tinction at UV and i found by BOZ2 is interpreted in our
adopted, is applied to our estimates. model as a natural consequence of age selective extinction.

There is a good agreement forHUV and IR calibrations 4. Conversely, we found th&y correlates quite tightly with
(note that Kennicutt 1998 uses the notation FIR for the total the ratioFgr/Fuv.
dust emission between 8 and 10@®), while our calibration 5. We present new calibrations for the SFR using lines and
for the radio emission is a factor 1.5 smaller than that proposed continuum from UV to radio wavelengths, and study the
by Condon (1992) and Haarsma et al. (2000), and a factor 1.3 reliability of each estimator. In particular, NIR H recom-
larger than the one quoted by Carilli (2002). bination lines and radio luminosities are very accurate

It is worth noticing that our calibrations give a ratio SFR estimators.

(Eq. (16)) between the radio and FIR emissians,2.32, very 6. Although UV—, Hr— (also corrected for extinction) and
close to the observed value, and that we can explain in a naturallR—derived SFR are plagued by significant uncertainties,
way the scatter around the observed relation. In disk galaxies, the UV luminosity corrected by using the rafieir/Fuy is

this scatter is due to the variation of the fraction of stellar emis- @ robust SFR estimator.

sion absorbed (and re-radiated) by dust. 7. We reproduce the observed value of tiratio between ra-
In the case of normal star forming galaxies, the model evi- dio and FIR emission. Its scatter is ascribed to the variation
dences that H, UV and even IR estimators of SFR aréezted of extinction between dierent objects.

by important scatters. For what concerns, lthis is due to the 8- Finally, we discuss several methods and provide new cal-

age selective extinction, that can produce an underestimate ofiPrations for the determination of metal abundances by

the attenuation when it is derived by the Balmer decrement. Means of infrared emission lines.

Also IR emission by itself does not provide an accurate esti-

mate of the SFR in disk galaxies, because the fraction of UV l&xnowledgementsie  thank A. Bosell, V. Buat and

diation not absorbed by the dust can be high. The combinatign magliocchetti for enlightening discussions, and the referee

of UV and FIR luminosities provides a very good SFR estim@M. Fioc) for the very accurate scrutiny of the paper and useful

tor essentially because, even for a modest SFR, one recoversigyestions. A. B. acknowledges warm hospitality by INAOE

the FIR what is lost in the UV. (MEX). We are also grateful to G. J. Ferland for the public access
Finally we have also discussed the utility of IR nebuldP CLOUDY. This research was partially supported by the Italian

lines as diagnostic tools for deriving the average properties\fistry for University and Research (MIUR) and ASI.

the environment such as number density, hardness of ionizing

spectrum and gas metallicity. In particular we have provided http://web.pd.astro.it/granato/grasil/grasil.html
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Appendix A: Analytical spectra 610 [ g
PP Y P [ oo Ty=3-104+4-10%(Qy,/Qy) § 1
Here we present the relationships used to describe the param—_, 0. [ 1,-4-10+0.5:10*Log(Q,./a,) ]
eters of analytical spectra introduced in Eq. (1) as functions r .7=0.0004 f:* ]
of Qu, QH?, an_d_Qo. _ . axiof | 720004 &&i* ]
Tre is implicitly given by: _ 70,008 o ® i;?/@
00 VHet M . _ o “é>)",/ - B
fvsi P f”j - BT/ Qo : a1 = M0 o S ]
[T Fdv/hy [ B(The)dv/hy  Qhe » x ]
VHe VHe 25104 [ ]
wherevye+ is the photoionization threshold frequency foriHe
OnceTe is known, Ay is obtained from T E
vhet B(T L ]
AHef (hVHe)dy = Qrie: (A-2) i Cocnad il vl il il HW:
e 10-7  10-¢ 10-5 0.0001 0.001 0.01 0.1 1
Furthermore, to compufg., we notice that there exists (for a Qu./Qy
wide range of age and metallicities) a correlation betwBgn o _ )
andQue/Qu of the SSP spectra, (Fig. A.1): Fig.A.1. Temperature of ionizing contlnuu_rﬁ_'H as a funcuo_n
of Que/ Qu for SSPs of dierent age and metallicity (points). The lines
{ 3x 104+ 4 x 104% for %He > 0.005 A3) refer to the analytical fit (Eq. (A.3)).
H= § Qhe QHe : )
4x10"+05x 10*-log(Z=) for = < 0.005 e S
. . . . a-B rmrm— H
We use this equation to derivig; for given values 0Que/ QH. 0.01 g e T
ThenAy follows from oot E — =z
105 |- .
VHe Bv T -6 b =
AH‘fv Ig H)dv = QH — QHe . (A.4) 10 1 : } :
Vi 14 3 3
As for the values of\,; and of the temperaturg,;, we notice g 0.1 3 E
that the region of the spectrum with> 912 A becomes im- < 0.01 £ —
portant only for relatively low ionizing fluxes. We thus simplyf ) E 3
obtained their values after minimization of thetdrences be- “g =
tween the lines computed with full SSPs spectra and analytical 0.1 e =
spectra: e 3 =
0.01 ¢ 2.5 Myr %
T Max(Ty, 40000 K) forQue/Qu > 0.005 (A.5) T T R R , L]
"~ 1 30000K forQue/Qn < 0.005° ' !
01 — 75‘:\*
_[25Aq  for Que/Qu > 0.005 E $ K/( £ 3
Ani = { 35A4  for One/Qu < 0.005 (A.6) o001 :| : 5 01 Myr 3
. i 0001 C I I 1 I 1 1 1 1 I I I ]
In Fig. A.2 we compare some SSP spectra with the correspond- 200 300 500 1000 2000 3000
ing analytical spectra. These comparisons suggest that analyti- A [R]

cal spectra can represent the Lyman continuum with reasonable o _
precision. However, we stress that our goal is to get line emfdg-A.2. UV and ionizing spectra for SSPZ (= 0.008) of diferent

sions computed with analytical spectra which are as similar%%? i e bt lues thar the SSP
possible to the ones computed with SSP. (thin lines) that have the san@values than the spectra.

Appendix B: Average ionization parameter

r herical surph i he variation r
for a sphere cross a spherical surphace at distancehe variation ofQ(r)

with the radius is given by:
The volume averaged ionization parameter for a shere is ‘Hb

fined as: 5= ~A4nr’nZap(H)e . (B.3)
R
Uy = f ° U(r347rr2dr ’ (B.1) Integrating this equation we get:
o = Qu- S ag(H B.4
whereRs is the Stoimgren radius andl(r) is the ionization Q) = Qn - 3’ Mhee(H)e . (B.4)

parameter of the gas at the distandeom the sourceU(r) is e Stomgren radius is defined as:
defined by:

300\
Ui - -0 Ou )

- 2y Rs= (— (B.5)
4dnr2ngc’ (B2) 4rnap(H)e

s (thick lines) compared with the corresponding analytical spectra

whereQ(r) is the number of ionizing photons per unit time that
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By substituting Egs. (B.4) and (B.5) in Eq. (B.1), we get: Heiles, C. 1994, ApJ, 436, 720
Re ) Helou, G., Khan, I. R., Malek, L., & Boahmer, L. 1988, ApJS, 68, 151
Uy = f ( Qn B mHaB(H)E) 3redr Hopkins, A. M., Connolly, A. J., Haarsma, D. B., & Cram, L. E. 2001,
o \4nrZnyc 3c Rg AJ, 122, 288
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Arnyc 304 Kaufman, M. J., Wolfire, M. G., Hollenbach, D. J., & Luhman, M. L.
; 1999, ApJ, 527, 795
Nnag(H)e ( 3Qy )3 Kennicutt, R. C. 1983, ApJ, 272, 54

4c 4ﬂnaaB(H)e Kennicutt, R. C. 1984, ApJ, 287, 116
s Kennicutt, R. C. 1998, ARA&A, 36, 189
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