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Abstract. Infrared (IR) luminosity of galaxies originating from dust thermal emission can be used as an indicator of the star
formation rate (SFR). Inoue et al. (2000, IHK) have derived a formula for the conversion from dust IR luminosity to SFR
by using the following three quantities: the fraction of Lyman continuum luminosity absorbed byf pabhd fraction of

UV luminosity absorbed by dust), and the fraction of dust heating from old1(0® yr) stellar populationsr). We develop

a method to estimate those three quantities based on the idea that the various way of SFR estimates from ultraviolet (UV)
luminosity (2000 A luminosity), k¢ luminosity, and dust IR luminosity should return the same SFR. After applying our method

to samples of galaxies, the following results are obtained in our framework. First, our method is applied to a sample of star-
forming galaxies, finding that ~ 0.6, ¢ ~ 0.5, andn ~ 0.4 as representative values. Next, we apply the method to a starburst
sample, which shows larger extinction than the star-forming galaxy sample. With thefaie, @indr, we are able to estimate
reliable SFRs from UV andr IR luminosities. Moreover, the ddluminosity, if the Hr extinction is corrected by using the
Balmer decrement, is suitable for a statistical analysis of SFR, because the same correction factor for the Lyman continuum
extinction (i.e. ¥ f) is applicable to both normal and starburst galaxies over all the range of SFR. The metallicity dependence of
f ande is also tested: Only the latter proves to have a correlation with metallicity. As an extension of our result, the4d@al (
comoving density of SFR can be estimated with our dust extinction corrections. We show that all] AfdHIR comoving
luminosity densities a = 0 give a consistent SFR per comoving volum& & 10-2h M, yr-! Mpc~3). Useful formulae for

SFR estimate are listed.

Key words. ISM: dust, extinction — galaxies: evolution — galaxies: ISM — galaxies: starburst — infrared: galaxies —
ultraviolet: galaxies

1. Introduction the star formation activity, Star Formation Rate (SFR), defined
as the stellar mass formed per unit time, is often estimated.
During the history of the universe, galaxies have evolved, form-
ing stars. As a result, the present universe is filled with a large The star formation activity, more specifically the SFR, can
number of stars and a significant amount of radiative enerigy traced by young (age 10'—10® yr)* stars. Since short-lived
originating from such stars. Therefore, tracing the star formaassive stars are certain to be produced most recently, the SFR
tion activity over all the history in the universe is fundamentéd traced with the luminosity of massive stars. One of the well
to understand how the present universe has formed. To quankifiown and commonly used tracers of massive starsasuH
minosity (e.g., Kennicutt 1983), because Hhotons originate
from the gas ionised by massive-star radiation. Since massive
Send gprint requests toH. Hirashita, stars are the strong source for Ultra-Violet (UV) photons, UV
e-mail:hirashita@u.phys.nagoya-u.ac. jp luminosity is also used as an indicator of SFR. A general re-

* Tables 1 and 2, and Appendix A are only available in electronife, , tor SER indicators can be found in Kennicutt (1998a).
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In order to obtain a reliable estimate of the SFR, we hafeat dust outside H regions and it is shown that the UV heat-
to take into account dust absorption (extincttonj UV and ing is also dicient in all the interstellar medium (ISM) via a
Ha light. The Hx luminosity (or more generally, the luminositydiffuse interstellar radiation field not spatially associated with
of hydrogen recombination lines) is decreased also by the &k regions (Buat & Xu 1996; Walterbos & Greenawalt 1996).
tinction of Lyman continuum photons (e.g. Smith et al. 197&ur definition ofy is also diterent from the cool dust frac-
Inoue et al. 2001; Inoue 2001; Charlot & Fall 2000; Charldton as defined in Lonsdale Persson & Helou (1987), because
& Longhetti 2001; Charlot et al. 2002; Dopita et al. 2003)dust located out of H regions can be heated by UV radiation
Quantifying the dust absorption is generally crucial in deriffom massive stars and at the same time it can remain cool.
ing the star formation history of a galaxy (e.g. Inoue et dBecause of such a temporal definitionpfive have to specify
2001; Hopkins et al. 2001; Kewley et al. 2002) or of the unthe timescale on which the current SFR is traced (Sect. 2.1).

verse (e.g. Flores et al. 1999; Steidel et al. 1999; Meurer et al. |; is known that IRUV flux ratio is a good indicator for the

1999). Nevertheless, the correction for dust absorption ugy;st absorption in UV (Buat et al. 1999; Meurer et al. 1999;
ally requires an elqborate multi-wavelength or multi-band moglzitt & Gordon 2000; Panuzzo et al. 2003). Therefore, UV and
elling (e.g. Calzetti 2001). IR luminosities are useful not only to derive SFR but also to
There are some SFR indicators that are virtually free fropgrrect Uv luminosity for dust absorption. By usingrHu-
dust extinction. One of them is the infrared (IR) luminositysinosity in addition to UV and IR luminosities, we develop a
originating from dust continuum emission (Kennicutt 1998a},ethod to estimaté, €, andy (the principal quantities in the
In this paper, we use the term IR to indicate the wavelengifik formalism), and propose a way to obtain a reliable esti-
range where dust emission dominates the luminosi§—( mate of the SFR. Rosa-Gaalez et al. (2002) also treatto
1000um). We call the total luminosity of dust emission “dusgstimate the SFR from dust IR luminosity, but we stress that
IR luminosity”. Contrary to UV and k, dust IR luminosity { andy are also important (IHK). Charlot et al. (2002) have
traces the stellar radiation absorbed by dust. Thus, if a signgjjmpared the UV, IR, andHSFR estimators based on a fully
cant fraction of stellar radiation is absorbed by dust, detectipgnsistent model, which includedfi@irent extinctions between
the dust IR emission is important. Rec¢80 (e.g. Takeuchi young and old stellar populations, non-Balmer emission lines,
etal. 2001)COBE (e.g. Hauser & Dwek 2001), and SCUBAgnq various types of star formation histories (see also Charlot
observations (e.g. Blain et al. 1999; Barger et al. 2000) hagerg| 2000). Charlot et al. (2002) also use [@ line lumi-
shown a significant contribution of dust IR emission to the t@osity (see also Gallagher et al. 1989), which is not included
tal light in the universe over a large part of the cosmic historyy, oy paper, to estimate SFR. This paper adoptsfareint ap-
Theoretically the conversion factor between the dust IR Igroach: instead of modelling the details of radiative processes,
minosity and SFR is dependent on hofli@ently stellar light we develop an independent and simple way to extract the im-
is absorbed by dust and reprocessed in IR (e.g. Inoue etgrtant quantities for SFR estimates, so that our model might
2000, hereafter IHK). In the analytic formula of IHK, the conpe applied easily to large data sets.

version factor between IR luminosity and SFR are described by Hirashita et al. (2001, hereafter HO1) suggest that those

using the following three parametefs:e, andn, wheref is the three quantitiesf, ¢, andn, change as galaxies are enriched
fraction of Lyman continuum luminosity absorbed by hydrogen q » & '7’ g g

) S metals. As a galaxy forms stars and recycles gas into ISM,
atoms,e is the nonionising photons from young stars absorb S .
: . 2 D e metallicity increases in some classes of models such as
by dust, and; is the fraction of IR luminosity originating from ; X
. a closed-box model (e.g. Tinsley 1980). At the same time,
dust heating by old stars.

t grains are made from metals. In fact, metallicity is re-
Let us note some remarks about the three parameters. | E

oo d to dust content (e.g., Issa et al. 1990; Schmidt & Boller
assume that the ionizing photons do not escape out of gal§§g3_ Lisenfeld & Ferrara 1998 Dwek 1998 Hirashita 1999
ies; that is, the fraction + f of the Lyman continuum lu- ' § : '

S . . o Edmunds 2001). HO1 consider that the metallicity evolution re-
minosity is absorbed by dust grains. This can be justified f uncs ) staer alicity evolution’t

nearby galaxies, whose escape fraction of Lyman continuu8 Lits in the increase of dust optical depth. Consequdrild
’ ibl llici lution.
photons is generally less than 10% (e.g. Leitherer et al. 19 g];and possiblyy) can be &ected by metallicity evolution

Deharveng et al. 2001). For high-redshift (highgalaxies, it~ The aim of this paperis to develop a method to observation-
is still a matter of debate whether the escape fraction is hi%ﬂy estimate the quantities important for determining SFR. The
(Steidel et al. 2001) or low (Heckman et al. 2001; Giallonggminosities in this paper are derived by assuming an isotropic
et al. 2002; Ferandez-Soto et al. 2003). We can regards 'adiation, which we expect to be reasonable in a statistical
the fraction of UV (912—3650 A) photons absorbed by dustense. First we reconstruct the IHK formula to make it consis-
partly because almost all the radiative energy from young st&#8t with our treatment in this paper (Sect. 2). In Sect. 3, then,
lies in the UV range, and partly because the dust absorptiorf4§ €xplain how to derive the important quantitiés ¢, andn)
much more ficient in UV than in optical (Buat & Xu 1996). for estimating SFR. In Sect. 4, we present the samples to which
With respect to;, we should keep in mind that the definition ofve apply our method. The statistical properties of various SFR
n is temporal, not spatial as “cirrus”. Indeed, young stars ciflicators are discussed in Sect. 5, in which the metallicity de-
pendence of ande is also tested. In Sect. 6, we summarise
2 strictly speaking, the extinction is defined as the sum of scatterif§l results and discuss possible application of our method to
and absorption. In this paper, the term “dust extinction” is used tBe cosmic Star Formation History (SFH) and to future survey
indicate only the absorption. data.




H. Hirashita et al.: Extinction and star formation rate 85

2. Reconstruction of SFR formulae and f ande are the fraction of Lyman continuum luminosity
absorbed by gas and the fraction of nonionising photon lumi-
nosity absorbed by dust, respectively. In this formalism, all the
and SFR Lya photons are assumed to be absorbed by dust grains dur-

We reconstruct the conversion formula from dust IR lumino#19 SOme resonant scatterings. This assumption can be justified
ity (Lir) to SFR following the method of IHK. (In Dale et al.even for dust-deficient galaxies with 1% of the Galactic dust-
2001, this luminosity is called “Total IR luminosity (TIR).”) A t0-gas ratio (H01), but we should be careful about this point if
subset of théRASsample is commonly used to investigate th&€ apply our formula to objects from which a large amount of
IR properties of galaxies, but tHRASdata are limited to the LY@ photons leak for some reason. As we mentioned in Sect. 1,
wavelength shorter than 126n. Therefore, the conversion for-it iS also assumed that the Lyman continuum photons are ab-
mula fromIRASIuminosity defined between 40 and 12@ to  Sorbed either by gas or by dust and do not escape out of the
the total dust IR luminosity is useful. We call the luminositgalaxy.
in the 40-12Qum range “FIR luminosity” Ler), whose way All the three Iuminosities_on th(_a right-hand side in Eq. (1)
of estimate can be seen in Lonsdale Persson & Helou (19g¥ related to the bolometric juminosity of the young stars,
Recently, data at longer wavelengths 89 have enabled Dale LEY.- In order to obtain such relations, we have run Starburst99
et al. (2001) to estimate the ratigr/Lrr as a function of the (Leitherer et al. 1999) and made synthetic stellar spectra. We
IRAS60 um vs. 100um flux ratio. Hereafter we will use this @dopt the Salpeter stellar initial mass function (IMF) with the
their result unless otherwise stated. The ratig/ L is larger UPPer and lower masses of 100, and 0.1Mo, respectively,
(>2) for normal star-forming galaxies (such as spiral galaxie%Z”Stam SFR, and solar metallicity. We use the result at the age
than for starburst galaxies. While the past analyses basedbA0° yr. and this timescale should be equatéa Then, we
starburst models (e.g. Meurer et al. 1999) are fietcaed by a_finally obtainLyye = 0.13L55 andLnonion = 0.87L5, from the
small diference betweehir andLgr (Lir/Ler = 1.4; but see Synthetic spectrum agr = 108 yr. In this paper, we adopt the
Calzetti et al. 2000, who derivier/Lrr = 1.8)%, we have to Same parameter set for the Starburst99 spectrum unless other-
be careful about the flerence for normal galaxies. wise stated.

The current star formation activity of galaxies can be traced The Lya luminosity is estimated under Case B (Osterbrock
by quantifying the amount of young stars. Thus, the terAP89) as (IHK)
“young” should indicate the timescale on which the current
star formation is traced. This timescale is denotedsasFor Liyo = §NLycf/hVLya’ ()
example, Inoue (2002a) adopts ~ 107 yr to trace the SFR. _ S ) )
It is important to adopt a common timescale for all the SFRNereNwyc is the number of ionising photons emitted per unit
tracers. Since our aim is to work with monochromatic dafine: vy, is the energy of a Ly photon (163x 10 erg),
near 2000 A, the best choice of the timescale is that appfdid f” is thenumber fractiorof Lyman continuum photons ab-
priate for this wavelength. We chootg = 1CF yr unless oth- sorb_ed by gas (note thatis theluminosity fract|0n_of Lyman
erwise stated because the 2000 A luminosity reaches its §@0tinuum absorbed by gas). Although the relation betwfeen
tionary value around Foyr in a constant SFR. Moreover, forandf’ depends in a minor way on the extinction law for Ly_man
large galaxies active in star formation but not necessarily stgRntinuum photons and the shape of the Lyman continuum
bursting, a constant SFR over®lgr seems reasonable sinc&Pectrum/f = f” can be expected. There is a largidulty in
the strong correlation found between the &hd UV emissions Modelling the relation betweehand f” because of the lack of
(e.g. Buat et al. 2002, hereafter B02) argue for such a statidfrowledge about the extinction law for the Lyman continuum
arity (but the stationarity for other samples is not necessarfpotons. Thus, we simply adopt= f” throughout this paper.
supported; Sullivan et al. 2001). Such a hypothesis strongly Using the conversion fromy. to Liyc predicted by the syn-
simplifies the analysis and helps the understanding. Since Hgsised spectrum of the Starburst®@,¢ = 3.22x 10y
duration of the current star formation activity may be shorter IR the ¢gs units), we obtaiby, = 0.34fL,yc. Then, Eq. (1) is
starburst galaxies, we also examige= 107 yr in Sect. 5.2.  reducedto

IHK have established a procedure to derive the conversipge SF
formula which connects dupst IR luminosity and SFR. Thegl'R = (0.13-0.085f + 0.87€)L - 3)
start from the following relation among luminosities originatThe Starburst99 result indicates that

2.1. Reconsideration of the formula between Lr

ing from young stars (Petrosian et al. 1972): L SF

SF ﬂ = 1.79x 10710 bl 4)
L|R = I-Lyn +(1- f)LLyc + €Lnonion; (1) Mo yr1 Lo
whereL¥, Liyq, Liye, @andLnonionare various kinds of luminosi- The dust IR luminosityl., is the sum of two components orig-

ties originating from young stars (luminosities of dust IRqly inating from young €tsg) stars and oldxtsg) stars (remember
Lyman continuum, and nonionising photons, respectivelythattse = 108 yr unless otherwise stated). Then the fraction of

) old stellar contribution td.g, 7, is defined as
3 For our IUE sample, which we treat as a starburst sample, the

application of Dale et al. (2001) to our data lead& tg/Lrr ~ 2.0 on Lﬁ?': =(1-nlLr. (5)
average. The uncertainty ing by 50% causes the changefofe, and
n by ~20%.
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Considering the energy balance of dyst also interpreted by SFR(UV) because most of the unabsorbed light from young
as the fraction of the energy input into dust (i.e. dust heatingfars is in UV. On the other hand, SFR(UV) can be formally
from the old stellar population. Using Egs. (3)—(5), we obtainestimated by multiplying the observed 2000 A monochromatic
luminosity with Cyogg, but this always underestimates the SFR

10,

SFR = 1.79x10° (1 - 1) Lir, (6) because an appreciable amount of the radiation from young
Mo yr=t  0.13-0.085f +0.87¢ Lo stars is absorbed by dust and reprocessed into IR. This underes-
For the following convenience, we express the above convifoate can be supplemented by{%) SFR(IR). Therefore, the
sion formula as following sum of UV and IR SFRs is expected to give a better

approximation of the SFR:
SFR= C|R(f, €, 7]) L|R . (7)
SFR=~ (1-7) SFR(IR)+ SFR(UV). (12)

that is, the conversion fact@ir becomes
10 Inthe previous works such as Flores et al. (1999) and Buat et al.
179x10(1 - ) [Mo yrtLY. (8) (1999), a simple sum SFR(IR) SFR(UV) has been adopted.
0.13-0.085f +0.87¢ © This type of simple sum is examined in Sect. 5.5.
We observe that the conversion factor is determined by a set The formula for SFR(IR) (Eq. (9)) is derived by assuming
of (f, €, 7). We should note that this numerical expression fépat all the stellar light is absorbed by dust. On the other hand,

the conversion factor is based on the assumption that the & conversion to SFR(UV) (Eg. (11)) is made by assuming a
formation occurs at a constant rate forgw theoretical stellar SpeCtrUm without extinction. Thus, we eXpeCt

that Eq. (12) gives a reasonable estimate for the SFR if there is
no dust absorption or if the dust optical depth against the stellar
light is significantly larger than 1. In the case where there is

Cr(f, e, )=

2.2. SFR from IR and UV emissions

We formally define SFR(IR) as some dust absorption, the shape of the absorbed spectrum in
UV is modified by the dferential absorption, and the IR light
SFR(IR)= Ci¥ Lir . (9) comes from only a part of the UV radiative energy. Therefore,

itis not obvious whether or not Eq. (12) is valid for an arbitrary

value of dust extinction (e.d(B - V)).

CISF? = Cr(f=0,e=171=0) We check the validity of Eq. (12). We_ start from the

179x 100 M, yrt L=, (10) Starburst99 spectrum. .Here, we only consider the contribu-

© © tion from young stars (i.ep = 0), but we can apply the fol-

If the radiation field in a galaxy is dominated by the yountpwing consideration to > 0 by replacing SFR(IR) antr

stars and all the radiation from stars is once absorbed by dwéh (1 — 1) SFR(IR) and (1- n) Lir, respectively. Assuming

and reemitted in IR, SFR(IR) gives a reliable estimate for SHRe Calzetti extinction curve (Calzetti et al. 2000) for the

(IHK). Indeed,Lig = LgoFl in such a case, and Eq. (9) is the sam@ust absorption, we extinguish the synthesised stellar spectrum

as Eq. (4). This situation may be realised in starburst gal®& @ function ofE(B — V). The energy absorbed by dust is

ies as assumed in Kennicutt (1998b). Thus, we call the con@gsumed to be equal tar. The energy absorbed by dust is

tion (f, €, ) = (0, 1, 0) “dusty starburst approximatioanFE’ estimated over all the range of the Starburst99 spectrum (100—

strongly depends orr (Appendix A). 1600000 A} by using Calzetti et al.’s fitting formula. As a re-
The intrinsic UV luminosity can be related to the SFR igult, we obtairloq0 (reduced according to the extinction) and

a rather straightforward way. We adopt the 2000 A monochrr, and then SFR(IR) and SFR(UV) from Egs. (9) and (11), re-

matic luminosityL 00 to trace UV (B02), and we express thépectively. In this modelling, both SFR(IR) and SFR(UV) are

where we define the conversion fact@fF{?, as follows:

SFR formula as proportional to SFR given in the Starburst99 calculation. Thus,
we should examine if [SFR(IR} SFR(UV)]/SFR= 1 is well
SFR(UV) = Cz000L 2000 (11) satisfied. In Fig. 1, we show SFR(I®FR, SFR(UV)SFR,

whereCaoop Can be calculated by using the Starburstag spegj shed, dotted, and solid lines, respectively). The deviation of

trum (with the same parameters as above in Sect. 2.1) with ;
dust a(lbsorptiorczooo E 2.03x107%9 (M, yrb)/(ergs* Azl). ROR)+ SFR(UV)Y'SFR from L is very smali$6%).

The advantage of using 2000 A monochromatic luminosity js We have used_the Calzetti curve because Itis the o_nly ex-
that (i) 2000 A is roughly the centre of the UV wavelengtlr'l'n_cuc_)rI curve derived from a sample of_galaxuas. But its va-
range (i.e., it traces the mean property of UV luminosity arﬂ&ilty is checked only for starburst galaxies. However, even if

A - : e adopt the Milky Way extinction curve (Cardelli et al. 1989;
extinction) and (ii) a large number of UV data are available &{ith Ry = 3.1) instead of the Calzetti one, thefigience of

2000 A. If there is no dust absorption, SFR(UV) gives a rellab[%FR(lR)+ SFR(UV)J/SFR from 1 is als7%. Thus, we ex-

estimate of SFR. ect that the selection of a specific extinction curve does not
Both SFR(IR) and SFR(UV) have their own disadvantages. . .
(IR) (UV) hav T own tisadventag change our conclusion that the sum of the IR and UV SFRs is

If we known, (1 - n) SFR(IR) can be estimated from the ob L

served.r. However, (1) SFR(IR) would systematically un- an excellent indicator for the SFR.
derestimate the SFR, because a part of the stellar radiation 4sAlmost all (~90%) of the absorbed energy originates from the UV
not absorbed by dust. This underestimate can be supplememntede.

?nd [SFR(IRt SFR(UV)]/SFR as a function oE(B - V)
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I - ' T ] to relatee to exp00 (defined as the fraction of 2000 A monochro-
1.0 m matic luminosity absorbed by dust). This relation depends on
i Pis | assumed models. One of the simplest ways to avoid such model
3 ' 7 1 dependence is to assumgoo = €.
0.8 B uv IR We quantify the uncertainty of this assumptiegoo = e.
. ’ { We adopt the Calzetti extinction curve to determine the ab-

I R 1 sorbed fraction of UV light as a function of the extinction at
0.6 o, ] 2000 A. For a certain value of the 2000 A extinction and the
A 1 Starburst99 spectrum, we obtain the monochromatic luminos-
04 I . 1 ity after dust absqrptior? for. eqch wavelength. By integrating
. { the monochromatic luminosity in all the UV wavelength range
I L’ ] (912-3650 A) and comparing this integration with the inte-
02k IRe - gration of the spectrum before dust absorption, we obtain the

I .- 1 fraction of UV light absorbed by dust. Consequently, we ob-
L - 1 taine as a function oxg00. Thee — exqop relation is plotted in

S S Fig. 3 (solid line). We find thaéypoo tends to underestimate
0.01 0.10 1.00 but that the dierence between the two is at me€).06. The
E(B-V) difference ine propagates to the estimates fofandn in our
) ) ) ) framework described later, causing the uncertainty of at most
Flg._l. Star formation rates (SFRs) normalised with thg true star forq04 in those two parameters. However, we should keep in
mation rate. We show the part of the SFRs traced with UV and Illwp’lind that the conversion fromto exoo always has uncertainty

luminosities (dotted and dashed lines, respectively). The Calzetti \ﬁx ii del (i t of extincti d intrinsi
tinction curve is assumed. The solid line shows the sum of the thg® SPECINC MOAE (i-e., a set of extinction curve and intrinsic

SFRs and the correct SFR (normalised) should be 1. The small d&RECLrUM) is selected. For example, if the Galactic extinction
ation of the solid line from 1 means that the sum of UV and IR SFR&IMVE (Cardelli et_ al. _1989§ witRy = _3-1) is assumed, we ob-
traces the true SFR. tain the dashed line in Fig. 3. In this case also, tHeedince

from € = exp00 is small enough. We prefer to avoid the model

It may be worth mentioning qualitatively the following de-dependence by simply adoptiggoo = €.
tails, whose quantitative discussion nevertheless depends onThe IRIUV flux ratio can be used to estimate(Meurer
the assumed stellar spectrum and extinction curve. The sli§htal. 1999; Buat et al. 1999; B02). In principle, we can de-
overestimate of SFR foE(B — V) < 0.1 is due to a smaller rive the extinction at 2000 A from a reasonable model of the
extinction (i.e. a larger escape fraction) of the 2000 A lighigdiative transfer such as Xu & Buat (1995) if all the required
than that of the total UV light. Because of this, the 2000 Aata are available. Since the treatment of radiative transfer is
monochromatic luminosity slightly overestimates the UV SFiReyond the scope of our simple analysis, we adopt a simplified
This point can be seen later in Fig. 3 (Sect. 3.1). On the cdlation between IRJV ratio and 2000 A extinction. For the
trary, SFR(IR) tends to underestimate the SFR even in the hi§=G sample (see Sect. 4 for the sample description), we use
extinction limit as we can see fd&(B — V) = 0.5. This is be- the calibration of Buat et al. (1999) but expresset iy F2000
cause a small part of energy escapes from galaxies in optici#Ist IR vs. 2000 A) flux ratio instead &%ir/F2000 (IRASFIR
and near-infrared wavelengths. vs. 2000 A) one since the extrapolation of the total IR flux
from that observed bijRAShas been made possible with the
ISOPHOT observations (Dale et al. 2001). We adopt the same
definition of F, (1 is a wavelength in UV in units of A) as that
We explain how to determine the parametérs, andz, all in Buat etal. (1999), i.eF, = Af,, wheref, is the flux density
of which appear in the IHK formula (Eg. (6)). We use the U\per wavelength. Then we finally derive
(2000 A), Hr, and dust IR luminosities to derive those three

Normalised SFR

3. Estimates of the principal parameters

quantities. We illustrate our procedures in Fig. 2. Agoo = 0.21+0.75 logFir/F2000)
+ 0.47[log(Fir/F2000]% (14)
3.1 ¢ where Axgoo (Mag) is the extinction at 2000 A. We note that

The parametee is the fraction of UV photons absorbed b)F R/Fa000 = Lir/(2000L2000), Where.dzooo = 2000 A. This
dust. Here, the UV wavelength range is defined between 913 ation is derived from the energetics between IR and UV and
and 3650 A The intrinsic UV luminosity is denoted i, Is found rather insensitive to the details of the stellar spectrum

: L if there is such an ongoing star formation activity as is seen in
The observational UV lumino can then be expressed a$ _ .
serval uminosityyy Xpress our samples (Buat & Xu 1996). The fraction of 2000 A light

Luv = (L-e) LYy . (13) absorbed by dust can be related¥go as
Both Lyy andLy,, are defined as the luminosities in the Uuv, _ 2000 = 1 — 107Pe00025 (15)

wavelength range.
As mentioned in Sect. 2, we use the 2000 A monochro- We also investigate starburst galaxies observetUty as
matic luminosity to estimate the UV SFR. Therefore, we hawkescribed in Sect. 4. For thit)E sample, we will use the
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Observed: IR | Uv ] Ha .
Balmer
1 decrement
IR/UV
Ha,corr
l

SFR(UV)+(1-n)SFR(IR) = SFR(UV)/(1-€) = SFR(Ha)/f

f e n Cir SFR(IR,IHK)

Fig. 2. Summary of our method. We use three observational data (dust IR, UV, ahdhtinosities) and derive three parametérs, andn,

which are important for the conversion fact@ig) from dust IR luminosity to star formation rate (SFR). The method is based on the consistency
of the various SFRs derived from (1) the combination of UV and dust IR luminosities, (2) UV luminosity corrected for dust extinction, and (.
He luminosity corrected for dust extinction. Finally, using the three parameters, we @gsivehich gives another independent estimate for
SFR (denoted as SFR(IR, IHK)).

rLop- T T T T T T T T T T ) whereFieqo is defined in the same way &sooo, i-€., the flux
- —— Calzetti extinction /# { density at 1600 A multiplied by 1600 A. For nearby galaxies,
o . . . o ] F1e00 = Foooo (Deharveng et al. 1994; Buat et al. 1999), and
0.8 I Galactic extinction o 1 thus we can use IR vs. 2000 A luminosity ratio to estimate
L € = €2000 ,ﬁf"' . Fir/F1600 SinceAogog = 0.9A1600under the Calzetti extinction
0.6 i /‘,’n”' ] curve,exooo, Which is assumed to be equaldas estimated by
w I ,'.:‘:‘4.“ ] €= o= 1-1070%w025, 17)
041 1 3279
3 ,g,.?'/’" ] We start from Eq. (12), where the basic idea is that the SFR
0.2r a T measured with the IR emission is the SFR lost from the UV
Y. 1 light because of the extinction. The left-hand side of Eq. (12)
0.0l can be estimated by correcting the UV luminosity for dust ab-
e — sorption, i.e.,
0.0 0.2 0.4 0.6 0.8 1.0
SFR= SFR(UV)/(1-¢). (18)

€2000

Fig. 3. Relation betweer (fraction of UV luminosity absorbed by For the right-hand side of Eq. (12), SFR(IR) is estimated from
dust) andeqgo (fraction of 2000 A monochromatic luminosity ab-Lir (EQ. (9)) while SFR(UV) fromLaggo (Eq. (11)). Since: is
sorbed by dust) modelled for two types of extinction curves. The solisthown after applying the method in Sect. 3;lis determined

and dashed lines show the result for the Calzetti and Galactic extifi@m the following equation derived from Egs. (9), (11), (12)
tion curves. The dotted line presests eqoo. and (18):

€
(1-7)C¥Lr = 1< C2000 L2000- (19)
extinction estimated by Calzetti et al. (2000). The extinction

at 1600 A can be observationally estimated forlthg sample 3-3. f

as (Calzetti 2001) We start from the following relation between SFR and Lyman

continuum luminosity:

Fir
A1600 ~25 |Og|:1—68 Fleoo + 1] , (16) SFR= CLLyc I—Lyc ) (20)
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where the Starburst99 spectrum indicates @iaf = 3.45x respectively. We also examine the dependence on metallicity,

1043 (M, yrY)/(erg st). We also obtain which is traced with the oxygen abundance. The oxygen abun-
dance is taken from Gavazzi et al. (2003, in preparation) for the
SFR= Cnye Niye, 1) sFG sample and from Calzetti et al. (1994) for thi= sam-

whereNyyc is the number of the ionising photons emitted pé?le' We _caII 12+ log (O/H) metallicity in this paper. The solar
unittime, andCy, . = 1.07x 10753 (M, yr1)/st according to metallicity corresponds to 12 log (O/H) = 8.93 (Anders &
! yc : .
the Starburst99 spectrum. Grevesse 1989; Cox 2000). _
Since the K luminosity traces the amount of ionising pho-  F7om the arguments on dust temperature and equivalent

tons, we connect the above expressions to thdusinosity. Widths of the Balmer lines, BO2 show that theE sample

According to Deharveng et al. (2001) consists of galaxies with higher star formation activity than the
SFG sample. Th&UE sample can be regarded as a class of
fNLyc = 7.34x 1011Lﬁw, (22) “starburst” galaxies, while the SFG sample can be represen-

tative of “normal” star-forming galaxies (spiral galaxies and

whereL,, is the Hr luminosity corrected for dust absorptionregylar galaxies). We use the term “normal” and “starburst”
by using the Balmer decrement (i.e., observeduininosity is 5 jndicate a rough classification of star formation activity in

multiplied by 1G:"/2°, whereA(Ha) (mag) is the extinction his naper, and those two classes are often identified with the
for the Hx photons), and the quantities are expressed in the cgisg sample and tH&)E sample, respectively.
units. This relation is determined from the Case B condition. ’

Then we finally obtain the following relation from Egs. (21)
and (22): 5. Results

SFR= Chq L, /T, (23) In this section, we first apply our method to the SFG sample
. . _ 1 (Sect. 5.1), because thédE sample may still have arffect of
where wizobtam _nlumencaIlIgEHah = .34 x 121 Criye the small aperture even after we put the criterion for the angu-
7.89x 10" (Mo yr . )((erg s°). The conversion aCtO'@LLVC’. lar size. The robustness of the method against the model is also
Ch., andCy, are similar to the past estimates (e.g. Kenmcuﬁ<amined for the SFG sample (Sect. 5.2). Then, we apply our
199\?v2).estimate SFR in the left-hand side in Eq. (23) fro method to theUE sample in Seg:t. 5.3. The SFRS derived from
UV luminosity, dust IR luminosity, and; (known. by the e IHK method |s_cc_)mpared with the best-estimate SFR in or-
method in Sec’t 3.2) by using Eq ('12) By using Egs. (9) ad r to te_st the validity of the IHK fc_)rmula (Sect. 5.4). Othgr_
(11) in addition 'f ié obtained: ' ' ' R estimators are also examined in Sect. 5.5. The metallicity
' ' dependence of some of the quantitiésafide) is investigated
Che LS in Sect. 5.6 in order to test the hypothesisin HO1. The luminosi-

Ha
f= (1 1) C® Lig + Cao00 L2ooo. ( ties and the SFR conversion factors are summarised in Table 3.

4. Sample selection 5.1. f, €, and n for the SFG sample

One of the samples of nearby star-forming galaxies whose &ne of the characteristics of the SFG sample is that the H
tinction properties and star formation rates are well examinégprrected for dust absorption by the Balmer decrement) to UV
is the SFG sample of BO2. The sample consists of spiral andflix ratio is lower than that expected fér= 1 under a constant
regular galaxies located in clusters (Coma, Abell 1367, Can&§rR over 18 yr (B02). This may indicate that some signif-
and Virgo). BO2 also treat a starburst sample observetdBy icant fraction of ionising photons is absorbed by dust grains.
We also use this sampléJE sample) in order to test the ap-/noue (2001), after analysing the individualuHregions of
plicability of our method and to investigate theffdrence in some Local Group galaxies, also reaches the same conclusion.
properties. We adopt only the galaxies with a good measuféharlot et al. (2002) also concluded the same thing from their
ment of Balmer decrement (i.e., with a direct measurementa&alysis of the Stromlo-APM redshift survey data. Thus, we
the underlying stellar absorption). For th¢E sample, we only expect to find a fractiorf significantly lower than 1.
use the galaxies whose angular diameter is less than 1.5 arcmirin Table 1, we listf, €, andy for each galaxy. By definition,
in order to avoid the small aperture problemJE. The origi- f should be between 0 and 1, but only CGCG 119054 shows
nal quantities and the details are listed in Tables 1 and 2 of BbZignificantly larger than 1. We consider this to be due to the
for the SFG sample and theE sample, respectively (see als@vercorrection of k4 absorption. Indeed\(Ha) = 2.47 mag
the references therein). is the largest of all the SFG sample and the correction of dust
The observational quantities used for our analysislére absorption is as large as a factor of 9.7. With such a large ex-
(the Hy luminosity corrected for dust absorption by using thénction, the extinguished giflux measurement could be very
Balmer decrement),og00 (the monochromatic luminosity atuncertain. As a result, the extinction derived from the Balmer
2000 A), and_r (the dust IR luminosity). The dust IR luminos-decrement measurement could have a significant uncertainty.
ity is converted from théRASFIR luminosity by the method Therefore, we omit CGCG 119054 in the following analysis.
described in Dale et al. (2001). The three quantities for the The mean values and the standard deviatiensof f, e,
SFG sample and th&JE sample are listed in Tables 1 and 2andzn are shown at the bottom of Table 1. We calculated those
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Table 3. Luminosities and SFR conversion factors on the timescalg-6f 10° yr.

Quantity Value Units Definitiofi comment

L2000 ergst A1 2000 A monochromatic

Lt erg st corrected for Balmer decrement

Lir ergs? dust IR

Ca000 2.03x 104 (M, yri)/(ergst A1) to be divided by (- €)

Cha 7.89x 10742¢ (Ms yr/(ergs?) to be divided byf

c® 1.79x 107104 Mo yrt L3t dusty starburst approximation for IR
Cr Eq. (8) Mo yr izt f, €, andn are necessary

& The total luminosity of dust emission derived from fRASIuminosity correcting for the contribution from longet & 120 um) wave-
lengths. Dale et al. (2001) is used for the correction, but tiierdince between correction models is well less than 30% (e.qg. ffaeedice
from Nagata et al. 2002).

b |f tge = 107 yr, the value becomesBB x 1040,

¢ The value is unchanged ftg: = 107 yr.

4 If tge = 107 yr, the value becomesZ2 x 1071°.

values excluding CGCG 119054. As expected at the begifhe diference inLir/Lrr between Dale & Helou (2002) and
ning of this subsectionf is significantly smaller than 1. TheDale et al. (2002) is smaller than that between Nagata et al.
mean value off (0.57) indicates that about 40% of the ionis(2002) and Dale et al. (2001). Therefore, with the available
ing photons are directly absorbed by dust grains before being/Lrr models, the parameters are determined within an un-
processed into recombination lines. This can be a reason dertainty of~10%.

the systematic underestimate of I3FR relative to SFRs from  Rosa-Gonalez et al. (2002) also calculatedSome of their
other indicators (e.g., Cram et al. 1998; B02). We also obsefyfiaxies (13 galaxies) overlap with dWE sample, whoseis
from the mean ot (0.53) that the half of the UV is absorbedyerived later (Sect. 5.3; Table 2). They determiagda similar

by dust and reprocessed into IR. If we conwert 0.53+ 0.21  manner as ours, but not the same (e.g., the way of the estimate
into Agooo Dy using Eq. (15) and assumirg= e (i-€, By  of IR/UV flux ratio is different). The agreement between our
Agoo = —2.5l0g(1 - €)), we obtainAxoo = 0.82°9%5 This ¢ and theirs is extremely good (thefidrence is within 0.05
confirms the result of B0O2. The value pf~ 0.4 indicates that except for Mrk 66, for which we obtaia = 0.69 while they
about 40% of the dust heating is due to old (ager = 10°Y1)  derivee = 0.58). This supports the robustnessedbr the IlUE
stars, which have nothing to do with the current SFR. Misiriotigmple. For the SFG sample, the literature that analysed

etal. (2001) also find the contribution of old stellar populationsst found, and we cannot argue that other models support our
to grain heating to be40% for a sample of spiral galaxies. Jerivation ofe.

We also show the relations among the three quantities in e should remember that the conversion factors between
Fig. 4. We see that there is no evidence for correlation eith®tR and various luminosities depend on age, or more gener-
betweenf ande (r = 0.055;r is the correlation cdécient) gjly on SFH (e.g. Sullivan et al. 2001). In particular, the rel-
or betweenf andy (r = —0.017). There seems to be a tighktjve |uminosity ratio between UV and Lyman continuum (or
relation betweery ande, but this tightness results from our,ecompination lines) is sensitive to age. In a constant SFR, the
formulation that determines bogtande as a function of IRIV  |yminosity of the Lyman continuum reaches its stationary value
flux ratio (see Sects. 3.1 and 3.2). In reality, there is a scattegjin,e age of107 yr, while the UV luminosity becomes sta-
the relation betweeaand IRUV flux ratio (see Fig. 1 of Buat tionary at~1C8 yr. In the above, we have adopteg = 108 yr
et al. 1999). This scatter also dispersehe relation and the o the age, but we could adopg= = 107 yr to have an idea
standard deviation of would increase significantly. However,gw much the guantities change in response to the SFH. Some
the mean values of should still be~0.4. of the conversion factors at 1§r changeCaoo0, Cir, andC32
take the values described in Appendix A, wiilg, ., Cy,,., and
Ch. are the same as those af 10.

In the framework of Starburst99, it is veryfiicult to have a
We examine how much the three quantitiés §, andn) are spectrum for an arbitrary SFH, but it is easy and computation-
changed by the uncertainty in model assumptions. One of #ily economical to change only the age under a constant SFH.
sources for the uncertainty is the conversion betweetRIAS Thus, we only change the age here. By using another popula-
FIR luminosity to the (total) dust IR luminosity. We have usetion synthesis code, we have also tested tiffiedince between
Dale et al. (2001) for this conversion. If we adopt Nagata et al.constant SFR and an exponentially decaying SFR. As long as
(2002) for this conversion (their FIR2 is used), the mean valutt® exponential decaying timescale is comparable to (or longer
of f, ¢, andn change to 0.62, 0.50, and 0.39, respectively (thban) the duration of the star formatiotag), the change of th
standard deviations being 0.24, 0.20, and 0.06, respectivelgsults is not so drastic as thefdrence betweetyr = 10° yr

5.2. Model uncertainty
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Fig. 4. Diagrams ofa) f vs. ¢, b) f vs.n, andc) n vs. € for the SFG sample, wherkis the fraction of ionising radiation absorbed by ga&s
the fraction of UV luminosity absorbed by dust, api the fraction of dust heating by the oldZ? yr) stellar population.

andtsg = 107 yr. If a galaxy has a decaying timescale mucBome mechanisms are proposed for a short-term variation of
shorter thansg, it would not be classified with a star-formingSFR on a galactic scale (Kamaya & Takeuchi 1997 and refer-
galaxy and would not included in our sample. ences therein).

The spectral synthesis model used to derive the conversion
factors is another source of uncertainty. We have seen above
that the relative values betwe@p, andCyoqo (or Cr) is the
%rgest source for the uncertainty i) althoughgn is deter-

. . ) L Irtnined quite robustly. Based ®rGASE synthesis code (Fioc &

IS deterr_mn(?d Irom \Im\f rgtlo, \;Vh'Ch _'? m?eriﬁndent of t_heRocca—VoImerange 1997), for example, the construction of the
conversion factors. Whilg IS not Sensive 10 the CONVETSIon, ., ,\qsion factors are possible. Two of the conversion factors
factors,f changes significantly depending on the assutged

! . ; . Cho andCyoqp in our notation) are thus obtained by Sullivan
Recalling thatf is determined from the ratio between the SFI& : ‘L
; i et al. (2001) for various age and metallicity. However, both of
traced with R and the SFR traced with UV and IR, the se ( ) for various ag elty. Howsv

Nheir C andCy, are similar to ours (dierence is<20%).
sitive change of againstsr comes from the dierence in the 2000 Ha ( 0)

conversion factors for the UV and IR SFRs. Therefore, the tyTherefore, the dierence inf between the two synthesis codes

) . oo '€ W small and the dierence intse causes larger tference inf.
ical age of the current star-forming activity is important if therhe diference in metallicity fiectsCp, as largely as that in
age is shorter than £gr. We expect that our SFG sample ha§ , but the solar metallicity well approximates the metallicity

? cogtltrsl\lljouslénodg LOJ1\E/tIhe s_tar f:_)rmgtlon tée(éza()uzse:'he CoM St our samples. As long as the metallicity is betwegiDland
flon et (i)en ¢ an | um;]n05| IliiZEIS goo I( th). dow<ta_ver,3 solar metallicity, the major source for the uncertainty is the
or a starburst sample such as sample, the duration age, not the metallicity.

of the present starburst could be shorter thah yir0 Calzetti
et al. (1994) assumed a constant SFR overl®’ yr for these
galaxies. The correlation betweermvtand UV luminosities is 5.3 Application to the IUE sample

not so good as that for the SFG galaxies (B02), which also

suggests that the sample has a diverse property in SFH onhe IUE sample is also analysed in the way described in
timescale shorter than 4§r. However, since we do not knowSect. 5.1. If we adopt the conversion factorstigr= 10° yr,

the typical age of those sample, we adpt= 10° yr also for we obtain the results as listed in Table 2. For some of the galax-
this sample. lftsr is shorter than 10yr, f becomes smaller. ies, f is larger than 1, although < 1 by definition. We suspect

If those codficients fortsg = 10 yr are adopted, we ob-
tain the mean value$ = 0.39,¢ = 0.53, andp = 0.38
(the standard deviations, being 0.20, 0.21, and 0.06, respe
tively). It is natural thate does not change at all because
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Fig. 5. Star formation rate derived from the IHK method, SFR(IR, IHK), compared with the best-estimate SFR for the SFG sampliJ&nhd the
sample &) andb), respectively).

that this is due to the same reason as CGCG 119054 (Sect. 8Jk)ng the quantities f( €, ) derived for each galaxy in
Indeed, the galaxies whoges larger than 1 have alarg¢Ha) Table 1, we show the relation between SFR(IR,IHK) and
(1.42, 1.69, and 1.96 for IC 1586, NGC 5860, and NGC 4198FR(best) in Fig. 5. We find that SFR(IR, IHK) agrees with
respectively). We exclude those galaxies from the followirgFR(best) within a dierence of~30% (for 70% of the
analysis. The mean valuesd() aref = 0.48 (+0.20),e = 0.76 SFG sample, the fference is within 10%). Therefore, if we
(£0.15), andy = —0.04 (+0.09). If we apply the conversion fac-know the three gquantities, the IHK method approximates the
tors at 10 yr (i.e., we adoptsr = 107 yr), we obtainf = 0.30 SFR very well.

(+0.13),€ = 0.76 (+0.15), andy = -0.07 (+0.09). As seenin  For a general sample, we do not necessarily have all
the SFG samplé, is sensitive tdsr also for thelUE sample.  the three (UV, H, and dust IR) luminosities. In this case,
The extinctions for Lyman continuum and UV are bOtbm(f, €, 7]) cannot be obtained by our method. ThUS, in the

larger for thelUE sample than for the SFG sample. For thgext subsection, we examine various SFRs derived from a lim-
IUE sample, about 50% of the Lyman continuum photons afdd number of luminosities.

roughly 80% of the UV photons are absorbed by dust grains.
Moreover almost all the dust heating source is the stellar pop-
ulation younger than Foyr for the lUE sample, sincg ~ 0. 5.5. SFR

This is consistent with the starburst property of th& sam-

ple, whose current star formation activity dominates the |un{-|1__ere we investigate SFRs derived from various indicators. In
nosity of galaxies. Figs. 6a—d, we compare SFR(UV), SFR(IR), SFR(IR, UV), and

We examine the correlation between the quantities. Thetg R(H) with SFR(best) for the SFG sample. Figure 6a clearly
is no evidence for the correlations betweeande (r = —0.12) shows that SFR(UV) underestimates the SFR because of dust

and betweerf andy (= —0.04). There seems to be a tight re@0Sorption. The ratio SFR(UX§FR(best) is equal to (2 €)

lation betweere andy, but this results from the same reasofEd- (18)). If we can estimat(UV extinction) for each galaxy,

as the SFG sample (Sect. 5.1). In reality, the scatter should¥eR(UVY(1 - €) gives the best estimate of SFR.

much larger if we consider the scatter in the relation between The discrepancy between SFR(UV) and SFR(best) tends to

IR/UV flux ratio ande. be small for small SFR. For SFR(best) M, yrt, SFR(UV)

gives a good estimate for the real SFR (see also Bell &

. Kennicutt 2001). This means that there is a positive correla-

5.4. Validity of IHK tion between SFR andas pointed out also by Hopkins et al.

One of our main aims is to examine the conversion formula 63001). This correlation may only reflect the sizéeet, since

IHK (Eq. (7)). In order to see if the IHK formula works well ora large galaxy may tend to contain a lot of star-forming regions

not, we should know the best estimate for the SFR first of a#nd at the same time a large optical depth of dust (Wang &

We have shown that the SFR is traced very well by using Ifeckman 1996; Buat & Burgarella 1998).

and UV SFRs as Eq. (12). Therefore, in this paper the real SFR We expect that SFR(UV]1-¢) with € = 0.53 gives a better

estimated observationally is defined as estimate for the SFR. The dotted line in Fig. 6a shows the rela-
<b tion SFR(UVY (1 - €) = SFR(best) witke = 0.53. We observe
SFR(best)= (1 -n) Cig Lir + C2000L2000 - (25)  that SFR(UV)(1 — €) with ¢ = 0.53 systematically overesti-

Sincef, 7 ande are supposed to be known at this step, we ca2tes the SFR for SFR 1 Mo yr, because the data points
examine the conversion factor for the IR SFR by using the IHI€ N the region SFR(UV)(1 ~ €) > SFR(best). Thus, the dust

method. We define the following SFR(IR, IHK) by using th&orrection should be varied depending on the SFR. Because of
IHK conversion factor (Eq. (8)): a large variety irg, the scatter of SFR(UV) is larger than that

of any other estimators. The dashed line in Fig. 6 represents the
SFR(IR IHK) = Cr(f, €, n) Lir. (26) relation applied to théUE sample (i.ee = 0.76).
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Fig. 6. Various SFRs of the SFG sample plotted against the best-estimate SFR. The solid lines show the equality of the two SFRs plotted
in each figurea) SFR(UV) (without any extinction correction). The dotted and dashed lines indicate the “extinction-corrected” relations,
SFR(UVY(1 - €) = SFR(best) withe = 0.53 (the mean of the SFG sample) and witk: 0.76 (the mean of th€UE sample), respectively.

b) SFR(IR) converted directly from the dust IR luminosity by multiplyi@gf. The solid line shows SFR(IR} SFR(best). The dotted and

dashed lines present the trend for the SFG sample anidUthesample, respectivelg) SFR(IR UV) = SFR(UV)+ SFR(IR).d) SFR(Hy)

derived from the K luminosity corrected for the Balmer decrement. The dotted and dashed lines show the relations corrected for the Lyman
continuum extinction withf = 0.57 (the mean of the SFG sample) ahe 0.48 (the mean of thBJE sample), respectively.

Figure 6b indicates that SFR(IR) estimates the SFR quiteat Buat & Xu (1996) derive a similar ranggr = 0.79—
well for SFR 2 1 My yrt. However, we should keep in2.6 x 101° My, yr! L;!, where we assumer/Lrr = 2.4
mind that this is the result of the cancellation of the followfthe mean for the SFG sample).
ing under- and overestimate (Kennicutt 1998a; Inoue 2002a): We also examine the following SFR defined as a simple
SFR(IR) overestimates the SFR by a factgfll- n) because sum of IR and UV SFRs:

a part of the IR dust luminosity originates from the old stellar
population; SFR(IR) underestimates the SFR because a pa®B5R(IR UV) = Ci% Lir + Cao00L2000- (27)

the radiation originating from young stars is not absorbed t].¥1. . : .
: is kind of sum is adopted in Flores et al. (1999) and
dust, and thus is not traced by IR. However, SFR(IR) SySte@Oat et al. (1999). In Fig.ch we show the relati(on be)tween

atically underestimates SFR(best) when the SFR is lower t R(IR, UV) and SFR(best). We observe that SFR(IR, UV)

-1 . . .
1 M, yr", because the major part of the energy is radiated ('3?/erestimates the SFR because the fracjioglated to the old

gl\:/RA;g(;OSrggglil\f FR(rEJlV) provides a reasonable estimate ars is not subtracted fromg. However, the overestimate is
o Y not so large~60% at most. Moreover, the systematic SFR-
The conversion factor for the IR luminosity can be tested pendent deviation, Wh'Ch.'S seen for SFR(UV) and SFR(IR),
. : . Isappears by the combination of UV and IR SFRs. If we know
by using the IHK conversion facta€r(f, €, ). In treating : S . L
a sample of galaxies, a typical values ffe, and, for ex- a typicaln for a sample of galaxies, it is possible to statistically
' ' ' subtract the contribution from old stars by using Eq. (25).

ample the mean valueg (= 0.57,¢ = 0.53, andp = 0.40 X : S
for the SFG sample), are useful. If we put those mean V?(Ia' The Hx SFR defined by the following expression is also

ues, we find tha€r = 2.0 x 1072° My, yrt L. This value sted:

is similar toCf? = 179x 10°'° Mo yr™* L5 If we use gFR(Hy) = Gy, LS, 28)
20x 1010 M, yr~t L; instead ofCS? to estimate SFR(IR), Ho

the data points in Fig. 6b shift upwards. In order not to con$FR(Hv) is plotted against SFR(best) in Fig. 6d. Becafise
plicate the figure, we shift the solid line down to the dottesignificantly smaller than 1, SFR(H underestimates the SFR.
line. The dashed line shows the same thing@gr = 24 x The dotted line in Fig. 6d shows the relation SFRJHf =
101 M, yrt LZ1, which is representative for tHEIE sam- SFR(best) withf = 0.57 (the mean value). This line repro-
ple (Table 4). Iff, €, andn move their 1o rangesCir = 1.3— duces the mean trend of the data over all the range of SFR.
35x 1071° Mg yrt L 1. For a comparison, we should notéThis trend strongly supports the usefulness of Idminosity
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Table 4. Recommended conversion factors from each luminosity to SFR on the timestale-dfo® yr.

Luminosity? Multiplying factor® Comment
normaf starburst

L2000 43x107% 85x10“ large dispersion in extinction
systematic underestimate fs. My, yr—*

LS, 14x10% 1.6x10  similar factor for both (“universal”)
applicable to any SFR

Lir 20x 100 24x101° risk of underestimate fof1 M, yr—!

Other formulae
(1-1)CELir + Coo00L2000 n necessary
Cfg Lir + Co000L2000 systematic overestimate for normal galaxies

& L}, is the Hy luminosity after the correction for thedextinction A(Ha)). Lir is the total luminosity of dust emission derived frdRAS
40-120um luminosity and 6Qum vs. 100um flux ratio (Dale et al. 2001).

b The units are the same as in Table 3.

¢ The SFG sample is assumed to be representative of normal star-forming galaxies.

4 ThelUE sample is assumed to be representative of starburst galaxies.

as an indicator of SFR, because the Himinosity is inde- apply the mean valued (= 0.48,¢ = 0.76, andp = 0), we ob-
pendent of SFR(best), while SFR(best) includes dependetmia Cr = 2.4 x 1071 My yr* L3%, a value similar toC32
on SFR(UV) and SFR(IR) (thus the two SFRs in each of th{ee., SFR(IR IHK) /SFR(IR) = 1.3). This is the reason why
Figs. a—c are not fully independent). Therefore, we conclu8&R(IR) gives a good estimate for the SFR of the starburst
that SFR(Ky)/f with f = 0.57 gives a good estimate for SFRyalaxies. The range expected from the Variations off, e,
of the star-forming galaxies over the wide range of SFR. Th@dy is Cr = 2.0-30x 101° M, yrt ;L
dispersion in the figure is produced partly due to thigedent In Fig. 7c, we plot SFR(IR, UV) against SFR(best) for the
age in the present star formation activity, becauserdices the |UE sample. Sincg ~ 0 for thelUE sample, SFR(IR, UV) is
star formation in recent £8.10 yr while UV and FIR traces all almost equal to the best-estimate SFR (compare Egs. (25) and
the star formation activity in recertL® yr or more. (27)). Therefore, for starburst galaxies, the simple sum of the
We should keep in mind that we have adopted thelid UV and IR SFRs gives the best estimate of SFR.
minosity corrected foA(Ha). The analysis by Hopkins et al.  The Hx SFR of thelUE sample is also shown in Fig. 7d,
(2001) suggests thatHa) correlates with SFR (see also B02)in which the dashed line shows the relation SFRH =
Therefore, the conversion factor for observed lminosity SFR(best) withf = 0.48 (the mean value for theJE sam-
before the correction foA(Ha) is not universal but dependentple). The dotted line presents the same relation With 0.57
onthe SFR. Itis also important that we should take into accoyttie mean for the SFG sample). The dashed line reproduces the
not only A(He) but also the Lyman continuum extinction in ormean trend of the data over all the range of SFR. Moreover,
der to obtain a reliable estimate of the SFR. If we do not correbere is little diterence between the dotted and dashed lines
for the Lyman continuum extinction, the SFR is systematicalip Fig. 6e, which means that the same conversion factor can be
underestimated by a factor e (see also Inoue et al. 2001). used for Hr luminosity. Therefore, we suggest that SFRJIAHf
In Fig. 7, we examine th#JE sample. Since < 0 is not With f ~ 0.5 gives a good estimate for SFR of both the SFG
allowed by definition, we assumg= 0 if < 0. This does andIUE samples. Unlike the UV and IR conversion factors,
not afect the following discussions becausg < 1 for the there is no systematiciiérence in the bt conversion factor in
IUE sample. We use the conversion factortfgr= 108 yr also all the SFR range.
for this sample. In Fig. 7a, we show the line SFR(Y{)-¢) = We summarise the above various ways of SFR estimate in
SFR(best) withe = 0.53 (the mean value for the SFG samplejable 4, where we list the conversion factors applicable to both
by the dotted line. Since th&/E sample is much obscured intypes of galaxies. We assume that the SFG sample is represen:
UV, the correction withe = 0.53 underestimates the SFR. Wdative of normal star-forming galaxies and that thE sam-
also show SFR(UV)(1 - €) = SFR(best) withe = 0.76 (the ple is representative of starburst galaxies. The listed conver-
mean value for théUE sample) by the dashed line, which fitssion factors are already corrected for duieets (except for
the data points better. Therefore, when we correct the UV SHR Hy absorption,A(Ha), which should be estimated inde-
of a galaxy for dust absorption, it is necessary to know if thgendently by Balmer decrement) and are our “recommended”
galaxy is to be classified as a normal star-forming galaxy owvalues.
starburst. In this sense, there is no universal correction factor
for the UV SFR. _ 5.6. Metallicity
Figure 7b shows that SFR(IR) approximates the SFR very
well. This is because a large fraction of stellar light is al401 suggest thaf ande change as a function of metallicity
sorbed by dust and reprocessed in IR in starburst galaxies. Ifbarause the optical depth of dust can be related to dust-to-gas
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Fig. 7. Same as Fig. 6 but for tHEJE sample. Ify < 0, we adopty = 0.

ratio (Egs. (11) and (13) of HO1) and dust-to-gas ratio increases The correlation betweea and metallicity (Fig. 8by =

as metallicity increases. We do not show the relation betweef.53) may directly support HO1's idea. HO1 postulate a pro-
and metallicity in this paper because it only shays- 0.4 portionality between the dust optical depth for the nonionis-
for the SFG sample angl ~ 0.0 for the [lUE sample with a ing photons from young stars{nion) and dust-to-gas mass
small scatter and without any correlation with metallicity. Theatio D as

scatter of; should be larger in reality if we consider the scatter D
between the relation betweerylR/ flux ratio ande (Sect. 5.1). Tnonion = To (W) , (29)

In Fig. 8, we show the relation between (ajnd metallic- Where they calibrated the normalisatieyn= 3.8 based on the
ity, and (b)e and metallicity for the SFG sample. In Fig. 8aGalactic condition. Since most of the nonionising photons are
we do not find evidence for correlation £ —0.13). There is emitted in UV,7nonion is related tece in a straightforward way:

a significant scatter over the range of<0f < 1. However, €= 1 — g Tonion (30)
Inoue et al. (2001) and Inoue (2001) show that there is a cor-

relation betweerf and dust-to-gas ratio for Hregions. They By using the conversion from dust-to-gas ratio to metallicity as
as well as HO1 estimate the optical depth of dust for ionisimgpicted in the solid line in HO1’s Fig. 4, we finally obtain the
photons by using the Stnigren sphere modelling of anttte- model relation between metallicity amdWe show this relation
gion. The resulting optical depth becomes a function of the gasFig. 8b by the solid line, which significantly overestimates
density of the Hr region and the ionising photon luminositythe observed. This implies that the normalisatiory is too

of the central star as well as dust-to-gas ratio (Spitzer 197B¥ge for the SFG sample.

Therefore, a possible interpretation on the large scattérief Then, we lower the normalisatiag to make the model ap-
that the gas density afat the number of ionising photons pemplicable to the SFG sample. We adept= 1.2 so that the mean

H 11 region difer from galaxy to galaxy. HO1 also assume that= 0.53 (i.e.,mnonion = 0.76) is satisfied at the mean metallic-
there is a tight relation between dust-to-gas ratio and metallit (12 + log (O/H) = 8.8). The e—metallicity relation under
ity. It is also shown that the scatter of dust-to-gas ratio can betbis lower normalisation is shown by the dotted line. This re-
large that the correlation between dust-to-gas ratio and mefaeduce the observed trend quite well. This implies that HO1’s
licity becomes weak (e.g. Hirashita et al. 2002). This woulthodel withtg = 1.2 can be applicable to star-forming galaxies.
make the correlation betwednand metallicity weak, even if ~ We examine the same relations for tHéE sample in
there is a correlation betwednand dust-to-gas ratio. AnotherFig. 9. Also for this sample, there is not any clear trend in the
reason for the large scatter is the presence of ionising photdrsnetallicity diagram( = —0.07), but there is a correlation
escaping from Hi regions, which cannot be treated by thaH betweere and metallicity ¢ = 0.74). Thus, we have confirmed
region modelling. The variety of geometry of dust distributiothe correlation between metallicity and UV extinction for the
(e.g., a dust-depleted region in the central parts nfregions; IUE sample (Heckman et al. 1998). The solid line in Fig. 9b
Inoue 2002b) can cause the large scattef. of shows the prediction by HO1 (i.eq = 3.8). Contrary to the
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Fig. 8. a) f vs. metallicity, and) € vs. metallicity for the SFG sample. Fig. 9. Same as Fig. 8 but for th&JE sample. The solid line shows
The solid line inb) shows the model by HO1. The dotted line reprethe model by HO1. The dotted line represents the result with our new
sents the result with our new normalisation for the optical depth of thermalisation for the optical depth of thd E sample.

SFG sample.

classes of galaxies may also b&elient in the IRUV vs. UV

SFG samplerg = 3.8 is too small for thdUE sample. If we spectral slope relation (e.g. Bell 2002), which also implies a
assumerg = 5.5 to satisfy the meaa = 0.78 (i.e.mhonion = 1.3) fundamental dterence in the extinction properties. Since our
at the mean metallicity (12 log (O/H) = 8.6), we obtain the method is aimed at a simple treatment to allow for easy appli-
dashed line. However, even in this case, the data points carcaitons, the physical modelling of theflidirence is beyond the
be reproduced because the extinction is extremely large esenpe of this paper and is left for future works.
for low-metallicity galaxies in this sample. Moreover, there is an appreciable scatter in the

Therefore, although HO1's idea that there should be a maetallicity relation. The scatter can be caused also by the va-
lation between metallicity and extinction could be partly supieties of following quantities: the inclination, the geometry of
ported, the extinction is not described solely by a function dtst distribution, the dispersion in the relation between dust-to-
metallicity as their original idea. The extinction is largely degas ratio and metallicity, etc.
pendent on whether a galaxy is a “starburst” galaxy or a mild It is important that within each type of galaxies, there is
star-forming galaxy. The larger UV optical depth for thiéE a correlation between extinction and metallicity. This corre-
starburst galaxies implies that the star-forming regions of stéation is equivalent to the correlation betweenUR flux ra-
burst galaxies are deeply embedded in dusty gas. Those tiwoand metallicity. It is well known that there is a correlation
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between galaxy mass (or luminosity) and metallicity (Zaritsky The SFG sample can be regarded as “normal” star-forming
et al. 1994; Richer & McCall 1995; Garnett et al. 1997). Themgmalaxies, and thBJE sample can be representative of the “star-

is also a correlation between mass (or luminosity) andUNR burst” galaxies. After analysing various SFR indicators, we
flux ratio (or extinction) (Wang & Heckman 1996; Heckmarfiound the following (see also Table 4):

et al. 1998, Bu_at & Burgarella 1998; Buat e; al. 1999; B02)._ UV: The UV SFR should be corrected for dust extinction
Those correlations suggest that large galaxies work as Iargerby multiplying 1/(1 — €). The correction factor depends

reservoirs of gas and metals (and dust) (Wang & Heckman largely on the property of individual galaxies, especially on

1996). the starburghormal category. Among each population (es-
pecially among normal galaxies)js systematically small
) ) for SFR< 1 Mg yr 1. Thus, extinction estimate for each
6. Summary and discussion galaxy by using e.g., IR luminosity, is important to ob-
tain a reliable SFR. Panuzzo et al. (2003) conclude that the
UV luminosity corrected by using the JBV ratio is a reli-

In this paper, we analysed various SFR indicators (UV, IR, and able indicator of SFR.

Ha luminosities). Especially, we focused on the IHK formula— He: If the Balmer decrement is measured precisely enough
that converts dust IR luminosity into SFR. For this conversion, t0 correct for the extinction of ki photons, ki luminosity

the following three quantities are crucial: the fraction of ionis- IS the most “secure” estimator of SFR, This is partly be-
ing radiation absorbed by ga$)( the fraction of UV luminos- ~ cause the correction factor/(f) for the Lyman continuum

ity absorbed by dustj, and the fraction of “old” stellar contri- ~ Photons does not fler between normal and starburst galax-
bution to the total dust IR luminosityyf. Those three quantities 1€, and partly because the there is no systematic trehd of
were observationally estimated from the 2000 A monochro- With respect to the SFR. The dispersion of SFR|lrela-
matic luminosity, the id luminosity, and the dust IR luminosity ~ tive to the SFR(best) (SFR estimated from UV and IR) can
for the SFG sample and thE sample compiled in BO2. be produced by age variation of the present star formation

The SFG sample proved to hafe= 0.57 + 0.21, ¢ = activity. o .
053+ 0.21, andy = 0.40 + 0.06. Those values mean that ~ Dust IR: The IR luminosity traces the SFR quite well. The

(1) about 40% of the ionising photons are directly absorbed by SONVersion factor derived under the dusty starburst approx-
dust; (2) roughly half of the UV photons are absorbed by dust; 'Mation is applicable to both normal and starburst galax-
(3) about 40% of the heating of dust is due to stars older than €S- There is ?l”Sk that the SFR is underestimated for
10° yr. For thelUE sample, we found that = 0.48 + 0.20, SFR= 1M, y - The IHK formula also prowdes us W't,h
€ = 0.76+ 0.15, andy = —0.04 + 0.09. Therefore, the typical & Way to estimate the conversion factor if we know typical
properties of thdUE sample is as follows: (1) about 50% of Values off, e ands. _
the ionising photons are absorbed by dust; (2) me86e) of — COmbination of IR and UV: The simple sum of IR and
the UV photons are absorbed by dust; (3) almost all the heating YV SFRS systematically overestimates the SFR of normal
source for dust grains is the stars younger thahy0 galaxies, because some fragtlta;t)l ¢f IR luminosity is pot
. related to recent star formation. If we know the typigal
Based on those parameters, we examined the IHK formula. I
The SFR derived from this formula agrees almost exactly with we can use Eq._ (25.) to su_btract the contribution from old
. : L stars to IR luminosity. This SFR is free from any SFR-
the best-estimate SFR given by the combination of IR and d ;
T . o ependent systematics. If we knewfor each galaxy, we
UV luminosities (Eqg. (25)). This demonstrates the reliability of obtain a reliable estimate of the SER
IHK’s formula over a wide range in SFR-0.1-100M,, yr~?). '
IHK’s formula is different from that of Kennicutt (1998b), The metallicity dependence df and e was also tested. We
where it is assumed that the dust IR luminosity is equal found a correlation betweesniand metallicity for both sam-
the bolometric luminosity of young stars. This assumption pes, but we did not find any trend of tliemetallicity relation.
equivalent to the case df = 0, ¢ = 1, andnp = 0. We call Thee—-metallicity relation of the SFG sample implies lower ex-
this assumption “dusty starburst approximation”. For the dudinction than that suggested by HO#ndnon =~ 0.76 on aver-
starburst approximation, our Starburst99 calculation indicatge). On the contrary, thkJE sample showed a higher ex-
the conversion factor dB:? = 1.79x 1071° M, yr-! Lg% Our tinction by 2.1 times yonion ~ 1.6 on average). Compared at
result for the SFG sample implies that~ 0.57,¢ ~ 0.53, the same metallicity level, th&JE sample has the UV optical
andn ~ 0.40 are applicable for nearby normal star-formingepth 4.6 times larger than the SFG sample. This is consistent
galaxies as a first approximation, and we obtain the converith the picture that starburst galaxies are highly obscured by
sion factorCr = 2.0 x 10°1° My yr~! L%, a value similar dust grains (e.g. Heckman et al. 1998).
to that under the dusty starburst approximation. This similar-
ity comes from the two fiisetting dfects as stated in Kennicutt o .
(1998a): the contribution of old stars to the total IR Iuminos6-'2' Application to the cosmic SFH
ity and the escape of UV photons without being absorbed e comment on the application of our method to a cosmolog-
dust (Sect. 5.5). The IHK formula works also for tHéE ical context. The cosmological evolution of galaxies is one of
starburst sample witHf ~ 0.48,¢ ~ 0.76, andnp ~ 0.0 the main topicsin the cosmic structure formation (e.g. White &
(Cr =24x100 M yrtiLZh). Rees 1978). In particular, it has been an important and unsolved

6.1. Summary
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question how and when galaxies have formed stars (Tinsley & We can discuss the comoving SFR from IR data. Saunders
Danly 1980). Such a cosmic SFH as observationally derived bal. (1990) estimate the comoving density of FIR at0 (see
Madau et al. (1996) provides some keys for the statistical viedso Takeuchi et al. 2003):

of galaxy evolution.

Takeuchi et al. (2001) apply IHK’s formula to derive the@Fr(z=0) = 5.6+ 0.6 10’h L, Mpc™. (33)
cosmic SFH from IR data. They mainly use the number coun%s i L
by I1SO and the cosmic IR background GOBE to constrain If we mulﬂply this with 2.4 (the mean va_Iue for the SFG sam-
the comoving IR luminosity evolution. They multipGy (con- ple) to obtain the t(_)tal QUst IR luminosity, we obtain the co-
version factor of IHK) to the comoving IR luminosity densit)fnov'ng dust IR luminosity as
and derive the cosmic SFH. They also show that if there is dif- ,_ _ ~y _ -3
ference inf and e between nearby and distant galaxies, t e'R(Z =0)=13x011Ch Lo Mpc™. (34)
SFH derived for the higl-(z 2 1) universe is uncertain by a|f we adoptCr(f = 057, = 053 n = 0.40) = 2.0 x
factor of~4. Therefore, the application of our method to obtaing-10 (\, yr-1 L:h) for the conversion factor from IR lumi-

a typical values forf, €, andp for highz galaxies is an inter- nosity to SFR (typical for the SFG sample), we obtain the fol-
esting future topic. Higlegalaxies might show a large dusiowing local comoving SFR density:

extinction (i.e. smallf and largee) (e.g. Heckman et al. 1998;

Meurer et al. 1999; Massarotti et al. 2001) or perhaps a smadkg(z = 0) = 2.7 + 0.3 10%h My, yr ! Mpc ™3, (35)
extinction (e.g. HO1).

The typical properties of a local sample can be applied i good agreement with Eq. (32). An advantage of using IR
infer the comoving density of SFR at= 0. The luminosity of luminosity is that we can apply a similar conversion factor
galaxies per unit comoving volumeat 0 has been derived in Whether a galaxy might be a normal star-forming one or a star-
alot of literatures. In particular, the 2000 A monochromatic Ipurst one (Table 4). However, we have to be careful about the
minosity and the IR luminosity can be converted to SFR by ugystematic underestimate for SER1 M yr. If such low-
ing the formula described in this paper. For 2000 A monochréFR galaxies dominate the star formation activity in the local
matic luminosity, Buat et al. (1999) derive the following valu&niverse, the above SFR density is an underestimate.
for the comoving density a = 0 from the measurement of ~ We can make the same kind of argument for theddmov-
Treyer et al. (1998) at ~ 0.2: ing density derived by Gallego et al. (1995) (see also Tresse

et al. 2002):

p2000z=0)=89+391Chergs! A~ Mpc3,

+1.5 9 <1 -3
where h is the Hubble constant & = 0 normalised by pra(2=0) = 25753 10" herg s Mpc™>. (36)
100 km s* Mpc™. This can be converted to the comoving SFi, order to convert this to the comoving SFR density, we have
by multiplying 1/(1 — €) for extinction correction an@zo000 to multiply Cpo/f (see Eq. (23)). Then we obtajpker =
for conversion if we know the luminosity-weighted mean oj.oJ:é-% 102/¢(f) h My yr* Mpc=, where(f) is the typical
1/(1 - ¢) for all the nearby galaxies. We can tentatively apt we should apply to the sample in Gallego et al. (1995). Since
ply the meare derived for the SFG sample(.5), because the e do not know f), we assume that it is equal to the mefan

nearby UV extinction is suggested to be smaller thanlthe (0.57) in the SFG sample. Then, we obtain the following co-
sample and more similar to that of the SFG sample (Buat et @oving SFR density:

1999). Adoptinge = 0.5 for the extinction correction, we ob-
tain the comoving density of SFR at 0 as psrr(z=0) = 3529102 My, yr* Mpc™3. (37)

pseR(z=0) = 3.6+ 1.6 10°h My, yr* Mpc3. (32) Again we obtain a similar value as the above two estimates

In fact, we need a complete sample observed in both UV and gs. (32) and (35)). Those comoving SFRs also agree with
uat et al. (1999).

to estimate dust extinction. Because the available UV samples

are not large enough, we have to wait for future UV observa- . )

tions such aSALEX. F]V (:a(tja. According to Eq. (25), the comoving SFR can be es-
The abovee (=0.5) might be overestimated for a UV se-matedas

lected sample (K. Xu, private communication). Contrary t/9 _

. . ) sFr(Z = 0)

it, an analysis of a currently available UV-selected samplée

by Sullivan et al. (2001) proves a mean UV extinction to be

1.3 mag, larger than the value which we have adopted ab?ﬁ:

I

We also try to estimate the SFR by using both IR and

(1 - n)Ci2or(z = 0) + Co0002000(Z = 0)
32+0.9102%h M, yrMpc3, (38)

. : : ere we assumg = 0.4 (the mean value for the SFG sam-
(0.82 mag). Nevertheless their calculations are made using g) If we apply the simple sum of IR and UV SFRs (i.e.
Balmer decrement and the Calzetti extinction curve, and if their_ 0in the above estimate), we obtain a larger comoving SFI,?'
galaxies are similar to the SFG sample they probably overd ’ '
timate the extinction (e.g. B02). Thus, future observations

Fr = (4.1+ 1.0) 10°h M, yr ! Mpc3. Such a simple sum
. . o s been adopted by some authors (e.g. Buat et al. 1999; Flores
crucial to correct the comoving UV SFR for dust extinction, P y (e.g
even in the local universe.

al. 1999), but this may be an overestimate if a significant
fraction of the dust IR luminosity originates from an old stellar
5 http://www.srl.caltech.edu/galex/ population.
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Appendix A: Conversion factors with a constant
SFR over 107 yr

In order to see the robustness of the result agaipstve also
construct the conversion formula for SFR tgg = 107 yr. In
other words, we adopt the Starburst99 stellar synthetic spec-
trum at 10 yr with a constant star formation history. Since
the luminosity of the Lyman continuum photons is already sta-
tionary at 16 yr, the quantities concerning the Lyman con-
tinuum photons and recombination processes are not changed
at all. We should however chan@ andCxyggo If we adopt

tse = 107 yr, the term “young” in should be used to indicate
recent 1@ yr instead of 18 yr as in the text. Accordingly “old”
should be used for the age larger thar ¢0

Al Cr

In the main text, we have assumed the stellar synthetic spec-
trum made with Starburst99 with a constant SFR at the age of
10° yr. We examine the Starburst99 result for a constant SFR
at 10’ yr with the other conditions fixed. As a result, we obtain
Liye = 0.20Lpo1 and Lnonion = 0.80Lpo. Since bothly, and

Lion are already stationary at 19r for a constant SFH, the re-
lation between those two luminosities is the same as that in the
main text:L,y, = 0.34fLyc. Instead of Eq. (3), we obtain

L = (0.20- 0.13f + 0.80¢) L. (A.1)

We also obtain the following relation instead of Eq. (4):
SFR o)

2 —272x107%0 . A2

Mo yr1 x 100 Lo (A-2)

The conversion factor (Eq. (8)) is expressed as

2.72x 10°19(1 - )
0.20- 0.13f + 0.80¢

Cr(f, e, m) = [Mo yr L. (A3)

The conversion factor under the dusty starburst approximation
(i,e.f =0,e =1, andnp = 0) becomes

CP=272x101[My yrtLY. (A.4)

A.2. Coo00

Because the 2000 A monochromatic luminosity continues to
increases after Y0yr, Cooo at 10' yr is larger than that at
10° yr. The Starburst99 result indicates tt@yoo = 3.18 x
1040 My yrtergtsA.
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Table 1. SFG sample. The sample is taken from Buat et al. (2002).

Name L2000 Lﬁm Lir f € n
ergst At erg st erg st

VCC 25 8.91e 39 2.45a41 6.76a-43 0.51 0.52 0.36
VCC 66 2.34e-39 1.12e¢41 1.95¢-43 0.84 0.54 0.36
VCC 89 7.94e 39 2.14a41 7.08e-43 0.46 0.56 0.36
VCC 92 5.37e39 2.69e41 5.01e43 0.83 0.57 0.37
VCC 131 1.02e 39 6.46&-39 4.17a42 0.16 0.36 0.39
VCC 307 8.13e39 7.24a41 2.00e-44 0.80 0.77 0.41
VCC 318 2.04e39 3.39e-40 4.79a-42 0.50 0.22 0.48
VCC 459 6.31e38 1.41e40 1.17e¢42 0.73 0.16 0.55
VCC 664 8.51e38 1.74e-40 2.24a42 0.60 0.25 0.45
VCC 692 7.94e38 1.32e-40 4.37a42 0.36 0.44 0.37
VCC 801 2.40e39 1.05e¢-41 3.02e-43 0.61 0.64 0.38
VCC 827 1.15e 39 3.31e40 2.63a-43 0.27 0.76 0.40
VCC 836 1.29e¢ 39 1.20e-41 3.89e¢-43 0.72 0.80 0.41
VCC 938 9.12e38 3.16e-40 6.03e-42 0.69 0.49 0.36
VCC 1189 6.31e38 1.00e-40 1.62a-42 0.47 0.24 0.46
VCC 1205 1.66e39 2.19e¢-40 8.71e42 0.29 0.43 0.37
VCC 1379 1.82e¢39 2.57e¢40 8.13e42 0.34 0.39 0.38
VCC 1450 1.55e39 2.40e-40 7.08a-42 0.36 0.39 0.38
VCC 1554 4.07¢39 2.24e¢41 3.47e¢43 0.96 0.55 0.36
VCC 1678 6.92¢38 1.29¢-40 1.12e¢-42 0.63 0.13 0.61
CGCG 97087 3.72e40 9.33e¢41 2.14e44 0.53 0.45 0.37
CGCG 100004 3.80€39 1.55¢41 3.39e43 0.69 0.56 0.36
CGCG 119029 3.16€39 2.29e¢41 5.75e43 0.80 0.71 0.39
CGCG 119041 5.62638 8.13e-40 5.37¢43 0.43 0.92 0.44
CGCG 119043 1.48€39 1.00e-41 3.63e-43 0.61 0.77 0.41
CGCG 119046 4.79€39 2.19e¢41 2.95e-43 0.94 0.47 0.36
CGCG 119047 3.55639 1.95e41 7.76a-43 0.54 0.75 0.40
CGCG 11905% 1.86e+39 2.34e41 2.04e-43 1.90 0.61 0.37
CGCG 119059 1.23639 4.37e¢-40 2.75e¢-43 0.34 0.75 0.40
CGCG 160055 1.26e40 3.39e¢41 1.91e44 0.34 0.68 0.38
CGCG 160067 5.62€39 3.09e41 5.89e¢43 0.85 0.60 0.37
CGCG 160139 1.02e40 2.29e¢41 41743 0.55 0.36 0.39
CGCG 160252 5.01k39 3.80e-41 1.86e-44 0.50 0.83 0.42
Mean 0.57 0.53 0.40
o 0.21 0.21 0.06

8 This galaxy is not considered in taking the mean arttecause is larger than 1.
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Table 2.1UE starburst sample. The sample is compiled in Table 2 of Buat et al. (2002). We only list and use galaxies whose angular size is
than 1.5 arcmin in order to avoid the small apertufed.

Name L2000 LEky Lir f € n
ergstAl  ergs? ergs?

Mrk 499 8.51¢39 457¢41 2.00e44 0.32 0.85 -0.03
Mrk 357 6.46e-40 2.09e¢42 3.89¢44 050 0.60 -0.12
IC 1586 4.37e+39 7.76e¢41 8.71¢43 1.20 0.83 -0.05
Mrk 66 4.90e-39 1.02¢41 4.37¢43 0.25 0.69 -0.10
NGC 5860 3.47e+39 1.05¢42 1.26e44 1.27 0.89 -0.00
UGC 9560 6.17€38 2.69¢40 2.82¢42 0.78 0.54 -0.13
NGC 6090 1.20e40 3.80e42 8.71¢44 0.74 0.94 0.05
IC 214 1.02e-40 1.15e¢42 1.05¢45 0.20 0.96 0.08
Tol 1924-416 6.76e 39 2.75¢41 251e43 081 049 -0.14
Haro 15 1.38e¢40 3.02¢41 1.23e¢44 0.26 0.69 -0.10
NGC 6052 5.50e39 3.89e¢41 2.75¢44 0.23 0.92 0.02
NGC 3125 5.62¢38 3.89¢40 7.59¢42 0.63 0.77 -0.07
NGC 1510 2.34¢38 55039 1.23¢42 0.39 0.57 -0.12
NGC 1614 3.98e39 5.62e¢42 1.78¢45 0.67 0.99 0.20
NGC 7673 5.01e39 4.37¢41 1.17¢44 052 0.85 -0.03
NGC 7250 8.71e38 2.88¢40 1.07¢43 0.32 0.75 -0.08
NGC 5996 1.38€39 1.74e¢41 5.37¢43 050 0.90 0.00
NGC 1140 1.70e39 9.33¢40 1.62¢43 0.63 0.70 -0.09
NGC 4194 2.40e+39 1.91e42 3.39¢44 1.04 0.97 0.11
Mean 0.48 0.76 -0.04
o 0.20 0.15 0.09

2 Those galaxies are not considered in taking the meawdmetause is larger than 1.



