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1 INTRODUCTION

Much of what we know about the universe at high redshift arise
from observations of the rest-frame ultraviolet emissibdistant
galaxies that is accessible from the ground at optical ara-ne
infrared wavelengths. For this reason, significant eff@s been
devoted over the past several years to improve our understan
ing of the star formation history and dust attenuation inagal
ies drawn from ultraviolet surveys. Recent progress in #nea
has come mainly from studies of a sample of 57 nearby starburs
galaxies, for which a wide range of observations were cozdgily
Meurer, Heckman & Calzetti (1999). In particular, for thesdax-
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ABSTRACT

We compile a new sample of 115 nearby, non-Seyfert galapi@sreng a wide range of star
formation activities, from starburst to nearly dormantsdxhon ultraviolet observations with
various satellites. We combine these observations wittaiafl observations to study the re-
lation between ratio of total far-infrared to ultraviolemhinosities and ultraviolet spectral
slope (the ‘IRX-UV’ relation). We show that, at fixed ultralét spectral slope, quiescent
star-forming galaxies in our sample have systematicalyeloratio of total far-infrared to
ultraviolet luminosities than starburst galaxies. Thersgths of spectral indices sensitive to
star formation history, such as the 4098pectral discontinuity and theddemission equiv-
alent width, correlate well with distance from the meantietafor starburst galaxies in the
IRX-UV diagram, while there is little or no correlation beten the dust-sensitivedfH s
ratio and this distance. This is strong observational exddehat the star formation history
is relevant to the ‘second parameter’ affecting the IRX-Wation. We show that these re-
sults can be understood in the framework of the simple moic@harlot & Falli2000 for the
transfer of starlight through the interstellar medium itegées. We confirm that, for starburst
galaxies, the tight IRX-UV relation can be understood mospdy as a sequence in overall
dust content. In addition, we find that the broadening of #&tion for quiescent star-forming
galaxies can be understood most simply as a sequence irtithefraresent to past-averaged
star formation rates. We use a library of Monte Carlo reéiires of galaxies with different
star formation histories and dust contents to quantify teueacy to which the ultraviolet
attenuatiorryy of a galaxy can be estimated from either the ratio of farardd to ultravi-
olet luminosities or the ultraviolet spectral slope. Weyide simple formulae for estimating
Apyv as a function of either of these observational quantitiessirow that the accuracy of
these estimates can be significantly improved if some caingsrare available on the ratio of
present to past-averaged star formation rates.
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ies there is a remarkably tight correlation between ratidotdl
far-infrared to ultraviolet luminositieSLqust/Lruv, and ultravi-
olet spectral slope3, which is referred to as the ‘infrared excess
(IRX)-ultraviolet (UV)' relation (heres is defined by a power-
law fit of the form f» « A? to the spectrum at wavelengths
1300 < A < 2600 A; Calzetti et al [ 1994) Meurer etlal (1999)
find that the IRX-UV relation allows reliable estimates oé tat-
tenuation by dust at ultraviolet wavelength$ruv, from either
Laust/Lruv or 8. This relation, if universal, represents our best
hope to estimate the attenuation by dust and hence the staafo
tion rates of high-redshift galaxies, for which the restrfie optical
and infrared emission cannot be observed at present.

The main uncertainty affecting the IRX-UV relation is that
it has been established only for starburst galaxies. Riyc@E#ll
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(2002) has compiled a small sample of nearby, more quiescentgalaxies spanning a wide range of star formation activitiethe

galaxies drawn from ultraviolet observations with varigasellites
(here we use the term ‘quiescent’ to describe the broad dfss
star-forming galaxies between active starburst and daotrieary-
type galaxies). His results suggest that quiescent galaegiate
from the IRX-UV relation for starburst galaxies, in the serisat
quiescent galaxies tend to have ‘redder’ ultraviolet gjpeat fixed
Laust/Lruv. This implies that the simple_Meurer ef al._(1999)
recipe to estimatelryv from either Lqust /Lruv Or 8 may not
hold for all galaxy types. The results lof Bell (2002) raisgesal
guestions. Can star formation history alone account fodtbti-
bution of galaxies in the IRX-UV diagram? Or do the galaxiagen
different dust propertied? Charlot & Fall (2000) have depeH a
simple dust model, based on an idealized prescription ofrthi&
features of the (clumpy) interstellar medium (ISM), whidlowas
one to interpret the IRX-UV relation and the emission-linegp
erties of starburst galaxies in terms of star formation eaté dust
content. This model accounts for the different attenuatiffact-
ing young and old stars in a galaxy, because of the dispefsal o
the (giant molecular) clouds in which stars form. Using thizdel,
Charlot & Fall [2000) show that the tight IRX-UV relation fetar-
burst galaxies can be understood most simply as a sequettee in
overall dust content. Clearly, to gain insight into the origf the
IRX-UV relation for different types of galaxies, we requitether
observations and modelling of not only the ultraviolet amilared
luminosities, but also other observable quantities wisttidct de-
pendences on dust content and star formation history.

In this paper, we compile a new sample of 115 nearby, non-
Seyfert galaxies spanning a wide range of star formatiamiaes,
from starburst to nearly dormant, to explore the physicedpeeters
driving the location of a galaxy in the IRX-UV diagram. Ounsa
ple is drawn from ultraviolet observations with variousedites.
We combine these observations with infrared observatindsfar
a subset of the galaxies, with optical spectroscopy froniouar
sources. We examine, in particular, the 40‘b&pectral disconti-
nuity and the kv emission equivalent width, which are good indi-
cators of star formation activity, and theo#Hg ratio, which is a
good indicator of attenuation by dust. Based on these datee ait
appears that the broadening of the IRX-UV relation for otees
star-forming galaxies is most likely driven by star fornoatihis-
tory. We combine the simple dust modelLof Charlot & Fall (200
with the population synthesis code lof Bruzual & Charlot (200
and show that this model can account for the ultraviolet ame f
infrared properties of the galaxies in our sample. The madiel
lows us to understand why the ratio of present to past-aeeratar
formation rates is the most likely ‘second’ parameter thatom-
bination with dust content, determines the position of axgin
the IRX-UV diagram. In Section 2 below, we compile our galaxy
sample and investigate the origin of the IRX-UV relationnfran
observational viewpoint. In Section 3, we interpret the {RX re-
lation using the model. We explore the implications of olgutes
for estimates of the ultraviolet attenuation in galaxieSeattion 4.
Our conclusions are summarized in Section 5.

2 THE ORIGIN OF THE IRX-UV RELATION:
OBSERVATIONAL INSIGHT

In this section, we re-examine the IRX-UV relation from an ob
servational viewpoint. We combine ultraviolet observasidrom
various satellites with observations from tinérared Astronomical
Satellite (IRAS to compile a new sample of nearby, non-Seyfert

IRX-UV diagram. We explore how the position of a galaxy in
this diagram depends on observable properties with distigyeen-
dences on dust content and star formation history.

2.1 Thedata

We compile a new sample of nearby, non-Seyfert galaxies-span
ning a wide range of star formation activities, using av@éaob-
servations with theénternational Ultraviolet Explorer(IUE), the
Orbiting Astronomical ObservatorfOAO) and theAstronomical
Netherlands SatellitéANS. We first extract all (non-Seyfert) spi-
ral, elliptical, irregular and emission-line galaxiesagdes 80, 81,
82 and 88) from théUE Newly-Extracted Spectra (INES version
3.0) archive. The spectra in this database extend over twe-wa
length domains, corresponding to the far- (llSO—lféBﬁnd near-
ultraviolet (1850—3350&) spectrographs on-boardJE. We re-
ject galaxies with only near-ultraviolet spectra, for white ul-
traviolet spectral slope cannot be measured reliably. \Wiwth
the far- and near-ultraviolet spectra are available forlaxyawe
merge them to form a single ultraviolet spectrum encompgsbie
range from 1150 to 3350 (the spectra usually agree to within
a few percent in the overlapping region around 1900—12950
We remove foreground Galactic extinction using the dust snap
ofiSchlegel. Finkbeiner & Davis (1998) and the Galacticretipn
curve ofi.Cardelli, Clayton & Mathis (1989). Furthermore, o@
add the spectra of galaxies observed multiple times to aser¢he
signal-to-noise ratio. For the ultraviolet spectral slépéde mea-
sured with reasonable accuracy, a minimum signal-to-n@itie
per pixel of 3 is required (see Appendix). A total of 110 g&bax
with both far- and near-ultraviolet spectra and 185 gakaxigth
only far-ultraviolet spectra satisfy this cut in signatftoise ratio.

We require two additional conditions to include galaxiestin
final sample: that optical photometry be available to estirttze ul-
traviolet aperture correction, and tHRAS25, 60 and 10@m ob-
servations be available to estimate the total luminositadiated
by dust. The above sample of 295 galaxies includes the 57 star
burst galaxies with optical angular diameters less tHastudied
byIMeurer et al.1(1999), for which most of the concentratecaul
violet emission could be observed within &’ x 10" IUE aper-
ture.IRAS25, 60 and 10@m observations are available for 50 of
the Meurer et al. galaxies, which we include in our final sampl
For other galaxies, reasonable ultraviolet aperture ctars may
be derived as a function of the effective optical radius arm-m
phological typel(Rifatto, Longo & Capaccloli 1995b). Mogdbg-
ical types are known folUE galaxies, but effective optical radii
must be obtained from independent observations. We thisscro
correlate the above sample of 288E galaxies not included in
thelMeurer et al.| (1999) sample with the Data Release Oneeof th
Sloan Digital Sky Survey (SDSS DRI; Abazajian et al. 2008). |
this way, we obtain effectivg-band radii for 41 galaxies (with
typical, i.e. median g ~ 9”), for which we compute ultraviolet
aperture corrections using the prescription_of Rifatto s{1895b).
The corrections vary from galaxy to galaxy, with a mean Iagbar
mic ratio of corrected-to-observed ultraviolet fluxesodt + 0.2.
Only 33 of these galaxies have availatiRAS25, 60 and 10@m
observations and can be included in our final sample. These ty
cally have morphological types earlier than the starbuatides
of thelMeurer et al.[(1999) (Sa-Sc versus Sc-Im, althoughesom
starburst galaxies are also present) and similar abs@ui@nd
magnitudes—16 < Mp < —22 (we adopt a Hubble constant
Ho = 70kms ! Mpc™).
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We supplement this sample with (non-Seyfert) galaxies for
which multi-band ultraviolet imaging witANSandOAQ s avail-
able from the compilation of Rifatto, Longo & Capacdioli 9h).

In the spectral range of interest to us, the galaxies obdemith
ANSwere imaged at 1550, 1800, 2200 and 2§O(D|rough a fixed
aperture oR.5" x 2.5". Those observed witbAOwere imaged at
1550, 1910 and 2468 through a fixed circular aperture o6’ di-
ameter. Of the 95 galaxies observed WitNSin thelRifatto et al.
(1995h) compilation, 34 have availatRRAS25, 60 and 10@m ob-
servations. We reject 5 galaxies with optical diametergdathan
9’, for which the ultraviolet emission does not appear to barbje
concentrated within thANSaperture, and 2 galaxies with larger-
aperture imaging available fro@AO (see below). The remaining
27 galaxies have typical morphological types Sb-Sd andlateso
B-band magnitudes similar to those of the galaxies intHesam-
ple,—17 < Mp < —22. Of the 36 galaxies wit©DAOiImaging, 11
have availabléRAS25, 60 and 10@m observations. We reject 6
galaxies with optical diameters larger thei. We thus retain only
5 galaxies withOAQimaging in our final sample, two Sc galaxies
with Mp ~ —16, two Sd galaxies with\/p —20 and an Im
galaxy withMp ~ —19. Our final sample contains 115 galaxies
with both ultraviolet and infrared data, of which 83 were eded
with IUE, 27 with ANSand 5 withOAQ. About half are starburst
galaxies (most belonging to the Meurer et al. 1999 sampleilew
the other half are earlier-type, more quiescent galaxiasrspg a
similar range of absolutB-band magnitudes.

We compute ultraviolet spectral slopes for all the galaxies
in our samplel_Calzetti etlal. (1994) define the ultraviofetctral
slopeg by a power-law fit of the formyy « A\® (wherefy is the
flux per unit wavelength) to the spectrum in ten continuumdsan
in the rangel 268 < A < 2580 A. We cannot use this definition
here, because it does not apply to galaxies for which onlytimul
band ultraviolet imaging is available. Instead, we adogtfttlow-
ing definition of the ultraviolet spectral slope for all thalgxies in
our sample,

~
~

~
~

log 7FUV — log 7NUV
lOg AFUV — log ANUV7

where \puv = 1520A and Anuv = 2310 A are the effective
wavelengths of the far- (1350—18(5() and near-ultraviolet (1800—
3000,&) filters on board theGalaxy Evolution Explore(GALEX
Martin et al{2003), angf;(;y, and fy v are the mean flux densi-
ties (per unit wavelength) through these filters. In the Ajulbe we
use a reference sample of 1ll0E spectra to calibrate the conver-
sions betweenSqrx and the ultraviolet spectral slopes estimated
from observations with different satellites. We show tiapartic-
ular, ultraviolet spectral slopes estimated fralSandOAQimag-
ing observations can be converted inflg;1.x with an rms uncer-
tainty of onlyo ~ 0.2. This is similar to the uncertainty introduced
in Barx by the lack of near-ultraviolet spectra for sothkE galax-
ies in our sample. For all the galaxies in our sample, we caenpu
the ultraviolet flux asFryyv = AFUVTFUV, as described in the
Appendix.

To estimate the total far-infrared fluX;.s; from the observed
IRASflux densitiesf, (25 um), f, (60 um) and £, (100 um), we
appeal to the recent prescriptionlof Dale & Helou (2002) sTiki
based on model fits to the spectra of a large sample of neasby, n
mal (i.e. non-Seyfert) star-forming galaxies across thelesiwvave-
length range from 3 to 850m. We use equation (5) of Dale &
Helou to computey,s; (Frw in their notation) fromf, (25 um),
£ (60 um) and f,, (100 um). For reference, for th8JE starburst
galaxies in our sample, the valueskf,s; computed in this way are

@)
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Figure 1. Ratio of far-infrared to ultraviolet luminosities plottedjainst
ultraviolet spectral slope (the ‘IRX-UV diagram’). The datoints are from
the sample compiled in Section 2.1 (median measurementseop each
subsample are indicated in the lower right corner). Theldmlie shows the
mean IRX-UV relation for the 50 starburst galaxies in thimpke (equa-

tion[).

typically 50% larger than those estimatedlbhy Meurer 2{ #19§))
from only £, (60 um) and f,, (100 um) using the older prescrip-
tion of Helou et al. (1988; see also_Calzetti et al. 2000). |bleg
ing possible anisotropies (Section 4), we equate the rdttotal
far-infrared to ultraviolet fluxe$s.st / Fruv to the corresponding
luminosity ratio Lqust / Lruv -

2.2 Theobservational IRX-UV diagram

Fig.l showsL4,st / Lruv as a function of 8erx for the 115 galax-
ies in our sample. Different symbols distinguish the 50siest
galaxies studied by Meurer et al. (1999, solid dots) and tye (
ically more quiescent) galaxies observed WitHE+SDSS (stars),
ANS (open triangles) an€@AOQ (filled triangles). To a first, rough
approximation,Laqust /Lruv is a function of Sgrx for the whole
sample. As found previously by Meurer et al. (1995, 1999 ttio
guantities are tightly correlated for starburst galaxieswhich the
typical scatter at fixedGer.x amounts to a factor of less than 2
in Laust/Lruv. The main novelty introduced by the inclusion of
more quiescent galaxies in our sample is an increase of tte sc
ter to a factor of more than 3 toward loweg,s;/ Lruv values at
fixed Barx.' The effectis real, as the observational scatter is much
larger than the typical (i.e. median) measurement erronécfware
shown in the lower right corner of Fig. 1). We note that shepeof
the IRX-UV relation does not appear to be affected by thauision

of quiescent galaxies in our sample.

What are the main physical parameters driving the relaten b
tween ultraviolet spectral slope and ratio of far-infratediltravi-
olet luminosities for star-forming galaxies?_Charlot & IRR000)
show that, for starburst galaxies, the tight relation betwgar.x

L 1t is worth noting that no galaxy in Fil 1 lies substantiaéipove the
IRX-UV relation for starburst galaxies. This is not unexgel; since our
sample of galaxies drawn from ultraviolet surveys (withicgb infrared
luminosities Lq,s ~ 10'° L) does not include ‘luminous and ultralu-
minous infrared galaxies’, which tend to have lardef,st/Lruv than
starburst galaxies at fixedg1,x (presumably because of the heavy obscu-
ration of the sources of ultraviolet radiation:_Goldadeal=P00P).
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and Lqust / Lruv can be understood most simply as a sequence in
the overall dust content of the galaxies. The inclusion désgnt
star-forming galaxies in Fifll1 reveals that a ‘second patarh
tends to broaden the relation. We may begin by identifyirig th

second parameter as the perpendicular distance from tha mea

IRX-UV relation for starburst galaxies. Followirlg_Meurerat
(1999), we define the mean relation for starburst galaxieslbgst-
squares fit of the type

Laust/ Ly = 10(210+0:83 Barx) _ g g5 @)

to the observations of the 50 starburst galaxies in our sanijle
result is shown by the solid line in FIg. 1. We can compute the
perpendicular (i.e. shortest) distande from each point in the
IRX-UV diagram to this line. We adopt the convention of nega-
tive dp for galaxies withLaust/Lruv lower than the mean value
for starburst galaxies at fixe@arLx (see FigL).

We expect the second parameter affecting the IRX-UV
relation to be connected to star formation history, since th
relation becomes broader when quiescent star-formingxigala
are considered in addition to starburst galaxies. It is thatsiral
to explore how observed quantities with different dependeron
the star formation history correlate with. We first consider the
4000A spectral discontinuity index [X4000), defined as the ratio
of the average flux densities in the narrow bands 3850-3950
and 4000-4100A (Balogh et al.| 1999). This index depends
somewhat on metallicity but correlates more with the ratfo o
present to past-averaged star formation rates in galasied,
hence, it is a valuable indicator of the history of star fotioma
(Brinchmann et dl._2003). Also, the narrowness of the basesi u
to compute B (4000) makes it largely insensitive to attenuation by
dust. Medium-resolution spectra (SASFWHM) of 64 galaxies in
our sample (35 starburst and 29 quiescent star-formingyaai-
able from_Kennicuttl(1992). McQuade, Calzetti & Kinhey (99
Storchi-Bergmann, Kinney & Challis [ (1995),l_Kong & Chng
(2002) and|_Abazajian etiall (2003). Hiy).2a shows (4D00)
measured from these spectra as a function of the perpeadicul
distance dp from the mean starburst IRX-UV relation. The
Spearman rank correlation coefficientris = —0.61, indicating
that the correlation between,[)4000) anddp is significant at the
50 level for this sample size. This result is remarkable, as it i
direct observational evidence that star formation hisienglevant
to the second parameter affecting the IRX-UV relation.

Another observable quantity that is sensitive to the ra-
tio of present to past-averaged star formation rates is the
Ha emission equivalent width EW(&) (Kennicuft 11983;
Kennicutt, Tamblyn & Congdon 1994). This is the ratio of the H
emission-line luminosity produced by young massive starthé
continuum luminosity per unit wavelength produced by olstars
at Ao = 6563A. In Fig.[Ab, we show EW(id) as a function of
dp for 59 galaxies (31 starburst and 28 quiescent star-forjmnimg
our sample (we adopt the convention of positive equivaledthw
for emission). The K emission equivalent widths were measured
from the same optical spectra as above following the praseoiut-
lined in section 2 of Brinchmann etlal. (2003), which alloves &
rate correction for stellar absorption. The Spearman ramteta-
tion coefficient in this case is; = 0.48, indicating that the cor-
relation between EW(H) anddp is significant at thel o level for
the sample size. We note that dust can reduce EVY(hrough the
absorption of ionizing photons. However, the effect is nebder
quiescent star-forming galaxies, typically only 20—-30 @emt, and
cannot account for the trend seen in Elg. 2b_(Charlotiet #1220
Taken together, Figd 2a and b show that two different traafettse

ratio of present to past-averaged star formation rateg4@0)
and EW(Hv), correlate withdp. This is strong evidence that the
ratio of present to past-averaged star formation rate<ddogilthe
second parameter affecting the IRX-UV relation.

In an attempt to further understand the relative influence of
star formation history and attenuation by dust on the IRX-UV
relation, we plot other properties of the galaxies agaifistin
Figd2c and d: the ratio of thlRAS f, (60 um) and £, (100 wm)
flux densities and the ratio of theaHand H3 emission line lumi-
nosities. Thef, (60 pm)/ f, (100 um) ratio, available for all 115
galaxies in our sample, depends on the relative contribsitiny
young and old stars to dust heating in a galaxy (£.0.. Hel@619
Hence it is an indirect tracer of the star formation histdmatt
also depends on the dust content (and potentially the $phdia
tribution of dust relative to stars). ThedfHg ratio, available for
48 galaxies (29 starburst and 19 quiescent star-formirogh fihe
same optical spectra as above, is strongly sensitive totion
by dust but not to the past history of star formation. The &pea
man rank correlation coefficients arg = +0.43 for the rela-
tion betweenf, (60 pm)/f, (100 um) anddp andrs = 0.12
for that betweenLu./Lug anddp. For the different numbers of
galaxies in each case, this implies that the correlatiomvéen
fu (60 pm)/ f, (100 pm) and dp is significant at thedo level,
while there appears to be little or no correlation betwben / Liig
anddp. These findings reinforce our contention that the second pa-
rameter affecting the IRX-UV relation is primarily star foation
history rather than dust content.

Based on the observational evidence above, we conclude that
while dust content is the primary driver of the IRX-UV retai
for starburst galaxies, the broadening of the relation foescent
star-forming galaxies is most likely driven by star fornoatihis-
tory, and in particular the ratio of present to past-avedagar for-
mation rates. In the next section, we show that this obsenit
result can be understood in the framework of a simple model fo
the production of starlight and its transfer through theristellar
medium (ISM) of galaxies.

3 THE ORIGIN OF THE IRX-UV RELATION:
MODELLING

In this section, we explore the physical origin of the IRX-W&*
lation from a more theoretical standpoint. We appeal to gpm
model for the production of starlight and its transfer thglothe in-
terstellar medium in galaxies. The model is based on a caatibim
of thelBruzual & Charloti(2003) population synthesis code e
Charlot & Fall [2000) prescription for the absorption ofriitht by
dust. The Charlot & Fall model relies on an idealized desicnip
of the main features of the ISM. Stars are assumed to form-in in
terstellar ‘birth clouds’ (i.e. giant molecular clouds)ftér 107 yr,
young stars disrupt their birth clouds and migrate into tmabient
ISM'. The ‘effective absorption’ curve describing the aiti@tion
of photons emitted in all directions by stars of afje a galaxy is
given by the simple formula

() = {

where7y is the total effectivd’-band optical depth seen by young
stars. The adjustable parametedefines the fraction of the total
effective absorption optical depth contributed by the ambin-
terstellar mediumy ~ 1/3 on average, with substantial scatter).

v (A/5500A) "7, for ¢’ < 107 yr,

B 3
prv (A/55004) 77 fort’ > 107 yr, @)
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Figure2. (a) spectral discontinuity at 4069 (b) Ha emission equivalent width, (c) ratio tRASf,, (60 um) and £, (100 um) flux densities and (d) H/HB
ratio plotted as a function of perpendicular distance framrhean starburst IRX-UV relation, for the subsets of gakfor which these observed quantities
are available in the sample of Fig. 1. The different symbaleetthe same meaning as in . 1.

In addition, a fractionf =~ 0.1 of the effective absorption optical
depth(1 — u)7v of the birth clouds is assumed to arise from the
Hii regions ionized by young stars in the inner parts of thesgdslo
We note that, in the case of optically thick birth clouds, tiiea-
violet radiation escaping from a galaxy is produced by stéder
than~ 107 yr, while the total far-infrared luminosity is produced
by stars of all ages.

Charlot & Fall [2000) used their model to interpret the rela-
tions between ultraviolet spectral slope, ratio of faranéd to ul-
traviolet luminosities and H/Hg ratio for the starburst galaxies
in thelMeurer et &l.[ (1999) sample (Section 2). They showad th
the finite lifetime of the birth clouds is a key ingredient fia-
solving the apparent discrepancy between the attenuafitineo
and continuum radiation in these galaxies. They also shdied
the IRX-UV relation can be understood most simply as a se-
guence in the overall dust content of the galaxies. For saityl
Charlot & Fall {2000) limited their study to models with cdaust
star formation rates and young ages, as appropriate t@retasb-
servations of starburst galaxies. The results of Sectidmo2easug-
gest that star formation history plays an important roledfirdng
the IRX-UV relation for more quiescent galaxies. To invgate the
dependence of the IRX-UV relation on star formation historg
assume that the star formation rate varies with time as

P(t) oc exp(—7t) 4)

from ¢ = 0 to the present galaxy age= to. The parametey is
the inverse time-scale of star formation. For simplicitynaodels
are assumed for the moment to have fixed solar metallicity.

Our main goal is to identify the model parameter that most
simply accounts for the offset of normal, quiescent stamfog
galaxies from the mean IRX-UV relation for starburst gaégxi
in Fig.l. To do this, we must explore the influence of each pri-
mary model parametet(, v, 7v and u) on observable quanti-
ties available for galaxies in our sample, i.e. the ultreetiepec-

tral slope, the ratio of far-infrared to ultraviolet lumsites and
the 40004 discontinuity. The influence ofy andp on Sarx and
Laust / Lruv can be inferred from the results presented in figure 2
of ICharlot & Fall [2000): these parameters, in particular ¢iffec-
tive dust absorption optical depth in the ambient ISMy, control

the position of a galaxylong the IRX-UV relation. The narrow-
band spectral index £X4000) is only weakly sensitive to variations
in 7 andy (Section 2). We find that the influence of the star forma-
tion history on the IRX-UV relation through the parametgysind

~ is best described in terms of the ratio of present to pastgeel
star formation rates. This is defined by

Y (to) to Y(to)
b= = . (5)
t
W dv ()
For the expression af(t) in equation[(#), we have
_ 7to exp (—7to) ©)

T 1 —exp(—vto)
For reference, a galaxy with constant star formation rate=(0)
hasb = 1 at all ages

Fig.[d summarizes the main results of our analysis. In[Fig. 3a
we show Lqy,st/Lruv as a function of Bqrx for sequences of
models with different ages for four different time-scaléstar for-
mation, corresponding tg = 0.1, 0.5, 1.0 and 2.0 Gyr*, and for
7v = 1.5 andp = 0.3. The sequences are plotted as solid lines at
ages when the ratio of present to past-averaged star famaties
is larger tharb = 0.3 and as dashed lines at greater ages, down to
b = 0.03. Fromb = 1 (aget = 0) to b = 0.3, the distance from

2 Since the ageg of the oldest stars in a galaxy is difficult to estimate
observationally, it is often replaced by some reference fagexample the
age of the Universe (e.n._Kennicutt 1983; Kennicutt, Tami#vCongdoh
1994). Such an approximation leads to largehan obtained when using
the definition given in equatiolil(5).



6 X.Kongetal.

fa) s 1
o 0.5 3
1F =
0 =
- b ]
" B ]
j 2 -
Sk ]
Z 1f 3
\>—l C ]
Qf L 1
o 07 ]
B E ———
2 =
1F =
0 =
Coy b v by b Py

ﬁGLX

Figure 3. (a) Age sequences of models with star formation historiesrgi
by equationl¥) withy = 0.1, 0.5, 1.0 and 2.0Gyr! (as indicated) and
for 7y = 1.5 andp = 0.3. The sequences are plotted as solid lines at
ages when the ratio of present to past-averaged star fammaies is larger
thanb = 0.3 and as dashed lines at greater ages, down o 0.03. (b)
Sequences of models with different dust content (i.e. differy, ) andp =
0.3, for two ratios of present to past-averaged star formataias;b =
1.0 and 0.3 (as indicated). (c) Age sequences of models wite 0.15
(equation}), which undergo an extra burst of star formatibauration
108 yr at the age of 6 Gyr involving 3, 10 and 30 per cent of the totabs
of stars formed by the continuous model over 13.5 Gyr (asaidd). The
dust parameters arg, = 1.5 andyp = 0.3. In all panels, the data and the
mean starburst IRX-UV relation shown as a dotted line areséimee as in
Fig.Ol.

the mean starburst relation increases dscreases along the model
sequences, models with~ 0.3 occupying regions of the diagram
populated by more quiescent galaxies. This behavior aniseésly
from an increase inscLx asb decreases. Models with~ 0.3 are
dominated by stellar populations with intrinsically reddpectra
and hence larger ultraviolet spectral slopes than starbafaxies.
We note that, fob > 0.3, all models in FigiB3a follow a similar path
in the IRX-UV diagram. Fob < 0.3, the evolution in the IRX-UV
diagram depends more strongly on the adopted time-scal@wof s
formation. At fixedb, SBgix is larger in models with short time-
scales of star formation (largg, which contain a smaller propor-
tion of ultraviolet-bright stars than models with extendear for-
mation. In thisb range,L4ust / Lruv increases at late ages because
of the contribution to dust heating by the optical radiafiemm old
stars (Section4). We note that models with snbdleturning’ at
late ages to the mean IRX-UV relation for starburst galaxzies
considerably fainter than starburst galaxies and havengitally
red optical spectra.

The similarity forb 2 0.3 between models with differentin
the IRX-UV diagram prompts us to plot, in FI§. 3bgust/Lruv
as a function of Sgrx for sequences of models with different

dust content (i.e. differenty), for two ratios of present to past-
averaged star formation ratds,= 1.0 and 0.3. For simplicity,
we assume that the fraction of the total effective absomptipti-
cal depth contributed by the ambient ISM is fixed at the stethda
value . = 0.3 in all models. The striking result of Fig 3b is that
the model sequences with constarire remarkably parallel to the
mean IRX-UV relation for starburst galaxies, the- 0.3 sequence
being offset toward the region of the diagram populated bgstu
cent star-forming galaxies. This is consistent with theepietional
evidence from Figsl2a and b that, while dust content is thagmy
driver of the IRX-UV relation, the broadening of the relatitor
quiescent star-forming galaxies is most likely driven kar $orma-
tion history. This result does not depend on the specific toaib
tion of v andto used to compute models with= 0.3 in Fig.[3b.
We find that, forb < 0.3, sequences of models with different dust
content are also parallel to the mean IRX-UV relation fortatest
galaxies. However, as expected from Elg. 3a, the locatidheo§e-
guences in this range depends sensitively on the choices ahd

to (see also Section 4).

Figd3a and b suggest that models with simple continuous
star formation histories cannot easily reproduce the ohsiens of
galaxies lying at the largest perpendicular distances ti@mean
starburst IRX-UV relation in our sample, unless very shortet
scales of star formationy(~ 2) and very small ratios of present
to past-averaged star formation rates{( 0.03) are invoked. Such
parameters are not typical of quiescent star-forming gasaxn
Fig.dc, we showLqys:/Lruv as a function of Sgrx for models
with a star formation time-scale parametes 0.15, more typical
of a spiral galaxy, which undergo an extra burst of star faioneof
duration10® yr at the age of 6 Gyr, fofy = 1.5 andy = 0.3. We
show the time evolution of these models for bursts reprasg},
10 and 30 per cent of the total mass of stars formed by thereonti
uous model over 13.5 Gyr. When the burst starts, each model fir
joins the mean IRX-UV relation for starburst galaxies. Slyafter
the burst endslqust @and hencd.qus: / Lruv drop rapidly because
of the dispersal of the (optically thick) birth clouds of tlast stars
formed during the burst. ThenjcLx and Lqust/Lruv increase
again as the ultraviolet light from these stars fades andeesl
A maximum in Sgrx is reached about 0.5-1 Gyr after the burst
ended. The subsequent evolution toward smalleg.x, as the un-
derlying continuous star formation again starts to doneiiia¢ pro-
duction of the ultraviolet light, is remarkable for two reas. First,
it is very slow, implying that the models spend several gegay
in the region of the diagram populated by galaxies far awagnfr
the mean starburst IRX-UV relation. Second, thparameter is
only slightly lower than that of the undisturbed continusnsdel
and hence typical of quiescent star-forming galaxies (tiwethis
conserves the trend of decreasingith increasing distance from
the mean starburst relation). Thus, models including minosts
of star formation on top of continuous star formation higsican
account in a natural way for the observations of galaxiesragel
distances from the mean starburst relation in the IRX-U\gdian.

The simple model described above provides a natural frame-
work for understanding the physical origin of the IRX-UV dgiam.
As shown in FiglB, this model can account for the observation
evidence from Section 2 that, while dust content is the pyma
driver of the IRX-UV relation for starburst galaxies, theoaden-
ing of the relation for quiescent star-forming galaxies strikely
driven by star formation history, and in particular thparameter.
These results do not depend sensitively on the populatioinegis
code used for computing the production of starlight in thedeto
We have checked that adopting tREGASE population synthesis
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code (Fioc & Rocca-Volmerangde 1997; version 2.0) insteatthef
Bruzual & Charlat (2003) code has a negligible influence am th
results of FiglB.

It is worth noting that other effects, such as anisotropiésem
sion from galaxies and spatial distribution of the dust, paten-
tially affect the positions of galaxies in the IRX-UV diagnaThe
inclination angles available for 59 quiescent star-foignialaxies
observed withUE+SDSS,ANSand OAQ in our sample span the
full range from 0 to 90 degrees and do not exhibit any specéiut
with perpendicular distance from the mean IRX-UV starbret-
tion. Therefore, we do not expect orientation effects tg planajor
role in the broadening of the IRX-UV relation for these gadax
Charlot & Fall [2000) show that, for some combinations ofi-opt
cal properties and spatial distributions of the dust inrthedel, it
is possible to producé st/ Lruv ratios lower than observed for
starburst galaxies at large ultraviolet spectral slopesvéver, the
results in their figures 6 and 13 indicate that such model&laoot
account for the lowLqyst /Lruv ratios of quiescent star-forming
galaxies with smallScrx in our sampl€. Changes in the spatial
distribution of the dust also do not provide a natural exatam
for the strong drop in H equivalent width with increasing distance
from the mean starburst IRX-UV relation in Figi. 2b (see figior®f
Charlot & Falll2000). We conclude that, although orientatand
dust geometry may have minor effects on the positions ofxgzda
in the IRX-UV diagram, they do not seem responsible for therov
all broadening of the IRX-UV relation for quiescent starrfiong
galaxies in our sample. This broadening can be most simglgmnin
stood as a sequence in the star formation histories of tlaxigal

4 CONSTRAINTSON THE ULTRAVIOLET
ATTENUATION

The results presented in the previous sections have imyomgli-
cations for estimates of the ultraviolet attenuatibry v and hence
of star formation rates in galaxies. Meurer dtlal. (1999)vdesim-
ple formulae for estimatinglruy from either the ultraviolet spec-
tral slope or the ratio of far-infrared to ultraviolet lunosities on
the basis of the tight IRX-UV relation for starburst galaxi&he
results of Sections 2 and 3 above suggest that these forroafae
not be straightforwardly applied to more quiescent gakxite
can use the model described in Section 3 to estimate theaaycur
to which Aruv can be constrained in galaxies of different types. A
way to assess this is to investigate the relations betwken,
Bcerx and Lauss/Lruv for a library of models encompassing
a wide range of physically plausible star formation hiserand
dust contents. We thus generate a library of Monte Carlozaeal
tions of different star formation histories similar to thated by
Kauffmann et &l.1(2003) to interpret the,[1000) and His index
strengths of a complete sample of otéF SDSS galaxies.

The main requirement for the model library is to include loroa
enough ranges of star formation histories and dust contergs-
sure a wide coverage of the IRX-UV diagram. We have checked
that the results presented below do not depend sensitivethe
detailed parametrization of the models. For simplicity, fekow

3 \witt & Gordor (200D) also explore the influence of the optjmaiperties
and spatial distribution of the dust on the IRX-UV relatiosing a code
of radiative transfer with spherical symmetry. None of thedels they in-
vestigate producesyust/Lruy ratios lower than observed for starburst
galaxies at fixed ultraviolet spectral slope (see their &gl2, mislabeled
figure 13 in the print version).

Kauffmann et al.1(2003) and parametrize each star formatien
tory in terms of two components: an underlying continuousieho
with a star formation law given by equatidd (4), and randomstsu
superimposed on this continuous modidtor the purpose of the
present analysis, we retain only models with ratios of prese
past-averaged star formation rates larger than 0.03. Eattenua-
tion by dust, we adopt a broad distributionief with a peak around
1.5 and a broad distribution in with a peak around 0.3. This is
consistent with the dust properties derived from the/lH3 ratios
and broad-band optical magnitudes of the above sampiE)df
SDSS galaxies. (Brinchmann ef al._2003; Kauffmann it al. /2003
We distribute our models logarithmically in metallicityofn 0.1 to
2 times solar. Our final library consists of 95,000 differemadels.

Fig.[d showsLaust/Lruv as a function of Bar.x for these
models. In the upper panel, we have divided the IRX-UV plane
into bins and coded each bin with a different colour to refthet
average ratio of present to past-averaged star formattea odithe
simulated galaxies that fall into it. As found in Section e, se-
guences of galaxies with different dust contents corregiognto
differentd lie parallel to the mean IRX-UV relation for starburst
galaxies. In the lower panel of FIg. 4, we have coded eachrbin i
the IRX-UV plane with a different colour to reflect the avesad-
traviolet attenuatiomdryvy for the galaxies that fall into it. It is
remarkable that sequences of models with different standtion
histories corresponding to differedt=yv are nearly perpendicular
to the y-axis in this diagram. This implies thdty,s;/Lruv is a
much better estimator ofryv than Scrx in galaxies with differ-
ent star formation histories.

To quantify the accuracy to whiclryyv can be estimated
from either Laust /Lruv OF SBarx, we have explored functional
fits of Aruv in terms of these parameters using the models in our
library. We find that the dependence Af:uv on Laust/Lruv iS
well approximated by two linear relations with a change opslat
some characteristic turn-around point (corresponding v
1). This can be represented by an expression of the form

(Ao + A1) (z — m0)

~
~

AFUV

2 +
7(141 — Ao)oo In |:COSh (—:p _ :rg)} + Ao, ©)
2 oo

wherez = log(Laust/Lruv) and Ag (the slope of the relation at
smallz), A; (the slope of the relation at largg, A- (the normal-
ization constant)zo (the turn-around point) ando (the smooth-
ness of turn-around) are fitted parameters. The accuracheof t
Aryy estimates obtained from this formula depends on whether
or not independent information is available on the ratio refspnt
to past-averaged star formation rates. If no informationawail-
able onb, equation[{l7) with4d, = 0.39, A; = 1.86, A2 = 0.75,

xzo = 0.26 andoy = 0.42 provides estimates ofryv with a typ-
ical (i.e. rms) relative uncertainty of 20 per cent for ak timodels

in the library.

+

4 gpecifically, we take the galaxy age to be distributed uniformly over
the interval from 1.5 to 13.5 Gyr and the star formation tisoale parameter
~ over the interval from 0 to 1 Gyr'. Random bursts occur with equal
probability at all times untitp. They are parametrized in terms of the ratio
between the mass of stars formed in the burst and the tota ofastars
formed by the continuous model over the timye The ratio is taken to be
distributed logarithmically from 0.03 to 4.0. During a buistars form at a
constant rate for a time distributed uniformly in the rasge 1073 x 108
years. The burst probability is set so that 50 per cent of giaxges in the
library have experienced a burst in the past 2 Gyr [see Karffet al.
2008).
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Table 1. Parameters of the fits of equatidd (7) for different ranggsre$ent to past-averaged star formation
ratesb. Also indicated for reference are the corresponding ramgspecific star formation rate(to)/ M

(a quantity more loosely connected to the star formatiotohidut easier to constrain observationally). The
last row shows the results when no restriction is applietl and hence)(to)/ M. Also listed is the typical
(i.e. rms) relative uncertainty, in the estimateddryv for the library of models described in Section 4.

Range inlog b Range inlog {[w(to)/M*} (yrfl)} Ao A As zo o0 Srel
[-1.5, —1.0]  [~11.3, —10.6] 027 202 101 069 091 0.5
[-1.0, —0.5]  [~10.6, —10.0] 034 207 090 044 062 0.10
[-0.5, +0.0] [-10.0, —9.3] 035 224 092 036 0.60 0.06
[+0.0, +2.0] [ —9.3, —T7.5] 039 237 096 034 059 0.09
Full range Full range 039 186 075 0.26 042 0.19

log  (Lyust/Lruv)

x

ﬁGLX

Figure 4. Ratio of far-infrared to ultraviolet luminosities plotteabainst
ultraviolet spectral slope (the ‘IRX-UV diagram’) for theoatel library de-
scribed in Section 4. Upper panel: the IRX-UV plane has beened and
coded to reflect the average ratio of present to past-avérsige forma-
tion rates of the galaxies that fall into each bin. Lower pathe IRX-UV
plane has been binned and coded to reflect the average olittaattenua-
tion Agpyvy of the galaxies that fall into each bin. In each panel, th&sol
line shows the mean starburst IRX-UV relation from IEl. 1.

More accurate estimates df-yv can be obtained when even
rough information is available ot This is illustrated in Tabld1,
in which we list the parameters of the fits and the accurachef t
Aruv estimates obtained from equatih (7) for different ranges i
log b. For reference, we also indicate the corresponding ramges i
‘specific star formation rate)(to) /M- (i.e. the current star forma-
tion rate per unit stellar mass), a quantity more looselynected
to the star formation history but easier to constrain otzemally.
The typical relative uncertainty in thdryv estimates decreases

from 15 per cent for the most quiescent galaxieg b < —1) to
only 7 per cent for starburst galaxided b > 0). The reason for
this is that, in starburst galaxies, the heating of the dust the
production of the ultraviolet radiation are dominated bg #ame
stars. ThusLayst/Lruv is intimately related toAryv. In quies-
cent galaxiesLaust/ Lruv is affected by dust heating by the op-
tical radiation from old stars with little ultraviolet ensi®n, which
depends on the history of star formation at fixégyv. For ref-
erence, the contribution to dust heating by stars older €hasyr
ranges from typically less than 10 per cent fop; 1 to about 80
per cent forb = 0.03 in the models of Fidl4. This is the reason
why, when using the fitting formulae derived from Tdle 1,shme
Aruv is obtained for largeLqust /Lruv Whenb is lower. A sim-
ilar result was noted by Buat etlgl. (1999) in their analy$ia far-
infrared selected sample of nearby star-forming galaxMsscon-
clude that, if rough constraints are available on the ratioresent
to past-averaged star formation rates, reliable estintftel v
can be derived fronLquss / Lruv. We note that, for the models in
our library,log b can be roughly estimated from,4000) as

log b= —2.52 + 40.81 exp [—2.24D,,(4000)] , (8)

with a dispersion of about 0.3 at fixed,,P1000). The corre-
sponding dependence of the specific star formatiompéte) / M.

on D,(4000) is in excellent agreement with that found by
Brinchmann et al.| (2003) for the sample 06° SDSS galaxies
mentioned above.

In some cases, the far-infrared luminosity may not be avail-
able to estimatelryv (for example, for high-redshift galaxies for
which only the rest-frame ultraviolet emission can be obesa). In
such cases, it is important to know the accuracy to whighyv
can be estimated based solely on the ultraviolet spectpésiThe
wide range indryv spanned by models with fixe@gr.x in Fig.[d
indicates thatSqr.x is not a precise estimator dfpyv in galaxies
with different star formation histories. This is considterith the
results oi Belll(2002). In fact, we did not succeed in findirfgrac-
tion of Sqrx that provided reasonably accurate estimates$mafy
for the models in our library. Significant improvement isahed
when including the ratio of present to past-averaged standtion
rates as a variable of the fit. In particular, we find that thpetle
dence ofAruv On BarLx andb is reasonably well approximated

by

Aruv = 3.87 4 1.87 ( Barx + 0.40 log b) . 9)

This formula provides estimates dfryv for which the accuracy
is an increasing function df. Forb = 0.3 (corresponding roughly
to types later than Sb), the typical (i.e. rms) absolute taggy

in the Apyv estimates is only 0.32. For lowér the uncertainty
is about one magnitude. The reason for the large uncertainty
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Aruv at lowb is that, in galaxies with little current star formation,
the ultraviolet spectral slope depends strongly on both alud the
history of star formation. We note that, forx~ 5, the expression
of Aruv given in equation[{9) is similar to the ndrelependent
expression fordryy as a function of ultraviolet spectral slope de-
rived by Meurer et al. (1999, their equation 11) from the gsialof
an ultraviolet-selected sample of nearby starburst gagaxtn the
absence of far-infrared observations, therefeteyy can still be
reasonably well estimated from the ultraviolet spectrgpslalone,
provided that some constraints are available on the rafprefent
to past-averaged star formation rates.

5 SUMMARY AND CONCLUSION

We have compiled a sample of 115 nearby, non-Seyfert galaxie
drawn from ultraviolet surveys spanning a wide range of fiar
mation activities, from starburst to nearly dormant. Basadhis
sample, we showed that, at fixed ultraviolet spectral sloperx),
normal star-forming galaxies have systematically low&praf to-

tal far-infrared to ultraviolet luminositied (st / Lruv) than star-
burst galaxies. The tightness of the correlation betwgenx and
Laust/Lruv, shown by Meurer et all (1999) to provide valuable
constraints on the ultraviolet attenuation in starburtxjas, does
not extend therefore to normal, more quiescent star-fogrgalax-
ies. We showed that, for the galaxies in our sample, the gtnen
of the age-sensitive 400°K)spectral discontinuity and édemission
equivalent width correlate well with distance from the meeala-
tion for starburst galaxies in the IRX-UV diagram, while thés
little or no correlation between the dust-sensitive/HS ratio and
this distance. This is strong observational evidence Wiaite dust
content is the primary driver of the IRX-UV relation for dbarst
galaxies, the broadening of the relation for quiescentfsianing
galaxies is most likely driven by star formation history.

We have used the simple but physically realistic attenua-
tion model of_ Charlot & Falll(2000), in combination with thewa
Bruzual & Charlatl(2003) population synthesis code, to stigate
the physical origin of the IRX-UV relation for galaxies widiffer-
ent star formation histories. We confirm that, for starbgedaxies,
the tight IRX-UV relation can be understood most simply aga s
quence in overall dust content. In addition, within the fesvork
of this model, the second dimension of the IRX-UV relatiom ca
be understood most simply as a sequence in the ratio of pgriesen
past-averaged star formation rates.

The dependence of the IRX-UV relation on both star forma-
tion history and dust content implies that the ultravioltemau-
ation Apyv cannot be derived frorLgust/Lruv and Berx as
straightforwardly as expected from the analysis of stathgalax-
ies alone. We have used a library of Monte Carlo realizatimins
galaxies with different star formation histories and dusttents to
quantify the accuracy to whichryy can be estimated from ei-
ther Laust/Lruv or Barx. We find thatLqaust /Lruv IS @ better
estimator ofAryv than Sgrx in galaxies with different star for-
mation histories. We provide simple formulae for estimgitit-yv
as a function of eitheLqust/Lruv Or BarLx and show that the
accuracy of these estimates can be significantly improvedrife
constraints are available on the ratio of present to pastaged
star formation rates (for example, based on the observet 400
discontinuity). The IRX-UV diagram, therefore, is a vallebiag-
nostic of the attenuation by dust and hence the star formagites
of galaxies in a wide range of star formation activities.sTisiespe-
cially important for applications to studies of high-reifsbalax-

ies, for which the rest-frame optical and infrared emissiannot
be observed at present.
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Table Al. Effective wavelengths and FWHMs of the ultraviolet filtesed
on-board different satellites.

Satellite e (B)  FWHM (A)

GALEX (FUV) 1520 264
GALEX (NUV) 2310 795
ANS (1) 1550 149
ANS (2) 1950 149
ANS (3) 2200 200
ANS (4) 2500 150
OAO (1) 1550 240
OAO (2) 1910 260
OAO (3) 2460 380
UIT (B1) 1521 354
UIT (A1) 2488 1147

APPENDIX A: CALIBRATION OF ULTRAVIOLET
SPECTRAL SLOPESAND FLUXES

Here, we use the sample of 110 high-signal-to-ndi#e galaxies
with both far- and near-ultraviolet spectra compiled int®ec2.1
to calibrate the conversions betweetsx (equatiol) and the
ultraviolet spectral slopes estimated from observatioitis differ-
ent satellites. The minimum signal-to-noise ratio per Pixaf 3
required for this sample ensures th8t1x can be measured to
an accuracy of better than 0.3. For reference, the median ierr
Barx for the 110 galaxies in our sample is around 0.08.

We compute the ultraviolet spectral slopes using vari-
ous definitions and compare the results fézrx. We first
consider the ultraviolet spectral slope from the definitioh
Calzetti, Kinney & Storchi-Bergmahin (1994), which we denby
Beks. This is obtained from a power-law fit of the forfia oc A?
(where fy is the flux per unit wavelength) to the spectrum in ten
continuum bands that avoid strong stellar and intersteltesorp-
tion features (in particular, the 2175 dust feature) in the range
1268 < A < 2580 A. We also consider the ultraviolet slopes de-
rived from photometric observations wikNS OAOandUIT. We
compute the correspondingans, Boao and Surr from contin-
uum fits of the formfy o A? to the broadband spectra obtained
by convolving thd UE spectra with the filter response functions of
these satellites (TablezA1).

Fig.[AT shows Scks, Bans,and Boao and Burr as a func-
tion of Barx for this sample. It can be seen th&tks, Bans
and Boao correlate extremely well with3g1,x. The correlation is
worse for Surr, mainly because of the wider wavelength range of
the near-ultraviolet filter oJIT, which extends redward to about
3060A (Table[Ad). The mean linear relations between the ultravi-
olet slopes obtained from observations with differentlsts and
the reference ultraviolet slop@g,x are drawn as solid lines in
Fig.[A1 and are indicated at the bottom of each panel alony wit
the 1o standard deviation. The tight correlations in Figs. 1(&)-1
allow us to estimateSq1.x reliably from Soks SBans and Soao-
Since the relation is significantly worse fo#yrr, we do not use
UIT data in the analysis described in the main text of the paper.

5 This is the average signal-to-noise ratio per pixel in A0@ide contin-
uum windows free of emission features centred at rest wagtie 1450,
1700, 2300 and 2708 (Kinney et al[1991).

The ultraviolet spectral slop@crLx can also be estimated re-
liably for galaxies with only far-ultravioldUE spectra. The reason
for this is that the wavelength range of the far-ultraviapéctro-
graph on-boardUE encompasses 9 out of the 10 spectral windows
originally used by _Calzetti et All (1994) to definécks. In fact,
for the 110 galaxies in the sample considered here, we find tha
the ultraviolet slopefSi ks obtained by fitting a power law to the
far-ultraviolet spectra in these 9 continuum bands comslaith
Barx as tightly as dofBans and Soao. The mean linear relation
is

Berx = ( Bexs — 0.38)/1.05,

with a standard deviation = 0.23.

We also adopt a common definition of the ultraviolet flux for
galaxies observed with different satellitdg;uv = AFUV?FUV'
For those galaxies withJE spectra, we compute the mean ultravi-
olet flux densityf ., Using the response function of tlBALEX
far-ultraviolet filter Aruv = 1520 A). For those galaxies ob-
served withOAOandANS we computef .y, by extrapolating the
broadband spectrum from 15§0(corresponding to the effective
wavelength of the far-ultraviolet filters on-board bothedigtes) to
1520,&, using the ultraviolet slope §oao or Sans) measured for
each galaxy. Given the narrow wavelength range over whieh th
extrapolation is performed, this procedure does not intcedany
significant uncertainties ifi;, and hencéruy.

(A1)
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Figure Al. Ultraviolet spectral slopes computed in the photometricdsaobserved by different satellites plotted as a functiorBe,x, for the 110IlUE

galaxies with both far- and near-ultraviolet spectra in saenple of Section 2.1. In each panel, the inset diagram shiwevdistribution of the difference

between the true value o8, x and that obtained from the mean linear relation (indicateédeabottom and drawn as a solid line) for this sample, aloitly w
the 1o standard deviation.
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