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ABSTRACT

I have assembled a diverse sample of galaxies from thetliteravith far-ultraviolet (FUV), optical, infrared
(IR) and radio luminosities to explore the calibration afiderived and IR-derived star formation (SF) rates, and
the origin of the radio-IR correlation. By comparing the 860um IR, which samples dust-reprocessed starlight,
with direct stellar FUV emission, | show that the IR tracesstmaf the SF in luminous- L, galaxies but traces
only a small fraction of the SF in faint 0.01L, galaxies. If radio emission were a perfect SF rate indigabis
effect would cause easily detectable curvature in the riRlicorrelation. Yet, the radio-IR correlation is nearly
linear. This implies that the radio flux from low-luminosigalaxies is substantially suppressed, compared to
brighter galaxies. This is naturally interpreted in termg decreasing efficiency of non-thermal radio emission
in faint galaxies. Thus, the linearity of the radio—IR cdat®n is a conspiracy: both indicators underestimate
the SF rate at low luminosities. SF rate calibrations whidtetinto account this effect are presented, along with
estimates of the random and systematic error associatbdheir use.

Subject headinggadio continuum: galaxies — infrared: galaxies — ultragtobalaxies — dust, extinction —
galaxies: general — cosmic rays

1. INTRODUCTION intuition for the physical origin, strengths and limitat®of IR

and radio emissions as SF rate indicators. For more in-depth
discussion of these SF rate indicators, see Kennicutt (1298
Condon (1992).

Because ultraviolet (UV) and optical star formation (SFgra
indicators are so sensitive to dust (see, e.g., Kennici@8;19
Adelberger & Steidel 2000; Bell & Kennicutt 2001; Goldader
et al. 2002; Bell 2002), there has been much recent intarest i
using infrared (IR) and radio luminosities in their steade(s
e.g., Blain et al. 1999; Flores et al. 1999; Haarsma et al0200 In systems with ongoing SF, the light from both newly-
Hopkins et al. 2001; Mann et al. 2002). While IR emission formed and older stars can be absorbed by dust and reprdcesse

1.1.1. IR emission

is straightforward to understand in the optically-thiclsedor into the IR. There are thus two questions that should be ad-
an intensely star-forming galaxy (Kennicutt 1998), radiue dressedi) What are the relative contributions of old and young
sion is a highly indirect indicator of SF rate, relying lalgen stars to the IR luminosity?®) How much light is reprocessed

the complex and poorly-understood physics of cosmic ray gen into the IR? Put differently, what is the optical depth ofagal
eration and confinement (see the excellent review by Condonies? Because of my focus on the young stellar populations, |
1992). Indeed, the strongest argument for radio luminesits will tend to focus on the optical depth of galaxies to ligharfr

SF rate indicator has come from the astonishingly tight¢tofa ~ young stars.

of two over 5 orders of magnitude in luminosity) and arguably ~ The relative balance of dust heating by young and old stars
linear radio-IR correlation (e.g., de Jong et al. 1985; Gonet in star-forming galaxies is a matter of some debate. One ob-
al. 1991; Yun et al. 2001). This close link betweenthe radiba  servational indicator of this balance is the temperaturthef

IR luminosities of galaxies, even when normalized by galaxy dust. Young stars in H regions heat up dust to relatively high
mass (e.g., Fitt et al. 1988; Price & Duric 1992), has oftegnbe  temperatures (with a low 1@®n to 6Q:m ratio of~ 1). Older
used as a supporting argument for the efficacy and robustnesstars in the field, and far-ultraviolet (FUV) light from fie{dB

of radio- and IR-derived SF rates. In this paper, | compare UV associations (which have dispersed their natal clouds@adss
He, IR and radio luminosities for a diverse sample of galaxies relatively unattenuated in the FUV), heat the dust to mualeto

to demonstrate that neither the IR nor radio emissionsiipea temperatures (100/68 5; see, e.g., Lonsdale Persson & Helou
track SF rate. | argue that the tight, nearly linear radicstiR 1987; Buat & Xu 1996; Walterbos & Greenawalt 1996). This
relation is a conspiracy: both the IR and radio luminosités  difference between H region and diffuse dust temperatures

dwarf galaxies significantly underestimate the SF ratealRin leads to a wide range in 1p/60um on galaxy-wide scales,
new SF rate calibrations which take into account this efieet ~ from ~ 10 for quiescent early-type spiral galaxies through to
presented. < 1 for the most intensely star-forming galaxies. This sutges
that earlier types are influenced more by old stellar pojmriat
1.1. The origin of IR and radio emission than later types; this is also supported by an analysis dRar

(FIR) and Hy data by Sauvage & Thuan (1992). For a ‘median’
spiral galaxy, the ‘cold’ dust IR luminosity fraction is beten
50% and 70% (Lonsdale Persson & Helou 1987; Bothun, Lons-

The primary prerequisite for an effective SF rate indicator
is that it reflects the mass of young stars in some well-defined

way. However, in practice, no SF rate indicator directlyaets dale & Rice 1989). Despite this domination by cooler dust,

the mass of young stars. It is useful at this stage to develop a more recently it has been argued that the young, FUV-bright
1Prese_nt address: Max Planck In_stitut fur Astronomie, Kshigl 17, D- stars provide the dominant contribution to the IR ﬂU‘X7O%;
69117 Heidelberg, Germangel | @pi a. de see, e.g., Buat & Xu 1996; Popescu et al. 2000; Misiriotid.et a
1
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2001). This is because FUV light is absorbed much more effi- 1.2. The Radio—IR correlation
ciently than optical light per unit dust mass. Thus, for a-me
dian’ spiral galaxy, the IR luminosity comes from three camp
nents in roughly equal amounts:1/3 of the IR is from warm
dust heated by FUV light from intense SF iniiHegions, an-
other~ 1/3 is cold dust heated by optical photons from the old
and young stellar populations, and the lasi/3 of the IR is
from cold dust heated by FUV light from OB associations in
the field (Buat & Xu 1996). This interesting issue is discasse
further in 84.

Given the apparent dominance of young stars in determin-
ing the IR flux, it is appropriate to address the opacity of

Stlics)tn tobt?Ztc;;?eTegocL:)r;?elsatﬁéz' bect)vszglvag?anxa”)lﬁé?ecggitls a ples with a better representation of highly luminous gaaxi
9 galaxy " (10", < Ljr < 10%5L,) tend to have slopes close to unity

mass) and dust opacity to UV ordHlight (Wang & Heck- (e . e
. ) ; X i .g., Condon et al. 1991; Yun et al. 2001). The differing be-
man 1996; Adelberger & Steidel 2000; Bell & Kennicutt 2001; havior of galaxies as a function of luminosity is beautifult

Hopkins et al. 2001; Sullivan et al. 2001; Buat et al. 2002). | g ;
R . ustrated in Fig. 5 of Yun et al. (2001) and Figs. 1 and 2 of Con-
Low-luminosity galaxiesl(/L. ~ 1/100) tend to have substan- don et al. (1991). In addition, the slope depends on the radio

tially less dust absorption and reddening than high-lursiiyo f ; ;
. requency. At low radio frequencies5 GHz the slope tends to
galaxies & L.). Furthermore, these papers demonstrate that be steeper than unity, whereas for higher frequencies tpe sl

Iow_-lu_minosity galax_ies have IR/'.:U?SI 1, meaning that the IR approaches unity (wonderfully illustrated in Fig. 2 of Rri&
emission of low-luminosity galaxies misses most of the &F. | Duric 1992)

contrast, many high-luminosity galaxies have IR/FY\M, im-

plying that the IR may be a relatively good SF rate indicator i luminosit ; .
) - . y-dependentslope in terms of heating of dust ool
this case (Wang & Heckman 1996; Buat et al. 2002, §2.4). This stellar populations, or non-thermal/thermal radio eedFitt

;’:tlilorr]f'lsvi?]\f(l)?\i:wm;pRlIl(ija;g%r:)ssift(i)ésliﬂﬁﬂv;sdtﬁg r?(gl(iaos—’l??nrg;? et al. (1988) and Devereux & Eales (1989) both subtracted off
tion. This papegr; explores these ’implications in detail plausible contributions from old stellar populations fgski-
' ' ther FIR colord or total IR luminaosity as the constraint), which
they found ‘linearized’ the radio—IR correlation. Condan e
1.1.2. Radio emission al. (1991) compared IR/radio with opticBlradio, finding that
IR-overluminous galaxies were overluminous in optBddand
Radio continuum emission from star-forming galaxies has (~ 4400A), which was interpreted as indicating contributions
two components: thermal bremsstrahlung from ionized Hydro from old stellar populations. Xu et al. (1994) presented deho
gen in Hii regions (see, e.g., Caplan & Deharveng 1986), and which described the non-unity slope and some of the scatter
non-thermal synchrotron emission from cosmic ray elestron of the radio—IR correlation in terms of the contributionsotd
spiraling in the magnetic field of the galaxy (see, e.g., @nd  stellar populations. Similarly, a number of studies hawe#n
1992, for an excellent review). Thermal radio emission has tigated the réle of non-thermal/thermal emission on théorad
a spectrumx v~%1, whereas non-thermal emission has a much |R correlation. Price & Duric (1992) and Niklas (1997) find
steeper radio spectrum v, wherea ~ -0.8 (however, note  that thermal radio continuum (which directly reflects the SF
that o can vary, and even can vary with frequency; Condon rate) correlated linearly with the IR luminosity; howeveon-
1992). Because of this difference in spectral shape, tiee rel thermal emission had a steeper correlation with IR luminos-
tive contributions of the two emissions vary with frequeny ity with v ~ 1.3. Taken together, the steepening of the radio—
lower frequencies; 5 GHz non-thermal radiation tends to dom-  |R correlation at low IR luminosities, and with decreasiag r
inate (at 1.4 GHz, the ‘standard model’ of star-forming gia dio frequency, have been interpreted as reflecting inarghsi
attributes typically 90% of the radio continuum flux of lumi- |arge contributions from old stellar population heatinghe IR
nous spiral galaxies to non-thermal emission; Condon 1992) towards low IR luminosities, and non-thermal radio emissio
Based on the standard model, thermal emission may dominateyhich is non-linearly related to the SF rate.
at frequencieg; 10 GHz (see also Price & Duric 1992). In ad-
dition, the relative fractions of thermal and non-thermais 1.3. The goal of this paper

sion may depend on galaxy mass. Dwarf galaxies seemto have |, contrast with the commonly accepted picture, | argue

a lower non-thermal to thermal emission ratio than normal sp  {hat these interpretations of the radio—IR correlatiorirzem-

ral galaxies (Klein, Wielebinski & Thuan 1984; Klein 1991; i
; S ) o plete because they neglect the effect of dust opacity onRhe |
Klein et al. 1991; Price & Duric 1992), although estimatingt  gmission of star-forming galaxies (note that Lisenfeld ket a

balance of thermal and non-thermal radio emission is ptynfu 1996, priefly discussed the role of dust opacity, but not in a
difficult, and_ can be uncertain for even w_ell-gtud|ed gaaat luminosity-dependent sense). The argument can be (butdtas n
a factor of five level (Condon 1992). This difference between poon a5 yet) pieced together from results in the literagme
dwarf and larger galaxies is often interpreted as a highfer ef ;a1 “Righ-luminosity galaxies are optically thick FUV
ciency of cosmic ray confinement in physically larger (or mor jigh and so their IR emission reflects the SF rate reasgnabl
massive) galaxies (e.g., Klein, Wielebinski & Thuan 19841 C e |n contrast, low-luminosity galaxies have low IR/FUV
& Wolfendale 1990; Price & Duric 1992). For interesting dis-  ,arefore, their IR emission underestimates the SF rattanb
cussions about the relative balance of non-thermal anddler a1y (\Wang & Heckman 1996). Yet the radio—IR correlatien i
emission see Condon (1992) and Niklas et al. (1997). more or less linear (e.g., Yun et al. 2001). Therefore, thiéora

Given the complexity of the emission mechanisms of radio
continuum and IR light, it seems to be a miracle that the two
fluxes are tightly correlated, with a scatter of only a faabr
two. Yet, when examined closely, the radio—IR correlatien b
trays the richness of the astrophysics which determineigsa
radio and IR luminosities.

The slope of the radio—IR correlation seems to depend on
galaxy luminosity. Samples which are richer in relativedint
galaxies [jr < 10%L) tend to have steep radio—IR correla-
tions in the sense thdt;gio x Lz andy > 1 (e.g., Cox et
al. 1988; Price & Duric 1992; Xu et al. 1994), whereas sam-

Workers in this field have typically sought to explain the
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emission must be suppressed for low-luminosity galaxiéss T
offers independent support to the argument that low-lusityo
galaxies tend to have substantially suppressed non-theama
dio emission (e.g., Klein, Wielebinski & Thuan 1984; Klein
1991; Price & Duric 1992). Thus, the radio—IR correlation is
linear not because both emissions reflect SF rate perféctly,
because both radio and IR emissions underestimate the& rat
of low-luminosity galaxies in coincidentally quite similaays.

In this paper, | assemble a sample of star-forming galaxies
with FUV, IR and radio data to quantitatively explore this ba
sic argument for the first time. The result that low-lumitpsi
galaxies have IR and radio emissions that underestimate the
SF rates is not new (e.g., Wang & Heckman 1996; Klein,
Wielebinski & Thuan 1984; Dale et al. 2001). However, the as-
sembly of an extensive star-forming galaxy sample with FUV,
IR and radio data, the quantitative exploration of the cense
quences of this result on the radio—IR correlation, and tkee p
sentation of SF rate calibrations which take into accouist th
effect, are new.

The plan of this paper is as follows. | first investigate, in
detail, dust opacity indicators, and trends in dust opawiti
galaxy luminosity, in §2. The galaxy sample is also introgtlic
there. In 83, the radio—IR correlation is constructed, dwed=t-
fect of dust opacity on the radio—IR correlation is estirdate
84, the effect of optical light from old stellar populatiasglis-
cussed. In 85, deviations from the expected trends in thefad
IR correlation are used to investigate the relationshigvben
radio emission and SF rate. In 86, new IR and radio SF rate cal-
ibrations are presented and discussed. In 8§87, | summasgze th
conclusions of this study. In Appendix A, the FUV, optica, |
and radio data are discussed in more detail, and | preselliea ta
of galaxy photometry. In Appendix B, | present and discuss in
detail a model for a luminosity-dependent FUV optical depth
Sections 2.1-2.3, 84, and the appendices are less centngl to
discussion of IR/radio SF rates, and may be skipped by casual
readers. A distance scale compatible vid= 75 km s* Mpc™
is assumed, and unless stated otherwise, | correct FUV and op
tical data for galactic foreground extinction using Sclelegt
al. (1998).

2. UNDERSTANDING DUST OPACITY IN THE LOCAL UNIVERSE

In order to understand the implications of a correlation be-
tween dust opacity and luminosity, it is important to under-
stand both the overall amount of opacity and the increadwesin t
amount of opacity with luminosity in the wavelength regions
that contribute the most to the heating of dust. Radiataedy
fer modeling coupled with observations (e.g., Buat & Xu 1996
Gordon et al. 2000) suggest that the bulk of the energy that
goes into heating the dust comes from non-ionizing FUV light
between 1216A ane3000A. Clearly, then, the vital question

a variety of observational techniques, farburst
galaxies(Calzetti et al. 1994, 1995; Meurer, Heckman,
& Calzetti 1999). Because of its observational
efficiency, this method has been extensively utilized
at high redshift (see, e.g., Adelberger & Steidel 2000,
and references therein). However, it has recently been
shown that UV spectral slopes are poor attenuation
indicators for other types of galaxy (Bell 2002;
Goldader et al. 2002). Thus, | will not use this indicator
in this paper.

Total HI and/or B column density has been used to
estimate dust content, and therefore FUV extinction
(e.g., Buat, Deharveng & Donas 1989). However, a
number of factors, such as metallicity (through the
dust-to-gas ratio), dust/star geometry, or extinction
curve will introduce considerable scatter into any
correlation between gas density and extinction. This
was confirmed by Buat (1992) and Xu et al. (1997).
Thus, | will not use gas density-derived extinctions in
this paper.

The TIR/FUV ratio, where TIR is the total 8—100M
luminosity and FUV=)\F, = vF, at ~ 1550A (in this
particular case) is, in principle, an excellent indicator
of the amount of FUV extinction. This indicator of

the direct vs. obscured light from young stars is a
robust estimator of the FUV attenuatidayy, and

is relatively unaffected by changes in dust extinction
curve, star/dust geometry and SF history (Gordon et
al. 2000). The main limitations of this method dye
that the réle of older stellar populations in heating the
dust is neglected (although it can be accounted for by
using a more realistic method to estimatg)y, such as
the flux-ratio method; Gordon et al. 2000), adhat
some asymmetric star/dust geometries affect TIR/IFUV
(e.g., for a system with a dust torus, TIR/FUV would
overestimate the FUV extinction and total SF rate if
viewed pole-on, and would underestimate the total
SF rate if viewed edge-on). Despite its limitations, |
will use this method in this paper, not least because a
greater understanding of the IR emission is one of the
central goals of this work. This attenuation indicator
has been used extensively before by, e.g., Buat (1992),
Adelberger & Steidel (2000), Buat et al. (2002), and
Bell (2002), and is directly related to the IR excess of
Meurer, Heckman, & Calzetti (1999).

2.2. The Sample

Because of my focus on exploring the réle of dust opacity and

that must be addressed is that of the optical depth of dust toitS €ffects on the radio—IR correlation, | have selectednapse

FUV light in a wide range of galactic environments.

of 249 galaxies that for the most part haweth FUV and IR

luminosities in the literature. The sample properties, aemo

2.1. Estimating the FUV optical depth of galaxies

There are three established methods for estimating the FUV
attenuatiofin star-forming galaxies.

e UV spectral slopes were found to correlate strongly
with optical and FUV extinction, as estimated using

2Attenuation differs from extinction in that attenuatiorsdgbes the amount
of light lost because of dust at a given wavelength in systefitts complex
star/dust geometries where many classic methods for dieiegnextinction,
such as color excesses, may not apply.

in-depth discussion of the systematic and random errodsaan
table of the relevant data is presented in Appendix A. Here, |
briefly discuss only the most important points.

Normal, star-forming spiral and irregular galaxies weketa
from Rifatto, Longo & Capaccioli (1995b, 100 galaxies), the
Far Ultraviolet Space Telescop@AUST; Deharveng et al.
1994, 75 galaxies) and thétraviolet Imaging Telescop@JIT;

Bell & Kennicutt 2001, 37 galaxies). FUV flux uncertainties
from Rifatto, Longo & Capaccioli (1995b) may be as large as
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FIG. 1.— Intercomparison of attenuation in the FUV and at. HPanela) shows the K attenuatiorAy,, against TIR/FUV. Circles denote normal galaxies with
(uncertain) thermal radio-deriveddHattenuations (filled circles are UIT and FAUST galaxies,ropecles are from Rifatto, Longo & Capaccioli 1995b). Cess
denote normal galaxies with Balmer-derived dttenuations. Open stars denote starbursting galaxiefilladdstars denote ULIRGs (both have Balmer-derived
Ha attenuations). The solid line is the relationship betwésentivo that would be expected if TIR/FUV were a perfect intticaf FUV attenuation, and assuming
that the Hx attenuation is 1/2 of the FUV attenuation. The dotted lirtemasthe relationship if the H were 1/4 of, or the same as, the FUV attenuation. Panel
b) shows the ratio of the THRFUV SF rate and the &-derived SF rate, against thenHtlerived SF rate. The symbols are the same as in @gndlhe solid line
denotes equality. In both panels the typical errors are shand thermal/Balmer measurements for the same galaxyarected.

0.19 dex (larger galaxies, with substantially larger utaiaf discussion in Appendix A). In this paper, | adopt the TIR 8—
ties, were removed from this sample). Flux uncertainties fo 100Qum fluxes, in order to more accurately probe the true rela-
galaxies from Deharveng et al. (1994) and Bell & Kennicutt tionship between the amount of light reprocessed by dust int
(2001) are lower~ 0.08 dex. Intensely star-forming galax- the IR with the radio emission (e.g., Dale et al. 2001, find a
ies have also been added to the sample. Starbursting galaxnormal’ FIR-to-radio ratio for the starbursting SBS 038%2

ies (Calzetti et al. 1994, 1995, 22 galaxies) havé @0’ but a large TIR-to-radio ratio because of a large populadion
FUV fluxes from thenternational Ultraviolet Explorei(IUE). hot dust). The 42.5-122ufn FIR fluxes are only used as a
To limit the effects of aperture bias, | use only the FUV dataf  consistency check; all the results in this paper apply td bot
the 14 starburst galaxies with optical diametgrd.5’. Eight TIR and FIR fluxes, taking into account that RR.5 TIR (see
larger starbursts are included in this study, but are asdume  Appendix A for more details).

have no FUV data (i.e. only the optical, IR and radio data are  Optical data were carefully taken from the literature, gsin
used). The typical measurement accuracy of the FUV fluxesthe NASA/IPAC Extragalactic Database and NASA's Astro-
is < 0.08 dex; clearly, the systematic aperture bias is more of physics Data System. Optical data for 247 galaxies was taken
a concern. Seven ultra-luminous infrared galaxies (ULIRGs from a variety of sources and is accurate3®.2 mag in most
(Goldader et al. 2002) were added to the sample, with a typi- cases, and tg 0.5mag in all cases. Radio data for 166 galax-
cal FUV accuracy off 0.12 dex. Eight Blue Compact Dwarves ies at 1.4 GHz were, for the most part, taken from the NRAO
(BCDs) have been added to the sample also to check for consisVLA Sky Survey (NVSS; Condon et al. 1998). NVSS data were
tency with other galaxy types (Hopkins et al. 2002). FUV fleixe taken for 159 galaxies from Condon et al. (2002), Hopkins.et a
are quoted at wavelengths within 100A of 1550A: the error in- (2002), and Gavazzi & Boselli (1999a,b) in that order of pref
troduced by assuming that they are all at 15504 %%. In the ence. Additional data at frequencies between 1.4 and 1.5 GHz
remainder of this paper, thesel550A fluxes are denoted as (translated to 1.4 GHz assuming’&*® non-thermal spectrum)
‘FUV" fluxes or ‘15504 fluxes. Note also that galaxies classi were taken from other sources for seven galaxies which were

fied as Seyferts in the NASA/IPAC Extragalactic Databasehav notin the above Cat?"ogs- but.were important.to have _in the sa
been removed from the sample. ple because of their properties (ULIRGs or interacting fair

IR data at 12—100m was taken from thinfrared Astronom- or because they had measured thermal radio fractions. Fhe ra

ical Satellite(IRAS) for 245 galaxies, and is accurate to better di0 data were extensively and exhaustively cross-checkitd w
many other radio catalogs, and were found to agree to within

than 20% in both a random and systematic sense (Rice et a|'200/ : Galaxi ith highl ; di
1988, Soifer et al. 1989; Moshir et al. 1990; Tuffs etal. 2002 7% '”meSt Cashes- faax'esf Vr\:lt ighly Conte”t'é"fls ra r:O
Total IR 8-100@m (TIR) and 42.5-122&m (FIR) fluxeswere  11uxes (by more than a factor of three) were removed from the

derived from the IRAS data, and are accurate 8% (see the sample. .
89% ( How does sample selection affect my results? Clearly, the
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sample is selected very inhomogeneously to have FUV, IR andTIR/FUV: corrupted Hy attenuation estimates will only make
(as much as possible) radio data. This makes the effectenf sa the TIR/FUV look worse.

ple selection difficult to assess. | would argue that thectdfef | take Balmer decrements for 14 starburst galaxies with diam
sample selection are minimal in this paper, partially beeaaf eters< 1.5 from Calzetti et al. (1994), and supplemented these
the inhomogeneously-selected sample. In particular, wase with Balmer decrement measurements for two of Goldader et
taken to include both normal and starbursting galaxiessacro al.'s ULIRGs (Wu et al. 1998). For normal galaxies, | use
a wide range in luminosities, limiting that particular sceiof thermal radio-derived H extinctions, and some Balmer decre-
bias. Furthermore, the trends (or lack thereof) exploretiim ments which have been averaged over a numberiofégions
paper are established over 4-5 orders of magnitude in galaxyin each galaxy (taken from Bell & Kennicutt 2001). Thermal
luminosity, and are impressivefyuantitativelyconsistent with radio fluxes were taken from Niklas et al. (1997) for 6 Rifatto
other datasets which were selected in totally independaypsw et al. galaxies, and from Bell & Kennicutt (2001) for 12 UIT
(see, e.g., Wang & Heckman 1996; Yun et al. 2001; Price & and two FAUST galaxies (most of their thermal radio fracsion
Duric 1992). Taken together, this argues for a minimal réle f ~ were, in turn, from Niklas et al. 1997).

selection effects in driving the results of this paper, @litph The results are shown in Fig. 1. Paagbf Fig. 1 shows the
further work with independently-selected samples in tharki comparison of k4 attenuation and TIR/FUV (this is similar to
(for example, from th&alaxy Evolution Exploreor Space In- panelb) of Bell & Kennicutt's (2001) Fig. 4, and Buat et al.’s

frared Telescope Facilijywill prove to be the ultimate test of  (2002) Fig. 2). In common with those studies and Calzetti.et a
selection effects and systematic error in this and otheastiv (1994), I find that ki attenuation and TIR/FUV are correlated

gations of the radio—IR correlation. with scatter, and that theddattenuation isv 1/2 of the FUV
attenuation (though with much scatter). Note that the etgpec
2.3. Comparing TIR/FUV wittHa-derived extinctions tion from a dust foreground screen model is that&ttenuation

. ; : - - would be~ 1/4 of the FUV attenuation. This discrepancy of
The crucial parameter of interest at this point is the oacit a factor of two from the screen model is consistent with the in

of dust to the FUV light of a given galaxy. Therefore, the Vita , ;
question that must be addressed is to what level can IR/FUV peterpretation of.CaIzetu etal. (1994), who p_ostulate thedtutar
line emission is attenuated by roughly twice as much dust as

said to represent the true FUV opacity? This question is-diffi ;
cult to address directly; however, a number of papers have ex the stellar continuum (see als_o _Charlot & Fall 20_00)'
Of course, it is not clean priori, what a correlation between

amined IR/FUV indirectly, in some detail. Meurer, Heckman, H d FUV att i v tell s v i
& Calzetti (1999) show that it correlates well with a number ¢ @n attenuations really tells us. Une can easily Imag-
ine pathological dust geometries which will essentiallgale

of other extinction indicators for starburst galaxies. Gor et le Ho and EUV att i A | : q h

al. (2000) use radiative transfer models to show IR/FUV's ro pie f‘.” i ta teT‘“? on. compttementlary, an pgd ?_'ps

bustness at a theoretical level. Bell et al. (2002) showsitha gmre Zrérlggerl, es'thISSIS cct)mpé:lr;a a gnléaf|on-c:tcr)]rrec bined

correlates well with other extinction indicators for Lafgeg- erve rates wi rates determined from the comoine

allanic Cloud Hi regions. Finally, Buat et al. (2002) show cor- 1 /R+FUV emission (essentially the same as extinction correct-

relations between IR/FUV and Balmer-derived Hittenuation, "9 FUV with TIR/FUV). Statistically, these SF rates should

and show a relatively good correspondence betweeiF R/ be equal, even though the timescales af &hd FUV emis-

SF rates and attenuation-corrected-Herived SF rates. sion differ by.nearlly an order O.f magnltude (5 Myrvs. 50 Myr).

A galaxy’s true SF rate is impossible to measure without us- Th'.s comparison is conservative: a_lthough | know that tle H

extinction corrections are deficient in both random andesyst

ing detailed, complete stellar color-magnitude diagrahimis, : . ;
| must approach this question using an indirect two-pronged 21iC Ways, | nevertheless attribute any mismatches to LR/

approach (similar to that of Buat et al. 2002), where | inter- " @" effort to constrain the accuracy of the HRJV method-

L ; ology.
compare SF rate indicators. First, | compare Httenua- . .
tion with TIR/FUV for galaxies with estimates of Hatten- A comparison of TIRFUV SF rates and attenuation-correc-

uation as a sanity check. Then, | compare SF rates derivedted Ho-derived SF rates is shown in partglof Fig. 1. SF

using extinction-corrected &l against TIRFUV (essentially rates are estimated using the SF rate conversion factas by

extinction-corrected FUV) to assess how well the SF rates <ennicutt (1998). Normal galaxies with thermal radio-ded
match. Ha attenuations (circles) have statistically equal SF rages d

| derive Hy attenuations in two ways$) The ratio of thermal {'ngslr;?;rth%ggﬁguglgngsm'. tthtBhaIIr?wsesr-tc?(grn : df?actttc()arn?f
radio to Hx light is a known constant, to first order, therefore Wwo ) galaxies wi v
deviations in that ratio give a robust constraint on the &i- uations (crosse_s) have statistically equal SF rates {FUR/ .
tenuation. The thermal radio fraction is estimated by fittin \6/1?1 dklijél)_lal(ssos’ V;’,'[:}sa La;\;{(e)rsoli 3é?ezcv?/ﬁ?crh ;frgl;g{tgragxt'\?vz
the radio spectral energy distribution with contributidrem : : ( ) N -
thermal and non-thermal emission. However, the non-therma higher in TIRFFUV than in the Balmer attenuation-corrected

emission dominates at most radio frequencies, making astobu HIO" W'tlt" tﬁ.ga": less tlplan ta Elctotr_ of tWIO scatter. It I\ts uhn-
and reliable determination of thermal radio flux highly chal clear, at this stage, why starbursting galaxies appeare ha

lenging at this time (Condon 1992)) The Balmer decrement lower Balmer-corrected &-derived SF rates (compared to the

; ; : ; TIR+FUV case) than normal galaxies. This offset was also
(Ha/Hp) is again constant to first order in the absence of dust, .
and is easier to measure, but suffers from optical deptletsffe observed by Buat et al. (2002). This may be an aperture ef-

. ; . fect (FUV and extinction-correctedddare in thelUE aper-
see, e.g., Caplan & Deharveng 1986; Bell & Kennicutt 2001; . . .
(Bell et zgl. 200p2, for fuller disc%ssions of these issues).- De ture, whereas the TIR is total), although there is no trend in

spite the substantial limitations of both techniques, |ade T.|R+FUV/H9‘ with galaxy size. Alternatively, itis possible_that
to compare the TIR and FUV with attenuations derived using differences in star/dust geometry could cause an effedtisf t

both approaches because the goal is to assess the efficacy dyre (Buat et al. 2002), as there are strong suspicions heat t
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FIG. 2.— Trends in TIR/FUV with galaxy luminosity. Par&l shows TIR/FUV as a function of optic’l band luminosity. Pandd) shows TIR/FUV as a function
of TIR luminosity. Symbols are as in Fig. 1. A single BCD isajdotted (with FUV data from Rifatto, Longo & Capaccioli 139 as an open triangle. Dotted lines
delineate the locus of the data points in paaelnd are translated into par®lusing thev band-TIR correlation discussed in the text. The solid linthé model
FUV opacity—luminosity correlation (driven by the gas dgrduminosity and metallicity—luminosity correlationsThe short solid line in pandd) is the effect of
an order of magnitude increase in TIR luminosity at fixed FUminosity. Non-detections are not plotted here; see, Eig.,1 of Wang & Heckman (1996) for a
version of paneb) which includes TIR non-detections (showing that galaxi@eehTIR/FUV~ 0.1 down toLtir ~ 10PL).

star/dust geometries of the two galaxy types are differigali (
2002). It is also possible that integrated galaxy specta$ad
for starbursts and ULIRGSs) systematically underestimiaée t

opticalV band or in the IR.
The dotted lines encompass the majority of the points in
panela), and translate into panb) using the least-squares re-

true Hx attenuation because of radiative transfer effects and/orgression of TIR o -band absolute magnitude: Ig¢TIR /L) =

contamination from diffuse ionized gas. Without more Baime

decrement and thermal radio data for a reasonably-sizeplsam

of starburst and normal galaxies it is impossible to unamnbig

ously track down the origin of this factor-of-two discrepsn
Either way, this comparison is extremely encouraging: as-

suming very conservatively thatl of the scatter in TIRFUV

vs. Ha SF rates is from the TIR and FUV (and not from the H

extinction correction, intrinsic differences in FUVdHbecause

of bursts of SF, mismatches in the FUV, IR and BF rate cal-

ibrations, etc.), | find that TIR/FUV reflects the attenuatin

the FUV to better than a factor of two in both a random and a

systematic sense, and is perhaps much more acctirate.

2.4. Trends in TIR/FUV

| have argued that TIR/FUV is the FUV attenuation indicator
of choice on both modeling and observational bases. Now, fol
lowing, e.g., Wang & Heckman (1996), Buat et al. (1999), and
Adelberger & Steidel (2000) | proceed to explore TIR/FUV for
my diverse sample of galaxies. | show the correlation betwee
TIR/FUV and optical luminosity, and TIR/FUV and TIR lumi-
nosity, in panelsa) andb) of Fig. 2. There is a scattered but
strong correlation between the ratio of total TIR 8—1000to
FUV (defined as\F, at~ 1550A) and luminosity in either the

SLater on | examine the réle of old stellar populations in mgathe dust,
correcting the TIR for a contribution from the opticdl band light from a
galaxy. Including this effect in this analysis does not Bigantly affect the
conclusions; TIR/FUV is still found to be a good attenuatiodicator to much
better than a factor of two in a systematic and random sense.

9.83-0.511My. The solid line shows a highly simplistic model
which links V-band luminosity and the optical depth of dust
in the FUV. The main assumptions are thjtthe dust-to-gas
ratio is proportional only to the metallicity, anigl the dust op-
tical depth is proportional to the dust per unit area, whitgre-
fore is proportional to the gas surface density. The dustalpt
depth increases with galaxy luminosity because of the altyic
higher gas densities and metallicities of more luminousxgal
ies. Curvature in the model behavior primarily comes from my
somewhat crude derivation of the gas density—luminosityeco
lation (which is bootstrapped from the gas fraction—lunsito
and stellar surface density—luminosity correlations)e Todel
is discussed in more detail in Appendix B.

Itis clear that TIR/FUV increases, on average, by over 1.5 or
ders of magnitude between low-luminosity galaxie¥ at —16
(L ~1/100L,) and high-luminosity galaxies & ~ -22 (L ~
3L,). These data are quantitatively consistent with (largely)
independently-selected samples of galaxies (e.g., Wang&H
man 1996; Buat et al. 1999; Adelberger & Steidel 2000). The
main advantage of this sample is its size: it is slightly éarg
than the local samples of Wang & Heckman (1996), Buat et
al. (1999), and Adelberger & Steidel (2000) combined. It is
interesting to note that this increase in dust opacity isoea
ably well-tracked, in the mean, by the simple model which
was presented above. Furthermore, while TIR/EY\XL for
most high-luminosity galaxies, for lower-luminosity geiks
TIR/FUV< 1, meaning that many low-luminosity galaxies are
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FIG. 3.— The radio—-IR correlation for a total of 162 galaxies. rial,
star-forming galaxies are plotted using circles (fillectlgis are from UIT and
FAUST, and open circles are from Rifatto, Longo & Capacci®b5b). In-
tensely star forming galaxies are denoted by stars (filled stre ULIRGs and
open stars are starbursts). A comparison sample of BCDshamensas open
triangles. A representative error bar is shown in the bottigint-hand corner.
Forward and bisector fits to the data are shown by dotted il Is@s re-
spectively. The thick dashed line shows the trend predicjetthe final SF rate
calibrations (see §6.1).

optically thin in the FUV. Thus, the IR luminosity in low-
luminosity galaxies will underestimate the SF rate suligthy
(remember that TIRFUV is not a bad proxy for SF rate; §2.3).

3. THE EFFECTS OF DUST OPACITY ON THE RADIO-IR
CORRELATION

Assuming that radio is a ‘perfect’ SF rate indicator (i.e. ra
dio o« SF rate), the systematic depression of IR emission in
low-luminosity galaxies should be easily visible in theitad
IR correlation, because of its tightness. In this secti@asdess
the effects of the optically-thin low-luminosity galaxien the
radio—IR correlation.

3.1. The Radio—IR correlation

The radio—IR correlation for all of the sample galaxies §plu
BCDs from Hopkins et al. 2002, shown as open triangles, to
check for consistency with other galaxy types) is shown i Fi
3, where the TIR 8-10Q0m extrapolated flux is being used. It
is clear that the radio—IR correlation is both superblytighe
scatter in the TIR/radio ratio is 0.26 dex, or less than eofact
two) and nearly linear. A forward fit, the ordinary least sepsa
regression of TIR on radio, yields a slope 003+ 0.04 (this
type of fit is suitable for, e.g., predicting the radio flux eiv
the TIR flux). A bisector fit, the average of the forwards and
backwards fits, yields a slope of1D+ 0.04 (this type of fit
is more suitable in cases where the intrinsic correlatidreing
sought, and measurement errors are dominated by intricesic s
ter; Isobe et al. 1990). These data are consistent with tlehmu
larger sample of 1809 galaxies studied by Yun et al. (2001):
they recover a forward fit slope of@+ 0.01 and a scatter of
0.26 dex for a comparison of @ and 1.4 GHz fluxes. Fur-
thermore, they find a tendency for low-luminosity galaxies t

7

be somewhat underluminous in the radio, which | also recover
(this is the main effect which drives the slightly steepeipsl
of the bisector fit).

A few points deserve mention at this stage. Firstly, there
is a somewhat increased dispersion for very high luminosity
galaxies. This is consistent with a number of other studies (
Condon et al. 1991; Yun et al. 2001; Bressan et al. 2002) and is
discussed laterin 86.2. Secondly, | use TIR 8-Jd@@xtrapo-
lated flux. In this respect, | differ from most other studidset
plot either the 6pm luminosity (e.g., Yun et al. 2001), or the
FIR 42.5-122.5m luminosity (e.g., Cox et al. 1988; Condon
et al. 1991; Xu et al. 1994). This difference in IR luminosity
estimation technique does not change the slope or scattee of
radio—IR correlation significantly (the forward fit slope e
60um case is 1.010.04, 42.5-122 sm case is 1.040.04, and
the scatter is 0.25 dex in all cases).

3.2. Consequences of trends in IR/FUV with galaxy luminosity

A complementary way of examining the radio—IR correlation
is by constructing the TIR/radio rattpr. The quantitygrr is

defined as:
Si4cH
) -toso i)
1)

where Sy 4gH; is the 1.4 GHz radio flux (e.g., Condon et al.
1991). | definegrir as the ratio of theéotal 8—100Q:m IR lu-
minosity to the radio power, as opposed to the 42.5-128.5
FIR luminosity which is usually used in definigg The median
value ofqgmr is 2.64+0.02 for 162 galaxies with IR and radio
data and no signs of AGN, and the scatter is 0.26 dex. Forrefer
ence, the mediaq value defined using the 42.5-122r5 flux

is 2.36+0.02, with a scatter of 0.26 dex, in excellent agreement
with the mearg of 2.34+0.01 and scatter of 0.26 dex of Yun et
al. (2001).

| show the trends immr with galaxy luminosity in Fig. 4.
Panela) showsqgrr as a function ofV-band absolute mag-
nitude, and pandb) showsqrr against TIR luminosity. The
shaded region shows the ‘running’ upper and lower quantiles
the datd. There are only gentle trends, if any, ggr With
galaxy luminosity, such that lower luminosity galaxies @dav
somewhat higher values gfr (this is particularly visible in
the grir—TIR luminosity relation). This slight tendency for
lower-luminosity galaxies to have somewhat highgg is what
drives the slight non-linearity in the bisector fit of the i@ae R
correlation, and was also seen by Yun et al. (2001) in theirsa
ple of 1809 galaxies.

This slight trend towards highesr at lower luminosity, or
lack of trend, is in stark contrast to the trendsginr which
would be expectedf radio were a perfect SF rate indicator
In Fig. 2, the dotted lines outlined the locus of the majooity
the data points, and the solid line described the overalldtre
in TIR/FUV with galaxy luminosity reasonably well. The thin
solid and dotted lines in Fig. 4 are the mapping of the trend
in TIR/FUV with luminosity ontogrr, assuming only that the
radio oc SF rate (the details of the translation are discussed in
Appendix B). If radiox SF rate, themrr should decrease by
at least 0.2 dex over the luminosity range over which theee ar
decent statistics. This decrease is not seen: in fact, lat stig
crease imrr with decreasing luminosity is observed. Given

TIR

drir =106 (3.75>< 10 m-2

4For a given galaxy’s luminosity, themr values of thet10 galaxies in
the luminosity ranked list were extracted. The upper ancetoguartile were
calculated, and plotted as the shaded region.
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FIG. 4.— Trends ingmr with galaxy luminosity. Paneh) showsqnr againstV-band absolute magnitude, and pabgkhowsqrr against TIR luminosity.
Symbols are the same as in Fig. 2. The shaded area shows taeamgplower quartiles as a function of luminosity: this shpin a less noisy fashion, any trends
betweenyrr and galaxy luminosity. The effect of trends in TIR/FUV witintinosity are plotted as thin dotted (the limits on TIR/FU&/afunction of luminosity)
and thin solid (the model TIR/FUV with luminosity) lines. iddio SFR were a perfect SF rate indicator, there should kend ingmr which follows the general
trend of the thin dotted and solid lines. The thick solid lgh®ws the final model presented in §5. The thick dashed liparelb) shows the trend predicted by the
final SF rate calibrations (see §86.1).

i) the robustness of TIR/FUV as an attenuation indicator (§2.3 and for Small Magellanic Cloud Bar-type dust the ratio isselo
andii) the strength of the trend in TIR/FUV (82.4) aiiijl the to 1/4. However, dust is preferentially clumped around ygem
fact that this trend has been observed by many other workersstars (e.g., Calzetti et al. 1994; Zaritsky 1999; Zaritskyle
(e.g., Wang & Heckman 1996; Buat et al. 1999; Adelberger & 2002), which would tend to decreaseTaken together, a value
Steidel 2000), it is inescapable tlggir must decrease with de-  of ¢ < 0.3 is reasonable; | choose= 0.25. Note that adopting
creasing luminosity. The fact that it doesn'tis a clear angat a higher value o€ = 0.4 does not significantly affect any of my

thatradio luminosity does not directly reflect SF rate conclusions (the average contribution frafrband light rises
from 31% with a 16% scatter to 44% with a 18% scatter).
4. THE CONTRIBUTION FROM OPTICAL LIGHT FROM OLD STARS The observed luminosities ateyy obs= A\Fx Fuv andLy ops=
There is an important source of uncertainty which has been AFav, whereF, is the observed monochromatic luminosity at a
neglected, however. While it is argued that the bulk of tghtli ~ 9iven wavelength. Given the above assumption that cryy

which is reprocessed into the IR comes from the FUV (Buat & and denoting the FUV optical depth agor brevity, the intrin-
Xu 1996; Misiriotis et al. 2001), there is nonetheless thepo ~ SIC luminosities are related to the observed one&dy obs =

tial for a significant contribution from older stellar poptibns. € " Lruv.intinsic @1dLv,obs = €°" Ly intrinsic- Thus, the energy ab-
sorbed, and re-emitted into the IR is:
4.1. A simple model for IR emission Lrir = (1-€ ")Lruv.onse” +(1-€" )Ly, o™ )

o .. This equation was then solved using an IDL implementation of

To decompose the IR emission of the sample galaxies into grent's method (Press et al. 1992, p. 352) to find the rootef th
contributions from old and young stellar populations, | ase equation, given the observégir, Leuv obs aNdLy ops
simple model to interpret the FUW-band and IR data. In As examples, it is interesting to take SO-Sa galaxies and
essence, the energy in the FUMpand and IR is balanced (as-  5cd—Sm galaxies from Popescu et al. (2002). Their SO-Sa tem-
suming a constant FUV % band dust opacity ratio) to estimate  pate has a FUW: TIR ratio of 1:25:3 (roughly), corresponding
the fraction of FUV and/ band light reprocessed into the IR.  tg 3 fraction fromV band light of 86% (calculated by multiply-
Thus, this approach is conceptually similar to (but morepdém ing theV luminosity byc = 0.25, and dividing by the sum of
than) the model explored by Buat & Xu (1996). itself and the FUV flux; in this case®6 x 25/[0.25x 25+ 1] ~

Simplistically, | assume that all of the light in the FUV cosne 0.86). In contrast, their Scd—Sm template has a RUTR
from the young stellar population, and that all the lighttie t  atig of 1:2:1, corresponding to a fraction frovband light
(_)ptlcaIV ba_nd comes_from the older stellar populatlon: I then of 3304 Notwithstanding the fact that not &l band light is
link the optical depth in th& band to the optical depth in the  generated by old stellar populations, this simple anaftsisn
FUV; 7y = crryy, Wherec is a constant. For Milky-Way type el with what is known about the relative old stellar hegtin

betweerV band optical depth and1550A optical depth is 0.4, 1992).
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FIG. 5.— Comparison of FUV/optical/TIR-derived old stellargudation
contribution to the TIR luminosity against dust temperatas probed by the
100um-to-6Qum ratio. Symbols are as in Fig. 2. Overplotted are the expgecte
relationship between the fraction of luminosity from oldrstat 6@m against

dust temperature (dotted line) and the fraction of lumityosbm old stars at
100um against dust temperature (solid line).
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4.2. Comparison with dust temperatures

Itis instructive to compare the fraction bf,g which is plau-
sibly associated with old stellar populations (by comparief
the amount of optical, FUV and TIR light) with the dust tem-
peratures (which are often used as indicators of the cautiit
of older stellar populations to the IR luminosity). In Fig.ib
is clear that there is a scattered correlation between Hutidn
of theLtjr which is from optical light (which | associate then
with old stellar populations) and the 10®-to-6Qum flux ratio
(where both are expressed as flux per unit frequency). Gadaxi
with rather larger contributions from-band light tend to have
somewhat larger 100/60 than galaxies with a small coniohut
fromV-band light.

It is interesting to estimate the fraction of IR light frondol
stellar populations which is implied by the 100/60 obsdores.
Estimation of &otal fraction of the 8-100Qm luminosity from
old stars using the FIR color-based technique is challgpgin
because of the contributions from the mid-infrared and from
wavelengths longer than 120um: thus | show the contribu-
tions at 6Qum (dotted line) and 10@m (solid line) from the

old population as a rough guide. The cold population was as-
sumed to have 100/60 of 10, and the warm dust a 100/60 of 1

following Fitt et al. (1988). Fig. 5 shows that there is goodie
all agreement between the expectations of the FUV/oplitRl/
energy balance estimate of the contribution of old steltaoyp
lations, and the FIR color. Interestingly, this methindepen-

dently gives further credence to FIR color-based analyses, at

least at the factor-of-two level.

4.3. Correcting for the contribution of old stars as a function
of luminosity

| show trends in the contribution torg made by old stellar
populations as a function &-band and TIR luminosity in pan-

elsa) andb) of Fig. 6 respectively. It is clear that the scatter
in the contribution of old populations is large at most gglax
luminosities. However, in panel) of Fig. 6 there is a clear
general trend of increasing old stellar population contidn
with increasingv-band luminosity (albeit with large scatter).
One could argue that this trend is a selection effect as gaax
with largerV-band luminosity may have larg&t-band/FUV
luminosity, and therefore have a larger old fraction. Hoerev
the correlation between old fraction and dust temperattige (
5) argues against this interpretation, as the trend in a@d-fr
tion would persist even if 60/100 were shown agawidtand
luminosity (these are, of course, independent). Thus,rthis
flects the real and well-known observation that more ogtieal
luminous galaxies tend to have rather older stellar pojmuiat

in the mean (e.g., Peletier & de Grijs 1998; Bell & de Jong
2000; Boissier et al. 2001; Kauffmann et al. 2003b).

Panelb) of Fig. 6 shows the fraction dfyg from old stel-
lar populations against TIR luminosity. At very low lumines
ties, the old fraction increases with increasing galaxyihos-
ity. However, at_tr ~ 10'°L, the old fraction decreases with
increasingLyir. This reflects the increasing fraction of dusty,
intensely star-forming galaxies towards the highest. The
scatter around this general behavior is large, however.

In Fig. 7 | show the effect that the old stellar population
correction has on trends in TIR/FUV with galaxy luminosity.
There are some modest changes: as expected, the trend in
TIR/FUV with V-band luminosity slightly flattens. However,
on the whole, there is very little change in TIR/FUV with lumi
nosity. This is, to a certain extent, for an obvious reasoB0%
change in TIR luminosity is not going to significantly affect
trend which sees a factor gf 30 increase in TIR/FUV with a
factor of 1000 luminosity increase. In order to significgratf-
fect this trend, the old fraction would have to increase fesn
sentially 0 to=> 95% over the luminosity range of interest, with
relatively little scatter. This kind of behavior is cleanyled
out by the observations. Thus, the conclusion that dust-opac
ity should leave an easily observable signature in the rdRio
correlation remains unchanged.

I check this directly in Fig. 8. When corrected for the con-
tribution of older stellar populationsyrr decreases by a me-
dian amount of 0.16 dex while the scatter decreases sligitly
0.25 dex. The relative constancy @fir with luminosity per-
sists (compare Figs. 4 and 8). Again, there is a slight hint of
a slightly highergmr for lower-luminosity galaxies. Also, the
‘bump’ in grr atLtr ~ 10'°L,, which was reasonably appar-
ent in paneb) of Fig. 4 has been largely eliminated by the cor-
rection for the old stellar population. This ‘bump’ was fr@n
larger old fraction in earlier-type galaxies with reasdgdiigh

V-band luminosities but lower SF rates (see pameif Fig. 6).

At lower luminosities, later-types dominate, and at higher

'luminosities, ULIRGs and star-bursting galaxies tend tmédo

inate. Thus, the reasonably complete removal of this ‘bump’
feature can be taken as independent evidence that the correc
tion for the effects of older stellar populations is doirg jitb
reasonably well.

Itis clear then thabeitherthe TIR/FUV vs. luminosity cor-
relationnor thegmr vs. luminosity correlation are significantly
affected by the contribution of old stellar populationsrtRar-
more, this conclusion does not depend on the technique used
to estimate the contribution from the old stellar populasicas
demonstrated by the correlation between 100/60 and the frac
tion of light fromV-band light.
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FIG. 6.— Trends in contribution to TIR luminosity from old stllpopulations with galaxy luminosity in thé-band (paneb) and in the TIR (paneb). The
symbols are as in Fig. 2. The shaded area shows the uppervesiddaoartile of the old stellar population contribution asiaction of luminosity. The solid line in

panelb) is the average contribution from old stellar population& g for galaxies above and below ¥Q.

5. UNDERSTANDING THE RADIO EMISSION FROM GALAXIES

In 883 and 4, | demonstrated that, if radio emissiorSF
rate, then the TIR-to-radio ratigyr should decrease by at least
a factor of two when going from L, to ~ 0.01L,, galaxies, ow-
ing to the effects of dust optical depth. Furthermore, antou
ing for old stellar populations does not affect this resOite is
therefore left in the situation where a factor-of-two offlsas to
be there, but it isn't seen. This implies that tlaglio emission
of low-luminosity galaxies is suppressed, by at least aofaat
two.

Furthermore, it is the non-thermal radio emission whichtmus
be suppressed in low-luminosity galaxies. The radio emissi
from normal (non-active) galaxies comes from two sources.
Thermal radio emission from ionized hydrogen directly ksac
the SF rate (because the amount of ionized hydrogen reftects t
ionizing luminosity of the very young stellar populationkish
are rich in massive stars). In contrast, it has been sugtjéste
nearly 20 years that the non-thermal synchrotron emission o
low-luminosity galaxies can be significantly suppresselifi
Wielebinski & Thuan 1984; Klein 1991; Klein et al. 1991; Rric
& Duric 1992, although the thermal contribution can be very
challenging to reliably estimate; Condon 1992). This can be
explained in a number of ways, as the physics which links the
SF rate with non-thermal emission is complex, and involkes t
cosmic ray production rate, galaxy magnetic field strengytia,

®-

Because of the complex and uncertain physics involved, |
do not attempt to construct detailed theoretical model ffier t
non-thermal radio emission. Rather, | use the data to guide
me in constructing how non-thermal radio emission musktrac
the SF rate (cf. Price & Duric 1992). | parameterize the total
radio emission aR = (n+0.1)ny, whereR is the radio flux at
1.4GHz,v is the SF ratey is the constant of proportionality
linking the SF rate and radio flux fer L, galaxies, and is the
relative amount of non-thermal emission. Ford., galaxy,
90% of the radio flux at 1.4 GHz is non-thermal (Condon 1992),
and 10% is thermal (which gives the value of 0.1). | alloto
decrease as a function of galaxy luminosity:

n= 0.9 L>L. 3)
T 09(L/L)%® L<L,,
whereL, is taken to b&/ =-21. The resulting relationship be-
tweenqrr and luminosity is shown in Figs. 4 and 8 as thick
solid lines: this variation in non-thermal radio emissics a
counts reasonably well for the lack of a trendjig with lumi-
nosity.

Remarkably, given the uncertainties inherent to decompos-
ing the contribution of thermal/non-thermal emission froam
dio spectra alone, the kind of suppression of non-therntibra
emission which is required to produce a luminosity-indefzar
Orir is consistent with an independent analysis by Price &
Duric (1992). They used multi-frequency radio data to con-

galaxy size to name just a few of the many variables (Chi & structthe radio-IR correlation at a number of frequenciégy

Wolfendale 1990; Helou & Bicay 1993; Lisenfeld et al. 1996). found that the radio—IR correlation at high frequency (veher
For example, Chi & Wolfendale (1990) discuss a model in thermal radio emission dominates) was nearly linear, aed th
which the non-thermal emission from low-luminosity gaksi  radio—IR correlation at lower frequencies (where non-tredr
is strongly suppressed, because most of the cosmic-ray elecemission dominates) was steeper. They suggested that¢herm
trons escape from the galaxy due to their small sizes (afhou €emissionx the SF rate), but suggested that non-thermal emis-
the size of the effect that they predictis a factor of 3-5iceme ~ Sion o ¢*2. Thus the non-thermal-to-SF rate ratio varied as
of the trend allowed by these observations). %2, Thus, for a decrease in galaxy luminosity by a factor of
100, the non-thermal-to-SF rate ratio decreases by a fattor
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FIG. 7.— Trends in TIR/FUV with galaxy luminosity, corrected fine contribution from old stellar populations. The paraisl symbols are as in Fig. 2.

2.5. Equation 3 predicts a factor ef3 decrease in the non- (IRON L L L
thermal-to-SF rate ratio for the same luminosity range. sThu I
the conclusion that low-luminosity galaxies have lower non
thermal contributions has been established in two indegrand
ways: through multi-frequency radio observations (e.deik

et al. 1991; Price & Duric 1992, which, however, depend on
uncertain radio spectral fitting) and through a lack of ctuxa

in the radio—IR correlation (this work, which does not deghen
on the fitting of radio spectra in any way).

A prediction of this model is an overall correlation between
galaxy luminosity and thermal radio fraction. Testing this-
diction in detail is challenging because of observatioriti-d
culties. Typically, four or five radio fluxes at a range of fre-
quencies are used to derive a non-thermal slope (which may,
itself, vary with radio frequency; Condon 1992) and thermal
fraction, as well as the overall normalization (Condon 1,992
Niklas et al. 1997). These difficulties lead to a large uraiety
in the thermal fraction, which for the well-documented cate 00l ..., L oot
M82, leads to a factor of five discrepancy between different e 14 —16 —18 —20 —-22 —24
timates of thermal fraction (Condon 1992). Notwithstamdin .
these difficulties, | plot my prediction for thermal radiaér V Absolute Magnitude
tion from Equation 3_agam5t observed thermal radlo_frmm FIG. 9.— Comparison of thermal fraction at 1.4 GHz withband absolute
for my sample galaxies and a further dozen non-active galax-magnitude. Symbols are as in Fig. 2. An additional sevenautive galaxies
ies from the Klein et al. (1991) and Niklas et al. (1997) in.Fig from Niklas et al. (1997) and five galaxies from Klein et al991) are also
9. Clearly, most of the thermal fraction determinationsfare included, plotted as error bars. Equation 3 is overplotted solid line.
galaxies within 1 magnitude df,, and are consistent with a
value of 0.1 (as argued by Condon 1992). There are only a few ) _ _
low-luminosity galaxies in this sample, and they have adarg thermal) flux® Given the modest sample size, the observational
scatter between thermal fractions of 0.1 and 1. This huge sca difficulty, and possibly substantial intrinsic scatterstfair to
ter should not be over-interpreted, as there are hints that i Say that my non-thermal radio calibration is not inconsiste
largely intrinsic. For example, Yun et al. (2001) show thett  With the thermal radio fraction data, and is strongly supgubr
scatter at the low-luminosity end of the radio—IR correiati DY the linearity of the radio-IR correlation and the frequen
is larger than for~ L, galaxies, and it is not unreasonable to dependence in the radio—IR correlation as reported by Rrice

attribute some of that scatter to the radio (and therefore no 51 do not see this effect in Figs. 3, 4 or 8, which is likely dusiall number
statistics.

0.8
0.6

0.4

Thermal Radio Fraction

0.2




12 Bell

AQ[ T oo AQ[ T T T

qTIR,corr
qTIR,corr

1,0-.1"."..|...|...|...|...- 'I.O-'...|...|...|...|...|.
-14 —-16 —-18 —-20 =22 =24 7 8 9 10 11 12
V Absolute Magnitude 10910 (Lgcorr/Lo)

FiG. 8.— Trends ingrir with galaxy luminosity, whergmr has been corrected for the contribution from older steligyytations. The panels and symbols are
the same as in Fig. 4.

Duric (1992). first-order variations in opacity and non-thermal radio &siv-
ity in a very simple fashion (not using, e.g., the model fostdu
6. DISCUSSION opacity developed in Appendix B). Furthermore, | will prese
6.1. Implications for Radio- and IR-derived SF rates calibrations of the SF rates simply in terms of the TIR or cadi

] . .. luminosity. This allows workers to derive SF rates from one
In this paper, | have brought together a diverse and wide f,x alone while still being able to account for the reduced ef
range of literature data and interpretation into & cohepeRt ficiency of TIR and radio emission from low-luminosity galax
ture. On one hand, | examine the luminosity dependence injes  |f more luminosities are available (e.g. TIR, radioticg
FUV (e.g., Wang & Heckman 1996; Buat et al. 1999; Adel- 5nq FUV), then a fuller analysis of the data would clearlyvero
berger & Steidel 2000; Buat et al. 2002) and tttenuation superior to these simple-minded calibrations.
(e.g., Hopkins et al. 2001; Sullivan et al. 2001), showinat th

low luminosity galaxies with. ~ L. /100 are optically-thin in 6.1.1. Calibrating IR-derived SF rates
the FUV, whereas- L, galaxies are optically-thick in the FUV ) ,
(this result is robust to the inclusion of the effects of diells In §2.3, | showed that attenuation-corrected-terived SF

lar populations). On the other hand, | show that the radio—IR ates and TIRFUV SF rates were cor_lsistent to at_Ieast a fac-
correlation is nearly linear (e.g., Yun et al. 2001), andveho tor of two, when the SF rate calibrations of Ken_nlcuf[t (1998)
no sign of the expected depression of the TIR luminosity ef th  Were adopted. Thus, | adopt the ‘starburst’ calibrationff |
largely optically-thin dwarf galaxies. This means that the luminosity presented by Kennicutt (1998) for lumindug L.

dio is also suppressed in dwarf galaxies (cf. Klein 1991)csi ~ 9alaxies. A reasonably acceptable fit to panjesf Figs. 2 and
the thermal radio emissioxx SF rate, the non-thermal must 7 is TIR/FUV~ /L1r/10°L,. Thus, adopting a Salpeter IMF
depend non-linearly on SF rate: Price & Duric (1992) find that from 0.1 to 100M, following Kennicutt (1998), the SF rate
non-thermal radio emissiar 112, which is consistent with my  Is:

data. Thus, the radio—IR correlation is linear not becausle b w(Mer‘l) =1.72x% 10‘1°|_T,R(1+ 1®/L1r), 4)
radio and IR emissions track SF rate, but rather because both

radio and IR emissions fail to track SF rate in independertt, b WhereLrr is in solar luminosities and is calculated between
coincidentally quite similar, ways. 8-100Q:m (where | have adopted a solar luminosity o® 3

In this section, | use this increased understanding of the 10?°W). Note however that there is-a 0.5 dex scatter about
radio—IR correlation to derive TIR and radio SF rate calibra this correlation, which will translate inte-50% scatter in the
tions which take into account the broad-brush suppression o SF rate calibration at £, and a+20% scatter at 10L.

TIR and radio emission from low-luminosity galaxies. Fur-  This calibration does not account for contributions from ol
thermore, because the scatter in TIR/FUV apg are well- stellar populations. Fig. 6 demonstrates that a corredtion
characterized, the scatter in these SF rate calibratioldei  old stellar populations will be statistical at best. Howeve
quantified. For the purposes of a simple-to-apply SF rate cal is possible to correct for the mean contribution from oldlate

bration, and given that the scatter in FUV opacity afg at a populations in a relatively robust manner. At TIR luminisit
given luminosity is considerable, it is sufficient to cadite for < 10*Lg, the mean fraction and scatter are 32946%, and
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the mean fraction and scatter are 996% at TIR luminosities
> 10"L, (see the solid line in pand) of Fig. 6). Thus, the
final calibration, correcting for old stellar populatiors,

nosity galaxies (Fig. 3 and Yun et al. 2001, respectively) im
plies somewhat larger uncertainties for very high and very |
minosity galaxies, perhaps as large as a factor of 5, to be con
10 1 servative. Furthermore, the data run out at luminositidsvbe
Y(Meyr™) = { L57x 107 % nr(1+\/10/Lrir) Lrr > 10" 357 oy 73 this calibration should be used witxtreme
caution below this luminosity. An idea of the systematid-cal

1.17x 10_10|—TIR(1+ \/ 109/|—TIR) Ltr < 101
bration uncertainty is given by the factor of two offset betm

Expected scatter around this correlation is at least 50% atmy and Condon’s overall zero point.

103'—@ and 25% at 18L,. There are data down torig ~ The expected radio—IR correlation, and expected trends in
10°Le; however, this calibration should be applied wik- grir With IR luminosity as given by these TIR and radio cali-
tremecaution at such low luminosities because of thd 0x brations are shown as the thick dashed lines in Figs. 3 artd 4. |
extrapolation involved. There may be as much as a factor of ;3 pe seen that the above calibrations produce a neardy line
two uncertainty globally, although the overall calibratincer-  ya4jo—IR correlation, while fully taking into account them
tainty is probably somewnhat less (see §2.3). Obviouslyethe |inear effects of dust opacity, old stellar populations dhe

will be uncertainties because of IMF, etc. (see Kennicu#8l9  on_jinear dependence of non-thermal radio flux on SF rate, a
for more discussion). It is important to realize that thikora- least over the range over which | have data.

tion is certainly suspect on a galaxy-by-galaxy basis: éutle

Fig. 6 shows that there are galaxies with anywhere between 1%

and 99% of their IR emission from old stellar populations.

It is interesting to note in passing that the above calibrati
is within a factor of two of a constant TIR conversion fac-
tor of 1.72 x 1079 for galaxies with luminosities in excess of
>3x 10°L,. Onone hand, the SF rate calibration is reduced by
10%—-30% by the contribution of old stellar populations. How
ever, on the other hand, the reduction in dust opacity with de
creasing luminosity cancels out the effects of old stellap-p
ulations to first order until one reaches luminositigd 0°L .,
where the opacity is so low that the heating of dust by oldsstar
does not significantly help. This argumentwas essentiadlgien
by Inoue (2002) from a more model-based standpoint.

6.1.2. Calibrating Radio-derived SF rates

In order to calibrate the radio flux in terms of SF rates, it is
necessary t estimate the zero point of the SF rate scale, and
i) estimate the effect of increased suppression of non-tHerma
radio emission for low-luminosity galaxies, making surede
cast the result in terms of radio flux.

Following the above, | make the assumption that L.
galaxies lose no cosmic rays, and have non-thermal radi®-emi
sion that directly tracks the SF rate. Thus, | choose to b
the radio SF rate to match the TIR SF ratelfop L. galaxies.
The geometric mean radio power per solar luminosity of TIR
for Lyir > 2 x 1019, galaxies is 312 x 10" WHz L, cor-
responding to @ r of 2.52. Thus, in the limit of high SF rate,

a radio flux at 1.4 GHz of B1x 10°*W Hz ! is predicted per
1My yrt. This is around a factor of two higher than the Milky
Way-normalized radio SF rate calibration of Condon (1992)
adapted to my adopted IMF (Haarsma et al. 2000), which
is well within the factor-of-two uncertainties in the asqum
tions underpinning the two independent calibrations (@wnd
et al. 2002, also found this offset between TIR-normalized a
Milky Way-normalized radio SF rate calibrations).

Adopting this zero point and the variation in non-thermal ra
dio emission from Equation 3:

5.52 x 10—22Ll.4GHZ L>L¢

Moyr?) = 3 6
(Moyr™) {%LMGHZ L<L ©)

6.1.3. A Pinch of Salt

It is worth discussing briefly some of the limitations and
caveats of the above SF rate calibrations (Equations 5 and 6)

o AGN were explicitly excluded from this sample.

Obviously, IR and radio luminosities will overestimate
the SF rate ifany calibration is blindly applied to
samples of galaxies which contain AGN.

The scatter in the above calibrations is at the
factor-of-two level in terms of both systematic and
random errors. Furthermore, individual galaxies can
deviate substantially from the mean behavior (e.g.,
galaxies with 99% of their IR reprocessed from the
optical, or low-luminosity galaxies with thermal radio
fractions which scatter considerably from the expected
trend). Thus, these calibrations should not blindly be
applied on an individual galaxy basis. A comprehensive
multi-wavelength analysis is required to significantly
constrain the SF rate of an individual galaxy.

This sample was selected extremely inhomogeneously.
Specially-selected samples (e.g., UV-selected samples;
Adelberger & Steidel 2000; Sullivan et al. 2000) may
be biased (for example towards low dust opacity) and
may present different behaviors from this diverse local
sample.

Blind application of these calibrations as a function

of lookback time may be inappropriate. For example,

it is uncertain how dust opacity, the contribution of

old stellar populations to dust heating, or cosmic

ray retention depend on redshift. In this context,
comprehensive multi-wavelength SF rates from a
variety of sources (such as the rest-frame FUV, optical
emission lines, IR and radio) may help to reduce the
unavoidable systematic uncertainties that plague these
kinds of analyses.

6.2. Increased Scatter at Low and High IR Luminosities

| found that there was an increased scatter in the radio—IR
wherel. = 6.4 x 10?*W Hz 1 is the radio luminosity at 1.4 GHz  correlation at high IR luminosities (Fig. 3, and Yun et al02}

of a~ L, galaxy ¥ =-21, orLtr ~ 2 x 10%L). The scat- In addition, low IR luminosity galaxies tend to scatter more
ter in grir of 0.26 dex implies a factor-of-two uncertainty in  around the radio—IR correlation (e.g., Condon et al. 199ty Y
the application of this calibration on a galaxy-by-galaagis. et al. 2001), although this dataset does not show this effect
The increased scatter for both very high and very low lumi- perhaps because of small number statistics. This incredke i
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scatter is intrinsic: the errors age3x smaller than the scatter
of the data.

Bressan et al. (2002) recently discussed the increase 1f sca
ter for intensely star-forming, high IR luminosity galagie

Bell

galaxies. However, the strong and robust increase in TIR/FU
with luminosity would, if radio were a perfect SF rate indi-
cator, produce a clear and easily measurable decreaggkin

for fainter galaxies. The data show the opposite (or no)dren

They presented a comprehensive model which includes stel-clearly demonstrating thaadio is not a perfect SF rate indi-

lar population synthesis, dust radiative transfer, anchebi
fied model of radio emission from cosmic rays generated by
supernovae. They predict a strong evolution in IR-to-radio
tio g with time after an intense burst of star formation: essen-
tially, the timescale for IR emission is shorter than theestizale
for radio emission, leading to variations with a total ramje
Aq~ 1 over 16 yr timescales. This scatter matches well the
observed scatter in ULIRGs.

An increased scatter at lower luminosities could partlybe d
to optical depth effects: low-luminosity galaxies are &yg

cator. Accounting for the effects of older stellar populations
using a simple FUV/optical/IR energy balance model (whgch i

consistent with FIR color-based methods) does not charngle th
key result.

In order to cancel out the trend bfr from optical depth
effects, the non-thermal emission must be suppressed iyt abo
a factor of 2-3 in~ L, /100 galaxies relative te- L, galaxies.
This result was also reached independently, using a talély
ferent dataset and method, by Price & Duric (1992). Thus, the
linearity of the radio—IR correlation is a conspiracy: bedldio

transparent in the FUV, meaning that changes in dust opacityand IR underestimate the SF rate for low-luminosity galsixie

translate directly into large changesdngr. However, a num-
ber of recent studies (e.g., Dohm-Palmer et al. 1998; Guiliv
et al. 2000; Kauffmann et al. 2003a) have suggested significa
variations in SF rate over 10° yr timescales for at least some
lower-luminosity galaxies. These variations would leaddat-

ter ingmr, from mismatches between the IR and radio emission
timescales (Bressan et al. 2002). Interestingly, thedati@ns

in SF rate would lead to significant variation in the thermal
radio fraction (see Fig. 5 of Bressan et al. 2002), as the ther
mal radio emission tracks the SF rate oveb Myr timescales,
whereas the non-thermal emission arguably tracks the ®F rat
over~ 10 yr timescales. This could well explain much of the
scatter seen by Yun et al. (2001) at low luminosities, andeend
lines the need for thermal radio fractions for a large sarople
low-luminosity star-forming galaxies.

7. CONCLUSIONS

| have assembled a diverse sample of galaxies from the-litera
ture with FUV, optical, IR and radio luminosities to expldhe
calibration of radio- and IR-derived SF rates, and the ardi
the radio—IR correlation. My main conclusions are as foow

In order to establish the efficacy of IR/IFUV as an extinction
indicator, | compare H and 8-1000m TIR/FUV properties
of a subsample of my galaxies. | find thatvkdnd FUV atten-
uations loosely correlate with each other, with the attenua-
tion being roughly half of the FUV attenuation. A foreground
screen model would predict an offset of a factor of a quarter.
This lends support to the claim of Calzetti et al. (1994) that
nebular extinction is roughly twice that of the stellar ptapu
tion of the galaxy. Furthermore, when SF rates derived from
TIR+FUV and attenuation-correctedaHare compared, | find

that they agree to better than a factor of two (random and sys-

tematic). This strongly argues that TIR/FUV will give FUV
attenuation estimates which are accurate to a factor ofand,
probably much better.

Having established the efficacy of TIR/FUV as a FUV at-
tenuation indicator, | explored trends in TIR/FUV with gaja
luminosity. This ratio increases on average by over a fac-
tor of 30 between low-luminosity galaxiek (& 1/100L,) and
high-luminosity galaxiesl(~ 3L.). Low-luminosity galaxies
have TIR/FU\K 1, meaning that they amgptically thinin the
FUV. Interestingly, the gross, overall trend in TIR/FUV iato-
rally interpreted in terms of increasing gas surface dgrsitl
galaxy metallicity with increasing galaxy mass.

Like Yun et al. (2001), | find a nearly linear radio—IR cor-
relation, with perhaps a slight tendency for faint galaxies
have a somewhat higher TIR-to-radio ratigr than brighter

| present SF rate calibrations which simultaneously repro-
duce the linearity of the radio—IR correlation, and take ac-
count of the reduced non-thermal and IR emission in lower-
luminosity galaxies. However, there is considerable scartt
the SF rate calibrations, which can exceed a factor two at low
galaxy luminosities. This highlights the possible influercd
selection effects in interpreting the IR or radio emissiconf
distant galaxies. Another challenge for those wishing té es
mate the SF rates of distant galaxies is the non-trivial jglsys
that links IR/radio and SF rate. For example, the evolutibn o
dust opacity, the importance of old stellar populations| te
evolution of the efficiency of cosmic ray confinement are all
essentially unconstrained as a function of lookback timgis T
adds considerable systematic uncertainty to our undeligtgn
of galactic SF rates in the distant Universe.
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A. MULTI-WAVELENGTH PHOTOMETRY

My galaxy sample was primarily selected to have published
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ties, as an aid to workers in the field, in Table Al.

FUV Data

The FUV data at wavelengths 1550A were taken from
a variety of sources: UIT fluxes at an average wavelength of
1567A for normal spiral and dwarf galaxies from Bell & Ken-
nicutt (2001), 1495A IUE fluxes for UV-bright starbursts o
Calzetti et al. (1994, 1995), 1650A STIS data from thab-
ble Space Telescoder a sample of ULIRGs from Goldader
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FIG. A10.— A comparison of FAUST (22 galaxies; open circles) &hd
(11 galaxies; filled circles) FUV flux with those from Rifatioongo & Capac-
cioli (1995b). The solid line denotes no offset between fipend the dotted
line represents the size cut applied to galaxies from Rifatbngo & Capacci-
oli (1995b): galaxies with logy(DmajoPminor+1) > 1.5 are omitted from the
sample.

et al. (2002), 1650A fluxes from normal galaxies from the
FAUST experiment by Deharveng et al. (1994), and large-
aperture 1650A UV fluxes from a variety of UV experiments
which were homogenized and extrapolated to total by Rifatto
Longo & Capaccioli (1995a,b).

Error estimates for the different sources of data are as fol-
lows.

UIT and FAUST were shown to be consistent to within
20% (=0.08 dex) by Bell & Kennicutt (2001).

IUE fluxes for this sample are also accuratet@.08
dex (Kinney et al. 1993).

The STIS fluxes for the seven ULIRGs have a mean
accuracy of~ 0.12 dex (Goldader et al. 2002).

Fluxes from Rifatto, Longo & Capaccioli (1995b) were
compiled from the literature, and so have variable
quality. In Fig. A10, | show a comparison of FAUST
and Rifatto, Longo & Capaccioli (1995b) fluxes (open
circles), and UIT and Rifatto, Longo & Capaccioli
(1995b) fluxes (filled circles) as a function of galaxy
area. Rifatto, Longo & Capaccioli (1995b) sometimes
substantially over-extrapolate the FUV fluxes of large
galaxies: this conclusion was also reached by Bell

& Kennicutt (2001) when they compared UIT and
Rifatto, Longo & Capaccioli (1995b) fluxes with OAO,
SCAP and FOCA data (their Fig. 1). Accordingly, all
galaxies from Rifatto, Longo & Capaccioli (1995b)
with 109, o(DmajorDminor +1) > 1.5 are removed from

the sample (29 galaxies). The remaining 21 galaxies
from Rifatto, Longo & Capaccioli (1995b) with UIT

or FAUST data and log(DmajoDminor+1) < 1.5 are
consistent with a scatter of 0.19 dex. While substantial,

Bell

this scatter is consistent with the combined error
estimates, and is substantially smaller than the intrinsic
scatter in, e.g., the TIR/FUV correlation with total

TIR luminosity, orV band absolute magnitude. In

Fig. A10, there also appears to be a trend between the
FAUST/UIT fluxes and Rifatto, Longo & Capaccioli
(1995D) fluxes for logy(DmajoDminor+1) < 1.5. A
correction of either the Rifatto, Longo & Capaccioli
(1995b) data, or the FAUST/UIT data for this trend
simply increases scatter in TIR/FUV at a given TIR or
V-band luminosity, and is therefore not applied.

The IUE spectroscopic aperture is’2020” in size. Accord-
ingly, to minimize aperture effects | choose to use the FU¥da
for starburst galaxies with optical diametetsl.5’ only. Tests
have shown that this diameter cutoff excludes all of the>xgala
ies with truly obvious aperture effects (e.g., gross misines
between FUV attenuations measured by TIR/FUV, which are
susceptible to aperture mismatch, and UV-color basedusten
tions, which are impervious to aperture worries), whilegiag
a reasonable sample size. Larger starbursts are includbi$in
study, but are assumed to have no FUV data (i.e. only the opti-
cal, IR and radio data are used).

The data come from wavelengths between 1450A and 1650A.
I make the simplifying assumption that the fluxes are all mea-
sured at 1550A. A typical star-forming galactic spectrurs ha
F. « A1 at these wavelengths (Bell 2002). Thus, the error in-
troduced by this assumptionis6%.

As is obvious from the above discussion, there is some over-
lap between the different samples. | prefer FAUST/UIT FUV
photometry above the Rifatto, Longo & Capaccioli (1995b)
photometry in all cases. There were two galaxies which over-
lapped between the Rifatto, Longo & Capaccioli (1995b) sam-
ple and the starburst sample. While the Rifatto, Longo &
Capaccioli (1995b) total FUV fluxes would probably be pre-
ferred (because of aperture effects in the IUE starburst)dat
I choose to use the IUE data for those two galaxies so that
the Hn+Balmer decrement data and FUV measurements have
matched apertures. The measurements were consistentio wit
0.3 dex at any rate, and adopting Rifatto, Longo & Capaccioli
(1995b) fluxes for these two galaxies does not affect thdteesu

Optical Data

Optical data are principally taken from the Third Refer-
ence Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al
1991). Values o¥/, the totalV band magnitude not corrected
for extinction or inclination, were taken, when availatferec-
essaryy-band apparent magnitudes were estimated Band
R-band data from the ESO-LV Catalogue (Lauberts & Valentijn
1989) assuming that is the average oB and R magnitudes
(assuming an error of 0.2 mag). As a last resérhand fluxes
were estimated from RCBy values, assumin® -V ~ 0.6
for normal galaxies (assuming an error of 0.5 mag). A more
homogeneous and accurate optical magnitude would be ideal;
however, magnitudes of this accuracy will be adequate fer th
study.

IR Data

The IR data were taken from (in order of preference) the cat-
alog of IRAS observations of large optical galaxies (Ricalet
1988), the IRAS Bright Galaxy Sample (Soifer et al. 1989),
and the IRAS Faint Source Catalog (Moshir et al. 1990). inter
nal accuracy between the different catalogs is typicallyene
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than 10%, and the true uncertainties (including zero paidt a to 20% or so, degrading considerably for fainter sourced- No
calibration uncertainties) are 20% (estimated by comparing ing the superior uniformity and resolution of the NVSS, | pto
ISO/IRAS cross-calibration; e.g., Tuffs et al. 2002). error estimates of 10% and 2 mJy, to be added in quadrature,
The 12um, 25:m, 60um and 10@m fluxes are used to esti- for these 159 galaxies. | removed by hand a few galaxies which
mate total IR fluxes in two ways. The integrated 42.5-12&h5  had highly discrepant (off by more than a factor of three) I$VS
emission is well-approximated (to a few percent) by the FIR vs. literature fluxes, where it was unclear which radio flusswa
estimator of Helou et al. (1988): more accurate, in the interests of being as conservativess p
- 14 -2 sible. Additional data at frequencies between 1.4 and 1.5 GH
FIR = 1.26>x 107(2.585%0um + Stogum) WM, (Al.) (translated to 1.4 GHz assuming/&@® non-thermal spectrum)
where Sso,m and Sjoq,m are the 6@m and 10@m fluxes in - were taken from other sources for seven galaxies which were
Jy However, this definition of the FIR flux omits contribut® notin the above Cata|ogs, but were important to have in thie sa
shortwards of 42,6m and longwards of 122,6n: both spec-  ple because of their properties (ULIRGs or interactingg)aor

tral regions contribute significantly to the total IR enetmyd-  pecause they had measured thermal radio fractions. These ra
get. Following Gordon et al. (2000), | estimate the total lfl  dio data were extensively cross-checked with many othéorad
from 8um to 100Qum by direct integration of the 12-10n catalogs, and were found to agree to within 20% in most cases.
fluxes, and by extrapolating the flux longwards of L@0using

the 6Qum and 10@m to define the temperature of a modified Other Data

blackbody curve with & emissivity. If 12um or 25um do

not exist for a galaxy (89 and 87 galaxies out of 245, respec-
tively), they are estimated usingz,m(Jy) = 00326f100,m(Jy)

or fa5,m(Jy) = Q131fsq.m(Jy), which were derived from the rest
of the sample and are good to 30%. The contribution to the
total IR from the mid-IR component is 20%, and so the to-
tal uncertainty introduced by this approximation is nog&r

< 10%. Total IR (TIR) fluxes defined in this way are typically

Exquisite distances are not central to the purpose of this pa
per, as most of the diagnostics of the behavior of the radio—
IR correlation are ratios of fluxes. Nevertheless, in orader t
constructLtir andV-band absolute magnitudes, distances are
required to the sample galaxies. Distances were taken from
a variety of sources, and were scaled roughly to refiect
75km st Mpc™ and a distance to the Virgo and Ursa Major

a factor of two higher than the FIR estimator, with an obvi- _Clust_ers of 20 Mpc (e_.g._, Shank50199_7; Sakai et al. 2000): Typ
ous dependence on the,6@ to 10Q:m ratio. For reference, |an distance uncertainties of 25% will produce absolutgma
the TIR fluxes are~30% larger than th&, 8—100Q:m esti- nitude errors of~0.5 mag, dwarfing th¥'-band apparent mag-

mator of Sanders & Mirabel (1996). | have used 1504265  Nitude and TIR flux errors in most cases. .
Infrared Space ObservatoySO) measurements of 38 Virgo The galactic foreground extinction has been calculateafusi

Cluster galaxies (Popescu et al. 2002) to check the exmapol he models of Schlegel etal. (1998). - .
tion of the 12-10@m fluxes using the\™* emissivity. | find Ha fluxes and attenuation estimates were required in 82.3 in

that TIR estimates where the 12—1#0 data are used are 10% order to establish the efficacy of TIR/FUV as a FUV attenuatio

larger than TIR estimates where the 12—260data are used, !ndicatqr. Hv fluxes for galaxies with qttenuation estimates
with a 10% scatter. Furthermore, this offsetridependent of I the literature were taken from a variety of sources. Hnter
dust temperaturbetween 0gy(L106.m/Leo.m) values of 0.1 to comparison of _the fluxes indicates~&0% uncertainty. Ther-
0.8 (which covers most of my main sample galaxies). BecauseMal radio fractions were taken from Bell & Kennicutt (2001)
the offset is modest and because the systematic errors ia{R ¢ [0F the UIT and FAUST galaxies (which in turn mostly come

Theati ; from Niklas et al. 1997), and from Niklas et al. (1997) ditgct
ibration are the same size or larger (Tuffs et al. 2002), kehav : L .
chosen to leave my TIR values uncorrected for this offseteNo 0 the Rifatto, Longo & Capaccioli (1995b) galaxies. Bame

that none of my conclusions are significantly affected bg thi decrements were taken from Calzetti et al. (1994) and Wu et al
10% offset: the TIR calibrations remain unchanged becdese t (1998) for starburst galaxies anq ULIRGs respectively. rAve
calibration is, to first order, model-based and the raditca age Balmer decrements foriHregions in the UIT and FAUST

tion would increase by 10% (in the sense that per unit radio galaxies are taken from Bell & Kennicutt (2001). Thermal ra-

flux, the SF rate will be increased by 10%) because the Samedio fractions and Balmer decrements are difficult to do exkr

radio flux must reflect the 10% increase in SF rate implied by comparisonson in detail, because of their rarity in theditere,
the larger TIR flux. In this paper, | explore mostly the ratfo o but there are substantial error bars attached to each tygstiof

TIR (8-100Q:m, extrapolated) fluxes with radio; however the mate because of the difficul_ty OT disentangling the the_rmdl a
FIR to radio ratio is also briefly explored to check for consis dominantnon-thermal contributions to the radio flux (dissed

tency with the literature. Errors in FIR and TIR are somewhat €Xtensively by e.g., Condon 1992; Niklas et al. 1997) on one

larger than the individual flux errors, and are30%. hand, and aperture mismatches and stellar absorptionceorre
tions, coupled with astrophysical uncertainties such dalp

Radio Data depth effects, on the other hand (Caplan & Deharveng 1986).

Radio data for 166 galaxies at 1.4 GHz were, for the most B. LINKING GALAXY LUMINOSITY WITH OPTICAL DEPTH
part, taken from the NRAO VLA Sky Survey (NVSS; Con-
don et al. 1998). NVSS data were taken for 159 galaxies from
Condon et al. (2002), Hopkins et al. (2002), and Gavazzi &
Boselli (1999a,b) in that order of preference. Internaihg
consistency between these studies of the NVSSw&8% for
larger fluxes, and 1 mJy for fainter sources. Comparison of
the NVSS fluxes with literature galaxy fluxes from other, inde
pendent data was somewhat less clean: fluxes were repeatab

Observed attenuation—luminosity correlations (e.g., j\&an
Heckman 1996; Buat et al. 1999; Hopkins et al. 2001) are rel-
atively easy to understand, at least at a qualitative lexs#hg
some simple arguments. The basic argument is that the metals
to-dust ratio is constant. Then the optical deptepends only
gas column density and gas metallicity In turn, the gas col-

mn density varies as a function of galaxy luminosity (teigdi
be rather higher for more luminous galaxies), and the Imeta
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licity is higher for more luminous galaxies. Both effectaddo
drive a higher dust opacity in more luminous galaxies.

The dust opacity at ~ 15504 is given byr = n4Cey Where
ng is the number of dust grains along the line of sight per unit
cross section, an@ey; is the extinction cross section (Whit-
tet 1992). The dust absorption cross section (which | use in-
stead of the extinction cross section because as much light w
be scattered into the line of sight as out of it) at 1550A is
Kaps=4.2x 10 cn? ¢! (Li & Draine 2001). Using this, | obtain
T = 8.4% qustwhereXqustis in Mg, pc 2. Assuming that the dust-
to-metals ratio is constant 0.2 (assuming solar metallicity and
agas/dust of 226; Sodroski et al. 199%)yst= 0.2Z% 4,5 Where
Ygasis the gas density in M pc2. However, trends i gasWith
luminosity are poorly studied. Therefore, | choose to agpro
mate X4as With the gas-to-stellar mass ratio multiplied by the
stellar surface densitf.. Then, Xqus= 0.2Zf5/(1 - fg)Z.,
where fy is the gas fraction. This crude estimation of the
gas densities from the gas fraction plus the stellar dessis
clearly an over-simplification; however, it is clear thag tpen-
eral trend of increasing dust opacity with increasing lumsin
ity is a robust one aboththe typically increasing metallicity
and gas density with galaxy luminosity (at least for starrfimg
galaxies) will cause the dust opacity to increase with lwsain
ity. | now address each luminosity-dependent variabletin.tu

The origin of the strong metallicity—luminosity correlati
(e.g., Skillman, Kennicutt & Hodge 1989; Vila-Costas & Ed-
munds 1992; Zaritsky, Kennicutt & Huchra 1994; van Zee et
al. 1997; Bell & de Jong 2000) is not fully understood, but it
is argued that both the greater degree of astration in mere lu
minous galaxies, and galaxy mass-dependent metal losaplay
réle (see, e.g., Pagel 1998, for a thorough treatment ofsthe i
sues). Following Fig. 16 of Bell & de Jong (2000), | adopt the
following metallicity—luminosity correlation: log(Z/Z;) =
-0.1875«V —3.875, whereZ, = 0.02 is the solar metallicity,
V denoted/-band absolute magnitude, and | assimeK ~ 3.

There is a decreasing gas fraction with increasing galaxy
luminosity (e.g., McGaugh & de Blok 1997; Bell & de Jong
2000), which is easily interpreted in terms of astration. r&lo
luminous galaxies tend to have formed stars with greater ef-
ficiency (arguably because of their typically higher gas sur
face densities although other mechanisms are plausibég; se
e.g., Bell & de Jong 2000; Ferreras & Silk 2001) and have
older stellar populations and lower gas fractions, albéihw
a large scatter. | adopt a gas fraction—luminosity cori@tat
fy =0.5+1/rarctan[05(V +19)], wherefy is the gas fraction.
This is consistent with the correlation presented by Bell&: d
Jong (2000).

Lastly, the stellar surface densHfy, is known to vary smooth-
ly with galaxy mass (de Jong & Lacey 2000; Kauffmann et al.
2003b) roughly as logX. = 2.34-0.213{ +21), assuming
that the stellar M/L inV-band is roughly constant (which is
wrong at only a factor of 3 level). Therefore= 1.7nZfy/(1-
fg)2., wheren is a constant of order unity that is tuned to
fit the observed trend in TIR/FUV with luminosity: this con-
stant allows me to fit out any of the crude modeling assump-
tions and accounts for the effects of star/dust geometrjhen t
opacity. Note that star/dust geometry effects will tend rioed
n below unity, as a star/dust mix attenuates light less per uni

Bell

solid curve in Fig. 2), | adop} =0.7.

In order to connect the TIR/radio ratagr with TIR/FUV,
| assume that SF rate TIR+FUV, and that radio is a perfect
SF rate indicator. Themjrr = —log;o{1+1/(10°%" - 1)} +qp,
whereqq is the intrinsic TIR/radio ratio which is tuned to match
the observedrr at~ L..

In 84, | correct the data for the effects of old stellar popu-
lations. In this case, | set= 0.5, and change the value g§
to match the observegi, (the averagerr, once the TIR has
been corrected for old stellar populations)at ...

It is interesting to briefly note that the depends largely
on gas column density, modulated mostly by metallicity. In
the above model, the gas column density was derived in a
very statistical fashion by adopting a stellar surface igns
luminosity correlation (which has much intrinsic scattand a
gas fraction—luminosity correlation (which also has a lioihe
trinsic scatter). Thus, a very testable generic prediatiothis
type of model is that dust opacity should correlate well veith
combination of gas column density and metallicity, with sub
stantially less scatter than the correlation between typacid
galaxy luminosity. Testing this prediction in detail is fa¥yond
the scope of this work, but it is interesting to note that lauws
face brightness galaxies, with a very low gas column density
tend to be relatively dust-free (e.g., Matthews & Wood 2001)
and ULIRGs, with very high gas column densities, tend to be
very dusty. In addition, the good correlation between FUV ex
tinction as measured by TIR/FUV with total gas density (Buat
1992; Xu et al. 1997) is consistent this this scheme.

mass than the screen model that | have assumed. Given that

the relationship between FUV attenuatierand TIR/FUV is
T ~ 2.5l0g,4(1+TIR/FUV), it follows that log o(TIR/FUV) =

log,o(10°47—1). In order to match the data reasonably well (the



TABLE Al

GALAXY LUMINOSITIES

Galaxy FUV TIR FIR4elou 100/60 1.4GHz fthermal \ Ay D Ho At Balmer Type References

Name (loggW/AT™)  (logiWI™)  (logiglW]™) (logyo[W/Hz] ™) (mag) (mag)  (Mpc)  (log[W]™)  (mag)
NGC 598 32.35+ 0.04 35.63 35.36 3.00 20.4H 0.04 -18.95+ 0.10 0.14 0.8 e e Scd la,2a,4a
NGC 628 33.0G+ 0.04 36.55 36.26 3.15 21.340.04 -20.84+ 0.10 0.23 10.0 34.17 0.84 Sc 2a
DDO 81 32.09+ 0.06 34.72 34.39 4.41 19.60 0.08 e -17.224+0.21 0.12 3.1 32.88 e Sm 1652a
DDO 50 31.85+ 0.02 34.18 33.91 2.28 19.36 0.06 0.128+ 0.020 -16.90+ 0.17 0.11 3.1 32.64 0.15 Im jize:]
NGC 5457 33.45+ 0.01 36.88 36.60 2.87 21.600.04 0.063+ 0.025 -21.51+0.10 0.03 7.4 34.49 0.53 Scd 2a
NGC 5055 32.54t 0.04 36.72 36.36 3.94 21.300.04 0.119+ 0.040 -20.87+ 0.10 0.06 7.6 33.95 1.22 Shc Pl
NGC 3034 31.36+ 0.15 37.16 36.88 1.06 21.980.04 0.107+ 0.036  -19.724+ 0.09 0.54 3.3 34.12 2.82 | vz
NGC 3351 31.94+ 0.06 36.20 35.98 1.99 20.62 0.05 e -20.13+ 0.10 0.09 9.0 33.67 0.69 Sb Pa
NGC 2403 32.36+ 0.03 35.85 35.58 2.88 20.560.04 -19.06+ 0.08 0.13 3.0 33.69 0.38 Scd P
NGC 5236 32.84 0.02 36.75 36.44 2.40 e -20.52+ 0.04 0.22 3.7 34.29 1.75 Sc b
DDO 75 31.02+ 0.04 32.91 32.63 2.63 e e -14.48+ 0.11 0.15 14 32.09 e Im 10?
NGC 4449 32.42+ 0.01 35.68 35.46 1.77 20.5F 0.04 0.225+ 0.025 -18.144+0.13 0.07 34 33.55 0.46 Im jize:]
NGC 4736 32.34t+ 0.01 36.27 36.01 2.17 20.8% 0.04 0.214+ 0.059 -20.22+ 0.13 0.06 4.8 33.76 0.46 Sab 2h
NGC 4038/9 33.2# 0.01 37.32 37.09 1.69 22.450.04 0.178+ 0.025 -21.44+0.20 0.15 19.8 34.80 0.53 Pec afih
NGC 891 e 37.03 36.72 3.25 21.92 0.04 e -20.264+ 0.18 0.22 9.9 33.55 e Sh 1652a
NGC 4156 32.906t 0.09 e 21.98+ 0.09 -21.704+ 0.05 0.09 90.0 e e Sh 1652a
NGC 5253 32.03t 0.04 35.73 35.33 0.96 e -17.53+ 0.12 0.18 3.6 33.47 0.61 Im ib
NGC 2903 32.29+ 0.03 36.53 36.23 2.81 21.380.04 0.195+ 0.052 -20.09+ 0.10 0.10 6.3 33.87 0.91 Sd Pa
NGC 6090 33.44+ 0.01 37.98 37.72 1.49 22.990.04 e -21.344+0.10 0.07 117.0 35.07 - Pec 12a
NGC 3310 33.16+ 0.01 36.84 36.60 1.40 21.9% 0.04 0.047+0.035 -19.99+ 0.10 0.07 13.9 34.48 e Sbc 162a
NGC 4214 32.39+ 0.02 35.52 35.30 1.63 19.94 0.05 e -18.41+ 0.15 0.07 4.2 33.48 0.23 Im jize:]
Mrk 66 33.294+ 0.03 36.66 36.40 1.48 e -19.76+ 0.10 0.04 87.0 34.09 e BCG 14
NGC 4631 33.09t 0.03 36.91 36.66 2.52 21.92 0.04 0.037£ 0.025 -20.49+ 0.16 0.06 8.4 34.26 0.84 Sd Pa
IRAS 083396517 33.82+ 0.02 37.55 37.33 1.01 e -21.21+ 0.40 0.30 76.0 35.05 e Pec 18
NGC 925 32.96+ 0.08 36.00 35.75 3.49 20.2% 0.06 0.597+ 0.031 -19.88+ 0.12 0.25 8.9 33.87 0.76 Sd Pa
NGC 1512 32.02+ 0.04 35.72 35.44 3.50 e e -19.67+ 0.10 0.03 9.8 e s Sab 18
NGC 1291 30.99+ 0.11 35.58 35.22 5.76 e e -21.25+ 0.04 0.04 8.6 32.66 SOa 18
NGC 253 32.2140.15 36.91 36.66 1.86 21.790.04 0.122+0.024 -19.96+ 0.20 0.06 2.6 33.69 Sc 154
NGC 1313 32.64+ 0.04 35.85 35.63 2.56 e e -19.61+ 0.20 0.37 3.9 33.68 e Sd 15
NGC 6946 e 36.90 36.61 2.52 21.8% 0.04 0.077£ 0.013 -21.31+0.11 1.15 6.2 34.42 0.69 Scd Pla
NGC 4321 33.06t 0.11 37.01 36.72 2.68 21.9% 0.04 e -21.764+ 0.08 0.09 16.0 34.33 0.38 Shc 2h
UGC 6697 33.64t 0.05 37.19 36.92 1.89 22. 72 0.04 -21.25+ 0.10 0.07 90.0 34.73 e Im 1b2a
NGC 3389 32.84 0.01 36.48 36.23 2.53 21.4# 0.05 —-20.09+ 0.06 0.09 24.0 34.03 Sc 1652a
NGC 4647 32.44% 0.04 36.62 36.26 2.99 21.42 0.04 -20.30+ 0.08 0.09 20.0 33.87 Sc 162a
NGC 1317 32.02+ 0.03 36.31 36.04 2.88 e -20.55+ 0.06 0.07 20.0 33.41 SOa 18
NGC 2993 33.16+ 0.02 37.09 36.86 1.59 -20.09+ 0.14 0.20 32.0 34.42 Sa 15
NGC 2551 31.806t 0.18 35.73 35.38 4.04 -20.444+ 0.20 0.09 31.0 e SOa 18
Haro 15 33.4H 0.04 37.11 36.80 1.45 -21.76+ 0.20 0.07 86.7 34.49 e Pec 1c,3a,4b,5a
IC 1586 33.03t 0.04 36.96 36.62 1.76 -20.294+ 0.20 0.14 81.3 34.38 1.21 IH 1c,3a,4b,5a
IC 214 33.50+ 0.04 37.94 37.72 1.57 23.00 0.04 -21.83+0.20 0.14 125.3 34.60 111 e 1c,2a,3a,4b,5a
Mrk 499 33.17+ 0.04 37.33 36.94 2.18 -21.024+ 0.20 0.05 98.6 34.25 0.94 Im 1c,3a,4b,5a
NGC 1510 31.62+ 0.04 35.02 34.80 1.27 -17.254+ 0.20 0.03 111 32.68 0.17 Pec 1c,3a,4b,5a
NGC 1705 e 34.62 34.40 1.89 -16.69+ 0.20 0.02 5.9 32.35 Pec 3a,4b,54
NGC 1800 34.87 34.60 2.28 e -17.094+ 0.20 0.04 8.1 31.98 Im 3a,4b,58
NGC 3049 e 36.15 35.88 1.56 20.6% 0.09 -19.294+ 0.20 0.12 20.6 33.47 e Sab 2a,3a,4b,5a
NGC 3125 32.44% 0.04 35.83 35.61 1.02 e -17.96+ 0.20 0.24 12.1 33.53 0.27 Sab 1c,3a,4b,5a
NGC 3256 e 38.13 37.90 1.18 e -22.254+ 0.20 0.38 37.7 34.89 e Pec 3a,4b,54
NGC 4194 32.52+ 0.04 37.51 37.26 1.07 22.22 0.04 -20.39+ 0.20 0.05 37.0 34.54 1.67 Im 1c,2a,3a,4b,5a
NGC 4385 32.53t 0.04 36.78 36.48 1.28 21.240.07 -20.18+ 0.20 0.08 33.1 34.13 e SO 2a,3a,4b,%a
UGC 9560 32.1G+ 0.04 35.42 35.13 1.75 20.3% 0.13 -17.494+ 0.20 0.04 17.0 33.30 0.31 Pec 1c,2a,3a,4b,5a
NGC 5860 32.80t 0.04 37.03 36.77 1.84 21.7#0.11 -20.69+ 0.20 0.06 73.5 34.39 1.44 e 1c,2a,3a,4b,5a
NGC 5996 32.506+ 0.04 36.65 36.40 1.85 21.54 0.05 -20.21+ 0.20 0.11 30.2 33.82 0.98 Sc 1c,2a,3a,4b,5a
NGC 6052 33.33t 0.04 37.36 37.13 1.66 22.650.04 -21.084+ 0.20 0.24 58.6 34.46 0.44 e 1c,2a,3a,4b,5a
Tololo 1924-416 33.63+ 0.04 36.38 36.09 0.60 e -20.61+ 0.20 0.27 38.7 34.50 0.04 Pec 1c,3a,4b,5a
NGC 7250 33.15t+ 0.04 35.94 35.75 1.34 20.82 0.06 -19.87+ 0.20 0.47 16.6 33.52 0.19 Sdm 1c,2a,3a,4b,5a
NGC 7552 e 37.69 37.45 1.42 cee -21.324+ 0.20 0.04 24.9 34.25 e Sab 3a,4b,54
NGC 7673 33.15+ 0.04 36.96 36.78 1.40 22.080.05 -21.00+ 0.20 0.13 45.1 34.28 0.88 Pec 1c,2a,3a,4b,5a
NGC 7714 e 36.91 36.62 1.06 21.73 0.04 -20.04+ 0.20 0.16 26.1 34.46 Sab 2a,3a,4b,8a
NGC 7793 e 35.44 35.16 2.87 e -18.44+ 0.20 0.06 3.0 31.42 Sab 3a,4b,54
VvV 114 33.794+ 0.01 38.19 37.96 1.36 23.3% 0.04 -21.284+ 0.30 0.05 82.8 e ULIRG 1d,2b,3b,4b
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TABLE A1l—Continued

Galaxy FUvV TIR FIR4elou 100/60 1.4GHz fthermal \ Ay D Ha AHa Balmer Type References

Name (IogoW/AI™)  (logy[WI™)  (log,[W]™) (logyo[W/Hz] ™) (mag) (mag)  (Mpc)  (log,[W]™) (mag)
IRAS 085723915 32.96+ 0.10 38.63 38.35 0.66 22.540.15 -19.92+ 0.50 0.09 243.0 e e ULIRG 1d,2c,3c,4b
IC 883 32.41+ 0.06 38.10 37.92 1.82 23.060.04 -21.03+ 0.30 0.04 95.2 33.59 5.59 ULIRG  1d,2a,3d,4b,5b
Mrk 273 32.75+ 0.05 38.62 38.47 1.01 23.680.04 -21.44+ 0.30 0.03 157.0 34.40 3.09 ULIRG  1d,2a,3d,4b,5b
IRAS 15256-3609 33.09+ 0.04 38.51 38.30 0.81 22.92 0.07 e 0.06 231.7 e e ULIRG 1d,2c,4b
Arp 220 31.83+0.12 38.62 38.50 1.11 23.380.04 -21.07+ 0.30 0.17 74.1 32.43 ULIRG  1d,2a,3d,4b,5b
IRAS 192547245 32.74 0.10 38.56 38.30 1.05 24.380.04 e 0.28 255.2 e ULIRG 1d,2d,4b
NGC 4592 31.87A 0.08 35.44 35.15 2.36 19.80 0.12 -18.43+ 0.30 0.07 9.8 Sdm le,2a,4d
PGC 043701 33.66 0.08 37.14 36.85 2.69 e -21.76+ 0.05 0.31 56.4 Sb le,3e,4e
NGC 4930 33.05+ 0.08 36.18 35.80 5.13 e -21.95+ 0.30 0.36 34.5 Shc le,4e
NGC 4793 32.806t 0.08 37.28 37.00 2.24 22.1 0.04 -21.00+ 0.22 0.04 33.1 Sc le,2a,4e
IC 2050 34.59+ 0.08 37.18 36.88 2.95 e -22.444+ 0.30 0.05 164.9 Shc le,4e
NGC 1536 32.16+ 0.08 35.46 35.11 3.47 -18.74+0.14 0.07 17.3 Sc le,de
IC 2073 33.03+ 0.08 36.42 36.17 2.10 -19.87+ 0.15 0.03 53.0 Scd le,4e
NGC 1602 32.15+ 0.08 35.58 35.31 2.45 -18.20+ 0.16 0.03 17.0 Im le,de
NGC 5264 31.6Gt 0.08 33.96 33.68 2.54 -16.43+ 0.15 0.17 4.5 Im le,4f
PGC 047958 33.05- 0.08 36.61 36.32 2.90 -20.15+ 0.20 0.17 60.9 | le,3f,4e
IC 4275 33.35+ 0.08 36.55 36.28 2.36 -20.174+0.20 0.19 57.5 S le,3f,4e
IC 4248 33.02t 0.08 36.83 36.59 1.93 —20.46+ 0.20 0.21 55.1 S le,3f4e
NGC 3956 32.54 0.08 36.07 35.77 2.89 -19.424+0.20 0.13 21.9 Sc le,3f,4e
NGC 4027 32.74t 0.08 36.89 36.63 221 -20.76+ 0.04 0.14 22.3 Sdm le,4e
NGC 6753 33.26+ 0.08 37.39 37.13 2.90 -22.18+ 0.07 0.23 41.7 Sb le,de
IC 4845 32.94+ 0.08 36.86 36.50 3.79 -22.23+0.14 0.19 52.7 Sab le,de
IC 4836 33.02t 0.08 37.03 36.73 2.92 -21.22+0.13 0.18 54.8 Sc le,de
IC 4819 32.29+ 0.08 35.45 35.14 3.31 -18.474+0.20 0.20 245 Sd le,4e
IC 4828 33.10+ 0.08 36.16 35.83 3.69 -19.48+ 0.20 0.19 51.9 S le,de
PGC 062709 33.86 0.08 37.29 36.98 3.25 -22.41+0.20 0.21 138.2 Shc le,4e
IC 4820 32.99+ 0.08 36.08 35.79 2.58 -19.12+0.21 0.15 52.3 Sd le,de
PGC 039904 32.04- 0.08 35.11 34.84 2.30 -16.724+ 0.50 0.11 20.0 BCD le,49
NGC 4204 31.9% 0.08 35.00 34.69 2.57 e -17.70+ 0.60 0.11 9.5 Sdm le,4h
PGC 039194 33.28- 0.08 36.83 36.44 2.82 21.52 0.18 -20.59+ 0.15 0.09 83.1 Sc le,2a,3g,4e
NGC 4158 32.59t 0.08 36.22 35.85 3.40 20.580.25 -20.18+ 0.40 0.11 32.8 Sb le,2a,3h,4e
A 1211+16 33.44+ 0.08 36.71 36.47 1.70 21,7 0.16 -21.11+ 0.50 0.12 95.0 e le,2a,4e
PGC 038750 33.3% 0.08 e e e 21.78+ 0.13 -20.244+ 0.50 0.14 91.0 E le,2e,4e
NGC 4049 32.0# 0.08 35.29 35.00 2.72 e -17.89+ 0.50 0.08 20.0 | le,4g
NGC 4032 32.35t+ 0.08 35.63 35.35 2.47 20.580.12 -19.374+ 0.15 0.11 20.0 Im le,2a,49
NGC 4455 32.09+ 0.08 35.01 34.69 3.32 e -18.09+ 0.50 0.07 11.6 Sd le,di
NGC 4635 32.42+ 0.08 35.75 35.44 3.25 e -19.474+0.20 0.09 26.0 Sd 1e,3i,4d
NGC 4615 33.45+ 0.08 36.90 36.60 2.89 21.7 0.08 -20.74+ 0.15 0.05 62.9 Scd le,2a,3g,4e
IC 3591 32.10+ 0.08 35.28 35.05 1.60 e -17.96+ 0.50 0.08 21.8 Sm le,4i
NGC 4532 33.14 0.08 36.82 36.62 1.74 22.08 0.04 —20.31+ 0.09 0.07 26.8 Im le,2a,4e
IC 3521 31.88+ 0.08 35.74 35.48 2.23 20.240.19 -18.38+ 0.50 0.07 20.0 Sm le,2a,4g
IC 3414 32.05+ 0.08 35.21 34.90 3.17 e -18.174+ 0.50 0.06 20.0 Sm le,49g
NGC 4423 32.06+ 0.08 35.42 35.15 2.33 20.160.22 -18.17+ 0.50 0.07 20.0 Sm le,2a,4g
NGC 4430 32.32+ 0.08 35.94 35.62 3.60 20.580.12 -19.37+ 0.50 0.06 20.0 Sb le,2a,49
NGC 4470 32.48t 0.08 36.02 35.74 2.45 20.8% 0.07 -19.18+ 0.50 0.08 20.0 Sa le,2a,49
NGC 4376 32.22+ 0.08 35.54 35.28 2.20 e -18.38+ 0.50 0.08 20.0 Im le,49g
IC 3322A 32.23+ 0.08 36.29 35.97 3.16 20.98 0.07 -19.07+ 0.50 0.08 25.0 Im le,2a,4d4i
IC 3268 32.26+ 0.08 35.59 35.32 2.40 20.380.17 -18.09+ 0.50 0.08 20.0 Sm le,2a,49
PGC 040993 32.4% 0.08 35.53 35.26 2.18 20.44 0.20 -18.64+ 0.50 0.07 26.0 Shc le,2a,4i
NGC 4451 32.36+ 0.08 36.43 36.14 2.71 20.80 0.12 -20.11+0.13 0.06 32.0 Shc le,2a,4i
NGC 4276 32.52+ 0.08 36.04 35.72 3.45 e -20.01+ 0.50 0.09 34.9 Sc le,4e
IC 3107 33.30t 0.08 36.97 36.68 2.80 21.860.12 -21.47+ 0.50 0.13 97.2 Shc le,2a,4e
NGC 4383 32.62+ 0.08 36.53 36.32 151 21.260.05 -19.46+ 0.10 0.08 20.0 Sa le,2a,49
IC 0800 32.15+ 0.08 35.40 35.10 2.93 e -18.13+ 0.50 0.12 20.0 Sc le,4g
NGC 4523 32.59t 0.08 35.46 35.14 3.41 20.14 0.23 -17.52+ 0.16 0.13 20.0 Sm le,2a,49
NGC 4396 32.35+ 0.08 35.94 35.62 3.39 20.99 0.06 -19.01+ 0.12 0.09 20.0 Sd le,2a,4g
IC 0797 32.18+ 0.08 35.69 35.40 2.93 20.88 0.07 -18.61+ 0.50 0.10 20.0 Sc le,2f,4g
IC 3476 32.43t 0.08 35.88 35.61 2.40 20.560.11 -18.90+ 0.15 0.12 20.0 Im le,2a,4g
NGC 4670 32.20+ 0.08 35.60 35.38 1.70 20.36 0.07 -17.72+ 0.15 0.05 11.8 SO le,2a,4j
NGC 6744 32.80t 0.08 36.32 35.96 3.86 e -19.62+ 0.20 0.14 6.5 Shc 1e,3k,4k
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TABLE A1l—Continued

Galaxy FuUv TIR FIR4elou 100/60 1.4GHz fthermal \% Ay D Ha AHa Balmer Type References

Name (logoW/AI™)  (logyWI™)  (log;o[W]™) (logyo[W/Hz] ™) (mag) (mag)  (Mpc)  (log,[W]™) (mag)
NGC 4152 32.64+ 0.08 36.33 36.07 2.12 21.109 0.05 -19.404+ 0.11 0.11 20.0 e Sc le,2a,49
NGC 4651 32.54t+ 0.08 36.55 36.27 2.71 21.24 0.05 —-20.774+ 0.09 0.09 20.0 Sc le,2a,49
NGC 4689 32.35+ 0.08 36.37 36.03 4.31 20.78 0.08 —-20.634 0.09 0.07 20.0 Shc le,2a,49
NGC 4535 32.95+ 0.08 36.68 36.38 2.94 21.380.04 -21.124 0.09 0.06 16.0 Sc le,2a,4l
NGC 4519 32.7# 0.08 36.31 36.05 1.71 20.9% 0.06 -19.86+4 0.07 0.07 21.0 Sd le,2a,4d
NGC 4522 32.04 0.08 35.76 35.45 3.23 20.8tt 0.05 -18.834+ 0.40 0.07 15.6 Scd le,2a,4d
NGC 4567/8 32.51 0.08 36.99 36.74 2.83 21.8% 0.04 -21.314+0.30 0.11 20.0 Int le,2f,4g
NGC 4416 32.84+ 0.08 36.46 36.13 2.90 21.6# 0.15 —20.804+ 0.40 0.08 42.0 Scd le,2a,4i
NGC 4411B 32.79 0.08 35.88 35.52 4.45 e -20.01+ 0.11 0.10 28.0 Scd le,di
NGC 4424 31.96+ 0.08 36.17 35.94 1.79 20.2# 0.18 -19.91+4+ 0.09 0.07 20.0 Sa le,2a,49
NGC 4380 32.09t 0.08 35.84 35.46 4.95 e -19.91+ 0.10 0.08 20.0 Sb le,4g
NGC 4438 32.3Gt 0.08 36.31 36.10 2.75 21.480.04 -21.434+0.07 0.09 20.0 SO le,2a,49
NGC 4413 32.3% 0.08 35.85 35.55 3.07 e -19.36+ 0.16 0.10 20.0 Sab le,49
NGC 4351 32.16t+ 0.08 35.66 35.37 2.85 e -18.974+ 0.15 0.10 20.0 Sab le,4g
NGC 4299 32.56+ 0.08 e e e 20.92+ 0.06 -19.134+ 0.13 0.11 20.0 Sdm le,2a,49
NGC 4178 32.62+ 0.08 36.21 35.91 3.83 21.1650.05 —-20.194 0.09 0.09 20.0 Sdm le,2a,4g
NGC 4498 32.49 0.08 35.95 35.64 3.25 20.2B0.18 -19.404+ 0.40 0.10 20.0 Sd le,2a,49
NGC 4595 32.32+ 0.08 35.82 35.50 3.09 20.350.16 e -19.334+ 0.40 0.12 20.0 e e Sb le,2a,49
NGC 4654 32.94 0.08 36.93 36.65 2.67 21.7#20.04 0.210+ 0.062 -21.09+ 0.10 0.08 20.0 34.15 0.61 Scd le,2a,49,5¢c
NGC 4298 32.39 0.08 36.77 36.42 3.85 e e —-20.284 0.09 0.12 20.0 e e Sc le,4g
NGC 4254 33.14+ 0.08 37.34 37.04 2.67 22.3 0.04 0.065t+ 0.039 -21.76+ 0.08 0.13 20.0 34.73 0.84 Sc le,2a,4g5t
NGC 0450 e 36.12 35.88 2.05 20.8f 0.08 e -18.974+ 0.30 0.13 21.3 e e BCD 2a,3l,4m
NGC 1741 37.15 36.94 1.49 22.1% 0.05 —-21.454+ 0.50 0.17 59.8 BCD 2g,4m
NGC 2366 34.76 34.50 1.33 19.5¢ 0.06 -17.234+ 0.12 0.12 3.9 BCD 2a,4m
MRK 0162 37.07 36.84 1.23 22.2% 0.06 —-20.66+ 0.50 0.03 96.6 BCD 2g9,4m
UM 448 37.37 37.15 1.04 22.3% 0.05 -20.36+ 0.50 0.08 78.5 BCD 2a,4m
UGC 06850 e 35.37 35.17 0.95 20.3% 0.13 -17.244 0.50 0.06 17.2 BCD 2a,4m
NGC 4861 33.14% 0.12 36.11 35.86 1.25 20.9% 0.08 -19.724+0.31 0.03 25.2 BCD 2a,4m
SBS 1533574 e 35.89 35.66 1.58 21.16 0.17 e -17.974+ 0.60 0.04 53.2 e BCD 29,3m,4m
NGC 2146 32.32£ 0.11 37.45 37.22 1.41 22.480.04 0.148+ 0.040 -20.53+ 0.13 0.31 14.5 34.05 Sab 1f,162a
NGC 2595 33.414 0.07 36.74 36.43 3.29 21.650.08 e -21.674+0.14 0.13 57.7 e Sc 1f,2a,4e
NGC 2976 31.55+ 0.12 35.32 35.05 2.72 19.88 0.04 -17.674+ 0.13 0.23 3.3 Sc 1f,2a,4e
NGC 3027 32.53t 0.12 35.47 35.20 3.02 e -19.10+ 0.16 0.11 14.1 Sd 1f,4e
NGC 3077 31.64+ 0.08 35.43 35.20 1.83 19.75 0.05 -18.384+ 0.13 0.22 4.0 | 1f,2a,4n
NGC 3206 32.35+ 0.12 35.44 35.17 2.30 e -18.98+ 0.50 0.05 15.4 Scd 1f,4e
A 1029+54 32.38+ 0.12 36.29 36.03 1.14 20.9 0.06 -18.774+ 0.50 0.04 20.2 Im 1f,2a,40
NGC 3440 32.23t 0.12 35.67 35.40 2.29 20. 7 0.12 -18.66+ 0.50 0.04 25.4 Sb 1f,2a,4e
NGC 3445 33.02+ 0.12 36.26 36.05 2.03 21.380.05 -19.68+ 0.20 0.02 27.6 Sm 1f,2a,4e
NGC 3448 32.54t+ 0.18 36.35 36.13 1.88 21.360.04 -19.26+ 0.13 0.04 18.0 | 1f,2a,4e
NGC 3488 32.7Gt 0.13 36.24 35.90 3.75 e e —-20.05+ 0.50 0.04 39.9 e Sc 1f,4e
NGC 3556 32.27% 0.05 36.60 36.33 2.51 21.4# 0.04 0.085t+ 0.049 -19.87+ 0.10 0.06 9.3 33.70 Scd 1f,2a,4e,5d
NGC 3623 32.13t 0.20 36.18 35.80 5.11 20.30 0.09 cee —-21.404+ 0.05 0.08 135 e Sa 1f,2a,4p
NGC 3646 33.66+ 0.12 e e e 22.43+ 0.04 e -22.714+ 0.13 0.08 56.6 cee Shc 1f,2a,4e
NGC 3726 33.05t 0.12 36.69 36.36 3.40 21.140.05 0.085+ 0.049 -21.14+ 0.09 0.05 20.0 34.24 Sc 1f,2a,4h,5e
NGC 3782 32.05+ 0.12 35.20 34.90 2.85 20.66 0.09 e -17.534+ 0.50 0.06 9.9 e Scd 1f,2a,4e
A 113746 32.01+ 0.12 34.79 34.51 2.50 e -17.76+ 0.50 0.09 11.3 Sm 1f,4e
NGC 3811 32.83t 0.12 36.73 36.48 2.30 21.440.07 —20.86+ 0.40 0.06 41.4 Scd 1f,2a,4e
NGC 3877 32.33t 0.12 36.73 36.41 3.00 21.20 0.05 —-20.59+ 0.10 0.08 20.0 Sc 1f,2a,4h
NGC 3888 32.75t 0.06 36.82 36.56 2.52 21.580.05 —-20.45+ 0.15 0.04 32.1 Sc 1f,2a,4e
NGC 3893 33.14+ 0.12 36.96 36.68 2.61 21.880.04 -21.074+ 0.50 0.07 20.0 Sc 1f,2a,4h
NGC 3906 32.26+ 0.12 35.52 35.22 3.01 e -18.59+ 0.50 0.08 20.0 Sd 1f,4h
NGC 3913 32.26+ 0.12 35.49 35.20 2.90 e -18.954+ 0.11 0.04 20.0 Sd 1f,4h
NGC 3928 32.07 0.06 36.13 35.87 1.81 20.7 0.08 -19.02+ 0.13 0.06 20.0 Sb 1f,2a,4h
NGC 3938 33.18+ 0.12 36.80 36.49 2.99 21.400.04 -21.194 0.10 0.07 20.0 Sc 1f,2a,4h
NGC 3949 32.99t 0.12 36.79 36.53 2.33 21.7560.04 -20.49+ 0.15 0.07 20.0 Shc 1f,2a,4h
NGC 3953 32.70t 0.12 36.85 36.48 4.44 21.380.05 -21.534+ 0.10 0.10 20.0 Shc 1f,2a,4h
NGC 3972 32.22+ 0.12 35.93 35.58 3.61 20.480.12 -19.23+ 0.16 0.05 20.0 Shc 1f,2a,4h
NGC 3985 32.34+ 0.12 35.91 35.63 2.41 20.84 0.07 -18.994+ 0.50 0.09 20.0 Sm 1f,2a,4h
A 1154+49 32.55+ 0.12 35.74 35.40 3.79 e -19.504+ 0.50 0.10 20.0 Sd 1f,4h
NGC 4010 32.03t 0.12 36.16 35.83 4.03 20.99 0.06 -19.08+ 0.50 0.08 20.0 Sd 1f,2a,4h
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TABLE A1l—Continued

Galaxy FUvV TIR FIR4elou 100/60 1.4GHz fthermal \ Ay D Ha AHa Balmer Type References

Name (logoW/A™)  (logyWI™)  (log;o[W]™) (logyo[W/Hz] ™) (mag) (mag)  (Mpc)  (log,[W]™) (mag)
A 1156+52 32.54+ 0.12 35.47 35.10 4.59 -18.69+4 0.50 0.09 20.0 Scd 1f,4h
NGC 4068 31.55+ 0.12 34.09 33.77 3.66 e -16.254+ 0.50 0.07 5.2 Im 1f,4q
NGC 4189 33.24t+ 0.12 36.90 36.61 2.93 21.58 0.06 -21.384+ 0.08 0.11 40.0 Scd 1f,2a,4p
NGC 4190 30.96+ 0.12 33.92 33.60 3.30 18.880.14 -14.504+ 0.31 0.10 35 Im 1f,2a,4r
IC 3061 32.93t 0.12 36.28 35.95 3.61 s -19.90+ 0.09 0.12 47.0 Sc 1f,4p
A 1212+36B 31.86+ 0.12 34.77 34.55 1.54 e -17.05+ 0.50 0.05 12.6 Sdm 1f,4e
NGC 4212 32.76+ 0.12 36.78 36.47 2.61 21.2# 0.05 —-20.874+ 0.08 0.11 24.2 Sc 1f,2a,4p
NGC 4217 32.00t 0.12 36.82 36.55 3.98 21.70.04 -20.394+ 0.10 0.06 20.0 Sb 1f,2a,4h
NGC 4234 32.39 0.12 35.99 35.69 2.66 20.3F 0.15 -18.874+ 0.20 0.06 20.0 Sm 1f,2a,4h
NGC 4237 32.72+ 0.12 36.71 36.40 3.32 20.8# 0.13 -20.98+ 0.11 0.10 32.0 Shc 1f,2a,4p
NGC 4274 32.12+ 0.12 36.50 36.23 3.05 20.75 0.09 -21.324+0.13 0.07 21.4 Sab 1f,2a,4p
NGC 4275 32.55+ 0.12 36.34 36.03 2.32 20.92 0.11 -19.01+ 0.50 0.07 30.8 S 1f,2a,4e
NGC 4273 33.15+ 0.12 37.30 37.03 2.00 22.140.04 -21.114+ 0.09 0.06 38.2 Sc 1f,2a,4p
NGC 4303A 32.19+ 0.12 35.20 34.95 1.89 e -18.044 0.09 0.08 155 Scd 1f,4d
NGC 4314 32.44+ 0.21 35.84 35.63 1.88 20.4¢ 0.07 -20.05+ 0.15 0.08 12.8 Sa 1f,2a,4e
IC 3255 33.31+ 0.06 36.71 36.46 2.10 e -19.76+ 1.00 0.08 86.4 Shc 1f,4e
IC 3258 31.64+ 0.06 35.38 35.13 1.96 e -18.524+ 0.13 0.11 20.0 Im 1f,4h
NGC 4369 32.19+ 0.12 36.12 35.89 1.96 20.74 0.05 -19.134+0.13 0.08 13.9 Sa 1f,2a,4e
NGC 4390 32.03t 0.06 35.64 35.36 2.52 e -18.91+ 0.50 0.10 20.0 Shc 1f,4h
NGC 4393 32.02+ 0.12 34.89 34.54 4.25 19.980.10 -18.00+ 0.50 0.09 10.1 Sd 1f,2e,4s
NGC 4402 32.19t 0.06 36.81 36.47 3.22 21.380.05 -19.984 0.50 0.09 25.0 Sb 1f,2a,4p4d
NGC 4412 32.39+ 0.12 36.18 35.91 1.87 20.86 0.07 -18.96+ 0.50 0.06 20.0 Sb 1f,2a,4h
NGC 4420 32.34+ 0.12 35.92 35.68 2.47 e -18.64+ 0.50 0.06 15.0 Shc 1f,4t
NGC 4457 31.65+ 0.12 35.85 35.61 1.97 20.56 0.05 -19.374+ 0.16 0.07 11.0 SO 1f,2a,4t
NGC 4480 32.76+ 0.12 36.38 36.06 3.48 20.6# 0.23 e -20.30+ 0.11 0.08 34.0 e Sc 1f,2a,4t
NGC 4490 32.80t 0.06 36.51 36.31 1.80 21.8% 0.04 0.049+ 0.025 -19.80+ 0.06 0.07 8.0 34.28 Sd 1f,2h,4u,5f
NGC 4525 31.98t 0.06 35.55 35.17 5.28 e e -19.284 0.50 0.07 20.0 e Scd 1f,4h
NGC 4568 32.87 0.06 37.34 37.05 2.79 22.080.04 -21.374+ 0.09 0.11 26.0 Shc 1f,2a,4p
NGC 4605 32.05t+ 0.04 35.70 35.46 2.29 20.4830.04 -18.304+ 0.09 0.05 5.2 Sc 1f,2a,4v
NGC 4618 32.26t 0.12 35.48 35.22 2.65 20.26 0.05 -18.354+ 0.04 0.07 6.5 Sm 1f,2a,4d
NGC 4625 31.39+ 0.12 35.03 34.72 2.97 19.660.11 -17.00+ 0.04 0.06 7.2 Sm 1f,2a,4d
NGC 4632 32.30t 0.12 36.06 35.80 2.90 20.94 0.05 -19.01+4 0.50 0.08 14.0 Sc 1f,2a,4d
NGC 4634 32.08t 0.12 36.38 36.12 2.83 21.280.05 -19.214+ 0.09 0.09 20.0 Scd 1f,2a,4hd4i
NGC 4642 32.58t 0.12 36.21 35.90 3.08 21.1# 0.10 -19.66+ 0.50 0.08 36.0 Shc 1f,2a,4p
NGC 4653 33.01 0.12 36.26 35.94 3.44 e —20.574+ 0.09 0.08 35.0 Scd 1f,4e
NGC 4666 32.64 0.12 37.30 37.04 2.22 22.32 0.04 -20.85+ 0.10 0.08 20.0 Sc 1f,2a,4d
NGC 4688 32.23+ 0.12 35.33 35.07 2.13 e -18.694+ 0.50 0.10 13.1 Scd 1f,4e
NGC 4691 32.74+ 0.12 36.91 36.63 1.50 e -20.724+ 0.13 0.09 22.0 SO 1f,Aw
NGC 4701 33.19+ 0.12 36.66 36.39 2.35 21.440.06 -20.444+ 0.10 0.10 35.0 Scd 1f,2a,4p
NGC 4713 32.4410.12 35.76 35.55 2.39 20.3R 0.06 -18.484+ 0.11 0.09 10.5 Sd 1f,2a,4d
NGC 4747 32.074 0.12 35.67 35.40 2.47 20.180.11 -18.254+ 0.13 0.03 13.0 Scd 1f,2a,4d
NGC 4765 31.79 0.12 35.39 35.14 1.94 20.30 0.06 -17.054+ 0.10 0.13 9.7 SO 1f,2a,4e
NGC 4779 32.92+ 0.12 36.55 36.28 2.12 21.150.10 —-20.364 0.50 0.07 37.7 Shc 1f,2a,4e
NGC 4808 32.64 0.12 36.58 36.30 2.23 21.460.04 -19.894+ 0.10 0.12 20.0 Scd 1f,2a,4h
NGC 4868 33.9Gt 0.12 37.27 37.00 2.64 22.00 0.05 -21.624+ 0.50 0.05 62.2 Sab 1f,2a,4e
NGC 4900 32.84+ 0.12 36.53 36.25 2.26 21.360.04 -20.214+ 0.17 0.08 20.0 Sc 1f,2a,4j
NGC 4961 32.44t 0.12 36.27 35.99 2.74 21.000.10 -19.134+ 0.23 0.04 33.8 Scd 1f,2a,4e
A 1307+34 31.68+ 0.12 34.56 34.28 2.53 e -16.214+ 0.50 0.03 10.8 Scd 1f,4e
NGC 5012 33.09+ 0.12 36.72 36.43 2.93 21.64 0.05 —20.76+ 0.50 0.05 34.9 Sc 1f,2a,4e
NGC 5016 32.59 0.12 36.43 36.11 3.01 20.8F 0.15 -19.85+ 0.50 0.04 34.8 Sc 1f,2a,4e
A 1310+36 32.19+ 0.12 35.03 34.72 3.16 e -17.434+ 0.16 0.06 12.6 Im 1f,4e
A 1312+35 31.71+ 0.12 34.85 34.61 1.73 e -16.60+ 0.31 0.05 115 Im 1f,4e
NGC 5195 33.12+ 0.12 36.07 35.79 1.87 20.8% 0.04 -19.974+ 0.07 0.12 7.6 SO 1f,2a,4x
NGC 5320 33.074 0.12 36.38 36.06 3.45 20.9% 0.12 —-20.544+ 0.50 0.02 34.9 Sc 1f,2a,4e
NGC 5350 33.25+ 0.12 36.63 36.32 3.95 21.2R 0.06 -21.154+0.12 0.04 30.9 Sb 1f,2a,4e
NGC 5368 32.97% 0.12 36.80 36.55 2.23 21.62 0.09 —-20.704+ 0.50 0.04 61.9 Sab 1f,2a,4e
NGC 5371 33.44 0.12 37.11 36.75 3.36 21.980.04 e -22.07+ 0.14 0.03 34.0 e She 1f,2a,4e
NGC 5383 32.67 0.09 36.82 36.55 2.52 21.500.05 0.151+ 0.101 -21.01+ 0.04 0.02 30.0 34.68 Sb 1f,2a,4e,59
NGC 5474 32.27# 0.05 35.06 34.76 3.61 19.82 0.08 e -18.41+ 0.16 0.03 6.8 e Scd 1f,2a,4e
NGC 5477 31.310.12 34.29 34.05 1.76 e -15.464+ 0.15 0.04 7.7 Sm 1f,4v
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TABLE A1l—Continued

Galaxy FUvV TIR FIR4elou 100/60 1.4GHz fthermal \ Ay D Ha AH o Balmer Type References

Name (IogoW/AT™)  (logWI™)  (log;oWI™) (log,[W/Hz] ™) (mag) (mag)  (Mpc)  (logy[W]™) (mag)
NGC 5486 32.18t 0.12 35.37 35.10 2.29 e e -18.20+ 0.50 0.06 18.5 e e Sm 1f,4e
NGC 5806 32.15+ 0.12 36.15 35.87 2.93 20.78 0.07 e -19.76+ 0.22 0.17 18.1 e e Sb 1f,2a,4e
NGC 5874 32.50t 0.12 36.25 35.91 3.95 e e -20.724+ 0.17 0.07 41.7 e e Sc 1f,4e
NGC 5879 32.02+ 0.12 35.82 35.54 3.04 20.50 0.06 e -18.78+ 0.10 0.04 11.6 e e Shc 1f,2a,4y
NGC 5907 32.7H 0.07 36.69 36.31 5.21 21.300.04 0.208+ 0.052 -20.43+0.11 0.03 14.0 33.78 e Sc 1f,2a,4z,5d
NGC 6207 32.24+ 0.12 35.89 35.65 2.74 20.74 0.05 e -18.70+ 0.10 0.05 11.4 e e Sc 1f,2a,4y
NGC 6503 31.63t 0.04 35.33 35.03 2.85 19.76 0.05 e -17.66+ 0.09 0.10 3.6 s e Scd 1f,2a,4y
NGC 7625 32.15t+ 0.04 36.71 36.45 2.01 21.54 0.04 e -19.68+ 0.13 0.08 21.8 e e Sa 1f,2a,4e
NGC 7677 33.07 0.12 37.00 36.74 1.50 21.66 0.06 e -20.33+0.13 0.14 47.4 e e Shc 1f,2a,4e

References. —UV data: (1a) Bell (2002); (1b) Bell & Kennicutt (2001); (1c) Measdrédirectly from the IUE spectra; (1d) Goldader et al. (20¢2§) Deharveng et al. (1994); (1f) Rifatto, Longo & Capati¢id95b) —Radio
data: (2a) Condon et al. (2002); (2b) Condon et al. (1998); (2c)kBecWhite & Helfand (1995); (2d) Wright et al. (1994); (2ep@@zzi & Boselli (1999b); (2f) Gavazzi & Boselli (1999a);g)2Hopkins et al. (2002); (2h) White
& Becker (1992) —Optical V-band data:(3a) Calzetti et al. (1995) assumig-V = 0.4; (3b) Maddox et al. (1990) assumig-V = 0.5; (3c) Spinoglio et al. (1995) assumily-K = 4.5 (the average for the other ULIRGS);
(3d) de Vaucouleurs et al. (1991) assumBgV = 0.5; (3e) Han (1992); (3f) Lauberts & Valentijn (1989), by aagingB andR; (3g) Gavazzi & Boselli (1996); (3h) Gavazzi & Boselli (199@e Vaucouleurs et al. (1991); (3i) de
Vaucouleurs et al. (199tJakamiya, Kron & Kron (1995); (3k) de Vaucouleurs & Longo 8B9; (3l) Mathewson & Ford (1996) converted frdaband; (3m) Doublier et al. (1997) -Bistances:(4a) Lee et al. (2002); (4b) Calzetti et
al. (1994); (4c) Goldader et al. (2002); (4d) Teerikorpilet#992); (4e) Hubble flow, assumiry = 75 kms* Mpc™; (4f) Karachentsev (2002); (4g) Virgo Cluster and Ursa Matuster distances following Shanks (1997) and Sakai
et al. (2000); (4h) Jansen et al. (2000); (4i) Yasuda, FukugiOkamura (1997); (4j) Tully & Shaya (1984); (4k) Bottifigt al. (1984); (4l) Macri et al. (1999); (4m) Hopkins et £002); (4n) Tonry et al. (2001); (40) Mas-Hesse
& Kunth (1999); (4p) Ekholm et al. (2000); (4g) Makarova, Kehentsev & Georgiev (1997); (4r) Tikhonov & Karachentsk398); (4s) From membership in the Comeloud at 10 Mpc; (4t) Gavazzi et al. (1999); (4u) Clemens,
Alexander & Green (1999); (4v) Karachentsev & Makarova @9%4w) Garcia-Barreto et al. (1995); (4x) Bell & Kennic(@001); (4y) Bottinelli et al. (1986); (4z) Zepf et al. (2000- Ha data: (5a) Calzetti et al. (1995); (5b) Wu
et al. (1998); (5c) Kennicutt & Kent (1983); (5d) Young et@l996); (5e) Romanishin (1990); (5f) Kennicutt et al. (18&B8g) Sheth et al. (2000)

2Bell & Kennicutt (2001) presents all of the data except fa thdio luminosity.

PThis galaxy has a major axis optical diameten.5’, so its UV data is ignored to minimize aperture bias.

°Bell & Kennicutt (2001) presents all of the data for this ggl@xcept for the UV flux and radio luminosity: the UV flux is &kfrom Rifatto, Longo & Capaccioli (1995b).
9The radio data are also taken from Bell & Kennicutt (2001)NGC 4038/9 and NGC 253.

Note. — The IR data are taken from (in order of preferencegRical. (1988), Soifer et al. (1989), and Moshir et al. (1990 optical data are taken from the RC3 (de Vaucouleurs &08ll) or the ESO-LV catalog (Lauberts &
Valentijn 1989) unless otherwise stated. Thermal radictiibas are taken from (in order of preference) Bell & Kenti¢2001) and Niklas et al. (1997). Note that Bell & Kennic{@001) obtains thermal fractions from a variety of
sources, with the majority from Niklas et al. (1997). Balmecrements are taken from Bell & Kennicutt (2001) for norgelbxies (and are averages of individual lregion Balmer decrements) and from Calzetti et al. (1994) an
Wau et al. (1998) for starbursting galaxies and ULIRGs retpely.
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