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ABSTRACT

We present the results of a multiwavelength study of nearby galaxies aimed at understanding the relation between
the ultraviolet and far-infrared emission in star-forming galaxies. The data set comprises new ultraviolet (from HST
STIS), ground-based H� , and radio continuum observations, together with archival infrared data (from IRAS and
ISO). The local galaxies are used as benchmarks for comparison of the infrared-to-ultraviolet properties with two
populations of high-redshift galaxies: the submillimeter star-forming galaxies detected by SCUBA and the ultraviolet-
selectedLyman break galaxies (LBGs). In addition, the longwavelength baseline covered by the present data enables us
to compare the star formation rates (SFRs) derived from the observed ultraviolet, H� , infrared, and radio luminosities
and to gauge the impact of dust opacity in the local galaxies.We also derive a new calibration for the nonthermal part of
the radio SFR estimator, based on the comparison of 1.4 GHz measurements with a new estimator of the bolometric
luminosity of the star-forming regions. We find that more actively star-forming galaxies show higher dust opacities,
which is in line with previous results. We find that the local star-forming galaxies have a lower Fk(205 �m)/Fk(UV)
ratio by 2–3 orders of magnitude than the submillimeter-selected galaxies and may have a similar or somewhat higher
Fk(205 �m)/Fk(UV) ratio than LBGs. The Fk(205 �m)/Fk(UV) ratio of the local galaxy population may be influenced
by the cool dust emission in the far-infrared heated by nonionizing stellar populations, which may be reduced or absent
in the LBGs.

Subject headinggs: galaxies: evolution — galaxies: starburst — infrared: galaxies — radio continuum: galaxies —
stars: formation — ultraviolet: galaxies

1. INTRODUCTION

The presence of observational and/or physical links between
local star-forming galaxies and high-redshift ultraviolet-selected
and infrared-selected galaxies is still a subject of scrutiny, in view
of their importance for placing the high-redshift populations in the
context of galaxy evolution. One of the outstanding questions is
how the observedUV (rest-frame�16008) and far-infrared (rest-
frame 200–260 �m) properties of the high-redshift populations
relate to the analogous properties of local star-forming galaxies.

In galaxies, the rest-frame UV emission traces massive stars
and the recent star formation, modulo the effects of dust opacity.
The far-infrared emission at 200–260 �m traces the Rayleigh-
Jeans tail of the dust emission. Evolved stellar populations un-
associated with the recent star formation may heat the dust
to relatively cool temperatures (T P 20 K; e.g., Helou 1986;
Lonsdale-Persson &Helou 1987; Rowan-Robinson &Crawford
1989; Rowan-Robinson&Efstathiou 1993), which can provide a

significant contribution to the emission at long wavelengths. The
relevance of investigating Fk(200–260 �m) comes from the dis-
covery in recent years of a significant population of submillimeter-
bright sources at high redshifts observed with the Submillimeter
Common-User Bolometric Array (SCUBA; Chapman et al. 2003,
2005; Wang et al. 2004; Aretxaga et al. 2005; Smail et al. 1997;
Barger et al. 1998, 2000; Blain et al. 1999a, 1999b). SCUBA is
most sensitive at 850 �m, which corresponds to rest-frame 210–
260 �m at redshift z � 2:2–3.

The ultraviolet-selected Lyman break galaxies (LBGs) at z � 3
(Steidel et al. 1999) resemble local UV-bright starburst galax-
ies in many of their UV spectral properties (Meurer et al. 1999;
Adelberger & Steidel 2000). The LBGs have been argued to be
the major contributor of the global star formation at redshift�2–
4 (Adelberger & Steidel 2000; Giavalisco 2002; Giavalisco et al.
2004), although this has been recently challenged by Chapman
et al. (2005). Chapman et al. (2005) have suggested that the
submillimeter-detected galaxies at high redshift (SCUBA sources
with median z � 2:2) represent a distinct and complementary
population to the LBGs; the authors also argue that this popula-
tion provides a significant contribution to the star formation rate
(SFR) density of the universe in the redshift range z � 2–3.

The submillimeter-selected sources have been linked to local
ultraluminous infrared galaxies (ULIGs; Smail et al. 1997; Blain
et al. 1999a, 1999b), with SFRs per unit area that are close to the
‘‘maximum starburst limit’’ of Lehnert & Heckman (1996) and
Meurer et al. (1997) and with total rates of many hundreds of
M� yr�1 (Barger et al. 1998; Chapman et al. 2004, 2005; Hughes
et al. 1998). Like ULIGs, SCUBA sources tend to be faint in the
rest-frame ultraviolet (Chapman et al. 2005), but unlike ULIGs,
many SCUBA sources show evidence of extended star formation
over many kpc (Chapman et al. 2004).

Conversely, the z � 3 LBGs are faint, typically undetected, in
the SCUBAwave band, with fluxes around or below the 1 mJy
level (Chapman et al. 2000). As previously suggested (Chapman
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et al. 2005 and references therein), the LBGs and the SCUBA
sources likely represent complementary facets of the high-redshift
star formation, where the former are UV-bright and 210 �m–faint
and the latter areUV-faint and 210–260�m–bright, perhapsmark-
ing a continuum of properties similar to that in the local universe
between UV-bright starbursts and ULIGs.

Relating these characteristics to those of local populations has
proceeded so far in a piecemeal fashion, with small samples of
nearby galaxies observed simultaneously in the UVand the rest-
frame�200 �m. For this reason we obtainedHubble Space Tele-
scope (HST ) Space Telescope Imaging Spectrograph (STIS) UV
(1600 8) observations of a sample of local star-forming galaxies
for which archival Infrared Space Observatory (ISO) observa-
tions at k > 170 �m existed. The sample is large enough to offer
a unique opportunity to compare the UV/FIR properties of local
galaxies with those of observations in similar wave bands of
high-redshift galaxies.

The availability of a homogeneous set of new ultraviolet, H� ,
and radio data, augmented with Infrared Astronomical Satellite
(IRAS ) and ISO infrared data, enables us also to investigate the
impact of dust opacity on UVand optical SFR indicators. There
are extensive studies on the subject that have been performed on
a variety of samples of local galaxies (e.g., Sullivan et al. 2001;
Kewley et al. 2002, 2004; Rosa-González et al. 2002; Hopkins
et al. 2003; Bell 2003). Kewley et al. (2002, 2004) uses SFR(IR)
as a benchmark for analyzing SFR(H� ) and SFR([O ii]) for gal-
axies in the Nearby Field Galaxy Survey. A similar approach is
used by Rosa-González et al. (2002), while Hopkins et al. (2003)
use SFR(1.4 GHz) as a reference to investigate optical SFR esti-
mators for the galaxies of the Sloan Digital Sky Survey. A similar
study to ours has been undertaken byBell (2003), using however a
less homogeneous data set. Amajor study on the cross-correlation
of multiwavelength SFR estimators is being undertaken by the
SINGS project (the Spitzer Infrared Nearby Galaxies Survey;
Kennicutt et al. 2003), which will combine data from the B band
through the near-IR, mid-IR, and far-IR (up to 160 �m), all the
way to the radio; SINGS will provide a complete, homogeneous
data set for this type of investigation. The present study is at the
same time complementary to and independent of SINGS, as there
is minimal overlap between the galaxy samples (only three ob-
jects in common). We derive a new calibration for SFR(radio) on
the basis of the comparison of this indicator with a new indicator
of the bolometric luminosity of the star-forming regions, which

represents a better approximation of the actual bolometric lumi-
nosity than simply using the infrared luminosity. These results
are compared with other empirically derived calibrations based
on the radio-FIR correlation (Yun et al. 2001; Bell 2003).
This paper is organized in the following way. In x 2 we present

the data and sample being used. In x 3 we present the SFR cali-
brations employed. A comparison between the different SFRs is
given in x 4, where we also present an improved radio SFR cal-
ibration. Section 5 presents the IR/UV properties of the sample
and compares them to those of high-redshift galaxies. A sum-
mary of the results is given in x 6. We assume H0 ¼ 75 km s�1

Mpc�1 throughout this paper, and, where necessary, convert data
from other papers to this value.

2. THE DATA

2.1. Nearby Galaxies

The data and measurements of nearby star-forming galaxies
used in the current paper are presented in Schmitt et al. (2006,
hereafter Paper I ). Our sample consists of 41 galaxies spanning a
wide range in the intrinsic parameters of luminosity, star forma-
tion rate, and metallicity. We point out that these galaxies were
culled from the ISO archive, so the sample may still have some
selection effects and may not necessarily represent typical gal-
axies, like a volume-limited sample. Measurements were made
in the UV (1600 8) with HST STIS, in H� with ground-based
facilities andHSTarchival data, and in the radio at 8.46, 4.89 and
1.4 GHz (3.6, 6, and 20 cm, respectively) with the VLA and data
from the literature. Archival IRAS and ISO data were utilized for
the infrared; 29 out of 41 galaxies presented here have ISO data
at wavelengths longward of 170 �m (Paper I ), thus providing
a direct comparison with SCUBA data for objects at redshift
z � 2–3. More details about the data reduction, measurements,
and characteristics are given in Paper I. TheUVdatawere obtained
with an aperture that is about 2500 on a side, which is smaller than
the typical size of our galaxies. In the present paper we only
compare UV data with H� and radio 8.46 GHz data measured
inside an aperture that matches the UV one. The infrared data
encompass the entire galaxy, and we take care when comparing
these measurements to those at other wavelengths, so as to mit-
igate the effects of aperture mismatch.
In the cases of UV, H� , and radio data, we simply use the

monochromatic luminosities to convert to SFRs, as detailed in

Fig. 1.—Examples of two-temperature fit models applied to galaxies with IRAS and ISO measurements.
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x 3. In the case of the infrared emission, we integrate the area
under the spectral energy distribution (SED) between 8 �m and
1 mm to derive the SFRs. This is accomplished by fitting two-
temperature models to the data of those galaxies (see Table 5 in
Paper I) that had at least one measurement from ISO longward of
100 �m. We assumed that the dust emissivity has index � ¼ 2.
We present in Figure 1 the example of three of these fits. The
agreement between the fit and observed points is usually very
good. Fitting two-temperature models with a fixed emissivity �
allows more flexible SEDs than a single temperature with vari-
able �, since in the former case two maxima are one of the pos-
sible solutions (e.g., NGC3079; Fig. 1). In the cases of NGC4088
and NGC 6217, it was necessary to eliminate the 170 �m mea-
surements, which were clearly discrepant and probably had cali-
bration problems, and only retain longerwavelengthmeasurements
(180 �m and higher ISOmeasurements). For one of the galaxies

in the sample, NGC 5860, a one-temperature model was the best
fit to the infrared data (Calzetti et al. 2000).

The results of the fits to the far-infrared data are presented in
Table 1. This table gives the infrared fluxes, integrated between
8�mand 1mm, obtained from these fits, as well as the values ex-
trapolated on the basis of IRASmeasurements alone [with F( IR)
calculated using the expression from Sanders & Mirabel 1996].
We also give the temperatures of the warm and cold components,
as well as their fractional contribution to the far-infrared flux.

The total infrared emission derived from our fits has been
compared to the total infrared emission derived from the extrap-
olated IRAS measurements. In general we find that the discrep-
ancy between the two numbers is relatively small, on the order of
25%,with amedian ratioF(IR)/FIRAS( IR)¼ 0:94. Figure 2 shows
that there is a clear trend for F(IR)/FIRAS(IR) to increase for large
values of F100/F60 (the ratio between the IRAS 100 and 60 �m

TABLE 1

Far-Infrared Fluxes and Fit Results

Name

(1)

F ( IR)

(10�11 ergs cm�2 s�1)

(2)

FIRAS ( IR )

(10�11 ergs cm�2 s�1)

(3)

F(60 �m)

(Jy)

(4)

F(100 �m)

(Jy)

(5)

Tw
(K)

(6)

Tc
(K)

(7)

fw
(8)

fc
(9)

ESO 350-38 ........................ . . . 72.4 6.48 5.01 . . . . . . . . . . . .
NGC 232............................. 89.1 97.6 10.04 18.34 46 23 0.45 0.55

Mrk 555 .............................. 43.4 47.2 4.22 8.68 33 18 0.71 0.29

IC 1586 ............................... 9.7 12.4 0.96 1.69 54 23 0.40 0.60

NGC 337............................. . . . 81.0 8.35 17.11 . . . . . . . . . . . .

IC 1623 ............................... 183.0 209.2 22.58 30.37 49 24 0.57 0.43

NGC 1155........................... . . . 27.1 2.45 4.60 . . . . . . . . . . . .

UGC 2982........................... 80.8 89.8 8.35 16.89 41 26 0.31 0.69

NGC 1569........................... . . . 381.1 45.41 47.29 . . . . . . . . . . . .

NGC 1614........................... 260.6 311.5 32.31 32.69 49 26 0.68 0.32

NGC 1667........................... 69.3 70.9 5.95 14.73 49 23 0.29 0.71

NGC 1672........................... . . . 357.0 32.96 69.89 . . . . . . . . . . . .
NGC 1741........................... . . . 36.7 3.92 5.84 . . . . . . . . . . . .

NGC 3079........................... 496.1 425.3 44.50 89.22 38 16 0.53 0.47

NGC 3690........................... . . . 982.6 103.70 107.40 . . . . . . . . . . . .
NGC 4088........................... 227.6 226.2 19.88 54.47 37 22 0.35 0.65

NGC 4100........................... 96.7 96.4 8.10 21.72 48 23 0.23 0.77

NGC 4214........................... . . . 172.0 17.87 29.04 . . . . . . . . . . . .

NGC 4861........................... . . . 20.4 1.97 2.46 . . . . . . . . . . . .
NGC 5054........................... 132.3 130.0 11.60 26.21 35 18 0.56 0.44

NGC 5161........................... . . . 29.9 2.18 7.24 . . . . . . . . . . . .

NGC 5383........................... . . . 62.3 4.89 13.70 . . . . . . . . . . . .

Mrk 799 .............................. 95.8 112.1 10.41 19.47 33 18 0.83 0.17

NGC 5669........................... 23.9 20.4 1.66 5.19 39 19 0.31 0.69

NGC 5676........................... 128.2 126.8 9.64 30.66 39 23 0.19 0.81

NGC 5713........................... 184.4 207.8 19.82 36.20 37 22 0.60 0.40

NGC 5860........................... 16.3 18.0 1.64 3.02 32 . . . 1.00 0.00

NGC 6090........................... 58.8 63.7 6.66 8.94 49 23 0.59 0.41

NGC 6217........................... 105.6 112.4 10.83 19.33 43 21 0.51 0.49

NGC 6643........................... 127.9 128.0 9.38 30.69 47 24 0.11 0.89

UGC 11284......................... 88.0 83.8 8.25 15.18 46 18 0.50 0.50

NGC 6753........................... 109.4 114.4 9.43 27.36 30 23 0.52 0.48

Tol 1924�416..................... 11.1 15.3 1.69 1.01 50 31 0.99 0.01

NGC 6810........................... 185.9 203.9 17.79 34.50 57 26 0.27 0.73

ESO 400-43 ........................ . . . 14.7 1.59 1.58 . . . . . . . . . . . .

NGC 7496........................... 84.3 90.6 8.46 15.55 49 23 0.42 0.58

NGC 7552........................... 664.6 701.6 72.03 101.50 45 19 0.62 0.38

Mrk 323 .............................. 37.1 38.8 3.16 7.91 32 19 0.63 0.37

NGC 7673........................... 42.0 43.3 4.91 6.89 43 20 0.67 0.33

NGC 7714........................... 92.6 106.6 10.36 11.51 55 25 0.62 0.38

Mrk 332 .............................. 47.0 54.2 4.87 9.49 34 21 0.74 0.26

Notes.—Col. (1): Galaxy name. Cols. (2) and (3): Far-infrared fluxes (8 �m–1 mm), calculated using all infrared measurements available or using only IRAS
measurements, respectively. Cols. (4) and (5): 60 and 100 �m fluxes. Cols. (6) and (7): Fitted warm and cold temperatures. Cols. (8) and (9): Fraction of the FIR flux
due to the warm and cold components.
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fluxes). The relation between the two quantities can be expressed
by the linear fit

log F( IR)=FIRAS( IR) ¼ (�0:08 � 0:01)

þ (0:19 � 0:04) log F100=F60: ð1Þ
Since F100/F60 is a temperature indicator, the above relation

shows that the IRAS extrapolation overpredicts the infrared emis-
sion for warmer sources and underpredicts it for the cooler ones.
This result is in line with those found byDale et al. (2001), which
indicates that the Sanders & Mirabel (1996) relation can give re-
sults that are up to �25% deviant. Dale et al. (2001) also point
out that the ratio F60/F100 produces the tightest correlation with
other infrared measurements, making it the ideal choice to pa-
rameterize the correction for FIRAS ( IR). We use equation (1) to
correct the total infrared fluxes for the 12 galaxies (�29% of the
sample) for which IRAS but not ISOmeasurements are available.

2.2. ULIGs, LBGs, and SCUBA Sources

In order to compare the local galaxies with their high-redshift
counterparts, we retrieved data from the literature for Arp 220,
another 4 ULIGs, 13 LBGs, and 31 SCUBA sources (the latter in
the redshift range 2–3.5) for which both rest-frame UVand rest-
frame �200 �m measurements were available. For Arp 220 and
the four ULIGs (IC 883,Mrk 273, IRAS15250+3609, and IRAS
19254�7245), the UV data were obtained from Goldader et al.
(2002), while the 205 �m and FIR data came from ISO and IRAS
observations published by Klaas et al. (2001). We also obtained
radio 6 cm data for Arp 220 (Becker et al. 1991). In the case of
the LBGs, their UVemission is well known, from selection, but
the majority of these sources are not detected in submillimeter
observations. Here we use the sample of LBGs from Chapman
et al. (2000), which comprises 13 galaxies with z � 3, observed
at 850 �mwith SCUBA. Only one of these sources was detected
(W-MMD11), while the remaining ones had only upper limits.

We assume that for these galaxies the upper limit of SFR(BOLSB),
the star formation rate calculated using the bolometric luminosity,
is equal to the SFR(850 �m) upper limit given by Chapman et al.
(2000).We also assume the 1 � rms value to be the 200 �mupper
limit.
A situation opposite to the LBGs happens for SCUBA sources,

which are detected in the submillimeter, but do not always have
optical counterparts or spectroscopic redshifts. Using the compi-
lations fromChapman et al. (2003, 2005), we selected 31 SCUBA
sources, from an initial sample of 73, with spectroscopic redshifts
z > 2. These 31 galaxies do not include sources classified as ac-
tive galactic nuclei (AGNs; Aretxaga et al. 2005; Chapman et al.
2005), although we include one source with composite AGN/
starburst characteristics. The measurements obtained from these
papers are the broadbandRAB magnitudes, which were converted
to rest-frameUVfluxes, and radio 20 cmmeasurements, aswell as
bolometric luminosities calculated by fitting SEDs to the 850 �m
and radio fluxes (Chapman et al. 2003, 2005). These values are
used to calculate SFR(BOLSB) and Lk(205 �m)/Lk(UV) [we de-
fine Lk(205 �m) as the rest-frame luminosity measured with
SCUBA for uniformity with the other galaxy samples, although
the rest-frame wavelength is in the range 210–260 �m].

3. CALIBRATIONS OF STAR FORMATION RATES

TheUV, H� , and IR star formation rates were calculated using
the calibrations presented by Kennicutt (1998):

SFR(H� ) ¼ (7:9 ; 10�42)L(H� ); ð2Þ
SFR(UV) ¼ (1:4 ; 10�28)L�(1600); ð3Þ
SFR(IR) ¼ (4:5 ; 10�44)L( IR); ð4Þ

where all the SFRs are in units of solar masses per year calcu-
lated for a Salpeter initial mass function (IMF) between 0.1 and
100M� , and where L(H� ) and L( IR) are in units of ergs s

�1 and
L�(1600) is in units of ergs s�1 Hz�1. The UV and H� lumi-
nosities were corrected for foreground Galactic extinction, but
not for internal extinction. The SFR(IR) is a correct estimator of
the star formation rate in a galaxy only for large dust optical
depths and young star–dominated SEDs (Kennicutt 1998). In the
case of the radio data, we followed the same approach used by
Condon & Yin (1990) and Condon (1992) to derive a new cali-
bration, which is described below.
First, we assume that the nonthermal radio emission from the

Milky Way is entirely due to supernova remnants. This lumi-
nosity is L� (408 MHz) � 6 ; 1021 W Hz�1 (Berkhuijsen 1984),
with a spectral index ��0.8. For the supernova rate we use
�SN � 0:023 yr�1 (Tammann 1982; Tammann et al. 1994). This
rate corresponds only to core-collapse supernovae and was
calculated assuming that the Milky Way is an Sc galaxy. Note
that the percentage of core-collapse to Type Ia supernovae would
decrease by a factor of �10% if theMilkyWaywas assumed to be
an Sb galaxy. These numbers also carry some uncertainties due to
biases in the detection of supernovae and the corrections that are
applied in the determination of supernova rates (Cappellaro et al.
1997, 1999 and references therein). Type Ia supernovae are not
taken into account in the SFR calculations because they are tra-
ditionally related to the old stellar population. However, recent
results suggest that this may not be true (Mannucci et al. 2005;
Scannapieco & Bildsten 2005), which may require a future re-
vision of this calibration.
Following these assumptions, the nonthermal radio luminos-

ity due to supernovae can be calculated from L�(N ) � 1:3 ;ð
1023Þ��0:8�SN, in units of W Hz�1, where the frequency (�) is in

Fig. 2.—Logarithm of the ratio of the infrared flux (8 �m–1 mm) measured
using IRAS and ISO data to the infrared flux extrapolated using only IRAS data,
as a function of the logarithm of the ratio between the IRAS 100 and 60 �m fluxes.
The solid line represents the linear regression fit to the data points, which has a
Spearman � ¼ 0:656, corresponding to a probability of 0.05% that a correlation is
not present. The median error bar is shown in the bottom right corner of the figure.
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units of GHz and the supernova rate (�SN) is in units of yr�1. The
conversion between this value and the star formation rate is done
in the same way that Kennicutt (1998) derived the IR calibration.
Using a Starburst99 (Leitherer et al. 1999) model for a galaxy
with a continuous SFR of 1M� yr�1, with a Salpeter IMF, a solar
metallicity, and lower and upper mass cutoffs of 1 and 100 M� ,
respectively, we find that the average supernova rate reaches an
asymptotic value of �SN � 0:0168 yr�1 at around 100Myr. If we
convert the SFR to a lower mass cutoff of 0.1 M� and use the
above relation between nonthermal radio emission and the su-
pernova rate, we get

L�(N )� (8:55 ; 1020)��0:8SFR; ð5Þ

where SFR is the rate of stars in the mass range 0.1–100M� be-
ing formed, in units of M� yr�1, � is the frequency of the radio
observations, in units of GHz, and L�(N ) is the nonthermal radio
luminosity at this frequency, in units of W Hz�1.

The contribution from thermal emission to the radio contin-
uum is taken from Condon (1992), where we used the new H� -
to-SFR conversion by Kennicutt (1998), thus extending the
lower mass cutoff of the stellar IMF to 0.1 M�:

L�(T )� (1:6 ; 1020)��0:1SFR: ð6Þ

The total SFR at radio wavelengths is therefore calculated by
simply summing up the appropriate thermal and nonthermal con-
tributions at a given frequency:

SFR(radio) ¼ 10�20L�=(8:55�
�0:8 þ 1:6��0:1); ð7Þ

which at 1.4 GHz corresponds to SFR ¼ (1:24 ;
10�21)L� (1:4 GHz) where the luminosity is in units of W Hz�1.
Note that although the radio emission has the advantage of being
independent of reddening, it is not as direct a tracer of star for-
mation as UV and H� , given the assumptions included in the
derivation of the nonthermal portion.

Finally, we also define a new multiwavelength SFR indicator
by combining the emission from the UV, B, and IR bands, which
we call SFR(BOLSB). This quantity is calculated by integrating
the SED between the UV and B-band parts of the spectrum and
adding this quantity to L( IR). The specifier ‘‘BOLSB’’ refers to
the fact that we are essentially computing the bolometric lumi-
nosity of the starburst, as these blue bands are dominated by the
emission from the young massive stars of the starburst itself (the
B-band data of the galaxies in the sample are listed in Paper I).
This is particularly important for a sample that spans a wide range
of luminosities, as the less luminous objects tend to be less dust
opaque and thus tend to have a higher fraction of the stellar light
coming out directly in the UV and B bands. The corresponding
SFRs are calculated using the IR calibration fromKennicutt (1998).
This is an extension of the SFR(UV+IR) introduced by Wang &
Heckman (1996) and Heckman et al. (1998) for normal star-
forming and starburst galaxies, respectively. BOLSB is a more
accurate estimator of SFR than L( IR), since in our galaxies a
nonnegligible fraction of the stellar light emerges directly in the
UVand B bands, unabsorbed by dust; hence, L( IR) alone is not a
good approximation to the bolometric luminosity, especially for
the less bright and less dusty galaxies. Incidentally, although
SFR(BOLSB) also includes the B-band flux, it generally gives
values that are on average very similar to those calculated from
SFR(UV+IR), with a spread smaller than 10% around themedian.

4. COMPARISON OF STAR FORMATION RATES

A compilation of all SFR values obtained for our sample is
presented in Tables 2 and 3 for integrated and matched-aperture
measurements, respectively.

4.1. Matched Apertures

Given the small aperture with which the UV data were ob-
tained, we compare their SFRs only with H� and radio (8.4 GHz)
ones measured inside a matching aperture. In Figure 3 we show
the ratios SFR(H� )/SFR(UV) (top) and SFR(UV)/SFR(8.4 GHz)
(bottom left) as a function of SFR(8.4 GHz). In both cases the SFR
derived from the UV is lower than the one derived from the other
indicator, clearly showing the effects of extinction. Of particular
interest is the large scatter in the SFR(UV)/SFR(8.4 GHz) plot,
which clearly shows that dust extinction has a strong effect on
measurements of SFR at short wavelengths. A similar result is
seen in the SFR(H� )/SFR(8.4GHz) plot (bottom right). This high-
lights the importance of extinction corrections, since in some cases
the uncorrected UV and H� measurements can underpredict the
SFR by a factor as high as 100. Nevertheless, the SFR(H� )/
SFR(UV) ratio remains strongly correlated, suggesting that both
wave bands probe comparably low extinction regions. We stress
the importance of subtracting the [N ii] contribution from the
flux in H� images, as [N ii] contamination becomes increasingly
important in high-metallicity systems (Storchi-Bergmann et al.
1994), where the [N ii] emission can contribute to as much as half
of the total flux.

4.2. Integrated Apertures

Emission integrated over the entire body of the galaxies is
available at H� , IR, and radio wavelengths. Here we compare
global SFRs among the different wave bands (Fig. 4). We gener-
ally find a good agreement between the different indicators, with
a few deviations. In the case of H� , the SFR usually is under-
estimated because of dust extinction. We find that the amount
of extinction increases for high-luminosity sources. This result
represents an independent confirmation of those from Wang &
Heckman (1996), Heckman et al. (1998), Sullivan et al. (2001),
and Martin et al. (2005), who find a trend for more opaque gal-
axies to have higher SFRs (see x 5 for further discussion on this
subject). Figure 4 gives further support to this interpretation,where
we can see that using uncorrectedH� fluxes can underestimate the
SFR by a factor of 10 or more in the most luminous sources. This
result agrees with those from Cram et al. (1998), Sullivan et al.
(2001), and Afonso et al. (2003).

Another noticeable deviation is found in the comparison of
SFRs in different radio wavelengths, where we can see that the
8.4 GHz data generally gives lower values than the 1.4 GHz data.
We believe that this is due to limitations of our observations,
since the 8.4 GHz images had a beam size of �300 and a maxi-
mum field of view of 18000, thus missing some of the faint diffuse
8.4 GHz emission in the more extended sources. This was not an
issue for the 1.4 GHz measurements.

4.3. New Radio SFR Calibration

One of the most important results obtained from the compar-
ison of the integrated star formation indicators is shown in the top
panels of Figure 5. This figure shows the discrepancy between
SFR(BOLSB) and SFR(radio), both at 4.89 and at 1.4 GHz, in the
sense that the values determined from radio measurements tend to
be higher than the ones obtained from the bolometric luminosity
by a factor of�2. This difference is similar to the ones found by
Condon et al. (2002) and Bell (2003).
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This disagreement could be the result of an overestimation of
the radio relation or an underestimation of the BOLSB (infrared)
relation.Whenwe take into account the fact that the infrared SFR
relation is a more direct calibration than the radio one and that
it has been tested against calibrations at other wave bands (e.g.,
Kewley et al. 2004; Rosa-González et al. 2002), we attribute the
observed disagreement to the radio calibration. Note, however,
that an opposite result was presented by Cappellaro et al. (1999),
who found that the far-infrared luminosity does not correlate with
supernova rates in nearby galaxies. Although this result seems to
indicate that the infrared is not a universal measurement of SFR,
their measurements were biased toward normal low-luminosity
quiescent galaxies and cannot be considered representative of
the sources studied in this paper. Furthermore, since we used

BOLSB instead of L( IR), we removed most of the systematic ef-
fects in the infrared calibration.
Here we propose a correction to the radio SFR relation, based

on the comparison between the 1.4 GHz and BOLSB results. We
find that the median ratio SFR(BOLSB)/SFR(1.4 GHz) is 0.48,
which gives us the corrected SFR(1.4 GHz) relation

SFR(1:4 GHz) ¼ (6:2 ; 10�22)L�(1:4 GHz) ð8Þ

where the luminosity is in units of W Hz�1. A comparison be-
tween this new relation and the one from Yun et al. (2001), who
derived SFR(1.4GHz) on the basis of the comparison between the
integrated radio and infrared luminosity functions, shows a good
agreement. We also find a good agreement when comparing our

TABLE 2

Integrated Star Formation Rates

Name

(1)

UV

(M� yr�1)

(2)

H�

(M� yr�1)

(3)

H� cor

(M� yr�1)

(4)

8.46 GHz

(M� yr�1)

(5)

4.89 GHz

(M� yr�1)

(6)

1.4 GHz

(M� yr�1)

(7)

F ( IR)

(M� yr�1)

(8)

BOLSB

(M� yr�1)

(9)

ESO 350-38 ................ . . . 21.57 17.59 28.63 32.20 28.24 24.62 25.85

NGC 232..................... . . . 3.16 1.61 50.14 141.80 74.70 35.98 37.30

Mrk 555 ...................... 0.59 2.72 2.00 6.77 9.79 18.88 6.78 8.09

IC 1586 ....................... . . . 1.37 1.37 4.56 . . . 8.15 3.11 3.66

NGC 337..................... . . . 1.56 1.18 1.65 6.01 7.29 1.77 2.11

IC 1623 ....................... 5.37 . . . . . . 135.30 197.00 249.00 60.06 63.66

NGC 1155................... . . . . . . . . . 3.28 . . . 5.20 5.07 5.28

UGC 2982................... . . . . . . . . . 38.15 44.16 70.94 20.32 20.32

NGC 1569................... 0.03 0.12 0.12 0.03 0.17 0.13 0.05 0.05

NGC 1614................... . . . 3.94 3.94 67.88 78.28 83.60 51.67 52.31

NGC 1667................... 0.69 3.48 1.88 26.52 50.73 42.43 12.46 13.38

NGC 1672................... 0.10 0.35 0.35 . . . 7.65 14.69 3.82 4.37

NGC 1741................... 2.08 3.68 3.24 6.84 6.13 13.70 5.19 6.51

NGC 3079................... 0.02 . . . . . . 21.21 42.61 49.81 10.51 10.62

NGC 3690................... . . . 14.60 14.60 165.90 165.70 182.30 86.59 86.91

NGC 4088................... 0.02 1.71 1.32 2.72 6.18 7.81 3.35 3.47

NGC 4100................... . . . . . . . . . 3.21 . . . 2.26 1.42 1.65

NGC 4214................... 0.03 0.10 0.09 0.11 0.12 0.07 0.11 0.15

NGC 4861................... 0.53 0.61 0.61 0.78 0.84 0.71 0.41 0.65

NGC 5054................... . . . . . . . . . 5.47 11.65 10.38 5.02 5.72

NGC 5161................... . . . 1.08 0.83 0.52 . . . 1.97 1.71 2.55

NGC 5383................... 0.19 5.91 5.91 3.57 5.01 6.81 4.53 5.50

Mrk 799 ...................... 0.12 2.16 1.43 10.74 16.39 18.43 8.64 8.89

NGC 5669................... 0.08 . . . . . . . . . . . . 1.83 0.76 0.98

NGC 5676................... 0.06 2.70 2.70 7.77 14.43 21.96 7.77 7.90

NGC 5713................... 0.21 . . . . . . 11.99 27.42 22.95 8.67 9.00

NGC 5860................... 0.69 1.58 0.96 . . . . . . 6.81 4.50 4.95

NGC 6090................... . . . 11.70 8.50 77.98 92.32 107.20 42.67 45.25

NGC 6217................... 0.17 1.20 1.08 3.20 3.83 7.17 3.07 3.42

NGC 6643................... 0.10 2.06 1.96 0.50 7.05 9.88 4.23 4.40

UGC 11284................. 2.40 . . . . . . 73.28 . . . 125.50 59.56 60.68

NGC 6753................... . . . 4.10 4.10 . . . 18.74 . . . 9.35 10.60

Tol 1924�416............. 1.17a 3.12 3.08 3.83 . . . . . . 0.82 1.32

NGC 6810................... . . . 1.23 0.79 . . . 14.70 . . . 0.61 0.90

ESO 400-43 ................ 3.29 9.19 8.62 11.79 10.94 18.18 4.84 7.19

NGC 7496................... . . . 1.29 0.81 1.35 . . . 2.20 1.73 1.97

NGC 7552................... . . . 2.64 1.55 10.79 16.98 12.80 12.86 13.28

Mrk 323 ...................... 0.49 1.06 1.06 6.29 . . . 13.76 6.52 6.77

NGC 7673................... . . . 1.31 1.31 9.67 12.36 11.33 4.88 5.58

NGC 7714................... . . . 4.03 4.03 12.32 18.92 15.80 7.17 7.85

Mrk 332 ...................... 0.25 1.63 0.88 2.98 . . . 6.83 2.81 3.12

Notes.—Col. (1): Galaxy name. Col. (2): UV star formation rate. Cols. (3) and (4): Star formation rates obtained from H� and from H� corrected for [N ii]
contamination, respectively. Cols. (5), (6), and (7): Star formation rates from radio 8.46, 4.89, and 1.4 GHz data. Col. (8): F ( IR) (8 �m–1 mm) star formation rates,
calculated using the F ( IR) fluxes obtained using IRAS and ISO measurements, whenever available, or extrapolated from IRAS measurements only (Sanders &
Mirabel 1996). Col. (9): Star formation rates based on the starburst bolometric flux, calculated by summing F ( IR) , ultraviolet, and B-band fluxes. Both the UV and
H� fluxes have been corrected for foreground Galactic extinction, as listed in Table 1 of Paper I.

a UV measurements from IUE.
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result with the one from Bell (2003). However, given the lumi-
nosity range of our galaxies, we are not able to see the deviation
from linearity that was seen by Bell (2003) in the low-luminosity
range. Using the SFR(IR) calibration from Kennicutt (1998) and
the radio-FIR correlation given by Yun et al. (2001), we get an
SFR(1.4 GHz) relation that is in agreement with equation (8)
within an uncertainty of 20%. The uncertainty is mostly driven
by the assumption used to convert L(40–120 �m) to L( IR). A
variation of about 20% is typical of what is found in galaxies
(Dale et al. 2001).

Next we determine a new relation for the nonthermal part of
the radio SFR calibration (eq. [5]). Since the nonthermal part of
the relation is based on indirect assumptions, which dependmainly
on the rate of supernovae of the Galaxy and their average non-
thermal flux, it is subject to large uncertainties. For instance,
Condon (1992) pointed out the discrepancy between the pre-
dicted and observed supernova rate of the Galaxy. Another po-
tential problem is that the measured 408 MHz flux of the Milky
Way carries large uncertainties. Conversely, we assume that the
uncertainties in the thermal part of the calibration (eq. [6]) are
insignificant when compared to the nonthermal ones, since that
relation is derived directly from SFR(H� ) (Kennicutt 1998),
which has been tested against other calibrations. Using equations
(6) and (8), we find the following nonthermal radio SFR relation:

L�(N ) � (1:92 ; 1021)��0:8SFR: ð9Þ

Using equations (6) and (9), we can calculate the radio SFR
relations at 4.89 and 8.46 GHz, given below:

SFR(4:89 GHz) ¼ (1:4 ; 10�21)L�(4:89 GHz); ð10Þ
SFR(8:46 GHz) ¼ (2:0 ; 10�21)L�(8:46 GHz); ð11Þ

where the luminosity is in units of W Hz�1.

A comparison between the new SFR(4.89 GHz) and
SFR(1.4 GHz) with values obtained fromBOLSB (Fig. 5, bottom)
shows a very good agreement, indicating that the new radio re-
lations are indeed more appropriate for the calculation of SFRs.
We do not find as good an agreement for 8.46 GHz, but this
is related to the observational issues described above. It should
also be noted that equation (10) has a direct application to high-
redshift galaxies, where 20 cm observations correspond to rest-
frame 6–7 cm for a z � 3 object.

4.4. Extinction and Other Effects Influencing SFRs

The effects of extinction suggested by Figure 3 are quantified
in Figure 6. This figure shows the color excess E(B� V ) derived
from each pair of wave bands in Figure 3, requiring that any de-
viation of the SFR ratios from unity be due to dust extinction. In
the case of SFR(8.4 GHz) we use the new calibration described
above. For the UV, the color excess is derived using the reddening
curve of Calzetti et al. (2000). We find that the different E(B� V )
estimates have similar medians, albeit with a wide range of val-
ues, implying that dust geometry has a secondary impact (be-
yond that described by Calzetti 2001) on the SFR measurements
at different wavelengths for our galaxy sample. A comparison of
E(B� V ) values calculated using the ratios of UV to 8.4 GHz
and H� to 8.4 GHz, for galaxies with measurements available in
the three wave bands, shows that they are correlated. This in-
dicates that the SFR differences relative to SFR(8.4 GHz) are due
to dust extinction. It is also worth recalling here that although
E(B� V )UV � E(B� V )H� , the resulting AUV � 2:3 mag >
AH� � 1:5 mag, thus explaining the trend in Figure 3.

Another important result of Figure 6 is the large spread of the
extinction corrections among the galaxies in our sample, which
have an interquartile range on the order of 0.5 mag. This indi-
cates that the assumption of a single extinction value may work

TABLE 3

Matched-Aperture Star Formation Rates

Name

(1)

UV

(M� yr�1)

(2)

H�

(M� yr�1)

(3)

H� cor

(M� yr�1)

(4)

8.4 GHz

(M� yr�1)

(5)

1.4 GHz

(M� yr�1)

(6)

Mrk 555 ............................................. 0.59 1.12 0.82 4.04 11.26

NGC 1569.......................................... 0.03 0.11 0.10 0.02 0.10

NGC 1667.......................................... 0.69 1.74 0.94 11.24 17.98

NGC 1672.......................................... 0.10 0.35 0.35 . . . 14.69

NGC 1741.......................................... 2.08 3.08 2.72 5.90 11.81

NGC 3079.......................................... 0.02 . . . . . . 19.39 45.54

NGC 4088.......................................... 0.02 0.12 0.09 0.48 1.37

NGC 4214.......................................... 0.03 0.09 0.09 0.05 0.03

NGC 4861.......................................... 0.53 0.60 0.60 0.85 0.71

NGC 5383.......................................... 0.19 3.27 3.27 3.27 6.24

Mrk 799 ............................................. 0.12 0.72 0.48 6.84 11.73

NGC 5669.......................................... 0.08 . . . . . . . . . 1.83

NGC 5676.......................................... 0.06 . . . . . . 2.32 6.56

NGC 5713.......................................... 0.21 . . . . . . 7.52 14.40

NGC 5860.......................................... 0.69 1.58 0.96 . . . 6.81

NGC 6217.......................................... 0.17 0.47 0.42 3.17 7.11

NGC 6643.......................................... 0.09 0.30 0.29 0.11 2.20

UGC 11284........................................ 2.40 . . . . . . 31.00 53.11

ESO 400-43 ....................................... 3.29 9.10 8.53 11.25 17.34

Mrk 323 ............................................. 0.49 0.78 0.78 4.82 10.56

Mrk 332 ............................................. 0.25 1.11 0.60 1.99 4.55

IC 1623 .............................................. 5.37 . . . . . . 135.30 249.00

Notes.—Col. (1): Galaxy name. Col. (2): UV star formation rate. Cols. (3) and (4): Star formation rates for H� and for H�
corrected for [N ii] contamination. Cols. (5) and (6): Star formation rates calculated from radio 8.4 and 1.4 GHz data.
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Fig. 3.—SFR(H� )/SFR(UV) (top), SFR(UV)/SFR(8.4 GHz) (bottom left), and SFR(H� )/SFR(8.4 GHz) (bottom right) as a function of SFR(8.4 GHz) for
observed fluxes measured in STIS-matched apertures. The value of SFR(8.4 GHz) was calculated using eq. (7). In the top and bottom right panels, the open and filled
circles represent the H� measurements that are uncorrected and corrected for [N ii] contamination, respectively. Note that in some cases the open circles are not seen,
because of small [N ii] correction factors. A one-to-one correlation between each pair of quantities is shown by the horizontal line in these plots. Median error bars are
shown in the top left corner of each panel.

Fig. 4.—Comparison between different SFRs calculated using the integrated light of the galaxies. The left panel shows the distribution of SFR(8.4GHz)/SFR(1.4 GHz)
as a function of SFR(1.4GHz), while the right one shows SFR(H� )/SFR(BOLSB) as a function of SFR(BOLSB). The symbols in the right panel indicateH� measurements
before (open circles) and after ( filled circles) the correction for [N ii] contamination. A one-to-one correlation between the quantities presented in these plots is shown by
the horizontal line. Median error bars are shown in the top left corner of each panel.



only on a statistical sense, for large samples of galaxies with sim-
ilar characteristics. More detailed studies of this issue were per-
formed by Bell & Kennicutt (2001), Rosa-González et al. (2002),
and Afonso et al. (2003).

Our SFR estimates are based on the assumption that we can
use one conversion from flux to SFR for all galaxies. Clearly, this
will be valid only in the first order, as galaxy-to-galaxy variations
of the stellar IMF, metallicity (Leitherer et al. 1999), and star for-
mation history (Sullivan et al. 2004), in addition to dust absorp-
tion of Lyman continuum photons before reprocessing into H�
light (Inoue 2001) and simplistic assumptions about the condi-
tions of nebular recombination (e.g., Charlot & Longhetti 2001),
will all affect SFRmeasurements. Indeed, we believe these poten-
tial galaxy-to-galaxy variations to contribute, together with dust
geometry variations, to the scatter in the data observed in Fig-
ures 3–6.

As an example, we discuss the impact of stellar IMF variations.
The part of the IMF of concern here is the high end, as massive
stars are those contributing to the UV emission and to the gas
ionization. From Leitherer et al. (1999), a stellar population with
aMup ¼ 30M� Salpeter IMF produces about 5 times less ioniz-
ing photons and about 2 times less UV continuum flux than a
stellar population with aMup ¼ 100M� Salpeter IMF. Thus, the
values of SFR(UV)/SFR(H� ) calculated for the two popula-
tions will differ by about a factor of 2.5, without having to invoke

any other effect (e.g., dust geometry variations). The value of
SFR(radio) closely follows the variation of SFR(H� ), being due
to similar stars. If interpreted as a difference due to dust, it would
correspond toE(B� V ) � 0:5mag, roughly the range of our scat-
ter (Fig. 6, top).We note that this should be considered an extreme
scenario, since Elmegreen (2005) has collected evidence that IMF
variations are likely to be relatively small from galaxy to galaxy
and from environment to environment. Metallicity variations in-
troduce even smaller effects than IMF variations on the multi-
wavelength SFR determinations (Leitherer et al. 1999).

5. COMPARISON OF THE UV/IR PROPERTIES
OF NEARBY AND HIGH-REDSHIFT GALAXIES

As a first test, to see if there is any systematic difference be-
tween our galaxies and the general population of nearby sources,
we show in the left panel of Figure 7 the plot of radio 1.4 GHz
luminosity versus FIR luminosity (the FIR luminosity is calcu-
lated as described in Sanders & Mirabel 1996, using only the 60
and 100 �mfluxes). A comparison between the relation obtained
by Condon et al. (1991; solid line) and the values measured for
our galaxies shows a very good agreement, indicating that our
sample is representative of the population of nearby star-forming
galaxies.

Another test performed with the data was to check if there
is any difference between the nearby galaxies and the SCUBA

Fig. 5.—Comparison of SFR(4.9 GHz)/SFR(BOLSB) (left) and SFR(1.4 GHz)/SFR(BOLSB) (right) as a function of SFR(BOLSB). The top panels show the values
calculated using the old radio SFR calibration (eq. [7]), and the bottom panels show the values calculated using our new calibration (eqs. [8] and [10]). Median error bars
are shown in the top left corner of each panel, and the one-to-one correlation is shown as a horizontal line.
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sources (Fig. 7, right). This was done by comparing the ratio of
monochromatic IR to radio (6 cm) emission of our galaxies, Arp
220, and the SCUBA sources from Chapman et al. (2003, 2005).
We chose this radio frequency because it corresponds to observed
�20 cm at z � 2:2, the median redshift of the SCUBA galaxies,
and is the frequency at which most of the deep radio surveys are
done. Given the uncertainty in the slopes of the radio spectrum
of these sources, we do not try to apply any correction to the data
to put all the measurements in the same rest-frame frequency.
This figure shows that there is no strong correlation between
Lk(205 �m)/L�(6 cm) and SFR(BOLSB), apart from a small de-
crease in the ratio for higher SFRs (higher IR luminosity). This is
an expected result, in line with those from Condon et al. (1991),
thus confirming that there are no problems with the sample. Ac-
cording to Yun et al. (2001), this slope as a function of luminosity
is due to the contribution from the general field populations to the
far-infrared emission in quiescently star-forming galaxies.

The star-forming galaxies in our sample show the same range
in IR+UV luminosity properties as those shown by the starburst
galaxies analyzed by Heckman et al. (1998). In particular, there
is a trend for more luminous galaxies to have a higher IR/UV lu-
minosity ratio (Fig. 8), indicating thatmore actively star-forming

galaxies also tend to be more dust opaque, a trend already noted
in other samples (Wang&Heckman 1996; Heckman et al. 1998;
Sullivan et al. 2001; Hopkins et al. 2001; Martin et al. 2005). We
compare in Figure 8 the best-fitting relation obtained from our
data (dotted line) with the one obtained when fitting the starburst
data from Heckman et al. (1998), using L(IR)þ kLk(UV) as the
independent variable (solid line). We can see that both samples
produce very similar fits, which also is consistent with the trend
seen in the UV-selected star-forming galaxies from Martin et al.
(2005), given the large uncertainties in our sample and the dif-
ferent choice of IR luminosities in Martin et al. (2005). The only
difference is that our galaxies at the bright end tend to have on
average a slightly lower, by a factor of a few, L( IR)/Lk(UV) ratio
at the same total IR+UV luminosity. This difference can be ex-
plained if not all the observed UV emission is associated with
current star formation, as observed in NGC 5194 (Calzetti et al.
2005), and/or if the starburst dust geometry is not readily appli-
cable to star-forming galaxies; both effects can boost the UVemis-
sion relative to the infrared (Calzetti 2001; Buat et al. 2002). As
far as SFR(BOLSB) is concerned, the impact on this value of the
UVemission unrelated to current star formation will be minimal,
as L( IR) provides most of the bolometric light for our brightest
normal star-forming galaxies.
Conversely, our sample galaxies do not show any clear trend

for the ratio Lk(205 �m)/Lk(UV) as a function of SFR(BOLSB)
(equivalent to the IR+UV luminosity; Fig. 9, left; Meurer et al.
1999). The trend is absent even if galaxies with more than 50% of
the star formation outside the STIS aperture are excluded from the
plot, to mitigate the aperture mismatch between the UV and IR
data (Fig. 9, right); the selection is performed by excluding gal-
axies with more than 50% of their radio or H� emission outside
the area covered by the STIS aperture, under the assumption that
the 3.6 cm emission is a good tracer of unobscured star forma-
tion. The range of Lk(205 �m)/Lk(UV) ratios covered by the local
star-forming sample is typically between 0.6 and 15, with a cou-
ple of outliers (NGC 3079 at the top and Tol 1924�416 at the
bottom).
The absence of a trend for the Lk(205 �m)/Lk(UV) ratio of our

star-forming galaxies can be understood by recalling that the
�200 �m emission is located in the Rayleigh-Jeans tail of the
FIR emission and is most sensitive to the emission from dust at
temperatures<20 K (cirrus). This dust can be heated by the non-
ionizing (non–star-forming) stellar populations in the host gal-
axies and does not necessarily correlates with the star formation.
Interestingly, the scatter plot of Figure 9 (right) changes to a

mild trend of higher Lk(205 �m)/Lk(UV) ratios for higher SFRs
when data on the ULIGs are added to the figure. This likely re-
flects the extreme nature of the ULIGs, with large bolometric FIR
fluxes and very faint UV emission. Thus, even when observing
the monochromatic FIR emission in the Rayleigh-Jeans tail, some
trend of higher opacities for larger SFRs is preserved, albeit with a
much larger scatter than when using the bolometric FIR emission.
Again, this mild trend is highly sensitive to contribution to the
Lk(205 �m) by cirrus emission and can only be observed when
the complete range of SFRs in the local universe, from mild star-
forming galaxies to ULIGs, is included. Including the 31 SCUBA
sources with available rest-frame UV data amplifies the trend to-
ward larger, by 2–3 orders of magnitude, Lk(205 �m)/Lk(UV)
values as the SFR increased by roughly 2 orders of magnitude
(Fig. 9). In contrast, the lonely SCUBA-detected LBG and the
12 upper limits are not incompatible with the Lk(205 �m)/
Lk(UV) range of local galaxies, and, if anything, they may have
lower ratios, much more similar to the dust-poor Tol 1924�416
(Fig. 9).

Fig. 6.—Histograms of the color excess E(B� V ) calculated using the dis-
crepancy between each pair of UV, H� , and radio 8.4 GHz SFRs, measured in
matched apertures (see Fig. 3). Here we use the new SFR(8.4 GHz) calibration
discussed in x 4.3. The arrow indicates the position of the median, and the error
bar shows the interquartile range. The E(B� V ) values were calculated by as-
suming a starburst extinction curve for the UV (Calzetti et al. 2000) and a Galac-
tic extinction curve for H� (Cardelli et al. 1989). The median UV/radio ratio
corresponds to AUV � 2:3, and the median H� /radio corresponds to AH� � 1:5.
Although E(B� V )UV is smaller than E(B� V )H� , AUV is still larger than AH� ,
thus explaining the trend in Fig. 3.
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For the 12 LBGs undetected by SCUBA (Chapman et al.
2000), we now attempt to use the local star-forming galaxies
Lk(205 �m)/Lk(UV) ratio range to predict what their SCUBA
fluxes could be. The undetected LBGs cluster around observer-
frame magnitudesRAB � 24 (Chapman et al. 2000). For our ob-
served range of Lk(205 �m)/Lk(UV) ratios (Fig. 9, right), the
LBGs should then have monochromatic far-infrared fluxes in the
range 0.7–17 mJy in the SCUBA band. Thus, at least some of
those 12 LBGs should have been detected, while none was at the
rms sensitivity level of �1 mJy.

This discrepancy between expectations and reality calls into
question the applicability of the local flux ratios to the high-
redshift case, since the Rayleigh-Jeans tail of the FIR emission
receives a potentially large contribution from the dust heating by
nonionizing stellar populations in local galaxies. The case of Tol
1924�416 is illuminating in this respect. This blue compact gal-
axy shows a UV and optical spectrum typical of a young star-
burst–dominated galaxy, with a C iv (1550 8) P Cygni profile,
a large H� line emission equivalent width (�180 8), and a very
blue UV-optical SED (Kinney et al. 1993; Storchi-Bergmann
et al. 1995); it shows a large gas-to-dust ratio, which has been
suggested to be due to the absence of a nonionizing stellar pop-
ulation (Gondhalekar et al. 1986). The latter is in line with its
very hot FIR SED, with L( IR)/Lk(UV) ¼ 1:3, but Lk(205 �m)/
Lk(UV) ¼ 0:025 (Calzetti et al. 2000; see also Fig. 9). If the
Lk(205 �m)/Lk(UV) ratio observed in Tol 1924�416 ismore typ-
ical of LBGs, the expected SCUBAfluxes for these galaxies would
be around 0.03 mJy, thus explaining why they are undetected.

It is worth remarking that the absence of a nonionizing pop-
ulation contributing to the heating of the dust does not preclude
the LBGs from following the general correlation of L( IR)/
Lk(UV) versus UV colors (Meurer et al. 1999; Calzetti 2001) or
versus the total IR+UV luminosity (Heckman et al. 1998) ob-
served in local starburst galaxies (Adelberger & Steidel 2000). In
fact, Tol 1924�416 does follow those correlations (Calzetti

Fig. 7.—Comparison between radio and infrared properties. The left panel shows the radio L(1.4 GHz) vs. L( FIR) diagram for our galaxies, with the relation
from Condon et al. (1991) shown as a solid line (median error bar is shown in the top left corner). The right panel shows the ratio of the infrared Lk(205 �m) to the
radio L�(6 cm) flux density as a function of the SFR. The filled circles represent our data points, the red star represents Arp 220, and the open green circles represent
SCUBA sources. One of the SCUBA sources (SMM J163650.0+405733) has two radio fluxes related to it ( Ivison et al. 2002), as described in the text, so we show
its two values connected by a vertical bar. The black error bar (bottom left) shows the median error for our sample, and the green one (bottom middle) corresponds to
the median error of the SCUBA sources.

Fig. 8.—IR /UV luminosity ratio as a function of the sum of the two quan-
tities. We make the approximation BOLSB � L(IR)þ kLk(UV) in order to con-
vert the x-axis to the SFR(BOLSB) value given on the top axis. Those galaxies
without ISOmeasurements were corrected using eq. (1). UV data for nine of the
galaxies in this plot were obtained from IUE. The solid line represents the best-
fit relation of Heckman et al. (1998), while the dotted line represents the best fit
to our data. The median error bar is shown in the top left corner.
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2001), as they involve the bolometric FIR emission, rather than
a monochromatic one. The dust emission at �200 �m usually
represents a small fraction, 5% or less, of the total FIR emission
from UV-selected starburst galaxies (Calzetti et al. 2000), thus
explaining its small impact on correlations involving the bolo-
metric FIR emission.

6. SUMMARY

We presented a comparison between a set of four star forma-
tion indicators spanning the wavelength range from UV to radio.
We discuss the effect of dust extinction and calibration in their
estimates. We find that, as has been previously pointed out, dust
extinction has a strong impact at lower wavelengths, where it can
severely underestimate the SFR by up to 2 orders of magnitude
in individual objects. However, we still find that UVand H� are
well correlated, indicating that these two measurements come
from similar regions, although with different optical depths. The
amount of extinction varies significantly from galaxy to galaxy
in our sample, with a spread larger than 0.5 mag in color excess
E(B� V ). Other factors that can affect the determination of SFRs
are also discussed. A comparison between the bolometric and
radio SFRs shows that the latter calibration overestimates the
SFRs. On the basis of the assumption that this discrepancy is due
to uncertainties in the nonthermal part of the radio calibration, we
provide a new calibration for SFR(radio). In particular, our new
SFR(6 cm) calibration has direct application for high-redshift ob-
jects, where the observed 20 cm fluxes correspond to rest-frame 6–
7 cm for a z � 3 galaxy.

We also compared the ratio Lk(205 �m)/Lk(UV) between our
normal galaxy sample and higher redshift galaxies.We find a trend
for higher ratios as the star formation increases, thus suggesting
that a fraction of the Lk(205 �m) emission is heated by the star-

forming population and that the Lk(205 �m)/Lk(UV) ratio is still
measuring dust opacity. The SCUBA sources occupy a locus in
the Lk(205 �m)/Lk(UV) versus SFR plane that is at the high end
of that occupied by the ULIGs, suggestingmore extreme star for-
mation conditions than those in local ULIGs. LBGs may instead
resemble the local star-forming galaxies and could even be lo-
cated at lower Lk(205 �m)/Lk(UV) ratios, although any accurate
comparison is prevented by the lack of detections in the sub-
millimeter for LBGs. Consistency checks indicate that LBGsmay
indeed resemble the local metal-poor and dust-poor starburst gal-
axies rather than the average local population.
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Fig. 9.—Monochromatic ratio of IR flux to UVas a function of the bolometric SFR for all galaxies in our sample (left) and for only those galaxies for which more than
50% of the radio emission is contained within the STIS aperture (right). Filled circles represent our data points, the red star is Arp 220, the red triangles are ULIGs
(Goldader et al. 2002; Klaas et al. 2001; Becker et al. 1991), green open circles represent SCUBA sources (Chapman et al. 2003, 2005), and crosses represent LBGs
(Chapman et al. 2000). The black circle with a small value of Lk(205 �m)/Lk(UV) corresponds to Tol 1924�416, which is a dwarf galaxy with a young starburst that has
almost no emission from cold dust, while the circle with the largest ratio is NGC 3079, a high-inclination galaxy known to harbor an AGN. In the case of LBGs, with the
exception of one source, they are all upper limits on the y-axis. Along the x-axis, the LBGs have SFRs that are bracketed by the upper limits from SFR(210 �m) and the
lower limits given by the observed UV. Themedian error bar of our sample is shown in black in the top left corner, while in the case of SCUBA sources, it is shown in green
in the top right corner.
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