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ABSTRACT

We present far-infrared (FIR) photometry at 150 and 205 um of eight low-redshift starburst galaxies
obtained with the Infrared Space Observatory (ISO) ISOPHOT. Five of the eight galaxies are detected in
both wave bands, and these data are used, in conjunction with IRAS archival photometry, to model the
dust emission at A = 40 um. The FIR spectral energy distributions (SEDs) are best fitted by a com-
bination of two modified Planck functions, with T ~ 40-55 K (warm dust) and T ~ 20-23 K (cool dust)
and with a dust emissivity index € = 2. The cool dust can be a major contributor to the FIR emission of
starburst galaxies, representing up to 60% of the total flux. This component is heated not only by the
general interstellar radiation field, but also by the starburst itself. The cool dust mass is up to ~150
times larger than the warm dust mass, bringing the gas-to-dust ratios of the starbursts in our sample
close to Milky Way values, once rescaled for the appropriate metallicity. The ratio between the total
dust FIR emission in the range 1-1000 um and the IRAS FIR emission in the range 40-120 um is
~1.75, with small variations from galaxy to galaxy. This ratio is about 40% larger than previously
inferred from data at millimeter wavelengths. Although the galaxies in our sample are generally classified
as “UV bright,” for four of them the UV energy emerging shortward of 0.2 um is less than 15% of the
FIR energy. On average, about 30% of the bolometric flux is coming out in the UV-to—near-IR wave-
length range; the rest is emitted in the FIR. Energy balance calculations show that the FIR emission
predicted by the dust reddening of the UV—-to—near-IR stellar emission is within a factor of ~2 of the
observed value in individual galaxies and within 20% when averaged over a large sample. If our sample
of local starbursts is representative of high-redshift (z 2 1), UV-bright, star-forming galaxies, these gal-
axies’ FIR emission will be generally undetected in submillimeter surveys, unless (1) their bolometric
luminosity is comparable to or larger than that of ultraluminous FIR galaxies and (2) their FIR SED

contains a cool dust component.

Subject headings: galaxies: starburst — infrared: galaxies — infrared: ISM: continuum —

ISM: dust, extinction

1. INTRODUCTION

The far-infrared (FIR) spectral energy distributions
(SEDs) of galaxies provide insight into the energetic pro-
cesses taking place in the sources. Emission beyond a few
microns from quiescent or star-forming galaxies is domi-
nated by dust reradiating the stellar energy absorbed at
UV-optical wavelengths. Thus, the description of the radi-
ative processes in the FIR regime needs to account for both
the dust composition and the nature of the heating sources.

Although dust emission is a complex process involving a
continuum of values for the properties of the dust grains, a
simple two- (or three-) component dust model has proven
successful at describing the basic characteristics of the UV-
optical extinction and the FIR emission of the dust in our

! Based on observations with ISO, an ESA project with instruments
funded by ESA member states (especially the PI countries: France,
Germany, the Netherlands, and the United Kingdom) with the partici-
pation of ISAS and NASA.
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own and similar galaxies (Andriesse 1978 ; Draine & Ander-
son 1985; Cox, Kriigel, & Mezger 1986; Mathis & Whiffen
1989; Puget & Léger 1989; Desért, Boulanger, & Puget
1990; Helou, Ryter, & Soifer 1991; Rowan-Robinson 1992).
One component, sometimes split into two (Desért et al.
1990), consists of very small grains and large molecules
(size <100 A) which account for characteristics of the
mid-IR emission at A <40-50 um. This component is
heated by the single-photon absorption process to tem-
peratures of a few hundred Kelvin, up to ~1000 K, and is
not in thermal equilibrium with its environment (Sellgren
1984; Draine & Anderson 1985). The second component is
formed by “large” grains (size > 100 A) in thermal equi-
librium with their environment. These large dust grains
account for practically all the emission longward of 80-100
um in galaxies. Their FIR emission can be modeled as the
superposition of multiple modified Planck functions cover-
ing a range of temperatures and modulated by the grains’
emissivity e(v) oc ¢, with 1 < € < 2 (e.g., Seki & Yamamoto
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1980; Mezger, Mathis, & Panagia 1982; Hildebrand 1983;
Andriesse 1974; Bianchi, Davies, & Alton 1999).

The color temperatures of the large dust grains depend
on both the energy density per unit volume and the hard-
ness of the stellar radiation field. As a first approximation,
the galaxy FIR emission longward of 40-50 ym has been
ascribed to dust heated by massive, ionizing stars (warm
dust) if the color temperature is of the order of 30-70 K and
to dust heated by nonionizing stars (cool dust) if the tem-
peratures are < 15-30 K (e.g., Helou 1986; Chini, Kriigel, &
Kreysa 1986b; Lonsdale-Persson & Helou 1987; Rowan-
Robinson & Crawford 1989; Rowan-Robinson & Efsta-
thiou 1993). The radiation field created by the diffuse
nonionizing population of a galaxy is generally referred to
as the interstellar radiation field (ISRF) (e.g., Boulanger et
al. 1988). Massive stars can also heat the dust to color tem-
peratures T = 70 K; this hot dust contributes, together
with the small, nonequilibrium grains, mainly to the mid-IR
emission shortward of ~40 um, typically with decreasing
filling factor for increasing temperature (e.g., Natta &
Panagia 1976). The intensity of the dust emission at A ~ 10
um has been observed to decrease for increasing star forma-
tion activity in a galaxy (Helou 1986); this has been inter-
preted as the destruction of large molecules/very small
grains by hard radiation from massive stars (Boulanger et
al. 1988). Throughout this paper, “thermal FIR emission”
refers to the emission in the wavelength range 1-1000 um
from large dust grains with equilibrium temperatures T <
60-70 K. “Total FIR emission” defines the integrated dust
emission from both small and large grains, also in the range
1-1000 ym.

The largest database of FIR data of galaxies available to
date is from the IRAS survey (e.g., Soifer et al. 1989).
Because the wavelength coverage is 8-120 um, IRAS obser-
vations alone are not adequate for characterizing the emis-
sion from dust cooler than T ~ 30 K. However, cool dust
has been shown to be a major contributor to the total dust
mass content of a galaxy (e.g, Kwan & Xie 1992; Xu &
Helou 1986) and to contribute to the opacity budget. In
relatively recent years, observations at millimeter and sub-
millimeter wavelengths have been used to complement
IRAS data, to address the issue of the cool dust content of
galaxies (e.g., Chini et al. 1986a; Kwan & Xie 1992; Roche
& Chandler 1993; Sievers et al. 1994; Rigopoulou, Law-
rence, & Rowan-Robinson 1996; Andreani & Franceschini
1996, to quote a few). One of the drawbacks of millimeter
observations is the potential presence of contamination
from thermal and nonthermal radio emission (e.g., Roche &
Chandler 1993). Less sensitive to this problem, but still
effective at characterizing dust emission down to tem-
peratures of <15 K, are observations obtained with the
Infrared Space Observatory (I1SO) satellite, which covered
the FIR wavelength range up to ~240 um. ISO data have
shown that the FIR emission of late-type galaxies receives a
substantial contribution from cool dust (T ~ 10-20 K;
Kriigel et al. 1998; Haas et al. 1998; Alton et al. 1998;
Domingue et al. 1999), increasing by a factor of 2-3, up to
10, the dust content of such systems relative to previous
estimates, often based on IRAS data alone; the cool dust
component is extended beyond the optical disk and pro-
duces gas-to-dust ratios comparable to average Milky Way
values (Alton et al. 1998; Davies et al. 1999). Cool dust is
also present in elliptical galaxies (Haas 1998), com-
plementing the IRAS detections of relatively warm dust,

T ~ 25-30 K, in these objects (e.g., Goudfrooij & de Jong
1995). Conversely, the ISO emission of luminous and ultra-
luminous FIR galaxies, like Arp 244, NGC 6240, Arp 220,
and M82, are fitted by a modified Planck function with
color temperature ~30-50 K for emissivity index € =1
(Klaas et al. 1997; Colbert et al. 1999).

Our investigation concentrates on actively star-forming
galaxies, because of the key role they play in interpreting
high-redshift galaxies. Some of the observational character-
istics of high-redshift, z ~ 3 and z ~ 4, Lyman-break gal-
axies (Steidel et al. 1996, 1999; Giavalisco et al. 1996, 2000)
are similar to those of the central regions of local starburst
galaxies. Such characteristics include the star formation
rates per unit area, the shape of the stellar continuum and
the intensity and shape of the absorption features in the
rest-frame UV spectra, and the ionizing/UV-continuum
photon ratios (Steidel et al. 1996; Pettini et al. 1998;
Meurer, Heckman, & Calzetti 1999). Still open is the issue
of the dust opacity in these UV-bright, star-forming
systems. A new challenge to the common wisdom that there
is little dust opacity in the young universe has come from
the discovery of FIR-bright galaxies at intermediate/high
redshift with the submillimeter common-user bolometer
array (SCUBA) (Hughes et al. 1998; Eales et al. 1998; Blain
et al. 1999; Lilly et al. 1999a; Barger et al. 1999). The neces-
sity of linking the two populations of high-redshift galaxies,
UV bright and FIR bright, has clearly brought new urgency
to the problem of understanding the opacity and dust emis-
sion characteristics of star-forming galaxies at all redshifts.

This paper presents ISO photometric observations of
eight nearby star-forming galaxies in the wavelength range
120-240 um, in order to study the galaxies’ dust content in a
wavelength range which is beyond the limits of IRAS. For
five of the galaxies, the balance between the UV-optical—
near-IR stellar energy absorbed by the dust and the FIR
energy emitted by dust is investigated in detail. The results
from our small sample will be placed in the more general
context of dust opacity in star-forming galaxies at low and
high redshift.

2. SAMPLE SELECTION, OBSERVATIONAL STRATEGY, AND
DATA REDUCTION

The original sample of 40 star-forming galaxies from
which our ISO sources were selected was derived from the
IUE Atlas by Kinney et al. (1993), with the following char-
acteristics: the galaxies are UV bright and have star forma-
tion rates (SFRs) of a few up to a few tens M, yr~!; for
each galaxy, we have UV, optical, and, in some cases,
near-IR SEDs obtained from large-aperture spectroscopy
(Calzetti, Kinney, & Storchi-Bergmann 1994; McQuade,
Calzetti, & Kinney 1995; Storchi-Bergmann, Kinney, &
Challis 1995; Calzetti, Kinney, & Storchi-Bergmann 1996);
the dust reddening properties of these galaxies in the wave-
length range 0.12-2.2 um are well characterized (Calzetti,
Kinney, & Storchi-Bergmann 1994; Calzetti 1997a). From
this original sample, we selected a subsample of 16 objects
with positive IRAS detections at 60 um and with more than
50% of both the blue light and the Ho emission included
within the aperture of the UV-optical observations. The last
requirement minimizes aperture mismatches between the
short- (UV, optical, and near-IR) and long- (FIR) wave-
length observations. Visibility constraints and observing
time limitations reduced the final number of targets to the
eight listed in Table 1.
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TABLE 1
PROPERTIES OF THE GALAXY SAMPLE

D* (P SFR®
Galaxy Name (Mpc)  (arcmin) L, (He)/L,,(Ho) EB-V) Mg yr™Y) Bt
NGC 6090 ............. 175 0.58 0.96 0.60 + 0.06 55.3 —0.78
NGC 7673 ............. 68 1.25 0.85 041 + 0.11 43 —1.48
NGC 5860 ............. 108 0.54 0.82 0.65 + 0.15 8.1 —0.98
IC1586....c.cccenunen... 116 0.31 0.90 0.50 + 0.09 6.4 —-0.71
Tol 1924—416 ......... 57 0.63 0.93 0.02 + 0.02 32 —2.08
Mrk 66 ......oeennnennn. 130 0.35 091 0.00 + 0.05 14 —1.60
ESO 185—-1G013...... 112 0.35 1.00 0.16 + 0.10 3.7 —1.38
UGCA 410............. 15 0.25 0.83 0.12 + 0.10 0.1 —1.15

*Hy=50kms™! Mpc~ 1.
b Average angular size.

¢ Fraction of the total Ha light contained in the UV-optical-near-IR observational aperture. Except for NGC
7673, the Ho: fraction is similar to that of B-band light; for NGC 7673, the B-band fraction is 0.48.

4 The color excess E(B— V), derived from the ratio of nebular line emissions (Calzetti et al. 1994, 1996). The
values are either the average E(B— V) from both Ha/HpS and Hf/Bry or the E(B— V) from the ratio He/Hp alone.
In all cases, corrections for the stellar absorption underlying the line emission have been included (Calzetti et al.
1994). Where two nebular line ratios have been used, the dispersion on the average E(B— V) is smaller or at most

comparable to the random error.

¢ The star formation rate, derived from the reddening-corrected Ha flux, assuming a Salpeter initial mass

function in the mass range 0.1-100 M .

f Power-law slope of the stellar continuum emission, F(4) oc 4%, in the range 0.12-0.26 ym.

The eight objects have redshifts z < 0.03, metallicities in
the range 0.1-2 Z, intrinsic color excess in the range
E(B—V) = 0-0.7 mag, and star formation rates (SFRs) in
the range 0.2-55 M, yr %, as derived from the Ho emission
for a 0.1-100 M, Salpeter initial mass function (IMF). The
galaxies are noninteracting, although some display double
luminous peaks in their nuclei, perhaps a sign that they are
caught at some stage of a merging process. For all eight
objects, between 82% and 96% of the Ha emission is con-
tained within the UV-optical observational aperture, and
for seven of them more than 80% of the B-band emission is
included in the aperture; for NGC 7673, the B-band frac-
tion in the aperture is 50%. These values have been derived
from the literature or, for the Ha emission of NGC 7673,
from new imaging data (C. Conselice 1999, private
communication). For each galaxy, Table 1 reports the
general properties: distance, average angular size, intrinsic
optical color excess, SFR, and UV spectral slope f [defined
as F(A) oc A%; see Calzetti et al. 1994]. Table 2 lists the pho-
tometry at 12, 25, 60, and 100 um from IRAS, as well as the
photometry at 150 and 205 ym from our ISO observations.

The ISO data were obtained with the ISOPHOT instru-
ment and the C200 camera with the 135 and the 200 filters,

centered at ~ 150 and ~205 um, respectively ISOPHOT
Observer’s Manual 1994). Sparse maps were obtained in
each filter, with one on-source and two off-source exposures
per target. The strategy of the double off-source observation
was adopted to average out the uneven FIR background, as
inferred from the IRAS maps. The background positions
were located ~8-10" away from the target (equivalent to
about 3 times the C200 field of view), on blank-sky posi-
tions. The two off-source exposures were always taken
before the on-source exposure, to avoid transients. Typical
exposure times ranged between 32 and 128 s.

The data reduction and calibration were performed with
the PIA? package at the Infrared Processing and Analysis
Center (IPAC), following the standard procedure for point
sources. This is appropriate for our galaxies which are much
smaller than the field of view of the C200 camera (~3'; see
Table 1). Data reduction and calibration included correc-
tion for the nonlinear response of the detectors, readout
deglitching, linear fitting of the signal ramps, resetting of all
ramp slopes to a common time interval, flagging of the

2 PIA is a joint development by the ESA Astrophysics Division and the
ISOPHOT Consortium.

TABLE 2

FAR-INFRARED MEASUREMENTS

F(12y F(5) F(60)* F(100)? F(150)° F(205)° F(40-120)° F(40-240)°
Galaxy Name Jy) Jy) Jy) Jy) Jy) (ergs s~ ! cm™?) (ergs s~ ! cm™?)
NGC 6090 ............. 026 + 0.02 1.11 + 004 6.66 + 026 894 + 040 8.67 + 2.15 448 + 1.12 (329 + 19 E—11 (438 + 46)E—11
NGC 7673 ............. 0.13 + 003 0.52 + 005 491 + 034 6.89 + 050 7.60 + 1.90 4.09 + 1.02 (246 + 2.5E—11 (342 + 45E—11
NGC 5860 ............. 0.13 +£ 002 020 + 002 1.64 + 008 3.02 + 020 263 + 065 072 + 030 (91 + 0.7E—11 (121 + 14E—-11
IC1586.....cccvuunnnn. <0.12 <0.21 096 + 0.08 1.69 + 020 211 + 052 0.81 +037 (53 +07)E—-11 (7.7 + 1.2)E—11
Tol 1924—416 ......... <0.07 042 + 0.05 1.69 + 0.10 1.01 + 020 0.68 + 0.17 0.09 + 0.07 (6.8 + 0.8)E—11 (7.7 + 1.0 E—11
Mrk 66 .....c.cnnnnn. <0.10 0.11 + 0.02 054 + 0.04 080 + 0.10 0.77 + 0.19 <0.18 (28 + 04)E—11 <3.6E—11
ESO 185—1G013...... <0.07 <0.17 042 + 0.09 <2.06 045 + 0.16 <0.30 <4.0E—-11 <45E—-11
UGCA 410............. <0.06 0.10 + 0.02 0.30 + 0.03 <0.64 0.12 + 0.18 <0.21 <1.8E—11 <20E-—11

2 Flux densities at 12, 25, 60, and 100 ym from IRAS and at 150 and 205 um from our observations with the ISO photometer. The 1 ¢ uncertainties are

also reported.

b Total fluxes in the 40-120 um window from the IRAS data and in the 40-240 ym window from the combination of IRAS and ISO data, with 1 ¢

uncertainties.
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F1G. 1.—Spectral energy distributions, from 0.12 to 240 um, of the eight galaxies in our sample. UV-optical spectrophotometry is shown as a continuous
line in the wavelength range 0.12-1.0 um, near-IR photometry as empty circles, IRAS data as filled squares, and our ISO measurements as filled triangles.
Upper limits are shown as downward arrows. No renormalization between the small UV-optical-near-IR observational apertures (~20” x 10”) and the
large FIR apertures (~ a few arcminutes) has been performed. For five of the galaxies, the best-fit curve to the dust emission in the range 40-240 um is also
shown (solid line). The best-fit model corresponds to single or two modified Planck functions with the temperatures given in Table 3, a dust emissivity € = 2,
and 50% contribution to the observed F(25) flux density. For comparison, a model of a single blackbody with € = 1 dust emissivity is also shown (dashed

line).

deviant slopes, dark current subtraction, average of all the
ramp slopes for each pixel, and power calibration against
the reference lamp. After extraction of the flux densities, the
two off-source exposures were averaged and subtracted
from the on-source exposure. Finally, the source signal in
the 4 pixels of the C200 was added together and divided by
the fraction of the point-spread function (PSF) included
within the C200 field of view. ISOPHOT absolute cali-
brations have systematic uncertainties of about 25%-30%,

which are the dominant source of uncertainty in our data
for well-detected galaxies. The 205 um measurements of
NGC 5860 and IC 1586 are exceptions: in each case the two
backgrounds yielded very different values, and this differ-
ence dominates the uncertainty attributed to the detection.
For faint detections or upper limits, statistical uncertainties
dominate. Table 2 reports the largest among the various
sources of uncertainty for the F(150) and F(205) flux den-
sities. Color corrections due to dust temperature variations
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are discussed in § 3.1 and are not included in the flux density
values of Table 2.

Long-wavelength ISO measurements for one of our gal-
axies, NGC 6090, have already appeared in the literature
(Acosta-Pulido et al. 1996). A recent recalibration of the
published data (J. Acosta-Pulido 1998, private com-
munication) gives F(150) = 8.26 Jy and F(205) = 7.16 Jy.
While Acosta-Pulido et al’s and our determinations of
the F(150) flux agree well within 1 g, the two F(205) flux
density determinations differ by 3 ¢. For the data of Acosta-
Pulido et al., there is no independent measurement of the
background, which may be the source of the discrepancy,
because the long-wavelength PSFs fill the C200 field of
view. For reference, the average background values we
measure around NGC 6090 are 8.9 + 0.4 MJy sr~ ! at 150
pm and 4.1 + 0.4 MJy st~ ! at 205 um, where the quoted
uncertainties are statistical only.

The last two columns of Table 2 list for each galaxy the
integrated FIR fluxes in the ranges 40-120 and 40240 um,
respectively. The flux in the range 40-120 um is from the
IRAS 60 and 100 um measurements, using the formula of
Lonsdale-Persson & Helou (1987); the flux in the range
120240 um is derived from our ISO photometry, after
approximating the filter bandpasses to square-equivalent
filters of 60 um width centered at 150 and ~ 205 um, respec-
tively (ISOPHOT Observer’s Manual 1994), and after
including the color corrections discussed in § 3.1. The
observed SEDs of the eight galaxies are shown in Figure 1.
The following sections concentrate on the five galaxies with
positive ISOPHOT detections at both 150 and 205 um and
contain no further discussion on the three galaxies unde-
tected at 205 um.

3. ANALYSIS AND RESULTS

3.1. Modeling the Emission from Large Dust Grains

The combination of IRAS and ISO photometry directly
measures the FIR emission in the wavelength region 8-240
um. In this section, we model the long-wavelength (4 > 40
um) FIR emission with the goal of obtaining a reliable
extrapolation of the dust emission beyond 240 ym and an
estimate of the contribution from cool dust (T < 25-30 K)
to the total FIR luminosity. For this purpose, we assume
that the emission longward of 40 um is fully accounted for
by large grains in thermal equilibrium with their environ-
ment. Modeling of the emission below ~40 um is not
attempted because of its complex characteristics (see § 1).

A range of parameters is explored for fitting the four data
points with 4 > 40 um: the emission is modeled with a
single and with a combination of two modified Planck func-
tions, and the dust emissivity index is allowed to have
values € = 1 and € = 2. This approach is not new (e.g., Chini
et al. 1986a; Lonsdale-Persson & Helou 1987; see also
Rowan-Robinson & Crawford 1989 and some of the refer-
ences listed in § 1) and does not account in detail for the
continuum of temperatures and physical conditions of the
dust in galaxies but is nevertheless adequate for describing
their long-wavelength FIR emission. Through x> mini-
mization, the best fit for the dust temperature(s) and, in the
case of two modified Planck function, for the fraction of
thermal FIR emission contributed by each dust component
is searched. The problem is well constrained, as the number
of free parameters is less than or equal to the number of
independent data points, that is, there are two and four free
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parameters in the single and the two modified Planck func-
tion models, respectively. One additional constraint to the
fit is given by the F(25) flux density: the F(25)/F(60) ratios of
our galaxies range between 0.11 and 0.25, implying that
between ~25% and ~75% of the F(25) flux is contributed
by large grains (Boulanger et al. 1988). In the single-
blackbody model, the temperature is allowed to vary
between 10 and 80 K. For the two-blackbody model, the
warm dust temperature may vary between 30 and 80 K,
while the cool dust temperature varies between 10 and 30
K. For the temperature range of interest, color corrections
to the flux densities at 60, 100, 150, and 205 um are about
1.02, 1.03, 1.16, and 1.09, respectively, and have been
applied to the observed values. The robustness of our fitting
routine has been tested against other authors’ results for the
dust emission of FIR-bright galaxies (Klaas et al. 1997,
Colbert et al. 1999); under the same assumptions for the
dust emission model, we reproduce the published best-fit
temperatures within 3 K.

For three of the galaxies in our sample (NGC 6090, NGC
7673, and IC 1586), the combination of two modified
Planck functions yields the best fit to the observed FIR
SEDs, with a reduced y? in the range 1.1-2.2. The warm
dust component contributes between 50% and 75% of the
F(25) flux. For NGC 5860 and Tol 1924—416, a single
modified Planck function is the best model to describe the
long-wavelength emission from the galaxies. In all five gal-
axies, a dust emissivity index € = 2 is a better fit to the FIR
SED than € = 1, with a factor of ~1.2-1.5 improvement in
the reduced y2. The first five panels of Figure 1 show the
best-fit curves for the five galaxies and, for comparison, a fit
to the data using a single blackbody with dust emissivity
index e =1 and temperature in the range 38-61 K
(depending on the galaxy). Table 3 lists the temperatures of
the warm and cool components, the fraction of the thermal
FIR luminosity contributed by each component, and the
associated dust masses (see § 3.2). Table 4 lists the thermal
FIR flux in the range 1-1000 um contributed by the
warm + cool dust [F,(1-1000)] and the total FIR flux con-
tributed by both large and small grains at any temperature
[F(1-1000)]. F,(1-1000) is calculated by adding the best-fit
model fluxes in the ranges 1-40 and 240-1000 um to the
observed flux in the range 40-240 um (Table 2). In F(1-
1000), the best-fit model fluxes in the range 8-40 um are
replaced with the observational data. Below 8 um, we esti-
mate that the contribution of the hot dust and small grain
emission to F(1-1000) is less than ~5%—-10% of the total
and is neglected. Table 4 also gives the ratio of the F(240—
1000) flux to the thermal FIR emission. In all five cases
considered, this contribution is no more than a few percent,
suggesting that the IRAS +ISO measurements detect the
bulk of the FIR emission from starburst galaxies. This
neglects the potential presence of dust with temperatures
T < 15, but the flux contribution of these additional com-
ponents to the FIR emission is not expected to be large.

In NGC 6090, NGC 7673, and IC 1586, the contribution
to the FIR flux of dust at T ~ 20-23 K is between 3 and 2
of the FIR emission, a nonnegligible fraction of the total;
the rest is contributed by warm dust at temperatures in the
range T ~ 40-55 K. For the two other galaxies, NGC 5860
and Tol 1924 —416, the best-fit models give temperatures
T ~ 32 and T ~ 50 K, respectively. NGC 5860 does not
have a cool component (according to our definition), but its
“warm ” dust has a fairly low temperature, that is, it is the
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TABLE 3
DusT TEMPERATURES AND MASSES
Twa ’Il‘a ch Mcc
Galaxy Name (K) (K) 5P A (M) Mg)  M/M,* M, /M;*  Hydust
NGC 6090 .......... 49*3 23*1 0.59:5:97 0.41+9:97 2.33E+6 1.03E+38 44 2.5 140
NGC 7673 .......... 43*¢ 20 + 2 0.67+ 0.11 0.33 + 0.11 595E+5 226E+7 38 39 360
NGC 5860.......... 32+0 1.00 + 0 0 3.79E+6 0 0.5
IC 1586 ............. 547 23%3 0.4055:8% 0.60%9:93 7.74E + 4 1.15E+7 149 1.9 700
Tol 1924—416...... 50*2 31+ 0 0.99:5:59 0.01+3:99 6.73E+4 8.77E+3 0.1 0.4

* Best-fit temperatures of the warm (7,,) and cool (T,) dust components. The two components are modeled as modified Planck functions with dust
emissivity index € = 2. The reported values refer to the case that 50% of the 25 um flux is contributed by the thermal (warm + cool) emission. The
superscript (subscript) shows the value to add to (subtract from) the mean temperature if 75% (25%) of the 25 pum flux is contributed by the thermal

emission.

® The fraction of thermal FIR luminosity contributed by the warm (f,,) and the cool (f,) dust components. Mean values, superscripts, and subscripts

follow the same convention of footnote a.

¢ The masses associated with the warm and cool dust components, using the mean values in the preceding columns.

4 Ratio of the cool to warm dust mass.

° The ratio between the warm + cool dust mass produced by the two-blackbody fit with dust emissivity index € = 2 and the dust mass produced by a

single-blackbody fit with emissivity index e = 1.

f The H —to—dust ratio. The H 1 mass measurements are from the RC3 (de Vaucouleurs et al. 1991) corrected for 10% He abundance. The dust mass

is the sum of the cool and warm components.

coolest among the galaxies in our sample. Conversely, Tol
1924 —416 is the only object with a high-temperature warm
dust component without a substantial cool dust com-
ponent. Even taking into account the 1 ¢ uncertainties of
the ISO data, very little, if any, FIR contribution from dust
cooler than ~50 K can be accommodated for this galaxy,
unless the dust is colder than ~ 15 K (which is beyond the
sensitivity range of our ISO observations).

3.2. Dust Masses and Gas-to-Dust Ratios

Dust masses can be estimated from long-wavelength FIR
fluxes using fairly standard recipes (Hildebrand 1983;
Lonsdale-Persson & Helou 1987). We adopt the formula-
tion of Young et al. (1989):

Mdust = CSIOO Dz[CXp (143‘88/’1—t'iusl) - 1] > (1)

where Mg, is in solar masses, S;, is the observed flux at
100 um in Jy, D is the galaxy distance in megaparsecs, and
the expression in square brackets is the temperature-
dependent part of the blackbody emission. The constant C
is a combination of fundamental constants and of param-
eters which depend on the physics of the dust grains, with
value ~12 Mg Jy ! Mpc~ 2 for e =2 and ~6 M Jy !
Mpc~2 for € = 1 (Hildebrand 1983; Draine & Lee 1984).

Table 3 lists the dust masses associated with the warm and
cool dust components from the previous section.

In NGC 6090, NGC 7673, and IC 1586, the cool dust
mass is between 40 and 150 times the warm dust mass, and
the total mass in dust is between 107 and 108 M. The
corresponding H 1—to—dust ratios, corrected for 10% He
abundance, are listed in the last column of Table 3. For
reference, typical H —to—dust ratios are 100-150 for the
Milky Way (e.g., Sodroski et al. 1997). If the H, gas mass is
included in the balance (Young et al. 1995), the gas-to-dust
ratio of NGC 6090 is ~ 1.7 times larger than the Milky Way
average (Bohlin, Savage, & Drake 1978). The two galaxies
have similar metallicity, thus they are expected to have
approximately similar gas-to-dust ratios; this is what is
observed, within the uncertainties of the various estimates.
NGC 7673 and IC 1586 have about half the metal content
of the Milky Way (e.g., Calzetti et al. 1994), implying that
their gas-to-dust ratios are expected to be a factor of 2
larger than the Galaxy value for similar dust depletion pat-
terns. Using upper limits on the CO luminosity of NGC
7673 (Gordon, Heidmann, & Epstein 1982) to estimate its
H, gas content, we find (gas/dust)ygc 7673 ~ 2(gas/dust)yw,
as expected from the metallicity differences. For IC 1586,
there are no estimates on the H, mass in the literature; we
find (H 1/dust),c ;556 ~4-5(H 1/dust)yw, which is about a

TABLE 4

INFRARED LUMINOSITIES AND BOLOMETRIC CORRECTIONS

F,(1-1000)* F(1-1000)*
Galaxy Name (ergs s~ ! em™?) (ergs s ! cm™?) F(240-1000)/F ,,(1-1000)® BC,;°
NGC 6090 .......... (53.8 + 4.6)E—11 (58.8 + 4.7)E—11 0.02 1.79 + 0.18
NGC 7673 .......... (39.7 + 4.5E—11 (42.0 + 4.6)E—11 0.03 1.71 + 0.26
NGC 5860 .......... (12.7 + 14E—-11 (163 + 1.5E—11 0.02 1.80 + 0.22
IC 1586 ............. 9.6 + 1.2 E—11 (9.6 + 1.2)E—11¢ 0.03 1.81 + 0.33
Tol 1924—416...... (10.5 + 1.0E—11 (11.1 + LHE—11¢ <0.01 1.63 + 0.26

2 The FIR flux in the range 1-1000 pm, for the thermal (warm + cool) dust component [F,,(1-1000)] and after
adding the mid-IR contribution from small-grain emission [F(1-1000)]. See § 3.1 for the derivation of F,,(1-1000)

and F(1-1000).

® The fraction of FIR flux contained in the 240-1000 zm window relative to the thermal FIR emission.

° The dust emission bolometric correction, BC, = F(1-1000)/F(40-120), relative to the IRAS 40-120 ym emission.

4 For IC 1586, the emission in the 8—40 um wavelength region has been assumed to be thermal only, because the
F(12) and F(25) IRAS data of this galaxy are upper limits (Table 2). The same approximation has been applied to the
8-16 um window of Tol 1924 —416, as the reported F(12) flux is an upper limit.
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factor of 2 larger than the expectations, after taking into
account metallicity differences with our Galaxy. This is still
an acceptable agreement within our uncertainties, although
we cannot exclude that a nonnegligible mass of dust colder
than T ~ 15 K may exist in IC 1586.

The total dust mass derived from the two-blackbody fit
and € = 2 emissivity is within a factor of 4 of the dust mass
derived from a single-blackbody model with € = 1 emiss-
ivity (ninth column of Table 3). Therefore, either model
produces reasonably consistent masses for dust emitting in
the temperature range 20-60 K.

3.3. The Energy Balance

This section presents a comparison between the mea-
sured amount of stellar energy absorbed by dust, represent-
ed by the observed FIR emission, and a predicted value of
the dust-absorbed stellar energy derived from the UV—-to—
near-IR SED of each galaxy in our sample. The goal is to
establish whether, and within which accuracy, extant
methods for UV—to—near-IR dust reddening correction (the
“starburst reddening ” curve of Calzetti et al. 1994; see also
Calzetti 1997a) can also be used to derive the total dust
optical depth in UV-bright, starburst galaxies. For this
purpose, the predictions on the dust-absorbed stellar light
will be derived by applying the starburst reddening curve
and the measured color excess values E(B— V) (Table 1) to
the observed UV-to—near-IR SEDs of the galaxies.

Four of the five galaxies have data in the wavelength
region 0.12-2.2 um, and the fifth, Tol 1924 —416, has data in
the region 0.12-1.0 ym from the literature (Kinney et al.
1993; McQuade, Calzetti, & Kinney 1995; Storchi-
Bergmann, Kinney, & Challis 1995; Calzetti, Kinney, &
Storchi-Bergmann 1996). As discussed in § 2, the galaxies in
the present sample have been chosen to minimize the aper-
ture mismatch between the UV-optical observations
(effective area of ~170 arcsec?) and the FIR photometry
(with effective areas of a few square arcminutes). In addi-
tion, we have an estimate of the fraction of light falling
outside the UV-optical-near-IR observational apertures
(fourth column of Table 1), which we use to correct for the
residual effect of aperture mismatch. All UV-to—near-IR
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SEDs have been extrapolated down to the Lyman break at
0.0912 um using a power-law fit to the UV spectrum. Table
5 lists the observed flux, F,, in the waveband 0.09-2.3 ym
for the five galaxies.

The intrinsic shape of the stellar emission, F;(4), is recov-
ered using the starburst reddening curve k'(1) = A'(A)/E,
(B—V), with the standard formulation (Calzetti et al. 1994,
Calzetti 1997b):

Fi(2) = F(A)10%45E=DE® &)

with F(4) and F (/) the intrinsic and observed stellar con-
tinuum flux densities, respectively; the color excess of the
stellar continuum E(B—V) is linked to the color excess
derived from the nebular gas emission lines E(B— V) (Table
1) via

E(B—V)=(044 + 0.03)E(B—V) 3)
(Calzetti 1997b). The expression of k'(4) is
k'(A) = 2.659(—1.857 + 1.040/2) + R}, ,
0.63 um < 1 <220 um ;
= 2.659(—2.156 + 1.509/4
—0.198/2% + 0.011/A%) + R}, ,
012 um < 1<063 yum. (4)

The amount of UV-to-near-IR stellar continuum light
absorbed by dust is the difference F; — F, between the
intrinsic and the observed emission. If the entire scattering
area of the galaxy is contained within the observational
aperture, the reddening curve represents mainly an
“absorption ” curve. Such an assumption is appropriate for
our observational configuration, where large apertures are
employed, and a large fraction of the light from the galaxy
and practically all the light from the starburst are observed.
The energy balance between UV—-to—near-IR and FIR must
include the fraction of ionizing photons (4 < 0.0912 um)
absorbed by dust, either directly or after they have been
reemitted by hydrogen as Lya photons; this fraction is
about 2 of the total, albeit with a large uncertainty (see
references in Calzetti et al. 1995). An estimate of the ionizing

TABLE 5
ENERGY BALANCE

F,(0.09-2.3)°

F,(0.09-2.3)°

F~b

ion

Galaxy Name (ergss *cem™2?)  (ergss 'cm™?)  (ergss 'em™?)  AF(0-2.3)/F(1-1000)°  F,/F,,°
NGC 6090 .......... 8.06E—11 33.00E—11 1041E—11 0.60 0.12
NGC 7673 .......... 15.81E—11 46.67E—11 6.43E—11 0.98 0.29
NGC 5860 .......... 7.01E—11 31.39E—11 6.31E—11 2.14 0.31
IC 1586 ............. 457E—11 1548E—11 3.50E—11 1.53 0.32
Tol 1924—416...... 17.00E—11° 18.10E—11 5.44E—11 0.46 0.58

* The observed, F,, and intrinsic, F;, galaxy emission in the range 0.0912-2.3 ym. F; is derived from F,, using the
starburst reddening curve (see text; Calzetti et al. 1994; Calzetti 1997a) and the color excess values of Table 1 to correct for

the effects of dust obscuration.

b The intrinsic ionizing flux, derived from the reddening-corrected Ha emission (Leitherer & Heckman 1995). About 67%

of this flux is absorbed by dust (see text).

¢ The energy balance, AF(0-2.3)/F(1-1000), between the stellar light absorbed by dust in the UV-to-near-IR and the
observed dust FIR emission. AF(0-2.3) is the difference between the intrinsic and observed flux in the wavelength range
0.0-2.3 um and represents the predicted FIR emission. It is assumed that the scattering region is completely included in the
observational aperture. The UV—to—near-IR fluxes have been corrected for the fraction of light outside the observational
aperture, using the values in the fourth column of Table 1. The expected value for the predicted-to-observed FIR ratio is

unity, i.e., AF(0-2.3)/F(1-1000) = 1.
4 The ratio of the observed UV-to-near-IR emission, F,,

to the bolometric emission, Fy,, defined as the total flux from

the UV to the FIR, F (0-2.3) + F(1-1000). The UV-to—near-IR fluxes have been corrected for aperture losses via the values

in the fourth column of Table 1.

¢ The stellar emission of Tol 1924 — 416 includes the wavelength range 0.09-1.0 um only.
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energy is obtained from the reddening-corrected Ha flux,
using the formula of Leitherer & Heckman (1995). The pre-
dicted dust-absorbed stellar flux is then given by
AF(0-23)=F;,— F, + 0.67F,,,. Table 5 lists both the ion-
izing flux and the “intrinsic ” stellar continuum flux F;, inte-
grated from 0.09 to 2.3 um. The largest uncertainty in the
derivation of AF(0-2.3) is in the Rj = A'(V)/E(B—V)
parameter of the starburst reddening curve. If we were
dealing with standard extinction curves (rather than a
reddening curve for galaxies), R}, = R, would be the total
extinction at V, which has the value R, = 3.1 for the Galac-
tic diffuse interstellar medium. For starburst galaxies the
exact meaning of Rj, is less straightforward, since extinc-
tion, scattering, and the geometrical distribution of the dust
relative to the emitters are all folded together. However, R;,
can still be described as an effective total obscuration at V'
(see Calzetti 1997b; Meurer et al. 1999).

Using the value Rj = (4.88 + 0.98) (Calzetti 1997b) to
calculate AF(0-2.3) yields the predicted-to-observed dust-
absorbed light ratios AF(0-2.3)/F(1-1000) listed in Table 5.
The ratios vary between 0.6 and 2.1, with an average
{AF(0-2.3)/F(1-1000)> = 1.18 (logarithmic average) for the
four galaxies with nonnegligible reddening at optical wave-
lengths, ie, NGC 6090, NGC 7673, NGC 5860, and IC
1586. In the ideal case that the reddening curve fully recov-
ers the light lost to dust, the ratio AF(0-2.3)/F(1-1000) = 1
because of energy conservation. This means that, on
average, the starburst reddening curve with R}, = 4.88 over-
predicts the dust FIR flux by about 18%. In order to
decrease the predicted FIR flux by this excess, the effective
obscuration at ¥ must be decreased down to

Rj, = 4.05+ 0.80 . (5)

Although this value R}, is derived from the average of only
four galaxies, we will show in § 4.2 that it has a more general
validity, as it can be applied to large samples of star-forming
galaxies. It should also be noted that equation (5)is only 1 @
away from the original value derived by Calzetti (1997b).

The dispersion around the mean for <{AF(0-2.3)/
F(1-1000)) is about a factor of 2 (fifth column of Table 5).
Reasons for such dispersion can be varied. In cases where
the application of the reddening curve underestimates the
FIR flux, like in NGC 6090, some regions of the central
starburst may be heavily enshrouded in dust and they give
little, if any, contribution to the observed UV—-to—near-IR
flux. In cases where the reddening curve overpredicts the
FIR emission, as for NGC 5860, variations in the geometry
of the stellar populations and the dust (e.g., the entire scat-
tering region is not included in the observational aperture)
can play a role. A factor of 2 dispersion in the predicted FIR
flux of starburst galaxies is, however, remarkably small,
given that a single recipe for dust obscuration corrections is
being used. Thus, within the limitations of the small sample
available to us, the curve recovers the total dust optical
depth of UV-bright, starburst galaxies and can be appropri-
ately called an “ obscuration curve.”

4. DISCUSSION

4.1. Far-Infrared Emission from Local Starburst Galaxies

Dust emission at wavelengths beyond 120 um (the IRAS
limit) represents a nonnegligible fraction of the FIR flux
even in “warm” galaxies like starbursts. Table 4 lists the
bolometric corrections between the total FIR dust emission
in the wavelength window 1-1000 ym and the 40-120 um
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IRAS measurements for the five galaxies in our sample,
which has an average

_ F(1-1000)
= Fao120~ 15 025 6)

BC,
The dust bolometric corrections lower to values between 1.4
and 1.8, with an average of 1.6, if only the thermal dust
emission is included in the balance. Rigopoulou et al. (1996)
measured FIR SEDs for a sample of ultraluminous IRAS
galaxies using submillimeter observations. Dust bolometric
corrections derived from seven galaxies in this sample by
Meurer et al. (1999) give BC,;(40-1000) = 1.4 + 0.2 in the
wavelength region 40-1000 um, coincident with the median
value we obtain in the same wavelength range, that is,
BC,(40-1000) = 1.38 + 0.22.

Buat & Burgarella (1998) derived dust bolometric correc-
tions for actively star-forming galaxies by constraining the
dust emission with IRAS data and the millimeter obser-
vations of Andreani & Franceschini (1996). With their cali-
bration, the total-to-IRAS correction for five of the galaxies
in Table 1 (NGC 6090, NGC 7673, NGC 5860, IC 1586, and
Mrk 66) is around 1.23, and it is BC,; < 1 for Tol 1924 —416.
The corrections are on average ~43% smaller than ours,
and the discrepancy increases for increasing deviation of the
galaxies’ FIR emission from the single-blackbody approx-
imation. This result suggests that millimeter-wavelength
observations alone, even when coupled with IRAS data, are
inadequate to constrain the long-wavelength FIR emission.
Observations in the millimeter regime fall in the Rayleigh-
Jeans tail for all dust components warmer than a few
degrees kelvin and are difficult to use for deriving the actual
emission in the submillimeter range (see, e.g., Chini et al.
1986a; Roche & Chandler 1993).

For the three galaxies in our sample whose thermal FIR
SED is modeled by a combination of two modified Planck
functions (Table 3), the cool dust component represents
between 30% and 60% of the thermal FIR emission. This
component is very likely heated by a combination of the
central starburst and the ISRF. The comparison of NGC
6090 with NGC 7673 provides support for this statement.
The SFRs of the two starbursts, as derived from their
extinction-corrected Ha luminosities, differ by a factor of
~11 (Table 1, after including aperture corrections), while
their host galaxies differ by less than a factor of 3 in R-band
brightness, with NGC 6090 being the brighter and more
active of the two. If the cool dust were heated mostly by the
ISRF, the fraction of FIR luminosity due to warm dust
should be larger in NGC 6090 than in NGC 7673 (Young

et al. 1989), ie., (fu/fo)nge 6000 X 4(fw/fe)nGe 7673- Instead,

(fwlfeInae 6000 ~ (fuwlfe)nae 7673, implying that most of the
cool dust heating in NGC 6090 is due to the starburst itself.

A similar conclusion is reached by comparing NGC 6090
with IC 1586. The dust temperature decreases for increasing
distance of the dust grains from the heating source, for
increasing dust column density (optical depth) and for
increasing mean wavelength of the source SED (Panagia
1978). Because of the exponential dependence of T on the
medium’s optical depth, large dust opacities reduce the tem-
perature even in the presence of hard radiation from
massive stars. Optically thick regions introduce a spread
toward low temperatures of the emission spectrum because
of dust self-shielding and shielding of dust grains by H,
(e.g., Natta et al. 1981; Mathis, Mezger, & Panagia 1983 for
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the giant molecular clouds (GMCs) in the Milky Way; Wall
et al. 1996 for COBE observations of Orion). Luminous FIR
galaxies, like NGC 6090, are candidates for an opaque
medium at most wavelengths (Lisenfeld, Isaak, & Hills
1999). In the environment of luminous and ultraluminous
FIR galaxies, the gas densities are large and can reach
about 10 times the density of GMCs (Downes & Solomon
1998); dust column densities are, thus, likely to be large.

Effects of dust optical depth explain qualitatively why
Tol 1924 —416 does not have a cool dust component and its
dust is generally warm, with T ~ 50 K. Tol 1924 —416 is the
most metal-poor and dust-poor galaxy in our sample of
five, with a metallicity about 5-10 times lower than the
other four and a very small optical dust reddening (fifth
column of Table 1). Comparably low dust opacities are
expected if the gas column densities are similar among the
five galaxies. Dust self-shielding is less effective in Tol
1924—416 than in the other galaxies, and the radiation
from the massive stars will heat the dust to relatively high
temperatures in the entire starburst region.

Optically thick regions are not the only cause for the
presence of a cool dust component; the nonionizing stars
produced in the central star-forming region can also heat
the dust to relatively low color temperatures, similar in
effect to the ISRF. For typical star formation durations of
~50-100 Myr or more, a number of long-living, non-
ionizing stars are accumulated in the starburst site and
become important for the dust heating. Photons from these
stars are less energetic on average than the radiation from
massive stars and can also travel long distances before being
intercepted by a dust grain (Mezger et al. 1982). The dust is
then heated to relatively low color temperatures (e.g., the
case of the postburst galaxy NGC 4945; Koornneef 1993).
For the typical SFRs of NGC 7673, NGC 5860, and IC
1586 (Table 1), the energy density of the starburst’s non-
ionizing stars equals that of the host galaxy diffuse radi-
ation field at a distance about 0.6 times the radius of the
galaxy from the starburst center, assuming that the host
galaxy has stellar population characteristics similar to the
Milky Way. Since {u) oc T**¢ a factor of a few variation in
the energy density {u) produces only a few percent change
in the dust temperature 7.

Our galaxies are generally classified as “UV bright.”
However, with the exception of Tol 1924 —416, which con-
tains relatively little dust, all the others are affected by dust
obscuration in a nonnegligible manner. The energy emerg-
ing at UV-to-near-IR wavelengths is § or less of the bolo-
metric luminosity; furthermore, the UV emission below 0.2
um represents less than 15% of the FIR emission (Tables 5
and 6 and Fig. 1). A “picket fence” or “clumpy” geometry
for the dust can account for the apparent contradiction that
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such galaxies are at the same time “ UV bright” and good
FIR emitters: most of the UV-to—near-IR emission will
emerge from dust-clear lines of sight, while the FIR emis-
sion emerges from dusty lines of sight (Calzetti 1997a;
Gordon, Calzetti, & Witt 1997).

4.2. The Starburst Obscuration Curve: Application to a
Larger Sample of Local Galaxies

The analysis in § 3.3 has shown that the starburst
reddening/obscuration curve of Calzetti et al. (1994) mea-
sures the total dust opacity affecting the UV—-to-near-IR
SEDs of starburst galaxies with an accuracy of a factor of
about 2 in each individual case. Up to this point, the valid-
ity of such a result is limited to the few galaxies in our
sample. In this section, the generality of the obscuration
curve is tested on a much larger sample of UV-bright, star-
burst galaxies.

UV data for a sample of 47 actively star-forming galaxies
are drawn from the Kinney et al. (1993) IUE Atlas and are
complemented with IRAS FIR fluxes. A list of general char-
acteristics of the 47 galaxies is reported by Meurer et al.
(1999), together with the values of the UV spectral slopes
and a discussion on the uncertainties due to aperture mis-
matches between IRAS and IUE data. The UV spectral
slope B, derived in the wavelength range 0.12-0.26 um, is a
measure of the dust reddening affecting the UV stellar con-
tinuum of a starburst galaxy (Calzetti et al. 1994).

Because of the highly incomplete spectral information
available, basically only UV and IRAS FIR data, the energy
balance approach of § 3.3 cannot be applied to the large
sample. A more approximate method is therefore employed
here (Meurer et al. 1999): in addition to a measure of the
UV and optical reddening [ and E(B— V)], an estimate of
the UV total obscuration is derived for each galaxy, and the
two quantities are compared with predictions from the star-
burst obscuration curve. In a starburst galaxy most of the
intrinsic stellar light is emitted in the UV, and the FIR-to-
UV energy ratio, F(IR)/F(UYV), is an estimator of the global
dust optical depth at UV wavelengths (Xu & Helou 1996).
In the present case, F(IR) = F(40-120) and F(UV) = [0.16
£(0.16)], with f(0.16) the flux density at 0.16 um. The ratio
F(IR)/F(UV) is converted into an obscuration A(4) (in
magnitudes) at 0.16 um via

1 F(IR
A(0.16) ~ 2.5 log [E ﬁ 1] , (7
where
E~09. @®)

The constant E is the ratio of two quantities: the bolometric
correction of the UV-to—near-IR stellar light relative to the

TABLE 6

SPECTRAL ENERGY DISTRIBUTIONS

[‘bolii
Galaxy Name (Lo) HW)o.17/Fu(FIR)®  Af(A)o 22/Fu(FIR)®  Af(A)100/Fu(FIR)®  Af(A)150/F(FIR)®  Af(A)z05/F(FIR)®
NGC 6090.......... 6.8E+11 0.03 . 0.50 0.32 0.12
NGC 7673 .......... 9.1E+10 0.10 0.09 0.52 0.38 0.15
NGC 5860.......... 9.9E+10 0.09 0.07 0.71 0.41 0.08
IC 1586 ............. 6.7E+10 0.11 0.53 0.44 0.12
Tol 1924—416...... 32E+10 0.77 0.58 0.29 0.13 0.013

2 Bolometric luminosities, in solar units, calculated using the fluxes of Table 5 and the distances and aperture corrections of Table 1.
b The energy coming out at 0.17, 0.22, 100, 150, and 205 um relative to the thermal dust FIR emission.
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UV emission at 0.16 um and the dust bolometric correction
relative to the fraction of FIR light detected in the IRAS
window. Our value of E is about 30% smaller than that of
Meurer et al. (1999) for the following reasons: (1) the dust
bolometric correction used in equation (7) is the one we
derive from our ISO observations (eq. [6]), which is about
25% larger than that used by the other authors; (2) the
bolometric correction of the stellar light is derived under
the assumption that a star formation event lasts ~108-10°
yr (Calzetti 1997a), rather than <108 yr; (3) the fraction of
stellar light absorbed by dust at each wavelength is treated
semianalytically, instead of being approximated to its mean
value at UV wavelengths. Equation (7) has been derived
assuming that the approximation of foreground dust holds
for UV-bright starbursts; various observations support this
assumption (Calzetti et al. 1994, 1996).

A plot of A(0.16) as a function of the UV spectral slope
is shown in Figure 2 for the 47 starburst galaxies. The tight
correlation between A(0.16) and S shows that the same
amount of dust responsible for the UV reddening is also
responsible for the total UV opacity (Meurer et al. 1999).
The continuous line in Figure 2 is the correlation between
A(0.16) and B expected from the starburst obscuration curve
of § 3.3:

A(0.16) = 2.31(8 — B,) = 2.318 + 4.85 . )

For the no-dust case [ 4(0.16) = 0], an intrinsic UV spectral
slope B, = —2.1 has been adopted (Calzetti 1997a), as
expected for continuous star formation over a timescale of 1
Gyr. Once B, is fixed, there are no other free parameters in
equation (9). The excellent agreement between the locus of
the observed points and the predicted curve suggests that

@]
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F16. 2—Opacity at 0.16 um, A(0.16), plotted as a function of the UV
spectral slope f for a sample of 47 starburst galaxies from Kinney et al.’s
TUE Atlas. The filled triangles mark the position of our five galaxies; upper
limits are indicated as downward arrows. A representative 1 ¢ error bar is
given at the bottom right corner of the diagram. 4(0.16) is derived from the
ratio FIR ;s to UV luminosity. f is a measure of the dust reddening
affecting the galaxy. The tight correlation between the two quantities
demonstrates that the same amount of dust responsible for the reddening is
also responsible for the total obscuration (see Meurer et al. 1999). The
continuous line is the trend predicted by the starburst obscuration curve
k'(2) (egs. [4] and [5]). The slope of the line is dictated by the functional
shape of k'(4), and the intercept by the UV characteristics of the intrinsic
stellar SED (see text).
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the reddening curve of equation (4), with the zero point of
equation (5), is a representative obscuration curve for UV-
bright, star-forming galaxies in general. It recovers fairly
accurately (within ~20%) the mean dust opacity of a large
sample of such galaxies. This is not the result of a circular
argument: the reddening curve (eq. [4]) has been derived
entirely from UV-to-near-IR data of starburst galaxies,
while its zero point (eq. [5]) has been derived from the FIR
data of a small sample of five galaxies; the data in Figure 2
use an independent set of data: the FIR emission detected
by IRAS for a relatively large number of star-forming gal-
axies.

For fixed p, the scatter about the mean value of A(0.16) is
typically 0.5-0.6 mag (one sided); thus, a measure of the
global opacity of any individual star-forming galaxy using
the starburst obscuration curve will give a typical uncer-
tainty of a factor of 1.6-1.7, not very different from the
factor of ~2 found in § 3.3.

For B < —1.4, the data points of Figure 2 tend to have
higher values of A(0.16) than predicted by equation (9).
There are two possible reasons for this effect. First, the
uncertainty of converting the FIR emission into a UV
opacity is large, especially with limited wavelength cover-
age. Detailed energy balance analysis should be performed
on the dust-poor galaxies in order to understand whether
the observed underestimate of the opacity is an actual
problem or is an artifact of how A(0.16) is constructed.
Second, very blue, dust-poor galaxies are generally associ-
ated with shorter timescales for star formation (e.g., Calzetti
1997a), implying that, in equation (9), , should be changed
from —2.1 to a more negative value to properly represent
the data points at § < —1.4. For instance, continuous star
formation over 0.1 Gyr gives i, = —2.35 for solar metal-
licity (Leitherer & Heckman 1995). Variations in the intrin-
sic stellar population of each galaxy may thus play a small
but not insignificant role in the details of the agreement
between data and prediction.

For a subset of ~ 30 starburst galaxies, color excess mea-
surements for the ionized gas, E(B— V), are available from
Calzetti et al. (1994). Figure 3 shows the obscuration 4(0.16)
as a function of E(B—V). A correlation between the two
quantities is present also in this case, although with a larger
scatter than in Figure 2. Formally, equations (4) and (5)
imply a correlation between 4(0.16) and E(B— V) expressed
as

A(0.16) = 439E(B—V) . (10)

The predicted correlation marks the lower envelope to the
data points of Figure 3. E(B— V) measures the reddening of
the ionized gas (Calzetti et al. 1994), while A(0.16) is a
measure of the dust obscuration affecting the UV stellar
continuum; the two are, therefore, not directly related. The
scatter in the relation between A(0.16) and E(B—V) is no
worse than the scatter between f and E(B— V) found by
Calzetti et al. (1994), which is an imprint of the differential
reddening between stellar continuum and ionized gas (eq.
[3]) and of the variations in the intrinsic stellar population
between galaxies. For fixed E(B— V), the scatter about the
mean value of A(0.16) is about 1 mag (one sided).

One final caveat: the obscuration curve may not be
applicable to very compact, dusty starbursts, where dust
optical depths are large (e.g., ultraluminous FIR galaxies)
and the foreground dust approximation may not hold.
However, the issue is still open.
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0 02 04 06 08 1
E(B—V)

F1G. 3—Opacity at 0.16 um, A(0.16), plotted as a function of the color
excess E(B—V) for a sample of 30 starburst galaxies (Calzetti et al. 1994).
E(B—V) is measured from the ionized gas emission. Symbols are as in Fig.
2. A representative 1 ¢ error bar is given at the bottom right corner of the
diagram. The continuous line shows the trend predicted by the starburst
obscuration curve k'(4) (egs. [4] and [5]), after requiring that the opacity of
the stellar continuum be zero [4(0.16) = 0] if the reddening of the ionized
gas is zero [ E(B—V) = 0]. The predicted line marks the lower envelope of
the correlation between 4(0.16) and E(B— V).

4.3. Implications for High-Redshift Galaxies

As mentioned in § 1, the central regions of local UV-
bright, starburst galaxies show some observational charac-
teristics similar to those of the Lyman-break galaxies at
z > 2.5 (Steidel et al. 1999). In both cases, the objects are
active star-forming systems with median star formation
rates per unit area of ~1-2 My yr~ ! kpc™ 2. Another char-
acteristic they share is the large spread in rest-frame UV
colors (Dickinson 1998). As seen in the previous section, the
range of UV spectral indices of local starbursts is closely
linked to the amount of dust reddening present in the
galaxy. Dust reddening has been proposed also as an expla-
nation for the observed range of UV colors of the Lyman-
break galaxies (Calzetti 1997b; Meurer et al. 1997, 1999;
Pettini et al. 1998 ; Steidel et al. 1999).

The median of the distribution of observed UV colors
corresponds to a color excess E(B—V)=0.15 for the
stellar continuum [Steidel et al. 1999, using the normal-
ization R'(V) = 4.88 of Calzetti 1997b]. The new normal-
ization derived here, R'(V)=4.05, implies a negligible
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change to the color excess, E(B—V)=0.16, mainly
because the new zero point affects k'(1) by less than 8% at
A 5 0.17 um. Thus, the intrinsic UV flux at 0.15-0.17 ym is
on average 4.1-4.6 times larger than what observed. Dust
absorbs about 75%-80% of the UV light in Lyman-break
galaxies at z ~ 3, a figure compatible with the maximum
value of 82%-85% inferred from the cosmological evolu-
tion of the dust content of galaxies (Calzetti & Heckman
1999; Pei, Fall, & Hauser 1999).

The extended wavelength coverage of our ISO sample
can be used to predict the characteristics of the FIR emis-
sion from high-redshift, UV-bright, star-forming galaxies.
Table 6 lists for our sample galaxies the bolometric lumi-
nosity and the energy emitted at a few selected wavelengths
normalized to the thermal FIR emission. As already
remarked, the bulk of the energy, more than Z (Table 5),
emerges at FIR wavelengths, with the exception of Tol
1924 —416, which is the dust-poor galaxy in this sample.
Table 7 lists selected observational properties of the same
galaxies placed at redshifts z = 1 and z = 3, respectively, in
a universe with Q,, =1, Q, =0, and H, = 50 km s !
Mpc~ 1. At z = 3, the five galaxies would have observed
magnitudes R ~ 25.5-27 (rest frame A ~ 0.17 um), about
1.0-2.5 mag lower than the ~R* value determined by
Steidel et al. (1999) for the Lyman-break galaxies; the
expected flux densities at rest frame 100, 150, and 205 um,
which correspond to the observer’s frame 400, 600, and 820
um, are generally below the detection limits reached by the
deepest submillimeter surveys (~2 mJy for a 5 ¢ detection
with SCUBA at the James Clerk Maxwell Telescope
(JCMT), Hughes et al. 1998). A similar conclusion applies to
the z = 1 case: our galaxies placed at that redshift would
have fairly faint B magnitudes (rest frame 0.22 ym) and
equally faint FIR flux densities. Tables 8 and 9 give the
predicted FIR flux densities and corresponding bolometric
luminosities for selected SEDs (NGC 6090, NGC 7673, and
Tol 1924 —416) covering a range of B or R magnitudes at
redshifts z = 1 and z = 3, respectively. The predicted FIR
fluxes are, where possible, directly from IRAS or ISO mea-
surements whose redshifted wavelengths are the closest to
recent submillimeter surveys (e.g., SCUBA: 450 and 850
um). Otherwise, they are extrapolated from the model
SEDs.

Both Tables 8 and 9 show that only very bright galaxies,
Ly = (2-3) x 10*? L, are detectable with the current
sensitivity limits of SCUBA for the range of SEDs con-
sidered here (see, e.g., the review by Lilly et al. 1999b). These

TABLE 7

HiGH-REDSHIFT MAGNITUDES AND FLUXES

z=1 z =13

B* f(200)°  f(300)°  f(410)® R? f(400> (600>  f(820)°

GALAXY NAME (AB mag) (mJy) (mJy) (mJy) (AB mag) (mJy) (mJy) (mJy)
NGC 6090.......... 25.7 1.88 1.80 0.92
NGC 7673 .......... 247 1.26 1.38 0.75 26.8 0.21 0.23 0.13
NGC 5860.......... 249 1.84 1.60 0.43 27.1 0.25 0.21 0.06
IC 1586 ............. 27.0 0.16 0.20 0.08
Tol 1924—416...... 245 0.13 0.09 0.01 26.4 0.02 0.01 <0.01

2 Expected B or R magnitudes, in observer’s frame, after redshifting the galaxies to z = 1 and z = 3, respectively. The
chosen cosmology has Q,, = 1,Q, = 0,and H, = 50km s~ * Mpc ™ ..
® Expected FIR fluxes, at the indicated wavelengths in observer’s frame, obtained by redshifting the measured fluxes at

100, 150, and 205 pumto z = 1 and z = 3.
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TABLE 8

PREDICTED FAR-INFRARED FLUX DENSITIES AT
REDSHIFT z = 1

B f@a10)  f(850) Lo
(ABmag)  (mJy)  (mJy) (Lo)
200...... 56.60 1150  69E+12

0.76 011  20E+12
210...... 22.60 448  28E+12
0.30 004  8.0E+11
220...... 8.98 182 L1E+12
0.12 002  32E+11
230...... 3.57 072  43E+11
005 <001 12E+11
240...... 142 029  18E+11
002 <001 5I1E+10

* For each magnitude B, two values (two
rows) of the FIR flux density at 410 and 850
um and of the bolometric luminosity are
reported. The two rows give values for galaxies
with the SEDs of NGC 7673 and Tol
1924 —416, respectively.

sources are similar to or brighter than the typical local
ultraluminous FIR galaxy, like Arp 220. The ability to
detect the dust FIR emission from a high-redshift galaxy
depends, however, not only on the intrinsic luminosity of
the source, but also on the details of the dust SED. There is
a factor of ~5-10 difference between Tol 1924 —416 and
the other four galaxies in the amount of energy coming out
at rest frame 205 um relative to the total thermal FIR emis-
sion (see last column of Table 6). For comparison, the 205
um—to—total FIR energy in Arp 220 is also about 2.5-5
times larger than in Tol 1924 —416 (from the data of Klaas
et al. 1997). The difference is mainly driven by the absence of
a cool dust component in Tol 1924 —416. As discussed in
§ 4.1, there is very little dust emission with temperature
T < 50 K in Tol 1924 —416, independent of the chosen dust
emissivity, although this result needs further confirmation.

TABLE 9

PRrREDICTED FIR FLUX DENSITIES AT
REDSHIFT z = 3

R* f1400)  £(820) Lo
(4Bmag)  (mJy)  (mJy) (Lo)
230...... 22.60 11.10 81E+12

7.04 4.16 30E+12
0.51 0.05 73E+11
240...... 8.98 4.42 33E+12
2.80 1.66 12E+12
0.20 0.02 29E+11
250...... 3.58 1.76 13E+12
1.12 0.66 4.8E+11
0.08 <0.01 11E+11
260...... 1.42 0.70 51E+11
0.44 0.26 19E+11
0.03 <0.01 4.6E+10
270...... 0.57 0.28 14E+11
0.18 0.11 7.5E+10
0.01 <0.01 19E+10

2 Similar to Table 8, for each magnitude R,
three values (three rows) of the FIR flux density
at 400 and 820 um and of the bolometric lumi-
nosity are reported. The three rows give values
for galaxies with the SEDs of NGC 6090, NGC
7673, and Tol 1924 —416, respectively.
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We can speculate whether the long-wavelength FIR
SEDs of high-redshift galaxies may be expected to be con-
sistent with “ purely ” warm dust emission and be similar to
the Tol 1924 —416. Low dust temperatures are the result of
high dust column densities and low SFRs, both contrib-
uting to lower the number of UV photons available to each
dust grain. The dust optical depth of Lyman-break galaxies
is not known, but educated guesses can be made with the
available information. High-redshift galaxies are expected
to be more metal poor than local galaxies (~1/10 Z, at
z~ 3, e.g, Pei & Fall 1995; Calzetti & Heckman 1999),
although preliminary measurements seem to suggest rela-
tively high abundances in Lyman-break galaxies (De Mello,
Leitherer, & Heckman 1999; Pettini et al. 1999). Low metal
abundances do not necessarily imply low dust column den-
sities: high-redshift galaxies may still have a large reservoir
of gas, if they have not previously undergone a major star
formation phase. Damped Lya absorption systems at z ~ 3
have H 1 column densities in the range N(H 1) = (2-
10) x 10*! cm~2 (Storrie-Lombardi, McMahon, & Irvin
1996), consistent with the total gas column densities of
~10%?2 cm™~? predicted by models (Calzetti & Heckman
1999). The result is that the dust optical depth of high-
redshift galaxies may be as large as that of local starbursts
like NGC 7673. However, Lyman-break galaxies have
reddening-corrected SFRs about 10 times larger than NGC
7673 itself (Steidel et al. 1999), implying that about 10 times
more UV photons are available for each dust grain and that
the dust temperature may be as much as 50% higher than in
local starbursts. The possible youth of the stellar popu-
lations in the Lyman-break galaxies (ages < 1-2 Gyr) may
also argue in favor of warm dust. In conclusion, the dust in
high-redshift galaxies may be warmer than in NGC 6090
like and NGC 7673-like starbursts and potentially as warm
as in Tol 1924—416, implying that the distant galaxies
would be undetectable with current submillimeter instru-
mentation.

5. SUMMARY AND CONCLUSIONS

The long-wavelength coverage afforded by ISO has been
crucial for characterizing the thermal FIR emission of
actively star-forming galaxies. We observed with
ISOPHOT eight starburst galaxies at both 150 and 205 yum
and detected five in both bands. In two of the detected
objects, NGC 5860 and Tol 1924 —416, the best fit to the
IRAS+ISO dust emission in the wavelength range
~40-240 um is given by a single temperature value with
dust emissivity index € = 2. The dust is warm in both gal-
axies, T ~ 32 K in NGC 5860 and T ~ 50 K in Tol
1924 —416, but the presence of cold dust with T' < 15 K
cannot be excluded in either case. In the other three objects
(NGC 6090, NGC 7673, and IC 1586), the best fit to the
thermal dust emission is given by two modified Planck
functions with temperature T, ~ 40-55 K for the warm
dust component and T, ~ 20-23 K for the cool dust com-
ponent, both with dust emissivity index € = 2. The warm
dust, heated by the ionizing stars produced in the starburst,
contributes between 40% and 70% of the thermal FIR
emission (e.g., Chini et al. 1986b; Lonsdale-Persson &
Helou 1987; Young et al. 1989). The rest of the FIR emis-
sion is due to the cool dust, which has an associated mass
around 107-10® M, ie., between 40 and 150 times the
warm dust mass. The resulting gas-to-dust ratio values are
compatible, within a factor of ~2, with the Milky Way
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average (Sodroski et al. 1997) once variations in metallicity
are taken into account. The contribution of the cool dust
component is, therefore, not negligible even in warm
systems such as starburst galaxies, although its importance
varies by many factors from galaxy to galaxy. The heating
of a fraction of the cool dust component is from the star-
burst, as the ISRF alone is not sufficient to account for the
FIR flux associated with the cool dust. Large dust column
densities and nonionizing photons from the ageing stars are
the most likely causes for cool dust associated with the
starburst (e.g., Lisenfeld et al. 1999).

Around 70% of the bolometric energy is emitted in the
FIR, even if the galaxies in our sample are generally classi-
fied as UV bright. Moreover, the UV emission below 0.2 um
represents less than 15% of the FIR emission (with the
exception of Tol 1924 —416). These estimates are consistent
with the amount of stellar light absorbed by dust at UV—-to—
near-IR wavelengths as predicted by the starburst obscur-
ation curve of Calzetti et al. (1994; Calzetti 1997a). The
starburst obscuration curve, applied to SEDs of star-
forming galaxies with a zero point R}, ~ 4.05, reproduces
the observed FIR emission within a factor of 2 for individ-
ual objects and within ~20% when averaged over large
galaxy samples. The improvement in accuracy is due to the
averaging of stellar populations and dust geometry varia-
tions in large samples.

The variety of FIR SEDs observed in our sample of local
galaxies has direct implications for the detectability of UV-
bright, high-redshift galaxies at FIR rest-frame wave-
lengths. If the bolometric luminosities of Lyman-break
galaxies are around or above ~3 x 10'? L, and their FIR
SEDs resemble that of NGC 6090, they would be detectable
with current submillimeter instrumentation, as the predict-
ed flux at 850 um (observer’s frame) is around or greater
than 4.4 mJy. However, if the dominant FIR SED in high-
redshift galaxies is like Tol 1924 — 416, these galaxies will be
undetected with the current SCUBA sensitivity limits, no
matter how bright the objects intrinsically are. Similar con-
siderations hold for galaxies at z ~ 1. There are reasons to
believe that dust in z ~ 3 galaxies may be hotter than in
galaxies at lower redshifts. Star formation is intense and
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widespread over the entire galaxy in the high-redshift
systems (Giavalisco et al. 1996, 2000), thus increasing the
number of ionizing photons available per dust grain. In
addition, z ~ 3 galaxies could be fairly unevolved objects,
possibly implying little contribution from aged stellar popu-
lations to the dust heating. Both effects would combine to
make high-redshift (z = 3) galaxies relatively “hot” FIR
emitters.

Information on the FIR emission of the Lyman-break
galaxies has been recently collected (Chapman et al. 1999),
but very little or only partial data on the long-wavelength
SEDs of these objects or of the SCUBA sources are current-
ly available (e.g., Lilly et al. 1999a; Smail et al. 1999 and
references therein). Measuring dust SEDs is necessary to
determine the dust content and emission characteristics of
galaxies at high redshift and the relationship between the
Lyman-break galaxies and the SCUBA sources. In the low-
redshift universe, ISO has only started to unveil the full
extent of the parameter space (e.g., range of temperatures,
masses, spatial distribution of the different dust com-
ponents, dependence on metallicity, starburst/host ratio,
etc.) of the dust FIR emission in galaxies. Future FIR mis-
sions, such as SIRTF, together with submillimeter-
wavelength observations, will be instrumental for
investigating the dust content of local galaxies in sta-
tistically meaningful samples.
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