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ABSTRACT
We combine Planck High Frequency Instrument data at 857, 545, 353 and 217 GHz with data
from Wide-field Infrared Survey Explorer (WISE), Spitzer, IRAS and Herschel to investigate
the properties of a well-defined, flux-limited sample of local star-forming galaxies. A 545 GHz
flux density limit was chosen so that the sample is 80 per cent complete at this frequency, and
the resulting sample contains a total of 234 local, star-forming galaxies. We investigate the dust
emission and star formation properties of the sample via various models and calculate the local
dust mass function. Although single-component-modified blackbodies fit the dust emission
longward of 80 μm very well, with a median β = 1.83, the known degeneracy between dust
temperature and β also means that the spectral energy distributions are very well described by
a dust component with dust emissivity index fixed at β = 2 and temperature in the range 10–
25 K. Although a second, warmer dust component is required to fit shorter wavelength data,
and contributes approximately a third of the total infrared emission, its mass is negligible.
No evidence is found for a very cold (6–10 K) dust component. The temperature of the cold
dust component is strongly influenced by the ratio of the star formation rate to the total dust
mass. This implies, contrary to what is often assumed, that a significant fraction of even the
emission from ∼20 K dust is powered by ongoing star formation, whether or not the dust itself
is associated with star-forming clouds or ‘cirrus’. There is statistical evidence of a free–free
contribution to the 217 GHz flux densities of �20 per cent. We find a median dust-to-stellar
mass ratio of 0.0046; and that this ratio is anticorrelated with galaxy mass. There is good
correlation between dust mass and atomic gas mass (median Md/MH I = 0.022), suggesting
that galaxies that have more dust (higher values of Md/M∗) have more interstellar medium in
general. Our derived dust mass function implies a mean dust mass density of the local Universe
(for dust within galaxies), of 7.0 ± 1.4 × 105 M� Mpc−3, significantly greater than that found
in the most recent estimate using Herschel data.

Key words: galaxies: general – galaxies: luminosity function, mass function – infrared:
galaxies – submillimetre: galaxies.
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1 IN T RO D U C T I O N

The Planck Early Release Compact Source Catalogue (ERCSC) has
provided the first complete, all-sky samples of truly local (distances
�100 Mpc) sub-millimetre selected galaxies. Negrello et al. (2013)
have exploited these samples to derive the local luminosity func-
tions at 857, 545, 353 and 217 GHz (350, 550, 850 and 1382 μm). In
this paper, we combine Planck/ERCSC data with data from Wide-
field Infrared Survey Explorer (WISE), Spitzer, IRAS, Herschel and
from optical/near-IR observations to investigate the dust emission
and star formation properties using an 80 per cent complete sample
selected at 545 GHz (550 μm). We present estimates of the total
infrared (IR) luminosity function, of the dust mass function, of the
star formation rate (SFR) function, and investigate the distribution
of dust temperatures as well as several correlations among the pa-
rameters characterizing the dust emission and parameters such as
the SFR.

The present sample has a unique combination of properties al-
lowing a robust determination of these quantities that constitute key
reference data for evolutionary models. It is drawn from a blind
sub-mm survey rather than on follow-up observations of sources
selected in other wavebands (e.g. in the optical or in the far-IR).
Another important strength is the abundant amount of multifre-
quency data available for our sources allowing an investigation of
the full Spectral Energy Distribution (SED). Moreover, the truly
local nature of the sample relieves us from the need of applying
evolutionary or k-corrections.

The paper is organized as follows. In Section 2, we describe
the sample selection and the auxiliary data used. In Section 3,
we present the parameters characterizing the dust emission and
the stellar masses obtained using the public code Multiwavelength
Analysis of Galaxy Physical Properties (MAGPHYS; da Cunha et al.
2008) and discuss their correlations. The distribution functions
(dust mass function, IR luminosity function, SFR function) are
described in Section 4 and the ensuing global values for the dust
mass density, IR luminosity, SFR density in the local universe are
given in Section 5. In Section 6, we compare the MAGPHYS re-
sults with those obtained with simple single- or two-temperature
grey body fits. Finally, in Section 7, we summarize our main
conclusions.

2 SA M P L E SE L E C T I O N A N D AU X I L I A RY
DATA

Negrello et al. (2013) have accurately inspected the ERCSC sources
at 857, 545, 353 and 217 GHz in order to identify local star-forming
galaxies. We refer the reader to that paper for the details on the
source identification process. Here, we use their sample of 234
galaxies with flux density greater than 1.8 Jy at 545 GHz. The au-
thors estimate the sample to be 80 per cent complete. Within this
sample, the number of galaxies with flux density measurements
at 857, 545, 353 and 217 GHz is 232, 234, 181 and 47, respec-
tively. 232 galaxies have flux densities at 857 and 545 GHz, 181
also have a 353 GHz data and 47 have flux densities at all four
frequencies.

All galaxies have redshift-independent distance measurements.
These distances, rather than those derived from spectroscopic red-
shifts, were used in all calculations of masses and luminosities. In
fact, for these nearby galaxies, redshifts are poor distance indicators
because the contribution of proper motions may be comparable to
that of cosmic expansion.

2.1 Planck flux densities

The ERCSC offers, for each source, four different flux density
measurements (Planck Collaboration VII 2011). Based on the anal-
ysis by Negrello et al. (2013), we have adopted the ‘GAUFLUX’
values at 857 and 545 GHz. However, based on a comparison of
353 GHz flux densities with 850 μm flux densities from Submil-
limetre Common-User Bolometer Array (SCUBA; Dale et al. 2005;
Dunne et al. 2000), we use the ‘FLUX’ values at 353 and 217 GHz.
As explained in Planck Collaboration (2011), two small corrections
need to be applied to the ERCSC flux densities. The first is to take
into account that Planck/High Frequency Instrument maps are cali-
brated to have the correct flux density values for spectra with νIν =
constant. The colour corrections for spectral indices α � 3 (Iν ∝ να),
as appropriate for our sources, amount to factors: 0.965 (857 GHz),
0.903 (545 GHz), 0.887 (353 GHz) and 0.896 (217 GHz). The sec-
ond correction is to remove the contribution of the CO emission
within the Planck pass-bands; since we are interested in the thermal
dust emission, the CO line is a contaminant. The adopted procedure
is described in detail in Negrello et al. (2013). The correction factors
are 0.978, 0.978 and 0.990 for the 217, 353 and 545 GHz bands,
respectively; the correction is negligible at 857 GHz.

2.2 Data at other wavelengths

As well as finding optical (U, B, V) flux densities from the RC3 (de
Vaucouleurs et al. 1991) and near-IR (J, H, Ks) flux densities from
Two Micron All Sky Survey (2MASS) (Jarrett et al. 2003) for all
234 objects, we also cross-correlated our list with catalogues from
IR satellites.

2.2.1 IRAS

Matches were sought in both the Faint Source Catalogue (FSC) and
Point Source Catalogue (PSC), but the vast majority of matches
were found in the FSC. The IRAS flux densities for some larger
galaxies, however, are not found in either of these catalogues.
Data for these galaxies were taken from either Sanders et al.
(2003), Rice et al. (1988), Surace, Sanders & Mazzarella (2004),
Soifer et al. (1989) or Lisenfeld et al. (2007). Only four objects
(IC 750, NGC 3646, NGC 4145 and NGC 4449) had no IRAS
measurements.

2.2.2 AKARI

Both the AKARI-InfraRed Camera PSC (9 and 18 μm) and Bright
Source Catalogue (65, 90, 140 and 160 μm) were searched for
matches within a 10′′ search radius. Matches with at least one flux
density measurement were found for 210/234 objects. However,
the AKARI data were found to be, in many cases, inconsistent
with IRAS data (typically lower) and not smoothly connected to the
photometry in nearby bands. Problems with AKARI photometry
were also reported by Serjeant et al. (2012) who found evidence of
systematic errors of the order of 30 per cent, of unknown origin but
possibly related to sky subtraction, and of saturation for the brightest
objects. Yamamura et al. (2010) mention two other possible causes
that may contribute to the discrepancies. One is the higher spatial
resolution of AKARI that may result in a lower ‘point source’
flux density for our large galaxies. The second is the still large
(typically 20 per cent) uncertainty of the AKARI flux calibration.
For these reasons, we have not included the AKARI data in our
SED fits.
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2.2.3 WISE

All but seven of the 234 objects were matched with a search radius
of 5′′ in the WISE (Wright et al. 2010) All Sky Data Release.
Flux densities at 3.4, 4.6, 12 and 22 μm were taken according to
the value of the ‘ext_flag’ parameter. Where ext flag = 5, the flux
density determined within an aperture defined by the extent of the
associated 2MASS source was used (‘w?gmag’1), otherwise, the
flux density determined by standard profile fitting of the source was
used (‘w?mpro’). Of the sources for which a match was found, all
but four had ext flag = 5; however, reliable flux densities could not
be determined for 17 galaxies.

2.2.4 Spitzer

Matches were sought from the compilation of Multiband Imaging
Photometer for Spitzer (MIPS) data at 24, 70 and 160 μm in Bendo,
Galliano & Madden (2012); 32/234 galaxies had flux densities in at
least one of the MIPS bands.

2.2.5 Herschel

Four Herschel surveys were searched for matches with the Planck
catalogue: the ‘Herschel Reference Survey’ (HRS; Boselli et al.
2010), the ‘Herschel Virgo Cluster Survey’ (HeViCS; Davies et al.
2010), ‘Key Insights on Nearby Galaxies: a Far-IR Survey with
Herschel’ (KINGFISH; Kennicutt et al. 2011) and the ‘Herschel–
Astrophysical Terahertz Large Area Survey’ (Herschel–ATLAS;
Herranz et al. 2013). We found 28 matches with HRS [Ciesla et al.
only Spectral and Photometric Imaging Receiver (SPIRE) data;
2012; six with HeViCS [Photodetecting Array Camera and Spec-
trometer (PACS) 100 and 160 μm + SPIRE data; Davies et al. 2012;
30 with the KINGFISH, most having flux densities at all PACS and
SPIRE wavelengths (70, 100, 160, 250, 350 and 500 μm) and three
with the Herschel–ATLAS.

A comparison between Planck and Herschel flux densities for
overlapping frequency bands is given in Negrello et al. (2013).

3 FITS TO TH E DATA

The public MAGPHYS code by da da Cunha et al. (2008) exploits
a large library of optical and IR templates linked together in a
physically consistent way. It allows us to derive basic physical
parameters from multiwavelength photometric data from the UV to
the sub-mm. The evolution of the dust-free stellar emission in the
MAGPHYS library is computed using the population synthesis model
of Bruzual & Charlot (2003), by assuming a Chabrier (2003) initial
mass function (IMF) that is cut off below 0.1 and above 100 M�;
using a Salpeter IMF instead gives stellar masses that are a factor
of 1.5 larger.

The attenuation of starlight by dust is described by the two-
component model of Charlot & Fall (2000), where dust is associated
with the birth clouds (i.e. the dense molecular clouds where stars
form) and with the ambient (i.e. diffuse) interstellar medium (ISM).
Starlight is assumed to be the only significant heating source (i.e.
any contribution from an active galactic nucleus is neglected) and
therefore the energy absorbed at UV/optical/near-IR wavelengths
exactly equals that re-radiated by dust in the birth clouds and in the

1 This is the notation used in the Wise All Sky Data Release where the ‘?’
is to be replaced by either 1, 2, 3 or 4 depending on the observing band.

diffuse ISM. The dust luminosities contributed by the stellar birth
clouds, LBC

dust, and by the ambient ISM, LISM
dust , are distributed over

the wavelength interval 3–1000 μm assuming four main dust com-
ponents: (i) the emission from polycyclic aromatic hydrocarbons
(PAHs); (ii) the mid-IR continuum from small hot grains stochas-
tically heated to temperatures in the range 130–250 K; (iii) the
emission from warm dust (30–60 K) in thermal equilibrium; (iv)
the emission from cold dust (15–25 K) in thermal equilibrium. The
last two components are assumed to be optically thin and are de-
scribed by modified grey-body template spectra, with fixed values
for the dust emissivity index: β = 1.5 for the warm dust and β =
2 for the cold dust, with dust mass absorption coefficient approx-
imated as a power law, such that kλ ∝ λ−β with normalization
k850µm = 0.077 m2 kg−1 as in Dunne et al. (2000). The choice of
the two values of β is based on various studies that suggest that the
emissivity index is different in the warm and cold dust components
(see da Cunha et al. 2008).

The birth clouds are assumed not to contain any cold dust while
the relative contributions to LBC

dust by PAHs, by the hot mid-IR con-
tinuum and by the warm dust are kept as adjustable parameters. In
the ambient ISM, the contribution to LISM

dust by cold dust is kept as
an adjustable parameter. The relative proportions of the other three
components are fixed to the values reproducing the mid-IR cirrus
emission of the Milky Way (see da Cunha et al. 2008, for details).

The analysis of the SED of an observed galaxy with MAGPHYS is
done in two steps. First, a comprehensive library of model SEDs
at the same redshift and in the same photometric bands as the ob-
served galaxy is assembled. This library uses 25 000 stellar popula-
tion models, derived from a wide range of star formation histories,
metallicities and dust attenuations, and 50 000 dust emission mod-
els obtained from a large range of dust temperatures and fractional
contributions of PAHs, hot mid-IR continuum, warm dust and cold
dust to the total IR luminosity. The two libraries are linked together
by associating to each those SED models that produce a similar
value for the fraction of the total dust luminosity contributed by
the diffuse ISM. The corresponding SED models are then scaled to
the same total dust luminosity. This procedure ensures that the ob-
served SED is modelled in a consistent way from UV to millimetre
wavelengths.

Secondly, the χ2 goodness of fit is evaluated for each galaxy
model in the library2 and then the probability density function of
any physical parameter is built by weighting the value of that pa-
rameter in each model by the probability exp (−χ2/2). The final
best estimate of the parameter is the median of the resulting proba-
bility density function and the associated confidence interval in the
16th–84th percentile range.

The output of MAGPHYS is a large set of parameters including
SFRs, stellar masses, effective dust optical depths, dust masses and
relative strengths of different dust components. In the following,
we will make use of estimates of stellar mass (M∗), dust mass (Md),
cold and warm dust temperatures (Tc and Tw), total (3-1000 μm)
IR luminosity of dust emission (Ldust or LIR), fraction of the IR
luminosity due to the cold dust (fμ = Lc/LIR) and SFR (averaged
over the last 0.1 Gyr).

Some example MAGPHYS fits for a random sub-set of galaxies in
our sample are shown in Fig. 1.

2 In cases where more than one flux density measurement was available
at a given wavelength, the values were averaged with a weight inversely
proportional to the error on the datum.
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Figure 1. Some example best-fitting SED models produced by MAGPHYS.

3.1 Dust temperatures and masses

The distributions of the fitted dust temperatures and masses are
shown in Fig. 2. The gap between the distributions of the cold and
warm dust temperatures is due to the adopted priors. As shown in
Section 6, it disappears if the two distributions are allowed to over-
lap. The median cold dust temperature is 17.7 K. The distribution
of warm dust temperatures has a peak in the range 35–38 K and
an extended tail towards higher temperatures, raising the median to
43 K.

The dust mass in grains in thermal equilibrium at temperature Td

is estimated from their far-IR luminosity Lλ(Td) using the formula
(Hildebrand 1983)

Lλ(Td) = 4πMd(Td)κλBλ(Td), (1)

where κλ is the dust absorption coefficient and Bλ(Td) is the black-
body function. The normalization of κλ is rather uncertain. MAGPHYS

Figure 2. Distributions of temperature and dust mass for MAGPHYS fits.

adopts κ850 µm = 0.077 m2 kg−1, as did Dunne et al. (2000). We pre-
fer the more recent value κ850 µm = 0.0383 m2 kg−1 (Draine 2003)
because it is derived from a more complete dust model. The ear-
lier value, from Draine & Lee (1984), was derived from a simple
‘graphite–silicate’ model. Therefore, we multiply by a factor of
0.077/0.0383 � 2 the values of Md given by MAGPHYS. Absolute
values for dust masses are, in any case, to be used with caution. The
median Md we find in this way is 7.80 × 107 M�.

In Fig. 3, we show how the mass distributions contrast with the
total IR luminosity distributions for the cold and warm dust compo-
nents. Despite the significant contribution of the warm component

Figure 3. Distributions of the total IR luminosity (3−1000 µm) and dust
mass for the warm (red) and cold (blue) dust components of the MAGPHYS

fits.
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Figure 4. Comparison of our dust masses with those of other authors.
Black: Draine et al. (2007), galaxies with no 850 µm SCUBA flux densities;
red: Draine et al. (2007), galaxies with 850 µm flux densities; green: Planck
Collaboration XVI (2011); blue: Skibba et al. (2011); cyan: Auld et al.
(2013); magenta: Dunne et al. (2000) from two-component fits. Masses have
been scaled to a common value of κ850 µm = 0.0383 m2 kg−1 [necessary for
Dunne et al. (2000) and Planck Collaboration XVI (2011)].

to the IR luminosity (about 1/3 of the total), the cold component
totally dominates the dust mass, with the warm component con-
tributing only ∼1 per cent of the total.

Fig. 4 compares the dust masses we obtain using MAGPHYS with
those estimated by other authors. We see good agreement with the
values of Draine et al. (2007) for galaxies in common with
the Spitzer Infrared Nearby Galaxy Survey (SINGS). The dust
masses estimated by Skibba et al. (2011) for galaxies in the
KINGFISH survey are significantly lower than our values (by a
factor of ∼3). These authors used single modified blackbody fits
with β = 1.5. As discussed in Section 6 and nicely illustrated by
Dunne et al. (2000), both of these assumptions tend to underestimate
the dust mass. In fact, Skibba et al. (2011) find single-component
dust temperatures between 21 and 35 K, so that the lowest value
they find is actually warmer than the median value we find for the
cool component. This will clearly lead to significantly lower dust
masses. Our values are only marginally higher than those found by
Auld et al. (2013) in the HeViCS sample, who also used a single-
component-modified blackbody fit, but with β = 2.0. Our dust
masses are consistent with those found by Planck Collaboration
XVI (2011) once the latter are scaled to the same value of κd that
we have adopted. These masses were determined by scaling the total
IR luminosity by constant factors determined by fits to templates.

3.2 Dust, atomic gas and stellar mass

The median of the log of the dust to stellar mass ratio is
〈log (Md/M∗)〉 = −2.34 corresponding to Md/M∗ = 4.6 × 10−3.
Fig. 5 shows that Md/M∗ is anticorrelated with M∗. The Spearman
rank correlation coefficient is −0.68, with the probability of the

Figure 5. Ratio of dust mass to stellar mass as a function of stellar mass.
The error bars are shown on only a small number of points for clarity. The
median values in bins of stellar mass are shown in red, where the length of
the error bars is the standard deviation within the bin. The dotted line is a
least-squares fit to the binned points, excluding the bins with few points.

null hypothesis (no correlation) being 9 × 10−33. The least-squares
linear relation between log (Md/M∗) and log (M∗) is

log
Md

M∗
= −0.469 logM∗ + 2.457. (2)

We have also checked whether this correlation could be the result of
a trend in dust properties with total stellar mass, causing a trend in
the value of β that is not modelled. In order to remove this source of
doubt, we looked for a correlation between the S545/S353 ratio (that
is a function of β) and the derived stellar mass. No correlation was
found, suggesting that there is no bias in the dust mass estimates for
different stellar masses and that there is indeed a real anticorrelation
between Md/M∗ and M∗.

A similar correlation has also been found by Cortese et al. (2012)
based on Herschel data. Lower mass galaxies have higher dust
mass fractions than their more massive counterparts. This is perhaps
surprising, since the dust-to-gas mass ratio is proportional to the
gas metallicity (Draine et al. 2007) and there is a well-established
positive correlation between gas-phase metallicity and stellar mass
(e.g. Tremonti et al. 2004). On the other hand, the gas-to-stellar
mass ratio decreases with stellar mass (Bell & de Jong 2000), and
the dust mass also correlates with the gas mass.

To further investigate the dust–gas correlation, we have collected
21 cm H I line fluxes for 225 of our 234 objects from ‘Hyperleda’3

(Paturel et al. 2003). Fluxes were corrected for self-absorption fol-
lowing Heidmann, Heidmann & de Vaucouleurs (1972) with the
value of the parameter κ0 = 0.031, as recommended for spiral

3 http://leda.univ-lyon1.fr/

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/433/1/695/1039514 by U
niversidad de O

viedo - Biblioteca, Seccion de Adquisiciones user on 19 M
arch 2020



700 M. S. Clemens et al.

Figure 6. Correlation between total dust mass and atomic hydrogen mass.
The straight line is for a ratio Md/MH I = 0.02.

galaxies. Atomic gas masses were calculated according to Hucht-
meier, Wendker & Tammann (1976):(

MH I

M�

)
= 2.36 × 105(1 + z)−1

(
F

Jy km s−1

) (
D

Mpc

)2

. (3)

For our sample we have set z = 0. Fig. 6 confirms that the to-
tal dust and H I masses are well correlated and that the typical
galaxy has log(Md/MH I) = −1.65 (the dust mass is �2.2 per cent
of the H I mass). This value is slightly higher than that found
by Draine et al. (2007) for the galaxies in common between the
SINGS sample and that discussed here. For those galaxies in com-
mon, we find 〈Md/MH I〉 = 0.013 for the SINGS observations, and
〈Md/MH I)〉 = 0.018 for our work. Draine et al. find mean dust and
H I masses of 6.65 × 107 M� and 5.49 × 109 M� compared with
our values of 6.84 × 107 M� and 4.03 × 109 M�. Although there is
excellent agreement between the dust masses, there is a significant
difference in the derived H I masses. This is almost certainly just
due to the choice of archival flux measurements made. We chose to
the use the average value in Hyperlaeda, where more than one flux
measurement was available.

The ratio Md/MH I shows no variation with stellar mass within our
sample, so that a plot analogous to Fig. 5 with the H I mass, instead
of the dust mass, shows the same trend. Objects with more dust
also have more atomic gas. Although we do not have information
on the molecular gas content for this sample, it seems clear that
objects that are more dusty simply have more ISM, rather than a
medium which is richer in dust.4 We must therefore conclude that
lower mass galaxies have proportionally more dust because they
have proportionally more ISM and this effect dominates despite the
tendency for lower mass galaxies to be of lower metallicity.

4 Nonetheless, the fact that our sample is selected in the sub-mm does mean
that we are more likely to include objects at the high end of the Md/MH I

distribution.

3.3 Dust mass versus SFR

It is currently still unknown whether the net effect of a burst of star
formation is to increase or decrease the mass of dust within a galaxy.
Both production mechanisms [asymptotic giant branch (AGB) stars
and perhaps supernovae] and destruction mechanisms (supernova
shocks and hot gas) would increase during a star formation episode
with differing temporal profiles. With this in mind we now look at
the SFR as a function of various derived parameters.

In Fig. 7, we plot the dust mass per unit stellar mass against the
SFR. The two quantities are correlated (Spearman’s rank correlation
coefficient of 0.38 with a chance probability of 3 × 10−9). A simi-
lar result was reported by da Cunha et al. (2010). The least-squares
linear relation is log(Md/M∗) = 0.257 log(SFR) − 2.36, and we
have checked that, for galaxies in our sample, there is no significant
correlation between SFR and M∗ (Spearman’s rank correlation coef-
ficient of 0.08). Therefore, the SFR correlates with dust mass. This
is confirmed by Kendall’s partial rank correlation coefficient which
indicates that log (Md) is correlated with the SFR independent of
any correlation of each with M∗ (correlation coefficient 0.37 with
a vanishing probability of chance occurrence). The lack of corre-
lation with stellar mass may be surprising given that several works
do find a correlation both in the local Universe (e.g. Brinchmann
et al. 2004) and at intermediate and high redshift (e.g. González
et al. 2010). The reason for this is probably simply that we do not
sample a large enough range of stellar mass (all our objects lie in
an interval of three orders of magnitude, and most of these between
109 and 1011 M� with a median value of 1.8 × 1010 M�), and that
the sample size is insufficient to reveal the correlation, that indeed
has a very large scatter. Over the stellar mass range that we sample,
the dust mass of a galaxy is more important in determining the SFR
than is the total stellar mass.

The observation that the SFR is correlated with the dust mass
is not surprising given that a higher dust mass implies a larger
ISM mass in general, as we saw in Section 3.2. That the ISM
surface density determines the SFR has long been known (see, e.g.
Kennicutt 1998).

Figure 7. Dust mass per unit stellar mass as a function of the SFR. The
dashed line is the least-square fit. The error bars are shown on only a small
number of points for clarity. The red symbols indicate the median and
standard deviation in bins of SFR.
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3.4 SFR versus dust temperature

Fig. 8 (top) compares the SFR per unit dust mass (SFR/Md) with the
cold dust temperature, Tc. There is a highly significant correlation
(Spearman’s rank correlation coefficient of 0.56 with a chance prob-
ability of 10−19) especially for Tc � 18 K. The least-squares linear
correlation is given by log(SFR/Md) = 0.167 Tc − 10.9. Again, the
Kendall partial rank correlation coefficient (0.42 with a vanishing
chance probability) shows that the correlation is not due to a cor-
relation between either the dust temperature or SFR and the dust
mass. There is therefore a physical link between the SFR per unit
dust mass and Tc. Interestingly, Lagache et al. (1998) find that, in the
Milky Way, the equilibrium dust temperature of the diffuse ‘cirrus’
is about 17.5 K, with only small variations over the high Galactic
latitude sky.

In interpreting this correlation, it is useful to consider two ideal
cases. If cold dust emission arises from high filling factor regions of
low optical depth (cirrus) where the dust temperature is defined by
the intensity of the interstellar radiation field (ISRF), as assumed by
da Cunha et al. (2008), then Tc would be independent of the SFR and
no correlation would be seen in Fig. 8. On the other hand, if the cold
dust emission were heated by young stars in star-forming regions

Figure 8. Top: SFR per unit dust mass as a function of the cold dust temper-
ature. The dashed line is the least-squares linear relation. The red symbols
indicate the median and the standard deviation in bins of temperature. Bot-
tom: SFR surface density, estimated as the SFR/D2

25, as a function of the
cold dust temperature. Only a few representative error bars are shown for
each plot.

only, then the SFR would be directly given by the far-IR luminosity,
LFIR and, by equation (1), we would find SFR/Md ∝ T 4+β

c . Physi-
cally, this describes internally heated clouds where optical and UV
photons (to which the clouds are optically thick) are absorbed close
to the internal heating source and the bulk of the cloud is then
heated by the secondary IR radiation emitted by the more internal
dust (Whittet 1992). The dust temperature is defined by the internal
heating luminosity, which is proportional to the SFR in the case of
a region of star formation. In this case, an increase in the SFR for
fixed dust mass will result in an increase in the dust temperature
(and likewise a decrease in dust mass for a given SFR).

We see in Fig. 8 that for Tc � 18 K the correlation is weaker, as
would be expected if dust heating by the passive stellar population
were important. At higher temperatures the correlation is stronger,
implying an important role of star formation in heating the cold
dust. When the dust is warmer it is heated more by ongoing star
formation.

However, having established that ongoing star formation plays
an important role in heating the cold dust component, it may not
necessarily be the case that the dust emission itself (or even a
part thereof) actually comes from dust in the star-forming clouds.
Many star-forming regions are quite visible in the optical, and so a
lower dust mass may imply a less complete shield against internally
generated UV photons and so more may escape to the general ISM.
In this case, the lower dust mass in the star-forming clouds would
increase the general ISRF and therefore the temperature of the
cirrus emission. Whatever the geometrical situation (dust emission
from star-forming clouds or cirrus heated by UV photons escaping
from the same), the conclusion remains that star-forming regions
play a role in defining the temperature of the cold dust component,
especially for sources with cold dust temperatures over 18 K.

The relationship between the ISRF and dust temperature can be
investigated via the optical radii of the galaxies as given in the RC3
(de Vaucouleurs et al. 1991). In the lower panel of Fig. 8, we plot the
SFR divided by the square of the optical major isophotal diameter,
D25, at the surface brightness level μB = 25 Bmag/arcsec2 (which
provides a crude estimate of the ISRF due to star formation). A
correlation is seen also in this case, though less strong than that
in the top panel, consistent with a picture in which star formation
contributes to the cirrus dust heating by increasing the general ISRF.
However, the correlation is not seen if we replace the SFR with the
total stellar mass in the lower panel of Fig. 8. As this is a crude
estimate of the stellar surface density, objects with higher stellar
surface density should have a higher ISRF contribution from the
quiescent stellar population. The lack of a correlation in this case
would be surprising if the quiescent population were the main driver
of Tc.

Though these correlations should not be overinterpreted, taken
together, they strongly indicate that the ∼20 K dust emission in
our sample of galaxies has a very significant energy input from
ongoing star formation, whether or not the dust itself is associated
with star-forming clouds or ‘cirrus’.

No correlations are found with the warm dust temperature,5

though we note that these temperatures are less well constrained.
This is consistent with the finding by Lapi et al. (2011) that star
formation regions have quite uniform dust temperatures.

It is important to view the link between SFR and Tc in the con-
text of previous results and underline how it extends what has been

5 We also note that there is only a very weak correlation between Tc and
log(SFR), and Tc and log(SFR/M∗).
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known since IRAS times. A tendency for galaxies with higher spe-
cific SFRs (measured as LIR/LB) to have warmer S100/S60 colours
(de Jong et al. 1984) and also an anticorrelation between S60/S100

and S12/S25 (Helou 1986) led to the two-component model of dust
emission in galaxies. In this model, warm (∼50 K) dust is associ-
ated with regions of star formation and relatively cool (∼25 K) dust
is associated with, and heated by, the passive stellar population.
This latter component is often referred to as ‘cirrus’. Galaxies with
higher specific SFRs have a larger fraction of warm dust and their
IRAS colours reflect this.

What we find refers only to the cold component in this picture.
We argue that this component is also heated significantly by star
formation. Not only does the specific SFR change the fraction of
cold to warm dust as found by previous studies, but the ratio of SFR
to dust mass affects the temperature of the cold component.

3.5 SFR versus LIR

Both the far-IR (40-500 μm) luminosity, LFIR, and the total
(8−1000 μm) IR luminosity, LIR, are commonly used to estimate
the SFR using relations such as (Kennicutt & Evans 2012)

SFR/M� yr−1 = 1.5 × 10−10 LIR/L�. (4)

However, as can be seen in Fig. 3, the contribution to the total IR
luminosity of the cold dust (typically assumed to be cirrus heated
by the general ISRF – but see above) can be similar to that of
the warm dust (presumably heated by young stars). In Fig. 3, the
cold component is approximately twice as luminous as the warm
component.

Fig. 9 explores this issue by comparing the star formation derived
using equation (4) for both the total IR luminosity and the IR lumi-
nosity of just the warm dust component. Also shown are the SFRs

Figure 9. SFR as a function of the total IR luminosity, LIR (3−1000 µm).
The black squares are the SFR that would be obtained by using the IR
luminosity of the warm dust component in equation (4), whereas the solid
black line shows the SFR that would be obtained by using the total IR
luminosity in equation (4). The red symbols are the SFR as derived by
MAGPHYS.

output by MAGPHYS. At high LIR the total IR luminosity is a good
proxy for the SFR. However for LIR � 5 × 109 L� this is really
no longer true. In some objects the IR emission of the warm dust
would give a good estimate of the SFR, but in other, less extincted
objects, the optical/UV emission would also need to be taken into
consideration (red points above the solid line in Fig. 9). The dashed
line in Fig. 9 is given by

log(SFR/M� yr−1) = −9.6 + log(LIR/L�)

−
(

2.0

log(LIR/L�) − 7.0

)
(5)

and can be used to derive SFRs from LIR when no other information
is available.

4 D I S T R I BU T I O N FU N C T I O N S

4.1 Dust mass function

The dust mass function is estimated from the 545 GHz local lumi-
nosity function produced by Negrello et al. (2013, their table 5),
which is based on the same flux-limited sample analysed here and
is already corrected for incompleteness. However, because dust
temperatures vary, we cannot directly transform the 545 GHz lumi-
nosity into a dust mass. We therefore calculate the mass function by
considering the distribution of dust masses within bins of 545 GHz
luminosity. For each logarithmic bin of luminosity the number of
galaxies in each logarithmic mass bin is calculated, giving the mass
function within a restricted range of luminosities. The mass function
within each bin of luminosity is then multiplied by the appropriate
value of the luminosity function ( number in the rightmost column
in Table 1) to obtain the contribution of that luminosity bin to the
total function. The total dust mass function is then given by the sum-
mation of the contributions in a given mass bin (vertical summation
in Table 1). Table 1 lists the number of objects in each individual
bin.

Fig. 10 shows the dust mass function that results using the
MAGPHYS-derived dust masses, scaled to the value of κd given by
Draine (2003, see Section 3.1) and the best-fitting Schechter func-
tion:

	d (M)dM = φ∗
d

(
M

M∗
d

)αd

e−(M/M∗
d ) dM

M∗
d

. (6)

The best-fitting values of the parameters φ∗
d , M∗

d and αd are given
in Table 2.

Also shown in Fig. 10 are the best-fitting Schechter functions
from Dunne et al. (2011) and Vlahakis et al. (2005), after scaling
them to approximately account for the different value of the dust
mass opacity coefficient, κd, used by these authors. The value of κd

we adopted (from Draine 2003, see Section 3.1) is about a factor of
2 lower (implying dust masses about a factor of 2 higher) than that
assumed in these two works. With this modification, the agreement
between our dust mass function and those of the other two works
is good. We find a mass function similar to Vlahakis et al. (2005)
below 107 M� and similar to Dunne et al. (2011) above 107 M�, so
that our function is always close to the maximum value of either of
the previous determinations. Interestingly, the present sample has
detected similar numbers of low dust mass systems to the optically
selected sample of Vlahakis et al. (2005).
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Table 1. The number of objects in each logarithmic bin of dust mass (in solar units) and monochromatic luminosity (in W/Hz) for the mass function derived
from MAGPHYS dust masses. The last column contains the log of the 545 GHz luminosity function by Negrello et al. (2013) while the last row contains the log
of the derived dust mass function. Both the luminosity and the mass function are in Mpc−3 dex−1.

log (Md) 6.4 6.7 7.0 7.3 7.6 7.9 8.2 8.5 8.8 9.1 LF
log (L545)

21.63 2 1 0 0 0 0 0 0 0 0 −1.29+0.18
−0.31

21.93 0 6 3 0 0 0 0 0 0 0 −1.47+0.14
−0.20

22.23 0 0 4 8 0 0 0 0 0 0 −1.73+0.12
−0.16

22.53 0 0 0 7 11 0 0 0 0 0 −1.95+0.08
−0.10

22.83 0 0 0 0 26 19 1 0 0 0 −2.02+0.06
−0.06

23.13 0 0 0 0 2 46 35 0 0 0 −2.32+0.05
−0.06

23.43 0 0 0 0 0 0 28 15 0 0 −2.86+0.06
−0.06

23.73 0 0 0 0 0 0 1 9 1 0 −3.68+0.09
−0.11

24.03 0 0 0 0 0 0 0 0 2 0 −4.60+0.14
−0.20

24.33 0 0 0 0 0 0 0 0 0 1 −5.74+0.27
−0.92

−1.27+0.38
−0.73 −1.70+0.32

−0.32 −1.70+0.24
−0.28 −1.83+0.16

−0.19 −1.92+0.11
−0.11 −2.22+0.08

−0.08 −2.68+0.09
−0.07 −3.46+0.11

−0.12 −4.61+0.36
−0.36 −5.75+0.54

Figure 10. Dust mass function calculated from the luminosity function at
545 GHz as presented in Negrello et al. (2013) and the MAGPHYS-derived
dust masses. The black line shows the best-fitting Schechter function with
parameters given in Table 2. The red and green lines show the dust mass
functions of Dunne et al. (2011) and Vlahakis et al. (2005) after scaling
them to approximately account for the different value of κd used by these
authors.

4.2 Total infrared luminosity function

Having well-constrained model fits over the whole IR wavelength
range, we can also calculate the total IR luminosities, LIR, and the
corresponding total IR luminosity function. Because there is not a
one-to-one relation between a given 545 GHz luminosity and the
corresponding total far-IR luminosity, we use the same bivariate
method applied above to calculate the dust mass function, based on
the 545 GHz luminosity function. This total IR luminosity function
is shown in Fig. 11, and the corresponding data tabulated in Table 3.

MAGPHYS gives total IR luminosities for the dust alone (ignor-
ing the contribution of stars) in the range 3–1000 μm. As the dust
contribution to the emission in the range 3–8 μm is very small,
the MAGPHYS-derived total IR luminosities can be directly compared
with other estimates referring to the commonly used wavelength
range 8–1000 μm.

In Fig. 11, we also show the total IR luminosity function that
results from using only the IRAS 60 and 100 μm flux densities via
the often-used approximation (Sanders & Mirabel 1996):

FFIR = 1.26 × 10−14 (2.58 S60 + S100)W m−2, (7)

where S60 and S100 are flux densities in Jy and

L(40−500 μm) = 4 π D2
L C FFIR, (8)

Table 2. Schechter fit parameters for dust masses derived with various models and different values
of the dust mass absorption coefficient, κd. Our favoured model is shown in bold face.

Model αd M∗
d φ∗

d

(M�) (Mpc−3 dex−1)

Single-temperature grey body −1.30 ± 0.27 1.13 ± 0.46 × 108 3.00 ± 1.96 × 10−3

Two-temperature grey bodies −1.42 ± 0.39 1.43 ± 0.63 × 108 4.49 ± 3.62 × 10−3

MAGPHYS −1.34 ± 0.36 1.06 ± 0.49 × 108 4.78 ± 3.38 × 10−3

Single-temperature grey body∗ −1.29 ± 0.33 4.42 ± 2.08 × 107 3.30 ± 2.42 × 10−3

Two-temperature grey bodies∗ −1.45 ± 0.40 6.00 ± 2.51 × 107 4.42 ± 3.52 × 10−3

MAGPHYS∗ −1.34 ± 0.36 5.32 ± 2.01 × 107 4.77 ± 3.10 × 10−3

Dunne et al. (2011)∗ −1.01 3.83 × 107 5.87 × 10−3

Vlahakis, Dunne & Eales (2005)∗ −1.67 3.09 × 107 3.01 × 10−3

∗Computed with a coefficient κd a factor of �2 higher, yielding dust masses a factor of �2 lower,
see Section 3.1.
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Figure 11. Total far-IR (3–1000 µm) luminosity function calculated from
the luminosity function at 545 GHz as presented in Negrello et al. (2013)
and the MAGPHYS-derived far-IR luminosities. The black line shows the best-
fitting Schechter function with parameters, α =−1.78 ± 0.18, L∗

IR = 1.71 ×
1011 L� and φ∗ = 3.60 ± 1.72 × 10−4 Mpc−3 dex−1. The red symbols show
the same luminosity function calculated using just the IRAS 60 and 100 µm
flux densities and the green symbols show the luminosity function as derived
by Sanders et al. (2003).

C being a factor which accounts for the flux at wavelengths be-
yond 100 μm (Sanders & Mirabel 1996) and was fixed at a value
of 1.6. We then used the mean relation, LIR ≡ L(8−1000 μm) �
1.3 L(40−500 μm) (Graciá-Carpio et al. 2008) to estimate LIR. As
can be seen in Fig. 11, the agreement between the resulting luminos-
ity function and that which uses the fitted values for LIR is actually
remarkably good, and both are similar to the luminosity function
derived by Sanders et al. (2003) from IRAS data. The best-fitting
Schechter parameters for our MAGPHYS-derived total IR luminosity
function are given in the caption to Fig. 11.

The agreement between the luminosity functions derived from the
above two estimators of LIR is unsurprising if we compare directly
the values of LIR. We find, in fact, a remarkably good agreement
between the two with a dispersion of only 0.064 in the log of the
luminosities:

log(LIR(IRAS)/L�) = 1.04 log(LIR,MAGPHYS/L�) − 0.47. (9)

An estimate of LIR based only on 60 and 100 μm IRAS flux densities
will be very close to the true value.

4.3 Star formation rate function

If there were a one-to-one relation between the total IR luminosity
and the SFR, then the IR luminosity function could be directly trans-
lated into the ‘SFR function’, describing the number of galaxies per
logarithmic interval of SFR. While such a direct relation is probably
reasonable for objects in which the dust heating is dominated by
star formation, we expect this to be less true for objects with lower
SFRs, where a significant fraction of dust heating may come from
the old stellar population.6 In assessing the distribution of star for-
mation across galaxies with very different SFRs this complication

6 Whether or not this is the case, we do not wish to implicitly assume that
there is a one-to-one relation between IR luminosity and SFR.

is important. The SFRs derived by MAGPHYS take account of the dust
heating by the old stellar population, and so we use these model
values for the SFR to derive the SFR function. The procedure we
adopt is exactly analogous to that used for the dust mass function,
where we calculate the SFR function in bins of 545 GHz luminosity.
The result is shown in Fig. 12, where we also show the function that
would result if the total IR luminosities were just scaled to derive
the SFR according to equation (4).

We make no attempt to fit a Schechter function to the SFR func-
tion that results from the MAGPHYS-derived SFRs, though a fit is
shown to the SFR function derived by a direct scaling of the total
IR luminosity (red line in Fig. 12). We notice, however, that the
faint-end slope of the SFR function, αSFR � −2.3, is very steep.
In fact, the integral to zero SFR of this function would diverge, so
the slope has to flatten at lower SFRs. Interestingly, an analogous
behaviour is not required for the total IR luminosity nor the dust
mass functions. Therefore, objects with ever decreasing SFRs make
a diminishing contribution to the total SFR density. This is con-
sistent with the idea of a critical star formation density (Kennicutt
1989) below which star formation cannot take place. In this picture,
the range of SFRs in the local Universe is more limited than the
range of total IR luminosities as the low end of the IR luminosity
function is preferentially occupied by objects whose dust is heated
by the old stellar population.

5 G L O BA L VA L U E S FO R T H E LO C A L
UNI VERSE

5.1 Dust mass density

The best-fitting Schechter parameters for our preferred model can
be used to derive the total dust mass density of the local Universe
(within galaxies) using the relation:

Md,tot =
∫ ∞

0
M 	(M) dM = φ∗

d M∗
d �(2 + α). (10)

This gives a value of Md,tot = (7.0 ± 1.4) × 105 M� Mpc−3, which
compares to a value of 1.4 × 105 M� Mpc−3 determined by Dunne
et al. (2011). The discrepancy is partly accounted for by the different
value of κd used by these authors which gives dust masses lower
by a factor of 2. Scaling their value results in a dust mass density
of 2.8 × 105. The remaining discrepancy appears to be in the larger
numbers of low dust mass galaxies which we find. Driver et al.
(2007) estimate a value of (5.3 ± 1.7) × 105 M� Mpc−3 based
on optical data by assuming a fixed value for the ratio of B-band
luminosity to dust mass in the sample described by Popescu et al.
(2002). As the dust masses of Popescu et al. (2002) are actually
based on the older graphite–silicate dust model (see Section 3.1)
this value should also be scaled by a factor of 2, giving (10.6 ±
3.4) × 105 M� Mpc−3, in good agreement with our estimate.

5.2 Infrared luminosity density

Because the faint-end slope of the total IR luminosity function is
quite close to −2 (α = −1.78), integrating the Schechter func-
tion, as done for the dust mass function, would result in an un-
reliable estimate of the total IR luminosity density of the lo-
cal Universe. Instead we prefer to directly sum the measured
points of the function to determine the sum for log (LIR) ≥
8.6. Doing this we obtain (1.74 ± 0.33) × 108 L� Mpc−3.
The same operation for the luminosity function found by
Sanders et al. (2003) (also shown in Fig. 11) gives a value of
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Table 3. The number of objects in each logarithmic bin of total far-IR luminosity (in solar units) and monochromatic 545 GHz luminosity (in W/Hz) for the
MAGPHYS derived far-IR luminosities. The last column contains the log of the 545 GHz luminosity function by Negrello et al. (2013) while the last row contains
the log of the derived IR luminosity function, both in Mpc−3 dex−1.

log (LIR) 8.6 9.0 9.4 9.8 10.2 10.6 11.0 11.4 11.8 12.2 LF
log (L545)

21.63 1 2 0 0 0 0 0 0 0 0 −1.29+0.18
−0.31

21.93 3 5 1 0 0 0 0 0 0 0 −1.47+0.14
−0.20

22.23 1 9 1 1 0 0 0 0 0 0 −1.73+0.12
−0.16

22.53 0 0 14 4 0 0 0 0 0 0 −1.95+0.08
−0.10

22.83 0 0 7 26 11 2 0 0 0 0 −2.02+0.06
−0.06

23.13 0 0 0 12 51 17 3 0 0 0 −2.32+0.05
−0.06

23.43 0 0 0 2 10 27 3 1 0 0 −2.86+0.06
−0.06

23.73 0 0 0 0 0 1 7 2 1 0 −3.68+0.09
−0.11

24.03 0 0 0 0 0 0 2 0 0 0 −4.60+0.14
−0.20

24.33 0 0 0 0 0 0 0 0 0 1 −5.74+0.27
−0.92

−1.54+0.38
−0.40 −1.19+0.24

−0.26 −1.81+0.22
−0.16 −1.99+0.16

−0.11 −2.25+0.08
−0.08 −2.64+0.11

−0.09 −3.37+0.18
−0.15 −4.16+0.36

−0.33 −4.72+0.52
−0.84 −5.75+0.54

Figure 12. SFR function. The black symbols show the function obtained
from the MAGPHYS-derived SFRs, while the red symbols relate to SFRs
derived by scaling the total IR luminosities by a constant (1.5 × 10−10;
Kennicutt & Evans 2012), see also equation 4.

(1.26 ± 0.08) × 108 L� Mpc−3. Our determination is in good
agreement with the recent value of (1.54 ± 0.26) × 108 L� Mpc−3

estimated by Driver et al. (2012) but somewhat higher than the
8.5+1.5

−2.3 × 107 L� Mpc−3 found by Goto et al. (2011) using AKARI
data, consistent with our finding that the AKARI photometry is
systematically low (see Section 2.2.2).

5.3 Star formation rate density

In order to estimate the total SFR density of the local Universe, we
simply sum the measured points of the SFR function in Fig. 12.
We find a value of 0.0216 ± 0.0093 M� yr−1 Mpc−3 for objects
with SFR ≥ 0.1 M� yr−1 (were we to have based this estimate on
SFRs derived simply by scaling LIR – red points in Fig. 12 – we
would have found a value of 0.0201 ± 0.0045 M� yr−1 Mpc−3). Our
value is consistent with the range of values found in recent studies
(see e.g. Bothwell et al. 2011, for a summary of recent values) as

long as the SFR function flattens for SFR < 0.1 M� yr−1 so that
the contribution from low SFR systems is small. As discussed in
Section 4.3, such a flattening of the faint-end slope is consistent
with the idea of a star formation density threshold below which star
formation does not occur.

6 SIMPLE G R EY BO DY FITS

To compare our results with those of previous analyses that relied
on simple grey body (modified blackbody) fits of far-IR to sub-mm
data we have also adopted this kind of model, adopting one- or
two-temperature grey bodies. This also allows us to investigate the
effect of varying the dust emissivity index, β, for which MAGPHYS

uses fixed values. The uncertainty on β may contribute substantially
to the error budget on parameters derived from the fits.

For these fits, we include only data at λ ≥ 60 μm (or λ ≥ 100 μm
for single-temperature grey bodies). The photometric data at shorter
wavelengths are left out because they are dominated by other
components: stochastically heated very small grains and PAH
molecules. Dealing with these components would require a much
more sophisticated model. In fact a simple modified blackbody
rarely fits the 25 μm IRAS point.

6.1 Single-temperature grey bodies

We first consider a single-temperature grey body using only data
at wavelengths λ ≥ 100 μm, so as to minimize the influence of a
warmer dust component. However, we do not include the Planck
217 GHz (1382 μm) point in the fits as there is a possibility that flux
densities at this frequency include contributions from other com-
ponents (e.g. free–free emission) or are overestimated (see below).
All galaxies had at least three data points with these constraints.
We fitted for the dust mass, temperature and β, except for objects
which lacked data at either 100 or 160 μm (for which the tempera-
ture would be very poorly constrained). For the four objects without
data at these wavelengths we fixed the temperature at the median
value found for the other galaxies (21.0 K) and fitted only for the
mass and β. Some illustrative examples of the fits obtained are
shown in Fig. 13. The distribution of dust temperature, mass and β

are shown in Fig. 14. The median value of β is 1.83, and the median
dust mass is 6.0 × 107 M�.
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Figure 13. Some example single-temperature grey body fits. Only points at λ ≥ 100 µm are taken into account in the fitting procedure (see the text).

Figure 14. Distributions of temperature, mass and β for single-temperature
grey body fits to our sample galaxies. The values are the results of fits to
data at wavelengths between 100 and 850 µm (353 GHz) inclusive.

Fig. 15 shows the relation between the fitted values of the dust
temperature and β when the value of β is held fixed at various
values. We see an anticorrelation between the two, showing that
there is clearly a degeneracy between the two parameters. This
degeneracy was also noted by (Galametz et al. 2012), and Shetty
et al. (2009) showed that an inverse correlation between the dust

Figure 15. Median and standard deviation of the temperature distributions
for single-component-modified blackbody fits in which β is fixed at various
values.

temperature Td and β naturally arises from least-squares fits due to
the uncertainties, even for sources with a single Td and β.

Despite this degeneracy, previous studies have shown evidence
for a real anticorrelation in Galactic H II regions (Anderson et al.
2010; Rodón et al. 2010), cold clumps (Désert et al. 2008), Galactic
cirrus (Dupac et al. 2003; Veneziani et al. 2010), the Galactic
plane as a whole (Paradis et al. 2010), and galaxies observed by
Planck (Planck Collaboration XVI 2011) and Herschel (Galametz
et al. 2012). The effect has also been reproduced in the laboratory
(Coupeaud et al. 2011).

The correlation we find between LFIR and β (lower panel of
Fig. 16; correlation coefficient 0.55 with a chance probability of
4 × 10−9), and indeed the correlation we do not see between LFIR

and Td, therefore only show that some combination of β and Td is
correlated with LFIR.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/433/1/695/1039514 by U
niversidad de O

viedo - Biblioteca, Seccion de Adquisiciones user on 19 M
arch 2020



Dust and star formation in local galaxies 707

Figure 16. Temperature and dust emissivity index β as a function of LFIR

for single-temperature grey body fits. LFIR is calculated by integrating the
fitted curve from 40 to 500 µm.

A single-component dust temperature that does not correlate
with LIR was also found by Dunne et al. (2011), who studied
galaxies in the H–ATLAS survey using Herschel data, and Planck
Collaboration XVI (2011). However, for the samples of galaxies
studied by Dunne et al. (2000) and Dale et al. (2001) using 850 μm
SCUBA data a correlation was found. Likewise, a clear increase of
the peak frequency of the dust emission (hence of the effective dust
temperature) with LIR was reported by Smith et al. (2012).

Although it may be the case that there is a real anticorrelation
between Td and β (and indeed we find the two to be anticorrelated
when both are left free to vary), Fig. 15 illustrates the dangers of

fitting both Td and β. A good fit to the data can be obtained, even
if the chosen (or fitted) β is too low, by assuming a higher dust
temperature: χ2 fits underestimating β will naturally overestimate
Td or vice versa. A similar conclusion was previously reached by
Sajina et al. (2006) (see their appendix C). We will come back to
this issue in Section 6.2.

6.2 Two-temperature grey bodies

Of course, any galaxy will actually have dust at several temperatures
so a single component is just a simplification. In order to investi-
gate to what extent our fitted parameters may be influenced by the
addition of a warmer dust component we also fitted our sample
galaxies with two grey bodies, representing the cool and warm dust
components. Due to the larger number of parameters to fit, we fixed
β = 2 and fitted for the two temperatures and the two masses. As
we are now fitting also for warmer dust, we included data down to
60 μm in the fits, and if there were no data at either 60 or 70 μm we
actually attempted no fit at all (five objects: IC 0750, NGC 3423,
NGC 3646, NGC 3813, NGC 4145).

Even with the 60 μm point the warm component is often difficult
to constrain, perhaps because the ‘hot’ component due to very small
grains may contribute substantially to the 60 μm flux density. To
mitigate this problem we have constrained warm dust temperatures
to be below 60 K.

Fig. 17 shows some example fits and Fig. 18 summarizes the
results of these fits. The median temperature of the cold component
is 17.8 K (with 67 per cent of objects having temperatures between
13.0 and 20.6 K) and that of the warm component is 34.1 K, in
excellent agreement with estimates by Planck Collaboration XVI
(2011). The mass derived for the warm component is typically two
orders of magnitude below that of the cool component. As illus-
trated by Fig. 19, the dust mass estimated from the two-temperature
grey body fits is in very good agreement with that from MAG-
PHYS. The median dust mass in the two-component model, 8.0 ×
107 M�, is also very close the MAGPHYS median (�7.8 × 107 M�).

Figure 17. Some example two-component grey-body fits. Only points at λ ≥ 60 µm are taken into account in the fitting procedure (see the text).
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Figure 18. Distributions of temperature and mass for two-component grey
body models with β fixed at 2. Values for the cold dust component are
shown in blue, and those for the warm component in red. For 73 galaxies the
temperature of the hot component was 60 K, the maximum allowed value.
These objects are highlighted by darker red shading.

Figure 19. Comparison of dust masses derived from simple two-component
grey body fits and those derived by MAGPHYS. The values from the latter have
been multiplied by a factor of 2 to allow for the different values of the dust
mass opacity coefficient, κd, used (see the text).

The luminosity of the warm component is typically about 1/3 of
that of the cool component, slightly less than in the MAGPHYS case
(where it was about 1/2), consistent with the slightly lower derived
temperatures for the warm component.7

On the other hand, the median dust mass in the two-component
model is slightly higher than that found in the case of single-
component fits (6.0 × 107 M�). This difference is expected because
of the dust mass/temperature degeneracy: the amount of dust mass
needed to yield a given emission decreases with increasing dust tem-
perature, and the temperature of the cold dust (that dominates the
mass) decreases in the two-component case. The difference among
the median dust masses, however, is only a factor of 1.33.

7 Only objects where the temperature of the warm component was less than
the 60 K model upper limit were considered in this calculation.

Figure 20. Temperature of the cold dust component versus the IR luminos-
ity (40−1000 µm) in the two-component grey body fits.

Although the addition of a second component is necessary to
fit flux densities at λ � 80 μm the quality of the fit to the data
for λ ≥ 80 μm is actually slightly worse in the case of the two-
component model where β is fixed at a value of 2.0 compared
to the single-component fit where β is free to vary (χ2 increases
from 16 to 22 for the λ ≥ 80 μm data points). Therefore, a single
component is perfectly adequate to describe the long wavelength
data. Interestingly, the median value of β found for the sub-set of
objects with at least five measured points at λ ≥ 80 μm is 1.95, very
close to the often used value of 2.0.

The introduction of a second dust component causes the appear-
ance of a strong correlation between the temperature of the cold
component and LIR (Fig. 20), in contrast to what was seen in the
single-component case. Although this correlation may be real we
cannot be sure that it is not caused by a trend in β (held fixed here)
with LIR, as the two parameters are clearly degenerate (Fig. 15). No
correlation is found with the temperature of the warm component.

6.3 Excess emission at 217 GHz

A distinctive property of the present sample is the availability of
850 μm (353 GHz) flux densities for 181 (77 per cent) sources,
and of 1.38 mm (217 GHz) flux densities for 47 (20 per cent).
These long-wavelength data may provide tight constraints on the
dust emissivity index β. On the other hand, although bright radio
galaxies were excluded from the sample there is the possibility of
a significant contribution at 217 GHz from either a weak nuclear
radio source or from free–free emission. A detection of free–free
emission, that has turned out to be elusive so far, would be of interest
per se since it is a direct tracer of star formation, not affected by
dust extinction. We caution however, that although the sample is 80
per cent complete at 545 GHz, there is no flux limit applied to the
217 GHz measurements.

Of the 47 objects with 217 GHz data we find that the flux density
is in excess of the expectation from the dust emission SED by
more than the nominal error on the datum in 38 cases for the two-
component fits with β = 2 (and also if β = 1.5 for the warm
component). Even in the case of one-component models where β
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is allowed to vary, a similar number of excess flux densities result.
Flux densities at 217 GHz are therefore not well fitted by modified
blackbody fits, and in fact were excluded from the fits described in
Section 6.1. We remind the reader that the Planck flux densities have
been corrected statistically for CO emission as described in Negrello
et al. (2013), and note that a clear excess is present independent of
whether or not the correction is applied.

However, only 12 of the objects with measured 217 GHz flux den-
sities are above the 80 per cent completeness limits at this frequency
(Slim, 217 = 497 mJy); all show the excess. Two of them, NGC 253
and M82, have been studied in detail by Peel et al. (2011), who
found evidence for free–free contributions at 217 GHz of ∼13 per
cent and ∼25 per cent, respectively. A third one is M77, which is
known to host a nuclear radio source; it has the highest excess (�30
per cent). The significance of the excess for the other nine sources is
low, especially if we take into account that the source extraction is
made on filtered maps (see, e.g. Herranz & Vielva 2010). This pro-
cedure greatly improves the source detection efficiency but leads
to an underestimate of the measurement errors. Indeed Negrello
et al. (2013) compared large numbers of Planck flux densities at
857 and 545 GHz with Herschel 350 and 500 μm data and showed
that the rms deviation from the Herschel flux densities (which have
far higher S/N ratios) was ∼30 per cent, substantially larger than
expected from the nominal errors. Although we do not have a sam-
ple with which to compare the Planck 217 GHz flux densities, it is
unlikely that the situation at this frequency is any different. None
of the nine sources show an excess ≥30 per cent; typical values
are �20 per cent. On the other hand, the fact that all sources above
Slim, 217 = 497 mJy do show hints of an excess may constitute sta-
tistical evidence of an additional minor contribution, possibly due
to free–free emission as clearly seen for NGC 253 and M 82.

Synchrotron emission could also contribute significantly to the
217 GHz flux densities. We estimate the synchrotron contribution
at 217 GHz by extrapolating the measured radio flux densities and
assuming that the spectral index measured in the 1–20 GHz range
remains the same at higher frequencies. This is most likely a gen-
erous upper limit since synchrotron spectra generally steepen at
higher frequencies due to electron ageing effects. We find a median
contribution of 1.9 per cent (mean 3.3 per cent). A significant ex-
cess of 29 per cent is found only for M77. For M82, NGC 253 and
another galaxy not in our sample (NGC 4945) Peel et al. (2011) in-
deed find that the synchrotron contribution is negligible at 217 GHz,
compared to free–free.

As a blackbody with a peak at 217 GHz has a temperature of
2.1 K, it will clearly be difficult to have a substantial contribution at
this frequency from an additional cold dust component with a phys-
ically realistic dust temperature without producing an (unobserved)
excess also at the higher frequencies. It is, in principle, possible to
fit the 217 GHz flux densities by adding a dust component with a
very low β ∼ 1, that dominates increasingly at longer wavelengths,
but such a model would be rather contrived.

The analysis by Negrello et al. (2013) also showed that flux
densities below the 80 per cent completeness limit are substantially
overestimated, as a result of ‘flux boosting’ due to source confusion.
The ‘excess’ found for sources below the 217 GHz 80 per cent
completeness limits, whose median value is 28 per cent, is fully
compatible with the same effect.

6.4 The value of β and very cold dust

As we saw in Section 6.2, if we limit our sample to those objects
with most data (for example the 84 objects with five or more flux

densities at ≥80 μm), we find that the median fitted value of β for
the one-component fits is 1.95. Therefore, our fits for the one- and
two-component models in the long-wavelength part of the SEDs
are almost identical when the latter have β fixed at 2. Although
the 217 GHz point is often poorly fitted (see Section 6.3), there is
little to choose between the one- and two-component models in the
Rayleigh–Jeans part of the spectrum and a value of β = 2 seems
to describe very well the emission from the cool dust component.
Although strong evidence for a secondary dust component with a
lower value of β has been found using Planck data of the Small
Magellanic Cloud (Planck Collaboration XVII 2011), we find no
evidence that this is a general property of dust in nearby galaxies.

Although we do find sources with dust temperatures as low as
∼10 K in our simple two-component fits8 (consistent with Planck
Collaboration XVI 2011) we find no evidence of an additional very
cold dust component (6–10 K) similar to that reported in some dwarf
galaxies (Galliano et al. 2005; Grossi et al. 2010; O’Halloran et al.
2010; Planck Collaboration XVII 2011). Specifically, the addition
of a very cold dust component with β = 2 with a temperature
constrained to lie in the range 6–15 K does not lower the χ2 value
with respect to the single-component fit.

We might ask the question, ‘How much very cold dust could
potentially exist in star-forming galaxies and remain undetected
with the existing data?’. For example, if we fix the temperature of
the very cold dust at 6 K for the 84 objects with five or more flux
densities at ≥80 μm, we obtain acceptable fits where the mass of
the very cold dust is of the order of that in the ∼20 K component.
However, this is simply because the long-wavelength fluxes are
anyway dominated by the ∼20 K component. As mentioned above,
the single-component fits, in which β is free to vary are always
better fits to the data.

Therefore, although the presence of a very cold dust component
cannot be ruled out, and there is a significant degeneracy between β

and the very cold dust mass, we find no evidence for very cold dust
in the data. In no object is there a ‘bump’ in the Rayleigh–Jeans part
of the spectrum that could not be explained by variations in β. Such
very cold dust may be a phenomenon found only in dwarf galaxies,
and perhaps connected to their low metallicity. Alternatively, the
excess emission that has been interpreted as cold dust in studies
such as those cited above, may reflect a dust component with a low
value of β.

7 C O N C L U S I O N S

We have used multifrequency data to construct the SED for a
flux-limited sample of 234 local galaxies selected from the Planck
ERCSC at 545 GHz. This sample is biased towards dusty objects
with respect to analogous samples selected in the optical, but is
ideally suited to investigating the SFR and dust mass distribution
of the z = 0 Universe. We have fitted various models to the SEDs
to derive global parameters for the dust and related parameters in
each object. We reach the following conclusions.

(i) We find a median dust mass of 7.80 × 107 M� for our sample
that has a median stellar mass of 1.80 × 1010 M�. The median dust
mass fraction is 0.0046.

(ii) Within our sample the dust mass is well correlated with the
H I mass. The median ratio Md/MH I is 0.022. The ratios of Md

and MH I to the stellar mass are anticorrelated with the stellar mass.

8 Not below 12 K for the sub-set of objects with five or more data points at
λ ≥ 80 µm.
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Therefore, more massive galaxies tend to have proportionately less
ISM in general. The SFR is correlated with dust mass but not with
the stellar mass.

(iii) The median cold and warm dust temperatures yielded by
MAGPHYS (da Cunha et al. 2008) are 17.7 K and 43 K, respectively but
the MAGPHYS requirement that the warm dust temperature is ≥30 K
may bias high the estimates. When two simple grey body dust com-
ponents are considered a median cold dust temperature of 17.8 K,
very close to the MAGPHYS estimate is recovered, but the median
warm dust temperature decreases to 34.1 K. Although the warm
component typically contributes between approximately one quar-
ter to one-third of the total IR luminosity, it accounts for only ∼1
per cent of the dust mass.

(iv) We find a correlation between the SFR per unit dust mass and
the cold dust temperature (but not with the warm dust temperature),
suggesting that a significant fraction of even the cold dust emission is
powered by ongoing star formation. This dust is probably physically
associated with both star-forming regions and cirrus. The quiescent
disc population appears to play a secondary role as a dust heating
source, especially for sources with warmer dust temperatures.

(v) The far-IR emission of local star-forming galaxies at wave-
lengths λ � 100 μm is very well characterized by a single modified
blackbody with β in the range 1–2.5. However, fits in which β

is fixed at a value of 2 fit the data almost as well. This reflects a
degeneracy between Td and β inherent to the single-temperature
model. Dust masses for a single-temperature model in which both
Td and β are free parameters are about 30 per cent lower than in a
two-component model in which β = 2 and is fixed.

(vi) We have used the bivariate technique to compute the dust
mass function, the total IR luminosity function and the SFR function
of local galaxies. The differences that we find in the dust mass
function from previous works are mainly due to the different value
used for the dust mass absorption coefficient, κd, which results in
higher masses. Below 107 M� the function is similar to that found
by Vlahakis et al. (2005), whereas above 107 M� it is very similar to
that found by Dunne et al. (2011) for z < 0.1. We find that the mean
dust mass density of the local Universe, for dust within galaxies,
is 7.0 ± 1.4 × 105 M� Mpc−3, 2.5 times the estimate by Dunne
et al. (2011) based on Herschel data. The difference is mostly due
to the contribution of low-Md galaxies, for which we find a number
density significantly higher than found by Dunne et al. (2011).

(vii) Our estimate of the local infrared luminosity function is in
very good agreement with previous estimates based on IRAS data
alone and with that obtained when we limit the data of our present
sample to include only IRAS data. The total IR luminosity density
of the local Universe is found to be (1.74 ± 0.33) × 108 L� Mpc−3.

(viii) We find a total SFR for the local Universe of (0.0216 ±
0.0093) M� yr−1 Mpc−3 for objects with SFR ≥ 0.1 M� yr−1.

(ix) Flux densities measured in the Planck 217 GHz band typi-
cally show an excess above model fits that we interpret as statistical
evidence for a contribution from free–free emission at a level of
�20 per cent. Synchrotron emission from our sources in this band
is negligible, except for M77, which has a weak central radio jet.

(x) Though we find galaxies with cold dust temperatures as low
as 10 K, we find no evidence for an additional very cold component
(6–10 K) analogous to that identified in dwarf galaxies.
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