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ABSTRACT

We studied the global characteristics of dust emission in a large sample of emission-line star-forming galaxies. The sample consists of two subsamples. One subsample (SDSS sample) includes ∼4000 compact star-forming galaxies from the Sloan Digital Sky
Survey (SDSS), which were also detected in all four bands at 3.4 μm, 4.6 μm, 12 μm, and 22 μm of the WISE all-sky survey. The
second subsample (Herschel sample) is a sample of 28 compact star-forming galaxies observed with Herschel in the FIR range.
Data of the Herschel sample were supplemented by the photometric data from the Spitzer observations, GALaxy Evolution Explorer
(GALEX) survey, SDSS, Wide-Field Infrared Survey Explorer (WISE), Two Micron All Sky Survey (2MASS), NRAO VLA Sky
Survey (NVSS), and Faint Images of the Radio Sky at Twenty-cm (FIRST) survey, as well as optical and Spitzer spectra and data in
submm and radio ranges. It is found that warm dust luminosities of galaxies from the SDSS sample and cold and warm dust luminosities of galaxies from the Herschel sample are strongly correlated with Hβ luminosities, which implies that one of the main sources
of dust heating in star-forming galaxies is ionising UV radiation of young stars. Likely, a significant fraction of dust is located inside
H ii and surrounding regions. We found tight correlations between masses of cold and warm dust, again implying the same source
of dust heating. Using the relation between warm and cold dust masses for estimating the total dust mass in star-forming galaxies
with an accuracy better than ∼0.5 dex is proposed. On the other hand, it is shown for both samples that dust temperatures do not
depend on the metallicities. The dust-to-neutral gas mass ratio strongly declines with decreasing metallicity, similar to that found in
other studies of local emission-line galaxies, high-redshift gamma-ray burst hosts, and damped Ly-α absorbers. On the other hand, the
dust-to-ionised gas mass ratio is about one hundred times as high implying that most of dust is located in the neutral gas. It is found
that thermal free-free emission of ionised gas in compact star-forming galaxies is important in the submm and mm ranges, and it
might be responsible for the submm emission excess. This eﬀect is stronger in galaxies with lower metallicities and is also positively
aﬀected by an increased star-formation rate.
Key words. galaxies: fundamental parameters – galaxies: starburst – galaxies: ISM – galaxies: abundances

1. Introduction
Dust plays an important role in the thermal and dynamical evolution of galaxies at diﬀerent spatial scales from protostars to
large molecular complexes. Observations with ground-based and
space-born telescopes, Infrared Astronomical Satellite (IRAS),
Infrared Space Observatory (ISO), Submillimetre CommonUser Bolometer Array (SCUBA), Spitzer, and Herschel, revealed significant populations of dusty luminous and ultraluminous infrared galaxies at redshifts z >
∼ 1 (e.g. Hauser & Dwek
2001; Elbaz et al. 2002; Dole et al. 2006; Frayer et al. 2006),
indicating that dust grains are being formed in intense and short
star-formation episodes and implying a rapid transition in highredshift galaxies from the formation of zero-metal population III
stars to the formation of stellar populations more typical for
present-day galaxies (e.g. Nozawa et al. 2003; Schneider et al.
2012; Chiaki et al. 2014). However, the dust formation in the
early universe is debated. In particular, Valiante et al. (2011)

Figure 6 is available in electronic form at
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find that population III stars do not contribute much to the dust
budget. They claim that the dust is formed by population II/I,
SNe, and asymptotic giant branch (AGB) stars at the later stage.
Studies of high-redshift low-metallicity galaxies are very difficult because of their faintness and small angular sizes. We
have a chance to study star formation and role of dust in lowmetallicity environments by investigating properties of nearby
star-forming dwarf galaxies, such as irregular, blue compact
dwarf (BCD), and green pea (GP) galaxies. These galaxies can
be considered as local counterparts or “analogs” of high-redshift
galaxies, such as Lyman-break galaxies (LBGs) and Lyman-α
emitting galaxies, because of their high star-formation activity
and low metallicity (e.g. Cardamone et al. 2009; Izotov et al.
2011a). Due to their proximity they can be studied in greater
detail than it is possible in distant galaxies. Studying the properties of a metal-poor interstellar medium (ISM), we may be
able to better understand the physical conditions in high-redshift
galaxies.
The properties of radiation in the mid- and far-infrared
ranges of star-forming dwarf galaxies were studied in many
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papers by considering samples of galaxies and individual galaxies (e.g. Draine et al. 2007; Engelbracht et al. 2005, 2008;
Cannon et al. 2006; Hunt et al. 2005a, 2010; Galliano et al.
2008; Galametz et al. 2009, 2011; Madden et al. 2006, 2013;
Rémy-Ruyer et al. 2013, 2014; Wu et al. 2006, 2007, 2008;
Hao et al. 2009; O’Halloran et al. 2010; Cormier et al. 2012;
Indebetouw et al. 2009, 2013; Karczewski et al. 2013). Spectral
energy distributions (SEDs) in these ranges are dominated by
dust emission resulting from reprocessing of UV radiation from
young massive stars, in particular in the most metal-deficient
BCDs I Zw 18 and SBS 0335−052E (Wu et al. 2007; Houck
et al. 2004).
It was concluded in numerous papers that the main dust
heating source in dwarf emission-line galaxies is the radiation
from young stellar populations. Dust in these galaxies is heated
to higher temperatures of ∼30−40 K as compared to ∼20 K
in spirals (e.g. Engelbracht et al. 2008; Hirashita et al. 2008).
The polycyclic aromatic hydrocarbon (PAH) emission in dwarf
star-forming galaxies is weak or absent, and it decreases with
decreasing metallicity (e.g. Wu et al. 2007; Hunt et al. 2010).
Diﬀerent mechanisms were invoked to explain the weakness of
PAH features in these galaxies: destruction by the intense UV radiation (Madden et al. 2006), destruction by shocks (O’Halloran
et al. 2006), delayed formation by AGB stars (Galliano et al.
2008), and formation of molecular clouds (Sandstrom et al.
2010). It was also found that the dust emission in dwarf galaxies
cannot be characterised by radiation with a single temperature.
Warm and hot dust with temperatures of up to several hundred
degrees must be present in many of these galaxies in addition
to cold dust to reproduce the SED in the mid- and far-infrared
(FIR) ranges (e.g. Griﬃth et al. 2011; Izotov et al. 2011b, 2014).
It is most likely that dust temperature gradients are present in
the ISM around massive and compact stellar clusters (e.g. Hunt
et al. 2014).
The mid- and far-infrared emission in dwarf galaxies results
from absorption of radiation at shorter wavelengths in the UV
and optical ranges. It includes not only the stellar component
and nebular emission lines but also the nebular continuum (freebound and free-free emission). The necessity to include the latter
in young starbursts was discussed by Izotov et al. (2011a) as
otherwise stellar masses may be overestimated by a factor of up
to ∼3.
It also was established that the fraction of nebular continuum increases with wavelength. Nebular continuum dominates
at λλ 1−3 μm with a flux fraction of 70−90% in extremely young
starbursts, which are characterised by high equivalent widths
EW(Hβ) > 100 Å of the Hβ emission line. Ignoring this result would lead to wrong conclusions. For example, Engelbracht
et al. (2008) suggested that dust already dominates at 1.8 μm in
SBS 0335-052E, Haro 11, and SHOC 391, while it is clear from
detailed fitting of optical spectra that the main contributor to the
continuum in the near-infrared (NIR) range is ionised gas.
Therefore, photometric data are not suﬃcient for correct
SED fitting in the optical range; spectra are needed as well.
Using spectra and the Hβ emission line flux, one can also predict the flux of free-free emission in the radio range (Caplan &
Deharveng 1986) and can estimate how much star formation is
hidden in the UV and optical ranges.
Among the first studies, where detailed fitting of UV and
optical SEDs, which included both stellar and gaseous continua, was applied for analysis of optical and infrared properties of large samples of compact star-forming galaxies were
those performed by Izotov et al. (2011b) and Izotov et al.
(2014). In particular, Izotov et al. (2014) considered a sample
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of ∼14 000 SDSS galaxies with strong emission lines and found
that mid- and FIR luminosities are strongly correlated with the
luminosity of ionising stellar radiation.
This study is the continuation of the work by Izotov et al.
(2011b) and Izotov et al. (2014), where relations between luminosities and optical and NIR colour characteristics were mainly
discussed. Here we concentrate on the determination of the dust
characteristics, such as temperature and mass. We use two samples. The first sample selected from the SDSS consists of compact star-forming galaxies with available mid-infrared data from
the WISE all-sky survey. This sample was discussed by Izotov
et al. (2014). The second sample consists of nearby star-forming
galaxies observed with Herschel by Madden et al. (2013) and
Rémy-Ruyer et al. (2013).
The criteria for selection and properties of both samples are
discussed in Sect. 2. We describe the determination of galaxy parameters in Sect. 3. Results of this study are discussed in Sect. 4.
Our findings are summarised in Sect. 5.

2. The samples
2.1. SDSS sample

We use a sample of ∼14 000 star-forming galaxies selected
by Izotov et al. (2014) from the spectroscopic database of the
SDSS data release 7 (DR7; Abazajian et al. 2009). The details
of data selection can be found in Izotov et al. (2014). Out of
this sample, we select ∼4000 compact galaxies with angular diameters ≤6 , which were detected in all four WISE bands at
λ3.4 μm, λ4.6 μm, λ12 μm, and λ22 μm, allowing the determination of the warm and hot dust properties. The SDSS spectra
and SDSS u, g, r, i, and z magnitudes of all selected galaxies
are available in the SDSS database. Finally, we restrict the sample to only those ∼1000 galaxies out of the ∼4000, where the
[O iii] λ4363 Å emission line was measured with an accuracy
better than 50%. This allows for a reliable determination of the
oxygen abundance. Hydrogen emission lines in these galaxies
are strong allowing for a correction for dust extinction from the
decrement of several hydrogen lines.
2.2. Herschel sample

We use a sample of 48 star-forming galaxies studied by
Rémy-Ruyer et al. (2013) with the Herschel space observatory and adopt their Herschel FIR fluxes and distances. This
sample was supplemented by the data on the total fluxes
from other photometric surveys, namely from the GALEX1
(Martin et al. 2005), SDSS2 (Abazajian et al. 2009), WISE3
(Wright et al. 2010), 2MASS4 (Skrutskie et al. 2006), NVSS5
(Condon et al. 1998) and FIRST6 (Kimball & Ivezić 2008) surveys. Furthermore, Spitzer spectra7 (Lebouteiller et al. 2011) in
the mid-infrared (MIR) range, spectra in the optical range, and,
whenever it was possible, data in the submm and radio ranges
at diﬀerent wavelengths were collected. Out of 48 galaxies by
1

http://galex.stsci.edu/GR6/
http://skyserver.sdss3.org/dr10/en/tools/chart/
chartinfo.aspx
3
http://irsa.ipac.caltech.edu/cgi-bin/Gator/
nph-scan?mission=irsa&submit=Select&projshort=WISE
4
http://irsa.ipac.caltech.edu/cgi-bin/Gator/
nph-scan?mission=irsa&submit=Select&projshort=2MASS
5
http://www.cv.nrao.edu/nvss/
6
http://sundog.stsci.edu/cgi-bin/searchfirst
7
http://cassis.sirtf.com/atlas/index.shtml
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Table 1. References to the data for galaxies from the Herschel sample.
References
Object
Haro 11
Haro 3
HS 0017+1055
HS 0052+2536
HS 0822+3542
HS 1222+3741
HS 1304+3529
HS 1330+3651
I Zw 18
II Zw 40
Mrk 1089
Mrk 1450
Mrk 153
Mrk 209
Mrk 930
NGC 1140
Pox 186
SBS 0335−052E
SBS 1159+545
SBS 1211+540
SBS 1249+493
SBS 1415+437
SBS 1533+574
Tol 1214−277
UGC 4483
UM 448
UM 461
VII Zw 403

RA (J2000)

Dec (J2000)

Distance

00h36m52.7s
10h45m22.4s
00h20m21.4s
00h54m56.4s
08h25m55.5s
12h24m36.7s
13h06m24.2s
13h33m08.3s
09h34m02.0s
05h55m42.6s
05h01m37.7s
11h38m35.7s
10h49m05.0s
12h26m15.9s
23h31m58.3s
02h54m33.6s
13h25m48.6s
03h37m44.0s
12h02m02.4s
12h14m02.5s
12h51m52.5s
14h17m01.4s
15h34m13.8s
12h17m17.1s
08h37m03.0s
11h42m12.4s
11h51m33.3s
11h27m59.9s

−33d33m17.0s
+55d57m37.0s
+11d12m21.0s
+25d53m08.0s
+35d32m32.0s
+37d24m37.0s
+35d13m43.0s
+36d36m33.0s
+55d14m28.0s
+03d23m32.0s
−04d15m28.0s
+57d52m27.0s
+52d20m08.0s
+48d29m37.0s
+28h56m50.0s
−10d01m40.0s
−11d36m38.0s
−05d02m40.0s
+54d15m50.0s
+53d45m17.0s
+49d03m28.0s
+43d30m05.0s
+57d17m06.0s
−28d02m33.0s
+69d46m31.0s
+00d20m03.0s
−02d22m22.0s
+78d59m39.0s

92.1
19.3
79.1
191.0
11.0
181.7
78.7
79.7
18.2
12.1
56.6
19.8
40.3
5.8
77.8
20.0
18.3
56.0
57.0
19.3
110.8
13.6
54.2
120.5
3.2
87.8
13.2
4.5

Hβ
flux
1
7
11
11
7
12
12
12
7
17
25
7
7
7
7
7
37
38
30
30
43
44
45
46
7
7
7
7

Optical
spectra
2
8
11
11
12
12
12
12
12
18
26
30
12
12
8
18
37
39
30
12
43
43
45
47
30
39
12
45

Spitzer
photometry
3
9
...
...
3
...
...
...
3
3
...
3
3
33
3
3
...
3
...
...
...
...
...
3
3
3
3
3

submm and
radio
4, 1, 5, 6
5, 54, 57
57
...
57
57
57
57
14, 16, 57
19, 20, 21, 22, 23, 5, 54
1, 5, 27, 54
5, 57
5, 57
5, 55, 56, 57
34, 5
19, 20, 28, 5
...
40, 41, 5, 54
57
57
57
57
57
...
...
28, 49, 5, 57, 58
57
51, 59

H i 21 cm
53
10
...
...
13
...
...
...
10
24
29
31
32
10
35
24
...
42
...
35
52
35
35
...
48
10
50
10

Notes. Distances and Herschel photometric data are from Rémy-Ruyer et al. (2013). GALEX photometric data are from http://galex.stsci.
edu/GR6/. SDSS photometric data are from http://skyserver.sdss3.org/dr10/en/tools/chart/chartinfo.aspx. WISE data are
from http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?mission=irsa\&submit=Select\&projshort=WISE. 2MASS data
are from http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?mission=irsa\&submit=Select\&projshort=2MASS. NVSS
and FIRST data in the continuum at 20 cm are from http://www.cv.nrao.edu/nvss/ and http://sundog.stsci.edu/cgi-bin/
searchfirst, respectively; low-resolution Spitzer spectra are from http://cassis.sirtf.com/atlas/index.shtml
References. (1) Schmitt et al. (2006); (2) Guseva et al. (2012); (3) Engelbracht et al. (2008); (4) Galametz et al. (2009); (5) Condon et al.
(1998); (6) Madden et al. (2006); (7) Moustakas & Kennicutt (2006); (8) Izotov & Thuan (2004); (9) Hunt et al. (2006); (10) Huchtmeier &
Richter (1989); (11) Ugryumov et al. (2003); (12) Izotov et al. (2006a), http://das.sdss.org/spectro/; (13) Chengalur et al. (2006); (14) Leroy
et al. (2007); (15) Cannon et al. (2005); (16) Hunt et al. (2005b); (17) Lagos et al. (2007); (18) Guseva et al. (2000); (19) Galliano et al. (2005);
(20) Albrecht et al. (2004); (21) Hirashita (2011); (22) Hunt et al. (2005b); (23) Kepley et al. (2014); (24) Springob et al. (2005); (25) Vacca & Conti
(1992); (26) Izotov & Thuan (1999); (27) Galametz et al. (2009); (28) Bicay et al. (1995); (29) Williams et al. (1991); (30) Izotov et al. (1994);
(31) Huchtmeier et al. (2005); (32) Thuan & Martin (1981); (33) Dale et al. (2009); (34) Rosa-Gonzalez et al. (2007); (35) Thuan et al. (1999b);
(36) Hunter et al. (1994); (37) Guseva et al. (2004); (38) Izotov et al. (2006b); (39) Izotov & Thuan (1998); (40) Johnson et al. (2009); (41) Hunt
et al. (2014); (42) Ekta et al. (2009); (43) Thuan et al. (1995); (44) Gil de Paz et al. (2003); (45) Izotov et al. (1997); (46) Guseva et al. (2011);
(47) Izotov et al. (2001); (48) de Vaucouleurs et al. (1991); (49) Dressel & Condon (1978); (50) Courtois et al. (2011); (51) Thuan et al. (2004);
(52) Pustilnik et al. (2002); (53) Cormier et al. (2014); (54) Rabidoux et al. (2014); (55) Viallefond & Thuan (1983); (56) Klein et al. (1991);
(57) Kimball & Ivezić (2008); (58) James et al. (2002); (59) Leroy et al. (2005).

Rémy-Ruyer et al. (2013), we excluded galaxies without opti
cal or Spitzer spectra, galaxies with large angular radii >
∼60 ,
and galaxies, which were not detected by Herschel in any of the
PACS or SPIRE photometric bands. Furthermore, we excluded
the compact object UM 311 because this is not a galaxy, but an
H ii region within a spiral galaxy.
In the end, the Herschel sample consists of 28 compact
galaxies with coordinates and distances shown in Table 1.

References on available photometric and spectroscopic data are
also given in the table.

3. The determination of galaxy parameters
Most global galaxy parameters (metallicities, stellar masses,
Hβ luminosities and UV, optical, infrared and radio monochromatic luminosities) for the SDSS sample were derived by
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Izotov et al. (2014), which we adopt in this paper. We apply the
same technique to derive galaxy parameters for the Herschel
sample. The technique is briefly described in this section.
3.1. Element abundances and Hβ luminosity

The SDSS spectra of the galaxies from the SDSS sample are
used to derive emission-line fluxes and equivalent widths, the
extinction coeﬃcient C(Hβ), the H ii region luminosity in the
Hβ emission line, and chemical element abundances. The observed line fluxes were obtained using the IRAF8 SPLOT routine. The line flux errors included statistical errors in addition to
errors introduced by the standard star absolute flux calibration,
which we set to 1% of the line fluxes. These errors are later propagated into the calculation of abundance errors. The line fluxes
were corrected for the Milky Way and internal reddening using
the extinction curve of Cardelli et al. (1989) and for underlying
hydrogen stellar absorption. The extinction coeﬃcients are defined as C(Hβ) = 1.47E(B − V), where E(B − V) = A(V)/RV and
RV = 3.2 (Aller 1984).
The oxygen abundances were derived according to the procedures described by Izotov et al. (1994, 1997) and Thuan
et al. (1995), where a two-zone photoionised H ii region model
was adopted: a high-ionisation zone with temperature T e (O iii),
and a low-ionisation zone with temperature T e (O ii). In the
H ii regions with a detected [O iii] λ4363 emission line, the
temperature T e (O iii) was calculated using the direct method
based on the [O iii] λ4363/(λ4959+λ5007) line ratio. The electron temperature T e (O iii) in H ii regions with non-detected
[O iii] λ4363 emission line was derived by a semi-empirical
method (Izotov & Thuan 2007; Izotov et al. 2014), which is
based on the relation between T e (O iii) and the total flux of
strong [O ii] λ3727, [O iii] λ4959, and [O iii] λ5007 emission
lines.
We use the relation between the electron temperatures
T e (O iii) and T e (O ii) obtained by Izotov et al. (2006a) from
the H ii region models of Stasińska & Izotov (2003) to derive
T e (O ii). Ionic and total oxygen abundances were derived using
expressions for ionic abundances and ionisation correction factors (ICFs) obtained by Izotov et al. (2006a).
The extinction-corrected luminosity L(Hβ) was obtained
from the observed Hβ emission-line flux by adopting the total
extinction, which included the Milky Way, internal galaxy extinctions, and the distance derived from the redshift. For distance determination, Izotov et al. (2014) used the relation D =
f (z,H0 ,ΩM ,ΩΛ ) from Refsdal et al. (1967), where the Hubble
constant H0 = 67.3 km s−1 Mpc−1 and cosmological parameters ΩM = 0.273, ΩΛ = 0.682 were obtained from the Planck
mission data (Planck Collaboration XV 2014). The equivalent
widths EW(Hβ) were reduced to the rest frame.
The SDSS spectra were obtained with a small aperture of 3
in diameter. To derive integrated characteristics of the galaxies
from their spectra and to make a comparison with photometric
data more accurate, Izotov et al. (2014) corrected spectroscopic

data for the aperture using the relation 2.5r(3 )−r , where r and

r(3 ) are the SDSS r-band total magnitude and the magnitude
within the 3 spectroscopic aperture, respectively.
The SDSS spectra for some galaxies from the Herschel
sample were also available. Izotov et al. (2014) used these
8

IRAF is the Image Reduction and Analysis Facility distributed by
the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA) under
cooperative agreement with the National Science Foundation (NSF).
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data to derive the same parameters as those for SDSS sample galaxies. In other cases, we used optical spectra obtained
with diﬀerent telescopes to derive extinction, physical conditions
and element abundances. The Hβ fluxes were obtained from
SDSS spectra only for three Herschel galaxies, HS 1222+3741,
HS 1304+3529, and HS 1330+3651. For other galaxies, we
adopted the observed Hβ fluxes from the literature, which were
obtained with the largest available apertures and corrected them
for the extinction derived from the optical spectra. References
on the optical spectra and Hβ fluxes are given in Table 1.
3.2. Stellar masses

Izotov et al. (2014) derived galaxy stellar masses by modelling
the galaxy SEDs in the optical range for each galaxy from
the SDSS sample. They took into account both the stellar and
ionised gas emission.
The method is based on fitting a series of model SEDs to the
observed one and finding the best fit. The fit, described in more
detail by Guseva et al. (2006, 2007) and Izotov et al. (2011a,
2014), was performed for each SDSS spectrum over the whole
observed spectral range of λλ3900−9200 Å. As each SED is the
sum of both stellar and ionised gas emission, its shape depends
on the relative contribution of these two components. The contribution of gaseous emission relative to stellar emission can be
parameterized by the equivalent width EW(Hβ) of the Hβ emission line. The shape of the spectrum depends also on reddening
and the star-formation history of the galaxy.
Izotov et al. (2014) approximated the star-formation history
in each galaxy by a recent short burst with age <10 Myr, which
accounts for the young stellar population, and a prior continuous
star formation responsible for the older stars with age ≥10 Myr.
The contribution of each stellar population to the SED was parameterized by the varying ratio of the masses of the young to
old stellar populations, My /Mo . Then the total stellar mass is
equal to M∗ = My + Mo . We adopted M∗ and My , calculated
by Izotov et al. (2014) for SDSS sample galaxies, where details
of the SED fitting can be found.
For the galaxies from the Herschel sample, we derive stellar
masses, using the same method of SED fitting and spectra as
cited in Table 1.
3.3. Integrated dust characteristics

To derive integrated dust characteristics in our SDSS and
Herschel samples we use the modified blackbody fitting technique, similar to that used by Rémy-Ruyer et al. (2013).
Rémy-Ruyer et al. (2013) fitted the Herschel data by adopting a single dust temperature T . This is suﬃcient to fit farinfrared fluxes and to derive the mass of the cold dust. However,
there is evidence for warm and hot dust in star-forming dwarf
galaxies (e.g. Griﬃth et al. 2011; Izotov et al. 2011b, 2014; Hunt
et al. 2014).
Therefore, we adopted a three-component model with the
temperatures T cd , T wd , and T hd to fit dust emission in the
wavelength range ∼3−500 μm covered by WISE, Spitzer, and
Herschel observations:
Fν =

awd ν3+β
acd ν3+β
+
exp(hν/kT cd ) − 1 exp(hν/kT wd ) − 1
ahd ν3+β
,
+
exp(hν/kT hd ) − 1

(1)
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where h and k are Planck and Boltzman constants, respectively,
β is the emissivity index, acd , and awd , and ahd are scaling
coeﬃcients.
The cold dust component with the temperature T cd contributes mainly at wavelengths ≥70 μm covered by Spitzer/MIPS
70 μm and 160 μm and Herschel observations. The warm dust
component with the temperature T wd strongly contributes in the
wavelength range ∼10−50 μm covered mainly by the WISE
12 μm and 22 μm, Spitzer/MIPS 24 μm and Spitzer/IRS observations. Finally, the hot dust component with the temperature T hd
contributes in the wavelength range <10 μm, which is covered
by the WISE 3.4 μm and 4.6 μm, and Spitzer/IRAC observations.
In reality, there is a gradient in dust temperature. However, we
show later that a three-component model is suﬃcient to fit dust
emission in the entire mid- and FIR ranges.
We use Monte Carlo simulations to derive T cd , T wd , and T hd ,
and scaling coeﬃcients acd , awd , and ahd by minimization of χ2 :
χ2 =

m

[F j (obs) − F j (mod)]2
j=1

σ2j (obs)

,

(2)

where F j (obs) and F j (mod) are observed and modelled fluxes,
σ j is the uncertainty of the observed flux, and m is the number
of observed fluxes.
The 1σ errors (68.3% confidence level) of T cd , T wd , T hd , acd ,
awd , and ahd are estimated by adopting Δχ2 = χ2 – χ2min = 7.04 for
six degrees of freedom. For some objects, we considered SED
modelling with a two-component dust, excluding the hot component. In this case, Δχ2 = 4.72 for four degrees of freedom.
Derived errors of temperatures and scaling coeﬃcients were then
propagated to obtain errors for dust masses and luminosities.
The dust masses Mcd , Mwd , and Mhd of each component are
given by
 β
Fν (λ)
D2 λ
,
(3)
Mdust =
κ(λ0 ) λ0 Bν(λ, T dust )
where λ0 = 100 μm, κ(λ0 ) = 34.7 cm2 g−1 is the dust emissivity cross section per unit mass at 100 μm for the best fit SMC
(Small Magellanic Cloud) dust (Weingartner & Draine 2001), D
is the distance to the galaxy, T dust = T cd , T wd or T hd is the dust
temperature, Bν (λ,T dust ) is the Planck function, and Fν (λ) is the
monochromatic flux of dust emission.
Rémy-Ruyer et al. (2013) varied the emissivity index β
from 0 to 2.5 to achieve the best agreement between the observed
and modelled cold dust emission. At wavelengths >
∼20 μm, the
dust absorption coeﬃcient is fairly well approximated by a
power law νβ fit with β = 2.0 (Draine 2003; Krügel 2008), and
as this is the range where most of the energy is emitted, we use
this value to calculate the dust luminosity of the cold component
from
  −β
λ
L(T dust ) = 4πMdust κ(λ0 )
B(λ, T dust)dλ.
(4)
λ0
At shorter wavelengths, β is smaller and more variable, but, for
simplicity, we use the same β also for the warm and hot component. Nevertheless we also discuss the expected changes if β is
lower.
The photometric WISE and Spitzer fluxes at <
∼15 μm prior
to fitting were corrected for contributions from the stellar and
gaseous (continuum and emission lines) emission. The stellar
and gaseous continuum can be important at λ <
∼ 5 μm. We subtract it by using extrapolations of SED fits obtained from optical

spectra. However, if observed WISE λ3.4 μm, λ4.6 μm fluxes
and Spitzer λ3.6 μm, λ4.5 μm fluxes are smaller than the extrapolated fluxes, we excluded them from the hot dust emission
fitting. The stellar and gaseous continuum is negligible at longer
wavelengths and does not aﬀect the determination of warm and
cold dust parameters.
The grid of CLOUDY spherical ionisation-bounded H ii region models calculated in a wide range of input parameters (version c13.01, Ferland et al. 1998, 2013) is used to predict and
subtract the strongest MIR emission lines, [Ar iii] λ9.0 μm,
[S iv] λ10.51 μm, and [Ne iii] λ15.55 μm at their respective
redshifted wavelengths. The range of parameters and a grid are
described by Izotov et al. (2013). The input CLOUDY chemical abundances were derived from the optical spectra of each
object. The equivalent widths of MIR emission lines (<
∼0.1 μm)
are small as compared to the widths of the WISE photometric
bands (∼10 μm); therefore, corrections for emission lines do
not exceed ∼1%. The CLOUDY models also predict fluxes of
PAH lines at λ3.3 μm, λ6.2 μm, λ7.9 μm, λ11.3 μm, λ11.8 μm,
and λ13.3 μm. However, we do not subtract PAH emission from
the observed fluxes due to the complexity of PAH features fitting.
Our inspection of the Spitzer/IRS spectra shows that PAH emission is visible only in the six highest-metallicity galaxies from
our Herschel sample with 12 + log O/H ≥ 8.1. Neglecting corrections for PAH emission would overestimate the temperature
of the hot dust component by at most 10%. Parameters of the
warm and cold components will not be changed.
Since only SDSS optical, 2MASS NIR and WISE MIR data
are available for the most of the SDSS sample galaxies, we cannot fit the cold dust component. Therefore, for this sample, we
adopted a one-component dust model to derive characteristics of
the warm dust from the flux ratio at λ12 μm and λ22 μm. For
a small number of 58 SDSS galaxies with red 3.4 μm−4.6 μm
colours of ≥1.5 mag, implying the presence of hot dust, we
also adopted a two-component dust model to derive characteristics of the hot and warm dust from the λ3.4 μm/λ4.6 μm and
λ12 μm/λ22 μm flux ratios, respectively.
For the Herschel sample we use available data in the optical, NIR, MIR, FIR, submm and mm ranges to fit the observed
data with the three-component dust model. However, the twocomponent dust model is suﬃcient for six galaxies. We note that
we discuss the parameters of only cold and warm dust emission
in all cases below. This is because hot dust emission may not
be in thermal equilibrium. Therefore, its characteristics, such as
apparent temperature and mass, may be misleading and do not
correctly represent its true parameters.

4. Results
4.1. SDSS sample of compact galaxies

We use WISE 12 μm and 22 μm fluxes to derive the temperatures
T wd , the luminosities Lwd , and the masses Mwd of the warm dust.
In Fig. 1, we show the dependence of the warm dust temperature T wd on the oxygen abundance 12 + log O/H that is calculated with the emissivity index β = 2.0. Only ∼1000 galaxies with reliably derived oxygen abundances are shown in the
Figure. Galaxies with the Hβ equivalent width EW(Hβ) ≥ 50 Å
and <50 Å are also represented. Most of the galaxies are spread
in the T wd interval of ∼80−150 K with an average value of
∼120K. The average temperature would be higher by ∼20 K if
β = 1.0 is adopted.
No clear dependence of dust temperature on 12 + log O/H
is found, implying that the metallicity is not a factor, which
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Fig. 1. Dependence of the warm dust temperature T wd on the oxygen
abundance 12 + logO/H in ∼1000 galaxies from the SDSS sample.
Temperatures are calculated from the WISE fluxes at 12 μm and 22 μm
for galaxies with EW(Hβ) ≥ 50 Å (red filled circles) and EW(Hβ) <
50 Å (blue filled circles). The solid line corresponds to average T wd .

regulates dust emission. We also do not find diﬀerences between warm dust temperatures in galaxies with high-excitation
and low-excitation H ii regions.
Figures 2a and b respectively show dependencies of warm
dust luminosities Lwd on total galaxy luminosities Ltot and on
Hβ luminosity L(Hβ) for ∼1000 compact galaxies with reliable
oxygen abundances. The total luminosity Ltot is calculated in the
wavelength range 0.1−22 μm (Izotov et al. 2013). Linear most
likelihood fits of the relations are shown by solid lines.
We find that the relation in Fig. 2b is tighter than that in
Fig. 2a. The diﬀerence is more obvious from the comparison
of Figs. 2c and d, where we show the entire SDSS sample of
∼4000 compact star-forming galaxies. This diﬀerence indicates
that warm dust is heated by the UV radiation of star-forming
regions with a significant fraction of ionising stellar radiation.
Thus much of the warm dust is likely associated with H ii regions
and neutral gas clouds surrounding these H ii regions.
This conclusion is supported by the result that there is no oﬀset between galaxies with high and low EW(Hβ) (Figs. 2b, d),
implying that the warm dust luminosity is determined by the
L(Hβ) luminosity which in turn is proportional to the luminosity of ionising radiation. The relations on the total luminosities, which include both ionising and non-ionising radiation,
are broader with clear separation of galaxies with high and low
EW(Hβ) (Figs. 2a, c).
The dependence of the warm dust mass Mwd , calculated with
β = 2.0, on total stellar mass M∗ is shown in Fig. 3a for galaxies
with high and low EW(Hβ), respectively. The warm dust mass
would be increased by a factor of ∼2 if β = 1.0 is adopted. At a
variance with the Lwd – Ltot relation, the correlation Mwd – M∗
is much weaker. This can be due to the presence of a faint old
stellar population, not participating in the heating of warm dust.
Its contribution to the stellar mass can be high, while it does not
contribute much to the total luminosity because of the steeper
than linear relation between stellar mass and luminosity.
The dependence of Mwd on the mass of the young stellar
population My is much tighter (Fig. 3b) supporting the conclusion that warm dust in SDSS compact dwarf galaxies is heated
to a large extent by the radiation from young stars. Similarly to
Fig. 3a, the warm dust mass is increased by a factor of ∼2, if
an emissivity index β of 1.0 is adopted. However, a clear oﬀset
is present in both panels of Fig. 3 – the mass of warm dust in
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galaxies with lower EW(Hβ) is lower than that in galaxies with
high EW(Hβ).
Relations Lwd vs. L(Hβ) (Fig. 2b) and Mwd vs. My (Fig. 3b)
are steeper than linear relations. We may assume that the nonlinearity of the Lwd vs. L(Hβ) relation is due to the result that
the warm dust in more luminous and more massive starbursts is
warmer and is thus characterised by higher emissivity (Fig. 4a).
However, in this case, one would expect a shallower than linear
relation Mwd vs. My because of the positive correlation between
T wd and My (Fig. 4b) although it is steeper. Probably, other factors such as the dust-to-gas mass ratios play a role in steepening relations in Figs. 2b and 3b. The dust-to-gas mass ratios are
smaller for lower-metallicity galaxies, which are also fainter and
less massive. Possible deviations of warm dust emission from
the thermal equilibrium may also play a role.
We produce dependencies of the Mwd /My ratios on EW(Hβ)
for ∼1000 SDSS galaxies with best derived oxygen abundances
and for the entire sample of ∼4000 SDSS compact galaxies
in Figs. 5a and b. The clear decrease of the mass ratio with
decreasing EW(Hβ) or respective increasing age is seen. It is
more evident for the entire sample (Fig. 5b). This decrease is
caused mainly by the decrease of Mwd , because My is almost
not changed at EW(Hβ) ≥ 10 Å, corresponding to instantaneous
burst ages <10 Myr.
We fit the distributions for both samples by quadratic
maximum-likelihood regressions. For comparison, we also show
dependencies of Mwd /My ratios on EW(Hβ), which are proportional to the luminosities of ionising radiation and to the total
luminosities of the instantaneous burst (Schaerer & Vacca 1998;
Leitherer et al. 1999). It is seen that these dependencies are not
as steep, but the dependencies, which are proportional to the luminosities of ionising radiation, are in closer agreement with the
likelihood regressions. The diﬀerences between the dependencies are likely due to that the Mwd /My ratios increase with the
luminosity of ionising radiation more steeply than linearly. Thus,
this result and the tight correlation between the luminosities Lwd
and L(Hβ) suggest that warm dust is associated with H ii regions and is heated in significant part by ionising radiation of
hot O-stars beyond the Ly-limit at 912 Å.
4.2. Herschel sample

The original Herschel sample of 48 galaxies by Rémy-Ruyer
et al. (2013) is more heterogeneous as compared to the
SDSS galaxies considered in the previous subsection and includes extended irregular galaxies and BCDs. Large angular
sizes of some galaxies in the Herschel sample make a comparison of data obtained at diﬀerent wavelengths uncertain as large
aperture corrections are needed. On the other hand, these are
nearby objects, some of them are bright, and most of them were
extensively observed in diﬀerent wavelength ranges. Applying
selection criteria discussed in Sect. 2.2, we reduced the sample
to 28 compact galaxies. We collect the available data for the reduced Herschel sample from the UV-range to the radio-range
using mainly databases of all-sky surveys. References to these
observational data are given in Table 1.
4.2.1. SED fits

The SED fits of stellar and ionised gas emission at λ ≤ 15 μm,
of dust emission at λ ∼ 2−1000 μm and of free-free emission at
λ ≥ 100 μm and the observed data are shown in Fig. 6. We note
that modelled fluxes in this Figure are redshifted to observed
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Fig. 2. Dependence of the warm dust luminosity Lwd of the sample of ∼1000 SDSS compact galaxies with reliably derived oxygen abundance
on a) total luminosity Ltot within 0.1−22 μm and b) Hβ luminosity L(Hβ). Red and blue filled circles are for galaxies with EW(Hβ) ≥ 50 Å and
EW(Hβ) < 50 Å, respectively. c) and d) Same as in a) and b) but for the entire sample of ∼4000 SDSS compact star-forming galaxies. In all
panels, black solid lines are fits to the data where Lwd is calculated by adopting β = 2. Green solid lines in b) and d) are one-to-one relations
between warm dust luminosities and luminosities of ionising radiation Lion ∼ 100L(Hβ).

Fig. 3. Dependence of the warm dust mass Mwd of the sample of ∼1000 SDSS compact galaxies with reliably derived oxygen abundance on a)
total galaxy stellar mass M∗ and b) mass of the young stellar population My . Red and blue filled circles are for galaxies with EW(Hβ) ≥ 50 Å and
EW(Hβ) < 50 Å, respectively. In both panels, solid lines are fits to the data where Mwd is calculated adopting β = 2.

wavelengths and reddened adopting the extinction coeﬃcient
C(Hβ), which is derived from optical spectra and the reddening law by Cardelli et al. (1989) with RV = 3.2 (cf. Sect. 3.1).
This is done to make a comparison with observed fluxes.
First, the optical spectra were used to derive line intensities and equivalent widths of emission lines, physical conditions, redshifts and extinction. We produce SEDs, which are
the sum of stellar SED and ionised gas SED. These fits were

extrapolated to the UV and IR ranges and cover a wavelength
range of 0.1−15 μm. Observed fluxes in optical spectra prior to
the fitting were corrected for aperture. The aperture correction
for nine compact galaxies with SDSS spectra was done comparing the photometric r magnitude of the galaxy with r magnitude
measured within the spectroscopic slit of 3 in diameter. Typical
aperture corrections for compact Herschel galaxies are of order
∼1.5−2.0. For other galaxies, we scale the observed spectra by
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Fig. 4. Dependence of the warm dust temperature T wd of the sample of ∼1000 SDSS compact galaxies with a reliably derived oxygen abundance
on a) Hβ luminosity L(Hβ) and b) mass of the young stellar population My . Red and blue filled circles are for galaxies with EW(Hβ) ≥ 50 Å and
EW(Hβ) < 50 Å, respectively. In both panels, T wd is calculated adopting β = 2.

Fig. 5. a) Dependence of the warm dust mass Mwd to the young stellar population mass My ratio on the Hβ equivalent width EW(Hβ) for the
sample of ∼1000 SDSS compact galaxies with a reliably derived oxygen abundance. b) Same as in a) but for the entire sample of ∼4000 SDSS
compact star-forming galaxies. In both panels, the warm dust mass Mwd is calculated by adopting β = 2. Solid lines are quadratic fits to the data,
while dashed and dotted lines correspond to Mwd /My ratios, which are proportional to the luminosity Lion of ionising radiation and total luminosity
Ltot , respectively.

comparing Hβ or Hα line fluxes inside the slit with those derived from narrow-band imaging and from spectra, which were
obtained with large apertures.
Second, the extinction- and aperture-corrected flux of the
Hβ emission line was used to calculate the SED of free-free
emission in the submm and radio ranges (at λ ≥ 100 μm in
Fig. 6), according to Caplan & Deharveng (1986).
Third, we find that the three-component model with cold,
warm, and hot dust is generally required to fit the SED in the
mid- and FIR ranges. For this, Spitzer/IRS spectra with varying
wavelength ranges, but typically at λ5.5−35 μm, and available
Herschel, Spitzer, and WISE photometric data, are shown by line
and diﬀerent symbols in Fig. 6. The two-component model without hot dust is suﬃcient only in six galaxies (HS 0052+2536,
HS 0822+3542, I Zw 18, Mrk 209, UGC 4483, and VII Zw 403).
The SED fits of individual dust components are shown for hot,
warm, and cold dust, respectively. The total SED of dust emission is also shown, which additionally includes the free-free
emission component at λ ≥ 100 μm. The wavelength at which
dust emission and free-free emission are equal are also indicated.
In all cases, a dust emissivity index β of 2.0 is adopted.
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4.2.2. Comparison with Rémy-Ruyer et al. (2013) results

In Fig. 6, we use fits to derive temperatures, luminosities, and
masses of cold, warm, and hot dust components in 28 compact
galaxies from the Herschel sample by Rémy-Ruyer et al. (2013).
Derived temperatures, luminosities, and masses of cold and
warm dust components are shown in Table 2, and they can
be compared to the properties of the cold dust derived by
Rémy-Ruyer et al. (2013). We do not show parameters for the
hot dust component, because the equilibrium conditions for this
component may not be valid. Additionally, the table shows oxygen abundances, extinction-corrected Hβ luminosities, masses of
the young stellar population My and total stellar masses M∗ .
We note that Rémy-Ruyer et al. (2013) did not derive parameters of the cold dust in objects, which were not detected
at 160 μm and longer wavelengths. This refers to seven galaxies, HS 0822+3542, HS 1222+3741, I Zw 18, SBS 1159+545,
SBS 1249+493, Tol 1214−277, and UGC 4483, out of the
28 galaxies from our sample. We also note, that we had to correct the luminosity of cold dust in SBS 0335−052E, mistakenly
given by (Rémy-Ruyer et al. 2013, their Table 4) upwards by a
factor of ∼100.
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Table 2. Global parameters of galaxies from the Herschel sample.
Dust parameters
Object

Temperature (K)
cold
warm

Haro 11
Haro 3
HS 0017+1055
HS 0052+2536
HS 0822+3542
HS 1222+3741
HS 1304+3529
HS 1330+3651
I Zw 18
II Zw 40
Mrk 1089
Mrk 1450
Mrk 153
Mrk 209
Mrk 930
NGC 1140
Pox 186
SBS 0335−052E
SBS 1159+545
SBS 1211+540
SBS 1249+493
SBS 1415+437
SBS 1533+574
Tol 1214−277
UGC 4483
UM 448
UM 461
VII Zw 403

34+1
−2
26+1
−1
38+12
−7
36+1
−9
33+5
−2
54+7
−12
32+2
−3
27+3
−1
45+2
−1
28+2
−1
25+3
−2
32+3
−1
33+2
−2
32+3
−2
29+3
−2
25+1
−1
25+2
−6
57+7
−12
33+15
−8
42+15
−7
28+10
−6
37+5
−5
26+2
−1
37+17
−9
30+11
−5
29+3
−1
31+3
−1
29+2
−1

104+4
−9
93+6
−6
121+11
−4
90+9
−1
107+12
−1
111+11
−7
72+6
−6
82+8
−5
118+3
−3
101+2
−6
77+6
−5
98+5
−2
88+2
−1
96+9
−1
89+8
−5
80+3
−1
80+9
−6
129+3
−8
88+9
−1
99+7
−9
87+12
−6
89+6
−6
91+9
−9
87+11
−9
89+8
−3
87+8
−1
88+1
−5
78+7
−1

log Mass (M )
cold
warm
+0.09
6.54−0.03
+0.03
5.89−0.08
+0.42
4.11−0.49
+0.57
5.73−0.04
+0.18
2.83−0.47
+0.55
3.87−0.43
+0.20
4.96−0.18
+0.10
5.29−0.18
+0.09
2.38−0.11
+0.05
5.25−0.11
+0.17
6.84−0.25
+0.04
4.01−0.14
+0.12
4.70−0.11
+0.13
3.11−0.15
+0.13
6.24−0.22
+0.04
5.97−0.06
+0.59
3.85−0.13
+0.25
3.06−0.16
+0.62
3.78−0.70
+0.35
2.46−0.45
+0.62
5.10−0.70
+0.25
3.27−0.22
+0.04
5.34−0.16
+0.62
4.18−0.65
+0.58
2.31−0.70
+0.10
6.84−0.20
+0.10
3.57−0.16
+0.07
3.33−0.12

+0.28
3.73−0.12
+0.08
2.32−0.13
+0.12
1.07−0.29
+0.02
2.85−0.30
+0.03
−0.92−0.29
+0.25
1.70−0.29
+0.30
2.53−0.29
+0.16
2.01−0.28
+0.09
−0.67−0.07
+0.19
1.87−0.03
+0.21
3.56−0.29
+0.08
1.00−0.20
+0.02
1.61−0.04
+0.13
0.13−0.30
+0.19
2.99−0.23
+0.02
2.38−0.12
+0.25
0.89−0.28
+0.19
1.37−0.06
+0.04
1.34−0.29
+0.30
−0.48−0.28
+0.15
1.97−0.30
+0.24
0.59−0.26
+0.30
2.11−0.29
+0.28
1.93−0.30
+0.10
−1.17−0.30
+0.02
3.74−0.24
+0.16
0.66−0.02
+0.01
−0.20−0.25

12+
log Luminosity (L )
cold
warm
+0.06
10.74−0.12
+0.11
9.39−0.04
+0.70
8.55−0.55
+0.07
10.06−0.71
+0.04
6.94−0.08
+0.09
9.25−0.12
+0.05
9.02−0.07
+0.05
8.89−0.03
+0.02
7.31−0.02
+0.18
8.95−0.05
+0.06
10.23−0.03
+0.12
8.07−0.03
+0.14
8.77−0.16
+0.08
7.14−0.05
+0.04
9.98−0.06
+0.02
9.33−0.01
+0.06
7.24−0.11
+0.14
8.61−0.34
+0.31
7.85−0.16
+0.31
7.22−0.13
+0.09
8.79−0.04
+0.09
7.65−0.12
+0.04
8.83−0.02
+0.32
8.56−0.19
+0.09
6.21−0.09
+0.07
10.65−0.03
+0.06
7.52−0.01
+0.04
7.12−0.04

+0.10
10.82−0.23
+0.16
9.13−0.16
+0.22
8.56−0.09
+0.25
9.58−0.01
+0.03
6.24−0.02
+0.05
8.96−0.08
+0.06
8.68−0.07
+0.01
8.48−0.05
+0.02
6.75−0.02
+0.06
8.88−0.17
+0.03
9.88−0.10
+0.03
7.95−0.07
+0.04
8.29−0.01
+0.01
7.01−0.07
+0.03
9.66−0.02
+0.01
8.79−0.04
+0.01
7.29−0.01
+0.02
9.03−0.01
+0.03
7.99−0.01
+0.04
6.50−0.10
+0.04
8.60−0.03
+0.07
7.27−0.09
+0.04
8.87−0.04
+0.01
8.57−0.01
+0.01
5.52−0.07
+0.02
10.37−0.02
+0.02
7.33−0.01
+0.03
6.15−0.01

log

log O/H

L(Hβ)
(L )

8.36
8.28
7.63
8.04
7.45
7.79
7.93
7.98
7.17
8.23
8.10
7.84
7.86
7.74
8.03
8.38
7.70
7.30
7.44
7.58
7.68
7.55
8.05
7.52
7.46
8.32
7.73
7.66

9.37
6.74
6.96
7.90
5.28
7.25
7.24
6.81
6.13
7.37
7.93
6.48
6.95
5.83
7.93
7.12
5.65
7.19
6.35
5.79
6.90
6.11
6.70
7.54
4.67
8.23
5.83
5.22

log
a

log

My
(M )

M∗
(M )

9.45
5.97
6.96
6.90
4.60
6.87
6.76
7.42
5.94
7.93
8.02
5.77
7.84
5.56
7.78
6.98
4.98
6.78
5.76
5.67
6.53
5.35
6.30
6.94
4.46
8.59
5.45
4.83

10.51
7.76
7.22
8.83
5.97
8.13
8.19
9.34
6.42
8.00
8.89
7.55
8.60
5.83
9.46
8.72
6.33
7.26
5.77
7.06
7.41
6.06
8.08
6.99
5.16
10.45
6.94
5.98

Notes. (a) Extinction-corrected.

In Fig. 7a, we show a comparison between the cold dust
temperatures in 21 galaxies, for which data are available in
Rémy-Ruyer et al. (2013) with those in this paper. For most of
the galaxies the agreement is good. However, there are some
outliers. These are objects, for which Rémy-Ruyer et al. (2013)
adopted β ∼ 0.0. The most deviant object is HS 0017+1055.
We derive T cd = 38+12
−7 K, using a three-component dust model.
Our fit reproduces all available WISE, Spitzer/IRS and Herschel
observations of this galaxy well, and the derived T cd is similar
to that obtained for other galaxies (Table 2). Rémy-Ruyer et al.
(2013) found T cd = 98+34
−36 K, using a one-component dust model
with β = 0.0+1.34
.
−0.00
On the other hand, the luminosities of the cold dust are in
good agreement (Fig. 7b). This is expected, because fits in both
cases reproduce the observed FIR fluxes. Derived masses of cold
dust diﬀer to a larger extent (Fig. 7c), despite the overall agreement between Rémy-Ruyer et al. (2013) and our determinations.
4.2.3. Dust temperatures

In Fig. 8, relations among the oxygen abundances 12 + log O/H
and the temperatures of cold, and warm dust for galaxies from
the Herschel sample are shown. Temperatures vary in the range

of 25 K < T cd < 57 K with the average value of ∼30 K for the
cold component and in the range of 72 K < T wd < 129 K with
the average value of ∼90 K for the warm component. No obvious
trends with metallicity are found, excluding the two most deviant
and most metal-deficient BCDs, I Zw 18 and SBS 0335−052E.
This result confirms that found for the temperatures of warm dust
in SDSS sample galaxies (Fig. 1). We note, however, that the average temperatures for the SDSS sample are higher, ∼120 K for
the warm component. The cause for this discrepancy remains
unclear. However, the temperatures derived for the warm component in the Herschel sample are more robust, because SED fitting in these objects is controlled by the photometric data from
WISE, Spitzer, and Herschel and by Spitzer/IRS spectra, while
only WISE photometric data are available for the SDSS sample.
We also cannot exclude imperfect correction of WISE fluxes for
the contribution of the nebular emission lines, which was done
with the use of Cloudy photoionised H ii region models.
4.2.4. Dust luminosities

Dependencies of cold and warm dust luminosities on the Hβ luminosity L(Hβ) are shown in Fig. 9. The relation in Fig. 9a
is almost as tight as that in Fig. 9b for only compact galaxies with Spitzer/IRS spectra. This suggests that likely the same
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Fig. 8. Dependencies of a) cold and b) warm dust temperatures for
the Herschel sample on oxygen abundances 12 + log O/H. The galaxies I Zw 18 and SBS 0335−052E are encircled.

Fig. 7. Relation between the a) temperatures, b) luminosities, and
c) masses of cold dust obtained for the Herschel sample in this paper
and by Rémy-Ruyer et al. (2013). In all panels, solid lines mark a one
to one correspondence.

sources heat the warm and cold dust in compact galaxies from
the Herschel sample.
4.2.5. Dust masses

In Fig. 10, dust mass to total stellar mass ratios on oxygen abundance 12 + log O/H for cold and warm dust components are
shown. No clear dependence is present. The two most-metal deficient galaxies, I Zw 18 and SBS 0335−052E are among the
galaxies of the Herschel sample with the lowest cold dust mass
(Table 2). In Fig. 10a, they have low Mcd /M∗ mass ratios of
∼10−4 , which are lower by a factor of ∼10 than the average value
for the sample. This, however, does not deviate more than by 1σ
from other sample galaxies.
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Deviations of I Zw 18 and SBS 0335−052E are much larger
in the Mcd /My vs. 12 + log O/H diagram (Fig. 11a). This is
presumably because of the low cold dust mass and high fraction of ∼30% of the young stellar population in the total mass,
indicating that both galaxies are relatively unevolved and had
no time to produce dust in large quantities. Although the old
stellar population with age >
∼1 Gyr is present in I Zw 18, its
6
mass of >
∼2 × 10 M (Annibali et al. 2013) is small compared
to the H i mass of 108 M (Lelli et al. 2012). There is no direct evidence for an old stellar population in SBS 0335−052E.
Pustilnik et al. (2004) inferred from the integrated light of
SBS 0335−052E that the stellar-to-total baryon mass fraction in
this galaxy is 0.035.
Therefore, Mcd /My in these galaxies is only by ∼3 times
higher than Mcd /M∗ (Table 2). On the other hand, the youngto-total stellar mass ratio is much smaller in many other galaxies
from the Herschel sample, elevating their dust-to-young stellar
mass ratio, as compared to that in Fig. 10a. The diﬀerence between I Zw 18 and SBS 0335−052E and other galaxies is lower
for the warm dust component.
In Fig. 12, the relation is shown between the warm and cold
dust masses. The presence of a correlation between cold and
warm dust masses for the Herschel sample suggests that these
components are linked to young stellar populations. This correlation with dispersion of ∼0.5 dex opens the opportunity for
estimating the cold dust mass from the warm dust mass. The
most outlying galaxy in Fig. 12 is SBS 0335−052E with highest
Mwd /Mcd ratio. Given the warm dust mass and using the relation
in Fig. 12 would overestimate the cold dust mass by one order
of magnitude for this galaxy. On the other hand, the relation in
the Figure nicely reproduces the cold dust mass in I Zw 18.
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Fig. 9. Dependencies of a) cold and b) warm dust luminosities on Hβ luminosities for galaxies from the Herschel sample. Solid lines are linear
maximum-likelihood relations, while dotted lines are one-to-one relations between dust luminosities and total luminosities of ionising radiation Lion ∼100L(Hβ). I Zw 18 and SBS 0335−052E are encircled.

Only a small fraction of the local star-forming galaxies with
low metallicity was observed with Herschel (Rémy-Ruyer et al.
2013). On the other hand, there are many more compact starforming galaxies that were detected with WISE (this paper,
Izotov et al. 2011b, 2014). The relation in Fig. 12 allows us to
estimate the cold dust mass in these galaxies with an uncertainty
better than by a factor of three.
4.2.6. Dust-to-gas mass ratio

The dust-to-gas mass ratio is often considered as a measure of
metallicity. In this respect it might be compared to the oxygen abundance 12 + logO/H measured in the ionised gas. One
would expect that the dust-to-gas mass ratio and heavy element
mass fraction Zion in the ionised gas should be comparable if the
galaxy ISM is well mixed.
However, there is some evidence that the neutral gas metallicity is much lower than that of the ionised gas. Thuan
et al. (2002, 2005), Lebouteiller et al. (2004, 2013), Lecavelier
des Etangs et al. (2004) using FUSE and the Cosmic Origin
Spectrograph (COS) onboard HST showed that the oxygen-tohydrogen abundance ratio in the neutral gas of low-metallicity
BCDs is on average several times lower than that in H ii regions.
It was even suggested in some papers that some fraction of pristine neutral gas might be present in these galaxies.
Based on IRAS observations, Lisenfeld & Ferrara (1998)
found that the dust-to-gas mass ratio in dwarf irregulars
and BCDs is steeply decreased with decreasing ionised gas

Fig. 10. Dependencies of the dust mass-to-total stellar mass ratio on
oxygen abundance are shown for a) cold and b) warm dust in galaxies from the Herschel sample. The black solid lines in a) and b) indicate average values of Mcd /M∗ and Mwd /M∗ , respectively. I Zw 18 and
SBS 0335−052E are encircled.

metallicity. Later, Engelbracht et al. (2008) using Spitzer observations confirmed this result. A detailed study of the dustto-gas mass ratio in the galaxies from the Herschel sample was
done by Rémy-Ruyer et al. (2014). Based on the galaxies from
Rémy-Ruyer et al. (2013), they compiled H i data and calculated
the mass of the molecular hydrogen by using the CO-to-H2 conversion factor for galaxies with detected CO emission and by
extrapolating the conversion factor for galaxies with low metallicity, where CO emission was not detected. Rémy-Ruyer et al.
(2014) found that the dust-to-gas mass ratio is steeply decreased
with decreasing metallicity, a result similar to that obtained by
Lisenfeld & Ferrara (1998) and Engelbracht et al. (2008).
In Fig. 13a, we show the dust-to-gas mass – oxygen abundance diagram for the Herschel sample of compact galaxies together with data from the literature, which include both dwarf
and giant galaxies. The mass of molecular hydrogen MH2 for
three galaxies from the Herschel sample with detected CO emission (Haro 11, Mrk 1089, Mrk 930) was taken from Cormier
et al. (2014) and added to the H i mass. The MH2 /MHI ratios
for Mrk 1089 and Mrk 930 are low, of ∼0.2−0.3. However, this
ratio of ∼5 is much higher for Haro 11. For galaxies selected
from the literature, we show the data in Fig. 13a, which include
the H2 mass, whenever it was available. We do not use the extrapolation of the CO-to-H2 conversion factor to low metallicities to derive the H2 mass in galaxies from the Herschel sample
with undetected CO emission because this procedure is highly
uncertain.
We confirm a sharp decrease of dust-to-gas mass ratios with
decreasing metallicity at 12 + log O/H < 8.5, while the ratio is
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Fig. 11. Dependencies of the dust mass-to-young stellar mass ratio on
oxygen abundance are shown for a) cold and b) warm dust in galaxies from the Herschel sample. The black solid lines in a) and b) indicate average values of Mcd /My and Mwd /My , respectively. I Zw 18 and
SBS 0335−052E are encircled.

Fig. 12. Mass of warm dust vs. mass of cold dust. The red solid line
represents the maximum-likelihood linear regression. I Zw 18 and
SBS 0335−052E are encircled.

almost constant in giant galaxies with higher metallicities. The
Herschel data can be fit by a linear maximum-likelihood relation shown as a black solid line. We note the steep slope of
∼2.65, which is steeper than the linear extrapolation of the data
for higher-metallicity galaxies by Draine et al. (2007) and the
model predictions by Hirashita et al. (2002). We note that the
dust-to-gas mass ratios in Fig. 13a are global characteristics of
galaxies because they are derived from the total dust and gas
masses.
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The dotted line in Fig. 13a is the one-to-one line between the
dust-to-gas mass ratio and the heavy-element mass fraction Zion
in the ionised gas. Zion is derived from the relation
  
O Z
Zion = 16 ×
,
(5)
H ZO
where Z/ZO is the ratio by mass of all heavy elements to oxygen, which we adopt to be 2.5. O/H is the oxygen abundance by
number derived from the H ii region’s optical spectrum.
This relation shows that the observed dust-to-gas mass ratio
in dwarf galaxies is by a factor of ∼100 lower than the heavy
element mass fraction in the dwarf’s H ii regions. Keeping in
mind that the metallicity of the neutral gas in these galaxies can
be lower by a factor of up to ∼10 than the heavy element mass
fraction in H ii regions (e.g. Thuan et al. 2005), we conclude that
the global dust-to-gas mass ratio in dwarf galaxies is ∼10 times
lower than the neutral gas metallicity. From the two relations
(Fig. 13a), we can derive the dust-to-metal mass ratio, which declines with decreasing metallicity. This is in line with the trends
in dust-to-metal ratios (i.e. the mass fraction of metals in dust)
found by De Cia et al. (2013) for low-metallicity gamma-ray
burst (GRB) hosts and damped Ly-α absorbers (DLAs).
The lowest global dust-to-gas mass ratios are derived for the
two lowest-metallicity BCDs, I Zw 18 and SBS 0335−052E,
shown in Fig. 13a. They are in nice agreement with dust-togas mass ratios obtained for these galaxies by Rémy-Ruyer
et al. (2014) and for some other most-metal poor galaxies with
12 + log O/H <
∼ 7.6 (this paper, Lisenfeld & Ferrara 1998;
Engelbracht et al. 2008). Hunt et al. (2014) derived a similar
dust-to-gas mass ratio for I Zw 18, but at a value ∼5000 times
higher for SBS 0335−052E. The diﬀerence in the case of
SBS 0335−052E is in part due to that Hunt et al. (2014) derived
a dust mass, which is a factor of ∼40 higher than the value in
this paper (Table 2), the latter being consistent with Rémy-Ruyer
et al. (2013). Furthermore, Hunt et al. (2014) assumed that the
dust is located inside an ∼1 aperture, which is much smaller
than the larger aperture, of ∼10 in radius, where Herschel fluxes
were measured. We adopt a large aperture of ∼10 . Hunt et al.
(2014) also used the H i mass inside ∼1 aperture, while we
use the total H i mass of 4.2 × 108 M for SBS 0335−052E
(Ekta et al. 2009). Furthermore, hydrogen in the central part of
the galaxy within a 1 aperture is mostly ionised, and its mass
that adopts the electron number density of ∼100 cm−3 is by at
least a factor of ∼10 larger than the mass of neutral gas within
the same aperture. In these circumstances, ionised gas should be
taken into account in the dust-to-gas mass ratio determination.
On the other hand, the global dust-to-gas mass ratio is almost
insensitive to the presence of ionised gas, because its total mass
is much lower that the neutral gas mass.
In this respect, our dust-to-gas mass ratio for SBS 0335–
052E can be considered as a global characteristic of the galaxy,
while that of Hunt et al. (2014) describes a local characteristic
for the central part of the galaxy.
In Fig. 13b, we show the dust-to-ionised-gas mass ratio for
our galaxies. The ionised gas mass is derived using relation
L(Hβ)mp
M(H II) =
,
(6)
Ne
where mp is the proton mass, Ne is the electron number density,
L(Hβ) is the extinction-corrected total Hβ luminosity, and is
the Hβ emissivity, as defined by equation (Aller 1984)
= 1.37 × 10−25 te−0.982 exp(−0.104/te),
−4

te = 10 T e .

(7)
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Fig. 13. a) Dependence of the dust-to-hydrogen mass ratio relative to the oxygen abundance 12 + log O/H. The data from this paper are shown by
large filled blue circles and are fitted by the linear maximum-likelihood regression (black solid line). The two lowest-metallicity galaxies, I Zw 18
and SBS 0335–052E, are encircled. The dust-to-gas ratio from a compiled sample of dwarf irregulars and blue compact dwarf (BCD) galaxies by
Lisenfeld & Ferrara (1998; IRAS data) are denoted by black crosses (note that for GR8 we adopt the oxygen abundance from Morales-Luis et al.
2011). The data for 16 BCDs (IRAS data) by Hirashita et al. (2002) are shown by magenta open squares. The dust-to-gas ratio for 66 star-forming
galaxies observed with Spitzer by Engelbracht et al. (2008) are shown by light blue triangles. The data compiled from literature for a wide sample
of galaxies using diﬀerent submm (>160 μm) observations (Galametz et al. 2011) are denoted by large open black circles. The available data
gathered by James et al. (2002) and their observations with SCUBA are shown by red asterisks. b) Dependence of the dust-to-ionised-hydrogen
mass ratio relative to the oxygen abundance 12 + log O/H. The data from this paper are shown by large filled blue circles and are fitted by the
linear maximum-likelihood regression (black solid line). The two lowest-metallicity galaxies, I Zw 18 and SBS 0335–052E, are encircled. The
black dotted lines in both panels denote a one-to-one correspondence between the dust-to-gas mass ratio and the heavy-element mass fraction Zion
(see Eq. (5)) in the ionised gas as derived from the oxygen abundance.

It is seen in Fig. 13b that the dust-to-ionised-gas mass ratio is
sharply increased with metallicity and generally is higher than
the dotted line denoting a ratio of unity between Mdust /MH II
and Zion . Only in the lowest-metallicity galaxies are they comparable. This suggests that although radiation by a young stellar
population is the main source of dust heating, most of dust is
located in the neutral gas, and the fraction of dust in the neutral
gas is increased with increasing metallicity.
4.2.7. submm excess in star-forming dwarf galaxies

Rémy-Ruyer et al. (2013) extensively discussed the submm excess at wavelengths >
∼500 μm, which is detected in a significant
fraction of galaxies from the Herschel sample. They noted that
this excess is more frequent in low-metallicity galaxies. In particular, they discuss two galaxies with this excess, Haro 11 and
II Zw 40. Rémy-Ruyer et al. (2013) also detected the submm
excess in the galaxies HS 0052+2536 and VII Zw 403 from our
Herschel sample. Furthermore, Rémy-Ruyer et al. (2013) analyse diﬀerent mechanisms, which may cause this emission. All of
them are related to dust emission.
On the other hand, the presence of cold dust in lowmetallicity compact dwarf galaxies with active star formation
and intense UV stellar radiation is diﬃcult to understand. We
suggest that the free-free emission may play a role in producing submm excess in these galaxies with strong nebular continuum in the optical range and at longer wavelengths, as is indicated by a high equivalent width of the Hβ emission line. It was
noted in Sect. 4.2.1 that the fluxes of the free-free emission in
submm and radio ranges were calculated from the Hβ emission
line flux, according to Caplan & Deharveng (1986). We compare predicted and observed fluxes in the cm range where emission is dominated by free-free processes. For most objects from
our Herschel sample, no data are available in this wavelength

range. For the remaining galaxies, Haro 11 (Fig. 6a1), II Zw 40
(Fig. 6b1), I Zw 18 (Fig. 6b2), Mrk 1089 (Fig. 6b3), Mrk 209
(Fig. 6b4), Mrk 930 (Fig. 6b7), and SBS 0335−052E (Fig. 6c2),
the agreement is good.
Depending on the galaxy properties, the contribution of
free-free emission may be significant in the submm or mm
wavelength ranges (Fig. 6). We note that the role of free-free
emission in producing submm excess was discussed earlier by
Galliano et al. (2003) and Galliano et al. (2005) for four highmetallicity star-forming galaxies, NGC 1569, II Zw 40, He 2-10,
and NGC 1140. They concluded that free-free emission is insuﬃcient to explain this excess and that emission of very cold
dust is needed. However, we point out that Rémy-Ruyer et al.
(2013) did not detect the excess in NGC 1140, while it is present
with the Galliano et al. (2005) data. We also conclude from our
SED fitting (Fig. 6b8) that a submm excess in this galaxy is not
apparent.
We note that submm and mm observations for II Zw 40
are controversial (Fig. 6b1). Submillimetre array (SMA) observations at 880 μm (Hirashita 2011) and MRT observations at
1.25 mm (Albrecht et al. 2004) are in very nice agreement with
our fit, while 850 μm SCUBA and 1.3 mm MAMBO observations by Galliano et al. (2005) and Hunt et al. (2005a) are not.
It is possible that diﬀerences in observed fluxes are due to the
fact that II Zw 40 is located at low Galactic latitude with a high
Milky Way extinction. This makes subtraction of bright foreground Galactic cirrus somewhat uncertain. We also note that
870 μm LABOCA observations by Galametz et al. (2009) are
above the fit for Haro 11 (Figs. 6a1). On the other hand, observed
and predicted fluxes at λ >
∼ 850 μm for another two galaxies,
NGC 1140 (6b8) and SBS 0335−052E (6c2) are in very good
agreement and do not show evidence for a very cold dust.
In Fig. 6, blue vertical dashed lines indicate the wavelengths λﬀ at which contributions of dust and free-free emission
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4.3. The components of the SBS 0335−052E SED
in the infrared

Fig. 14. Dependence of the wavelength λﬀ in submm and mm ranges
on the oxygen abundance 12 + log O/H, at which monochromatic dust
emission is equal to monochromatic free-free emission. Red filled circles and blue filled circles are data for galaxies from the Herschel sample with L(Hβ) ≥ 107 L and L(Hβ) < 107 L , respectively. The black
solid line is the maximum-likelihood regression for the entire Herschel
sample. I Zw 18 and SBS 0335−052E are encircled, while Haro 11 and
II Zw 40 are surrounded by squares.

are equal. The most extreme cases are the most-metal deficient
galaxies from the sample, I Zw 18 and SBS 0335−052E, with
λﬀ ∼370 μm and ∼340 μm, respectively (Figs. 6b2 and c2).
In particular, ALMA observations of SBS 0335−052E clearly
indicate that emission at 870 μm is almost totally dominated
by free-free emission (Fig. 6c2, Hunt et al. 2014). There is
also a general tendency of lowering λﬀ with decreasing oxygen
abundance, 12 + log O/H. The wavelength λﬀ for galaxies with
12 + log O/H <
∼ 8.0 is commonly in the submm range, while
it is >
∼1 mm for higher metallicities (Fig. 6). This agrees with
statistics of the submm excess discussed by Rémy-Ruyer et al.
(2013).
Regarding Haro 11 and II Zw 40, λﬀ are ∼700 μm and
∼960 μm, respectively (Figs. 6-a1 and 6-b1). Therefore, a
submm excess in Haro 11 due to the free-free emission is expected at shorter wavelengths, and it is seen by Herschel at
500 μm, while it is not in II Zw 40.
The dependence of λﬀ on oxygen abundance for the entire
Herschel sample is shown in Fig. 14. A clear increase of λﬀ with
increasing 12 +log O/H is seen, implying that the submm excess
in low-metallicity galaxies may be due to the free-free emission
from relatively transparent H ii regions, which are seen in the
optical range. However, metallicity is not the only parameter
determining λﬀ , which is lower for galaxies with higher luminosity L(Hβ) of the Hβ emission line (compare galaxies shown
in Fig. 14). In particular, λﬀ for the two most deviant highmetallicity galaxies Haro 11 and II Zw 40 with high L(Hβ) is
also in the submm range.
Unfortunately, there are no observational data in the submm
range for most of the galaxies shown in Fig. 6. Therefore, we
cannot check the importance of free-free emission in producing
submm excess in these low-metallicity galaxies. At least, we can
conclude that the wavelength, at which the contribution of freefree emission becomes important is progressively decreased with
decreasing metallicity, which is consistent with measured statistics of the submm excess (Rémy-Ruyer et al. 2013). Hopefully,
forthcoming observations of these galaxies with ALMA will further clarify this issue.
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Thuan et al. (1999a) were the first who noted the existence of
highly obscured regions in SBS 0335−052E based on ISO observations. More recently, Plante & Sauvage (2002) based on
the same observations concluded that extinction in the obscured
region is of order AV ∼30 mag and that most of the star formation in SBS 0335−052E is hidden and is not seen even in the
NIR range. Houck et al. (2004) discovered silicate absorption
at 9.7 μm in the Spitzer spectrum of SBS 0335−052E, which is
indicative of the presence of highly obscured regions. Finally,
Hunt et al. (2014) modelled the IR SED using the DUSTY code
with inclusion of obscured regions.
On the other hand, our fit of free-free emission from the observed Hβ flux in SBS 0335−052E is in excellent agreement with
the observed fluxes in the submm and radio ranges (Fig. 6c2).
There are many spectroscopic observations of SBS 0335−052E
with Hβ flux measurements of ∼(4−10) × 10−14 erg s−1 cm−2 . For
the fit of free-free emission in Fig. 6-c2, we adopted the value of
1.05 × 10−13 erg s−1 cm−2 by Izotov et al. (2006b) for the entire
galaxy. However, if, in SBS 0335−052E, most of the star formation is hidden by a foreground absorbing layer as suggested by
Plante & Sauvage (2002) then one would expect higher observed
radio fluxes, as compared to those predicted from the observed
Hβ flux.
Furthermore, Izotov & Thuan (2011) predicted fluxes of nebular [S iv] λ10.51 μm and [Ne iii] λ15.55 μm emission lines
from optical spectroscopic observations and Cloudy photoinised
H ii region models, which are in good agreement with fluxes
observed by Houck et al. (2004) in the Spitzer/IRS spectrum
of SBS 0335−052E. Finally, ALMA continuum observations at
870 μm (Hunt et al. 2014) and VLA continuum observations in
the cm range (Johnson et al. 2009) do not reveal new spatially
distinct star-forming regions in addition to those seen at shorter
wavelengths.
Therefore, the origin of silicate absorption at 9.7 μm is puzzling as the observations imply that the contribution of obscured
star-forming regions to FIR, submm, and thermal radio emission
should be lower than that of those star-forming regions, which
are visible in the optical range.
According to Starburst99 models for instantaneous bursts
(Leitherer et al. 1999), the Hβ luminosity of visible star-forming
regions in SBS 0335−052E, L(Hβ) = 1.6 × 107 L corresponds
to a luminosity of ionising radiation beyond the Lyman limit,
Lion ∼ 100 L(Hβ) = 1.6 × 109 L , and a total UV luminosity
LUV of 3.9 × 109 L . The V-band extinction A(V) of 0.3 mag for
SBS 0335−052E would correspond to A(0.1 μm) ∼ 3 × A(V) ∼
0.9 mag meaning that more than half of the UV radiation is absorbed by dust. This seems to be suﬃcient to explain our derived
LFIR of 1.7 × 109 L , which includes cold and warm dust components (Table 2).
Figure 15 shows the full spectrum of SBS 0335−052E
from the Lyman limit to centimeter radio wavelengths. Between
3 μm < λ < 0.5 mm, the radiation comes from dust. At shorter
wavelengths, it is stellar and nebular emission including many
lines; at longer wavelengths, it is free-free radiation. Because
the radio continuum becomes opaque (τc = 1) at λ > 3 cm, this
implies an emission measure EM ∼ 109 pc cm−6 or an electron
density of 104 cm−3 over a length of 1 pc.
More than half of the total luminosity of the galaxy, Lgal =
3.9 × 109 L , is emitted at optical wavelengths (Lopt = 2.2 ×
109 L for λ < 2 μm) and has not been attenuated by dust. The
remaining luminosity, LFIR = 1.7 × 109 L , has been processed
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by dust. If the galaxy is powered by O6 stars with having a luminosity L∗ = 2.5 × 105 L , it will take N∗ = 1.56 × 104 of them
to account for Lgal .
As one O6 star emits NL ∼ 1.2 × 1049 Lyman continuum
photons per s, the output of all O6 stars amounts to N∗ NL =
1.9 × 1053 photons s−1 . If the fraction Lopt /Lgal ∼ 22/39 leads
to ionisation, one comes up with a number of ionising photons
Nion = 1.1 × 1053 which agrees very well with the number
derived from the optically thin radio emission, for example, at
λ = 1 cm (Johnson et al. 2009).
By modelling the dust radiation from a source in a radiative transfer calculation for simple geometries, one can sometimes derive good estimates of the spatial distribution, mass, and
temperature range of the dust. Here, however, the geometry is
obviously much too complex, and we restrict ourselves to a decomposition of the infrared part of the SED into components
and their semi-quantitative analysis. Therefore, most of the following numbers (where we use the correct emissivity κν Bν(T dust )
and not the approximation νβ Bν (T dust )) are rough but indicative
of the range of possible values.
In analysing the SED, we start by looking at its coldest component defined by the FIR emission. The data points at 70 and
160 μm imply a colour temperature of about T 1 = 65 K in
which the dust acquires at a distance of R1 ∼ 100 pc from a
central source of luminosity Lgal . Of course, when L and R are
fixed, the temperature depends on the size and mineralogy of
the grain, but T 1 is a mean value for the grain’s standard size
range (0.03 to 0.3 μm) and standard composition (silicate, amorphous carbon and graphite). The mass of this dust component
is M1 ∼ 2000 M or ∼1.5 times higher than the mass derived
adopting β = 2 (Table 2), and it is located at the edge of or just
outside the H ii region. If cold dust forms a shell of width ΔR1
around the powering star cluster and if ρ is the density of dust per
cm3 , then the visual extinction optical depth through this shell is
τ1,V = κV ΔR1 ρ = κV M1 /4πR21 ∼ 0.13 for an extinction coeﬃcient at V of κV ∼ 4 × 104 cm2 per g of dust. This cool shell is
therefore almost transparent to radiation from inside.
To explain the SED, one needs more warmer components.
An important guide to their constraint plays the 9.7 μm silicate
feature. It is claimed to be seen in absorption by Houck et al.
(2004) with an optical depth τ9.7 μm = 0.49. One way to produce
it would be by a layer of such an optical depth that lies in front
of a background source with an intrinsic, undiminished flux of
∼0.02 Jy at 9.7 μm. The foreground layer must be cooler than
150 K, or it would show the 9.7 μm resonance in emission. The
background source itself, unless it is optically thick to stellar
radiation, should for similar reasons be cooler than 150 K.
The visual extinction optical depth of the foreground layer is
τV ∼ 0.49 × τV /τ9.7 μm ∼ 7.5. If it were in front of the stellar superclusters it would strongly suppress their optical and UV emission which would then be intrinsically brighter by a factor ∼e7.5
than what is observed. That, however, is excluded because the
IR part of the SED accounts for less than half of the total luminosity. The layer also cannot lie in front of the optically visible
H ii region, which covers most or a considerable fraction of it,
because its short wavelength emission is well detected and the
extinction over it does not show much variation.
We, therefore, favour a configuration in which the near- and
mid-IR emission come from one, or more likely, several optically hidden sources. Let there be Nhid of them with a luminosity
Lhid with Nhid Lhid ∼ 0.27Lgal for each. For each, one has to do a
radiative transfer calculation to compute their spectra. They can
then be added independently to the optical and FIR fluxes. These

Fig. 15. Full spectrum of SBS 0335-052E. Green points: WISE. Blue
points: Spitzer. Cyan points: Herschel. Black points: submm and radio.
The IR part of the SED can be deconvolved into three components: a
cold one of T 1 = 65 K (blue line), a warm one of T 2 = 160 K (green
line), and emission from dust surrounding the still enshrouded star clusters (red line). Their sum is shown by dot-dashed line.

dust hidden source(s) may be O star clusters, which are still dust
enshrouded and at an earlier evolutionary stage than the visible
super-star clusters. Although there must be some general trigger for the star burst in SBS 0335−052E, one sees six separated
clusters and their ignition is not likely to have occured simultaneously within a period much less than the lifetime of an O6 star.
The hidden sources of total luminosity Nhid Lhid may be anywhere within the field of view of the detector: within or outside
the H ii region, in front of or behind it. It does not make much
diﬀerence whether one imagines a few or a greater number of
(spherical) hidden sources. They are in many ways quite similar:
they are small (<10 pc), so that they would never noticably obscure the H ii region and have a visual optical depth τV ∼ 6. The
model that enters Fig. 15 has 40 such hidden sources, with each
having a radius of 1 pc and a luminosity Lhid = 2.5 × 107 L ,
representing a very dense cluster of about 100 O stars.
In Fig. 15, the contribution from the hidden sources emitting
in the infrared is given by the thin red curve peaking near 25 μm.
The cold component is also shown. To improve the fit, another
warm component with T 2 = 160 K and a dust mass M2 ∼ 15 M
is shown. One would find a temperature of ∼160 K at a distance
of 10 pc from an unobscured source of 109 L .
We mention that a satisfactory overall fit to the SED can, in
principle, be achieved if silicate dust is absent, so that there is
only carbon dust and no 10 μm feature. Then one does not need
the hidden sources, and the dip near 10 μm would result from a
crossover of two temperature components. However, the heavy
elements in this galaxy come from exploding massive stars, and
it is hard to avoid the creation of silicon and oxygen.
The existence of an additional very cold component ( 60 K)
can never be excluded, but it sets limits on its maximum mass
because the emission at 0.8 mm is clearly free-free radiation.
For example, the mass of a 20 K component, which would be
about 3 kpc away from the galaxy center, could not be much
more massive than 104 M .
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5. Summary
We studied global characteristics of dust emission in a large
sample of emission-line star-forming galaxies. The sample consists of two subsamples. One subsample includes ∼4000 compact star-forming galaxies from the SDSS, which were also detected in all four bands at 3.4 μm, 4.6 μm, 12 μm, and 22 μm
of the WISE all-sky survey. The second subsample is a sample
of 28 star-forming galaxies observed with Herschel in the FIR
range (Rémy-Ruyer et al. 2013). For the second sample, we also
use observations by WISE and Spitzer in the MIR range and various observations in submm and radio ranges. Both SDSS and
Herschel samples are supplemented by available data in the UV,
optical, and NIR ranges.
For the SDSS sample, we use 12 μm and 22 μm WISE fluxes
to determine temperatures, luminosites, and masses of warm
dust. For the Herschel sample, we adopt a three component dust
model to derive global parameters for cold, warm, and hot components. The parameters of cold and warm dust are compared
with other global parameters, such as stellar masses and luminosities in the UV and optical ranges.
Our main results are as follows.
1. We derived temperatures, luminosities, and masses of the
warm dust in SDSS compact star-forming galaxies, adopting a modified black-body distribution with a dust emissivity index β = 2.0. The average temperature of warm dust
is ∼120 K and does not depend on the galaxy metallicity. It
is slightly larger for smaller β. Warm dust luminosities are
strongly correlated with Hβ luminosities, implying that the
main source of warm dust heating is radiation of star-forming
regions that include ionising UV radiation, and, thus, warm
dust is located inside and/or near H ii regions.
2. Warm dust masses in SDSS compact galaxies weakly depend
on the total stellar masses, but they are much more tightly
correlated with masses of young stellar populations. We find
a strong decrease of warm-dust-to-young-stellar-population
mass ratio with decreasing equivalent width EW(Hβ) of
the Hβ emission line, implying that this ratio is higher in
younger star-forming regions and that warm dust is mainly
heated by ionising radiation of H ii regions. We also varied β
and found that warm dust masses would be higher by a factor
of ∼2 with β = 1.0, as compared to those with β = 2.0.
3. We used WISE, Spitzer, and Herschel photometric data,
as well as the optical and Spitzer/IRS spectra to derive
global dust characteristics in 28 compact galaxies from
the Herschel sample (Rémy-Ruyer et al. 2013) by adopting a three-component dust model and modified blackbody
emissivity with the emissivity index β = 2.0. The mean
dust temperatures are ∼30 K and ∼90 K for the cold and
warm components, respectively, with no clear dependence
on metallicity. Since the emission of hot dust may not be in
equilibrium, we do not analyse hot dust parameters because
they may deliver erroneous results. There are two outliers,
the two sources with lowest metallicity, SBS 0335−052E and
I Zw 18, which have higher cold dust temperatures. We find
general agreement between the cold dust temperatures derived by Rémy-Ruyer et al. (2013) and in this paper.
4. Similarly to the SDSS sample, we find a tight relation between the warm dust and Hβ luminosities for galaxies from
the Herschel sample. Additionally, correlations are found
between cold dust and Hβ luminosities. All these relations
suggest that the main source of dust heating in star-forming
galaxies is UV radiation of young stellar populations.
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5. The masses of the cold dust in the Herschel sample galaxies
are in the range of ∼102 −106 M and on average they are
by a factor of ∼103 higher than those of the warm dust. We
found a tight correlation between masses of cold and warm
dust, implying the same source of dust heating, UV radiation of star-forming regions. It is proposed to use the relation between warm and cold dust masses for estimations of
the total dust mass in star-forming galaxies with an accuracy
better than ∼0.5 dex. This can appreciably increase the number of star-forming galaxies with derived dust masses from
several tens to several thousands, because the data in the midinfrared range (e.g. WISE survey) used for the determination
of the warm dust characteristics are numerous.
6. We find that dust-to-neutral gas and dust-to-metal mass
ratios in Herschel star-forming galaxies strongly decline
with decreasing metallicity, which is similar to results from
other studies of local emission-line galaxies, high-redshift
GRB hosts, and damped Lyα absorbers (DLAs). On the other
hand, the dust-to-ionised gas mass ratios are about one hundred times as high, indicating that most of dust is located in
the neutral gas.
7. It is found that thermal free-free emission of ionised gas in
star-forming galaxies is important in the submm range and
may cause the submm excess, as discussed by Rémy-Ruyer
et al. (2013). This eﬀect is stronger in galaxies with lower
metallicity and higher star-formation rate.
8. We showed that the optically thick foreground layer invoked
by Plante & Sauvage (2002) and Hunt et al. (2014) to explain silicate dust absorption at 9.7 μm in SBS 0335−052E
is in conflict with observations in the UV, optical, and radio ranges and results in much higher radio emission than
that observed. We propose a model in which hidden star formation in SBS 0335−052E resides in one or several dense
and compact gas clouds, which are optically thick at 9.7 μm.
These hidden star clusters emit only in the infrared range and
do not produce an emission excess in the radio range, leading
to satisfactory agreement with all observational data.
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Fig. 6. Spectral energy distribution fits of the galaxies from Herschel sample. Observed spectra in the optical and MIR ranges are shown by black
and magenta lines. Photometric data are shown from GALEX (blue filled circles), SDSS (open magenta circles), 2MASS (black open circles),
WISE (green symbols), Spitzer (black filled circles), Herschel (red filled circles), and submm and radio (open magenta rhombs). Blue, green and
red spectra at λ <15 μm are fitted SEDs for ionised gas, stellar and total emission, which are produced from the optical spectra. Fits of dust
emission at λ > 5 μm are shown by red, green, and blue dotted lines for diﬀerent components and by black solid line for total emission. Blue
solid line at λ > 100 μm is free-free emission extrapolated from the extinction- and aperture-corrected Hβ flux. Blue dashed line indicates the
wavelength at which dust flux is equal to extrapolated free-free emission.
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Fig. 6. continued.
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Fig. 6. continued.
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