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2 Helsinki University Observatory, Tähtitorninmäki, PO Box 14, 0014 University of Helsinki, Finland

Received 24 July 2003 / Accepted 7 October 2003

Abstract. We present global IR properties of the Small Magellanic Cloud using an ISOPHOT 170 µm map and re-visited
IRAS data. The integrated 170 µm flux is 14 950± 2300 Jy, and the integrated IR flux is F1−1000 = 7.48× 10−10 W m−2. Discrete
sources contribute 28%, 29%, and 36% to the integrated flux at 60 µm, 100 µm, and 170 µm, respectively. Most of the total
emission arises from diffuse emission regions surrounding the HII regions. The SED can be modelled by the composition of
a 45 K, a 20.5 K and a 10 K blackbody component with emissivity index n = 2. A color temperature map is constructed from
the ISOPHOT 170 µm and the IRAS 100 µm HiRes maps. The average dust temperature is TD = 20.3 K. The total dust mass
is found to be MD = 7.8 × 105 M�, yielding a gas-to-dust mass ratio Mgas/Mdust ≈ 540, a value 25 times lower than found
by former studies. The global star formation rate is estimated to SFRtotal ≈ 0.05 M� yr−1. The comparison with other irregular
galaxies reveals the SMC as quiet with no peculiar FIR properties.
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1. Introduction

In Wilke et al. (2003) (Paper I hereafter), a map of the Small
Magellanic Cloud (SMC) obtained with ISOPHOT (Lemke
et al. 1996) in the new 170 µm wavelength band was presented.
In order to treat the ISO and IRAS data in an identical and re-
producible way we obtained IRAS high resolution maps at 12,
25, 60 and 100µm by requesting HiRes processing at IPAC.
The similar spatial resolution and the application of an algo-
rithm, which was capable of automated, repeatable photometry,
even for irregular sources, allowed the examination of statisti-
cal aspects of the source distribution in the five IR bands.

This second paper focuses on global aspects and properties
of the dust in the SMC, in particular the search for colder dust
which may have been missed in the analysis of the IRAS data.
In a forthcoming Paper III we will present and discuss maps of
the dust-to-gas ratio and the link to the metallicity, as well as
maps of τ170/AV.

In Sect. 2 we present a compilation of our IRAS and
ISOPHOT integrated fluxes and other IR and submm photom-
etry yielding a total SED. We discuss the superposition of
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several components with different temperatures and their rel-
ative contribution to the total luminosity and dust mass.

In Sect. 3 we compute the FIR star formation rate (SFR)
and compare it with results obtained from observations at other
wavelengths, especially Hα observations.

Section 4 deals with the results obtained from a 170/100 µm
color temperature map which is based on the 170 µm
ISOPHOT map and the 100 µm IRAS HiRes data.

Since the SMC is the best-studied dwarf irregular galaxy,
due to its proximity, Sect. 5 compares the SMC with other ir-
regular galaxies observed with ISO. In addition, comparisons
are made with the Milky Way. These comparisons mainly ad-
dress the questions of star formation rates (SFR), dust temper-
atures TD and masses MD, total gas content, gas-to-dust ratios,
and metallicities.

2. Global parameters

2.1. Integrated FIR flux densities

In Table 1 we present a compilation of the MIR, FIR,
submm and mm integrated flux densities currently avail-
able from photometry with ISO, IRAS, COBE1, and the
TopHat balloon-borne telescope (Silverberg et al. 2003;

1 All COBE data sets are developed by the NASA Goddard Space
Flight Center under the guidance of the COBE Science Working
Group and were provided by the NSSDC.
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Table 1. Integral MIR, FIR and submm photometry of the SMC.
References: SEA00 = Stanimirovic et al. (2000); SCH88 = Schwering
(1988); REA88 = Rice et al. (1988); AEA03 = Aguirre et al. (2003).
IR fluxes are color corrected (cc) according to a power law fit to
the referring spectral points (see text for more details), except for
REA88 where the color corrections were calculated using a two-
temperature thermal model fit to the measured SED. Note that the in-
tegral ISO 170 µm flux density is computed after correcting for the in-
completeness of the ISO map (indicated by the “∗”), as it is explained
in the footnote to Table 3. The contribution of the CO emission line
at 1300 µm to the TopHat band is estimated to be 0.6%.

λc flux density cc fluxes instrument,

± uncertainty ± uncertainty reference

(µm) (Jy) (Jy)

12 80 ± 30 DIRBE, SEA00

12 105 ± 30 HIRAS, SEA00

12 147 ± 26 IRAS, SCH88

12 67 ± 15% 83 ± 15% IRAS, REA88

12 130 ± 40 140 ± 44 IRAS, this study

25 460 ± 18 DIRBE, SEA00

25 310 ± 170 HIRAS, SEA00

25 385 ± 56 IRAS, SCH88

25 270 ± 15% 256 ± 15% IRAS, REA88

25 370 ± 50 400 ± 55 IRAS, this study

60 8450 ± 370 DIRBE, SEA00

60 6700 ± 1060 HIRAS, SEA00

60 7170 ± 957 IRAS, SCH88

60 6689 ± 15% 7338 ± 15% IRAS, REA88

60 7450 ± 250 7490 ± 250 IRAS, this study

100 15 800 ± 2720 DIRBE, SEA00

100 16 480 ± 2222 DIRBE, AEA03

100 13 600 ± 1930 HIRAS, SEA00

100 13 900 ± 1810 IRAS, SCH88

100 15 022 ± 15% 15 506 ± 15% IRAS, REA88

100 12 700 ± 600 12 650 ± 600 IRAS, this study

140 14 000 ± 5600 DIRBE, SEA00

140 20 030 ± 920 DIRBE, AEA03

170 14 950∗ ± 2300∗ ISOPHOT,

this study

240 9600 ± 4400 DIRBE, SEA00

240 12 070 ± 540 DIRBE, AEA03

476 3200 ± 810 TopHat, AEA03

652 1620 ± 290 TopHat, AEA03

750 950 ± 190 TopHat, AEA03

1224 320 ± 80 TopHat, AEA03

Aguirre et al. 2003). Some data sets were reduced with several
alternative techniques.

Our flux values are obtained by integrating over the whole
area of the SMC down to a certain flux limit by summing up
all relevant map pixels. It is crucial to define a conservative

lower threshold. If it is too low, a strong increase of flux will
be caused by adding up too much noise. This is in particu-
lar true for the short wavelength IRAS maps where the HiRes
algorithm produces a stripy and fluctuating background. We
achieved the definition of the surface brightness limits firstly
by lowering the threshold in small steps (0.1 MJy sr−1) and in
this process tracking the increase of the total flux, and sec-
ondly by inspecting the maps with the different lower intensity
cuts until the noise became clearly visible. These lower lim-
its differ from band to band. Due to the faintness and patchi-
ness of the extended emission and the subtraction of the strong
Zodiacal Light contribution at 12 and 25µm, they are higher
for these two bands (1.7 MJy sr−1) than for the long wavelength
bands (1.5 MJy sr−1 at 60 µm, 1.1 MJy sr−1 at 100 and 170µm).
The uncertainties were determined from the variation of the
fluxes derived from the thresholds around the finally consoli-
dated values. They should therefore provide a reliable estimate
of the range which may be covered by the integrated SMC flux
density.

The color correction factors for the re-visited IRAS
data are taken from the IRAS Explanatory Supplement
(Beichmann 1985). Since among the data sets from former
studies the HIRAS results by Stanimirovic et al. (2000) are
based on the most advanced data reduction process, we tried
to perform identical color corrections to make our numbers di-
rectly comparable. Stanimirovic (1999) used color correction
factors of 0.93, 0.92, 0.99, and 1.0 for the 12 µm, 25 µm, 60 µm,
and 100 µm IRAS bands, respectively, which were obtained by
fitting a power-law to the observed integrated SED. Exponents
α = −2.0 . . . − 2.5 yielded satisfying fits. For our IRAS results
factors of 0.92, 0.92, 0.995, and 1.005 have to be applied to the
four IRAS bands.

The DIRBE fluxes are from COBE/DIRBE maps with
a resolution of ≈0.7◦, see Stanimirovic et al. (2000) for a
detailed description of this dataset. The HIRAS fluxes are
taken from the work of Stanimirovic et al. (2000) and are
based on a combination of several IRAS survey scans with
14 Pointed (i.e. non-survey) Observations (POs). These data
were reduced using the Pyramid Maximum Entropy (PME)
routine of the HIRAS software (Bontekoe et al. 1994) to re-
construct images with a resolution approaching the diffraction
limit of IRAS (≈1 arcmin). Fluxes were also obtained from the
non-survey IRAS POs without the HIRAS method (Schwering
1988). Finally, IRAS fluxes published in the catalog by Rice
et al. (1988) were derived using co-added IRAS maps. Recently
Aguirre et al. (2003) presented reanalyzed DIRBE photome-
try and new photometry in the 4 bands at 245 GHz (1224µm),
400 GHz (750µm), 460 GHz (652µm), and 630 GHz (476µm)
obtained with the TopHat balloon-borne telescope with a beam
of 20′.

The fluxes derived by our study are in good agreement with
the results from other IRAS and COBE/DIRBE studies, and the
170µm point provides an accurate constraint in the maximum
of the SED.

The separation of the relative contributions from diffuse
and discrete sources to the integrated emission is difficult due
to the growth procedure in the HIIphot program (see Paper I for
a detailed description) which allows for the inclusion of some
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Fig. 1. 10 to 1000 µm SED of the SMC established from the integrated fluxes compiled in Table 1. Squares: our photometry derived from
IRAS HiRes maps and the ISOPHOT 170 µm map; asterisks: IRAS photometry from previous studies; diamonds: COBE/DIRBE photometry;
triangles: TopHat photometry. In case of multiple photometry at a certain wavelength the data points have been slightly shifted in wavelength
against each other for better visibility. Uncertainties of each photometric point are indicated. The left panel shows the modeling of the SED by
three modified blackbodies (emissivity exponent n = 2) with the temperatures 45, 20.5, and 10 K, respectively. The right plot shows the fit of
the long wavelength part (λ ≥ 140 µm) with a single modified blackbody with an emissivity exponent n = 1 and T = 24 K.

extended emission around HII regions as well. Applying the
flux limits down to which we allow the potential sources to al-
locate pixels, we found that “discrete” sources contribute 28%,
29%, and 36% to the integrated flux densities at 60 µm, 100µm,
and 170 µm, respectively. Since at 12µm and 25 µm the in-
tegrated flux is mainly originating from stellar and point-like
sources, the contribution of the diffuse component is uncertain.
For 12µm and 25 µm, we estimate the contribution from the
compact sources to lie in the range 15−35%.

In Fig. 1 we display the 10 to 1000µm SED of the SMC.
Aguirre et al. (2003) found that the best fit of their submm data
is achieved with an emissivity index n = 0.91 ± 0.15 and a
dust temperature TD = 29.5 ± 2.7 K. We confirm that n ≈ 1
gives a smooth fit to the 140 to 1200µm data points (Fig. 1
right). Our analysis suggests, however, a lower dust tempera-
ture TD ≈ 24 K.

How physically realistic is the adoption of an emissivity in-
dex n = 1 and a one temperature component fit for the FIR and
submm SEDs of galaxies? Does it mean that the grain size dis-
tribution in the SMC is peculiar and different from that in other
galaxies, since quite a number of investigations come to the
conclusion that an index n ≈ 2 is more applicable (e.g. Lagache
et al. 1998 for our Galaxy, Bianchi et al. 1999 for normal galax-
ies, Chini et al. 1989 for Markarian galaxies and Klaas et al.
2001 for ULIRGs) and that the FIR and submm SEDs are bet-
ter described by at least two temperature component models
(e.g. Dunne & Eales 2001; Klaas et al. 2001). Dupac et al.
(2003) found from PRONAOS measurements that n is varying
with Td, having values 1.6...2.4 for cold (11–20 K) and 0.8...1.6
for warm (35...80 K) regions.

When n = 2 is adopted, it is obvious that the submm part
can only be fitted if a very cold dust component of Td ≈ 10 K
is added. In Fig. 1 left we show the fit of the SMC SED by
the superposition of three modified blackbodies (TD = 45,
20.5, 10 K) including such a very cold component. With regard
to the motivation to adopt 20.5 K for the temperature of the

second component we refer to Sect. 4. The hottest component
of Td ≈ 45 K provides a good envelope to the 25 and 60 µm data
points. This would correspond to the maximum 100/170 color
temperatures found for the brightest HII regions. However, it
has to be noted that in this regime the emission comes mainly
from transiently heated Very Small Grains (VSGs), which can
only be approximately modelled by a blackbody since they are
not in thermal equilibrium (cf. Li & Draine 2002).

In Fig. 2 we demonstrate the SED model, which results
when the range of temperatures over the SMC 100µm/170µm
color temperature map, TD ≈ 14 . . .43 K, is taken into account
(see Sect. 4). The emission by each map pixel i is weighted
with its optical depth τ170,i. The total flux is computed as

Ftotal(λ) = Ω ·
∑

i

τ170,i

(
170
λ

)n

B(λ, TD,i) , n = 2

withΩ being the solid angle of a map pixel (30′′) and τ170 being
determined for each pixel i as

τ170,i =
I170,i

B170,i(TD,100/170,i)
·

The SED outlined by the dashed line in the top panel of Fig. 2
is only slightly broader than the 20.5 K component dominating
the three component model in Fig. 1 left panel. Both arise from
emission of large grains. The 100µm/170µm color temperature
SED model can not describe the short wavelength part where
its contribution is 10% at 60 µm and only 1% at 20 µm. The
emission shortward of 80 µm is dominated by VSGs.

2.2. Total FIR flux densities and luminosities

Applying the formula of Helou et al. (1988) to our re-visited
IRAS data at 60 µm and 100 µm yields

F40−120 = 1.26 × 10−14 × [2.58 F60 + F100] W m−2

= 4.02 × 10−10 W m−2.
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Fig. 2. Contribution of the emission of big grains in the temperature
range 14. . . 43 K to the total 10−1000 µm SED of the SMC. Upper
panel: the SED of the big grain emission (dashed line) was computed
as the sum of the emission from each map pixel taking into account the
variation of the optical depth τi and the color temperature Ti (see text
for more details). The photometric data points and the total SED enve-
lope (solid line) of the three component model from Fig. 1 left panel
are displayed, too. The lower panel shows the wavelength dependent
percentage of the big grain emission relative to the total FIR emission.

The additional ISO 170µm measurement enables us to deter-
mine the integrated infrared flux F40−220, according to Stickel
et al. (2000):

F40−220 = 1.34 × 10−14

× [2.58 F60 + 1.00 F100 + 0.63 F170] W m−2

= 5.54 × 10−10 W m−2.

Compared with F40−120, adding the cold FIR component
at 170µm contributes ≈37% to the total FIR flux in the range
from 40µm to 220 µm.

The total integrated IR flux F1−1000 can be written as
(Stickel et al. 2000)

F1−1000 = 1.35F40−220 W m−2 = 7.48 × 10−10 W m−2.

This expression refers to the emission of big grains in the tem-
perature range 20...80 K and therefore does not account for the
12 µm and 25 µm contributions coming from Very Small Grains
and PAH emission.

The total luminosity is then given by

L1−1000 = 4 πD2 · F1−1000 = 3.21 × 1034 W = 8.4 × 107 L�

where D = 60 kpc is the luminosity distance of the SMC.
The contributions of the three modified blackbody func-

tions presented in the previous section and Fig. 1 are:
L1−1000 (T1 = 45 K) = 3.5 × 107 L�

L1−1000 (T2 = 20.5 K) = 3.9 × 107 L�

L1−1000 (T3 = 10 K) = 0.5 × 107 L�

which yields a total of

L1−1000 = 7.9 × 107 L�.

The 45 K component makes up 44% of the total FIR luminosity,
the 20.5 K component 49% and the 10 K component only 7%.

2.3. Total dust mass

The SED analysis for n = 2 showed that the dust emission
cannot be described by one single sharply defined temperature
which is also confirmed below by the range of temperatures
found in the 100 µm /170µm color map. Formulae of the dust
mass calculation which make use of the FIR luminosity have
a high dependence on the mean dust temperature (∝T−6 in the
case of n = 2). A more reliable method is therefore to derive
the dust mass for each component individually via the classical
formula

MD =
1
κν(n)

· D2 · Fν
Bν(T )

·

Since we have a complete (model) SED for each component,
we can calculate the dust masses for 1300µm, making use of
the opacity κ1300(n = 2) = 0.37 cm2 g−1 (Klaas et al. 2001):

T = 45 K, F1300 = 0.82 Jy⇒ MD = 5.9 × 102 M�
T = 20.5 K, F1300 = 39.6 Jy⇒ MD = 7.3 × 104 M�
T = 10 K, F1300 = 135.5 Jy⇒ MD = 7.1 × 105 M�.

This gives a total dust mass

MD,SMC = 7.8 × 105 M�.

Here the 45 K component makes up only 0.08% of the total dust
mass, the 20.5 K component 9% and the 10 K component 91%!

Another possibility is to make use of the pixel-wise infor-
mation of the 100 µm/170µm color temperature map presented
in Sect. 4 and calculate:

MD =
D2

κν(n)
·
∑

i

S ν,i
Bν(T170/100,i)

·

With κ170(n = 2) = 21.625 cm2 g−1 and restricting the color
temperature calculation to reliable surface brightness values
of I100 ≥ 6 MJy sr−1 and I170 ≥ 4 MJy sr−1, this yields

MD,SMC ≥ 1.76 × 105 M�.

Since we have seen in the SED analysis that the 100
and 170µm emission cannot account for a significant amount
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of the submm emission, the total dust mass is certainly consid-
erably higher. Therefore, we adopt MD = 7.8 × 105 M� as our
currently best estimate. With a total gas mass of 4.2 × 108 M�
(Stanimirovic 1999), we obtain an average gas-to-dust-ratio of

Mgas/Mdust = 540

from the model with n = 2, which we consider as the more
applicable one, as discussed above.

The earlier studies based on IRAS 60 µm / 100µm color
temperatures and without the contribution of the cold and
very cold dust components yielded dust masses of 1.4. . . 1.8 ×
104 M� and gas-to-dust ratios of 1.1. . . 1.6 × 104 (Schwering
1988; Lisenfeld & Ferrara 1998; Stanimirovic et al. 2000).
Our new value for the gas-to-dust ratio is therefore a factor
of ≈25 smaller than the previous ones. The single component
model with n = 1, T = 24 K would yield (κ1300(n = 1) =
1.9 cm2 g−1):

T = 24 K, F1300 = 241.8 Jy⇒ MD = 7.1 × 104 M�,

a dust mass value only a factor 4 larger than the previous ones.
Compared with the values of our Galaxy, where Dobroski

et al. (1994) found 140 ± 50 for the inner Galaxy, 190 ± 60 for
the outer Galaxy, and 160 ± 60 as an average value, the gas-to-
dust ratio of the SMC is 3.5 times larger. We remark that the
range of the gas-to-dust ratio we find now is more consistent
with the metallicity of the SMC, which is about 10 times lower
than that of the Milky Way. We will follow up this issue in more
detail in our forthcoming Paper III where we will also consider
the spatial variations of the gas-to-dust ratio.

3. Star formation rates

3.1. FIR SFRs

Star formation takes place in dense clouds of molecular gas and
dust. In the extreme case nearly the total bolometric luminosity
is re-radiated in the FIR. Only light from stars formed near the
edges of the clouds can escape directly and is responsible for
the emission in the optical and UV range.

Then, according to Kennicutt (1998), the global star forma-
tion rate (SFR) is related to the FIR luminosity LFIR via

SFRFIR

1 M� yr−1
=

LFIR

5.8 × 109 L�
·

This expression is based on the starburst synthesis models
of Leitherer & Heckmann (1995) and holds for the assump-
tion of solar abundances, the Salpeter IMF, and the adop-
tion of the mean luminosities for continuous starbursts which
last 10 Myr. . . 100 Myr. The formula implies that the bolomet-
ric luminosity is dominated by the young stars and that the cold
dust re-radiates all of it in the FIR. Though not all conditions
are fulfilled for the SMC, the Kennicutt (1998) formula gives

SFRSMC,FIR = 0.015 M� yr−1.

Recent studies by Popescu et al. (2000) suggest the percentage
of light re-radiated in the FIR to be ≈30% for late-type disk-
dominated galaxies and only ≈15% for earlier types. Due to

small opacities in most normal galaxies, some stellar radiation
is able to escape the star forming region directly and will not
be re-radiated by dust in the FIR. As a consequence, the in-
trinsic SFRs will be underestimated when considering the FIR
luminosity only. Taking into account this effect means that the
conversion factor would be three times higher, i.e.

SFRSMC,total ≈ 0.05 M� yr−1.

It should be stated that these factors will strongly vary with
environmental and opacity effects, i.e. one cannot expect this
number to be constant even in a single morphological subclass.

Part of the FIR radiation can originate from dust heated by
non-ionizing stars and is not associated with recent star for-
mation. Israel et al. (1996) have estimated that in NGC 6822,
a Local Group dwarf irregular galaxy of the Magellanic type,
only slightly more than 50% of the total FIR luminosity
originates from dust associated with stars formed during the
last 10 Myr. Almost half of the FIR emission comes from dust
heated by a considerably older stellar population. In this case
the above formula overestimates the SFR traced by the FIR.

Another calibration of S FRFIR is given by Rowan-
Robinson (1997) which makes use of the so-called dusty star-
burst model by Rowan-Robinson & Efstathiou (1993). It in-
cludes a treatment of the Very Small Grains and PAHs and has
proven to give an excellent fit to starburst galaxies like M 82
and NGC 6090, as well as for elliptical galaxies. This already
suggests that the model can serve only as a first-order approx-
imation to the SMC case. The model fit is adjusted to MIR
measurements at 6.7 µm and 15 µm (ISOCAM). It yields:

SFRSB = 4.5 × 10−10LFIR M� yr−1 L−1
� ⇒

SFRSMC = 0.038 M� yr−1.

3.2. SFRs from Hα emission

The star formation rate of the SMC has been subject to sev-
eral studies focusing on the Hα-luminosity. Kennicutt & Hodge
(1986) derive Hα star formation rates according to the method
given in Kennicutt (1983) – not corrected for intrinsic extinc-
tion – of

SFRSMC,Hα, uncorrected = 0.038 M� yr−1.

To correct for the extinction, Kennicutt & Hodge assumed an
average value of AV = 1.0 mag for the HII regions. This AV is
based on comparisons between radio and Balmer line fluxes of
the brightest HII regions, as given in Israel & Kennicutt (1980).
As a result, the SFR becomes considerably larger:

SFRSMC,Hα = 0.08 M� yr−1.

According to the authors, this is probably a conservative up-
per limit. For these results, the integrated Hα flux was obtained
by summing up the flux contributions from all discrete HII re-
gions, correcting it for contributions from unresolved objects,
and adding 15% for the contribution of extended filamentary
emission.

More recent studies by Kennicutt et al. (1995) use the
slightly modified conversion factors between Hα luminosity
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and SFR given in Kennicutt (1994), and assume an extinction
of AV ≈ 0.3 mag as found by Caplan et al. (1994). This is an av-
erage value which probably overestimates the extinction in the
diffuse gas, but underestimates the extinction of the brightest
HII regions. As a result, the SFR for the SMC is computed to

SFRSMC,Hα = 0.046 M� yr−1.

3.3. Total SFRs

Taking the values of SFRFIR ≈ 0.015 M� yr−1, uncorrected
for the incomplete dust absorption in the FIR, and SFRHα ≈
0.038 M� yr−1, uncorrected for the dust extinction, results in
an optical output ≈2.5 times higher, as indicated by the studies
by Popescu et al. (2000). The total star formation rate

SFRSMC,total = SFRSMC,FIR + SFRSMC,Hα

≈ 0.053 M� yr−1

is in reasonable agreement with the results by Kennicutt et al.
(1995). However, our SFR suggests a slightly larger aver-
age AV than used in their study. From their photometric sur-
vey of the SMC Zaritsky et al. (2002) found an average AV =

0.46 mag for the population of hot stars (12 000 K ≤ Teff ≤
45 000 K). Should only 50% of the FIR luminosity be powered
by young stars, as suggested by the study of Israel et al. (1996)
for NGC 6822, then

SFRSMC,total = 0.5 · SFRSMC,FIR + SFRSMC,Hα

≈ 0.046 M� yr−1

in agreement with the results by Kennicutt et al. (1995).

4. The 170 µm/100 µm temperature map

4.1. Construction

To generate a color temperature map the 170 µm maps were
created with a pixel size of 30′′ in order to allow a direct com-
parison with the original HiRes 100 µm maps with a pixel size
of 15′′. The latter ones were rebinned to 30′′ pixel size using
the 2×2 block averaging routine within the IRAF environment,
as explained in more detail in Paper I.

The dust color temperature TD was calculated according to
the following procedure: The ratio of the color corrected flux
densities (Kcc denote the color correction factors) of the two
bands equals the ratio of the modified Planck function values
for TD:

Fν1 (νFν = const.)/Kcc(λ1)

Fν2 (νFν = const.)/Kcc(λ2)
=
λ3+n

2

λ3+n
1

· e
hc

kλ2TD − 1

e
hc

kλ1TD − 1
·

With α1 =
λ3+n

2 ·Fν2 /Kcc(λ2)

λ3+n
1 ·Fν1 /Kcc(λ1)

, β = hc/kλ2, and γ = hc/kλ1, this can

be written in form of a difference:

Diff = α1 · e
β

Td − e
γ

Td + (1 − α1).

The exact Td is derived by finding the root of Diff, which is
done by numerical iteration.

Table 2. Uncertainties in the TD calculation. They are calculated for
the two temperatures TD = 20 K ( f100 = 1 Jy, f170 = 1.47 Jy, not
color corrected) and TD = 30 K ( f100 = 1 Jy, f170 = 0.625 Jy, not color
corrected). The indicated uncertainties are maximum values which are
derived by adding the relative flux uncertainty to the one flux density
and subtracting it from the other one and vice versa.

∆T for

∆ f = ±2% ∆ f = ±5% ∆ f = ±10% ∆ f = ±20%

T = 20 K +0.30 K +0.82 K +1.71 K +3.77 K

−0.30 K −0.75 K −1.45 K −2.74 K

T = 30 K +0.72 K +1.90 K +4.09 K +9.76 K

−0.72 K −1.68 K −3.21 K −5.81 K

The accuracy of the derived color temperatures depends on
the accuracy of the 100µm and 170µm photometry and the
absolute level of the temperature. For the temperature maps
relative uncertainties may depend on drift effects and flat-field
accuracies. In Table 2 we show uncertainties for different tem-
peratures depending on the assumed photometric uncertain-
ties. The uncertainties for the major part of the map are in the
range 1. . . 2 K.

4.2. Temperature regimes

In Fig. 3 the 170 µm/100 µm color temperature map is dis-
played. In the upper panel the superposition of the 170µm sur-
face brightness contours on the 100 µm surface brightness map
is shown in order to demonstrate the quality of the registering.
For a few bright compact sources there appears to be a small
shift between the two maps. This may be due to the asymmet-
ric beam profiles of the IRAS maps, so that the resulting color
temperature gradients close to these compact sources may be
artefacts. Furthermore, there are some minor artefacts at the
border of the two original 2 deg × 2 deg maps from which the
map was assembled (see Paper I for an overview of the split of
the SMC area).

The color temperature map presented in the lower panel is
remarkably homogeneous, there is not much difference in TD

between the bright and faint regions. The temperature range
covered is 14. . . 43 K. The mean value of the total map is
TD = 20.3 K with a standard deviation of 2.4 K, the median
value is 20.4 K. The main body (the bar) of the SMC is slightly
warmer than the regions of the eastern wing. For the main body
the mean temperature is 20.9± 1.9 K (median = 20.8 K) for the
eastern wing the mean temperature is 18.1 ± 2.8 K (median =
17.5 K). This may be a consequence of the weaker interstellar
radiation field in the wing.

In the main body the temperatures of the bright star forma-
tion regions in the south west (except the one hot spot) and in
the north west are lower by a few degrees than the surround-
ings. This may be a consequence of the presence of molecular
clouds with relatively cold dust which lowers the average dust
temperatures in these regions. We will follow up this issue in
the detailed spatial study of the forthcoming Paper III.
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Fig. 3. 170 µm/100 µm color temperature map of the SMC. Upper panel: 100 µm surface brightness map I100 (color) with the I170 map overlaid
in contours. Lower panel: dust color temperature map; only map pixels with I100 ≥ 6 MJy sr−1 and I170 ≥ 4 MJy sr−1 are considered in order to
ensure high quality ratios; again the 170 µm intensity contours are overlaid.

4.3. Comparison with the Milky Way

The dust temperatures of the SMC can be compared with the
results of Sodroski et al. (1994) for the Milky Way. For an inte-
grated FIR luminosity of the Galaxy of 1.1× 1010 L�, they find
that ≈60%−75% of this emission emerges from the dust com-
ponent associated with diffuse HI clouds (TD = 17 K. . . 22 K),
another ≈15%−30% arises from TD ≈ 19 K dust residing in
molecular clouds, the remaining contibution (<10%) comes

from extended low-density (ELR) HII regions of temperatures
up to ≈29 K. Observational values for the dust temperature
in the Milky Way given by Sodroski et al. (1994) are TD =

20±1 K for the inner Galaxy (270◦ < l < 350◦), TD = 17±1 K
for the outer Galaxy (90◦ < l < 270◦), and TD = 19± 1 K as an
average value, based on COBE 140 µm and 240 µm data. For
the high latitude (|b| > 10 deg) cirrus emission Lagache et al.
(1998) found an equilibrium dust temperature of about 17.5 K
with only small variations over the entire high latitude sky.



76 K. Wilke et al.: The Small Magellanic Cloud in the Far Infrared. II.

Table 3. Comparison of global properties of the irregular galaxies SMC, IC 4662, NGC 1569, and NGC 3077.

SMC IC 4662 NGC 1569 NGC 3077

Hubble type S(B)sm pec IBm Sm IV/IBm I0 pec

A 6◦ × 8◦(a) 2.8′ × 1.6′(b) 1.44′ (c) 5.4′ × 4.5′(d)

d 60 kpc(a) 2.1 Mpc(b) 2.2 Mpc(c) 3.9 Mpc(d)

AdSMC 6◦ × 8◦ 1.6◦ × 0.9◦ 0.9◦ 5.9◦ × 4.9◦

Mtotal [M�] ≈2 × 109(a) ≈7.6 × 108(e) 3.3 × 108(d) 1.8 × 1010( f )

Mgas [M�] ≈4.2 × 108(g) 1.5 × 108(h) 1.1 × 108(d) 1.8 × 109

MH2 [M�] 2 × 106(i) 1.0 × 106(h) 2 × 107(d) 8 × 105(k)

Mdust [M�] 7.8 × 105(l) 1.5 × 105(m) 1.6 . . . 7.8 × 105(n) 4.5 × 105(m)

Mgas/Mdust ≈540 ≈1000 ≈440 ≈2400

FISO@170 µm [Jy] 14950∗ 10.5 28.0(o) 25.4

FIRAS@12, 25 µm [Jy] 130/370 0.30/1.27 0.79/7.09 0.73/2.03

FIRAS@60, 100 µm[Jy] 7450/12700 8.81/11.90 45.4/47.3 13.65/26.90

L1−1000 [L�] 8.4 × 107 1.5 × 108 4.9 × 108 1.0 × 109

TD [K] 20.5 25.0 40.0 24.0

The rows are defined as follows:

A: Area covered in the sky, taken from:
(a): Westerlund (1997), (b): Dale et al. (2000), (d): NASA/IPAC Extragalactic Database (NED), in the
case of NGC 1569, the Holmberg radius is taken from (c): Israel (1988) and references therein.

d: Distance.
Ad, SMC: Area covered in the sky assuming that the objects were located at the SMC distance (60 kpc).

Mtotal: Total mass of the object including all gas and stellar components, taken from:
(e): Reif et al. (1982), ( f ): Thomasson & Donner (1993).

Mgas: Gaseous mass, including molecular, atomic, and ionized hydrogen, taken from:
(g): Stanimirovic et al. (1999), (h): Heydari et al. (1990, model based value).

MH2 : Molecular hydrogen mass, taken from:
(i): Tumlinson et al. (2002), ( j): Sanders et al. (1991), (k): Walter et al. (2002).

Mdust: Dust mass, including all available FIR contributions, taken from:
(l): Wilke et al. (2003), (m): Stickel et al. (2000), (n): Galliano et al. (2003).

Mgas/Mdust: Dust-to-gas mass ratio.
FISO: ISO fluxes at 170 µm taken from the serendipity survey analysis by Stickel et al. (2000) or (o): Hunter

et al. (1989).
FIRAS: IRAS fluxes obtained at 12/25/60/100 µm.

L1−1000: Integrated IR luminosity.
TD: Temperature of the coldest dust component.
∗: The integrated ISO fluxes were empirically corrected for the contribution of the missing SW part of the

SMC (≈5%, i.e., ≈790 Jy) which remained unobserved during the ISO mission.

A comparison of the SMC and the Galaxy dust tempera-
tures is not straight forward since the two systems are very dif-
ferent in size and structure. However, the average temperature
of the SMC dust is higher indicating a more intense (harder)
interstellar radiation field.

5. Comparison with other irregular galaxies

In dwarf irregular galaxies, the process of star formation takes
place in short-lived strong bursts rather than in a continuous
process. This stochastic process explains their irregular mor-
phology to a large extent, as well as the fact that most of the
galaxies of this type are chemically less evolved, i.e. have lower
metallicities.

It is useful to compare our results with those of other irreg-
ular galaxies observed by ISO. Stickel et al. (2000) published

a list of 115 galaxies detected at 170µm by the ISOPHOT
serendipity survey (Bogun et al. 1996). According to the mor-
phological classification taken from the NED, two sources are
irregular galaxies: IC 4662, and NGC 3077. Another irregular
galaxy, NGC 1569, has been examined by pointed observations
and is a source of the serendipity survey data base (Galliano
et al. 2003).

Table 3 compares some global and infrared properties of
these four objects. However, as their morphological subtypes
indicate, the objects are different with regard to their overall
structure and appearance.

IC 4662 is the object most similar to the SMC since it is
classified as barred. This galaxy is an interesting case as it does
not belong to any known group. IC 4662 has already been sub-
ject to extensive studies, especially regarding its star formation
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rate (Heydari-Malayeri et al. 1990; Hunter et al. 2001; Dale
et al. 2000).

NGC 1569 is a nearby irregular dwarf galaxy and a mem-
ber of the low-galactic latitude IC 342/Maffei 1/Maffei 2/Dw 1
group which contains more than 15 galaxies. This galaxy is at
present in the aftermath of a massive starburst, indicated by the
morphology of its body which mainly consists of single star-
forming knots. The FIR emission of this object is comparably
strong for a dwarf galaxy, the continuum spectrum indicates
that the dust in this galaxy is exposed to intense radiation fields
(Lisenfeld et al. 2002).

NGC 3077 belongs to an interacting quartet of galaxies, the
other members of which are NGC 2976, M 82, and M 81. This
ensemble, the M 81 group, is embedded in a large cloud of
atomic hydrogen, with bridges of gas connecting M 81 to M 82
and NGC 3077. Indeed, Mgas of NGC 3077 is relatively high.
This morphological scenario is apparently similar to the case of
the so-called Magellanic Stream (Thomasson & Donner 1993).

Since the other three irregular galaxies are located at much
greater distances than the SMC, we scale their apparent ar-
eas in the sky to the distance of the SMC. When projected to
the SMC distance, NGC 3077 approximately covers the same
area as the SMC, while IC 4662 and NGC 1569 remain con-
siderably smaller. On the other hand, the total masses of the
SMC, NGC 1569, and IC 4662 are comparable, while the mass
of NGC 3077 is estimated roughly ten times larger (Thomasson
& Donner 1993).

The gas-to-dust mass ratios for the SMC and NGC 1569 are
a factor of 2 to 5 smaller than for IC 4662 and NGC 3077. This
may be simply a consequence of the fact that for the former
two objects dust masses have been estimated including submm
data, while for the latter two the dust masses where estimated
utilizing the luminosity and the average 100µm/170µm color
temperatures only. As discussed in the analysis of the SMC data
this can have a significant impact on the resulting dust masses.
The dust masses for IC 4662 and NGC 3077 must therefore be
considered as lower limits.

It is remarkable that the two smaller galaxies – NGC 1569
and IC 4662 – have a 100/60µm flux ratio of ≈1, while the
other two, the SMC and NGC 3077, show values of ≈2. This
suggests that the former two objects are in a more active (i.e.
star-forming) state. This holds especially for NGC 1569 where
an average temperature of ≈40 K is found when fitting a double
blackbody component to the SED. It is the only object with a
60 µm flux as high as the 100 µm one, hinting at the exceptional
state of activity this galaxy is undergoing. Compared with the
other three irregular galaxies, the SMC appears to be the least
active object.

6. Conclusions

Integral fluxes for the SMC were derived from the ISOPHOT
170 µm map and the reprocessed IRAS HiRes maps. With
complementary data from COBE/DIRBE and the TopHat
submm/mm instrument the 10 to 1200µm SED was estab-
lished and the total luminosity in this wavelength range de-
rived. A model with three temperature components was fit-
ted to the SED leading to higher dust masses and a smaller

gas-to-dust mass ratio. The total SFR was determined taking
into account dust extinction and incomplete dust absorption.
A 100 µm/170µm color temperature map traces the tempera-
ture distribution of the big grains. Finally, the SMC IR prop-
erties were compared with those of other irregular galaxies.
Quantitatively, the results are the following:

1. The FIR fluxes derived from our analysis complement those
from earlier studies.

2. With F1−1000 = 7.48×10−10 W m−2, L1−1000 = 8.4×107 L�.
3. Discrete sources contribute 28%, 29%, and 36% to the in-

tegrated flux at 60 µm, 100µm, and 170µm, respectively,
most of the total emission arises from diffuse emission re-
gions surrounding the HII regions.

4. The SED established from MIR, FIR, and submm/mm pho-
tometry can be modelled between 25 and 1200µm by three
modified (n = 2) blackbodies with temperatures of 45,
20.5, and 10 K, respectively. A single temperature (T =
24 K) model with an emissivity index n = 1 fits only the
140−1200µm part of the SED well.

5. The three component dust model allows the derivation
of more reliable dust masses. The existence of the cold
and very cold dust components, not seen in earlier stud-
ies based on IRAS photometry, increases the dust mass to
MD, SMC = 7.8 × 105 M�. The big grains in the temperature
range 14. . . 43 K make up ≈1.8 × 105 M�.

6. The new gas-to-dust mass ratio of the SMC is 540, this is
25 times less than derived in previous studies.

7. The best estimate for the total SFR of the SMC is SFRtotal ≈
0.05 M� yr−1. Only ≤30% of the bolometric luminosity of
young stars is absorbed by dust and re-radiated in the FIR.

8. The mean 100 µm/170µm color temperature of the big dust
grains is 20.3 K which is higher than for the Milky Way in-
dicating a harder ISRF. There is a gradient in dust temper-
ature from the bar (20.9 K) to the eastern wing (18.1 K).

9. Compared to the other irregular galaxies IC 4662,
NGC 1569, and NGC 3077, the SMC appears to be the least
active one.
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