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Figure 3 – continued

but the poorest radiative transfer fit: the fitted edge-on optical depth
value is unrealistically high at τ e

V ∼ 132, and strong structures re-
main visible in the residual images. Although the bright regions are
recovered reasonably, the dust lane is fitted very poorly with rel-
ative errors exceeding 100 per cent. Both the observations and the
residuals show that the dust is distributed in a smooth ring rather
than the standard double-exponential disc we have used for our fits.
In fact, with its relatively smooth dust ring, bright bulge and ex-
tended halo, the galaxy reminds strongly of the Sombrero galaxy
(De Looze et al. 2012a; Gadotti & Sánchez-Janssen 2012), a fact
already noted by de Vaucouleurs, de Vaucouleurs & Shapley (1964).
Because the geometry clearly deviates from an exponential disc, this

galaxy was discarded when determining the average quantities of
our sample.

4.12 UGC 12518

The last galaxy in our sample is again a rather unexceptional Sb
galaxy, located at 51.6 Mpc (Springob et al. 2009). Together with
IC 3203, it has the smallest apparent vertical size of the entire sam-
ple. Consequently, the dust lane is only a few pixels thick making it
hard to get accurate constraints on the dust distribution parameters.
Moreover, the SDSS images and the residual images show that the
bulge is clearly box shaped. The result is that the fit is moderately
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Table 3. Results of the oligochromatic FITSKIRT radiative transfer fits to the 12 edge-on spiral galaxies in our sample. For each
galaxy, we list all physical free parameters with their 1σ error bar as determined by FITSKIRT. For the meaning of the different
parameters and determination of the error bars, see Section 3.1 of this paper and/or section 3.1 from De Geyter et al. (2013).

Parameter Unit IC 2098 UGC 4136 IC 2461 UGC 5481 NGC 3650 NGC 3987

hR,∗ kpc 4.71 ± 0.06 6.41 ± 0.20 3.42 ± 0.09 4.24 ± 0.10 3.66 ± 0.08 7.36 ± 0.28
hz,∗ kpc 0.43 ± 0.06 0.66 ± 0.04 0.15 ± 0.01 0.59 ± 0.06 0.62 ± 0.02 1.08 ± 0.05
Reff kpc 2.88 ± 0.54 1.19 ± 0.07 2.83 ± 0.26 5.99 ± 0.59 0.91 ± 0.09 1.79 ± 0.12
n – 3.0 ± 0.7 2.0 ± 0.2 4.0 ± 0.1 6.1 ± 0.4 2.9 ± 0.7 1.2 ± 0.2
q – 0.35 ± 0.03 0.85 ± 0.01 0.66 ± 0.04 0.39 ± 0.01 0.83 ± 0.03 0.48 ± 0.01
hR,d kpc 2.6 ± 0.18 29.33 ± 0.46 5.65 ± 1.47 10.33 ± 1.51 4.58 ± 1.26 4.62 ± 0.39
hz,d kpc 0.20 ± 0.02 0.33 ± 0.04 0.12 ± 0.03 0.51 ± 0.09 0.15 ± 0.01 0.40 ± 0.02
Md 107 M� 1.3 ± 0.1 22.0 ± 1.6 2.3 ± 0.8 15.2 ± 3.0 1.4 ± 0.3 6.1 ± 0.5
τ f
V – 1.65 ± 0.17 0.24 ± 0.10 0.62 ± 0.11 1.22 ± 0.32 0.57 ± 0.17 1.98 ± 0.17

τ e
V – 21.9 ± 1.2 17.5 ± 1.5 29.8 ± 4.9 25.0 ± 8.7 17.4 ± 2.1 23.7 ± 1.2

i deg 88.9 ± 0.1 85.5 ± 0.1 87.1 ± 0.2 82.3 ± 0.6 89.0 ± 0.2 89.9 ± 0.1
Ltot

g 109 L� 0.75 ± 0.12 4.12 ± 0.22 2.59 ± 0.48 8.71 ± 1.43 1.77 ± 0.26 1.74 ± 0.23
Ltot

r 109 L� 1.20 ± 0.15 6.69 ± 0.42 3.74 ± 0.51 12.93 ± 1.49 2.83 ± 0.39 3.12 ± 0.36
Ltot

i 109 L� 1.97 ± 0.23 8.92 ± 0.54 4.74 ± 0.45 16.65 ± 1.76 3.84 ± 0.52 4.47 ± 0.46
Ltot

z 109 L� 2.85 ± 0.05 11.79 ± 0.31 6.43 ± 0.32 21.6 ± 0.57 4.99 ± 0.06 6.3 ± 0.11
B/Tg – 0.33 ± 0.06 0.45 ± 0.03 0.47 ± 0.1 0.61 ± 0.12 0.30 ± 0.05 0.41 ± 0.06
B/Tr – 0.42 ± 0.06 0.48 ± 0.04 0.53 ± 0.09 0.64 ± 0.09 0.32 ± 0.04 0.45 ± 0.06
B/Ti – 0.46 ± 0.02 0.47 ± 0.01 0.56 ± 0.02 0.64 ± 0.02 0.32 ± 0.01 0.47 ± 0.01
B/Tz – 0.48 ± 0.02 0.48 ± 0.01 0.55 ± 0.03 0.59 ± 0.01 0.33 ± 0.01 0.48 ± 0.01

Parameter Unit NGC 4175 IC 3203 IC 4225 NGC 5166 NGC 5908 UGC 12518

hR,∗ kpc 2.78 ± 0.12 5.56 ± 0.09 3.38 ± 0.05 3.92 ± 0.17 4.71 ± 0.28 2.92 ± 0.20
hz,∗ kpc 0.33 ± 0.04 0.83 ± 0.02 0.84 ± 0.04 0.66 ± 0.04 0.44 ± 0.02 0.29 ± 0.05
Reff kpc 0.92 ± 0.05 1.83 ± 0.06 1.25 ± 0.04 3.17 ± 0.59 7.54 ± 0.42 4.81 ± 1.16
n – 0.9 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 5.8 ± 0.9 5.4 ± 0.8 5.2 ± 1.2
q – 0.75 ± 0.04 0.73 ± 0.03 0.69 ± 0.03 0.26 ± 0.04 0.63 ± 0.02 0.50 ± 0.04
hR,d kpc 3.33 ± 0.46 11.98 ± 2.81 10.01 ± 2.74 5.81 ± 1.12 5.74 ± 1.87 8.51 ± 1.95
hz,d kpc 0.25 ± 0.07 0.22 ± 0.02 0.24 ± 0.02 0.34 ± 0.06 0.12 ± 0.04 0.14 ± 0.02
Md 107 M� 1.5 ± 0.4 3.4 ± 0.7 2.1 ± 0.5 4.8 ± 0.9 10.8 ± 1.0 3.2 ± 1.6
τ f
V – 1.17 ± 0.19 0.20 ± 0.08 0.18 ± 0.17 1.23 ± 0.37 2.84 ± 0.99 0.90 ± 0.25

τ e
V – 15.5 ± 2.2 11.0 ± 1.6 7.4 ± 0.8 21.2 ± 4.7 132 ± 56 19.6 ± 2.9

i deg 83.2 ± 0.4 87.6 ± 0.4 89.3 ± 0.1 87.6 ± 0.5 83.4 ± 0.4 87.3 ± 0.1
Ltot

g 109 L� 1.24 ± 0.19 3.03 ± 0.24 1.63 ± 0.24 4.57 ± 0.91 5.69 ± 0.35 0.95 ± 0.14
Ltot

r 109 L� 1.86 ± 0.23 5.07 ± 0.37 2.48 ± 0.26 7.18 ± 1.14 10.91 ± 0.61 1.67 ± 0.15
Ltot

i 109 L� 2.58 ± 0.3 6.87 ± 0.47 3.27 ± 0.28 9.58 ± 1.16 16.08 ± 0.91 2.44 ± 0.23
Ltot

z 109 L� 3.34 ± 0.17 9.26 ± 0.1 4.16 ± 0.1 11.39 ± 0.51 22.09 ± 0.5 3.17 ± 0.1
B/Tg – 0.26 ± 0.05 0.34 ± 0.03 0.39 ± 0.06 0.45 ± 0.1 0.55 ± 0.04 0.52 ± 0.09
B/Tr – 0.32 ± 0.05 0.37 ± 0.03 0.4 ± 0.05 0.49 ± 0.09 0.57 ± 0.04 0.53 ± 0.06
B/Ti – 0.34 ± 0.02 0.38 ± 0.01 0.4 ± 0.01 0.49 ± 0.02 0.58 ± 0.01 0.54 ± 0.03
B/Tz – 0.39 ± 0.02 0.4 ± 0.01 0.43 ± 0.01 0.45 ± 0.02 0.55 ± 0.01 0.52 ± 0.02

good, although the dust parameters are recovered with relatively
large error bars.

5 D ISCUSSION

5.1 Quality of the FITSKIRT radiative transfer fits

Looking at the results, we conclude that in general most galaxies
are modelled accurately, especially when keeping in mind that the
FITSKIRT models only consist of three basic components and they
were determined by an automated procedure over a large parame-
ters space without strong initial boundary conditions. Only two of
our galaxies, NGC 5980 and UGC 4136, could not be accurately
described by the model we have presumed. The dust geometry in
these two systems is probably better described by a ring-like geom-
etry rather than an exponential disc. The values found by FITSKIRT do
not have any significant meaning for these two galaxies and using
them could bias our results. Although it is likely that other galaxies
in our sample also have a geometry that deviates from our model,

we did not find strong indications of systematic deviations. Most
of the variations seen in the residual maps are the result of small
perturbations in the galaxy rather than a larger scale and systematic
deviation.

To quantify the accuracy of the fits, Fig. 4 shows the cumulative
pixel distribution of the residuals of the entire sample, averaged for
each band separately. The solid lines in this figure show which frac-
tion of the pixels are reproduced by the models with a relative error
smaller than the value on the horizontal axis, the shaded region indi-
cates the dispersion on this curve for the z band (it is representative
for the other bands as well). The dashed lines represent the fraction
of the pixels in the observed images with a S/N of 3 or higher.

The r- and i-band images show the least deviation between the
model and the corresponding SDSS reference images. In other
words, FITSKIRT provides the best fits to the r- and i-band im-
ages. The g-band images are fitted slightly worse – the reason is
probably that the dust extinction is strongest in this band and that
asymmetries and small-scale irregularities are most prominent. Fi-
nally, the z-band observations, where only about 60 per cent of the
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880 G. De Geyter et al.

Figure 4. Cumulative pixel distribution of all the residual frames for all 12
galaxies. The standard deviation within the sample is given for the z band.
The dashed lines represent the fraction of the pixels in the observed images
with a S/N of 3 or higher.

pixels have a S/N above 3, are fitted least accurately. The most likely
reason is the relatively poor S/N ratio. In Section 3.4, it was shown
that in our test case, where the S/N was equal in all bands, there
was no significant biasing of one band over the other. In general, we
find that, in any band, more than half of the pixels have a deviation
of 25 per cent or better, and this improves to 15 per cent in the r and
i bands.

The last column in Table 4 lists the average 1σ error bar on each
of the fitted values for the free parameters in the model. Note that
these errors do not take into account possible systematic errors. The
inclination is the best constrained parameter: in all cases, it is deter-
mined with an accuracy of less than half a degree. The parameters
linked to the stellar geometry are better constrained than the dust
parameters, which is consistent with the results found in De Geyter
et al. (2013). The stellar disc parameters are determined with a rel-

Table 4. Mean values, rms values and average 1σ error bars for
the different model parameters for the galaxies in our sample. For
the parameters of the dust, UGC 4163 and NGC 5908 were not
included, as these galaxies are poorly described by our standard
double-exponential disc model.

Parameter Unit Mean ± rms 1σ (per cent)

hR,∗ kpc 4.23 ± 1.23 3
hz,∗ kpc 0.51 ± 0.27 7
Reff kpc 2.31 ± 1.59 11
n – 2.61 ± 1.80 14
q – 0.56 ± 0.20 6
hR,d kpc 6.03 ± 2.92 19
hz,d kpc 0.23 ± 0.10 13
Md 107 M� 3.02 ± 2.21 23
τ f
V – 0.76 ± 0.60 28

τ e
V – 18.0 ± 7.1 15

i deg 86.7 ± 2.5 0.4
Ltot

g 109 L� 2.70 ± 2.40 15
Ltot

r 109 L� 4.12 ± 3.54 12
Ltot

i 109 L� 5.64 ± 4.50 10
Ltot

z 109 L� 7.35 ± 5.72 3
B/Tg – 0.41 ± 0.11 17
B/Tr – 0.45 ± 0.11 14
B/Ti – 0.46 ± 0.11 4
B/Tz – 0.46 ± 0.08 3

ative accuracy of less than 10 per cent while the bulge parameters
are derived with an uncertainty of approximately 15 per cent. The
error bars for the scaleheight of the dust disc and the edge-on optical
depth, two parameters that have a direct effect on the appearance
of the dust lane in edge-on spiral galaxies, are also of the order of
15 per cent. For the dust mass and the face-on optical depth, param-
eters that do not have as direct an impact on the morphology, the
error bar is between 20 and 30 per cent. Both the disc and bulge lu-
minosity are recovered more precisely when we go to redder bands.
This is not so peculiar as the attenuation in the blue bands makes
it harder to recover the intrinsic luminosity. Overall, the deviations
on the luminosity are of the order of 15 per cent or less. The third
column in Table 4 contains the mean values and the rms of the
physical free parameters derived from the radiative transfer fits.

The general conclusion drawn from our radiative transfer fits is
that most galaxies can be modelled appropriately with an exponen-
tial disc for the stars and the dust and a Sérsic profile describing the
central bulge. In most cases, the parameters of the different compo-
nents can be constrained with a satisfactory level of accuracy.

5.2 The stellar disc and bulge

As none of the galaxies in our sample have been modelled using
radiative transfer simulations before, we cannot directly compare
the values we obtain for individual galaxies. As a useful sanity
check, however, we can check whether the average values of the
derived parameters are in agreement with general values for the
global galaxy population. This applies in particular to the parameters
of the stellar geometry, which can be derived from large samples of
galaxies without the need of full radiative transfer calculations.

Concerning the properties of the stellar disc, an interesting sample
to compare our results to is the set of 34 edge-on spiral galaxies by
Kregel et al. (2002). They fit a combination of a double-exponential
disc and a Sérsic bulge to I-band images, carefully masking the dust
lane region. Averaging the values of their table 1, we find a mean
scalelength of 4.73 ± 2.57 kpc and scaleheight of 0.57 ± 0.25 kpc.
These values are in agreement with our results of 4.23 ± 1.23 kpc
and 0.51 ± 0.27 kpc, respectively. The mean intrinsic flattening of
the stellar disc, i.e. the ratio hR,∗/hz,∗, in the Kregel et al. (2002)
sample is 8.21 ± 2.36, again in excellent agreement with our value
of 8.26 ± 3.44.

For the properties of the bulge, we can compare our average
values to the Gadotti (2009) sample, which contains nearly 1000
face-on galaxies selected from the SDSS for which detailed mor-
phological decomposition was applied. When we eliminate the el-
liptical galaxies from the sample and look at the r-band values, we
find for the Sérsic index a mean value 2.37 ± 1.35, consistent with
our value of 2.61 ± 1.80.

Interesting is the effective radius of the bulge: the typical value
obtained by Gadotti (2009) is 0.84 ± 0.36 kpc, which is significantly
smaller than (but still compatible within the error bars with) the
value of 2.31 ± 1.59 kpc we obtain. One reason for this distinction
could be that we have not taken into account a bar in our radiative
transfer fits, whereas Gadotti (2009) do fit a combination of a disc,
bulge and bar to their images. The addition of a bar in the fitting has a
significant effect on the resulting properties of the bulge. A second
important aspect is the effect of dust attenuation on the derived
properties: the presence of dust can severely affect the apparent
parameters in bulge–disc decomposition, even at low inclinations
(e.g. Graham & Worley 2008; Gadotti, Baes & Falony 2010; Pastrav
et al. 2013a,b). In particular, Gadotti et al. (2010) demonstrate using
detailed radiative transfer modelling that if the effects of dust are
not taken into account, then bulge effective radii are systematically

MNRAS 441, 869–885 (2014)

 at B
iom

edical L
ibrary G

ent on M
ay 5, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


Dust in edge-on spiral galaxies 881

Figure 5. Left: the ratio of the dust to stellar scaleheights in function of the stellar mass. The blue line marks the stellar mass at the which the rotation
speed exceeds 120 km s−1 marking the transition from dynamically stable discs to perturbed discs prone to vertical ‘collapse’ as discussed in Dalcanton et al.
(2004). Right: the relation between ratio of the dust scaleheight and the stellar scaleheight and the bulge-to-disc ratio for the entire sample. The blue line
shows the best-fitting linear fit while the blue region is the 1σ deviation calculated out of the uncertainties on the best-fitting values. The blue dots are previous
monochromatic FITSKIRT results for NGC 4565 (De Geyter et al. 2013) and NGC 4013 (De Looze et al. 2012b). The green dots are the values found by B07.

underestimated. Another possible cause for this difference is that
one of the selection criteria for our sample was presence of a dust
lane. Galaxies with a large bulge are more likely to show a prominent
dust lane than galaxies with a small bulge, so this selection criterion
could be in part responsible for the rather large bulges in our sample.

Similarly interesting is the value of the bulge-to-disc ratio or
the bulge-to-total ratio. Since Gadotti (2009) uses a disc, a bar
and a bulge in his fits, we cannot directly compare the bulge-to-
total values between both samples. Consequently, we have to add
their bulge and bar component when calculating the bulge-to-total
ratio which would be found by a two-component fit. This results
in 0.32 ± 0.22, 0.33 ± 0.20 and 0.33 ± 0.20 for the g, r and i
band, respectively. The bulges of the galaxies in our sample seem
about 25 per cent more luminous compared to the sample of Gadotti
(2009). A similar flattening of the bulge-to-total ratio is found when
going to longer wavelengths.

We can conclude that in general the parameters found for the
stellar disc and bulge are in good agreement with other studies and
there are no large systematic deviations in our sample or fitting
procedure.

5.3 The star-dust geometry

Table 4 also lists the average scalelength and scaleheight of the dust
disc and their spread within our sample. The dust scaleheight is in
good agreement with the values 0.23 ± 0.08 and 0.25 ± 0.11 kpc
found using radiative transfer fits on V-band images by X99 and
B07, respectively.

We find relatively good agreement of the relative sizes of the dust
and stellar discs. For the ratios of the dust to stellar scaleheight, we
find 0.50 ± 0.22, which is consistent with the conclusion found by
X99, 0.58 ± 0.13, and B07, 0.52 ± 0.49. For the dust scalelength to
stellar scalelength ratio, we find 1.73 ± 0.83. This is slightly larger
in average and in spread but still in agreement with X99, 1.36 ±
0.17, and B07, 1.53 ± 0.55. We can hence confirm the results from
these studies that the dust in spiral galaxies is typically distributed
in a disc only half as thick but radially more than 50 per cent larger
the stellar disc.

To investigate a similar feature in our sample, we have calculated
the stellar masses using the intrinsic luminosities and g − z colour

difference according to the recipe described in Zibetti, Charlot &
Rix (2009). The left-hand panel of Fig. 5 shows the dust to stellar
scaleheights as a function of stellar mass. The vertical line shows
the stellar mass of a bulgeless galaxy corresponding to the rota-
tion speed of 120 km s−1 using the baryonic Tully–Fisher relation
(Bell & de Jong 2001; Dalcanton et al. 2004). Although most of
our galaxies have a higher stellar mass and are therefore expected
to rotate faster, four of the 10 galaxies fall below the transition line.
It should be noted that using the stellar mass instead of the actual
rotation speed is only an approximation and that our sample con-
tains galaxies with moderate to large bulges while the sample of
Dalcanton et al. (2004) consists of bulgeless galaxies.

To check whether the presence of a bulge has an effect on the
relative size of the dust disc, we have investigated the dust to stellar
scaleheight in function of the g-band bulge-to-disc ratio. These 10
galaxies with corresponding uncertainties are shown in the right-
hand panel of Fig. 5. To extend our sample and as a sanity check
we have added two galaxies modelled previously with FITSKIRT in
blue dots (De Looze et al. 2012b; De Geyter et al. 2013) and V-band
values of the galaxies modelled by B07 in green dots. However, as
there was no error determination for the parameters determined by
B07, they were not taken into account in the determination of the
best-fitting trend line. The galaxies modelled by X99 do not come
with a clear bulge-to-disc ratio and were therefore not included.

Looking at the right-hand panel of Fig. 5, it appears that there is
a correlation between the ratio of the dust to stellar scaleheight and
the bulge-to-disc luminosity ratios, i.e. galaxies with more promi-
nent bulges tend to have dust scaleheights increasingly similar to
the stellar scaleheights. Again, we have to consider a bias due to
our sample selection criteria. As discussed before, galaxies with
larger bulges often have more noticeable dust lanes. Therefore, it is
not surprising to find vertically more extended dust discs in galax-
ies with a more prominent bulge compared to thinner, bulgeless
galaxies. This, however, does not explain why there is a lack of
thin dust discs for galaxies with larger bulges. Consequently, this
potential bias in the selection process alone cannot explain the trend
found for this sample.

Another small bias might be the fact that only one exponential
disc is used to describe the stellar population. It is known that
galaxies can have distinct separation of stellar populations where
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the young stars are in a thin yet heavily obscured disc while the older
stellar population is distributed in a thicker disc (see also Pierini
et al. 2004; Popescu et al. 2011; Schechtman-Rook et al. 2012).
As the thin, bulgeless galaxies typically possess a younger, yet
obscured stellar population, the resulting stellar scaleheight might
be overestimated. Therefore, the result is a smaller dust-to-stellar
scaleheight ratio.

Whether or not these biases in the sample can completely ex-
plain the correlation is unclear. One possible physical explanation
for the lack of thin dust discs for bulge-dominated galaxies may
lie in variations of the dominant dust heating mechanisms. Dust
has been found to be pre-dominantly heated by either diffuse emis-
sion from the total stellar population (e.g. Bendo et al. 2010, 2012;
Boquien et al. 2011; Groves et al. 2012) or by star-forming regions
(Galametz et al. 2010; Hughes et al. 2014). In a typical star-forming
disc, dust and other ISM material are heated locally by star-forming
regions. In galaxies with prominent bulges, the dust heating from
star-forming regions may be supplemented with an additional source
of dust heating originating from the diffuse emission of the older
stellar population in the bulge. One may hypothesize that a greater
contribution to the dust heating by the total stellar population in
galaxies with increasing bulge-to-disc ratio may lead to an increase
in net heating of the ISM and, subsequently, a thickening of the
dust disc. However, whilst the tendency of bulge-dominated galax-
ies to experience a thickening of the dust disc due to increased dust
heating from the stellar population in the bulge may plausibly ex-
plain the lack of thin dust discs found at high bulge-to-disc ratios,
we strongly warn that this physical mechanism is highly uncertain,
speculative, and only included for completeness in our discussion.
Further studies, in which we extend our sample size, wavelength
range and the capability of the models to describe multiple stellar
populations, are necessary in order to provide further insight into a
possible physical explanation for this relation.

5.4 Optical depth

The galaxies analysed by X99, have a V-band face-on optical depth
of 0.49 ± 0.19 and none of them with a value higher than 1, which
would indicate these galaxies would be completely transparent if
they were to be seen face-on. B07 used a Monte Carlo radiative
transfer code to model a different sample of galaxies (two galax-
ies are in common with the X99 sample). He found a slightly
larger spread in V-band optical depths, ranging up to τ f

V = 1.46
for NGC 4013. The average value for the sample studied by B07 is
0.58 ± 0.45.

In our sample of 10 galaxies, we find a larger spread in face-
on V-band optical depth, ranging from a mere 0.18 for IC 4225
to 1.98 for NGC 3987. The average value and rms for our sample
is 0.76 ± 0.60, formally consistent with the mean value found by
X99 and B07. The large spread however seems to suggest that
spiral galaxies, although on average optically thin, a non-negligible
part is not entirely transparent. This slightly larger value for the
optical depth can at least partly be ascribed to the different selection
criteria. X99 and B07 considered very nearby galaxies, whereas our
galaxies are significantly more distant (the average distances to the
galaxies in the samples are 21, 30 and 64 Mpc for X99, B07 and
our sample, respectively). The combination of the larger distance
with the requirement that the galaxies need to show a prominent
dust lane, might bias our sample towards galaxies with more dust
than average, and hence with an average optical depth larger than
the more nearby samples of X99 and B07. Whether or not this can
fully explain the difference is hard to tell.

One might suspect that differences in the optimization and the
radiative transfer treatment itself could be a possible origin for this
difference. However, it does not seem likely that FITSKIRT system-
atically overestimates the optical depth: for NGC 4013, the one
galaxy that has been modelled using the three codes, the optical
depth found by FITSKIRT lies in between the values obtained by the
two other teams (De Geyter et al. 2013).

5.5 Dust mass and the dust energy balance

Since the launch of the Herschel Space Observatory, dust masses
for thousands of nearby galaxies have been determined by fitting
simple modified blackbody or more complicated SED models to
the observed FIR and submm fluxes. Our radiative transfer models
provide us with a completely independent and alternative technique
to estimate the dust mass in galaxies. The average dust mass for our
galaxy sample is 〈log Md/M�〉 = 7.48 ± 0.32. When we compare
this value to the typical values found for normal late-type galaxies
based on Herschel FIR/submm SEDs, we find fairly compatible
results. For example, Davies et al. (2012) find 〈log Md/M�〉 =
7.06 ± 0.45 in a 500 µm selected sample of 78 optically bright
galaxies from the HeViCS survey (Davies et al. 2010), Galametz
et al. (2012) found 〈log Md/M�〉 = 7.34 ± 0.30 for a sample of
11 nearby galaxies from the KINGFISH sample (Kennicutt et al.
2011) and Smith et al. (2012) obtained 〈log Md/M�〉 = 8.01 for a
sample of more than a thousand z < 0.35 galaxies selected from the
H-ATLAS survey (Eales et al. 2010).

In Fig. 6, we plot the dust-to-stellar mass ratio as a function
of the stellar mass for our sample galaxies. We also show on this
plot the late-type galaxies from the Herschel Reference Survey
(HRS), a complete volume-limited survey of 323 normal galaxies
in the nearby universe (Boselli et al. 2010). The dust masses for
the HRS galaxies were obtained by an empirical recipe based on
the Spectral and Photometric Imaging Receiver flux densities, cal-
ibrated against modified blackbody SED models and the Draine

Figure 6. The dust to stellar mass ratio (specific dust mass) in function
of the stellar mass. The black dots represent the 12 galaxies in our sample
while the open circle are the values found for the Herschel Reference Survey
galaxies (Cortese et al. 2012). Note that our CALIFA sample seems to be
more dust rich compared the HRS sample.
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& Li (2007) dust model (Cortese et al. 2012). For both samples,
stellar masses are determined from the i-band luminosities using
the g − i colour-dependent stellar mass-to-light ratio relation from
Zibetti et al. (2009), assuming a Chabrier (2003) initial mass func-
tion. The dust-to-stellar mass ratios for our galaxies fall in the
range as the HRS galaxies, but tend to populate the upper re-
gions of this plot. In other words, for a given stellar mass, our
sample galaxies tend to be rather dustier compared to the general
HRS population.

This is quite surprising in the light of the so-called dust energy
balance inconsistency that seems to be applicable for spiral galaxies.
For a small number of edge-on spiral galaxies for which detailed
radiative transfer fits have been made, the predicted FIR emission
from the models generally underestimates the observed FIR fluxes
by a factor of about 3 (Popescu et al. 2000, 2011; Misiriotis et al.
2001; Alton et al. 2004; Dasyra et al. 2005; Baes et al. 2010; De
Looze et al. 2012a,b). One would therefore expect that dust masses
based on SED fits to the observed FIR/submm, such as those for
the HRS galaxies in Fig. 6, would tend to be several times higher
than the dust masses based on radiative transfer modelling of optical
images, such as the ones we derived for our sample.

A possible explanation could, again, be the different selection
criteria of the two samples. All HRS galaxies are located at a dis-
tance between 15 and 25 Mpc, and the late-type galaxy subsample
was selected based on a K-band flux limit (as a proxy for the stellar
mass). Our sample, on the other hand, is more distant and was cho-
sen to show prominent dust lanes, and as such it might be biased to
more dust-rich galaxies than the general HRS population. The only
way to really test whether this can explain the different location of
the samples in Fig. 6 is by calculating the FIR/submm emission that
is to be expected from the radiative transfer models for the galaxies
in our sample, and comparing it to the observed FIR/submm flux
densities (at least for those galaxies for which such data are avail-
able). This is beyond the scope of this paper and will be the subject
of a subsequent work.

6 C O N C L U S I O N S

We have selected 12 edge-on, spiral galaxies from the CALIFA
survey in order to constrain both their stellar and dust distribution.
This was done by computing accurate radiative transfer models
to the SDSS g-, r-, i- and z-band images simultaneously. As the
galaxies are part of the CALIFA survey they already comply to the
following criteria: the redshift ranges between 0.005 < z < 0.03
and the isophotal r-band diameter ranges from 45 to 80 arcsec.
The galaxies with an obvious dust lane were then selected while
avoiding the strongly asymmetrical or interacting ones. As final
selection criterion, we exclude galaxies with a major axis smaller
than 1 arcmin or a minor axis smaller than 8 arcsec as to ensure that
the dust lane has a high enough resolution to be modelled accurately.

Before using our automated fitting routine, FITSKIRT, we have
tested and validated its capabilities by applying it to a test case
described in De Geyter et al. (2013). The mock image was created
using the radiative transfer code SKIRT, in order to compare both
the ability to reproduce the image as well as the recovery of the
input values. We found that FITSKIRT was able to give reasonable
constraints on all free parameters describing the stellar disc, stellar
Sérsic bulge and dust disc. It is shown that the oligochromatic fitting,
i.e. fitting to a number of bands simultaneously, has clear advantages
over monochromatic fitting in terms of accuracy. In particular, the
parameters describing the dust distribution have a smaller spread
as the oligochromatic fitting method is less prone to degeneracies

in the free parameters. Of the 25 000 most central pixels, about
80 per cent have a value that deviates 20 per cent or less from the
corresponding pixel in the reference image. With these results, we
can safely apply the method to real data.

The results of the fits to the 12 galaxies in our sample can be
found in Table 3 while the sample averages, spread and accuracy
can be found in Table 4.

For only two galaxies (UGC 4163 and NGC 5908) in our sam-
ple, we found that the model, consisting of an exponential disc
to describe the stellar and dust distribution and a Sérsic profile to
model the central bulge, was not able to accurately reproduce the
observations. In all other cases, we were able to model the galaxies
and constrain the parameters to an acceptable accuracy. In all of the
residual frames, more than half of the pixels show deviations of at
most 25 per cent. Stellar disc and bulge parameters are determined
within 10 and 15 per cent, respectively, while the dust parameters
are less certain, with error bars rising up to 20 or 30 per cent for the
face-on optical depth.

We find that the average disc scalelength and intrinsic disc flat-
tening are in good agreement with the results described by Kregel
et al. (2002) and Gadotti (2009). Our sample, on the other hand,
does seem to have larger bulges with an average effective radius
of 2.31 ± 1.59 kpc. Possible explanations for this difference are
the fact that we do not include a bar in our model and a possible
selection effect due to the necessity to have a clear dust lane while
Gadotti (2009) does not take into account the effect of dust attenu-
ation on the determined bulge parameters. Consequently, a slightly
higher bulge-to-total ratio is found although we find a similar trend
in the ratios as a function of wavelength.

For the dust scalelength and -height, we find good agreement with
X99 and B07. Also the relative sizes of the dust disc compared to the
stellar disc are in good agreement where we find that the dust disc is
about 70 per cent more extended, which is slightly larger than found
by X99 and B07, but twice as thin as the stellar disc. From Dalcanton
et al. (2004), we should expect to see a transition for galaxies with a
rotation speed of 120 km s−1 where the slower rotating ones should
have a dust disc scaleheight similar to the one of the stellar disc.
Using the baryonic Tully–Fisher relation to get estimates on the
rotation speed based on the stellar mass of the galaxies, we do not
seem to find a similar trend in our sample. A possible explanation
might again be that our sample has a clear tendency for larger bulges
compared to the bulgeless galaxies investigated by Dalcanton et al.
(2004) and MacLachlan et al. (2011).

An important aspect of the dust distribution in spiral galaxies
is the face-on optical depth. A value of higher than 1 means a
significant part of the light would be blocked even when the galaxy
is seen face-on. In our sample, we find a large spread ranging from
0.18 to 1.98 with an average V-band value of 0.76 and spread within
the sample of 0.60. As a result, a fraction of the galaxies should not
be transparent even when seen completely face-on. This is a slightly
larger value in optical depth and in spread than what was previously
found by X99 and B07. This could be the result of our galaxies
requiring a visible dust lane while the galaxies are at larger distance
compared to the sample investigated by X99 and B07. Therefore,
the galaxies in our sample are relatively more dust rich than galaxies
selected on a dust lane at smaller distances.

The same difference in distance of this sample and the HRS
sample investigated in Cortese et al. (2012) could explain why our
galaxies reside on the higher side of the relation between the dust-
to-stellar mass and the stellar mass. This is an unexpected result,
as deriving the dust mass from extinction usually results in values
which underestimate the actual dust mass determined from FIR
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observations by a factor of 3 (Popescu et al. 2000, 2011; Misiriotis
et al. 2001; Alton et al. 2004; Dasyra et al. 2005; Baes et al. 2010).

A useful way to follow up this research would be to investigate
this difference by modelling these galaxies by the means of detailed
panchromatic radiative transfer simulations covering the entire SED
from the UV to the FIR (Baes et al. 2010; De Looze et al. 2012a,b).
Comparing the FIR fluxes predicted from the radiative transfer mod-
els determined in this paper with the observed fluxes would yield
further insights into the dust energy balance of spiral galaxies.
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Muñoz-Mateos J. C. et al., 2009, ApJ, 701, 1965
Nair P. B., Abraham R. G., 2010, ApJS, 186, 427
Noguchi K., Terashima Y., Awaki H., 2009, ApJ, 705, 454
Parisi P. et al., 2012, A&A, 545, A101
Parnovsky S. L., Parnowski A. S., 2010, Ap&SS, 325, 163
Pastrav B. A., Popescu C. C., Tuffs R. J., Sansom A. E., 2013a, A&A, 553,

A80
Pastrav B. A., Popescu C. C., Tuffs R. J., Sansom A. E., 2013b, A&A, 557,

A137
Peletier R. F., Balcells M., 1997, New Astron., 1, 349
Peletier R. F., Valentijn E. A., Moorwood A. F. M., Freudling W., 1994,

A&AS, 108, 621
Pierini D., Gordon K. D., Witt A. N., Madsen G. J., 2004, ApJ, 617, 1022
Pilbratt G. L. et al., 2010, A&A, 518, L1
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