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ABSTRACT

We present results of the detailed dust energy balance study for the seven large edge-on galaxies in the HEROES sample using three-
dimensional (3D) radiative transfer (RT) modelling. Based on available optical and near-infrared (NIR) observations of the HEROES
galaxies, we derive the 3D distribution of stars and dust in these galaxies. For the sake of uniformity, we apply the same technique
to retrieve galaxy properties for the entire sample: we use a stellar model consisting of a Sérsic bulge and three double-exponential
discs (a superthin disc for a young stellar population and thin and thick discs for old populations). For the dust component, we adopt
a double-exponential disc with the new THEMIS dust-grain model. We fit oligochromatic RT models to the optical and NIR images
with the fitting algorithm FrTskirT and run panchromatic simulations with the skirT code at wavelengths ranging from ultraviolet
to submillimeter. We confirm the previously stated dust energy balance problem in galaxies: for the HEROES galaxies, the dust
emission derived from our RT calculations underestimates the real observations by a factor 1.5—4 for all galaxies except NGC 973 and
NGC 5907 (apparently, the latter galaxy has a more complex geometry than we used). The comparison between our RT simulations
and the observations at mid-infrared—submillimetre wavelengths shows that most of our galaxies exhibit complex dust morphologies
(possible spiral arms, star-forming regions, more extended dust structure in the radial and vertical directions). We suggest that, in
agreement with results from the literature, the large- and small-scale structure is the most probable explanation for the dust energy
balance problem.

Key words. galaxies: ISM — infrared: ISM — galaxies: fundamental parameters — dust, extinction

1. Introduction

Cosmic dust severely obscures astronomical objects at ultravio-
let (UV) and optical wavelengths and, thus, impedes our study
of these objects in this wavelength range. However, with the

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

Article published by EDP Sciences

beginning of the era of infrared (IR) astronomy, dust began
to play an important role in the study of astrophysical pro-
cesses, taking place in the interstellar medium (ISM), and galaxy
evolution.

According to multiple studies (see e.g. Popescu & Tuffs
2002; Viaene et al. 2016 and references therein), approximately
one third of the bolometric luminosity in normal spiral galax-
ies is attenuated by dust: dust reshapes the spectral energy
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distribution (SED) of galaxies by absorbing and scattering light
at short wavelengths and re-emitting at longer wavelengths.
Therefore, a dust component, being mainly concentrated in the
galactic plane, in optical bands usually appears as a dimmed
lane from the edge-on view (e.g. an outstanding example is
our Milky Way Galaxy). This component attenuates galactic
starlight which passes through it, and, in turn, looks like a very
thin emitting disc at far-infrared-submillimetre (FIR-submm)
wavelengths.

Until recently, the poor resolution and limited wavelength
coverage of IR instruments posed problems for observations of
dust in even nearby galaxies. With the launch of the Herschel
Space Observatory (Pilbratt et al. 2010), we are now able to ob-
serve the entire dust peak in the 70-500 um wavelength range
(i.e. tracing both warm and cold dust). The high spatial reso-
lution achieved by Herschel allows us to examine the dust in
greater detail than ever possible before.

Panchromatic radiative transfer (RT) modelling of galaxies
provides a powerful tool to analyse different characteristics of
dust in galaxies (i.e. optical properties, dust distribution, clumpi-
ness, etc.) in a self-consistent way (see e.g. Popescu et al. 2000,
2011; Bianchi 2008; Baes et al. 2010; MacLachlan et al. 2011;
De Looze et al. 2012a; Holwerda et al. 2012; Mosenkov et al.
2016). The following method has become a standard practice to
perform panchromatic dust energy balance studies. From optical
observations, the properties and spatial distribution of stars and
dust can be constrained using a RT code to model the propagation
of stellar light and its interaction with dust particles in a galaxy.
In turn, the dust emission predicted from the RT simulations
(based on the obtained RT model) can be compared to the ob-
served thermal dust re-emission at IR-submm wavelengths. Such
a complementary study requires that dust features must easily be
identified from optical as well as IR observations. This require-
ment has limited the number of galaxies for which detailed dust
energy balance studies have been attempted in the past. Edge-on
spirals are considered ideal cases for studying since projection
effects allow to resolve the distribution of different stellar popula-
tions (see e.g. van der Kruit & Searle 1981; Morrison et al. 1997,
Dalcanton & Bernstein 2002; Tikhonov & Galazutdinova 2005;
Seth et al. 2005; Comerdn et al. 2018) and dust vertically (see
e.g. Kylafis & Bahcall 1987; Xilouris et al. 1999; Misiriotis et al.
2001; Altonetal. 2004; Bianchi 2008; Baesetal. 2010;
Popescuetal. 2011; De Looze etal. 2012a; Mosenkov et al.
2016). Therefore, using such a multiwavelength technique,
a complex three-dimensional (3D) model of an edge-on
galaxy can be built, which can include both stellar and dust
constituents.

Interestingly, multiple dust energy balance studies of indi-
vidual edge-on galaxies reveal an inconsistency between the
predicted FIR/submm fluxes of their RT models and the ob-
served emission in those wavebands (e.g. 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; De Geyter et al. 2015;
Mosenkov et al. 2016). Although RT models might successfully
explain the observed optical attenuation, the modelled dust emis-
sion underestimates the observed thermal dust re-emission by
a factor of 3—4. In order to reconcile the results of the RT
models with the observations, two scenarios have been pro-
posed: either a significant underestimation of the FIR/submm
dust emissivity has been argued (see e.g. Altonetal. 2004;
Dasyra et al. 2005; MacLachlan et al. 2011) or, alternatively, the
distribution of a sizeable fraction of dust in clumps or a sec-
ond inner dust disc with a negligible attenuation on the bulk of
the starlight (see e.g. Popescu et al. 2000; Misiriotis et al. 2001;

A120, page 2 of 50

Bianchi 2008; Bianchi & Xilouris 2011; MacLachlan et al. 2011;
De Looze et al. 2012a; Holwerda et al. 2012).

Recently, De Geyter et al. (2015; hereafter DG15) studied
the dust energy balance in two edge-on galaxies with available
Herschel observations: IC 4225 and NGC 5166. Using an earlier
obtained oligochromatic' model (using optical data), and adding
a young stellar disc to match the UV fluxes, they concluded that
for NGC 5166, this additional component is necessary in order
to reproduce the observed emission at longer wavelengths. How-
ever, for the other galaxy, IC 4225, the modelled FIR emission
still underestimates the observed fluxes by a factor of three. The
proposed reasons for this discrepancy in IC 4225 might include
the fact 1) that it is too small to properly fit the dust disc param-
eters, and 2) that there is emission from obscured star-forming
regions which are embedded in dense dust clouds and, thus, do
not contribute noticeably to the observed UV flux but have a
clear impact on the FIR emission (see e.g. De Looze et al. 2012a,
2014, DGI15). It is likely that there is no single origin for the
dust energy balance problem, and several mechanisms could be
responsible for it.

Several years ago, the HEROES project (Verstappen et al.
2013) was initiated to study a set of seven edge-on spiral galax-
ies, with the aim to present a detailed, systematic and homoge-
neous study of the amount, spatial distribution and properties of
the interstellar dust in these seven galaxies, and investigate the
link between the dust component and stellar, gas and dark matter
components. These galaxies are well-resolved (with the optical
diameter D >4 arcmin), and have Herschel observations in five
PACS (Poglitsch 2010) and SPIRE (Griffin et al. 2010) bands
at 100, 160, 250, 350 and 500 um. Also, these galaxies were
selected to have a clear and regular dust lane, and they have al-
ready been fitted with a RT code based on their optical and near-
infrared (NIR) data (Xilouris et al. 1997, 1999; Bianchi 2007),
therefore an indirect comparison with the previous models can
be done. However, one should note that the used assumptions
and fitting strategies in the mentioned studies are different, and,
therefore, a uniform approach is necessary to compare the results
of RT modelling for all HEROES galaxies.

Mosenkov et al. (2016; hereafter M16) studied the dust en-
ergy balance problem in one of the HEROES galaxies, IC 2531.
For the first time, we used a novel approach for a simulta-
neous fitting of a set of optical and NIR images (7 bands
in total) to retrieve a dust model. In it, we showed that
the dust properties of IC2531 are better constrained if NIR
imaging is used, in addition to optical data. Based on our
oligochromatic fit, we constructed a panchromatic> RT model
for the stars and dust in IC 2531, ranging from UV to submm
wavelengths. Following DG15, we added another disc com-
ponent representing a young stellar population to match the
FUV flux. Upon comparison of our panchromatic simulations
with the Herschel observations at FIR-submm wavelengths, we
demonstrated an apparent excess of observed dust emission
at those wavelengths for two different dust-grain models: the
BARE-GR-S model (Zubko et al. 2004) and the THEMIS model
(Jones et al. 2017). The BARE-GR-S model consists of a mix-
ture of polycyclic aromatic hydrocarbons, graphite and sili-
cate grains, while the new THEMIS model is composed of
amorphous carbon and amorphous silicates. We showed that
the THEMIS model better reproduces the observed emission
at the FIR-submm peak. It is interesting to notice that as in

! Modelling based on a small number of images simultaneously.
2 Modelling based on a wide range of wavelengths simultaneously.
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the case of IC 4225 from DG15, the inclusion of the additional
young stellar population did not solve the dust energy problem
in IC2531.

In this work, we aim to continue the work started in M 16 and
analyse the dust characteristics in the six remaining HEROES
galaxies, following the same strategy as has been proposed in
M16, in a uniform and self-consistent way. For all galaxies in
our sample, we use available optical and NIR observations to
constrain their dust models and perform panchromatic simula-
tions. We investigate the degree to which our models can predict
the galaxy fluxes in different bands, paying particular attention
to the dust emission in the FIR-submm domain. This comparison
will allow us to answer the question of how common the dust
energy balance problem might be in galaxies and will provide
clues on a possible reason of its existence.

This paper is organised as follows. Section 2 reviews the
sample as well as observation and data reduction strategies.
Section 3 presents a brief description of the approach we use
in this work to create oligochromatic and panchromatic models.
In Sect. 4, we present results of our study for each individual
galaxy and compare our results with the literature. In Sect. 5, the
results of our RT modelling procedure are discussed in the frame
of the dust energy balance problem. The main conclusions of our
study are summarised in Sect. 6. In the Appendix, we provide
our models and simulations for each galaxy.

2. The sample

The construction of the sample of the HEROES galaxies is de-
scribed in detail in Verstappen et al. (2013). Our sample con-
sists of seven relatively nearby edge-on galaxies: NGC973,
UGC4277, IC2531, NGC4013, NGC4217, NGC 5529, and
NGC 5907 (see Fig. 1, which shows their RGB images, and
Table 1, which lists some basic characteristics of these objects).
Their morphological types suggest that these are late-type galax-
ies with rather compact bulges, though some of them (NGC 973,
IC 2531, NGC 4013, and NGC 5529) clearly exhibit extended
boxy/peanut-shape (B/PS) bulges which are often related to bar
structures (see e.g. Bureau & Freeman 1999; Chung & Bureau
2004; Méndez-Abreu et al. 2008) and may reside in more than
half of the disc galaxies in the Local Universe (Liitticke et al.
2000; Laurikainen & Salo 2016).

The sample galaxies are rather bright and the difference in
absolute magnitudes between the faintest and brightest galaxy is
not larger than 1.6 mag. All galaxies have similar sizes (in kpc)
except for NGC4013 and NGC 4217 which are about half the
size of the others.

As follows from Table 1, all HEROES galaxies are oriented
almost exactly edge-on; only NGC 5529 and NGC 5907 have
slightly lower inclination (their dust lane is more offset from
the major axis). Interestingly, these galaxies differ significantly
by apparent axis ratio smb/sma —IC 2531 and NGC 5907 seem
rather thin (0.14 for both) whereas NGC 4013 and NGC 5529
have very thick outermost isophotes (0.38 and 0.30, respec-
tively). Accordingly, the vertical-to-radial extent ratio of stel-
lar discs in these galaxies should differ by a factor of two to
three. Taking into account that the galaxies are observed at dif-
ferent distances, the angular extent of their dust lanes may also
be different. Although the HEROES galaxies were selected by
their distinct, regular dust lanes, several objects exhibit some-
what clumpy and patchy dust inclusions. The dust lanes in some
galaxies are rather extended and thick (NGC 4217, NGC 5907),
whilst in others they are relatively thin and warped (UGC 4277,
IC2531).

All HEROES galaxies are group members (Peterson 1979;
Mathewson et al. 1992; Mahtessian 1998), except for UGC 4277
which is classified as an isolated galaxy (Karachentseva 1973).

For the HEROES galaxies RT modelling has been done be-
fore (though using different modelling strategies): NGC 973 is
described in Xilouris et al. (1997; hereafter X97); UGC 4277 —
in Bianchi (2007; hereafter BO7); NGC 4013 — in Xilouris et al.
(1999; hereafter X99), B07, and De Geyter etal. (2013);
NGC4217 - in BO7; NGC 5529 - in X99, B07; NGC 5907 —
in X99 and Misiriotis et al. (2001). The galaxy IC 2531 has been
analysed in great detail in M 16 (it was also modelled by X99),
therefore in this paper we study the remaining six HEROES
galaxies. For completeness, the results of our modelling for
IC 2531 are also provided.

2.1. Observations

To investigate the dust energy balance problem in a galaxy, we
need to collect data over a large wavelength range — from far-
ultraviolet (FUV) to FIR/submm regions. For this purpose, we
used available databases of optical and NIR sky surveys to ex-
tract images of the HEROES galaxies. Here, one should note
that we split up our imaging into two sets. The first set of obser-
vations was constructed to find FITSKIRT oligochromatic models,
by fitting optical and NIR images (we refer to them as the ref-
erence images) simultaneously. The second set of observations
was prepared to supplement galaxy SEDs with fluxes at UV and
MIR-FIR wavelengths with A > 4 ym and compare the predicted
models from our skiIrT simulations with these observations (see
Sect. 3).

Optical observations for NGC 4013, NGC 4217, NGC 5529,
and NGC 5907 were retrieved from SDSS DR 12 (Eisenstein et al.
2011)in all five ugriz bands, with a pixel size of 0.396 arcsec/pixel
and an average seeing of 1.1 arcsec. For NGC 973 and UGC 4277,
the optical observations were executed on the William Herschel
Telescope (WHT) on La Palma, equipped with the Auxiliary-
port CAMera (ACAM, Benn & Ellison 1998). The observing run
yielded a total of 9 h, during 3 moonless nights from 25 to 27 De-
cember, 2011. The instrument provided a large 8.3 arcmin field of
view, with 0.25 arcsec/pixel. The average seeing for the performed
observations is 1.32 arcsec. ACAM is equipped with Sloan ugriz
filters, therefore we used optical observations in the same filters
for almost all HEROES galaxies, except for IC 2531 which is lo-
cated in the southern hemisphere and was observed at the Faulkes
Telescope South in the B-, V- and R-band filters (for details, see
M16).

Four galaxies (NGC973, UGC4277, NGC4013, and
NGC4217) have been observed at the Telescopio Nazionale
Galileo (TNG), a 3.58 m telescope of the Roque de Los Mucha-
chos Observatory on La Palma. The observations in the K band
were executed during August and December of 2011 with an av-
erage seeing of 1.09 arcsec. The pixel size is 0.25 arcsec/pixel.
In addition to the K band and for the remaining galaxies we
used 2MASS observations in all three JHK, bands with a PSF
FWHM of 2 to 3” (depending on the atmospheric blurring).

All galaxies except for UGC 4277 have Spitzer Space Tele-
scope (Werner et al. 2004) observations made by the Infrared
Array Camera (IRAC, Fazio et al. 2004) at 3.6 um (IRAC 1).
For NGC 973, the mosaic *maic.fits and uncertainties *munc.fits
files were taken from post-Basic Calibrated Data, available
through the Spitzer Heritage Archive®. For the other galax-
ies, the observations were downloaded from the Spitzer Survey

3 http://sha.ipac.caltech.edu/
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NGC973

UGC4277

1C2531

NGC4013

NGC4217

NGC5529

NGC5907

Fig. 1. Composite RGB-images of the g-, r- and i-passband (or B-, V-, and R-passband for IC 2531) frames (see Sect. 2.1). The length of the red
bar in the bottom right corner of each panel is 30 arcsec.
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Table 1. Basic properties of the HEROES galaxies.

Galaxy RA Dec Type ms3.6/wi sma smb D Scale M3.6/W1 i
(J2000) (J2000) (mag) (arcmin) (arcmin) (Mpc) (pcarcsec™')  (mag) (deg)
NGC973 02:34:20 +32:30:20  Sb 11.03 2.14 0.41 63.5 308 -2298 89.6
UGC4277 08:13:57 +52:38:55  Scd 12.42 1.66 0.33 76.5 371 -22.00 88.9
1C 2531 09:59:56  -29:37:01 Sc 10.94 3.16 0.43 36.8 178 -21.89 89.6
NGC4013 11:58:31 +43:56:48 Sb 9.98 2.86 1.09 18.6 90 -21.37 89.7
NGC4217 12:15:51 +47:05:30 Sb 9.91 3.5 0.95 19.6 95 -21.55 88.0
NGC5529 14:15:34  +36:13:36 Sc 10.98 2.19 0.66 49.5 240 -2250 874
NGC5907 15:15:54 +56:19:44  Sc 9.11 5.75 0.80 16.3 79 -21.96 87.2

Notes. The celestial coordinates and morphologies are taken from NASA/IPAC Extragalactic Database (NED). The distances D with the corre-
sponding scales are taken from Verstappen et al. (2013), which were found to be the average values of the redshift-independent distance measure-
ments (mostly based on the Tully-Fisher relation). The apparent magnitudes mj ¢/w1, and the semi-major and semi-minor axes (sma and smb) are
measured for the isophote of 25 mag arcsec™2. The absolute magnitudes Ms gy correspond to the adopted distances D and apparent magnitudes
m3e/wi1. For UGC 4277, we used its WISE W1 image to retrieve its magnitudes and semi-major and semi-minor axes. The inclinations of the galax-
ies are taken from the RT models from X97 (NGC 973), X99 (IC 2531, NGC 4013, NGC 5529, NGC 5907), and BO7 (UGC 4277, NGC4217). We
note that these inclinations are used in our fitting (see Sect. 3) as a first guess. The fit values of i are given in Table 4.

of Stellar Structure in Galaxies archive (S4G, Sheth et al.
2010; Mufioz-Mateos et al. 2013, 2015; Regan 2013; Salo et al.
2015)*. For UGC 4277, we used the Wide-field Infrared Sur-
vey Explorer (WISE, Wright et al. 2010) in the W1 (3.4 um)
band. These optical and NIR observations (from 7 to 9 bands,
depending on the galaxy) form our set of reference im-
ages. After some processing described in Sect. 2.2 they were
used to obtain the galaxy models which can be found in
Sect. 3.

The supplementary data include observations from the
Galaxy Evolution Explorer (GALEX, Martinetal. 2005;
Bianchi et al. 2014) at 0.152 um (FUV) and 0.227 um (NUV),
which were downloaded from the All Sky Imaging Survey reach-
able trough the GalexView service’. WISE observations are
available for the entire sky; therefore we make use of them in our
study as well, in all four passbands, W1 (3.4 um), W2 (4.6 um),
W3 (12 um) and W4 (22 um), as an important source of informa-
tion regarding the stellar and dust distribution, as well as the star
formation rate in galaxies. NGC 973, NGC 5907, and NGC 4013
have additional IRAC 2 (4.5 um), IRAC 3 (5.8 um) and IRAC 4
(8.0 um) observations, while NGC4217 and NGC 5529 have
only IRAC 2 images. For NGC 4013 and NGC 5907, Multiband
Imaging Photometer for Spitzer (MIPS, Rieke et al. 2004) obser-
vations in all three bands (24, 70, and 160 um) were downloaded
from the Spitzer Heritage Archive.

Additionally, we used Herschel PACS and SPIRE imaging
to study galaxy SEDs at MIR and FIR wavelengths. To re-
trieve the Herschel photometer observations, the Herschel Sci-
ence Archive® was queried and the observations in all five PACS
and SPIRE bands were downloaded.

2.2. Data preparation

All the collected observations described in Sect. 2.1 were ini-
tially reduced and prepared for the subsequent analysis, as is
required by the fitting codes we use in this work (see Sect. 3).
The galaxy image processing included several steps: astrome-
try correction (so that all the frames have the same astrometry),
resampling (rebinning to the frame with the smallest pixel size),

4 http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
> http://galex.stsci.edu/GalexView/
% http://archives.esac.esa.int/hsa/whsa/

determination and subtraction of the sky background, rotating
the frames (to align the galactic plane along the horizontal axis),
and cropping the frames (to the minimal size to cover the whole
galaxy and at the same time have little empty space). The last
step was masking out background and foreground objects, the
light of which can contaminate the light of the galaxy. Each step
is described in detail in M 16.

In short, all these steps are realised with the PYTHON Toolkit
for SKIRT (PTS’, Camps & Baes 2015; Verstocken et al. in prep.),
which contains many functionalities and useful routines. The sky
background was fitted by a two-dimensional (2D) polynomial of
the second order using the unmasked pixels (the initial masks
were created by one of the PTS scripts) and then subtracted from
the original frames. The borders of the cropped galaxy image
were chosen so that the outermost galaxy isophotes, at AB sur-
face brightness (SB) levels of 25.5 mag arcsec™2, in all optical
and NIR bands were encompassed. To prepare the images with
final masks, we used the segmentation maps created with the
SEXTRACTOR package (Bertin & Arnouts 1996) and then revisited
the created masks by hand.

In addition, creating the accurate point spread function (PSF)
for every galaxy image in each band is important since atmo-
sphere and telescope blurring can seriously affect the light com-
ing from the galaxy and, thus, change the real SB distribution
of the observed object. To determine the PSF in each frame
(if applicable), we selected several good stars (not crowded,
with a high signal-to-noise ratio). These were subsequently fit-
ted with a Moffat (Moffat 1969; for the SDSS, TNG and WHT
observations) or Gaussian (for the 2MASS and WISE W1 im-
ages) function. For the IRAC images, we used in-flight point re-
sponse function (PRF) images® for the centre of the IRAC 3.6 um
fields downsampled and re-rotated to correspond to the analysed
galaxy frames. For the other bands, we used the kernels provided
by Aniano et al. (2011). The final PSF images were rebinned and
rotated to match the final galaxy images.

The reduction of the Herschel PACS and SPIRE data was
performed in Verstappen et al. (2013), however, we repeated it
following the up-to-date recipe described in Davies et al. (2017)
and Clark et al. (2018) for the DustPedia sample. For SPIRE,

7 http://www.skirt.ugent.be/pts/index.html
8 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
calibrationfiles/
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we applied HIPE v13° and the Bright Galaxy Adaptive Element
(BRIGADE; Smith et al. 2012) pipeline. Final SPIRE maps were
produced using the HIPE v13 naive map-maker, with pixel sizes
of 6, 8, and 12 arcsec at 250, 350, and 500 um respectively.
For PACS data, HIPEv13 and SCANAMORPHOUS v24 pipeline
(Roussel 2013) were used. The final PACS maps have pixel sizes
of 3 and 4 arcsec at 100 and 160 um respectively.

All the images from the reference and supplement sets were
prepared in the same way as described above.

Integrated flux densities for all wavelengths were determined
by means of aperture photometry from the PHOTUTILS PYTHON
package, which was applied to the sky subtracted frames. For
each galaxy, we determined an elliptical aperture which is 1.5
times larger than the outermost isophote (at the 20 level) among
all the prepared galaxy images. For each galaxy, we used a uni-
form mask for all reference images and individual masks for sup-
plemental observations. We calculated the total flux inside the
aperture by summing the flux value of each pixel; the masked
areas were filled with the interpolated values using a Gaussian
weights kernel.

To estimate the uncertainties, we calculated the total uncer-
tainty by summing in quadrature the calibration uncertainty (for
the surveys we used the values listed in Table 1 from Clark et al.
2018, while for the other images, we used a calibration uncer-
tainty of 5%) and the uncertainty on the sky level.

We also added IRAS (Moshir et al. 1990; Sanders 2003;
Lisenfeld et al. 2007) flux densities at 25, 60 and 100 um taken
from NED, and Planck (Planck Collaboration I 2014) APER-
FLUX values at 353, 545 and 857 GHz (which correspond
to 850 um, 550 um and 350 um, respectively) from the Planck
Legacy Archive!?. The two brightest galaxies in our sample,
NGC 5907 and NGC 4217, were detected by ISO as part of the
ISOPHOT 170 um Serendipity Survey (Stickel et al. 2004). For
NGC 5907, we found two fluxes at 450 um and 850 um from
the Submillimetre Common-User Bolometer Array (SCUBA,
Holland et al. 1999; Stevens et al. 2005). We did not include the
Akari/FIS (Murakami et al. 2007) 160 um flux densities found
for four HEROES galaxies in our study because the comparison
with the PACS 160 um fluxes is very poor (to estimate the fluxes
they used PSF photometry with a FWHM of about 60 arcsec at
160 um, while all the galaxies in our sample are much larger).

We provide all flux densities (measured and taken from liter-
ature) and their uncertainties in Table 2.

3. Fitting strategy and simulations

Our strategy is described in detail in M16. The general idea
is as follows. First, we fit a model, which consists of several
stellar components, for example, a Sérsic (Sérsic 1968) bulge
and thin and thick double-exponential discs, to a NIR image.
IRAC 3.6 um observations are ideally suited for solving this task
since images at these wavelengths serve as good relative proxies
for stellar mass (Elmegreen & Elmegreen 1984; Grosbol 1993;
Rix & Zaritsky 1995; Meidt et al. 2012, 2014; Querejeta et al.
2015) and the influence of dust is here significantly diminished.
For UGC 4277, there are no Spitzer observations. Therefore, in
this case we use the TNG K-band image, which also offers a
good opportunity to trace the distribution of old stellar popula-
tions. The visual inspection of these NIR images (in the 3.6 um
and K bands) did not reveal any apparent traces of a dust lane in

% http://www.cosmos.esa.int/web/herschel/
hipe-download
10 http://pla.esac.esa.int/pla
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these galaxies. Therefore, we can consider, as a first approxima-
tion, the attenuation at these wavelengths to be zero.

Once the stellar model is obtained, we can use the FITSKIRT!!
code (De Geyter et al. 2013, 2014). This allows one to find
structural properties of the dust component by means of SKIRT
(Baes et al. 2011; Camps & Baes 2015) oligochromatic RT sim-
ulations and with help of a genetic algorithm-based optimisation
(Goldberg 1989). At this stage, a set of optical and NIR obser-
vations can be fitted simultaneously, together with a dust com-
ponent which is often represented by a double-exponential disc.
Here, we keep the geometrical sizes of the stellar components
fixed to the values retrieved in the first step, but allow their rela-
tive luminosities to change. This is a relatively fast and effective
way to fit the dust model and maximally avoid the problem of the
local minimum of 2, by reducing the number of free parameters
when searching for the best model fit.

The third step is performing SKIRT panchromatic RT simula-
tions using the obtained FITSKIRT models. Having them in hand,
we can create mock observations (we call them further “panchro-
matic simulations”) and, therefore, predict how the galaxy would
look at different wavelengths, from FUV to submm, and then
compare the real and model SEDs, as well as their real and mock
images, and conclude how accurately our model is able to de-
scribe the observations at specific wavelengths.

Here we should clarify why we use this three-step approach
instead of directly fitting all available FUV-submm observations
simultaneously to derive the parameters for both stellar and dust
components. Firstly, in the present version of FITSKIRT, all wave-
lengths are considered to be independent. Therefore, the code is
only applicable to wavelengths up to NIR. Further, with increas-
ing wavelength, the dust emission becomes an important part of
the simulation, and so this assumption is no longer valid. Sec-
ondly, the computational cost of such multiwavelength fitting is
very high because not only does the number of free model pa-
rameters substantially increase, but so does the amount of data,
which should be analysed simultaneously during the fitting.

3.1. Decomposition of the IRAC 3.6 um images

The SB profile of a stellar bulge is usually fitted with a Sérsic
model:

1) = Ly e (1)

where L. is the effective SB, that is, the SB at the half-light
radius of the bulge r.p, and b, is a function of the Sérsic index
ny, (Caon et al. 1993; Ciotti & Bertin 1999). An additional free
parameter is the apparent axis ratio of the bulge g,. We also apply
a Sérsic profile for describing the SB of a halo for one HEROES
galaxy, NGC 4013.

The 3D axisymmetric stellar disc can be described by a
double-exponential function j(R,z), which in a cylindrical co-
ordinate system (R, z) aligned with the disc (where the disc mid-
plane has z=0) is given by

JR,2) = jo e~ R/hr=la/h, ’ o

where jj is the central luminosity density of the disc, AR is the
disc scale length, and £, is the vertical scale height. In this work
we use a modified profile that includes a break radius (it can also
be called truncation/anti-truncation radius). Erwin et al. (2005,
2008), Muiioz-Mateos et al. (2013), and M16 have shown that

I http://www.skirt.ugent.be/skirt/index.html
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for some galaxies this profile better describes the apparent SB
distribution (Erwin et al. 2005; Erwin 2015):
IR out _1)

1
S(R=Rp) )? ( IR inn

__R__ld
.](R7 Z) = S .]0 e hRjinn  hz (1 +e TR out

3

In this formula, s parametrises the sharpness of the transition
between the inner and outer profiles with the break radius Ry,.
Large values of the sharpness parameter (s>> 1) correspond to
a sharp transition, and small values (s~ 1) set a very grad-
ual break. The dimensionless quantity S is a scaling factor,
given by

_l(”R‘ouL _1)
_ Ry 5\ "R inn
S :(1+e hR,oul) .

In total, this model contains five free parameters: the scale length
of the inner disc /g jnn, the scale length of the outer disc hg oy,
the scale height £, the break radius Ry, and the sharpness of the
break s.

Visual inspection of all minor-axis profiles of the HEROES
galaxies (see Appendix A) suggests the presence of both a thin
and a thick disc. Almost all the galaxies (except for UGC 4277)
show breaks in their radial profiles, therefore for them we used
the model (3); for the remaining galaxies the simple model (2)
was applied. As such, our uniform model generally consists of
a thin and a thick broken disc and a central Sérsic bulge, except
that for NGC 4013 the model also includes a Sérsic stellar halo
(see Sect. 4.4).

In our study we make use of the iIMFIT'> code (Erwin 2015)
which works with different 3D geometries (including the model
of a broken double-exponential disc (3), which is realised in
the wrT BrokenExponentialDisk3D function with n=100 in
Egs. (40) and (41) in Erwin 2015). To minimise the number of
free parameters, we fixed the inclinations for both the thin and
thick discs. These inclinations were initially found from the RT
modelling of the HEROES galaxies with a simple “disc + bulge”
stellar model and a dust disc (described in De Geyter 2015). As
shown in Table 4, which lists the results of our RT modelling (see
Sect. 3.2), the inclinations adopted here are essentially the same
as found in our subsequent oligochromatic fitting. Also, we fixed
the sharpness of the breaks at s =5, since by varying its value we
did not find a significant difference in the decomposition results.
In addition, the break radii should have the same value for both
the thin and the thick disc.

We wrote a special PYTHON wrapper to apply genetic algo-
rithms in our process of searching for the best-fit model. To
estimate uncertainties of the free parameters in our model, we
applied the genetic algorithm ten times and took the scatter in
the fitted parameters as their uncertainties.

Table 3 summarises the results of the IMFIT decomposition
for all HEROES galaxies. The detailed description of the ob-
tained IMFIT models is given in Sect. 4.

“

3.2. FITSKIRT fitting

FITSKIRT is a fitting code that combines the output of SKIRT
with a genetic algorithm optimisation library to retrieve best-
fitting model parameters for the stellar and dust components in a
galaxy. The results retrieved from the 3D FITSKIRT model should
reproduce the fitted images of the galaxy, taking the effects of
dust obscuration and multiple anisotropic scattering fully into
account.

12 http://www.mpe.mpg.de/~erwin/code/imfit/
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The automated fitting routine FITSKIRT has been tested on a
mock (SKIRT simulated) galaxy image (De Geyter et al. 2013).
Also, its capabilities have been validated by applying it to a dozen
real edge-on galaxies (see De Looze et al. 2012b; De Geyter et al.
2014; Saftly et al. 2015; Viaene etal. 2015, M16). In these
works, it was found that FITSKIRT is able to give reasonable con-
straints on all free parameters describing the stellar disc, stellar
Sérsic bulge, dust disc, and even the dust ring.

De Geyter et al. (2014) showed that oligochromatic fitting,
that is, fitting applied to a number of bands simultaneously, has
clear advantages over monochromatic fitting in terms of accu-
racy. In particular, the parameters that describe the dust distribu-
tion have a smaller spread, as the oligochromatic fitting method
is less prone to degeneracies in the free parameters. In addition to
that, M16 demonstrated for the example of one HEROES galaxy,
IC 2531, that the optical+NIR-data-based model is much better
constrained than the model where only the optical images are fit-
ted. This is why in this study we collected available optical and
NIR data in a broad range of wavelengths.

To describe the dust constituent in our fitting, we ap-
ply a model of a double-exponential dust disc (see e.g. X99;
Baes et al. 2010; Verstappen et al. 2013; De Geyter et al. 2013,
2014):

p(R,2) = &)

ar h12? d hz,d

where My is the total dust mass, hg g is the radial scale length,
and h; 4 is the vertical scale height of the dust disc. To calculate
the central face-on optical depth, one should use the following
expression:

Ky My
2
2 hR,d

= f k1p(0,2)dz = , (6)

where «, is the extinction coefficient of the dust. The central
edge-on optical depth can be calculated as 75 = hra/hzq - ‘rg.
If the stellar disc has a truncation at some radius, the dust disc is
also truncated at this radius.

To find the dust model parameters, we fix the geometry of the
HEROES galaxies built upon the IRAC 3.6 data models, which
were described in Sect. 3.1. We allow only the dust disc param-
eters, the alignment of the galaxy centre, the inclination angle
i, and the galaxy position angle PA to change during the fitting.
At the same time, the luminosities of the stellar components are
determined individually at each wavelength. This simulates the
wavelength-dependent behaviour of luminosity ratios of differ-
ent stellar components (e.g. the bulge-to-total luminosity ratio),
which are included in the model (De Geyter et al. 2013, 2014).

We should stress here that we do not make any assumptions
about the characteristics of the stellar populations, and about
how the emission in different wavebands is linked. We merely
fit the stellar emission in every band individually (but assume
the same dust distribution at each wavelength). By doing so, we
significantly reduce the number of free parameters and, at the
same time, use a complex model to describe the stellar and dust
components of the galaxy.

In our FITSKIRT fitting we use the new THEMIS model, which
is described in detail in Jones et al. (2017) and implemented in
SKIRT by Camps et al. (2015). This model is completely built on
the basis of interstellar dust analogue material synthesised, char-
acterised, and analysed in the laboratory. In this model, there are
two families of dust particles: amorphous carbon and amorphous
silicates. For the silicates, it is assumed that 50% of the mass is
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Table 3. Results for the IMFIT decomposition of the K-band image for UGC 4277 and the IRAC 3.6 um images for the rest of the HEROES

galaxies.
Parameter Unit NGC973 UGC 4277 IC2531 NGC4013 NGC4217 NGC 5529 NGC 5907
i deg 89.5 88.6 89.6 89.8 87.4 87.2 85.1
1. Thin disc:
hk,inn kpc 12.34 + 0.95 7.03 +0.28 8.0+0.54 5.34 +0.89 331+042 9.53 +0.13 4.75 £ 0.51
h}{,m kpc 3.88 +£0.27 - 3.33 £ 0.58 0.86 £ 0.10 0.01 £0.1 1.08 £ 0.18 3.45+0.31
n, kpc 0.35 £ 0.03 0.49 + 0.03 0.61 £ 0.04 0.18 £ 0.01 0.11 £0.01 0.31 £0.03 0.16 £ 0.02
Ry kpc 23.09 £2.20 - 21.41 £3.57 879 +1.72 11.19 £ 1.20 23.27 £2.21 19.80 +2.58
Li/ Lot - 0.05 £ 0.01 0.41 £ 0.04 0.66 + 0.07 0.25 £ 0.08 0.36 + 0.07 0.45 +0.04 0.85 + 0.05
2. Thick disc:
h{ i kpc 17.88 +1.63 9.32+0.77 24.87 £ 0.77 244 +£0.22 3.53+0.1 7.65 +0.22 5.59 +0.49
h;om kpc 5.62+0.71 - - 2.12 £ 0.58 3.39 +0.18 - -
ht kpc 1.34 £ 0.14 2.08 +0.16 1.57 +0.18 0.49 £ 0.02 0.93 £ 0.03 1.20+0.12 1.88 +0.25
Rg kpc 23.09 £2.20 - - 879+ 1.72 11.19 £ 1.20 - -
Lt/Liy - 0.39 + 0.06 0.39 + 0.05 0.15 £ 0.03 0.55 +0.07 0.60 + 0.07 0.43 £ 0.06 0.10 £ 0.03
3. Bulge
Feb kpc 1.20 £ 0.07 1.68 £ 0.08 1.86 £ 0.11 0.20 £ 0.03 0.40 £ 0.03 1.49 £ 0.16 0.56 + 0.09
ny - 548 +0.18 2.64+0.2 226+04 1.54 +0.3 1.54+0.3 3.33+0.21 0.97 £ 0.30
v - 0.49 +0.01 0.67 + 0.02 0.85 + 0.03 1.00 + 0.04 0.95 +0.02 0.70 + 0.02 0.37 £ 0.02
Ly / Lot - 0.56 + 0.06 0.20 + 0.03 0.19 £ 0.05 0.05 £ 0.01 0.04 £ 0.01 0.12 £ 0.02 0.05 +£0.01
4. Halo:
Teh kpc - - - 7.44 +1.22 - - -
Ty - - - - 1.57 +£0.23 - - -
@ _ _ - - 0.39 + 0.05 - - -
Ly /Lo - - - - 0.15+0.01 - - -
Total:
Lot AB-mag -2299+0.13 -2295+0.10 -2192+0.19 -2136+0.17 -21.53+0.14 -2249+0.09 -21.96+0.23
M, 10 M, 21.21 £2.50 13.5+1.23 791 + 1.69 4.73 £0.71 5.52+0.72 13.42 £ 1.10 82+1.7

Notes. The inclination angle i was fixed for both the thin and thick discs. We used the BrokenExponentialDisk3D function for the thin and/or thick
disc if the respective R}, is defined in the table, otherwise the ExponentialDisk3D was used. The bulges and the halo were fitted with the Sérsic

function. To compute the total stellar mass M, from the total luminosity

Ly in the respective NIR band, we relied on the mass-to-light ratio at

3.6 um of Eskew et al. (2012), except for UGC 4277 for which the mass-to-light ratio in the K band 0.8 My/L. from McGaugh et al. (2000) was

used.

amorphous enstatite, and that the remaining half is amorphous
forsterite. This model is becoming a new paradigm, and is being
developed in the frame of the DustPedia project.

The FITSKIRT computations were done using a multi-core
computer and the high performance cluster of the Flemish Super-
computer Center (Vlaams Supercomputer Centrum). For each
galaxy, we used about 50 processor units when running FITSKIRT
for one galaxy with the following specifications: 5x 10 pho-
ton packages, 200 individuals in a population, and 100 gener-
ations (these have been tested and found to be optimal values
by De Looze et al. 2012b; De Geyter et al. 2014). To estimate
the uncertainties on the parameters, we repeated the fitting five
times. Taking into account that the average processing time of
one fit was about 70 h (up to 1 week, depending on the dimen-
sions of the reference images), the total time for the whole sam-
ple was approximately 122500 CPU hours, or 2450h of work
spread among 50 cores.

The results of the fits for all seven HEROES galaxies can be
found in Table 4.

3.3. SKIRT simulations

To perform a uniform and detailed energy balance study of the
HEROES galaxies, one important step is needed — we should ex-
tend our oligochromatic models from Sect. 3.2 to panchromatic
models. We did this to not only reproduce the images at optical and
NIR wavelengths, but also to restore the entire UV-submm SED

and create panchromatic simulations which can be compared to
the real ones. As such, our approach consists of two stages.

First, we directly use the oligochromatic FITSKIRT model ob-
tained earlier in Sect. 3.2 in order to predict the emission of the
galaxy in the entire UV-submm domain.

Panchromatic simulations imply that the properties for
both the stars and the dust need to be set over the entire
wavelength domain. For the stellar components, we assume a
Bruzual & Charlot (2003) single stellar population SED with
a Chabrier (2003) initial mass function and a solar metallicity
(Z=0.02). For all galaxies in our sample we use the same ages
of the stellar components as we determined for IC 2531: for both
the thin and the thick disc, they are about 5 Gyr, and 8 Gyr for
the bulge (we discuss this in Sect. 5.2). The age of the stellar
halo for NGC 4013 was assumed to be 10 Gyr.

As follows from Popescuetal. (2000), De Looze et al.
(2012a,b), DG15 and M16, an additional source of UV lumi-
nosity, that is, a young stellar component, is needed in order to
match the observed and model SEDs. As UV radiation is easily
absorbed by interstellar dust, the addition of a young population
will also affect the dust emission at MIR to submm wavelengths.
Therefore, at the second stage we add a young stellar disc,
which is completely obscured by dust in the reference images,
with the following properties. In our models, we assume a scale
height of one third of the scale height of the dust disc and the
same scale length as for the thin disc. However, as shown in
De Looze et al. (2014), DG15, M16, and Viaene et al. (2017),
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Table 4. Results of FITSKIRT fitting for the HEROES galaxies.

Parameter ~ Unit NGC973 uGC4277 IC 2531 NGC4013 NGC4217 NGC 5529 NGC 5907
i deg 89.5+£0.1 88.7+0.2 89.5+0.1 89.8 £0.1 872+0.2 87.4+£0.1 84.9+0.3
hr g kpc 828+0.81 885+1.00 844+029 3.09+0.15 627+0.14 11.69+0.99 7.13+0.64
hzd kpc 036+0.01 0.17+0.03 025+001 0.15+0.01 034+001 026+0.02 0.25+0.10
My 10" M, 8.17+092 571+0.74 408+022 1.08+0.09 333+0.14 568+0.70 8.97+1.31
T{, - 1.35+0.11  0.83+0.08 0.57+0.01 1.29+0.01 097+001 047+0.02 2.01+£033
Ty - 3144 +£5.60 42.18+223 1926+0.18 26.71+0.23 17.79+047 2141+1.01 57.97+9.22
varying the thickness of the young stellar disc between one third 1290 G
of the dust scale height and one dust scale height barely affects — - thin disc
the resulting SED. i Lhilck disc
The observed GALEX FUV image traces unobscured star o m“oizl

formation regions of the galaxy. The stellar emission spectrum
of these stars is described through a STARBURST99 SED template
which represents a stellar population with a constant, continu-
ous star formation rate (SFR) and an evolution up to 100 Myr
(Leitherer et al. 1999). In this case, the initial mass function is
a Salpeter (1955) IMF with masses between 1 and 100 M, and
with solar metallicity. The luminosity of this component is con-
strained by the GALEX FUV (or NUV in the case of UGC 4277)
flux density.

The simulated SEDs for both models with (except for
NGC 973, which has very noisy GALEX observations) and with-
out a young stellar population are shown in Appendix C. The
panchromatic simulations, together with the real observations,
are presented in Appendix D.

Below we discuss the results individually for each galaxy.

4. Results
4.1. NGC 973

This galaxy classified as an Sb spiral (NED) is the most massive
galaxy in our sample, with a radius of the outermost isophote of
25 mag arcsec ™2 up to 40 kpc. It is seen almost exactly edge-on;
the dust lane is fairly regular, without strong bending or clumpi-
ness. A clear thick B/PS/X structure in the centre is a distinc-
tive feature of the galaxy (Liitticke et al. 2000) which points to
the presence of a strong bar (Patsis & Xilouris 2006). Also, it is
classified as a Sy2/LINER object with significant X-ray emis-
sion detected by Swift and INTEGRAL (see e.g. Sazonov et al.
2007; Weedman et al. 2012). According to Allaert et al. (2015),
this galaxy does not show strong disc warping in Hi1 or in optical
observations.

Our IMFIT model (see Fig. 2) for this galaxy includes three
stellar components: thin and thick discs with particularly promi-
nent radial breaks and a bulge (which obviously should be inter-
preted as a “bulge + bar” component). Surprisingly, the thin disc
is remarkably faint compared to the thick disc (L;/Lyt =0.13).
The bulge/bar component fitted with the Sérsic function is flat
and has an extended SB profile (the Sérsic index is large,
np = 5.48) with an ordinary effective radius. The galaxy shows
the largest fraction of the bulge/bar to the total galaxy luminos-
ity among all sample galaxies (L /Lo = 0.56).

The FITSKIRT model, which is based on the obtained IRAC 3.6
model for the stellar components plus the dust exponential disc,
describes the observations remarkably well, even despite the
X-shape structure in the residual images (see Fig. 3). The ISM
appears to be rather optically thick, even in the face-on ori-

entation (T(/ > 1); by dust mass this galaxy is one of the most
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Fig. 2. Cumulative vertical (top) and horizontal (bottom) profiles of
NGC 973 plotted for its IRAC 3.6 um image, with its overlaid IMFIT
model.

massive galaxies in our sample (excluding NGC 5907). Unfortu-
nately, since this galaxy is rather distant, the GALEX observa-
tions for it are very poor,and therefore we did not include NUV
and FUV fluxes in the global SED; also, we did not, therefore,
add a young stellar disc to the model. As follows from Fig. 4,
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Fig. 3. Results of the oligochromatic FITSKIRT RT fits for NGC 973. In each panel, the left-hand column represents the observed image, the middle
column contains the corresponding fits in the same bands, the right-hand panel shows the residual images, which indicate the relative deviation

between the fit and the image (in modulus).
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our panchromatic simulations somewhat underestimate the ob-
served fluxes in the MIR and FIR domain — at 160 um, the
model predicts 75% of the observed flux. However, this is not
as much as for the other galaxies, as we see below. The panchro-
matic simulations and observations look highly similar in the
optical and NIR bands (see Fig. 5). The WISE W3, PACS 100
and PACS 160 images reveal a possible spiral arm, or another
structure with a high dust concentration, highlighted by a high
emission region, which is hard to discern in the SPIRE images.

1 oligochromatic fitting model parameters (the

solid black line denoted as “noyc”).

In comparison with our model, all Herschel observations show
an elongated, radially extended structure, which obviously
makes a significant contribution to the total emission in these
bands.

4.2. UGC 4277

UGC4277 is a flat Sc/Scd galaxy, one of the largest galax-
ies (the semi-major axis sma=36.95 kpc) in our sample. It is
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WHT[u]

Fig. 5. Comparison between the observations (left) and panchromatic simulations (right) for NGC 973. Foreground stars have been masked.

Grey-coloured pixels have intensities lower than 20 of the background.

seen almost exactly edge-on; the dust lane is very prominent
in the optical. One of the noticeable features is an integral-
shaped optical warp. Allaert et al. (2015) recently showed that
the outer regions of the Hr disc demonstrate a small warp
as well, with the position angle deviating by about 4 degrees
at most from its central value. UGC 4277 has a total atomic
hydrogen mass of 2.03 x 10'° M, and, similarly to NGC 973,
the Hr disc has a clumpy and irregular structure. Interestingly,
this galaxy is included in the Catalogue of Isolated Galaxies
(CIG, Karachentseva 1973), therefore its evolutionary status
may differ from those galaxies residing in a group or a cluster
(Fig. C.1).
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For the iMFIT modelling (which was based on the K-band
image since there is no Spitzer data for this galaxy), we used an
ordinary (with no breaks since they are likely to be smoothed
because of insufficient angular resolution) double-exponential
profile for both the thin and thick disc and a Sérsic bulge (see
Fig. A.1). Both discs are comparable by luminosity and radial
extent. The bulge has a rather large effective radius with a Sérsic
index of about 2.6.

The FITSKIRT model looks exceptionally good — only the disc
warp is noticeable in the residual images (see Fig. B.1). The dust
attenuation is represented particularly well for the whole set of
reference images. It is interesting to note that, photometrically,
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Fig. 5. continued.

the bulge shows no signature of an X-shape structure in the
centre. However, we can see a prominent B/PS structure in
the residual images in the g, r and i bands. This is evidence
that UGC 4277 has a bar which is not so extended as in the
other HEROES galaxies or that it is not viewed purely side-on
(Bureau et al. 2006) (Fig. D.1).

Unfortunately, the GALEX FUV observation of this galaxy
is too noisy, therefore we used the NUV flux to match the galaxy
observation and the model (with an additional young disc) in this
band. The model with the young stellar disc (see Fig. C.2) de-
scribes the observations in the MIR range significantly better, but
the discrepancy in the FIR is still present, with an underestimated
cold dust emission at wavelengths larger than 200 um, by a factor
of about two. Consequently, the panchromatic simulations can-
not entirely describe the observations. The panchromatic simula-
tions in the optical and MIR are compatible with the observations
(see Fig. D.3). However the comparison between the WISE W3
and the Herschel observations with the models indicates that

the real observations are again more radially extended, as in the
case of NGC973. Other structural details (e.g. spirals), which
would be present in this galaxy, are washed away because of poor
resolution.

4.3. 1C 2531

This galaxy has been described in great detail in M 16, therefore
we refer the interested readers to that article.

4.4. NGC4013

NGC 4013 is the most compact disc galaxy in our sample. It is of
the Sb type, with several outstanding features which were stud-
ied by different authors. The galaxy has a barely visible opti-
cal warp (Florido et al. 1991). Martinez-Delgado (2009) found
a giant, arcing stellar structure of low SB around the galaxy.
Comerdn et al. (2011) produced a decomposition considering
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three flattened stellar components in this galaxy: thin disc + thick
disc + halo.

The atomic gas content of NGC 4013 was analysed in great
detail by Zschaechner & Rand (2015) with similar techniques as
used in Allaert et al. (2015). They found that the gas disc of this
galaxy is strongly warped, both along the major axis (in the plane
of the sky) and along the line of sight, and shows a lag (decreas-
ing rotation velocity with increasing height above the plane) that
is strongest at small radii. Finally, they found no Hr gas at large
distances from the plane, despite the presence of extra-planar
dust and ionised gas (see e.g. Miller & Veilleux 2003 and the
references therein; Fig. A.2).

Since this galaxy has a bright stellar halo, we used a four-
component model: “thin disc + thick disc + bulge + halo” (see
Fig. A.3). The two discs have a broken double-exponential pro-
file, the bulge and the halo are described by a Sérsic function.
The thick disc is the most luminous component of the galaxy,
whereas the bulge is compact and round. A foreground star al-
most coincides with the position of the nucleus of the galaxy,
which is also covered by a dark dust lane. Ho et al. (1997) found
that this galaxy hosts an AGN in its centre, therefore our bulge
profile should contain it as well. The halo is indeed noticeably
bright (its fraction to the total luminosity is 15%) and extended
(ren = 7.4 kpc), the Sérsic index is close to 1, therefore it can be
called the second thick disc (Fig. B.2).

Since our FITSKIRT model does not take into account the
X-shape structure, this feature seems a prominent detail in the
residuals in Fig. B.3. Despite this and some unfitted clumped
structures on the left side of the galaxy plane, our FITSKIRT model
describes the observations fairly well (the SDSS u band image is
obviously too noisy and, therefore, the comparison in this band
is meaningless).

Our panchromatic simulations (see Figs. C.3 and D.4) report
the same dust energy balance problem — even with an additional
young stellar component, the model emission in the MIR/FIR
domain is far below the observed one.

Since a lot of data are available for this galaxy, it is inter-
esting to compare the observations and the model in detail. In
the FUV and NUV bands, we can see that our galaxy is ob-
served as a patchy disc consisting of a young stellar popula-
tion with star forming regions, contrary to our model, which
looks more like an attenuating lane. The u band model is closer
to the corresponding observation. All other optical —4.6 um ob-
servations are described exceptionally well by our model. The
MIR-FIR observations reveal a probable ring structure (since
the inclination angle is almost exactly 90°, we can only assume
this by the typical “shoulders” for rings on the SB profile) in
the plane of the galaxy which strongly adds to the emission
in this wavelength range, for the hot as well as for the cold
dust.

4.5. NGC4217

NGC4217 is another Sb-type galaxy in our sample. Visually, it
has a noticeably thick (as compared to the other HEROES galax-
ies) and somewhat warped dust lane, which extends up to the
galaxy outskirts.

For the main disc of NGC4217, Allaert et al. (2015) mea-
sured an atomic hydrogen mass of 2.50x 10° M. In addi-
tion, they also detected a separate ring of gas outside (and
coplanar with) the main gas disc, with an Hi mass of at least
3.81 x 10® M,,. This ring has no optical counterpart and could
be the remnant of a recent minor merger. The main gas disc is
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mostly flat and shows only a small warp in the outer parts where
it meets the ring structure.

Our IMFIT fitting was performed for the model consisting of
two broken thin and thick discs and a bulge (see Fig. A.4). As
one can see from Table 3, the thin disc is less luminous than the
thick disc, but they have similar inner disc scale lengths. The
bulge is surprisingly compact (the Sérsic index is small) and its
fraction to the total galaxy luminosity is minor. The thick disc
has the smallest disc-scale-length to scale-height ratio: 3.8 — ap-
parently, this galaxy looks thicker than the others.

The FITSKIRT model is quite adequate with regard to the ob-
servations (see Fig. B.4). Only some traces of the dust atten-
uation are left in the residuals in the r, i, and z bands which
may be related to the patchy nature of the dust disc in this
galaxy.

Again, the SKIRT simulations cannot describe the real obser-
vations in the whole MIR-FIR domain (see Fig. C.4). The typical
factor of flux underestimation is four to five. However, the com-
parison of the panchromatic simulations and real observations for
this galaxy is very good (see Fig. D.4), even for the FUV and
NUYV bands. The WISE W3 and W4 observations reveal some
asymmetric structures around the centre, which may be related
to a spiral arm. Despite the discrepancy between the observed
and model SED, the structure of the emitting cold dust in the
Herschel observations is particularly well described by our
model. It is likely that the characteristic features, which we saw in
the FIR in the previous galaxies, are not spatially resolved here.

4.6. NGC 5529

NGC 5529 is an Sc edge-on galaxy with slightly lower than 90°
inclination (87.9°). A prominent optical warp and B/PS structure
in the centre are the characteristic features of this galaxy.

It is part of a rich galaxy group with at least 16 other mem-
bers (Irwin et al. 2007). Kregel et al. (2004) already studied the
atomic gas content of this galaxy and discovered that NGC 5529
is connected to two of its satellites through Hr bridges. They also
found a bright Hi ridge in the major axis position-velocity dia-
gram, which could indicate the presence of a strong spiral arm.
On the approaching (NW) side, the atomic gas disc shows the
same warp as the stellar disc, while the receding (SE) side of
the gas disc appears more strongly warped. Allaert et al. (2015)
also found a moderate warp along the line of sight and detected
a radial inflow of gas at about 15 kms™' in the outer half of the
disc. The latter is probably linked to the accretion of gas from the
satellites. Allaert et al. (2015) measured a total atomic hydrogen
mass of 2.69 x 10'° M.

Our IMFIT model consists of a thin broken disc, a thick disc,
and a bulge (see Fig. A.5). The thin and thick discs have an equal
contribution to the total luminosity. The bulge/bar structure is
rather extended, with the Sérsic index larger than two — a hint
that this galaxy may have a classical bulge.

Despite the disc warp (which was masked out during the fit-
ting), the FITSKIRT decomposition looks quite satisfactory (see
Fig. B.5), with some traces of the dust content in the residu-
als in the r and i bands. However, the SKIRT simulations (see
Fig. C.5) reveal a systematic underestimation of flux densities
at all wavelengths larger than 10 um by a factor of 4-5, for the
models both with and without the young disc. The compari-
son of the panchromatic simulations with the real galaxy im-
ages (see Fig. D.6) indicates that starting from the WISE W3
band with increasing wavelength, the 2D SB distribution of the
real observations becomes more complex, with round isophotes
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Table 5. Comparison of the results of the photometric decomposition from this work and Salo et al. (2015).

Galaxy This work S*G

hi{,inn htZ hﬁ,inn hg h;l,inn htZ hlz,inn hg
NGC4013 593 4.0 27.1 109 - - 274 64
NGC4217 348 23 372 19.6 289 36 382 17.7
NGC5529 39.7 26 319 10.0 272 29 286 7.8
NGC5907 60.1 4.1 70.8 47.6 529 9.2 - -

Notes. All scales are given in arcsec.

(whereas our models have clear discy isophotes at all wave-
lengths) and apparent existence of spirals (which are distinct
emission features on both sides from the centre, from WISE
W3 to SPIRE 250). Interestingly, our NUV model does not
look similar to what we see in real — the absorption lane in
the panchromatic simulation versus the emission stripe in the
observation.

4.7. NGC 5907

NGC 5907 is the nearest and flattest HEROES galaxy, also of
Sc morphological type. NGC 5907 is seen within a few degrees
of edge-on (84.9°). Its tiny bulge is almost hidden behind the
opaque dust lane. Martinez-Delgado et al. (2008) discovered ex-
tremely faint extended arcing loops around the galaxy, which,
as they argue, were produced by low-mass satellite accretion in
the hierarchical formation scenario. Another interesting feature
of this galaxy is an excess of light at the periphery of the minor
axis profile, which was interpreted by Sackett et al. (1994) as an
extended faint halo. Sandin (2014), however, showed that this
excess can also be explained by diffuse scattered light produced
by the extended PSF (we discuss this issue in Sect. 5.1).

The atomic gas disc of NGC 5907 is strongly warped and
has a total Hr mass (as measured by Allaertetal. 2015) of
1.99 x 10" M,. This warp was already noticed by Sancisi
(1976). Later, Shang et al. (1998) also discovered a small com-
panion galaxy toward the NW of NGC 5907 in their Hr map.
Sancisi (1976) further found that the gas disc of NGC 5907 is
also warped along the line of sight and shows strong asym-
metries between the approaching and receding side. An ex-
tended reservoir of low-density gas was detected around the
main disc.

Our stellar model for this galaxy is “broken thin disc + thick
disc + bulge” (see Fig. A.6). The thin disc dominates over
the thick disc, which is indeed particularly vertically extended
and faint. The small bulge is exponential and flattened, and
therefore can be referred to as a pseudo-bulge (Gadotti 2009;
Fisher & Drory 2010).

The FITSKIRT model and the real observations are plotted to-
gether in Fig. B.6. In the panel with residuals one can see that
for the optical data, our fit does not perfectly restore the observa-
tion — a clear residual lane is easily visible. However, the overall
model looks good and compatible with the observations.

Nevertheless, if we look at the parameters listed in Table 4,
the FITSKIRT model for NGC 5907 differs from the others. From
Table 4 we can see that the dust mass and the face-on optical
depth are the largest among all HEROES galaxies. It follows
from our modelling that the ISM of this galaxy is obviously non-
transparent. However, if we look at Fig. C.6, we can see that
our panchromatic simulations systematically underestimate flux
densities in the optical domain, whereas at FIR wavelengths our

model with an additional young disc is able to predict the SED
behaviour exceptionally well (this is the only HEROES galaxy
for which our model follows the observations in the FIR; our
panchromatic simulations are compatible with the real observa-
tions as well, see Fig. D.6). However, the serious discrepancy in
the optical bands suggests that the FITSKIRT model is incorrect
due to an overestimation of the dust mass. Perhaps, one of the
possible explanations for this erroneous model is that our stellar
model is not correct either (e.g. the thick disc is, in fact, not real
and produced by scattered light of the PSF).

Interestingly, in the IRAC 4.5 ym band image there is a
prominent detail above the plane of the disc. However, since it is
not seen in the other bands, including the WISE W2 band close
to IRAC 4.5 um, we interpret this feature as an artefact.

4.8. Comparison with other works

The direct comparison of our results with other works is impos-
sible because in this study we applied a new technique which is
based on the two-step decomposition. This novel strategy has not
been applied before, except in M16. However, for uniformity,
we provide some indirect comparison with other authors who
carried out their own decomposition analysis of the HEROES
galaxies in the same band(s).

Our IMAIT models can be compared to the S*G results
(Saloetal. 2015) for four HEROES galaxies: NGC4013,
NGC4217, NGC 5529, and NGC 5907. However, some caution
should be taken. Firstly, our decomposition is performed for
3D stellar discs, whereas the GALFIT code (Peng et al. 2010),
which was used in the S*G project, works only with projected
intensities. Secondly, for these galaxies, the S*G models do
not contain a bulge component (for NGC 4013, NGC 4217, and
NGC 5529, the central component is a nucleus). In our mod-
elling, all our galaxies have a bulge with an effective radius larger
than the FWHM of the PSF (where for IRAC 3.6 um the
Gaussian PSF FWHM is 2.1”). So, even being compact, the
bulges in our models should have physical meaning. Thirdly,
the GALFIT decomposition from Salo et al. (2015) assumes an
isothermal disc geometry with the disc height scale zy, whereas
in our decomposition we use a model of a double-exponential
disc, although we can compare the height scales of both the
exponential and isothermal disc for vertical distances z>> h;:
20 =2 h,. The results of ours and the S*G decomposition are pre-
sented together in Table 5. From the table, we can see that the
retrieved disc scale lengths are similar, whereas the disc scale
height may differ by a factor of 0.5-2, which can be explained
by the reasons listed above.

Since RT models have been obtained before for all HEROES
galaxies, it is interesting to compare the results of this work with
the literature. Table 6 lists the results taken from X97, X99, and
BO7. In these works, galaxies have a simple “bulge + disc”” model
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Table 6. Comparison of the results for the dust disc taken from different
sources.

Source i hR.d h,q T{, B/Ty
NGC973

This work 89.5 828 036 1.35 0.52
(D) 890.6 1634 059 0.52 0.63
UGC4277

This work 88.7 885 0.17 0.83 0.17
3) 88.9 1252 025 049 041

NGC4013

Thiswork 898 3.09 0.15 129 0.13
@ 90.0 3.00 0.19 097 054
3) 809 266 0.18 146 0.68
2) 89.7 392 021 0.67 0.75
NGC4217

This work 872 627 034 097 0.10
3) 88.0 6.72 038 126 0.59
NGC 5529

This work 87.4 11.69 0.26 047 0.09
3) 869 11.67 026 0.68 0.21

2) 874 11.87 054 0.65 0.36
NGC 5907

Thiswork 849 7.13 025 201 0.20
2) 872 784 0.16 049 040

Notes. All quantities from the literature are taken for the V band. Incli-
nation angle i is given in degrees. Geometrical scales hr 4 and h,4 are
given in kiloparsecs (we reconverted original values from these works
using the scales from Table 1). For our study, B/Ty (except IC2531)
were calculated by means of interpolation at A =0.551 um. For (1) and
(2), B/Ty were calculated using the values given in their Table 2 and
Tables 1-6, respectively.

References. (1) X97, (2) X99, (3) B07, (4) De Geyter et al. (2013).

plus a dust disc. The shape of the bulge profile (defined by the Sér-
sic index) was not fitted. The number of bands used in the analysis
is limited — from two to five (optical and NIR). The fitting proce-
dures are also different in each work. Therefore, this comparison is
indirect and serves only for the completeness and reliability of our
work. From the comparison, we can see that the inclination angle
i is very close for all the works, with the exception of NGC 5907.
For this galaxy, our results slightly differ from X99. The compar-
ison between our results and BO7 for NGC 4217 and NGC 5529
is very good, for all dust parameters. For NGC 973, our model
is very different from that in X97: our dust disc is 50% less ex-
tended and thinner, with a higher optical depth. For UGC 4277,
the comparison for the dust scales is satisfactory. For NGC 4013,
our study, BO7, and De Geyter et al. (2013) provide similar results
for the dust scale length and scale height. We should notice that
the optical depth for almost all galaxies is rather different in all
compared works. The same is true for the bulge-to-total luminos-
ity ratio B/T. In addition, it is particularly hard to estimate the
uncertainties on these parameters.

Another reason for the differences with previous results must
also be due to differences in the dust models for the optical con-
stants of the dust grains which were used previously in the liter-
ature and in the current work. For example, Bianchi (2007) used
the dust scattering properties from the Milky Way dust grain
model of Weingartner & Draine (2001). In this paper, we ap-
plied the new THEMIS dust-grain model which is built upon
the laboratory-measured properties of interstellar dust analogue
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materials. Obviously, even if all dust models are tuned to fit
the observed extinction curve of the Milky Way, there will be
a different contribution from the different grain components,
which constitute these models, to the scattering and absorp-
tion, resulting in some changes in the output RT models. This
makes the comparison of the RT modelling results even more
difficult.

On the whole, taking into account that the works in our com-
parison used different stellar and dust mixture models, the results
for the dust component are compatible.

5. Discussion
5.1. Our stellar models

Four galaxies in our sample have quite prominent B/PS
structures which are not described in our modelling. As was
shown in many studies, B/PS features appear because of the
buckling instability of a galactic bar (Combes & Sanders
1981; Combesetal. 1990; Pfenniger & Friedli  1991;
Bureau & Freeman 1999; Athanassoula & Misiriotis  2002),
and, therefore, they point to the presence of another stellar
component in the galaxy, a stellar bar. In principle, this might
affect the results of our decomposition, especially concerning
the thick disc and the bulge. However, as we have stressed
before, the bulges in our study are, in fact, a superposition of
at least two components at the centre — a bulge and a bar (if it
is present in the galaxy). Also, as the bulge/bar structure is less
extended than the stellar discs (we consider mainly late-type
spirals with a small contribution from the central component to
the total galaxy luminosity), its influence on the retrieved disc
parameters should not be significant.

Recently, a 2D Ferrers profile (Ferrers 1877) with a mod-
ulated m =4 Fourier mode has been applied to describe B/PS
structures in 22 edge-on galaxies (Savchenko etal. 2017). A
multicomponent decomposition, with which they were able to
retrieve disc, bulge, B/PS and, for some galaxies, even ring struc-
tural parameters fairly well, also helped to derive geometrical
properties of the X-shape structures. For the three galaxies in our
sample, IC 2531, NGC 4013, and NGC 5529, the mean length of
the rays in the X-shape structure were estimated, and they were
found not to exceed 36% of the disc scale length. This proves
that, while B/PS structures are not included in our modelling
strategy, they should not have a large impact on the decompo-
sition results for the stellar discs. Apart from that, a new 3D
luminosity-density function based on the Ferrers ellipsoid has
been implemented in the last version 1.5 of IMFIT. For future ap-
plications, this component can be used to accurately model 3D
bar (B/PS) structures in galaxies.

Another concern can be the “thin disc + thick disc” model
which we used in our fitting. Studies by de Jong (2008) and
Sandin (2014, 2015) demonstrated that the extended wings of
the PSF can seriously affect our interpretation of different low
SB (LSB) features in galaxies, such as LSB haloes and possibly
thick discs, which, in fact, may occur as artefacts produced by
diffuse scattered light. In particular, Sandin (2014) showed for
the HEROES galaxy NGC 5907 that its faint halo (or the thick
disc in our study) can be interpreted as scattered light from a
thin disc with a high SB. Unfortunately, there was no possibil-
ity to create extended PSFs for the reference frames used in our
study. Also, the PSF model should be at least as large as the
observed galaxy, therefore PSF convolution in this case would
strongly increase the time of the modelling, for both the mvriT and
FITSKIRT analyses. We should also note that NGC 5907 is the
most spatially resolved galaxy in our sample, therefore the
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effects of the scattered light can be seen for it better than
for smaller galaxies. Whether the obtained mMrIT models are
physically valid or not is hard to say without proper extended
PSFs for all the reference images. However, recent work by
Comero6n et al. (2018) on a sample of 141 edge-on galaxies con-
vincingly proves that the thick discs “are not an artefact caused
by scattered light as has been suggested elsewhere”. They used
a robust technique to fit a model consisting of two stellar discs
to the SB profiles of these galaxies perpendicular to the galaxy
plane. Also, they used a revised PSF for IRAC 3.6 with extended
wings up to 2.5 arcmin. Unfortunately, this work appeared only
recently, and it was impossible to use this new kernel earlier.
Also, half of our galaxies are larger than their new PSF. There-
fore we would not be able to perform a decomposition of all
HEROES galaxies with the same level of accuracy. Anyway,
since the thick disc is more extended in the vertical direction and
faint in the dust disc plane (the average thick disc-to-thin disc
scale height ratio for our sample is larger than 5.5), its influence
on the dust emission in the IR should be minimal.

Two galaxies in our sample (NGC 973 and NGC 4013) ex-
hibit some AGN characteristic features. In our analysis, how-
ever, we do not include this component for the following reasons.
Firstly, NGC973 and NGC4013 host low-luminosity AGNs
(they contribute no more than several per cent to the total galaxy
luminosities in the IRAC 3.6 um band, Salo et al. 2015). Sec-
ondly, the dusty torus emission has a peak between 10 and
30 um (unless a very large, non-physical torus is considered;
see Fritz et al. 2006; Nenkova et al. 2008; Stalevski et al. 2012).
After the peak, the emission decreases rapidly with a Rayleigh-
Jeans curve. Lastly, the dust emission from the dust torus, which
is heated by photons from the accretion disc, might influence the
MIR SED, but in the FIR a very minor contribution is expected
from this heating.

In this work, we applied the 3D broken exponential disc
geometry to a small sample of edge-on galaxies, probably for
the first time. For UGC 4277, the break radius was not robustly
determined. Therefore for this galaxy we used a simple expo-
nential disc. We claim that using the model of the broken ex-
ponential disc should give more reliable results for measuring
the disc scale length and the broken radius since with this model
we are able to describe the observed SB distribution in galaxy
discs more accurately. For the other six HEROES galaxies,
the average radius at which the break occurs is 0.64 + 0.08 Rs
(or 18.01 = 5.85 kpc), whereas Martin-Navarro et al. (2012)
found it to be slightly larger: 0.77 £0.06 R,5 (or 8 + 1 kpc).
The discrepancy may be caused by the fact that some of the
HEROES galaxies are quite large, of Sb type, whereas most
of the galaxies which were considered by Martin-Navarro et al.
(2012) are rather small, bulgeless galaxies. The nature of the
disc breaks and truncations has been well studied (see e.g.
de Grijs et al. 2001; Pohlen et al. 2004, 2007; Pohlen & Trujillo
2006; Florido et al. 2006; Comerén et al. 2012), and as proposed
in Martin-Navarro et al. (2012), the first phenomenon may be
caused by a threshold in the star formation (and, thus, change
in the stellar population) at this radius, while the second one can
be a real drop in the stellar mass density of the disc, which is
associated with the maximum angular momentum of the stars or
the protogalactic cloud (van der Kruit 1987, 1988).

5.2. Our RT models and the dust energy balance problem

In our approach, for all the galaxies, we applied the same model
of a double-exponential dust disc. However, the comparison
of our SKIRT simulations with the observations in the MIR/FIR

reveals that for NGC4013 and likely NGC 5907 this model
should be replaced by a dust ring. Since one of the aims of this
study was to apply exactly the same approach to all HEROES
galaxies using the same dust component, the fitting with a dust
ring is beyond the scope of this paper. The same can be said
about the spiral arms found in most HEROES galaxies.

In our oligochromatic modelling, we used a fixed geom-
etry of the stellar components, although early (Peletier et al.
1994; Corradi et al. 1996, X99) and recent (Casasola et al. 2017)
studies show that the disc scale lengths are wavelength de-
pendent. However, according to Casasola et al. (2017), the R;s-
normalised scale-lengths, ir /R»s , in face-on galaxies are almost
identical (0.26 for the g band and 0.24 for IRAC 3.6). The depen-
dence of the bulge parameters on wavelength should be stronger
(Vulcani et al. 2014). However since only one galaxy in our sam-
ple, NGC 973, has a prominent bulge, we expect that our fixed
geometrical model should be satisfactorily applicable at optical
wavelengths as well.

A promising result of our oligochromatic fitting is that using
additional NIR observations, apart from optical ones, can better
constrain the output dust model. Thus, we found that for the 12
edge-on galaxies from De Geyter et al. (2014), for which the FIT-
SKIRT model was fitted to the griz images, the uncertainties on the
parameters are: o(Mg)=20.7+12.1%, o(hrq)=18.7+9.2%,
0(h,q)=15.6+8.6%. Whereas, for the HEROES galax-
ies, we found o(My4)=99+3.7%, o(hra)=7.0+3.2%,
0 (hyq)=11.3+12.8%. Apparently, one of the reasons why the
output oligochromatic models of the HEROES galaxies are
better constrained is that we took into account a larger number
of bands within a broader range of wavelengths. In addition, one
should note that the spatial resolution of the HEROES galaxies
is much better than that of the 12 CALIFA (Sanchez et al. 2012)
galaxies (by major axis, 364" + 163" versus 116" +34”). All
in all, our FITSKIRT models adequately describe the observations
we used in our fitting.

In our panchromatic simulations we used the same ages for
the same stellar components for all sample galaxies. Obviously,
this is not the case since the evolutionary status of each galaxy is
different. We tried to vary the ages on a grid of values from 3 Gyr
to 8 Gyr for the thin disc and from 5 Gyr to 12 Gyr for the thick
disc and the bulge, to find the ages for which our model SED
best matches the observed SED in the optical and NIR (this is
similar to the approach we applied to IC 2531 in M16). How-
ever, our attempt to find optimal ages was not successful be-
cause the recovered ages were always unrealistic (e.g. the age
of the thin disc was larger than the age of the thick disc). The
precise determination of the ages and metallicities of different
stellar populations should be based on spectral observations of
the galaxy, and, therefore, this is beyond the scope of this paper.
However, in our simulations we used different stellar ages from
that grid of possible values and did not find a significant influ-
ence on the dust emission in the MIR-submm domain. Therefore
we set the same ages of the stellar populations for all HEROES
galaxies.

In order to quantify the discrepancy of the dust emission
between the observations and our panchromatic models, we
applied a standard approach, in which the dust SED is well
approximated by a simple single modified black-body (MBB) ra-
diation (Hildebrand 1983). The details, along with the SED fits,
are given in Appendix E. The results of the MBB fitting are pre-
sented in Table 7. As one can see, the mass determined from our
dust RT fitting (denoted as M3") is typically 1.5-2 times smaller
than the dust mass derived from the FIR emission. We confirm
the result from Verstappen et al. (2013) that for NGC 973 both
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Table 7. Results of the modified black-body fitting and the fractions of the inner part of the galaxy and the outskirts to the galaxy in the PACS
160 um band (the dust masses as derived from the SED fits are denoted as MJ™® to make the distinction with the optically determined dust masses).

Parameter Unit NGC973 uGC4277 IC 2531 NGC4013 NGC4217 NGC 5529 NGC 5907
MR 100 Mg 9.00+0.60 7.52+0.69 531+0.44 2.03+0.14 3.95+0.28 9.49+0.72 5.98 +0.40
Mgpl/MglR - 0.91 +£0.03 0.76 £0.03  0.77+0.02 0.53+0.01 0.84+0.02 0.60+0.03 1.50+0.12
T4 K 20.7+0.4 18.7+0.4 192+04 224104 22.1+0.3 20.2+0.3 209+0.3
Ler 100y, 17.69+221 11.90+£1.32 9.54+1.06 8.50+0.94 1549+1.72 22.84+228 17.31+1.57
L3KIRT /[ SED - 0.73 +0.09 0.61+0.07 0.66+0.07 0.25+0.03 0.23+0.03 0.25+0.03 0.90+0.08
FKRT/F 0 [160] - 0.69 +0.04 0.63+0.03 0.60+0.03 0.26+0.01 0.21+0.01 0.28 +0.01 0.83+0.04
FSKIRT P [160] - 0.17 £ 0.01 0.16+0.01 0.15+0.01 0.11+0.01 0.15+0.01 0.11+0.01 0.28 £0.01
Fout/Fran [160] — 0.16 £0.01 020+0.01 0.10£0.01 0.12+0.01  0.05+0.01 0.18+0.01 0.03+0.01

dust masses are in good agreement. For NGC 5907, the optically
determined dust mass is significantly overestimated compared to
its FIR mass.

The average dust temperature (T4) = (20.6 + 1.4) K and dust
luminosity (Lir) = (14.75 +5.09) 10° L, (obtained by integrat-
ing from 70 um to 1000 um) are typical values for the interstel-
lar dust medium in spiral galaxies (see e.g. Davies et al. 2012;
Galametz et al. 2012; Ciesla et al. 2014).

The ratio L3X®T/Lpr shows the extent to which the dust
FIR luminosity, retrieved from the MBB fitting, and the dust
luminosity, computed from our panchromatic simulations (with
a young stellar population included), are consistent with each
other. We can see that for NGC 5907, the IR luminosity from
our panchromatic RT modelling and from the MBB fitting are
very close. For NGC 973, UGC 4277, and IC 2531, our panchro-
matic models underestimate the IR luminosity by a factor of
1.3-1.6, whereas for the remaining galaxies we find an un-
derestimation by a factor of 3-5. If we carefully look at our
panchromatic simulations and compare them with the real ob-
servations, we can see that such large discrepancies are found
mainly in the galaxies, where a complex dust structure is ob-
served. For example, the underestimation of the IR luminos-
ity emission in NGC 973 is 30%, whereas in NGC 5529 it is
400%. The latter galaxy has very bright spiral arms which have
been detected by Allaert et al. (2015) in its Hr maps. NGC 973,
IC 2531, and NGC 4217 also show some prominent features in
the MIR/FIR maps, which may be related to fainter spiral struc-
tures. NGC4013 and NGC 5907 are likely to have some ring
structures, which should explain their observed profiles in the
MIR/FIR.

Another useful test to study the dust energy balance prob-
lem in the HEROES galaxies is by quantifying how much of
the observed dust emission deficit is due to the model not cap-
turing the observations, and how much is related to sub-pixel
structures (clumps and dust emissivities). In Table 7, we also
provide the following ratios which characterise these features.
For each PACS 160 um image (at the peak of the dust emis-
sion and where the spatial resolution is high enough), we mea-
sure the standard deviation o of the image background and
determine the outermost isophote of the galaxy at the level
20. The same 20 level is used to determine the outermost
isophote for the skirT simulation, at the same wavelength. For
all galaxies in our sample, the latter lies within the former (the
real galaxies are more radially extended than their models, see
Figs. D.1-D.6). Therefore, to measure the deficit of light in
the galaxy outskirts (not captured by the model), we find
the ratio between the SKIRT flux and the observed flux, both
measured within an annulus between the SKIRT outermost
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isophote and the real one, denoted in Table 7 as F' (SqutIRT [ Fout. We
also measure the ratio of the SKIRT and observed fluxes within the
SKIRT isophote (inner isophote) to show the consistency between
our model and observation in the inner part of the galaxy. We
can see that in the inner part, for the three galaxies NGC 4013,
NGC 4217 and NGC 5529, the difference between the model and
the observation is a factor of four to five; for these galaxies
we also see the highest discrepancy between the model and ob-
served FIR luminosities. This discrepancy comes from the small-
and large-scale structures (bright dust clumps, spiral arms, bars,
rings, etc.). For the outer part of the galaxy, we can see that the
model severely underestimates dust emission, by a factor of five
to ten. However, the fraction of the flux between the inner- and
outermost isophotes to the total galaxy flux Fou/Frn (Where
Fpg = Fin + Foy) varies from 3% (for NGC 5907) up to 20%
(for UGC 4277), with an average of 12 + 6%. Therefore, due to
its small fraction, the vertically and radially extended emission
(with respect to the emission based on the optical model) cannot
be the only reason for the observed dust energy balance problem.
Nevertheless, the fact that in some galaxies this emission can
contribute quite a different fraction to the total dust luminosity
is interesting in itself. For NGC 891, Kamphuis et al. (2007) and
Bocchio et al. (2016) showed that, apart from the regular dust
disc, there is a second spatial dust component which extends
up to 1.9 kpc above the galactic mid-plane. Based on GALEX
and Swift observations, diffuse UV haloes have recently been
discovered around several galaxies (Hodges-Kluck & Bregman
2014; Shinn & Seon 2015; Baes & Viaene 2013). This points
to the presence of a substantial amount of diffuse extra-
planar dust, which scatters UV radiation emitted from the
galactic disc.

An interesting result of our study, which confirms the find-
ings of Verstappen et al. (2013, see their Fig. 12), is a weak
trend between the difference in the values of the dust mass,
as computed from our FITSKIRT RT modelling and as com-
puted from our black-body fitting, and the dust scale height.
To plot this correlation, which is presented in Fig. 6 (the re-
gression coefficient r =0.53), we added the results for NGC 891
and NGC4565 (as calculated in Verstappen et al. 2013 using
the results from Bianchi & Xilouris 2011 and De Looze et al.
2012b, respectively) and the results from DG15 for IC 4225 and
NGC5166. Of course, the number of points is insufficient to
make a strong conclusion, but the physical meaning of it may
imply that the thinner the dust disc is, the clumpier its structure
is. We suppose, that small clumpy regions do not contribute to
the global optical extinction at all, and their presence can only
be revealed from the thermal emission of the dust they contain,
showing up in the FIR (see e.g. Popescu et al. 2000).
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Fig. 6. Dependence of the dust mass discrepancy on the dust scale
height (in logarithmic scale). The red squares are the HEROES galax-
ies, the blue circle represents NGC 891, the green asterisk is NGC 4565,
the black triangle refers to IC 4225, and the grey cross is NGC 5166.

To summarise, in the optical, it is hard to discern any
sign of a large- or small-scale structure in the ISM, due to
line-of-sight projection effects. Smooth, axisymmetric models
generally describe the stellar emission and the dust attenua-
tion very well. However, as shown by Saftly et al. (2015), fitting
a complex, clumpy 3D structure with simple axisymmetric mod-
els can easily underestimate the dust content of a galaxy by
a factor of a few. In the MIR/FIR, such small- and large-
scale structures can be observable (if the resolution is high
enough). Our observations and modelling support the idea that
the inhomogeneous, clumpy ISM, along with various large-
scale components, is responsible for the dust energy balance
problem.

In the frame of the DustPedia project, special attention will
be paid to the study of the dust mass, and the distribution and
heating mechanisms in normal galaxies. A set of face-on galax-
ies will be considered and a new strategy will be applied to
them. The unified model will consist of five components: an
evolved stellar disc, a young stellar disc, an ionising stellar disc,
a dust disc, and a stellar bulge. Each component will be de-
fined in a special way using available multi-wavelength obser-
vations. The main difference of this approach from what we
used in this study is that the geometry of each component will
be constructed directly from the observed images, by means of
the deprojection algorithm available in SKIRT. Using SKIRT sim-
ulations for the defined model, which has the three remaining
fit parameters (the luminosity of the young and ionising stel-
lar components and the total dust mass), the fitting of the sim-
ulated model SED to the observed global fluxes will be done.
This will allow us to determine the fitted parameters in a self-
consistent way. Some initial studies on M 51 (De Looze et al.
2014) and the Andromeda galaxy (Viaene etal. 2017) have
been done, and the final strategy has been applied to M81
(Verstocken et al. in prep.) and NGC 1068 (Viaene et al. in prep).
This will help to study the dust energy balance problem in a
different way.

6. Summary

In an attempt to address the dust energy balance problem in
Milky Way-type galaxies, we have carried out a detailed analy-
sis of the distribution of interstellar dust and stellar constituents
in the remaining six HEROES galaxies (the prototype galaxy
IC 2531 was described in M16) by computing oligochromatic
RT models and panchromatic simulations. By doing so, we con-
strained both the stellar and dust distributions and studied the
famous dust energy balance problem in the sample galaxies.

In our study, we successfully applied the following tech-
nique. First, for each galaxy, a photometric model, consisting
of a thin disc, a thick disc, and a bulge, was found using the
IMFIT code applied to the NIR/MIR (K band/IRAC 3.6 um) im-
ages. These stellar models were used in subsequent FITSKIRT
oligochromatic modelling with a fixed stellar geometry and a
dust double-exponential disc. In this step, images in different
optical and NIR wavebands (from seven to nine bands in total)
were fitted simultaneously. The obtained models describe the fit-
ted observations very well and are well-constrained (in compar-
ison to the results from monochromatic or oligochromatic fitting
performed in previous works).

The comparison of the results of our modelling with other
works on RT fitting of edge-on galaxies shows that, in general,
our results are consistent with earlier results.

Using the new THEMIS dust model, we performed SKIRT
simulations with and without an additional young stellar compo-
nent, which was added to match FUV/NUYV observations. A uni-
form recipe of modelling was applied to all the galaxies. For five
HEROES galaxies (UGC 4277, 1C 2531, NGC 4013, NGC 4217,
and NGC 5529), the constructed SEDs show the same dust en-
ergy balance problem even with an additional young stellar com-
ponent — the dust emission in the FIR/submm is underestimated
by a factor of 1.5—4. For the galaxy NGC 973, the emission in
the FIR/submm is almost completely recovered in our modelling
(albeit no young stellar population was added).

For only one galaxy (NGC 5907) in our sample, we found
that the oligochromatic model, consisting of two exponential
discs to describe the stellar thin and thick discs, another expo-
nential disc for the dust distribution, and a Sérsic bulge, was
not able to accurately reproduce the observations of this galaxy
in the fitted wavebands which can be seen in the performed
panchromatic simulations. In all other cases, based on the dust
attenuation in the opical and NIR, we were able to construct
oligochromatic models of the galaxies, which match the obser-
vations in these bands very well, and constrain their parameters
to an acceptable accuracy. In all of the residual frames for our
oligochromatic models more than half of the pixels show devi-
ations of at most 20%. Parameters of the stellar components, as
well as of the dust disc, are determined within ~10%.

The comparison of the panchromatic simulations with the
real ones reveals a more complex nature of the dust constituent
in galaxies; it is often more extended in the radial and vertical
directions than what can be inferred from our optical modelling.
Some traces of spirals, rings, and dust at high galactic latitudes
are clearly present, as well as signatures of a clumpy, inhomo-
geneous medium. Therefore, we suggest that these small- and
large-scale structures may be responsible for the dust energy
balance problem. One should note, however, that the presence
of different heating sources, which can be clearly distinguished
at different wavelengths in the NIR-FIR domain (as shown in
Appendix D), suggests that the nature of the dust and stellar con-
stituents, and the link between them in galaxies, require further
investigation.
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The average face-on optical depth in the V band for the
sample galaxies is 1.07 £0.53 (for comparison, LSB galax-
ies with diffuse clumpy dust discs are almost transparent:

r\f, < 0.1, MacLachlan et al. 2011). For three galaxies (NGC 973,
NGC 4013, and NGC 5907), a significant part of the light is
blocked even when the galaxy is seen face-on.

The results of the decomposition, as well as of the dust
RT fitting (including uncertainties on individual measurements)
of all structural parameters, are listed in Tables 3 and 4. The
IMFIT, FITSKIRT, and SKIRT models (with the constructed SEDs)
are presented in Appendices A-D.
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Appendix A: IMFIT models
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Fig. A.1. Cumulative vertical (left) and horizontal (right) profiles of UGC 4277 plotted for its K band image, with its overlaid IMFIT model.
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Fig. A.2. Cumulative vertical (left-hand) and horizontal (right-hand) profiles of IC 2531 plotted for its IRAC 3.6 um image, with its overlaid IMFIT
model.

A120, page 22 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=7
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=8

A. V. Mosenkov et al.: Dust energy balance problem in the HEROES galaxies

192 _' @ data [ @ data
=== thin disc 14 - ===+ thin disc
= == thick disc = = thick disc
13 4% bulge = bulge
halo 15 - halo
== model
—~ —~~
™ ™
‘U | 16 A
Q o
n 0
s o
3] T g7
a0 a0
[0} (g}
1S S
N—r N—
3 SERLE
19 4
20 A
T T T T T T T T
—200 —-150 —100 —50 0 50 100 150 200
z (arcsec) r (arcsec)

Fig. A.3. Cumulative vertical (left-hand) and horizontal (right-hand) profiles of NGC 4013 plotted for its IRAC 3.6 um image, with its overlaid
IMFIT model.
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Fig. A.4. Cumulative vertical (left-hand) and horizontal (right-hand) profiles of NGC 4217 plotted for its IRAC 3.6 um image, with its overlaid
IMFIT model.
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Fig. A.5. Cumulative vertical (left-hand) and horizontal (right-hand) profiles of NGC 5529 plotted for its IRAC 3.6 um image, with its overlaid

IMFIT model.
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Fig. A.6. Cumulative vertical (left-hand) and horizontal (right-hand) profiles of NGC 5907 plotted for its IRAC 3.6 um image, with its overlaid

IMFIT model.
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Appendix B: FirskirT models

1.0

0.0

Fig. B.1. Results of the oligochromatic FITSKIRT RT fits for UGC 4277. In each panel, the left-hand column represents the observed image, the
middle column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative
deviation between the fit and the image (in modulus).

0.0

Fig. B.2. Results of the oligochromatic FITSKIRT RT fits for IC 2531. In each panel, the left-hand column represents the observed image, the middle
column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative deviation
between the fit and the image (in modulus).
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0.0

Fig. B.3. Results of the oligochromatic FITSKIRT RT fits for NGC 4013. In each panel, the left-hand column represents the observed image, the
middle column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative
deviation between the fit and the image (in modulus).
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1.0

0.0

Fig. B.4. Results of the oligochromatic FITSKIRT RT fits for NGC 4217. In each panel, the left-hand column represents the observed image, the
middle column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative
deviation between the fit and the image (in modulus).
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1.0

0.0

Fig. B.5. Results of the oligochromatic FITSKIRT RT fits for NGC 5529. In each panel, the left-hand column represents the observed image, the
middle column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative
deviation between the fit and the image (in modulus).
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1.0

0.0

Fig. B.6. Results of the oligochromatic FITSKIRT RT fits for NGC 5907. In each panel, the left-hand column represents the observed image, the
middle column contains the corresponding fits in the same bands, and the right-hand panel shows the residual images, which indicate the relative
deviation between the fit and the image (in modulus).

A120, page 29 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=18

Appendix C:

A&A 616, A120 (2018)

SEDs
&
UGC4277
O -
71 B
=)
>
&,
a0
o
|
O GALEX SPIRE
-3 A A WHT O Planck
[> 2MmAss — noyc
TNG spread_noyc
WISE =" yc
—4 A IRAS I spread_yc
PACS
S
wv
©
=3
=]
wv
4]
o T T T

Wavelength A [pum)]

103

Fig. C.1. SEDs of UGC 4277 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in
Table 2. The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan
spread correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and
the magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc”, respectively). The spreads
are plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Fig. C.2. SEDs of IC2531 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in Table 2.
The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan spread
correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and the
magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc”, respectively). The spreads are

plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Fig. C.3. SEDs of NGC4013 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in
Table 2. The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan
spread correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and
the magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc”, respectively). The spreads
are plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Fig. C.4. SEDs of NGC 4217 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in
Table 2. The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan
spread correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and
the magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc’, respectively). The spreads
are plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Fig. C.5. SEDs of NGC 5529 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in
Table 2. The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan
spread correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and
the magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc”, respectively). The spreads
are plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Fig. C.6. SEDs of NGC 5907 with the THEMIS dust mixture. The coloured markers with error bars correspond to the flux densities listed in
Table 2. The bottom panel below the SEDs shows the relative residuals between the observed SEDs and the models. The black line and the cyan
spread correspond to the initial model (without a young stellar component, denoted as “noyc” and “spread_noyc”, respectively), the brown line and
the magenta spread refer to the model with an additional young stellar component (denoted as “yc” and “spread_yc”, respectively). The spreads
are plotted for the corresponding models within one error bar of the best oligochromatic fitting model parameters.
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Appendix D: Panchromatic simulations

GALEX[NUV]

Fig. D.1. Comparison between the observations (left) and panchromatic simulations (right) for UGC 4277. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20 of the background.
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Fig. D.1. continued.
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Fig. D.2. Comparison between the observations (left) and panchromatic simulations (right) for IC2531. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20" of the background.

A120, page 35 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=27

A&A 616, A120 (2018)

IRAC[IL] [

g
-

WISE[W3]

WISE[Wa4]

PACS[100] -... = .
- -.- ¥ .. ; : A _." . - .-l.:lﬁ'al
- == ~
PACS[160] M
- o I L] L ] - -y
ol ) E

SPIRE[250] r.-' "

lﬂ::l:--..ﬁ:rr.r :

= - - ‘ :

SPIRE[500] [ l. —_—

Fig. D.2. continued.

A120, page 36 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=28

A. V. Mosenkov et al.: Dust energy balance problem in the HEROES galaxies

7.

GALEX[FUV]

SDSS[u]

SDSS[g]

SDSS[H]

SDSS]i]

Fig. D.3. Comparison between the observations (left) and panchromatic simulations (right) for NGC 4013. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20" of the background.
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Fig. D.4. Comparison between the observations (left) and panchromatic simulations (right) for NGC 4217. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20" of the background.
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Fig. D.5. Comparison between the observations (left) and panchromatic simulations (right) for NGC 5529. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20 of the background.

A120, page 45 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=37

A&A 616, A120 (2018)

IRAC[I] [ &

IRAC[12]

SPIRE[250]
R
| | |

-Il-

mmoE aEmm E 0w H

SPIRE[350]
L | -I

SPIRE[500]

Fig. D.5. continued.

A120, page 46 of 50


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832899&pdf_id=38

A. V. Mosenkov et al.: Dust energy balance problem in the HEROES galaxies

GALEX[FUV]

GALEX[NUV]

SDSS]u]

SDSS|g]

SDSSr]

SDSS]i]

SDSS[z]

2MASS[J]

Fig. D.6. Comparison between the observations (left) and panchromatic simulations (right) for NGC 5907. The model includes the young stellar
population disc. Foreground stars have been masked. Grey-coloured pixels have intensities lower than 20 of the background.
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Appendix E: Global SED fitting

We determined the dust masses for the galaxies in our sample
by fitting a simple modified black-body model to the PACS and
SPIRE data. The monochromatic luminosity, therefore, can be
written as

where M is the dust mass, B, is the Planck function, 7 is the dust
temperature, k(Ap) is the dust emissivity at Ay, and S signifies a
power-law dust emissivity in the FIR/sub-mm wavelength range.
In our model, we assume an emissivity of k(1y) = 0.64 m?> kg™! at
Ao =250 ym and 8 = 1.79 adapted to the THEMIS model. The fits
were done by using the oL procedure mpcurvefit.

The results of these modified black-body fits are shown in

L,(1) = My «(do) (g/ 1) x 4B, (A, Ty), (E.1) Fig. E.I and listed in Table 7.
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Fig. E.1. SED fitting to the Herschel fluxes for all HEROES galaxies. A modified, single temperature black-body model (the blue line) is adopted.
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