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A B S T R A C T 

Solving the inverse problem in spiral galaxies, that allows the deri v ation of the spatial distribution of dust, gas, and stars, together 
with their associated physical properties, directly from panchromatic imaging observations, is one of the main goals of this work. 
To this end, we used radiative transfer models to decode the spatial and spectral distributions of the nearby face-on galaxies 
M101 and NGC 3938. In both cases, we provide excellent fits to the surface-brightness distributions derived from GALEX , 
SDSS, 2MASS, Spitzer , and Herschel imaging observations. Together with previous results from M33, NGC 628, M51, and 

the Milky Way, we obtain a small statistical sample of modelled nearby galaxies that we analyse in this work. We find that in 

all cases Milky Way-type dust with Draine-like optical properties provide consistent and successful solutions. We do not find 

any ‘submm excess’, and no need for modified dust-grain properties. Intrinsic fundamental quantities like star-formation rates 
(SFR), specific SFR (sSFR), dust opacities, and attenuations are derived as a function of position in the galaxy and o v erall trends 
are discussed. In the SFR surface density versus stellar mass surface density space, we find a structurally resolved relation (SRR) 
for the morphological components of our galaxies, that is steeper than the main sequence (MS). Exception to this is for NGC 

628, where the SRR is parallel to the MS. 

K ey words: radiati ve transfer – dust, extinction – galaxies: disc – galaxies: spiral – galaxies: stellar content – galaxies: structure. 
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 I N T RO D U C T I O N  

he advent of spatially resolved high-quality multiwavelength pho-
ometric surv e ys of local galaxies spanning wavelengths from the
pace ultraviolet (UV) to the submillimetre, has opened the door to
ccurately characterize the complex interplay between the nature of
he stellar structure, stellar populations, and the dusty interstellar

edium (ISM) of star-forming galaxies (Kennicutt et al. 2011 ).
tudies using infrared (IR) space telescopes, starting with IRAS
 Infrared Astronomical Satellite ; Neugebauer et al. 1984 ) and ISO
 Infrared Space Observatory ; Kessler et al. 1996 ), and continuing
ith Spitzer ( Spitzer Space Telescope ; Werner et al. 2004 ), and
er schel ( Her schel Space Observatory ; Pilbratt et al. 2010 ), have

evealed that while dust is usually a minor fraction of the baryonic
ass of a galaxy, it is responsible for a significant fraction of

he bolometric luminosity, averaging ≈ 25 per cent − 30 per cent of
he total luminosity for star-forming late-type galaxies (Popescu &
uffs 2002 ; Bianchi et al. 2018 ). Dust emission in galaxies is
owered by the absorption of stellar photons by dust grains,
hus the radiative energetics of stellar populations and dust are
inked by energy conservation. Because of this, understanding
he radiative properties of galaxies inherently requires simultane-
us consideration of UV/optical and far-IR (FIR)/submillimetre
mission. 
 E-mail: CPopescu@uclan.ac.uk (CCP); CJInman@uclan.ac.uk (CJI) 
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Dust in star-forming galaxies, as with stars, is spatially distributed
hrough their extent, often leading to significant and varying optical
epth along observational lines of sight, depending strongly on
oth intrinsic (e.g. dust properties; spatial distributions of stars
elative to the dust) as well as extrinsic galaxy properties (e.g.
nclination, Kylafis & Misiriotis 2006 ). Utilizing UV and optical
mages of dusty galaxies to determine the intrinsic geometrical
istribution of stellar populations from observations must therefore
ccount for the altering effects of both scattering and absorption of
tarlight by dust. Disentangling the underlying physical properties
f late-type galaxies from observations, are thus best suited for
adiative transfer (RT) models, that self-consistently include the
ffects of both scattering, absorption, and re-radiation of dust
ith realistic assumptions regarding the spatial distribution of

tars and dust. Furthermore, as the spectral energy distributions
SEDs) of dusty galaxies evince energetically significant, complex,
nd varying emission (as a function wavelength) from the UV to
ubmillimetre (from stars, dust, or both), models and the obser-
ations that constrain them, must similarly span a wide range of
avelengths. 
To address these considerations, RT models for star-forming

alaxies have been developed over the past decades: Xilouris et al.
 1998 ), Popescu et al. ( 2000 ), Bianchi ( 2008 ), Baes et al. ( 2011 ),
opescu et al. ( 2011 ), and Baes & Camps ( 2015 ). Recently, a lot of
ork has been devoted to model nearby face-on spiral galaxies.
he SKIRT code (Baes & Camps 2015 ) has been used for non-
xisymmetric modelling: De Looze et al. ( 2014 ) and Nersesian et al.
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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 2020b ) for M51, Viaene et al. ( 2017 ) for M31, Williams et al. ( 2019 )
or M33, Verstocken et al. ( 2020 ) for M81, Viaene et al. ( 2020 ) for
GC 1068, and Nersesian et al. ( 2020a ) for four barred galaxies.
he codes from Popescu et al. ( 2011 ) were used for axisymmetric
T modelling: Thirl w all et al. ( 2020 ) for M33, Rushton et al. ( 2022 )

or NGC 628, and Inman et al. ( 2023 ) for M51. 
Non-axisymmetric models are, in principle, ideal to capture the 

etailed geometry seen face-on. Ho we ver, due to computational 
imitations, the y hav e been implemented to only fit the integrated
ED, with the geometry being fixed. The axisymmetric RT models 
ave been implemented to also fit the geometry of stars and dust,
lbeit with the assumption of axisymmetry. As mentioned before, 
nly three face-on galaxies have been modelled with axisymmetric 
odes. The main goal of this paper is to further the application of
hese models to the local galaxies M101 and NGC 3938. Another 
oal is to construct a small sample of face-on galaxies, all modelled
sing the same RT codes and modelling procedures, to allow 

he characterization of fundamental intrinsic properties of nearby 
tar-forming galaxies, including their spatial distributions of star 
ormation rates (SFRs), specific SFRs (sSFRs), stellar masses, dust 
asses, attenuation laws, and fractions of young and old stellar 

opulations in heating the dust. 
The multiwavelength axisymmetric RT model of Popescu et al. 

 2011 , hereafter PT11 ) was thus used for modelling M101 and NGC
938. Our model is three-dimensional in nature, but assumes an 
xisymmetric geometry, a compromise necessitated, as mentioned 
efore, for computational feasibility. The output of our model 
onsists of galaxy images from starlight and dust, at the same 
avelengths and sky projections as the observed galaxies. Our model 
etails were given by PT11 who first applied it to model the edge-
n spiral galaxy NGC 891. Additional refinements needed to model 
earby face-on galaxies were presented by Thirl w all et al. ( 2020 ,
ereafter TP20 ), in their application to model the spiral M33 (see
lso the application to NGC 628 by Rushton et al. 2022 ). A few
alient details regarding the model are discussed below in Section 
 , ho we ver a complete description is beyond the scope of this paper
nd the reader is referred to the aforementioned references for full
etails. 
As mentioned before, the main goal of this paper is to further

he application or our RT model by applying it to the local galaxies
101 (NGC 5457) and NGC 3938. These galaxies are both late type,

early face-on local spirals. The face-on nature of these galaxies 
as the benefit of reducing geometric uncertainties associated with 
nclination effects (although our RT model is inherently able to 
ccount for inclination effects). NGC 3938 and M101 are classified 
s Hubble numerical T stages 5 and 6, respectively, both equating 
o the same standard Hubble classification of Sc (de Vaucouleurs 
t al. 1991 ). Both NGC 3938 and M101 are known to have central
ulges (Bottema 1988 ; Okamura et al. 1976 ). Of the two galaxies,
101 is particularly well studied. Also moti v ating the application 

f our model, is the fact that high-quality multiwavelength photo- 
etric imaging data from the near-UV (NUV) to the submillimetre 
avelengths is available for M101 and NGC 3938 with both being 

patially well resolved. The presence of spiral arms in M101 and 
GC 3938 obviously indicates a degree of non-axial symmetry to 

hese galaxies. This fact does not, ho we ver, impede the use of our
xisymmetric model. PT11 demonstrated that by taking the spiral 
rm structure into account (together with all other assumptions of our 
odel) SEDs are predicted to differ negligibly from SEDs predicted 

ssuming axisymmetry. Other works have found similar results (see 
T11 , and references therein for a full discussion, as well as Natale
t al. 2014 ). 
The aforementioned characteristics of M101 and NGC 3938 thus 
ake them desirable candidates for the application of our model. 
espite the similarities between these two galaxies, prior studies 
av e rev ealed some important differences. F or instance, it is known
hat M101 has an H I disc extending far beyond its optical disc, which
ay be interacting with the less massive spirals NGC 5477 and NGC

474 (evident in the extended field of M101) as well as with other
isco v ered massiv e H I clouds not associated with known galaxies
Rownd et al. 1994 ; Mihos et al. 2013 ; Xu et al. 2021 ). Also evident
n the very deep optical images of M101 of Mihos et al. ( 2013 ) are a
aint optical ‘plume’ and ‘spur’, stellar emission features extending 
ortheastward and eastward from the main bright optical disc of 
he galaxy , respectively . These features are of uncertain origin, but
re possibly relics of past interactions with the other galaxies seen
n close projection to M101 (Mihos et al. 2013 ). The dynamical
imulation of Linden & Mihos ( 2022 ) showed that the extended NE
lume and the sharp western edge of M101’s disc could be explained
y a relatively close passage of the companion galaxy NGC 5474
hrough M101’s outer disc, approximately 200 Myr ago. 

As with NGC 3938, M101 is a member of a galaxy group
onsisting of up to 15 possible members, the M101 Group, with
101 as its brightest member (Fouque et al. 1992 ). NGC 3938

ppears more symmetric in appearance than M101, lacking close 
 < 100 kpc) companions and other clear evidence of external interac-
ions (Jim ́enez-Vicente et al. 1999 ). Attempting to better understand
he observational differences and similarities between M101 and 
GC 3938 and how they are reflected (or not) in the physical
roperties of the underlying stellar and dust populations derived from 

ur model is a goal of our study. One aspect we seek to understand in
articular is if the derived physical properties bear any relationship 
o the nearby external environment of these galaxies, one seemingly 
solated from the effects of nearby companions and intergalactic 
as structures (NGC 3938), the other not (M101). Another goal of
ur study is to further test the predictive ability of our RT model
nd to compare its physical predictions for M101 and NGC 3938
o independent determinations from other studies and as well to 
ompare our model’s predictions to those of similar spiral galaxies 
o which we have applied it. 

Bosma et al. ( 1981 ) reported an inclination of 18 ◦ determined
rom H I observations for M101. As the nearest low inclination spiral,

101 has been a popular target for studies of external galaxies made
cross a wide range of wav elengths. F ortunately, M101 also has
 recent and reliable distance estimate of 6 . 71 + 0 . 14 

−0 . 13 Mpc, obtained
rom its well-studied Cepheid variable population which serve as 
n important component of the cosmological distance ladder (Riess 
t al. 2016 ). 

Jim ́enez-Vicente et al. ( 1999 ) determined an inclination of 14 ◦

or NGC 3938 based on H α line observations. This galaxy is also
 commonly studied object of Nearby Galaxy Surv e ys (NGSs), but
omewhat less so than M101. The distance to NGC 3938 is less
ccurately known than that of M101 as Cepheid variable or type
a supernova-based measurements are unavailable. Here, we will 
dopt the distance determination of 17 . 9 + 1 . 2 

−1 . 0 Mpc to NGC 3938 of
oznanski et al. ( 2009 ) based on the type II-P supernova 2005ay,
hich these authors employ as a standard candle, This choice is

lso consistent with the estimated distance range of 17.0–22.4 Mpc 
dopted by Van Dyk et al. ( 2018 ) in identifying a candidate progenitor
o the NGC 3938 type Ic supernova SN2017ein. We note that NGC
938 is a member of the Ursa Major galaxy cluster, a fairly sparse
luster of mostly H I rich spiral galaxies at 18.6 Mpc as determined
y the Tully–Fisher relationship, consistent with the aforementioned 
istance estimates (McDonald et al. 2009 ; Tully & Pierce 2000 ). 
MNRAS 537, 56–83 (2025) 
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M

Table 1. Observed spatially integrated flux densities in Jy for NGC 3938 and M101 for all modelled wavebands. Our results are shown along side those of Dale 
et al. ( 2017 ) for comparison. The flux densities in this table are purely observed (not corrected for effects of MW foreground extinction.). 

λeff ( μm) Band name Flux (Jy) 
NGC 3938 M101 

This paper Dale et al. ( 2017 ) This paper Dale et al. ( 2017 ) 

0.15 GALEX FUV – – 0 . 3833 ± 0 . 043 0 . 346 ± 0 . 054 
0.22 GALEX NUV 0 . 04599 ± 0 . 0046 0 . 0311 ± 0 . 0043 0 . 5488 ± 0 . 060 0 . 387 ± 0 . 059 
0.36 SDSS u 0 . 08222 ± 0 . 0016 0 . 0724 ± 0 . 0015 0 . 7966 ± 0 . 092 0 . 755 ± 0 . 015 
0.48 SDSS g 0 . 21889 ± 0 . 0044 0 . 203 ± 0 . 004 1 . 8897 ± 0 . 053 1 . 89 ± 0 . 03 
0.62 SDSS r 0 . 33230 ± 0 . 0066 0 . 314 ± 0 . 003 2 . 800 ± 0 . 074 2 . 75 ± 0 . 05 
0.77 SDSS i 0 . 42099 ± 0 . 0084 0 . 407 ± 0 . 008 4 . 605 ± 0 . 119 3 . 52 ± 0 . 07 
0.91 SDSS z 0 . 48718 ± 0 . 0097 0 . 464 ± 0 . 009 3 . 699 ± 0 . 101 3 . 86 ± 0 . 07 
1.26 2MASS J 0 . 65760 ± 0 . 0132 0 . 625 ± 0 . 031 5 . 705 ± 0 . 146 4 . 35 ± 0 . 21 
1.65 2MASS H 0 . 66560 ± 0 . 0133 0 . 570 ± 0 . 029 5 . 771 ± 0 . 129 5 . 01 ± 0 . 25 
2.20 2MASS K 0 . 52400 ± 0 . 0105 0 . 531 ± 0 . 027 4 . 129 ± 0 . 093 4 . 40 ± 0 . 22 
3.60 IRAC 1 0 . 36810 ± 0 . 0074 0 . 320 ± 0 . 043 2 . 549 ± 0 . 060 2 . 81 ± 0 . 38 
4.50 IRAC 2 0 . 18364 ± 0 . 00367 0 . 211 ± 0 . 029 1 . 655 ± 0 . 060 1 . 89 ± 0 . 25 
5.67 IRAC 3 0 . 48157 ± 0 . 0096 0 . 410 ± 0 . 052 4 . 219 ± 0 . 091 3 . 38 ± 0 . 42 
8.00 IRAC 4 1 . 35090 ± 0 . 0270 0 . 98 ± 0 . 122 10 . 23 ± 0 . 243 7 . 61 ± 0 . 94 
24 MIPS 24 1 . 06857 ± 0 . 0214 1 . 08 ± 0 . 04 10 . 64 ± 0 . 255 10 . 5 ± 0 . 4 
70 PACS 70 15 . 4487 ± 0 . 7724 16 . 4 ± 0 . 8 110 . 3 ± 5 . 740 135 ± 6 
100 PACS 100 28 . 6395 ± 1 . 4320 30 . 7 ± 1 . 5 235 . 8 ± 12 . 91 262 ± 13 
160 PACS 160 40 . 3950 ± 2 . 0198 39 . 2 ± 1 . 9 340 . 0 ± 33 . 82 336 ± 16 
250 SPIRE 250 23 . 0055 ± 1 . 1503 21 . 9 ± 1 . 5 211 . 1 ± 10 . 77 193 ± 13 
350 SPIRE 350 10 . 2644 ± 0 . 5130 9 . 83 ± 0 . 69 110 . 4 ± 5 . 720 94 . 2 ± 6 . 6 
500 SPIRE 500 3 . 89150 ± 0 . 1946 3 . 65 ± 0 . 26 43 . 86 ± 3 . 03 38 . 8 ± 2 . 7 

 

p  

w  

S  

fi  

d  

p  

i  

p  

s  

a  

M  

S

2

P  

a  

g  

w  

a  

f

2

T  

d  

a  

a  

t  

a  

o  

N  

e  

s

2

T  

S  

u  

(  

i  

t  

t  

b  

3  

c

2

T  

a  

A  

S  

u

2

T  

d  

C  

P  

3  

S  

5  

i  

w  

u  

s  

r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/1/56/7932039 by guest on 24 January 2025
The paper is organized as follows: in Section 2 , we describe the
anchromatic images of M101 and NGC 3938, and in Section 3 ,
e describe the data reduction procedure. The model is described in
ection 4 . Results regarding the main characteristics of our model
ts and of the intrinsic volume stellar emissivity functions and of the
ust density functions, the derived SEDs and corresponding intrinsic
roperties are given in Section 5 . In Section 6 , we discuss the physical
mplications of our results for M101 and NGC 3938. For comparative
urposes, we also analyse results coming from a small statistical
ample of nearby galaxies that we assemble to contain, besides M101
nd NGC 3938, galaxies modelled in previous works: NGC 628,
33, M51, and the Milky Way (MW). We give our conclusions in

ection 7 . 

 OBSERVATION S  

anchromatic images of M101 and NGC 3938 were compiled from
rchi v al sources, yielding similar wavelength coverage for both
alaxies, from the UV to submillimetre wavelengths. The named
avebands and equi v alent wavelength (in μm ) used for this study

re listed in columns one and two of Table 1 , respectively. The sources
or our image data are described in the subsections below. 

.1 GALEX 

he Galaxy Evolution Explorer ( GALEX ; Martin et al. 2005 ) con-
ucted an all-sky survey as well as a deeper imaging surv e y known
s the NGS (Gil de Paz et al. 2007 ) in the far-UV (FUV, 0 . 15 μm)
nd NUV (0 . 23 μm). We employ the FUV and NUV images from
he NGS to model M101. As NGC 3938 was absent from the NGS,
nd the FUV GALEX all-sk y surv e y was found to be too noisy for
ur analysis, we only employed the all-sk y surv e y NUV imaging of
GC 3938 to fit our model. We used the factors given in Morrissey

t al. ( 2007 ) to convert GALEX image data units from counts per
econd to flux units. 
NRAS 537, 56–83 (2025) 
.2 SDSS 

he optical data used to fit our model originated from Sloan Digital
k y Surv e y (SDSS) images of M101 and NGC 3938 made in the
griz bands. Because of the significant extent of M101 on the sky
 ∼ 30 arcsec at visual w avelengths), it w as necessary to create
mage mosaics for each SDSS band. This was accomplished with
he application SWarp (Bertin et al. 2002 ), ensuring the presence of
he entire galaxy on analysed images, necessary to create the surface-
rightness (SB) profiles to fit our model (see Section 3 below). NGC
938 is less extended on the sky allowing the entire galaxy to be
ontained within a single SDSS field. 

.3 2MASS 

o pro vide co v erage of the near-IR (NIR) bands, we downloaded and
nalysed J -, H -, and K -band images from the 2MASS Large Galaxy
tlas (Jarrett et al. 2003 ), itself based on the Two Micron All Sky
urv e y (2MASS). Flux units were obtained from pixel data values
sing the photometric zero-points supplied in image FITS Headers. 

.4 Spitzer 

he Spitzer Space Telescope was a 0.85 m telescope, which con-
ucted IR imaging with two onboard instruments: the Infrared Array
amera (IRAC; Fazio et al. 2004 ) and the Multiband Imaging
hotometer for Spitzer (MIPS; Rieke et al. 2004 ). M101 and NGC
938 were observed as part of the Spitzer Infrared Nearby Galaxies
urv e y (SINGS; Kennicutt et al. 2003 ), with images taken at 3.6, 4.5,
.7, and 8.0 μm (IRAC), and 24 μm (MIPS), all of which were used
n our study. SINGS also imaged M101 and NGC 3938 at 160 μm
ith MIPS, but we excluded this data from our analysis, preferring to
se the Herschel Space Observatory image (Section 2.5 ) observed at
imilar ef fecti v e wav elength, but with superior sensitivity and spatial
esolution. 
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.5 Herschel 

he Herschel Space Observatory was a 3.5 m telescope dedicated 
o FIR and submillimetre-wave observations. M101 and NGC 3938 
ere observed as part of the Key Insights of Nearby Galaxies: A Far

nfrared Surv e y with Herschel program (KINGFISH; Kennicutt et al. 
011 ). For our study, we used KINGFISH images obtained by the
hotodetecting Array Camera and Spectrometer (PACS; Poglitsch 
t al. 2010 ), and the Spectral and Photometric Imaging Receiver 
SPIRE; Griffin et al. 2010 ). These instruments provided image data 
t 70, 100, and 160 μm (PACS), and at 250, 350, and 500 μm (SPIRE).

 DATA  R E D U C T I O N  

o prepare the observed images for comparison with our model, 
e first de-reddened the images for the effects of MW foreground 

xtinction. While M101 and NGC 3938 are located on the sky
t high galactic latitudes ( + 59 . 8 ◦ for M101 and + 69 . 3 ◦ for NGC
938), galactic extinction can still be a significant source of error if
ot corrected, particularly at the shortest wavelengths ( � 0 . 48 μm).
e therefore de-reddened the UV and optical data, adopting colour 

 xcesses deriv ed from the reddening maps of Schlafly & Finkbeiner
 2011 ): E( B − V ) = 0 . 02 (NGC 3938) and 0.007 (M101), and using
he extinction curve of Fitzpatrick ( 1999 ). 

For use in fitting the free parameters of our axially symmetric RT
odel, a first step was to obtain azimuthally averaged SB profiles

rom the NGC 3938 and M101 data images, obtained by calculating 
he flux in a series of nested, two-pixel wide elliptical annuli around
he centres of these galaxies. Before creating SB profiles this way, 
t was necessary to determine suitable axial ratios ( b/a ) and lines-
f-nodes position angles (PAs) on the sky for the elliptical annuli. 
he axial ratios were found by fitting the SDSS and 2MASS data

mages with the 2D decomposition code GALFIT (Peng et al. 2002 ),
sing two-component models, including an exponential disc and de 
aucouleurs bulge. The best compromise fitted values obtained, and 

hose adopted, were b/a = 0 . 96 and 0.97, for M101 and NGC 3938,
espectively. These determinations are consistent with the known 
ow inclinations obtained independently by Jim ́enez-Vicente et al. 
999 (cos(18 ◦) = 0.95) and Bosma et al. 1981 (cos(14 ◦) = 0.97)
Introduction) for M101 and NGC 3938, respectively. At such small 
xial ratios, azimuthally averaged SB profiles are largely insensitive 
o adopted P As. The P A values were also determined by applying
ALFIT , to the UV–optical–NIR images, obtaining values of 6 ◦ and 
8 ◦ for NGC 3938 and M101, respectively. We note that the PA for
GC 3938 was poorly constrained by GALFIT , with values ranging 

rom 6 ◦ to 63 ◦, found from fitting different NGC 3938 images,
epending on wavelength. The small inclination of NGC 3938 makes 
his a difficult parameter to constrain, but as expected, the actual SB
rofiles calculated from the NGC 3938 images for use in fitting our
odel, were found to vary little as a function of the chosen PA within

he abo v e range. We emphasize that our PA v alues follo w the usual
onvention of being measured from zero at due north, increasing 
n value counterclockwise to the east. The SB, I ν , of an annulus is
efined as 

∫ 
I νd �/ 

∫ 
d �, the average of specific intensity I ν o v er

he annulus solid angle. To determine fitted RT model parameters, 
B profiles of both model generated images and data images were 
alculated identically, using the axial ratios and PA values given 
bo v e, and fitted by varying model parameters. 

The errors in the observational SB profiles are derived in accor- 
ance with appendix A of TP20 and account for four sources of error:
alibration, background fluctuation, Poisson noise, and configuration 
oise. The last of these four errors measures the inherent uncertainty 
f the axisymmetric approximation. 
The spatially integrated flux densities of M101 and NGC 3938 at
ach sampled wavelength were derived from the curve of growth, a
umulative sum of the total flux within the elliptical annuli plotted
s a function of distance from a galaxy centre. The sources of error
re a sum-in-quadrature of calibration uncertainties and background 
uctuations. The results are given in Table 1 , where we compare

hem to the results of Dale et al. ( 2017 ),who compiled photometry
rom 34 bands for the SINGS/KINGFISH Hershel / Spitzer sample of
ocal galaxies. 

F ore ground stars contaminate the galaxy emission, producing 
pikes in the azimuthally averaged SB profiles, and can also con-
ribute to spatially integrated flux density uncertainties. Therefore, 
e endea v oured to remo v e fore ground stars from the data images
ith a program that masks point sources on the observational images.
ach masked image was carefully inspected to ensure that galaxy H II

egions, which may appear as point sources, were left unmasked after
his process. To help identification additional colour information was 
sed. In particular we looked at the 24 μm images to identify coinci-
ences between masked point sources in the optical/NIR and sources 
f localized hot dust emission originating from H II regions. Further-
ore, we checked with catalogues of known star-forming regions, 
here information was available. Manual masking for bad pixels was 

lso necessary for some of the IRAC and PACS data images. 
The physical resolution of our model is 50 pc. In cases where the

hysical resolution of the model was better than the FWHM (full
idth at half-maximum) resolution of the observational data images, 
e convolved the model to the data resolution employing convolution 
ernel’s for GALEX , Spitzer , and Herschel from Aniano et al. ( 2011 ),
nd appropriately sized Gaussian kernels to match the 2MASS and 
DSS images. We note here that the fix ed two-pix el wide aperture
sed in producing the azimuthally averaged SB profiles will sample 
ifferent physical scales at different wavelengths. None the less, it 
s important to sample the data at their original resolution to get
he best constraints on the model. Because of this we did not try to
t the model by sampling the profiles at a fixed physical size (of

he lowest resolution data – the Herschel 500 μm). We performed, 
o we ver, some tests whereby the (already) best-fitting model (fitted
t the original resolution of the data) and the observed SB profiles
ere sampled at a fixed physical size (see Fig. B1 ). Overall the
ain characteristics of the profiles remain the same, although some 

eatures are less prominent (see further discussion in Appendix B ). 

 T H E  M O D E L  

.1 Model description 

ur model follows the generic formalism described in PT11 , with
he additional modifications described in TP20 . Briefly, the model 
ssumes a galaxy structure consisting of a few sets of concentric
iscs of stars and dust with stellar volume emissivities (typical units
 Hz −1 pc −3 ) and dust densities (typical units M � pc −3 ) described

y a modified analytic exponential function. A superposed bulge 
ay also be part of the model with a stellar volume emissivity

escribed by a S ́ersic function. We refer to the bulge and a set
f discs as a morphological component and galaxies may have 
ore than one morphological component. Dust grains in the dust 

iscs of morphological components can scatter and absorb both UV 

nd optical photons, and re-radiate absorbed photons (primarily at 
onger wavelengths). As our RT model accounts fully for scattering, 
rains in the dust discs of any morphological component can interact
ith stellar photons originating from any disc in any morpholog- 

cal component. The simplest (initial) form of the model contains 
MNRAS 537, 56–83 (2025) 
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wo morphological components, a bulge and a disc morphological
omponent. The bulge is a dust-free stellar spheroid with an evolved
tellar population and is located in the centre of a galaxy. A disc
orphological component has a vertical stratification, containing a

hinner and thicker component of stellar and dust disc, as follows:
1) a disc comprised of a thin layer of young population stars (the
hin stellar disc); and (2) a disc comprised of a thin layer of dust (the
hin dust disc). The thin dust disc is physically associated with the
hin stellar disc; (3) a disc of evolved stellar population stars with
 vertical scale height greater than the thin stellar disc (the stellar
isc); (4) a dust disc (the dust disc) to account for dust associated
ith neutral hydrogen (H I ) and of greater vertical scale height than

he thin dust disc. 
We have also included a clumpy component in our model to

ccount for mid-IR (MIR) emission due to reprocessed UV photons
rom the youngest massive stars from stellar birth clouds. The
odel assumes that photons from these stars are totally absorbed

y the dust of their dense, clumpy, progenitor molecular cores.
he clumpy component assumes star/cloud clumps are distributed

hroughout galaxy thin discs with the same geometric parameters
escribing the thin stellar and thin dust disc density distributions.
he radiative contribution of clumpy component galaxy emission

s characterized by the model-free parameter F ( PT11 ), the frac-
ion of UV light absorbed locally by progenitor molecular cloud
lumps. 

Our basic model can be adapted, as necessary, to each individual
alaxy, increasing its complexity in terms of morphological compo-
ents as needed to achieve a good fit to observational data. Thus,
 galaxy may consist of more than one morphological component,
ach with its component discs (v ertical stratification). F or e xample,
 particular galaxy could require inner and outer morphological disc
omponents, each with its own dust disc, thin dust disc, stellar disc,
nd thin stellar disc. This approach was found necessary to model
he spirals M33 ( TP20 ), NGC 628 (Rushton et al. 2022 ), and M51
Inman et al. 2023 ), as well as the MW (Natale et al. 2022 ). 

As the vertical scale heights of face-on galaxies cannot be uniquely
onstrained by our model, vertical scale heights are set to constant
alues to reflect typical scale heights of edge-on disc galaxies
Xilouris et al. 1999 ), including the MW (Natale et al. 2022 ). Tests
ade with our model have shown that resulting fit parameters are

elati vely insensiti ve to the actual chosen values for scale heights
 TP20 ), so long as the relative ratios between stellar and dust scale
eights follow adopted trends, first derived in Xilouris et al. ( 1999 ).
he thin dust and thin stellar disc vertical scale heights were set to

he same value, 90 pc, the typical height of the molecular layer of an
W -type galaxy . 
To model a galaxy, SB profiles created from the model images

enerated by the RT codes are fit to azimuthally averaged SB profiles
easured from observed images, at every modelled w aveband. Tw o
T codes were used in this analysis; the principle code is described

n PT11 , with certain ancillary calculations and checks provided
y code DART - RAY (Natale et al. 2014 , 2015 , 2017 ). Our codes
mploy a ray-tracing algorithm accounting for both the absorption
nd anisotropic scattering of stellar light by dust grains of various
izes and chemical composition. The modelled grains are of silicate,
raphite, and polycyclic aromatic hydrocarbon (PAH) composition,
ith a grain-size distribution and optical constants adopted from
eingartner & Draine ( 2001 ), Draine & Lee ( 1984 ), and Draine &

i ( 2007 ). We refer the reader to the aforementioned references for
 detailed description of the dust models. 

The parametrized functional forms describing the stellar volume
missivities and dust disc density distributions of morphological
NRAS 537, 56–83 (2025) 

p  
omponent discs are given by 

( R, z) = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

= 0 if R < R tin 

= A 0 

[
R 

R in 
( 1 − χ) + χ

]

× exp 
(
− R in , 

h 0 

)
exp 

(
− z 

z 0 

)
if R tin ≤ R < R in 

= A 0 exp 

(
− R 

h 0 

)
exp 

(
− z 

z 0 

)
if R in ≤ R ≤ R t 

= 0 if R > R t 

(1) 

ith 

= 

w(0 , z) 

w( R in , z) 
. (2) 

Here, w( R, z) represents the fitted stellar volume emissivity (e.g.
nits W Hz −1 pc −3 ) density for stellar discs, or the dust density
or dust discs (e.g. units M � pc −3 ). These distribution functions are
unctions of both radial coordinate R from the galaxy centre, and
eight z abo v e the galaxy plane. In simplest terms, the functional
haracter of these distributions is to model a physical scenario
here disc stellar volume emissivity and dust density do not al w ays

ncrease exponentially up to the centre, but have ‘holes’ or flattened
missivities in their centres. These distributions thus represent a
odified version of the classical exponential disc. The quantity A 0 ,

n ‘amplitude’ factor, is the stellar volume emissivity at the galaxy
entre for stellar volume emissivity distributions or the central dust
ensity for dust disc density distributions. The radial distributions
ommence (i.e. become non-zero) at an inner truncation radius
pecified by the parameter R tin , increase linearly to a peak at an inner
adius, R in , then decline exponentially to truncate (become zero) at
n outer truncation radius, R t . The quantity χ parametrizes the slope
f the portion of the distribution functions inside the inner radius.
he parameter h 0 , the radial scale length, go v erns the rate of decline
f the exponential disc portion of a distribution. The parameter z 0 ,
he vertical scale height, governs the rate of decline (exponential) of
he distribution function measured from the model galaxy mid-plane.
or stellar volume emissivity distributions, it is important to note that,
enerally, the parameters A 0 and h 0 are wavelength dependent mean-
ng the stellar emissivities themselves are wavelength dependent. 

The stellar volume emissivity distributions of stellar bulges in our
odel are described by S ́ersic profiles given by 

( R, z) = w(0 , 0) 

√ 

b s 

2 π

( a/b) 

R eff 
η(1 / 2 n s ) −1 exp ( −b s η

1 /n s ) (3) 

ith 

( R , z) = 

√ 

R 

2 + z 2 ( a/b) 2 

R eff 
. (4) 

Here ( a/b) is the axial ratio, n s the S ́ersic index, R eff the ef fecti ve
ulge radius, and b s a constant. 

Examples of radial profiles of g -band stellar emissivity functions
or discs and bulges are given in Fig. A1 . The profiles are for z = 0.
hese examples correspond to the best-fitting model of NGC 3938,
s described later in the paper. 

.2 Model parameters 

ur model parameters are either geometric in nature, i.e. parameters
ontrolling the variation of the analytic functions describing the
ntrinsic stellar luminosity density and dust density distributions,
r parameters describing the amplitudes of such functions. The
unction amplitudes themselves, for a given geometry, are linearly
roportional to the integrated total intrinsic (un-reddened) stellar
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Table 2. Best-fitting values of geometrical parameters for the NGC 3938 and M101 RT models. All scale length and distance parameters have units of kpc. 

NGC 3938 

Disc scale length h disc 
s ( ugr izJ H K I 1 I 2 I 3 ) (3.0, 3.0, 2.9, 2.9, 2.6, 2.5,.5, 2.5, 2.8, 2.8, 2.8) ±10 per cent 

Thin disc scale length h tdisc 
s 3 . 2 ± 0 . 2 

Dust disc scale length h disc 
d 9 . 0 ±0 . 7 

0 . 3 

Disc slope χdisc 
s 1 . 0 ± 0 . 1 

Thin disc slope χ tdisc 
s 1 . 1 ± 0 . 1 

Dust disc slope χdisc 
d 1 . 0 ± 0 . 1 

Bulge ef fecti ve radius R eff 0 . 53 ± 0 . 05 

M101 
Inner disc scale length h i −disc 

s ( u, g, r, i, J , K, I 1 , I 2 , I 3 ) (0 . 4 , 0 . 4 , 0 . 4 , 0 . 4 , 0 . 4 , 0 . 4 , 0 . 1 , 0 . 1 , 0 . 1) ± 10 per cent 

Main disc scale length h m −disc 
s ( u, g, r, i, J , K, I 1 , I 2 , I 3 ) (3 . 7 , 3 . 7 , 3 . 7 , 3 . 7 , 3 . 3 , 3 . 3 , 4 . 0 , 4 . 0 , 4 . 2) ± 10 per cent 

Nuclear thin disc scale length h n −tdisc 
s 0.06 

Inner thin disc scale length h i −tdisc 
s 0 . 40 ± 0 . 04 

Main thin disc scale length h m −tdisc 
s 5 . 20 ± 0 . 52 

Inner dust disc scale length h i −disc 
d 0 . 90 ± 0 . 18 

Main dust disc scale length h m −disc 
d 8 . 00 ± 1 . 60 

Inner and main disc slope χ
(i −disc , m −disc) 
s (0 . 0 , 0 . 1 ± 0 . 01) 

Inner and main thin disc slope χ
(i −tdisc , m −tdisc) 
s (1 . 6 ± 0 . 16 , 0 . 1 ± 0 . 01) 

Inner and main dust disc slope χ
(i −disc , m −disc) 
d (0 . 0 , 0 . 4 ± 0 . 04) 

Bulge ef fecti ve radius R eff 0 . 46 ± 0 . 05 
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uminosity density of a disc in the case of a stellar luminosity
ensity distribution, or the peak dust optical depths in the case of
ust density distribution. The dust optical depth parametrization 
e use is the B -band face-on galaxy optical depth measured at a
ust disc inner radius, τ f 

B . In turn, we note this optical depth, for a
iven dust disc geometry, is proportional to the total dust mass of its
orresponding dust disc (see TP20 , Appendix B). Thus, in essence, 
e fit model SB profiles to the amplitude and shape of the data derived
B profiles by varying the integrated stellar luminosity density, the 
ust mass, and the geometric structure of each disc. From these 
tted intrinsic quantities which fundamentally describe the state of 
 galaxy (sometimes coupled with additional assumptions), we can 
etermine (in sections below) numerous fundamental measures used 
o understand the nature of our modelled galaxies. 

We note the fact that our fitting process, constraining the intrinsic
uminosity spectral density distribution of a galaxy disc or bulge, is a
ey advantage of our model o v er other models which rely on stellar
opulation synthesis models to describe their stellar populations. 
y contrast, with our model the actual intrinsic stellar luminosity 

unction is derived from the data. The latter fact, we point out, has
otentially broader application for the characterization of galaxy 
tellar populations which we defer to future studies. 

To reduce the number of free parameters and facilitate the fitting 
rocess, we set certain parameters to fixed values wherever possible. 
he fixed values are of two types: those determined from data and

hose constrained by the model on physically well-justified grounds. 
To illustrate the parameter reduction process we use the case of

GC 3938. The model for this galaxy consists of two morphological 
omponents: a central bulge and a main morphological component of 
iscs. The main morphological component has the standard vertical 
tratification with the four concentric discs: the stellar disc, the thin 
tellar disc, the dust disc, and the thin dust disc. The best-fitting
eometric parameters are given in Table 2 , while the fixed geometric
arameters are given in Table C1 . The parameter reduction process
onsists of several parameter constraints. Thus, following PT11 , the 
cale length of the thin stellar disc was kept wavelength independent. 
rom a physical point of view this assumption is justified from the
 d  
act that young stellar populations are physically associated with the 
olecular layer from where stars form. The thin stellar disc is formed

y stars that have not had time to migrate from the thin molecular
ayer, and there is a strong spatial correlation with it. So there is no
pread in age to allow for different slopes in the radial distributions
s a function of wav elength. F or the same reason, the thin dust disc,
hich is also physically associated with the molecular layer, is fixed

o have the same spatial extent as the thin stellar disc. This means all
he parameters of the thin dust disc, radial scale length h 

tdisk 
d , inner

adius R 

tdisk 
in , d , inner truncation radius R 

tdisk 
tin , d , and inner slope χ tdisk 

d were
xed to those of the thin stellar disc. The thin stellar disc inner radii
nd inner truncation, R 

tdisk 
in , s and R 

tdisk 
tin , s , were determined by visually

nspecting the SB profiles of the data. 
The vertical scale heights z of all discs were fixed by the model

s discussed in Section 4.1 abo v e. GALFIT (Peng et al. 2002 ) fits to
ptical and 2MASS images determined that a S ́ersic index value of
 = 2 best represented the bulge stellar emissivity profile, value that
lso provided good fits for our model and was therefore adopted and
xed without further iterations. 
More geometric parameters were required to model M101 than 

GC 3938 due to its more complex structure. As will be discussed
n Section 5.1 below, three morphological components of discs and 
 bulge were found necessary to model this galaxy. The best-fitting
eometric parameters are given in Table 2 , while the fixed geometric
arameters are given in Table C2 . 
The model fits to NGC 3938 and M101 were obtained using the

ptimization procedure introduced in TP20 for modelling M33, and 
lso utilized to model NGC 628 (Rushton et al. 2022 ) and M51
Inman et al. 2023 ). 

.3 Fit quality evaluation 

he quality of the SB fits were e v aluated using the following metrics:

(i) The quantities D λl n [per cent], which for given wavelength band 
f ef fecti v e wav elength λl , are the absolute values of the per cent
eviations of each model predicted SB value from the observed SB
MNRAS 537, 56–83 (2025) 
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alue at the n th annuli from the centre of a galaxy 

 λl n [ per cent ] = 

I O 

νl n 
− I M 

νl n 

I O 

νl n 

× 100 . (5) 

ere I O 

νl n 
and I M 

νl n 
are the azimuthally averaged observed and model

B values at the n th discrete elliptical annulus, respectively, for the
odel lth ef fecti v e wav eband of wav elength λl . 
(ii) The quantity D λl 

[per cent], defined as the average value of
 D λl n [ per cent ] | o v er all annuli of an SB profile at an ef fecti ve
aveband of wavelength λl 

 λl 
[ per cent ] = 

1 

N 

N ∑ 

n = 1 

∣∣D λl n [ per cent ] 
∣∣. (6) 

 λl 
[ per cent ] measures the o v erall quality of the model predicted SB

rofile fit to the observed an SB profile at a particular waveband. 
(iii) Reduced chi 2 rλl 

for a given waveband of ef fecti ve wavelength
l given by 

hi 2 λl 
= 

1 

N 

N ∑ 

n = 1 

( I O 

νl n 
− I M 

νl n 
) 2 

ε2 
n 

. (7) 

n equation ( 7 ), I O 

νl n 
and I M 

νl n 
are defined abo v e, εn is the estimated

B error in the n th elliptical annulus (see Section 3 ), and the sums
re taken o v er all annuli with discernible galaxy emission to the
ackground level at annulus N . Chi-squared measures the quality
f the model predicted SB profile fit to the observed SB profile at a
articular waveband of equi v alent wavelength λl . Unlike the absolute
eviation metrics discussed abo v e, chi-squared accounts for noise
n data, providing greater weight to data with less noise. Equation
 7 ) is approximate in that it assumes the number of data points in
he defining sums are much greater than the number of model free
arameters, a valid assumption in our case (see Inman et al. 2023 ,
or further discussion of this point). 

 RESU LTS  

.1 Azimuthally averaged surface-brightness profiles 

.1.1 NGC 3938 

he SB profiles for NGC 3938 are displayed together with best-fitting
odel generated profiles in Figs 1 –3 . We find the SB profiles are

redominantly described by a single exponential function. Ho we ver,
n the optical/NIR, there are at least two breaks in the extended
xponential profile. The first is a transition at ≈ 1 . 5 kpc from the
alaxy centre, which is due to the bulge and is seen on profiles from
he 0.35 μm SDSS u band to the 5.7 μm IRAC band. The second
reak is somewhat less pronounced on our profiles, but occurs at

13 kpc. The latter break appears on our u , g , r , and i SDSS SB
rofiles, although this feature is absent in nature on profiles at longer
avelengths. The 13 kpc feature is well reproduced by our models,

nd is predicted to be due to the shorter truncation radius of the thin
tellar disc with respect to the stellar disc, as discussed in Section 6.

Based on the o v erall characteristics of the SB profiles, we decided
o model NGC 3938 with two morphological components, a bulge
nd a morphological component of discs. The required discs to fit
he data were (as described in Section 4.1 abo v e) a stellar disc, a thin
tellar disc, a dust disc, and a thin dust disc. 

The geometric parameters for the best-fitting model to the NGC
938 SB profiles are given in Table 2 . Table C5 lists values for the
NRAS 537, 56–83 (2025) 
t quality metrics equations (6) and ( 7 ) at selected fitted wavebands.
ur goal was to reduce the differences between best-fitting model

nd observed SB values at all wavelengths (equation 5) to less than
0 per cent. As can be seen from Figs 1 –3 , this goal was largely
et. The average value over all model wavelengths is 11.7 per cent

onsistent with our goal. 
It is instructive to understand in detail how emission from the

ifferent model discs contribute to the observed total SB profiles
hroughout the spectrum of wavelengths modelled. The GALEX NUV
.22 μm SB profile panel shows the emission at this band is explained
ntirely by light from young population thin stellar disc stars (Fig. 1 ).
he stellar disc, composed of a more evolved stellar population,
egins to make a small emission contribution starting with the SDSS
.36 μm u band, although thin disc stellar emission remains dominant
Fig. 1 ). At the 0.48 μm SDSS g band, the converse occurs, where
mission from the stellar disc o v ertakes that of the thin stellar disc
Fig. 1 ). By the 0.77 μm SDSS i band, stellar disc emission totally
ominates the NGC 3938 SB outside the bulge. At the 4.5 μm IRAC
and, emission from the dust discs begin to make a perceptible
ontribution to the SB profiles, becoming increasingly important at
.7 μm (Fig. 2 ). The NGC 3938 stellar bulge contribution to the
otal SB becomes apparent on the SDSS 0.36 μm u -band profile ( R eff 

 0.53 kpc) evidencing statistically significant emission to the IRAC
.5 and 5.7 μm bands (Fig. 2 ). 
At wavebands longwards of 5.7 μm , the SB emission is, for all

ractical purposes, completely from dust components (Fig. 3 ). From
4 to 100 μm , the observed SB profiles tend to be less smooth
n small scales ( ≈ 1 kpc) than longer wavelength FIR SB profiles
Fig. 3 ). These features are due to emission from localized H II regions
ith hot dust heated by young stars. 
The geometric best-fitting parameters of Table 2 and the fixed

arameters from Table C1 give further insight into the disc structure
f NGC 3938. The model stellar volume emissivities and dust disc
ensities of NGC 3938 all truncate at the centre of the galaxy
parameters R 

disc 
tin , s , R 

disc 
tin , d , R 

tdisc 
tin , s , and R 

tdisc 
tin , d ) and peak at a distance

f 2 kpc from the centre (parameters R 

disc 
in , s , R 

disc 
in , d , R 

tdisc 
in , s , and R 

tdisc 
in , d )

see Table C1 . The radial scale lengths for the stellar disc volume
missivity functions decline gradually with wavelength from the
argest value, 3 . 0 ± 0 . 3 kpc, at SDSS u band to 2 . 5 ± 0 . 2 kpc
t the K band and then increases again to 2 . 8 ± 0 . 2 kpc in the
RAC bands (first row, Table 2 ). The thin stellar disc scale length,
 

tdisk 
s = 3 . 2 ± 0 . 2 kpc, is equal, within uncertainties, to the stellar
isc u -band scale length. The trends in stellar disc scale lengths are
onsistent with the NGC 3938 SB profiles. For instance, on the SB
rofile panels of Figs 1 and 2 stellar disc SB emission is seen to
ecline perceptibly faster than that of thin stellar disc emission. The
ust disc density distribution scale length, h 

tdisc 
d = 9 . 0 kpc (Table 2 ),

s considerably larger than any stellar volume emissivity scale length.
he truncation radii of the thin stellar and dust model discs are

he same (14 kpc). The old stellar disc has a larger truncation
adius of 17 kpc. We caution that truncation radii are particularly
ensitivity dependent quantities, however, because in our model
he truncation does not vary with wavelength, the truncations are
sually derived at the wavelengths where they can be most reliably
onstrained. F or e xample, the 17 kpc truncation for the stellar disc
s mainly fixed from the Spitzer 3.6 and 4.5 μm. In the 2MASS
ands, the observed profiles seem to go into the noise at a shorter
adius of around 11 kpc (see Fig. 2 ). None the less, with the
xed constraints of the model, the predicted profiles in the J and
 bands extend to 17 kpc – the model truncation of the stellar
isc. 
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Figure 1. NGC 3938 azimuthally averaged SB profiles in the UV, optical, and NIR. The observed SB profile is plotted with an error band indicated by shaded 
banding. Overplotted is the best-fitting model profile. The different model components contributing to the model total profile are also plotted with dashed lines. 
The per cent differences between the best-fitting model SB values and the observed SB values, D λl n [per cent] (see Section 4.3 ), are plotted in the subplot below 

each profile, with the dashed horizontal lines indicating + 20 per cent, and −20 per cent deviation. All plotted SB values are corrected for MW foreground 
extinction as described in the text. 
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.1.2 M101 

he SB profiles for M101 are displayed together with best-fitting 
odel generated profiles in Figs 4 –6 . Table 2 holds the geometric
 o
arameters for the best-fitting model, while Table C2 lists the fixed
arameters. In contrast to NGC 3938, we found that the model fit
o the M101 SB profiles was best obtained by employing more than
ne morphological component, as follows: a central bulge, a nuclear 
MNRAS 537, 56–83 (2025) 
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Figure 2. NGC 3938 azimuthally averaged SB profiles in the NIR and MIR. The plotted quantities and other figure details are the same as described in the 
caption to Fig. 1 , except that the dust SB is also plotted with a dotted curve. 
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omponent composed of only a thin stellar nuclear disc of young
tars, an inner component, and a main component. The inner and
ain components have each the vertical stratification consisting

f a stellar disc, a thin stellar disc, a dust disc, and a thin dust
isc. 
Table C5 lists the average of the absolute v alue dif ference between
odel and fit values for SB profiles (equation 6) at selected
NRAS 537, 56–83 (2025) 
tted wavelengths. The average value over all model wavebands
s 9.7 per cent, below our fit goal of 20 per cent. As with NGC 3938,
he spik e-lik e deviations in the SB profiles seen on UV and 24–
0 μm profiles are non-axisymmetric emission features caused by
tellar UV emission and hot dust emission typically associated with
e gions of massiv e star formation. Prominent among these features
s a particularly strong spike on the GALEX and 24–160 μm profiles
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Figure 3. NGC 3938 azimuthally averaged SB profiles in the FIR and submm. The plotted quantities and other figure details are the same as described in the 
caption to Fig. 2 . 

a  

H  

D  

S
N
d
l

a  

0  

f  

p  

t  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/1/56/7932039 by guest on 24 January 2025
t R ∼ 22 kpc. This feature is caused by emission from the giant
 II region NGC 5471, which is several times more luminous than 30
or and possibly containing a hypernova remnant (Sun et al. 2012 ).
uch non-axial features are clearly less evident on the optical and 
IR SB profiles where emission is dominated by the more smoothly 
istributed (spatially) older stellar populations, and also at the very 
ongest wavelengths, where emission is primarily from cool dust. 
The emission contribution from the thin stellar disc dominates, 
s expected, at the GALEX FUV and NUV bands (Fig. 4 ). At the
.36 μm SDSS u band, the SB is still dominated by emission
rom its thin stellar disc, with the stellar disc making a small but
erceptible contribution (Fig. 4 ). From the 0.48 μm SDSS g band
o the 0.77 μm SDSS i band significant contributions to the SB are
rom both the stellar disc and thin stellar disc, but with the thin
MNRAS 537, 56–83 (2025) 
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Figure 4. M101 azimuthally averaged SB profiles in the UV and optical. The observed SB profile is plotted with observational errors indicated by shaded 
banding. Overplotted is the best-fitting model profile. The different model components contributing to the model total profile are also plotted with dashed lines. 
We note that we only show the sum of the nuclear and inner thin discs, to a v oid o v ercro wding the figure. The per cent dif ferences between the best-fitting model 
SB values from the observed SB values, D λl n [per cent] (see Section 4.3 ), are plotted in the subplot below each profile with the dashed horizontal lines indicating 
+ 20 per cent, 0 per cent, and −20 per cent deviation. All plotted SB values are extinction corrected for MW foreground extinction as described in the text. 
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tellar disc emission contribution dominating in the outer regions
f the galaxy. From the 1.26 μm 2MASS J band to the 2.2 μm
MASS K band, the component SB is dominated by emission from
he stellar disc. From the 3.6 μm IRAC band to the 5.7 μm IRAC
NRAS 537, 56–83 (2025) 
and, both dust and disc stellar emission make up the total SB
mission. 

A particularly notable feature of the dust emission, evident starting
t the 3.6 μm IRAC band and at all longer wavelength SB profiles
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Figure 5. M101 azimuthally averaged SB profiles in the NIR and MIR. The plotted quantities and other figure details are as described in the caption to Fig. 4 , 
except that the dust emission is also plotted as a dotted line, making a non-negligible contribution to the total emission starting at 5.7 μm . 
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although somewhat less conspicuous at 500 μm ), is a strong central 
eak of dust emission (Figs 5 and 6 ). Our model indicates this peak
s mainly due to dust emission from the inner disc. 

The best-fitting geometric parameters of Table 2 and fixed parame- 
ers of Table C2 reveal the structure of the model dust and stellar discs
f M101. The inner and main stellar discs, as well as the nuclear and
nner thin stellar discs have their inner radii at M101’s centre (thus
dentical with M101’s inner truncation radii). The main thin stellar 
isc and the dust disc have an inner truncation radius of 2.5 kpc. The
uclear thin stellar disc extends to an outer truncation of 1.0 kpc,
hile the inner and thin discs extend to 5 kpc. The outer truncation

adii of the main stellar and dust discs were fixed to 30 kpc, although
n the GALEX and SDSS data, there is evidence for faint and non-
xisymmetric emission beyond 30 kpc. The existence of this outer 
MNRAS 537, 56–83 (2025) 
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Figure 6. M101 azimuthally averaged SB profiles in the FIR and submm. At these wavelengths, the M101 emission is completely dust dominated. The figure 
details are as described in the caption to Fig. 5 . 
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isc emission is consistent with the results from the imaging studies
f Mihos et al. ( 2013 ) and Merritt et al. ( 2016 ). The Merritt et al.
tudy was based on very deep CCD g - and r -band imaging intended
o reveal the outer halo structure of spiral galaxies and extends to
 ≈ 48 kpc (corrected to our assumed distance). Ho we ver, our lo wer

esolution dust emission data are not sensitive to emission beyond
0 kpc. Since our model needs co v erage o v er the whole spectral
NRAS 537, 56–83 (2025) 
ange, in particular in the FIR and submm, we are unable to constrain
ny such emission. Because of this we truncated the model to 30 kpc
or both the stellar and dust disc components. 

The best-fitting scale lengths of the stellar volume emissivity
nd dust density functions for the M101 model discs (Table 2 )
eveal useful information regarding the relative distribution of stellar
opulations and dust. The nuclear disc of young stars in M101
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Figure 7. Examples of radial profiles of g -band volume stellar emissivity at 
z = 0 for the best-fitting model for NGC 3938 (left) and M101 (right). Both 
panels display the total volume stellar emissivity (solid line), as given by the 
sum of the different model stellar components plotted with dashed lines. 
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Figure 8. Dust density profiles for NGC 3938 (left) and M101 (right). 
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as a stellar volume emissivity scale length of only 60 pc and a
runcation radius of 1 kpc, that is thus quite compact with respect to
he o v erall size of M101. Interestingly the stellar volume emissivity
cale lengths of all inner stellar discs at all wavelengths are the same,
.4 kpc (first row, Table 2 ). The inner dust disc density scale length,
.9 kpc indicates a slower decline of dust disc density than thin
tellar disc volume luminosity density with radius. The extended 
ain stellar disc volume luminosity density, truncating at 30 kpc, 

s characterized by scale lengths decreasing with wavelength from 

.7 to 3.1 kpc (second row, Table 2 ). The main thin stellar disc
cale length is 5.2 kpc, indicating a slower decline of the volume
uminosity density of the young stellar population with radius, as 
eflected on the SB profiles. 

.2 Volume stellar emissivity and volume dust density radial 
unctions 

he best-fitting model parameters to the SB profiles discussed abo v e
etermine the M101 and NGC 3938 volume stellar emissivity (W 

z −1 pc −3 ) and volume dust grain density (M � pc −3 ) for each
ampled wavelength, at each ( R, z) point for each dust and stellar
isc of the model. These fitted analytic functions, defined by model 
eometric fit parameters in Table 2 and fitted amplitude parameters, 
orm the basis on which we calculate model intrinsic properties (e.g. 
isc luminosity densities, dust disc masses, dust disc optical depths, 
EDs, etc.). 

.2.1 Volume stellar emissivity functions 

s an example, the volume stellar emissivities for NGC 3938 at the
.48 μm SDSS g band in the galactic mid-plane ( z = 0 kpc) for
ll stellar discs and the bulge are displayed in the left-hand panel
f Fig. 7 . We can see that the main stellar disc volume emissivity
s comparable to that of the main thin stellar disc and that both
iscs have similar scale lengths leading to similar declines rates, 
lthough the main thin stellar disc volume emissivity decline is 
lightly less. This behaviour is in accordance with the relative values 
f the respective scale lengths given of Table 2 (rows 1 and 2). In
he inner parts of NGC 3938, the stellar emissivity from the bulge
egins to make notable contribution shortwards of R ≈ 1.5 kpc. 
ur model predicts that the thin stellar disc and stellar disc truncate

t R = 14 and 17 kpc, respectively, suggesting that NGC 3938 may
ave a surrounding � R ≈ 3 kpc annulus consisting mainly of evolved
tars. 

The right-hand panel of Fig. 7 plots the mid-plane volume stellar
missivity functions for all stellar discs and the bulge for M101 at
he 0.48 μm SDSS g band to the outer truncation radius of 30 kpc. At
 � 2.5 kpc, the decline in the stellar g -band total emissivity (black
urve) is exponential in character to the truncation radius. We also see
hat our model predicts (at g band in the mid-plane) the thin stellar
isc to contribute significantly more to the total stellar emissivity 
f the main morphological component than does the stellar disc, 
ompletely dominating in the outer regions. Notable as well is the
onger scale length of the main thin stellar disc compared to that of the

ain stellar disc, numerically manifested by the difference in radial 
cale lengths (rows 2 and 5, Table 2 ). Overall there is a contrasting
ifference in the behaviour of the stellar emissivity profiles between 
101 and NGC 3938. 
Although the abo v e discussion of the stellar emissivity functions

s g -band specific and confined to the galactic planes, it nevertheless
ields useful insight into the model stellar structures of NGC 3938
nd M101 and provides a working and tangible example of how
he model parameters of Table 2 determine the intrinsic physical 
tructure of these galaxies. 

.2.2 Volume dust density functions 

he left-hand panel of Fig. 8 displays the radial profile of total dust
ensity in the galactic plane ( z = 0 kpc) of NGC 3938. The dust
ensity of NGC 3938 rises from the centre to the dust disc inner
adius at 2 kpc ( R 

tdisc 
in , d , Table C1 ). From this point, the dust density

eclines steadily to just short of the outer dust disc truncation radius
t 14 kpc ( R 

disc 
t, d ). 

The right-hand panel of Fig. 8 displays the radial profile of total
ust density in the galactic plane ( z = 0 kpc) of M101. The profile
hows a more complex structure than that of NGC 3938, reflecting
he different contributions of the inner and main morphological 
omponent dust discs. The dust density declines rapidly in the inner
orphological component to a local minima at R ≈ 1 . 5 kpc, then

ises to the inner radius of the main dust disc at R = 2 . 5 kpc. After this
adius, the dust density declines exponentially to the outer truncation 
adius of the main dust disc. 

.3 Spectral energy distributions 

he predicted observed spatially integrated SEDs of the best-fitting 
odels of NGC 3938 and M101 are displayed in Fig. 9 . The SEDs

re plotted with constituent disc contributions shown, along with 
bserved flux density values. The per cent residual deviations ( D [per
ent]) of the observed flux density values from model predictions are
hown on the lower panel of each SED plot with dotted horizontal
ines marking ±20 per cent levels to aid error interpretation. As 
an be seen, the predicted SEDs for both galaxies are in excellent
greement with observational SEDs. The average of the absolute 
alues of residuals in the lower panels are 11.72 per cent for NGC
938, and 9.75 per cent for M101. 
MNRAS 537, 56–83 (2025) 
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Figure 9. Spatially integrated model SED of NGC 3938 (left) and M101 
(right) compared with observed data (black squares). Plotted on the horizontal 
axis is wavelength in μm and on the vertical axis flux density F ν in Janskys. 
The total model predicted flux density (sum of all constituent contributions) 
is plotted with solid red curves. The predicted flux density contribution from 

the different components is plotted as follows: dark purple for the bulge stars, 
light green for all stellar disc stars, blue for all thin stellar disc stars, and 
grey for all dust discs. The black square symbols on the lower panels of 
each SED plot the per cent deviations of observed flux density values from 

best-fitting model predictions (i.e. from the solid black curves). To facilitate 
easy reference, the dotted horizontal lines on the lower panels of each plot 
mark per cent deviation values of ±20 per cent . 

Table 3. Intrinsic stellar luminosity and dust emission luminosity contribu- 
tions in [W] for NGC 3938 and M101. L 

total 
s is the total stellar luminosity, 

L 

tdisc 
s is the luminosity for all thin disc stars, L 

disc 
s is the luminosity of all 

stellar disc stars, L 

bulge 
s is the luminosity of all the bulge stars, and L 

tot 
d is the 

total luminosity of the dust emission. 

NGC 3938 M101 

L 

total 
s 1 . 63 × 10 37 1 . 95 × 10 37 

L 

tdisc 
s 6 . 03 × 10 36 9 . 75 × 10 36 

L 

disc 
s 8 . 75 × 10 36 9 . 12 × 10 36 

L 

bulge 
s 1 . 49 × 10 36 2 . 28 × 10 35 

L 

total 
d 5 . 51 × 10 36 6 . 33 × 10 36 
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Figure 10. Intrinsic model SEDs for the stellar components. The predicted 
stellar power density as a function of wavelength is plotted for each stellar 
component of NGC 3938 and M101. The plotted values for NGC 3938 are 
taken directly from the rele v ant columns of Table C3 . For M101, the plotted 
values are those tabulated for the bulge, the sum of all thin stellar disc 
luminosity densities at a particular λ, and the sum of stellar disc luminosity 
densities at a particular λ, with all values taken from Table C4 . 
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The intrinsic luminosities of the stellar and dust model components
or both galaxies are given in Table 3 (stellar) and the intrinsic
uminosity densities for each stellar component at each sampled
avelength are given in Tables C3 and C4 for NGC 3938 and M101,

espectively. 
We can compare our model luminosity values in Table 3 with

hose of other works. A particularly useful reference for this is the
ustPedia Web archive of local galaxy properties which lists, among
ther quantities, both bolometric luminosities and dust luminosities
or 875 local galaxies, including M101 and NGC 3938 (Davies et al.
017 ). Dust luminosities were determined by fitting modified black
odies (MBB) models with a THEMIS dust model (Jones et al. 2013 ,
017 ; K ̈ohler et al. 2014 ), while bolometric and stellar luminosities
ere determined (Nersesian et al. 2019 ) by fitting CIGALE energy
alances codes (Boquien et al. 2019 ; Clark et al. 2018 ; Noll et al.
009 ) using both the THEMIS and Draine et al ( 2007 , DL14 ) dust
odels to observed galaxy SEDs spanning NUV to submillimetre
av elengths. F or comparison with our results, we have scaled all

he DustPedia luminosities discussed in this paper to our assumed
istance to M101 and NGC 3938 and expressed their units in Watts.
For M101, the DustPedia bolometric luminosities are 2 . 06 ±

 . 10 × 10 37 and 2 . 11 ± 0 . 11 × 10 37 W, for the CIGALE / THEMIS and
IGALE / TP20 model fits, respectively. These values compare well
ith our determination of 1 . 95 ± 0 . 10 × 10 37 W for the M101

ntrinsic total stellar luminosity ( L 

total 
s , Table 3 ). 
NRAS 537, 56–83 (2025) 
For NGC 3938, the DustPedia bolometric luminosities are 2 . 00 ±
 . 10 × 10 37 and 1 . 97 ± 0 . 10 × 10 37 W, for the CIGALE/THEMIS and
IGALE / TP20 model fits. For NGC 3938, our model gives intrinsic
tellar luminosity of 1 . 63 ± 0 . 10 × 10 37 W, slightly lower than the
ustPedia values ( L 

total 
s , Table 3 ). 

For M101, DustPedia dust luminosities are 5 . 28 × 10 36 , 7 . 11 ±
 . 36 × 10 36 , and 7 . 21 ± 0 . 36 × 10 36 W for the MBB/ THEMIS ,
IGALE/THEMIS , and CIGALE / TP20 model fit, respectively. Aniano
t al. ( 2020 ) found a dust luminosity of 7 . 77 ± 0 . 23 × 10 36 W for
101 in their analysis of Herschel and Spitzer KINGFISH Survey

Kennicutt et al. 2011 ) galaxy images using their MIPS 160 PSF
esults. These values bracket our dust luminosity of 6 . 33 × 10 36 W
or M101 (Table 3 ), with the differences reflecting variations in the
ust model used and in the goodness of the fit between different
odels. 
For NGC 3938, the DustPedia archive gives dust luminosities

f 4 . 52 × 10 36 , 6 . 16 ± 0 . 62 × 10 36 , and 5 . 77 ± 0 . 43 × 10 36 W for
he MBB, CIGALE/THEMIS , and CIGALE / TP20 models, respectively.
niano et al. ( 2020 ) measured a dust luminosity for NGC 3938 of
 . 32 ± 0 . 38 × 10 36 W. Our determination of the NGC 3938 dust lu-
inosity of 5 . 51 × 10 36 W (Table 3 ) is consistent with the DustPedia

IGALE / TP20 model. 
Fig. 10 plots the intrinsic stellar SEDs for NGC 3938 and M101

s they would appear in the absence of dust. These plots yield
nsight into the contribution to the total luminous power output as a
unction of UV–optical-–NIR wavelength from the differing stellar
omponents of these galaxies. The values plotted are taken from
ables C3 and C4 . For both NGC 3938 and M101, the stellar disc

uminosity density (green dashed curve) significantly exceeds that
f the bulge stars (purple dashed curve). The stellar disc and bulge
olour trends are quite similar. 

The stellar disc emission for NGC 3938 significantly exceeds that
f the thin stellar disc emission at all wavelengths until ≈ 0 . 35 μm .
y contrast, in M101 the luminosity density contribution from thin

tellar discs is ele v ated in the optical compared to NGC 3938. 

.4 Star formation 

.4.1 Total star formation rates 

he total SFRs were determined from the integrated intrinsic UV
uminosities calculated using equation (17) of PT11 . We find values
f SFR = 3 . 2 ± 0 . 2 and 2 . 2 ± 0 . 1 M � yr −1 for M101 and NGC 3938,
espectively (Table 4 ). 
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Table 4. Key M101 and NGC 3938 physical parameters. The SFR, specific star formation rate ( sSFR ), total stellar mass ( M � ), dust mass ( M d ), and gas 
mass-to-dust mass ratio are listed for each galaxy ( G / D ). 

Galaxy SFR (M � yr −1 ) sSFR (yr −1 ) M � (M �) M d (M �) ( G / D ) 

M101 3 . 2 ± 0 . 2 5 . 8 + 2 . 5 −1 . 3 × 10 −11 5 . 5 ± 0 . 52 × 10 10 1 . 04 ± 0 . 05 ×10 8 135 ± 12 

NGC 3938 2 . 2 ± 0 . 1 5 . 0 + 0 . 57 
−0 . 31 × 10 −11 4 . 3 ± 0 . 37 × 10 10 5 . 15 ± 0 . 20 ×10 7 148 ± 12 
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Figure 11. From top to bottom, radial profiles of SFR surface density ( 
 SFR ), 
sSFR, and stellar surface mass density ( 
 M � ) as a function of distance from 

the centre for NGC 3938 (left panel set) and M101 (right panel set) for the 
best-fitting model. 
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Our SFR value for M101 of 3 . 2 ± 0 . 2 M � yr −1 is significantly
igher than the value of 2.33 M � yr −1 from Kennicutt et al. ( 2011 ),
erived by combining 24 μm and H α luminosities. The SED fits 
f Nersesian et al. ( 2019 ) for M101 gi ve SFR v alues (as listed in
he Dustpedia database; http://dustpedia.astro.noa.gr/; Davies et al. 
017 ) of 4 . 8 ± 0 . 2 and 4 . 9 ± 0 . 3 for their CIGALE/THEMIS and
IGALE /Draine et al. ( 2007 , 2014 ) energy balance/dust models,
especti vely. These v alues are much higher than our derived SFR.
arret et al. ( 2019 ) find an SFR value of 3 . 7 ± 0 . 9 M � yr −1 (rescaled
o our assumed distance) based on their preferred total WISE 12 
m SFR calibration of Cluver et al. ( 2017 ). Within uncertainties, 
ur SFR is consistent with the value from Jarret et al. ( 2019 ). It
s interesting to see that, even for a well-known nearby galaxy, the
pread in literature values for SFR is up to a factor of 2. Perhaps
his is not unexpected, since literature values are based on empirical 
alibrations or energy balance models, that usually work well on 
 statistical basis rather than giving precise values for individual 
bjects. Although RT models are also prone to uncertainties in the 
nderlying physics of the ISM, we believe that they provide a more
ccurate solution for the SFR. 

For NGC 3938, our SFR value determination is 2 . 2 ± 0 . 1 M � yr −1 .
s in the case of M101 abo v e, we may compare this with the
eterminations of Kennicutt et al. ( 2011 ), and the Nersesian et al.
 2019 ) values from both their CIGALE/THEMIS and CIGALE / TP20
ts giving SFR values of 1.77, 4 . 1 ± 0 . 5, and 3 . 7 ± 0 . 4 M � yr −1 ,
espectively. As before, our derived SFR is significantly lower than 
he values in Nersesian et al. ( 2019 ) and higher than the value derived
n Kennicutt et al. ( 2011 ). 

.4.2 SFR surface density profiles 

FR surface density ( 
 SFR ) profiles can be calculated from our model
nd provide a measure of the rate of star formation in a galaxy as a
unction of radial distance from the centre. 

The top-left panel of Fig. 11 shows the radial profile of 
 SFR of
GC 3938. The profile declines approximately exponentially from 

he galaxy centre to the thin disc truncation radius, 14 kpc (Table C1 ).
his behaviour is consistent with that of the 0.22 μm GALEX NUV 

and SB profile of Fig. 2 , a rough tracer of recent star formation. 
The right-hand panel of Fig. 11 displays the 
 SFR of M101. A sharp

pike in the SFR is seen at the galaxy centre due to the presence of
he thin nuclear disc. Beyond the inner radius of the main thin disc
2.5 kpc) 
 SFR declines exponentially to the truncation radius of the 
uter thin stellar disc (30 kpc). This decline is almost 3 orders of
agnitude. 

.4.3 Specific star formation rates 

SFR (SFR per unit mass) are of interest as they can be considered an
nverse measure of the time-scale necessary for stellar mass assembly 
nd thus can potentially shed light on time-scales for the formation 
f galaxy stellar structures. Dividing our SFR values by their 
orresponding estimated stellar mass values (see Section 5.5 below) 
iv es av erage sSFR values of 5 . 8 + 2 . 5 
−1 . 3 × 10 −11 and 5 . 0 + 0 . 57 

−0 . 31 × 10 −11 

r −1 for M101 and NGC 3938, respectively. These are tabulated in
able 4 . 
Radial profiles of sSFR for NGC 3938 and M101 were obtained

rom our model by dividing SFR surface mass density profiles by
tellar surface mass density profiles (described in Section 5.5 below). 
hese are displayed for both galaxies in the middle panels of Fig. 11 .
he NGC 3938 sSFR is more or less constant throughout its extent,
ith a slight increase towards larger radii. In the centre, there is a

harp drop-off. 
This sSFR profile behaviour is understandable in terms of the SFR

urface density and stellar mass surface density profiles of Fig. 11 .
or instance the sharp decrease in surface mass density outwards 
rom the NGC 3938 centre to 1 kpc without a corresponding sharp
ecrease in SFR surface density, explains the sharp increase in sSFR
rom the centre to 1 kpc. Past 1 kpc, both the SFR surface density and
tellar mass surface density decline exponentially to their respective 
uter truncation radii, although with slightly different slopes. This 
ictates an almost constant sSFR with radius past 1 kpc. 
The model predicted M101 sSFR (Fig. 11 ) shows a sharp drop at

he very centre of M101. Beyond R = 2 . 5 kpc, the inner radius of
he main thin stellar disc, the profile rises exponentially to the outer
runcation radius ( R = 30 kpc). Excluding the inner region of M101
ith its rapidly varying and more complex sSFR profile behaviour, 
ue to the combined effects of the nuclear thin disc and bulge, the
MNRAS 537, 56–83 (2025) 
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Table 5. Face-on B -band dust optical depths for NGC 3938 at the inner 
radius. 
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Table 6. Face-on B -band dust optical depths for M101 at the inner radii of 
the inner and main morphological disc components. 
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SFR rises almost a factor of 5 from the inner radius of the main disc
 R = 2 . 5 kpc) to the truncation radius of M101 ( R = 30 kpc). This
s in sharp contrast to the case of NGC 3938 where the increase from
he inner disc radius to the point of outer disc truncation is a mild ≈
0 per cent. 

.5 Stellar mass 

tellar masses are not direct outputs of our model. To derive them
e use our model flux densities and external calibrations existing

n the literature. Specifically, the total stellar masses of M101 and
GC 3938 were calculated using the M � / L calibration of Eskew

t al. ( 2012 ) and our model 3.6 and 4.5 μm flux densities. These
alculated stellar masses are 5 . 5 ± 1 . 4 × 10 10 and 4 . 3 ± 2 . 2 × 10 10 

 � for M101 and NGC 3938, respectively, and are listed in Table 4
long with other key derived physical parameters. The uncertainty
n our mass estimates is due to that of the Eskew et al. ( 2012 )
alibration, ≈ ±30 per cent . Stellar masses for M101 and NGC 3938
xist in the literature, and were derived as part of the Spitzer Survey of
tellar Structure in Galaxies (S 

4 G; Sheth et al. 2010 , Munoz-Mateos
t al. 2013 , Querejeta et al. 2015 ) and listed in their catalogue. 1 

heir values are 4 . 2 × 10 10 and 3 . 4 × 10 10 M � for M101 and NGC
938, respectively. Since these values were derived using the same
alibration as us, the small difference is explained by some difference
n the flux density used for the 4.5 μm. We use a model prediction
or the stellar emission, without any dust emission included, while
he S 

4 G catalogue uses the total observed flux density. At 3.6 μm,
he flux densities are practically identical to those from the S 

4 G
atalogue, as it should be, since the contribution from dust emission
s essentially zero at this wavelength. 

To study the spatial variation of stellar mass in M101 and NGC
938, radial profiles of the stellar mass surface density ( 
 M � 

) are
isplayed on the two lower panels of Fig. 11 . The NGC 3938 profile
eclines rapidly and non-exponentially from the centre due to bulge
tars to R ≈ 2 kpc, the inner radius of the stellar disc, after which it
eclines exponentially to the outer truncation radius at R = 17 kpc.
he M101 
 M � 

profile is similar to NGC 3938 profile, rapidly and
on-exponentially declining to R ≈ 1 kpc due to bulge stellar mass,
fter which it declines exponentially, terminating at outer truncation
adius R = 30 kpc. 

.6 Dust mass and optical depth 

he peak face-on B -band dust optical depths, τ f 

B of model discs,
ccur at disc inner radii R in . These optical depths are calculated for
ll the dust discs of M101 and NGC 3938 by our RT model and are
isted in Tables 5 and 6 for M101 and NGC 3938, respectively. The
eak total τ f 

B of NGC 3938 is 1.64. The peak total τ f 

B for M101 is
t the centre, 2.37, which is also the inner radius of the inner disc.
 lesser τ f 

B secondary maximum of total optical depth of 1.85 is
redicted for M101 at the o v erlapping inner radius of the main dust
isc (at 2.5 kpc). 
NRAS 537, 56–83 (2025) 
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f  
The mass of all dust in each galaxy can be calculated by summing
he dust mass for each disc found by substituting their individual
f 

B ’s into equations (B1)–(B6) of TP20 . Doing so, we obtain total
ust masses of M d of 1 . 04 ± 0 . 05 × 10 8 and 5 . 15 ± 0 . 20 × 10 7 M �
or M101 and NGC 3938, respectively (Table 4 ). 

Our model dust mass for M101, 1 . 04 ± 0 . 05 ×10 8 M � (Table 4 ),
an be compared to the value 6 . 9 ± 1 . 3 × 10 7 M � (M101) from
niano et al. ( 2020 , their table 9, MIPS160 PSF value) who employed

he dust model of Draine & Li ( 2007 ). The study of Nersesian et al.
 2019 ) found a dust mass of 1 . 0970 ± 0 . 1078 ×10 8 M � by fitting the
IGALE energy balance model. Both these determinations used the
ust grain models of Draine et al. ( 2007 ) and ( 2014 ). 
For NGC 3938, our model gives a dust mass of 5 . 15 ± 0 . 2 ×10 7 

 � to be compared with that of 5 . 2 ± 1 . 4 × 10 7 M � from Ani-
no et al. ( 2020 ) determined as abo v e for M101. The Nersesian
t al. ( 2019 ) study gave a dust mass for NGC 3938 of 7 . 6760 ±
 . 7566 ×10 7 M �. 
We may conclude that for both M101 and NGC 3938, our dust
ass determinations are consistent with the determinations of both
niano et al. ( 2020 ) and Nersesian et al. ( 2019 ). 

.7 Gas-to-dust mass ratios 

e can estimate the gas mass-to-dust mass ratio ( G / D ) for M101
sing the H and H 2 gas masses from Aniano et al. ( 2020 ) including
he contribution of heavy elements (assuming solar abundances) and
ur dust mass (Section 5.6 ), to obtain ( G / D ) = 135 ± 12 (Table 4 ).
epeating this calculation in exactly the same way for NGC 3938,
e arrive at ( G/D ) = 148 ± 12 (Table 4 ). These (G/D) values are
oth consistent with expectations for late-type spiral galaxies. For
xample, we may compare this to values of ( G/D ) of 100 for the
W (Bohlin et al. 1978 ) and 370 determined by Lianou et al.

 2019 ) for their modelled sample of 413 local late-type and irregular
alaxies. We note that the Lianou et al. ( 2019 ) ( G/D ) sample shows
onsiderable scatter encompassing our measured values as well as
hat of the MW (see for example their fig. 8). 

.8 Attenuation cur v es 

ur model facilitates the calculation of dust attenuation curves for
tellar emission. From our model, we calculated attenuation values
t all modelled bands. Calculated attenuation values were then fitted
o a parametrized attenuation function of Salim et al. ( 2018 , their
quations 8 and 9) to provide smooth attenuation curves. To gain
nsight into the dependency of dust attenuation on location within
ur modelled galaxies, we also calculated attenuation curves for
he inner and outer portions of each galaxy separately. Curves were
alculated for galaxy volumes interior to the inner radii of the main
ust disc and for galaxy volume exterior to this point. The resulting
ttenuation curves are displayed in Figs 12 and 13 . For both galaxies,
he attenuation curves in the outer regions are significantly steeper
han those in the inner regions. 

The attenuation curves for the entirety of NGC 3938 and M101
all between those of the inner and outer galaxy values, although in

https://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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Figure 12. NGC 3938 attenuation curve. The global attenuation curve is 
plotted together with the attenuation curves restricted to the inner (0–2 kpc) 
and outer (2–14 kpc) regions. 

Figure 13. M101 attenuation curve. The global attenuation curve is plotted 
together the attenuation curves restricted to the inner (0–2.5 kpc) and outer 
(2.5–30 kpc) regions. 

t  

i  

‘
a

a  

M  

R  

g
w
v
t
i  

3  

3  

o  

o  

c  

i  

(  

i

g  

r  

(

6

I  

o  

o  

w  

M  

w  

s

6

S  

a  

h  

t  

m
s  

l
i

 

t  

s  

a  

f

a
t
m
l  

a

6
B

O  

b
w  

m  

F
w  

o
t  

c
t

 

e  

o
K
s
(  

a  

b  

c  

o  

a
r  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/1/56/7932039 by guest on 24 January 2025
he case of NGC 3938, the attenuation curve for the entire galaxy
s closer to that of the inner region than for M101. The 2175 Å UV
bump’ is also clearly present on both galaxy’s attenuation curves 
nd stronger in the outer galaxy for both galaxies. 

The behaviour of the model attenuation curves of both galaxies 
re similar to those found for the spirals M33, NGC 628, and the
W found by applying the same RT model of this study ( TP20 ;
ushton et al. 2022 ; Natale et al. 2022 ). Model results for these
alaxies indicate attenuation curves increase more steeply at short 
avelengths than long wavelengths when calculated for outer galaxy 
olumes as opposed to the inner volumes. For M33, TP20 attributed 
his behaviour to the relative optical depth difference between the 
nner and outer regions. This trend is also evident for both NGC
938 and M101, and in fact more pronounced for M101 than NGC
938, likely explainable by the paucity of dust in the inner ≈ 2 kpc
f NGC 3938 compared to M101 (Fig. 8 ). The comparative lack
f central dust in NGC 3938 with respect to M101 (Fig. 8 ) is also
onsistent with the fact that the total attenuation curve of NGC 3938
s closer to that of its inner attenuation curve than the same for M101
Fig. 12 ). For both NGC 3938 and M101, the 2175 Å UV bump
ncreases in amplitude for attenuation curves made for stars in outer 
alaxy volumes as opposed to the inner galaxy volumes. A similar
esult is evident in the model attenuation curves of both the MW
Natale et al. 2022 ) and M33 ( TP20 ). 

 DI SCUSSI ON  

n this section, we will discuss and compare the model results
btained in Section 5 abo v e for NGC 3938 and M101 with each
ther. We will then put together the results for these two galaxies
ith our previous determinations for M33, NGC 628, M51 and the
W, all obtained using the same RT models and procedures. We
ill look at the intrinsic properties derived for this small statistical

ample of six galaxies. 

.1 Intrinsic structural properties of NGC 3938 and M101 

ome aspects of the external structure of NGC 3938 and M101
re quite similar. For instance, both are late-type Sc spirals, M101
aving distinctly traceable spiral arms and thus of the grand design
ype. NGC 3938 exhibits traceable spiral arms, but with a somewhat

ore complex structure and has been categorized as a multi-armed 
piral by Korchagin et al. ( 2005 ). Both galaxies also have bulges, but
ack central bars. Nonetheless, there are also fundamental differences 
n their structure, as implied by our model fits. 

In NGC 3938, we found that the stellar disc extends further than
he thin stellar disc and the dust disc. This leaves NGC 3938 with a
hell of older stars in the outer regions. M101, on the other hand, is
lmost twice as extended and has the same outer truncation radius
or all stellar and dust components of the main disc. 

Apart from their differences in extent, NGC 3938 and M101 
lso differ in complexity. NGC 3938 is described adequately by 
wo morphological components: a central bulge component and one 
orphological disc component. By contrast, M101, with a much 

arger spatial extent, contains a nuclear disc, a bulge, an inner disc,
nd a main disc. 

.2 SB photometry for NGC 3938 and M101: beyond standard 

/D decomposition 

ur analysis allows for the decomposition of more than the standard
ulge and disc morphological components. As mentioned before, 
e found the need to introduce a nuclear disc and inner disc for
odelling M101, in addition to the main disc and the inner bulge.
urthermore, our model also allows for a vertical stratification, 
ith stellar discs and thin stellar discs. Dust discs also have their
wn photometric parameters, that do not necessary coincide with 
he stellar parameters. Because of this our results are not directly
omparable with those from the literature. We therefore discuss in 
his section the closest association with existing literature values. 

Our modelling of NGC 3938’s structure as a bulge with related
xponential discs is consistent, from the point of view of number
f morphological components, with the early study of van der 
ruit & Shostak ( 1982 ). These authors performed photographic 

urface photometry of NGC 3938 at the photographic F band 
equi v alent wavelength ≈ 6400 Å), nearby in wavelength to our
nalysed SDSS r -band data at 6200 Å. These authors found an F -
and scale length of 3.1 kpc (corrected to our assumed distance),
onsistent with our model r -band intrinsic stellar disc scale length
f h 

disk 
s = 2 . 9 ± 0 . 3 kpc (row 1, Table 2 ). This is in reasonable

greement particularly considering that these two quantities, while 
elated, are not exactly the same. In our model h 

disk 
s is the scale length

f the stellar volume luminosity function for the stellar disc in the
MNRAS 537, 56–83 (2025) 
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 -band past the inner radius, describing an intrinsic quantity, rather
han the measured SB profile scale length of van der Kruit & Shostak
 1982 ). 

Despite the dominant exponential nature of the SB profile found
or NGC 3938, two breaks are clearly evident in the van der Kruit &
hostak ( 1982 ) F -band SB profile. The first break, is at R ≈ 1 . 5 kpc.
s noted abo v e in Section 5.1.1 , we see this break in our SB profiles

rom the u band to 5.7 μm , and it is the radial point where emission
rom the stellar disc begins to dominate that from the bulge. A second
reak in the F -band SB profile was noted by van der Kruit & Shostak
 1982 ) at R ≈ 13 kpc (assuming our distance). The latter break, is
lso present on our g , r , i , SDSS SB profiles (Fig. 1 ). van der Kruit &
hostak ( 1982 ) attributed this feature as being due to the decline
f emission from old stellar discs, also seen in studies of edge-on
alaxies by van der Kruit & Searle ( 1981b , a ), which they refer to
s ‘edges’. In our model, NGC 3938 SB at optical wavelengths is
ue to a combination of emission from both a stellar disc truncated
t 17 kpc and and a thin stellar disc truncated at 14 kpc, both having
ifferent scale lengths. This produces the observed break at 13 kpc
or all the bands where there is significant contributions from both
iscs. At longer optical/NIR wavelengths, where our model emission
s dominated by the stellar disc only, we predict no such break, as
eflected by the observations. 

We should also mention the work of Castro-Rodr ́ıguez & Garz ́on
 2003 ), who performed J - and K s -band imaging of NGC 3938 as
art of an observational program to characterize the structural and
hotometric parameters of spiral galaxies. These authors fitted expo-
ential profiles and a S ́ersic function to describe the bulge, finding
xponential scale lengths of 2 . 577 ± 0 . 0174 and 2 . 764 ± 0 . 0260 kpc
t J and K s , respectively, and half-light bulge radii of 0 . 547 ± 0 . 026
nd 0 . 593 ± 0 . 017 kpc at J and K , respectively, with our assumed
istance. In addition, Tully et al. ( 1996 ) imaged NGC 3938 as part
f their study of the Ursa Major cluster, and determined exponential
cale lengths 3.83, 3.44, 3.17, and 2.70 kpc from their images made
t B , R , I , and K , respectively, assuming our distance. The abo v e
 -, R -, I- , J -, and K -band scale lengths may be compared with our

ntrinsic model stellar disc scale lengths of 3 . 0 ± 0 . 3, 2 . 9 ± 0 . 3,
 . 9 ± 0 . 3, 2 . 6 ± 0 . 2, and 2 . 5 ± 0 . 2 kpc, at g , r , i , J , and K bands,
espectively (Table 2 ). At shorter wavelengths, there is quite a strong
isagreement. This could be due, in part, to the fact that previous
tudies did not take into account the effect of dust attenuation.
nother reason may be due to the fact that, as discussed abo v e,
e use a more complex model, with both a stellar disc and a thin

tellar disc, which only becomes rele v ant at shorter wavelengths. We
ote of course the impro v ed agreement at longer wavelengths. On the
ame note, the ef fecti ve NGC 3938 bulge radii Castro-Rodr ́ıguez &
arz ́on ( 2003 ) determined at J and K s abo v e are quite consistent
ith our intrinsic model value of 0 . 53 ± 0 . 05 kpc (Table 2 ). 
For M101 SB photometry also exists in the literature. As part of

heir surv e y of haloes around spiral galaxies, Merritt et al. ( 2016 )
maged M101 in the SDSS filter g and r bands performing SB
nalysis. These authors fitted a bulge plus single exponential disc
odel to their g -band SB profile, obtaining a scale length for the

isc of 3 . 9 ± 0 . 1 kpc (scaled to our assumed M101 distance). This
bserv ational v alue is dif ficult to compare with our determinations,
ince our model of M101 is by far more complex, containing more
orphological components. None the less, the literature value lies

etween our determination of the main stellar disc scale length at
 of 3 . 7 ± 0 . 3 kpc, and of the main thin stellar disc scale length of
 . 2 ± 0 . 5 kpc. Merritt et al. ( 2016 ) also determined an ef fecti ve
ulge radius of 1 . 5 ± 0 . 3 with a S ́ersic index n = 1 . 9 + 0 . 5 

−0 . 4 to be
ompared with our model value of 0 . 46 ± 0 . 05 kpc with a S ́ersic
NRAS 537, 56–83 (2025) 
ndex n = 2. The reason for this substantial discrepancy could be
elated to comparative instrumental resolution issues. Merritt et al.
inned their g -band images to 16.8 arcsec wide pixels before their
B analysis, which at our assumed distance amounts to 0.55 kpc
n the sky. This choice provides spatial sampling slightly below the
yquist limit generally considered necessary to resolve a 1.55 kpc

eature. By contrast, typical g -band SDSS images (as used in our
nalysis) have typical seeing FWHM seeing profiles of ≈ 1 . 4 arcsec,
r 0.046 kpc on the sk y, pro viding ample resolution to accurately
ample the M101 bulge. Ho we ver, despite the resolution issues, we
elieve that the main reason for this discrepancy is again related
o the fact that we used a more complex model, with a nuclear
isc and an inner disc in addition to the bulge. It is likely that the
ulge determination of Merritt et al. is affected by contribution from
hat we believe to be nuclear and inner disc. In other words, in

he absence of a nuclear disc in the model, the central peak can
nly be fitted with a higher S ́ersic index for the bulge, and then
he S ́ersic index and ef fecti ve radius are correlated parameters. We
ote that our model analysis benefits by the additional constraints of
he panchromatic analysis, including data from IRAC and GALEX ,
hich allows a more detailed decomposition of SB contributions

rom different morphological components. 
A more recent B/D decomposition for M101 has been performed

t 3.6 μm in the S 

4 G catalogue. Their derived scale length for
he stellar disc is the same as ours, of 4 kpc. Ho we ver, the bulge
arameters are more similar to those from Merrit et al. ( 2016 ). This
ho ws that, irrespecti ve of resolution, when using a self-consistent
ultiwavelength approach, with a more complex model for the inner

egions, the result is very different. An inspection of the profiles
rom the S 

4 G catalogue and ours from Fig. 5 shows very good fits
n both cases, demonstrating a clear de generac y, should only this
and be used. We argue here the added value of the multiwavelength
pproach in going beyond the simple bulge/disc decomposition at
ndividual wavelengths. 

.3 SFR and sSFR for NGC 3938 and M101 

ur analysis indicates that both M101 and NGC 3938 are ‘active
uilding’ galaxies, consistent with their sSFR values. In this scheme,
ctive building galaxies such as will eventually consume their gas
nd evolve to more quiescent galaxies with slightly lower SFRs, and
hen eventually to massive spheroidal galaxies having consumed all
heir available gas for star formation (or by having had star formation
alted otherwise). 
The reciprocal of specific star formation rate, (sSFR) −1 , can be

nterpreted as the time o v er which a galaxy’s stellar mass has been
uilt up assuming a constant rate of star formation. Thus a galaxy
ith a large sSFR can be thus interpreted as a galaxy that has

ecently created a significant fraction of its stellar mass by consuming
vailable ISM gas. The large sSFR value for M101, the increasing
ature of the M101’s sSFR towards its outer radius (Fig. 11 ), and the
ikely large reservoir of gas available to form stars suggest a picture
f M101 as a spiral still in the process of vigorously forming stars.
his view is supported by the fairly large fraction of gas mass for
101 compared to its total baryonic mass, M G 

/( M � + M G 

), which
e estimate as 0 . 75 + 0 . 18 

−0 . 14 using our stellar mass estimate and taking
he M101 gas mass as the sum of H and H 2 masses given by Aniano
t al. ( 2020 ). As a point of reference, in the MW gas comprises an
stimated 13 per cent of the baryon mass (Kalberla & Kerp 2009 ).
he significantly increasing outward sSFR of M101 (in light of its
robable interaction with companion galaxies seen in projection)
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Figure 14. Our model prediction of the fraction of total energy absorbed by 
dust from the young (solid line) and old (dashed line) stellar populations is 
plotted as a function of radial distance for NGC 3938 and M101. 
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upports a picture of star formation in the outer parts of M101 as a
asual result of recent or current interactions with companions. 

Contrary to M101, the NGC 3938 sSFR radial distribution exhibits 
nly a very modest increase outside the bulge region across the main
isc (Fig. 11 ). Additionally our model indicates a smaller SFR, a
maller sSFR, and a smaller gas mass fraction for NGC 3938 as
pposed to M101, 0 . 50 + 0 . 16 

−0 . 11 , calculated as abo v e for M101. NGC
938 has more mass than M101 in the form of molecular hydrogen,
3 per cent as opposed to 18 per cent for M101 (table 10, Aniano
t al. 2020 ). Unlike M101, NGC 3938 is not known to be currently
nteracting with nearby companions. When comparing these two 
alaxies, our model gives tentative to support the idea that NGC 

938 is a more typical quiescent star-forming late-type spiral than 
101, and is further along in the process of converting existing H I

o H 2 and then to stars, with no obvious external influences to either
mplify present day star formation or facilitate accretion of fresh 
uantities of H I through interactions with companions. 

.4 Radiati v e ener getics 

he total model intrinsic stellar and dust luminosities of M101 and 
GC 3938, broken down by constituent contribution, are given in 
able 3 . Remarkably, despite notable differences between these 

wo galaxies and their environments, the bolometric stellar and 
ust luminosities appear to be virtually identical. Ho we ver, our 
odel predicts that the stellar disc and thin stellar disc components 

ontribute in different amounts to the total bolometric luminosity for 
101 and NGC 3938. In NGC 3938, the stellar disc makes a larger

ontribution than the thin stellar disc, while in M101, both discs have
imilar contributions. This is in line with the previous findings, that 

101 is a more active galaxy than NGC 3938, having an increased
evel of stellar luminosity coming from the young stars in the thin
tellar disc. 

The bulge contribution to the total stellar luminosity is 9.2 per cent
f the total stellar luminosity for NGC 3938 and 1.2 per cent for
101. 
The fraction of the total luminosity of a galaxy absorbed (and 

e-emitted) by dust, which we denote as f abs is an important metric
eflecting both the microscopic properties of dust grains, the o v erall
ust mass, and distribution of dust in a galaxy relative to stellar
eating sources. We can calculate f abs from our model by dividing 
otal galaxy dust luminosities from Table 3 by the intrinsic stellar
uminosities from Table 3 obtaining values of 0.34 and 0.33 for NGC
938 and M101, respectively. Bianchi ( 2018 ) in their study of 814
ocal galaxies of different morphological types from the DustPedia 
ample (Davies et al. 2017 ) and modelled with the CIGALE found an
verage f abs value of ≈ 34 . 0 ± 13 . 6 per cent from a subsample of Sc
alaxies, in good agreement with our determinations. 

Our model allows us to ascertain the relative importance of dust
eating contributed separately from the model thin stellar disc and 
tellar disc/bulge stars by calculating the fraction of the total energy 
mitted by dust that was absorbed through photons originating from a 
pecific stellar population, f dust . For NGC 3938, the total contribution 
o dust heating from thin stellar disc stars is f young 

dust = 72 per cent ,
eaving a contribution of f old 

dust = 28 per cent from stellar disc and 
ulge stars. For M101, we find heating contributions of f young 

dust = 

8 per cent and f old 
dust = 22 per cent . Our values of f young 

dust are similar
o those determined for the late type spirals NGC 628, M33, NGC
91, MW of 71 per cent, 80 per cent, 69 per cent, and 71 per cent,
espectively, from application of the same RT model used here 
Rushton et al. 2022 , TP20 , PT11 ; Natale et al. 2022 ). Similar to
he finding of Natale et al. ( 2022 ) for the MW, our f young 

dust value
lso exceeds that found from the study of DustPedia archive of local
alaxies by Nersesian et al. ( 2019 ), who derived fractions from 52
er cent, 53 per cent, and 56 per cent (their quantity S abs 

young ) for Hubble
 stage 5, 6, and 7 galaxies corresponding approximately to Hubble

ype Sc. Natale et al. ( 2022 ) attribute this discrepancy to use of a
imple energy balance model ( CIGALE ) by Nersesian et al. ( 2019 )
hich ignores RT effects, as well as differences between our model

nd that of Nersesian et al. ( 2019 ) as to the definition of a young
tellar population. Natale et al. ( 2022 ) note that RT modelling results
f galaxies from other studies have tended to support fractional 
ontributions to dust heating from young stars closer to our (and their)
alues (see Natale et al. 2022 discussion and references). Our results
re thus consistent with the finding that the dominant contributor to
ust heating in late-type spirals is from young stellar populations 
esiding in a thin stellar disc. 

A detailed radial profile of f dust may also be calculated from our
odels revealing interesting and nuanced details of dust heating 
hich can be correlated with model stellar and dust component 

tructures. Numerically f dust as a function of galaxy central distance, 
, is calculated by integrating absorbed stellar energy o v er the galaxy
 ertical e xtent at elliptical apertures from the galaxy centre. Radial
istributions of f dust are plotted in Fig. 14 for NGC 3938 and M101
ith the red curves tracing f old 

dust due to emission from all stellar disc
tars plus bulge stars, and the blue curves tracing f young 

dust due to all
hin stellar disc stars. 

F or NGC 3938, e xamining the left-hand plots of Fig. 14 , it is
learly evident, as with the total values discussed abo v e, that the
rinciple contribution to dust heating is from the model thin disc
tellar population. Only at the centre, the dust heating contribution 
ue to old stars dominates, with f old 

dust = 0 . 8, where most of the
ontribution is actually from bulge stars. Beyond the centre f old 

dust 

eclines steeply to R ≈ 0 . 7 kpc, at which point f old 
dust and f young 

dust 

eating curv es meet. F or R � 0 . 7 kpc, f young 
dust dominates the dust

eating contribution. Beyond R ≈ 1 kpc, f old 
dust declines and the 

ontribution is due to stellar disc stars (as opposed to bulge stars),
ecreasing slowly and monotonically to f old 

dust ≈ 0 . 27. 
Radial distributions of f dust for M101 are shown in the right-hand

anel of Fig. 14 . By contrast with NGC 3938, these distributions
eflect the greater complexity of the M101 model. The behaviour 
f f dust in the inner region of M101 is due to the combined effect
f different o v erlapping stellar components extending to the galaxy
entre. For dust in the inner 1 kpc of M101, we calculate that f young 

dust =
8 per cent, with a remarkable 33 per cent being due to the nuclear
hin disc alone. As noted in Section 5.4.2 abo v e, the thin nuclear
isc also accounts for the central singularity in SFR surface density.
he compactness and intensity of this heated dust emission feature 
ighlights the ef fecti veness of SB profiles made from thermal IR
mages at tracing the presence of compact central concentrations of 
MNRAS 537, 56–83 (2025) 
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V emitting stars in galaxies, such nuclear discs of young stars, or
ompact massive star clusters. 

For M101 generally, as with NGC 3938, the MW, and NGC 628,
ur RT model predicts the dust heating contribution from thin stellar
isc populations tends to increase outwards. Fig. 14 indicates that
ast the inner, more comple x re gion of the galaxy, for R � 0 . 5 kpc,
he heating contribution from thin stellar disc stars does indeed rise
teadily, dominating the dust heating. 

.5 What we have learnt so far 

ith the addition of the models for M101 and NGC 3938, we have
ow built a small sample of face-on nearby galaxies containing de-
ailed information on intrinsic properties, with all galaxies modelled
sing our RT codes ( PT11 ) and the same modelling technique and
lgorithms ( TP20 ). The sample consists of five face-on spirals: M33,
GC 628, M51, NGC 3938, and M101. To this we can add for

eference the edge-on spiral MW. 
We note that relative comparisons between the intrinsic properties

f our galaxies reduce the effects of systematic errors introduced
hen comparing the results of galaxies modelled using differing

heoretical approaches. In addition systematic errors associated
ith data reduction approaches or adopted fitting procedures will

ffect galaxies modelled the same way equally. Thus, in principle,
ifferences found in derived physical parameters from our modelled
alaxies will more likely be a direct result of actual physical
ifferences between them. 
A main question we wanted to address was to understand if face-

n spirals, with their large variety of structure and spiral arms, can
e fitted with axisymmetric RT models o v er the whole range of UV–
ptical–NIR–FIR–submm data. With five galaxies in hand, we can
ow confirm that they can be successfully modelled in this way. The
dvantage of this type of RT modelling is that it allows the derivation
f the large-scale geometry of the stellar and dust emissivity self-
onsistently with their luminosity. This type of modelling is the only
ne in existence for which the geometry is an output rather than an
nput. Non-axisymmetric RT models for face-on galaxies do exist,
ut they need to input the geometry, ef fecti vely meaning they only fit
he spatially integrated SEDs. They are thus not self-consistent and
ave, for this reason, less predictive power. 
Having established the validity of our models, we can now try

o understand what we can learn from the intrinsic properties we
erived so far, and how we can extend this type of analysis to larger
tatistical samples. 

The first thing to remark is that all the modelled galaxies were
onsistent with an MW-type dust, with optical properties as in the
odels of Weingartner & Draine ( 2001 ). The only exception to this

s M51, for which there is suggestion that a dust model with varying
ptical properties may provide a better fit to the PAH features and the
200 Å bump. Inman et al. ( 2023 ) showed that a model with a Large
agellanic Cloud type dust in the inner disc of M51 could present

n alternative solution. No extra constraints on this are available to
ive further consideration to this alternative fit. Overall we consider
n MW-type dust a good representation of the diffuse ISM in nearby
alaxies. Our analysis showed that an MW-type dust provides a self-
onsistent solution to the panchromatic SEDs of all galaxies in our
ample. Ho we v er, we cannot pro v e uniqueness in the solution. 

Secondly, we do not find any submm excess in our fits. By contrary,
e find a very good match to the submm emission of all galaxies,

ncluding M33, for which Bot et al. ( 2010 ), Hermelo et al. ( 2016 ), and
illiams et al. ( 2019 ) suggested the existence of a submm excess.
e already commented in TP20 that the ability of our RT model to
NRAS 537, 56–83 (2025) 
t the so called ‘submm excess’ of M33 without any need to modify
he dust grain emissivity is due to the ability of our technique to fit
he detailed geometry of the galaxy. 

Thirdly, the panchromatic imaging analysis, coupled with the
ower of the RT calculations allowed us to disentangle various
orphological components in our galaxies. Obviously this was

lso possible because all the galaxies were nearby, and had good
anchromatic high-resolution imaging. A main finding is that all
alaxies seem to have a so-called main disc with a characteristic
nner radius, mainly revealed in the distribution of the young stars
our thin stellar disc), and in the dust distribution. In some cases,
his inner radius is also present in the distribution of the old stellar
opulation (our stellar disc). For example in the MW, this inner radius
as found at 4.5 kpc, which is the limit of the MW bar. Beyond

his radius all the galaxies show exponentially declining discs in
oth the stellar and dust distributions. Shortwards of this radius the
alaxies show quite complex inner stellar structures like bars, rings
nd nuclear discs, and dust distributions that sometimes have central
holes’. In our models, this led to the introduction of linear functions
o characterize the central stellar/dust emissivity declining towards
he centre, with superimposed inner and nuclear discs and bulges to
escribe the complex behaviour of the central regions of galaxies.
e consider thus the inner radius of the main disc of our galaxies

n important internal characteristic, and we will use it as a reference
oint for comparing intrinsic distributions in galaxies of varying
patial extent. 

In addition to the main disc, we also found that some galaxies
ontained outer discs, which appear to be real distinct morpholog-
cal components, as reflected in the distribution of their intrinsic
roperties. 
Our sample contains the following morphological components

ithin the inner radius of the main disc: 

(i) M33: nuclear disc, inner disc, 
(ii) NGC 628: inner disc, bulge, 
(iii) M51: inner disc, bulge, 
(iv) NGC 3938: inner disc, bulge, 
(v) M101: nuclear disc, inner disc, bulge, 
(vi) MW: nuclear disc, inner disc, bulge. 

We should mention that the nuclear disc of the MW was not
xplicitly incorporated in our model, but left for further studies. 

Beyond the main disc our sample has the following structure: 

(i) M33: outer disc 
(ii) NGC 628: –
(iii) M51 : outer disc 
(iv) NGC 3938: –
(v) M101: –
(vi) MW: –

We note that in the MW there is evidence for an outer disc, but the
maging data on some wavebands were not deep enough to properly
llow the study of an outer disc. 

.5.1 The radial distribution of key stellar population parameters 

n important feature of the RT transfer model employed for this
aper is its ability to model the properties of galactic stellar popula-
ions by fitting observational images while properly accounting for
ignificant dust absorption and scattering effects. By using images as
pposed to only SEDs to fit the model, the model gives information
n the spatial distribution of stellar properties (within the limitations
f our assumption of axisymmetry). As was noted in PT11 , another
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Figure 15. Comparison of key stellar quantities derived as a function of 
radius for every star-forming spiral galaxy modelled using our RT model. In 
the abo v e panels, from top to bottom, are plotted: SFR surface density 
 SFR 

, 
specific star formation rate s SFR , and stellar mass surface density 
 M 

� . To 
facilitate comparison of results between different galaxies, radial distances 
are normalized to that of the inner radius of each galaxy’s thin stellar disc 
(for galaxies modelled with more than one thin stellar disc normalization is 
to the inner radius of the galaxy’s main thin stellar disc). Magnitudes of the 
plotted quantities are normalized to their thin stellar disc inner radii values, 
thus all plotted values are dimensionless. The fit results of this paper were 
used to create the M101 and NGC 3938 plots and those of Natale et al. ( 2022 ), 
Rushton et al. ( 2022 ), Inman et al. ( 2023 ), and TP20 for the plots for MW, 
NGC 628, M51, and M33, respectively. 
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Figure 16. SFR versus stellar mass M � for our sample of nearby galaxies: 
M33, NGC 628, NGC 3938, M101, M51, and the MW (rhomboid symbols). 
The MS of galaxies is defined by a reference sample (grey dots) of local 
Universe disc-dominated galaxies taken from Grootes et al. ( 2017 ). The 
vertical and horizontal apexes of the rhomboid symbols are placed at the 
1 σ bounds in SFR and M � , respectively. The solid line is the regression fit to 
a single power-law model given in table 2 of Grootes et al. ( 2018 ). 
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ey feature of our RT model is its ability to fit intrinsic stellar galaxy
EDs without the need for a priori assumptions of stellar population 
ynthesis. Modelling approaches based, for instance, solely on the 
ssumption of energy balance, lack these key features. To this end, 
e find it useful to analyse the radial distributions of key stellar
opulation parameters, namely SFR surface density, stellar mass 
urface density, and specific SFR, for all the galaxies in our small
ample. 

In Fig. 15 , we have plotted the SFR surface density 
 SFR 

, specific
tar formation rate s SFR , and stellar mass surface density 
 M 

∗ for
ur sample galaxies as a function of centre distance R. As mentioned
efore, we make use of this important structural characteristic found 
or our galaxies, the inner radius of the main (thin) disc, to better
nable comparisons between our galaxies of varying scale. We have 
hus normalized all R values to the galaxy main thin stellar disc inner
adius and the plotted quantities themselves are normalized to their 
alues at this radius. 

The SFR surface densities reveal primarily exponential decline in 
he main disc of all galaxies, with a wide range of scale lengths, the
ongest M101, the shortest the MW. 

The sSFR values beyond the inner radii show a more or less
onstant behaviour within their main disc (NGC 3938, NGC 628, 
nd M51), as expected for spiral galaxies, or a slight decline (M33).
xceptions to this is are the MW and M101. In particular, M101 has
n increase of a factor of ≈ 5. This extreme increase may indicate
tar formation associated with interacting star forming companions. 
verall it shows a main disc that is vigorously growing at the present

poch, with an inside–out formation scenario still actively shaping 
he galaxy at the present epoch. 

Stellar mass surface density values, 
 M 

� , seen in the bottom
anel of Fig. 15 all decline exponentially outwards. Interestingly 
he decline rates of M101, NGC 3938, and M51 are nearly identical
nd are the least of our small sample. As with 
 SFR 

and sSFR,
 M 

∗ for M33 shows significant change of slope starting at its outer
isc ( R/R in � 3 . 3). This behaviour provides support for the physical
xistence of an outer disc as a basic structural component of M33
ith likely variant epoch of formation and evolution from its inner

omponents. 

.5.2 A structurally resolved relation for spiral galaxies 

t is well known that the SFR and the stellar mass of star-forming
alaxies follow a relation called the main sequence (MS) of galaxies
e.g. Noeske et al. ( 2007 ); Schreiber et al. ( 2015 ); Ciesla, Elbaz &
ensch ( 2017 )), with deviations from the sequence interpreted in

he context of stellar/ISM evolutionary and AGN effects. We expect 
ll our modelled galaxies to follow this relation. Indeed, looking 
t Fig. 16 , the six galaxies follow the trend defined by a reference
ample, chosen from Grootes et al. ( 2017 ). The reference sample is a
ux-limited subset (complete to 19.4 mag in the the SDSS r band) of
202 disc-dominated GAMA (Galaxy And Mass Assembly Surv e y; 
river et al. ( 2011 ), galaxies located within redshift 0.13, and which

re not classified as belonging to a galaxy group (see Table 1 and
ection 4.3 of Grootes et al. 2017 ). 
MNRAS 537, 56–83 (2025) 
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M

Figure 17. Right: the SFR surface density 
 SFR versus stellar mass surface 
density ( μ� ) for the morphological components of our sample of nearby 
galaxies. Symbols and reference sample as in the left-hand panel. The 
different morphological components are labelled using the standard notation 
from this paper. For example, for M33, we have M33n – the nuclear disc; 
M33i – the inner disc; M33m – the main disc; and M33o – the outer disc. 
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While NGC 628, M101, M51 follow closely the MS, as defined by
he regression fit to data from the reference sample, M33, MW, and
GC 3938 are slightly below the fit, though still within the scatter
f the relation. This means that M33, the MW and NGC 3938 are
 v erall more quiescent spirals, a result already noted in TP20 for
33 and Natale et al. ( 2022 ) and the MW, and in the discussion

bo v e for NGC 3938. In this scheme, active building galaxies such
s NGC 628, M101, and M51 will eventually consume their gas and
volve to more quiescent galaxies with slightly lower SFRs for equal
tellar mass (like the MW). 

Having derived the SFR and the M � for each of the morphological
omponents of the analysed galaxies, we can define a MS based on
urface densities, 
 SFR and stellar mass surface density ( μ∗). For
he GAMA galaxies in the reference sample surface densities were
alculated within the R eff in the intrinsic i band, with R eff derived
rom S ́ersic surface photometry. The normalized (to the surface area)

S relation of the Grootes et al. ( 2017 ) sample is plotted in Fig. 17 .
verplotted we show the ‘structurally resolved relation’ (SRR, as

ntroduced in TP20 ) for the individual morphological components of
ur galaxies. We can see that for NGC 628, the inner disc–main disc
RR follows a track parallel with the MS. NGC 3938 does not have

nner and outer discs. Ho we ver, all the other galaxies show SRRs that
ollow a much steeper relation, with outer discs departing from the

S in the green valley direction, and nuclear discs displaced towards
tarburst regions. The steepest and most extreme relation is found for

33 followed by M51. The MW also has a very steep relation. Taken
nto account that the outer disc and nuclear disc of the MW have not
een decomposed in our analysis, probably an extended SRR for the
W would look as steep as that for M33. 
The new SRRs show that the different morphological components

ave suffered different evolutionary paths, or have been affected
ifferently by feedback and environmental mechanisms. They almost
ook like different galaxies glued together, with the well-behaved
GC 628 being the exception rather than the rule. We already
iscussed in TP20 that a possible explanation for the behaviour
f the SRR is related to the fact that stellar feedback can operate
n a variety of spatial and temporal scales. This, in turn, induces a
 ariation in SF acti vity on the corresponding spatial and temporal
cales, which may lead the SFR cycle to be out of phase between
NRAS 537, 56–83 (2025) 
he different morphological components, nuclear discs, inner discs,
ain discs, and outer discs. 

 C O N C L U S I O N S  

e used the RT model of PT11 and the optimization technique from
P20 to model the nearby face-on galaxies M101 and NGC 3938. For
oth galaxies, the model provides excellent fits to the azimuthally
veraged SB profiles over the whole range of UV–optical–FIR-–
ubmm wav elengths. We deriv ed the large-scale distribution of stars
nd dust, and corresponding fundamental intrinsic properties: SFR,
SFR, stellar mass, dust opacity, dust mass, and dust attenuation. We
ound the following: 

(i) SFR = 3 . 2 ± 0 . 2 and 2 . 2 ± 0 . 1 M � yr −1 for M101 and NGC
938, respectively. 
(ii) The average sSFR values are 5 . 8 + 2 . 5 

−1 . 3 × 10 −11 and 5 . 0 + 0 . 57 
−0 . 31 ×

0 −11 yr −1 for M101 and NGC 3938, respectively. 
(iii) The fraction of the total luminosity absorbed by dust, f abs , is

.34 and 0.33 for NGC 3938 and M101, respectively. 
(iv) The contribution to dust heating from the young stellar

opulation is 72 per cent and 78 per cent for NGC 3938 and M101,
espectively. 

(v) The sSFR of NGC 3938 is approximately constant throughout
ost of its extent, with only a very small increase towards larger

adii. By contrast, the sSFR (of the main disc) of M101 shows a large
ncrease, by a factor of five. This could be due to recent interactions
ith companions. Overall, our model supports a picture whereby
GC 3938 is a more typical quiescent spiral than M101. It also

upports the idea that NGC 3938 is further along in the process of
onv erting e xisting H I to H 2 and then to stars, than M101, with
o obvious external influences to either amplify present-day star
ormation or facilitate accretion of fresh quantities of H I through
nteractions with companions. 

With the addition of the models for M101 and NGC 3938, we built
 small sample of face-on nearby galaxies containing detailed infor-
ation on intrinsic properties, with all galaxies modelled using our
T codes ( PT11 ) and the same modelling technique and algorithms
 TP20 ). The sample consists of five face-on spirals: M33, NGC 628,

51, NGC 3938, and M101. To this we added for reference the
dge-on spiral MW. The decoding of the SED of these six galaxies
llowed us to draw the following conclusions: 

(i) Axisymmetric RT codes can successfully account for the
pectral and spatial distribution of face-on spirals, o v er the whole
pectral range from the UV to the FIR and submm. 

(ii) MW-type dust with optical properties from Weingartner &
raine ( 2001 ) provides a self-consistent solution to the panchromatic
EDs of all galaxies of our sample. 
(iii) We do not find any submm excess in our fits. We attribute the

ood match to the observed submm emission to the ability of our
odelling technique to fit the detailed geometry of a galaxy. 
(iv) Dust absorbs around 35 per cent of the total stellar luminosity,

ith a scatter in the percentage fraction of around 3 per cent −
 per cent . 
(v) The young stellar populations dominate the dust heating,

ontributing on average to 74 per cent, with a scatter in the percentage
raction of around 5 percent − 6 per cent . 

(vi) The panchromatic imaging modelling allows us to disentangle
arious morphological components: bulges, nuclear discs, inner
iscs, main discs, and outer discs. A main finding is that all galaxies
eem to have a so-called main disc with a characteristic inner radius,
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ainly revealed in the distribution of the young stars and in the
ust distribution. Shortwards of this radius the galaxies show quite 
omplex inner stellar and dust structures. 

(vii) The sSFR beyond the inner radii show a more or less constant
alue within their main disc. A notable exception is M101, for which
he sSFR increases by a factor of ≈ 5 from the inner to the truncation
adius. It shows a main disc that is vigorously growing at the present
poch. 

(viii) NGC 628, M101 and M51 follow closely the MS relation 
or star-forming galaxies. M33, the MW and NGC 3938 are slightly
elow the fit to the relation, but still within the observed scatter. 
(ix) In the SFR surface density versus stellar mass surface density 

pace, we find an SRR for the morphological components of our 
alaxies, that is steeper than the MS. The exception to this is for
GC 628, where the SRR is parallel to the MS. The ne w SRRs sho w

hat the different morphological components have suffered different 
volutionary paths, or have been affected differently by feedback and 
nvironmental mechanisms. 
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Figure A1. Examples of model stellar emissivity radial distributions in the 
SDSS g band for the disc, thin disc, and bulge at z = 0. The distributions 
correspond to the best-fitting model of NGC 3938. Plotted as a vertical 
dashed line is the position of the inner radius for the disc and thin disc, and 
the ef fecti ve radius for the bulge. 
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PPEN D IX  B:  T H E  EFFECT  O F  DIFFERENT  

AMPLING  IN  PHOTOMETRY  

n Section 3 , we discussed that the photometry adopted in this paper
s done by using a fixed two-pixel aperture. This means that the SB
rofiles sample different physical scales at different wavelengths. 
e stressed the importance of using this procedure to get the best

onstraints on the model. In this appendix, we show the effect of using
n aperture that samples a fixed physical scale. For this, we consider
he physical scale sampled by our lowest resolution data, the Herschel 
00 μm. We applied this sampling to the best-fitting model images 
fitted at the resolution of the original data) and to the corresponding
bserved images. Examples of this procedure are shown for NGC 

938 in Fig. B1 , for the GALEX NUV and the SDSS g band. 
igure B1. Azimuthally averaged SB profiles produced with a fixed two-pixel siz
ata – the Herschel 500 μm). The left-hand panels show the GALEX NUV profile
ifferences between the best-fitting model SB values and the observed SB values, D
ith the dotted black horizontal lines indicating + 20 per cent, and −20 per cent de
We note that the o v erall characteristics of the profiles remain the
ame, but the sharp central increase in the g -band profile due to the
ulge is strongly smoothed. Although the best-fitting model seems to 
t well the smoother profiles, it would be more difficult to do the fit
nd obtain a reliable bulge–disc decomposition in this low sampling 
ode. Otherwise a visual inspection of the profiles identifies the 

ame truncations and inner radii for the model. 
The calculated residuals decrease due to the smoother character 

f the data, but the reduced chi 2 of the fit is slightly increased. 

PPENDI X  C :  M 1 0 1  A N D  N G C  3 9 3 8  

A R A M E T E R S  
MNRAS 537, 56–83 (2025) 

e aperture (top) and with a fixed physical sampling (of the lowest resolution 
s, while the right-hand panels show the SDSS g -band profiles. The per cent 
 λl n [ per cent ] (see Section 4.3 ), are plotted in the subplot below each profile, 
viation. 
D
o
w
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Table C1. Fixed geometrical parameters for the NGC 3938 RT model. All 
scale length and distance parameters have units of kpc. 

Fixed parameters 

From data 
Disc inner truncation R 

disc 
tin , s 0.0 

Thin disc inner truncation R 

tdisc 
tin , s 0.0 

Dust disc inner truncation R 

disc 
tin , d 0.1 

Disc inner radius R 

disc 
in , s 2.0 

Thin disc inner radius R 

tdisc 
in , s 2.0 

Dust disc inner radius R 

disc 
in , d 2.0 

Disc truncation radius R 

disc 
t, s 17.0 

Thin disc truncation radius R 

tdisc 
t, s 14.0 

Dust disc truncation radius R 

disc 
t, d 14.0 

Thin dust disc truncation radius R 

tdisc 
t, d 14.0 

Bulge S ́ersic index n s 1 

Bulge axial ratio b/a (S ́ersic) 0.94 

From model 

Thin dust disc scale length h tdisc 
d 3.2 

Thin dust disc inner radius R 

tdisc 
in , d 2.0 

Thin dust disc inner truncation radius R 

tdisc 
tin , d 0.0 

Disc scale height z disc 
s 0.19 

Thin disc scale height z tdisk 
s 0.09 

Dust disc scale height z disc 
d 0.16 

Thin dust disc scale height z tdisc 
d 0.09 

Table C3. Model intrinsic stellar luminosity densities of NGC 3938 in W 

Hz −1 of the bulge and stellar discs at each observed wavelength. 

λ( μm) L 

bulge 
ν L 

disc 
ν L 

tdisc 
ν

0.150 – – 1.512 ×10 21 

0.220 – – 2.679 ×10 21 

0.365 1.848 ×10 20 1.159 ×10 21 2.426 ×10 21 

0.443 9.479 ×10 20 5.266 ×10 21 3.804 ×10 21 

0.564 1.511 ×10 21 8.082 ×10 21 3.949 ×10 21 

0.809 2.059 ×10 21 1.208 ×10 22 2.415 ×10 21 

1.259 4.026 ×10 21 2.365 ×10 22 3.948 ×10 20 

2.200 3.302 ×10 21 2.000 ×10 22 3.097 ×10 20 

3.600 1.450 ×10 21 1.068 ×10 22 6.028 ×10 19 

4.500 9.509 ×10 20 6.673 ×10 21 6.028 ×10 19 

5.800 6.381 ×10 20 1.487 ×10 22 6.028 ×10 19 

Table C2. Fixed geometrical parameters for the M101 RT model. All scale length and distance parameters have units of kpc. 

Fixed parameters 

From data 
Inner and main disc inner truncation R 

(i −disc , m −disc) 
tin , s (0 , 0) 

Nuclear, inner and main thin disc inner truncation R 

(n −tdisc , i −tdisc , m −tdisc) 
tin , s (0 , 0 , 0) 

Inner and main dust disc inner truncation R 

(i −disc , m −disc) 
tin , d (0 , 0) 

Inner and main disc inner radius R 

(i −disc , m −disc) 
in , s (0 , 0) 

Nuclear, inner and main thin disc inner radius R 

(n −tdisc , i −tdisc , m −tdisc) 
in , s (0 , 0 , 2 . 5) 

Inner and main dust disc inner radius R 

(i −disc , m −disc) 
in , d (0 , 2 . 5) 

Inner and main disc truncation radius R 

(i −disc , m −disc) 
t, s (5 . 0 , 30 . 0) 

Nuclear, inner and main thin disc truncation radius R 

(n −tdisc , i −tdisc , m −tdisc) 
t, s (1 . 0 , 5 . 0 , 30 . 0) 

Inner and main dust disc truncation radius R 

(i −disc , m −disc) 
t, d (5 . 0 , 30 . 0) 

Bulge S ́ersic index n s 2 

Bulge axial ratio b/a (S ́ersic) 0.6 

From model 

Inner thin dust disc scale length h i −tdisc 
d 0 . 40 ± 0 . 04 

Main thin dust disc scale length h m −tdisc 
d 5 . 2 ± 0 . 54 

Inner and main thin dust disc inner truncation R 

(i −tdisc , m −tdisc) 
tin , d (0 , 0 , 1 . 029) 

Inner and main thin dust disc truncation R 

(i −tdisc , m −tdisc) 
t, d (1 . 0 , 5 . 0 , 30 . 0) 

Disc scale height z disc 
s 0.40 

Dust disc scale height z disc 
d 0.27 

Thin disc scale height z tdisc 
s 0.09 

Thin dust disc scale height z tdisc 
d 0.09 
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Table C4. Model intrinsic stellar luminosity densities of M101 in W Hz −1 of the bulge and all stellar discs at each observed wavelength. 

λ ( μm) L 

bulge 
ν L 

i −disc 
ν L 

m −disc 
ν L 

n −tdisc 
ν L 

i −tdisc 
ν L 

m −tdisc 
ν

0.150 – – – 5.294 ×10 19 1.578 ×10 19 2.533 ×10 21 

0.220 – – – 8.940 ×10 19 7.401 ×10 19 3.774 ×10 21 

0.365 6.886 ×10 19 1.986 ×10 19 1.369 ×10 21 4.302 ×10 19 5.828 ×10 19 3.748 ×10 21 

0.480 1.653 ×10 20 6.952 ×10 19 6.540 ×10 21 3.023 ×10 19 1.001 ×10 20 4.963 ×10 21 

0.620 3.250 ×10 20 1.562 ×10 20 1.009 ×10 22 2.197 ×10 19 1.746 ×10 20 6.496 ×10 21 

0.770 1.354 ×10 20 2.034 ×10 20 1.128 ×10 22 3.358 ×10 19 2.668 ×10 20 6.805 ×10 21 

1.260 5.839 ×10 20 5.260 ×10 20 2.033 ×10 22 1.098 ×10 19 2.182 ×10 19 1.236 ×10 21 

2.200 4.879 ×10 20 4.733 ×10 20 2.064 ×10 22 8.613 ×10 18 1.711 ×10 19 9.697 ×10 20 

3.600 3.933 ×10 20 8.032 ×10 18 1.394 ×10 22 1.676 ×10 18 3.331 ×10 18 1.888 ×10 20 

4.500 1.452 ×10 20 1.227 ×10 20 8.583 ×10 21 1.676 ×10 18 3.331 ×10 18 1.862 ×10 20 

5.670 7.988 ×10 19 1.314 ×10 20 1.688 ×10 22 1.676 ×10 18 3.331 ×10 18 1.862 ×10 20 

Table C5. This table gives the fit quality for the best-fitting model SB profiles 
to the observed SB profiles for NGC 3938 and M101 SB at selected fitted 
wavebands. 

NGC 3938 M101 
Filter chi 2 λl 

D λl 
[ per cent ] chi 2 λl 

D λl 
[ per cent ] 

GALEX NUV 4.9 16 .8 0.70 20 .5 
SDSS u 3.4 14 .1 1.02 15 .2 
SDSS g 4.0 9 .2 0.49 8 .45 
SDSS r 5.4 11 .5 0.62 9 .61 
SDSS i 4.2 9 .6 0.69 9 .03 
2MASS J 0.3 12 .1 0.15 11 .8 
2MASS K 0.2 7 .9 0.13 14 .7 
IRAC 1 4.6 14 .4 1.65 9 .1 
IRAC 2 2.6 12 .7 1.51 8 .9 
IRAC 3 8.8 14 .5 5.36 22 .4 
SPIRE 500 3.7 16 .6 0.59 10 .9 

Notes . Column 1 lists the observ ed wav eband name. Columns 2–5 list reduced 
chi-square estimates and average per cent deviations between the best model 
fit profiles from the data profiles at selected fitted wavebands, for each galaxy 
(equations and 7 ). 
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