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ABSTRACT

We present the first radiative transfer (RT) model of a non-edge-on disk galaxy in which the large-scale
geometry of stars and dust is self-consistently derived through fitting ofmultiwavelength imaging observations
from the UV to the submm. To this end we used the axi-symmetric RT model of Popescu et al. and a new
methodology for deriving geometrical parameters, and applied this to decode the spectral energy distribution
(SED) of M33. We successfully account for both the spatial and spectral energy distribution, with residuals
typically within 7% in the profiles of surface brightness and within 8% in the spatially-integrated SED. We
predict well the energy balance between absorption and re-emission by dust, with no need to invoke modified
grain properties, and we find no submm emission that is in excess of our model predictions. We calculate that
80 ± 8% of the dust heating is powered by the young stellar populations. We identify several morphological
components in M33, a nuclear, an inner, a main and an outer disc, showing a monotonic trend in decreasing
star-formation surface-density (ΣSFR) from the nuclear to the outer disc. In relation to surface density of
stellar mass, the ΣSFR of these components define a steeper relation than the “main sequence" of star-forming
galaxies, which we call a “structurally resolved main sequence". Either environmental or stellar feedback
mechanisms could explain the slope of the newly defined sequence. We find the star-formation rate to be
SFR = 0.28+0.02

−0.01M�yr−1.

Key words: galaxies: individual - galaxies: ISM - galaxies: spiral - Local Group - radiative
transfer

1 INTRODUCTION

Star-forming galaxies contain dust (Trumpler 1930; Greenberg
1963; Soifer et al. 1987; Genzel & Cesarsky 2000; Hauser & Dwek
2001), and, although this is an insignificant component in terms of
the mass budget of a galaxy, usually contributing only 1% of its
interstellar medium (ISM) (Greenberg 1963; Draine & Lee 1984;
Boulanger et al. 1996; Sodroski et al. 1997), it is a major com-
ponent in term of its effects (Greenberg 1963; Dorschner & Hen-
ning 1995; Calzetti 2001; Sauvage et al. 2005). Because dust is
widespread throughout the ISM, it absorbs and scatters the stellar
photons produced by different stellar populations, and re-emits the
absorbed ultraviolet (UV)/optical light into the infrared (IR) regime.
Dust changes both the direction of propagation of stellar photons

★ The solutions for the radiation fields are available in electronic form at
the CDS via anonymous ftp to cdsarc.u-strasbg.fr or via http://cdsweb.u-
strasbg.fr/cgi-bin/
† jordanjthirlwall@gmail.com
‡ cpopescu@uclan.ac.uk

and their energy: it transforms the otherwise highly isotropic pro-
cesses related to the propagation of stellar light in galaxies into
highly anisotropic processes due to scattering, and continuously
re-processes the relatively higher energy photons into lower en-
ergy ones, diminishing the direct-light output of galaxies. Dust thus
changes not only the flux of direct stellar light received by the ob-
server (Tuffs et al. 2004; Pierini et al. 2004; Driver et al. 2007;
Choi et al. 2007; Shao et al. 2007; Driver et al. 2008; Unterborn &
Ryden 2008; Padilla & Strauss 2008; Maller et al. 2009), but also
the appearance of UV/optical images through attenuation effects
(Byun et al. 1994; Cunow 2001; Möllenhoff et al. 2006b; Kelvin
et al. 2012; Pastrav et al. 2013a,b).

In highly obscured regions of galaxies dust completely blocks
the light from stars within these regions. In particular young stars
in compact star forming clouds are only visible through the dust
re-emitted stellar photons (Molinari et al. 2019). On large galac-
tic scales, UV light from the plane of edge-on discs is also highly
obscured by dust, and even optical images of edge-on galaxies ex-
hibit strong dark lanes because of dust obstruction. In the Milky
Way, an edge-on galaxy seen from our observing point at the Solar
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position, dust prevents the detection of UV-optical emission from
the disc beyond the immediate vicinity of the Sun. This makes dust
emission an important tool in constraining the spatial distribution
of the young stellar populations throughout the Galaxy (Popescu
et al. 2017). But even in face-on galaxies that are seen through more
translucent lines of sight1, dust strongly affects the propagation of
stellar photons and distorts the projected images of stars, in partic-
ular in the UV range (Tuffs et al. 2004; Möllenhoff et al. 2006a;
Gadotti et al. 2010; Pastrav et al. 2013a,b).

In addition to the strong effect dust has in attenuating stellar
light, it can also affect the thermodynamic state of gas inside and
outside galaxies (Popescu & Tuffs 2010), and thus the formation
of structure in the Universe. Dust is a primary coolant for gas in
the highly opaque cores of star-forming clouds (Dorschner & Hen-
ning 1995), and may also play a major role in cooling virialised
components of the intergalactic medium (IGM) (Giard et al. 2008;
Natale et al. 2012; Vogelsberger et al. 2019). At scales of hundreds
of kiloparsec hot gas (106 − 107 K) needs to cool in order to accrete
into galaxies to fuel their on-going star-formation. The classical
explanation for the cooling of gas is through bremstrahlung or line
emission in the Xray, although inelastic collisions with dust grains
is the most efficient mechanism for gas cooling at these tempera-
tures (Dwek&Werner 1981; Popescu et al. 2000a;Montier &Giard
2004; Pointecouteau et al. 2009; Natale et al. 2010; Vogelsberger
et al. 2018), providing grains exist in the IGM around star-forming
galaxies. At kiloparsec scales within the disc of galaxies dust grains
heat the ISM via the photoelectric effect and the thermodynamic
balance of the gas is maintained through an equality between the
photoelectric heating and the FIR cooling lines powered by inellas-
tic collisions with gas particles (e.g. Juvela et al. 2003). At parsec
scales the cooling needed to precipitate the final stages of grav-
itational collapse in star-forming regions is provided by inelastic
collisions of molecules with dust grains (Larson 1969). Dust thus
influences the condensation of gas from the IGM into the ISM, then
into denser structures within the ISM, and finally into cloud cores
and stars.

Dust also has an important effect in providing the low energy
seed photons which are inverse-Compton scattered by the cosmic-
ray electron population (CRe) in galaxies, accounting for a substan-
tial fraction of the gamma-ray emission at energies above 0.1GeV
from the diffuse ISM in the disks of star-forming galaxies (Jones
1968; Blumenthal & Gould 1970; Aharonian & Atoyan 1981; Na-
girner & Poutanen 1993; Brunetti 2000; Sazonov & Sunyaev 2000).
Moreover, dust also traces the total gas mass in disks, including
the mass of cold molecular Hydrogen, which has no direct spectro-
scopic tracer (Sodroski et al. 1997). Collisions of cosmic-ray nu-
cleons (CRp) with this gas give rise to pions whose decay provides
the other main component of the diffuse � > 0.1GeV gamma-ray
emission in star-forming galaxies. A quantitative knowledge of the
diffuse ISRF and distribution of dust, is therefore an essential pre-
requisite for decoding the gamma-ray emission of these systems
(Popescu et al. 2017), and deriving the distributions of CRs over
space and energy. In particular, CRp comprise a major energetic
component of the ISM (Strong et al. 2007; Zweibel 2013; Grenier
et al. 2015), controlling key processes like powering galactic winds,
shaping star and planet formation, promoting chemical reactions in

1 Disk galaxies are very thin objects (height much smaller than the length),
and as such the face-on dust optical depth is much smaller than the edge-on
optical depth. Because of this, when seen face-on, disc galaxies appear more
transparent than their edge-on counterparts.

the interstellar space, in turn leading to the formation of complex
and ultimately life-critical molecules.

Deriving the distribution of dust in galaxies and its heating
sources - stars of different ages and metallicities - is thus crucial for
understanding almost every aspect of galaxy formation and evolu-
tion. The decoding of the UV/optical/far-infrared/submm images of
galaxies (Popescu & Tuffs 2010) via self-consistent radiative trans-
fer methods (Steinacker et al. 2013) is in principle the most reli-
able translation method between observations and intrinsic physical
quantities of galaxies, allowing the distributions of stars and dust to
be derived. Broadly speaking, the SEDs of galaxies are influenced
by two major factors: dust properties and geometry of the system.
In recent years most of the focus has been in the former (Galliano
et al. 2018), but the latter is arguably the most important. While dust
properties are best constrained from extinction measurements, po-
larization and dust emission in regions with known radiation fields,
the geometry of the system is always a prerequisite of radiative trans-
fer modelling of galaxy SEDs. Indeed, the RT methods are the only
ones that allow the geometry of a system to be self-consistently
incorporated into calculations, using constraints from imaging in
both direct and dust re-radiated stellar light.

The SEDmodellingwith RTmethods was first applied to edge-
on galaxies where the vertical distribution of stars and dust can be
derived (Kylafis & Bahcall 1987; Xilouris et al. 1997, 1998, 1999).
The first edge-on galaxy that was modelled consistently from the
UV to the FIR/submm was NGC891 (Popescu et al. 2000b), where
the main ingredients of this kind of model were established: param-
eterisation, constraints from data, formalisms for calculating vari-
ous quantities of interest, like for example fractions of stellar light
emitted by various stellar populations in heating dust as a function
of infrared wavelength, formalisms for calculating emission from
stochastically heated grains, etc. The overall methodology and for-
malism from Popescu et al. (2000b) has been adopted and followed
by the various groups in the field, albeit sometimes different termi-
nology or refinements needed for solving specific problems/cases.
Further work on modelling edge-on galaxies include: Misiriotis
et al. (2001); Bianchi (2008); Baes et al. (2010); De Geyter et al.
(2015); Mosenkov et al. (2016); Popescu et al. (2017); Mosenkov
et al. (2018).

More recently efforts started to be devoted to modelling face-
on galaxies, in particular driven by the recent availability of high
resolution panchromatic images, including those in the important
FIR/submm regime. First attempts have been done in De Looze
et al. (2014), Viaene et al. (2017), and Williams et al. (2019) using
non-axi-symmetric RT models. However, because of their non-axi-
symmetric nature and the way they are implemented, they were
not used to fit the geometry of the system, due to the prohibited
computational time, but only used to fit the spatially integrated
SEDs. As such, these models are not implemented to solve the
inverse problem2 for the geometry of the system, but instead they
assume the spatial distribution of stars and dust to be known. Here
we go beyond these attempts and present the first self-consistent
model of a non-edge-on galaxy that explicitly solves the inverse
problem, albeit using axi-symmetric models. We present this model
for the case of M33. In a further work we will also present the
non-axi symmetric model of M33.

M33, the “most beautiful spiral known" (Curtis 1918) and “a

2 In mathematics the inverse problem is that of determining the set of
unobserved parameters of a function which uniquely predicts the recorded
or observed data.
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close rival to the nebula of Andromeda" (Curtis 1918), was de-
scribed in the Hubble Atlas of Galaxies (Sandage 1961) as the
“nearest Sc to our own galaxy". M33 or the Triangulum Galaxy
is the third-largest member in the Local Group, after the An-
dromeda Galaxy (M31) and the Milky Way. It is a metal poor
(12 + log(O/H) = 8.36 ± 0.04; Rosolowsky & Simon 2008) spiral
galaxy, rich in gas (total gas mass of 3.2 × 109 M� , similar to the
stellar mass content; Corbelli & Schneider 1997, Corbelli 2003) and
dark matter dominated (dark matter mass within the total gaseous
extent of 5× 1010 M�; Corbelli 2003). With stellar mass ∼30 times
less than that of the Milky Way and a dark halo mass ∼20 times
less than that of the Local group (Cautun et al. 2019), M33 is a mi-
nor satellite of the group. At only 0.84-0.86 Mpc (Freedman et al.
1991; Sarajedini et al. 2006; Kam et al. 2015), M33 has been am-
ply observed throughout the electromagnetic spectrum, and can be
considered, together with the Milky Way, the Magellanic Clouds
and M31 our nearest laboratories for studying galactic evolution.
Because of the large amount of multiwavelength high-resolution
observations available, M33 is ideal for deriving spatial distribu-
tions of stellar emissivity and of dust, morphological components
and intrinsic physical properties. M33 has an intermediate inclina-
tion of 54 − 56◦ (Zaritsky et al. 1989; Kam et al. 2015), which,
although not close to face-on orientation, it is still within the range
where projection effects due to the vertical distribution of stars
and dust do not become dominant. M33 hosts no significant bulge
nor a prominent bar (Hermelo et al. 2016; Corbelli & Walterbos
2007), thus simplifying the radiative transfer analysis to modelling
disc-like only morphological components.

A puzzling result that emerged from previous modelling of the
dust emission SED of M33 is the existence of a so-called “submm
excess" (Hermelo et al. 2016;Williams et al. 2019), in the sense that
models underestimated observations in the submm spectral range.
This excesswas interpreted as an effect of dust grain properties being
different inM33 than those used in the models. A submm excess has
also been invoked in other studies of low-metallicity galaxies (Bot
et al. 2010; Rémy-Ruyer et al. 2013). However, none of these studies
consider the effect of geometry (and the resulting dust temperature
distributions) on the predicted dust emission SEDs. Here we ad-
dress this problem with our radiative transfer model, whereby the
geometry is self-consistently derived from fitting multi-wavelength
imaging observations, both in direct and in dust-reradiated stellar
light.

The paper is organised as follows. In Sect. 2 we present the
various multiwavelength imaging observations used for modelling
M33 and the photometry analysis performed on the data. In Sect. 3
we describe the geometrical model of the stellar and dust distri-
butions and in Sect. 4 we describe the radiative transfer model
used in this paper. The fitting procedure is outlined in Sect. 5. We
present the fits to the surface brightness distribution from the UV
to the FIR/submm and the resulting global SED of M33 in Sect. 6.
The derived intrinsic properties of M33 - star-formation rate, star-
formation surface density, dust optical depth, dust mass, and dust
attenuation are discussed in Sect. 7. In the same section we also
present the derived morphological components of M33 and their
intrinsic properties, as well as the solutions for the radiation fields
of M33. We discuss the predictions of our model in Sect. 8. A com-
parison of the properties of M33 with those of the Milky Way and
other local universe galaxies is also performed in Sect. 8. We give
the summary and conclusions of our results in Sect. 9.

2 DATA

In this section we describe the panchromatic data of M33 used
in this project. The data were obtained from the archives of recent
scientific missions, as summarised in Table 1.We assume a distance
to M33 of 859 kpc, for which the conversion between angular and
linear size is 4.16 parsec per arcsec. We assume an inclination of
56◦. Below we describe the data used in this work and a summary
of these observations is given in Table 1.

2.1 GALEX

We use the far-ultraviolet (FUV), 0.15 `m, and near-ultraviolet
(NUV), 0.22 `m, observations presented and reduced in Thilker
et al. (2005). These observations were obtained by the Galaxy Evo-
lution Explorer (GALEX, Martin et al. 2005) and distributed by
Gil De Paz et al. (2007) as part of the GALEX Ultraviolet Nearby
Galaxy Survey. We assume a conservative flux calibration error of
10% followingMorrissey et al. (2007). The FWHM is 4.3 and 5.34′′
for the FUV and NUV images, respectively corresponding to 17.9
and 22.3 pc.

2.2 Local Galaxy Group Survey

Images spanning the UBVI wavelength range observed at Kitt Peak
National Observatory (KPNO) have been obtained from the Local
Galaxy Group Survey (LGGS). A description of the observations
and their reduction can be found in Massey et al. (2006). These
data, providing a uniform coverage for the entire galaxy, have so far
only been used for star/stellar cluster photometry. SDSS data is also
available for M33, but we have not used it in this study because it is
less deep than the LGGS data.

In order to calibrate the data we performed photometry on a
group of stars within the field of view. The results of this pho-
tometry were then compared to the published measurements in the
stellar photometry catalogue ofMassey et al. (2006).We estimate an
uncertainty of 8% on our calibrations of the data. Our total fluxmea-
surements, for the entire galaxy, in the U, B, V bands agree within
the uncertainties with prior measurements listed on the NASA/IPAC
Extragalactic Database3 The images in the U, B and V bands have
superior angular resolution than that of the GALEX images, with a
FWHM of 1.4′′ or 5.8 pc. As expected, in the I band the resolution
is courser than that of the GALEX observations, with a FWHM of
3.2′′ or 13.3 pc.

2.3 Moses Holden Telescope

While the LGGS survey provided most of the information regard-
ing total flux densities and surface brightness profiles, it failed to
provide accurate measurements within the inner 100 pc of M33 in
the B and V bands, where the observations had bad pixels. Because
of this we decided to do our own observations to overcome this
problem. For this we used the Moses Holden Telescope (MHT) of
the University of Central Lancashire. This is a 0.7-m PlaneWave In-
strument CDK700 optical telescope located at Alston Observatory
near Preston, Lancashire, UK. In combination with a focal reducer

3 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract
with the National Aeronautics and Space Administration.
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its Apogee Aspen CG16M CCD camera provides imaging of a 40.2
x 40.2 arcminute field of view, sampled with 1.18′′pixels.

Our observations were undertaken during the evening of Oc-
tober 9th 2018. The median seeing was 2.8′′and all observations
were undertaken with airmass <1.2. In Table 1 the FWHM quoted
in both the B and V bands is elongated because of wind shift. We
obtained five 60s and four 300s exposures in the B and V bands, at
a position angle of 113.1◦ (i.e. aligned with the minor axis). The
centre of M33 was offset towards the southeast of the frame by
around 4.8 arcminutes to provide additional radial coverage along
the minor axis, which was used for background subtraction. Along
with the raw science images a series of bias images, dark frames
and twilight sky flats for each filter were also obtained.

The Python CCDProc (Astropy Collaboration et al. 2013,
2018) package was utilised to produce a master bias, dark and filter
dependent flats, and then to apply these to the raw data, to produce
reduced science images. Finally the SWarp (Bertin et al. 2002) was
used to align and combine each individual exposure and sum them
to produce the final combined science frames for each filter.

The resulting surface-brightness distribution and fluxes ob-
tained from the MHT observations were cross-checked with the
LGGS corresponding photometry. We obtained consistent results
within the quoted errors.

2.4 2MASS

We use observations in the J and Ks band from the Two Micron
All-Sky Survey (2MASS) with a calibration error of 3%. Further
information regarding the stacking of these observations can be
found in Jarrett et al. (2003). The FWHM of both the J and K band
images is 3′′, corresponding to a linear resolution of 12.5 pc. These
observations become very noisy beyond a radial distance of 4 kpc
from the centre ofM33, and the galaxy is not detected beyond 5 kpc.
As such, we could not use these observations to constrain the outer
disc of M33 at these wavelengths.

2.5 Spitzer

Data from the infrared Array Camera (IRAC, Fazio et al. 2004)
and the Multiband Imaging Photometer (MIPS, Rieke et al. 2004)
instruments on Spitzer have been obtained from the Spitzer Local
Volume Legacy Survey (Dale et al. 2009). We use IRAC 3.4 `m,
4.5 `m, 5.8 `m, 8 `m along with MIPS 24 `m. The resolution of
the IRAC images is comparable to that of the optical images, with
FWHM ranging from 1.98 to 2.02′′, or from 8.2 to 8.4 pc. Because
of this excellent resolution of the IRAC images we use these in
preference to the WISE images in the corresponding bands. The
MIPS 24 `m observations have a FWHM of 6′′. We therefore use
these in preference to the WISE images at 22 `m which are less
sensitive and have a resolution of only 12′′.

2.6 Herschel

We obtain data in the (70 − 500) `m range from the Herschel M33
Extended Survey (HERM33es4, Kramer et al. 2010; Boquien et al.
2011; Xilouris et al. 2012; Boquien et al. 2015). Observations were
done with the Herschel’s Photoconductor Array Camera and Spec-
trometer (PACS; Poglitsch et al. 2010) at 70, 100 and 160 `m and
with Spectral and with the Photometric Imaging Receiver (SPIRE;

4 http://www.iram.es/IRAMES/hermesWiki

Griffin et al. 2010) at 250, 350 and 500 `m. At the longest wave-
length (500 `m) the resolution is FWHM=35.2′′ or 146.6 pc, mak-
ing this the lowest resolution image available for this study.

2.7 Masking foreground stars

Within the UV/optical/NIR wavelength ranges, bright foreground
stars can affect the estimates of the background on the observation,
and the total integrated flux of the galaxy. Because of this foreground
stars were masked independently at each wavelength. For this we
produce a median map in which each pixel has a value equal to the
median of the 3×3 pixels surrounding each pixel on the observation.
Following this we subtract the median map from the observation.
By considering the distribution of residual values we take pixels
with values > 15 % the maximum residual to be pixels coinciding
with the centres bright point sources, generally bright foreground
stars. Once identified, these bright points are masked using a mask
of radius 20 pixels. In order to ensure we do not mask bright sources
associated with the galaxy, such as the galactic centre or the bright
star formation region NGC604, each of the produced masks are
checked by eye and any false positives removed. This approach
to identifying and masking bright foreground stars has been taken
as it makes no assumption of intrinsic colours of the foreground
star populations. We find that the masking of foreground stars has
a negligible effect on the total integrated flux of M33, however,
it does have an effect on the derived background fluctuations and
total flux uncertainty, where bright foreground stars dominate the
background fluctuations. We also made visual tests to ensure that
the number of stars within the extent of the galaxy does not exceed
that in the background region.

2.8 Convolutions

All the data for wavelengths shorter than 160 `mhave a higher reso-
lution than that normally employed by our model, which, for the dis-
tance of M33, matches the PACS 160 resolution. We have therefore
degraded these data to PACS 160 resolution, using the convolution
kernels5 of Aniano et al. (2011) where available. The convolutions
of LGGS, MHT, and 2MASS data have been performed using a two
dimensional Gaussian. After the convolutions all data shortwards
of 160 `m were thus degraded to a physical resolution of 50pc. For
the SPIRE bands we have retained the original physical resolution
of 73 pc, 100 pc, and 146.6 pc at 250 `m, 350 `m, and 500 `m re-
spectively, and instead degraded the resolution of the model images
to match the data.

2.9 Photometry

Each observation was first corrected for foreground dust extinction
assuming E(B-V)=0.0356 (Schlafly & Finkbeiner 2011), where the
extinction coefficients have been derived from the extinction curve
parametrization of Fitzpatrick (1999) with '+ = 3.1. A single
correction factor was used at each wavelength and no attempt was
made to correct for gradients along the galaxy. We performed curve
of growth (CoG) photometry for all wavelengths in order to derive
the azimuthally averaged surface brightness profiles of M33 and
total integrated fluxes �a . The annuli used were ellipses derived
using the position angle and inclination of M33. The size of each
annuli has been defined manually in order to sample interesting

5 https://www.astro.princeton.edu/~ganiano/Kernels.html
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Table 1. Summary of observations. The table lists the name of the telescope used for each observation, the corresponding filter/instrument, the reference
wavelength _0, the FWHM of the observation, the calibration errors on the total flux densities Ycal

�a
in percentages, the RMS noise due to the background

fluctuations fbg (see Eqn. A5) at the native resolution of the observations, the band name, and the references from which the photometry was taken.

Telescope Filter/Instrument _0 [`m] FWHM [′′] Ycal
�a

[%] fbg [kJy/sr] Band name References
GALEX FUV 0.1528 4.3 10 0.13 FUV Thilker et al. (2005)

NUV 0.2271 5.3 10 0.20 NUV Thilker et al. (2005)
Moses Holden Telescope B 0.4381 4.65 × 3.82 10 3.5 B This work

V 0.5388 4.53 × 3.62 10 3.2 V This work
KPNO 4.0-m Mayall U 0.3552 1.4 8 7.4 U Massey et al. (2006)

B 0.4381 1.4 8 19. LGGS B Massey et al. (2006)
V 0.5388 1.4 8 25. LGGS V Massey et al. (2006)
I 0.8205 3.2 8 48. I Massey et al. (2006)

Whipple Observatory 1.3-m J 1.235 3. 3 14. J Jarrett et al. (2003)
Ks 2.159 3. 3 12. K Jarrett et al. (2003)

Spitzer IRAC 3.550 1.95 3 14. I1 Dale et al. (2009)
IRAC 4.493 2.02 3 1.7 I2 Dale et al. (2009)
IRAC 5.731 1.88 3 4.5 I3 Dale et al. (2009)
IRAC 7.872 1.98 3 11. I4 Dale et al. (2009)
MIPS 23.68 6. 4 2.8 MIPS 24 Dale et al. (2009)

Herschel PACS 70. 5.2 15 19. PACS 70 Boquien et al. (2015)
PACS 100. 7.7 15 290. PACS 100 Boquien et al. (2011)
PACS 160. 12. 15 96. PACS 160 Boquien et al. (2011)
SPIRE 250. 17.6 15 12. SPIRE 250 Xilouris et al. (2012)
SPIRE 350. 23.9 15 9.7 SPIRE 350 Xilouris et al. (2012)
SPIRE 500. 35.2 15 8.3 SPIRE 500 Xilouris et al. (2012)

features on the surface brightness profile, identified from a coarse
linearly sampled CoG. A total of 119 annuli were used. Errors on
total fluxes Y�a , take into account calibration error Ycal, fluctuations
in the background Ybg, and Poisson noise Ypoisson, the latter being
applied for all wavelengths up to and including the I band.The error
calculation method is given in Appendix A.

In the case of the MHT observations, the background level
and its fluctuations have been derived from an offset image that
provided additional coverage along the minor axis (see Sect. 2.3).
We found that the errors on total fluxes are dominated by calibration
errors, as seen in Table A1. Subsequently, colour corrections have
been applied to IRAC,MIPS, and PACS observations, in an iterative
procedure that inputs the best SED shapes from the model. Colour
corrected spatially integrated flux densities are shown in Table 2.

3 MODEL DESCRIPTION

Our model of M33 is based on the axi-symmetric RT model of
Popescu et al. (2011, hereafter PT11) for the UV to submm emis-
sion of spiral galaxies, in which dust opacity and stellar emissivity
geometries are described by parameterized analytic functions. The
model incorporates the effect of anisotropic scattering and explicit
calculation of the stochastic heating of dust grains of various sizes
and chemical composition.

We only retain the overall formalism of the PT11 model, and
we derive the geometrical parameters of M33 through an optimi-
sation process in which the model is fitted to the detailed imaging
observations available for M33, spanning the FUV to submmwave-
length range. From the detailed surface brightness distributions we
found it necessary to model M33 with four different morphological
components: a nuclear, an inner, a main and an outer disc. Physical
quantities related to these will carry the notations “n",“i",“m",“o"
throughout this paper. Each of the morphological components is
further made up of the generic stellar and dust components from
PT11 (see also Sect. 3.1 and 3.2) : the old and young stellar discs

Table 2. Colour corrected fluxes

Band �a[Jy] Y�a [Jy]
FUV 2.1 0.1
NUV 3.04 0.09
U 5.9 0.6
LGGS B 14 2
MHT B 14 1
LGGS V 20 2
MHT V 22 2
I 32 4
J 16.8 0.6
K 16.4 0.5
I1 16 1
I2 11.2 0.3
I3 20.1 0.7
I4 108 3
24 48 2
70 600 90
100 1400 200
160 2200 300
250 1300 200
350 710 100
500 330 50

(the stellar disc and the thin stellar disc respectively) and the dust
disc and the thin dust disc respectively. In principle we allow for
each of the four morphological components to be made up of two
stellar and two dust components. For example we can speak of a
main stellar disc, a main thin stellar disc, a main dust disc and a
main thin dust disc. In practice we found that not all morphological
components require so many stellar or dust components, as is the
case for the nuclear disc, which could be fitted with only one thin
stellar disc.
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All disc components j in the model are described by the fol-
lowing general formula:

Fj (', I) =



0 if ' < 'tin,j

�0,j

[
'

'in,j

(
1 − jj

)
+ jj

]
exp

(
−
'in,j
ℎj

)
exp

(
− I
Ij

)
if 'tin,j ≤ ' < 'in,j

�0,j exp
(
− '
ℎj

)
exp

(
− I
Ij

)
if 'in,j ≤ ' ≤ 't,j

(1)

with:

jj =
Fj (0, I)

Fj ('in,j, I)
(2)

where ' and I are the radial and vertical coordinates, ℎj is the scale-
length, Ij is the scale-height, �0,j is a constant determining the
scaling of Fa,j (', I), jj is a parameter describing the linear slope
of the radial distributions interior to an inner radius 'in,j, 'tin,j, is
the inner truncation radius of the linear slope interior to 'in,j, and
't,j is the outer truncation radius of the exponential distribution.
Eqns. 1 and 2 are wavelength dependent. The spatial integration
of these distributions between the inner and the outer truncation
radius provides the intrinsic luminosities if they refer to stellar
distributions, or the dust mass, if they refer to dust density/dust
opacity distributions. The corresponding analytic formulas used in
the calculations are given in Appendix B.

3.1 Stellar components

3.1.1 The stellar disc

Preferentially emitting in optical and NIR wavelengths, the stel-
lar disc is made up of old stellar populations and is described by
the geometrical parameters ℎdisc

s , Idisc
s , 'disc

in,s , and jdisc
s , and the

amplitude parameters !disc (_). Most of these parameters were con-
strained from observations at available wavelengths (in the U, B, V,
I, J, K, I1, I2, and I3 bands) as described in Sect. 5. It should be
noted that the inclusion of an old stellar population in the U-band
represents a departure from the generic model from PT11, which
was based on edge-on systems. In those systems very little obser-
vational constraints from the disc are available in this band, and as
such no modelling in this band was available for inclusion in the
model of PT11. In the case of a non-edge-on galaxy like M33 there
is clear evidence that an old stellar populations is required by the
imaging data in the U-band.

The parameters 'disc
in,s and jdisc

s were found to be wavelength
independent. The model of M33 contains an inner stellar disc, a
main stellar disc and an outer stellar disc, with radial profiles as
depicted in the middle panel of Fig. 1. In principle an old stellar
population associated with the nuclear disc (or with a very small
bulge) could not be excluded, however, due to the small extent of
this component (relative to the resolution of the measurement), we
could not use any geometrical constraint to disentangle such a con-
tribution, and as such a nuclear (old) stellar disc is not included
in the current model. To conclude the stellar disc of each morpho-
logical component containing an old stellar population (inner, main
and outer disc) is described by 4 geometric parameters and one
amplitude parameter.

3.1.2 The thin stellar disc

Containing young stellar populations, the thin stellar disc produces
the majority of the UV output and is described by the geometrical
parameters ℎtdisc

s , Itdisc
s , 'tdisc

in,s , and jtdisc
s , and the amplitude param-

eters !tdisc (_). All the parameters except Itdisc
s have been mainly

constrained from the NUV data under the assumption that ℎtdisc
s

and Itdisc
s do not vary with wavelength (see PT11). The model of

M33 contains a nuclear thin stellar disc, an inner thin stellar disc, a
main thin stellar disc and an outer thin stellar disc, with radial pro-
files as depicted in the left panel of Fig. 1. An image of the stellar
emissivity seen face-on is also shown in Fig. 2, where the different
morphological components are indicated on the map.

Since, in non-edge-on galaxies, the UV emission, though
strongly attenuated, is still readily measurable, we have included
amplitude parameters as free variables for the emission of the young
stellar populations in different UV-optical bands. This is a neces-
sary departure from the use in PT11 of a fixed emission template
SED, calculated for a steady state SFR, for modelling in particular
the UV emission of edge-on galaxies, where the UV emission is
almost completely obscured by the dust lanes. All this opens up the
possibility, which we will explore in future works, of investigating
the star-formation history on timescales of a few 10s to a few 100s
of Myr through analysis of the derived intrinsic UV colours as a
function of radial position. Keeping in line with previousmodelling,
we express the spectral integrated luminosity of the young stellar
disc !tdisc in terms of a star-formation rate SFRtdisc, using Eqns.
16, 17, and 18 from PT11. Because we use the total bolometric
luminosity of the young stellar disc to derive the SFR, our method
is less sensitive to assumptions regarding steady-state or IMF used.

To conclude, the thin stellar disc of each morphological com-
ponent containing a young stellar population (nuclear, inner, main
and outer disc) is described by 4 geometric parameters and one
amplitude parameter.

3.2 Dust components

3.2.1 The dust disc

Describing the large scale distribution of the diffuse dust associated
with the majority of the stellar population in a galaxy and with the
HI gas, the dust disc is one of the main components of the PT11
model.Mainly characterised by a smaller scale-height Idisc

d than that
of the old stellar population Idisc

s , while still being larger than that
of the young populations Itdisc

s , the dust disc is usually more radially
extended than the old stellar disc (e.g. Xilouris et al. 1999). On a
similar vein to the stellar discs the geometrical parameters of the
dust disc are ℎdisc

d , Idisc
d , 'disc

in,d, and j
disc
d . The amplitude parameter

is the B-band face-on optical depth at the inner radius gf
�

(
'disc

in,d

)
.

The model of M33 contains an inner dust disc, a main dust disc and
an outer dust disc. When modelling the radial profiles (see Sect. 5),
no necessity was found to include a dust counterpart for the nuclear
disc. To summarise, the dust disc for eachmorphological component
incorporating such a disc (inner, main and outer) is described by 4
geometric parameters and an amplitude parameter.

3.2.2 The thin dust disc

A generic feature of the PT11 model, the thin dust disc represents
the diffuse dust associated with the young stellar population. As
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Figure 1. Top: Radial profiles for the stellar emissivity Fa,B (', 0) of the young (left) and old (middle) stellar populations in the B band, and for the dust density
distribution F3 (', 0) (right), for the different morphological components: nuclear and inner (dashed-lines), main (solid-line), outer (dotted-lines) discs. The
profiles of stellar emissivity have been normalised to the maximum intensity corresponding to the nuclear disc of the young stellar populations. The profiles for
the dust density distribution have been normalised to the maximum intensity corresponding to the inner dust disc. It should be noted that the dust distribution
for each morphological component is made up of a thin and a thick dust disc having different scale-lengths, and as such the resulting radial profile of the dust
distribution does deviate from an exponential form. Bottom: As above, but zoomed into the inner 1 kpc.
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Figure 2. The model image for the stellar emissivity of the young stellar population (left), and for the dust density distribution (right) in M33, as seen face-on.
The image shows the different morphological components found for M33.
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such this dust component is constrained to have the same scale-
length and scale-height as the young stellar disk (see PT11). The
geometrical parameters of the thin dust disc are ℎtdisc

d , Itdisc
d , 'tdisc

in,d ,
and jtdisc

d . The amplitude parameter is the B-band face-on optical

depth at the inner radius gf
�

(
'tdisc

in,d

)
. The model of M33 contains

an inner thin dust disc, a main thin dust disc and an outer thin dust
disc. In our modelling we found no need to include a thin dust disc
within the nuclear disc. As such, the thin dust disc for each of the
inner, main and outer disc is described by 4 geometric parameters
and one amplitude parameters.

The total dust distribution from both the dust disk and the thin
dust disk is shown in the right panel of Fig. 2.

3.2.3 Clumpy component

The clumpy component is another generic feature of the PT11
model and represents the dust around young star-formation regions.
Clumps in our model have a small filling factor and thus, the ef-
fect on light propagating at kpc scales is not significantly affected.
The clumps do however efficiently block the light from young stars
inside the clouds. The amplitude of the clumpy component is de-
scribed by the parameter �, which was defined in PT11 to represent
the fraction of the total luminosity of massive stars locally absorbed
in star-forming clouds (see Sect. 2.5.1 from PT11 for a detailed
description of the escape fraction of stellar light from the clumpy
component).

The parameters associated with all these structures are constrained
from data as described in Sect. 5. The model geometric parameters
are listed in Table 3, while the derivation of the value of these
parameters and their errors is described in Sect. 5. The amplitude
parameters (luminosity densities and dust optical depth) are listed
in Table C1.

4 THE RADIATIVE TRANSFER CODES

We used the radiative transfer code of PT11, a modified version of
Kylafis & Bahcall (1987), which employs a ray-tracing algorithm
and the method of scattered intensities. We also used the DART-
Ray6 code (Natale et al. 2014, 2015, 2017). Optimisation of the
model has been made using the PT11 code. The surface brightness
maps for the dust emission, as seen by an observer, have been
produced with DART-Ray. The radiation fields in the dust emission
have also been produced usingDART-Ray. Cross-check calculations
between the codes show agreement in the calculation of radiation
fields at a few percent level (Natale et al. 2014). For the absolute
and comparative performance of the codes, we refer the reader to
Popescu & Tuffs (2013) and the above references for DART-Ray.
In order to model the detailed central region of M33, we adopt a
minimum spatial sampling of 50pc.

5 FITTING THE SURFACE BRIGHTNESS
PHOTOMETRY FROM THE FUV TO FIR

The process of fitting the detailed surface brightness profiles of the
observations is equivalent to optimising for the detailed geometry

6 http://www.star.uclan.ac.uk/~gn/dartray_doc/

and amplitude (luminosity/opacity) of the stellar populations and of
the dust. Due to the large number of geometrical parameters needed
to model M33, a complete search of the whole parameter space
with radiative transfer calculations is computationally prevented.
Instead, we used an intelligent algorithm that takes into account the
preferential effects of different parameters on the emission at spe-
cific wavelengths (previously shown in PT11), making thus possible
to avoid unnecessary parameter combinations.

As M33 is a non-edge-on galaxy and therefore does not offer a
mean for directly determining the vertical distribution, we fixed the
relative scale-heights of stars and dust to the general trends derived
from edge-on galaxies (see PT11). We thus fixed Idisc

s from PT11
(their Table E.1), to be the same at all wavelengths and to bear the
same ratio to the B-band scale-length of a single exponential, as
in PT11. This led to a value of 190 pc for Idisc

s . The scale-height
of the dust disc Idisc

d was taken to be in the same ratio to that of
the old stellar disk as in PT11, namely 160 pc. The scale-height
of the young stellar disk Idisc

s was fixed to have the same absolute
value as in PT11, namely 90 pc. Tests made to see how changes to
the values adopted for the scale-heights could modify our solution
showed minimal effects, as long as we did not change the general
characteristic of the solution, with the old stellar disk being thicker
than the dust disk, which, in turns, remains thicker than the young
stellar disk.

Azimuthally averaged radial profiles for the model were pro-
duced in the same manner as those for the observations, allowing
a direct comparison between observed and model profiles. We first
started the optimisation by considering single exponential functions
for all stellar and dust distributions and some initial guess parame-
ters taken either directly from data without dust effects considered
(e.g. runningGALFIT to availableUV/optical/NIR profiles) or from
general trends derived from our previous modelling.

The use of single exponential functions in the radial direction
turned out to produce a poor description of the observations. It
became immediately apparent that the profiles at all wavelengths
do not follow a single increasing exponential towards the centre
of the galaxy, but have a series of changes at characteristic radii.
These changes are observed as flattening/steepening of the profiles,
meaning changes in the gradient of the exponential function. This
gradient clearly changes four times, indicating the need to use four
disc components instead of only one. Because of this unambiguous
feature of the observations we did not try to optimise for the number
of components, but rather fix this to four components.

The following steps were taken in the optimisation process:

1. Using the surface brightness profile of the UV data we
constrained the geometry of the young stellar populations for an
initial guess of the dust opacity. As mentioned before, the UV
profiles do not follow a single increasing exponential towards the
centre of the galaxy. In order to fit the observed profiles we split the
stellar emissivity into four distinct components, each with an inner
truncation radius 'tin, an inner radius 'in, and an outer truncation
radius 't. In the range 'tin ≤ ' < 'in the profile is a simple
linear function described by the parameter j (see Eqn. 2). Beyond
'in, each component follows an exponential as in the generic
model, and is truncated at 't. These four components of stellar
emissivity seen in the UV were taken to reside in the four different
morphological components mentioned in Sect. 3: the nuclear, inner,
main and outer discs. We assumed a constant thin disc scale-height
for all of them. The radius 'in, at which the change in the gradient
of the exponential occurs, was unambiguously determined for
each morphological component by visual inspection of the radial
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Table 3. The geometrical parameters of the model that are constrained from data. All the length parameters are in units of kpc.

ℎi−disc
s (U, B,V, I, J,K, I1, I2, I3) (0.05, 0.05, 0.05, 0.05, 0.05, 0.07, 0.07, 0.07, 0.08)±20%
ℎm−disc

s (U, B,V, I, J,K, I1, I2, I3) (1.8, 1.8, 1.7, 1.55, 1., 1.1, 1.7, 1.7, 1.5)±10%
ℎo−disc

s (U, B,V, I, I1, I2, I3) (1., 1., 1., 1., 1., 1., 1.)±20%

ℎn−tdisc
s 0.02
ℎi−tdisc

s 0.10±0.01
ℎm−tdisc

s 1.50±0.15
ℎo−tdisc

s 0.60±0.06

ℎi−disc
d 0.15+0.05

−0.03
ℎm−disc

d 9.0+2.7−1.8
ℎo−disc

d 1.0±0.2

j
(i−disc,m−disc,o−disc)
s (1±0.1, 1±0.1, -20±4)
j
(i−tdisc,m−tdisc,o−tdisc)
s (0., 0.75±0.08, -20±2)
j
(i−disc,m−disc,o−disc)
d (0., 0.75+0.23

−0.15, -20±4)

'
(i−disc,m−disc,o−disc)
in,s (0.,0.,7.1)
'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
in,s (0.,0.25,2.,7.1)
'
(i−disc,m−disc,o−disc)
in,d (0.25,2.,7.1)

'
(i−disc,m−disc,o−disc)
tin,s (0., 0., 6.76)
'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
tin,s (0., 0., 0.5, 6.76)
'
(i−disc,m−disc,o−disc)
tin,d (0., 0.5, 6.76)

'
(i−disc,m−disc,o−disc)
t,s (0.5, 7., 10.)
'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
t,s (0.1, 0.75, 7., 10.)
'
(i−disc,m−disc,o−disc)
t,d (1., 7., 10.)

profiles. The other parameters, such as scale-length ℎtdisc
s and

spectral luminosity density !tdisc (_) were derived iteratively, by
searching a grid of RT models for various combinations of these
parameters. As mentioned before, the inclusion of the amplitude
!tdisc (_) as free parameters represents a departure from the use
of a fixed spectral template in the generic model from PT11, and
allows us to investigate variations in the star-formation history on
timescales of a few 10s to a few 100s of Myr through analysis of
the derived intrinsic UV colours.

Thus, the optimisation of the UV data provided a first guess
value for the parameters js, ℎs as well as for the amplitude
parameters !tdisk (_), and a definitive value for 'in,s, 'tin,s, for
each of the four young stellar disc components.

2. Following PT11, we fix the geometrical parameters of the
thin dust disc to equal that of the young stellar disk. Thus we set:

I
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
d = I

(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
s ,

ℎ
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
d = ℎ

(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
s ,

j
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
d = j

(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
s ,

'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
in,d = '

(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
in,s ,

'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
tin,d = '

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

'
(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
t,d = '

(n−tdisc,i−tdisc,m−tdisc,o−tdisc)
t,s .

3. At 500 `m the emission from a galaxy is dominated by cold dust,

coming from the diffuse component, and as such this emission is
primarily an indicator of dust opacity. We thus used the SPIRE 500
band to constrain the parameters of the dust distribution. Using the
parameters determined in steps 1-2, we ran a new RT calculation
and compared the 500 `mprofilewith the corresponding SPIRE500
profile. As in the UV, we observed clear breaks to the exponential
profile. However, we only find three distinct components in the
diffuse dust emission rather than the four observed from stellar
emission. These components correspond to the inner, main, and
outer components of the galaxy seen in the UV, with the same inner
radii, and the same inner flattening of the radial profiles. Thus, we
constrained the parameters:

'i−tdisc
in,d = 'i−disc

in,d = 'i−tdisc
in,s ,

'm−tdisc
in,d = 'm−disc

in,d = 'm−tdisc
in,s ,

'o−tdisc
in,d = 'o−disc

in,d = 'o−tdisc
in,s ,

ji−tdisc
d = ji−disc

d = ji−tdisc
s ,

jm−tdisc
d = jm−disc

d = jm−tdisc
s ,

jo−tdisc
d = jo−disc

d = jo−tdisc
s .

Using a grid of models we derived a dust disc scale-length ℎdisc
d

and amplitude parameter, the opacity at the inner radius of the thick
and thin dust disc gf, (disc)

�

(
'in,d

)
and gf, (tdisc)

�

(
'in,d

)
respectively,

for each morphological component. It should be noted that for each
model containing a new trial value (ℎd, gf

�
) we had to run step

1 to readjust the luminosity of the young stellar components. In
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Figure 3.Comparison between azimuthally averaged radial profiles obtained from ourmodel ofM33 (red dashed-lines) and from observations (black solid-line).
The sampling of both the observed and modelled profiles is as described in Sect. 2.9. The blue shaded area around the observed profiles represents the errors,
which were calculated taking into account both systematic errors due to photometric calibration, as well as random errors due to background fluctuations and
configuration noise, as described in Appendix A and calculated using Eqns. A9-A14 The contribution of the nuclear, inner, main and outer thin stellar discs are
plotted with blue dotted-lines. The contribution of the inner, main, and outer stellar discs are plotted with green dotted-lines. Small lower panels: The different
panels show profiles in the FUV, NUV, U, B, V and I bands. At each band we also show residual profiles (plotted with red solid-line) in the lower panels. To
guide the eye, the horizontal blue dashed-lines indicate the ±20% residuals.

summary, from the 500 `m data we derived first estimates for jd,
gf
�

(
'in,d

)
, ℎdisc

d and a definitive value for 'in,d, for each of the
morphological components.

4. With the constraints from steps 1-3, we ran a new RT model and
compared the radial profiles in the optical and NIR wavelengths.

At these wavelengths we see the dust attenuated emission from the
old stellar population as the dominant source of emission. Never-
theless, residual emission from the young stellar populations is also
present, in particular in the blue optical range, while at long NIR
wavelengths emission from warm dust grains (PAHs) start to affect
the bands. Throughout the optical/NIR range we found the same
functional form of the stellar emissivity as in the UV, including
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Figure 4. Same as in Fig. 3, but for the J, K, I1, I2, I3 and I4 bands. The dust emission contribution is plotted with grey-dotted lines. In the J and K bands the
residuals are only plotted out to 4 kpc, since beyond this radius the galaxy is not detected in these bands, due to the observations being shallow.

a very compact feature in the centre of the galaxy. We therefore
modelled the emission with nuclear, inner, main and outer stellar
components, each consisting of an old and young stellar disc, except
for the nuclear component for which only a young stellar disc was
considered. We found that for the inner and main components the
old stellar discs were best fitted with pure exponential functions
throughout 0 ≤ ' ≤ 't, with no inner radii. The outer compo-
nent was found to follow the same behaviour as in the UV range,
with an inner radius 'o−disc

in = 'o−tdisc
in and jo−disc = jo−tdisc.

From these observations we optimised for the scale-length ℎ (disc)
s

and amplitude parameters ! (disc) (U,B,V, I, J,K, I1, I2, I3), and

!tdisc (U,B,V, I, J,K, I1, I2, I3) for all the morphological compo-
nents. Exception to this is the outer disc, for which we were not
able to optimise for the scale-length in the J and K band, since these
observations were too noisy. Because we found the scale-length of
the outer disc to be constant at all the wavelengths we optimised, we
simply fixed to this constant value the J and K band scale-length.

Thus, in this step we derive estimates for ℎ (disc)
s , ! (disc) (_),

and !tdisc (_), with _ in the optical range, while also setting 'in
and j for the stellar emissivity of the old population.
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Figure 5. Same as in Fig. 4, but for the 24, 70, 100, 160, 250, 350 and 500 `m bands.
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5. Using constraints from steps 1-4, we performed a new RT
calculation and looked at all available wavelengths, in particular in
the NUV and 70 `m. This allowed us to fine-tune the parameters
of the inner component. Thus we had to slightly increase the
scale-length and truncation radius of the inner component’s thin
dust disc ℎi−tdisk with respect to that of the young stellar disc. At
this stage we also used the 24 micron observations to constrain the
localised component.

6. Using constraints from steps 1-5, we ran a new RT model and
compared the model to observation at all available wavelengths.
Various rescalling of the amplitude parameters were needed and
several iterations were required before convergence was achieved
at all wavelengths.

It should be noted that, despite the complexity of the problem,
the optimisation is relatively straightforward. This is because the
optimisation of the different parameters can be done sequentially,
one wavelength at a time, which is a consequence of the fact that
it is possible to separate the signature of the dust from that of the
stars. In other words it is possible to identify a spectral range where
only one component dominates - e.g. the 500 micron data is mainly
shaped by dust opacity and not by heating sources.

In addition, for any wavelength where a fit is performed, and
for a given component, the main fitted parameters are only a (radial)
exponential scale-length and a corresponding amplitude parameter.
This is because the scale-height parameters are fixed from generic
trends, the inner radius of each morphological component is also
fixed from observations, while the j parameter is mainly a shallow
inner truncation, which is usually derived as to provide a smooth
transition between various components. As such the initial guess
of the two main fitted parameters is achieved by fitting the appar-
ent one-dimensional profile at the required wavelength, followed
by only a couple of radiative transfer calculation iterations (going
through steps 1, 2, 3, 4, as described above). Because of its sim-
plicity the fit is done by eye, and checked through a calculation of
the corresponding chi-squared chi2 value. The parameter space of
each length and amplitude parameter is usually sampled within the
±30% around the best fit model, with a 5% step accuracy.

Another important aspect of our optimisation method is that
there are no degeneracies in the parameter space. This was already
discussed at length in PT11 for the modelling of the integrated
SED, but it applies even more so for a resolved study as the one in
this paper. The main point here is again the fact that the 500 `m
wavelength is almost entirely shaped by the distribution of dust,
with small influence from heating sources, and therefore can be
used to derive the parameters of the dust. At the short wavelength
end, the UV data are dominated by the young stellar populations,
and, for a good initial guess of the dust distribution, they can be
used via a radiation transfer calculation to derive the geometry of
the young stellar disc in each UV band. In addition there are no
degeneracies between reddening and age/metallicity, since we do
not fit a stellar population model to the data, but derive the intrinsic
UV and optical luminosity density at each (observed) wavelength
by directly solving the inverse problem.

The resulting model profiles together with the corresponding
observed ones are plotted in Figs. 3-5, showing an overall good
agreement between the model and observations at all observed
wavelengths. We also calculated the residuals D between obser-

vation and our model

D =
observation −model

observation
(3)

and plotted these residuals in Figs. 3-5. The residual plots show that
indeed a good fit was achieved, with residuals typically within 7%.

Uncertainties in the resulting model parameters have been de-
rived by looking at the deviation from the best-fit model, one pair of
parameters at a time, where the pair represents a geometrical param-
eter and a corresponding amplitude parameter, at the wavelength it
was optimised. This is because any change in a geometrical param-
eter is accompanied by a change in the amplitude of the profile,
and as such these parameters are not independent to each other. For
example the scale-length of the dust disc changes jointly with dust
opacity, the scale-length of the young stellar disc changes jointly
with the luminosity of the young stellar disk, and the scale-length
of the old stellar disc changes jointly with the luminosity of the old
stellar disc. An example of deviations from best fit values is shown
in Fig. 6, for the scale-length of the main thin stellar disc, ℎm−tdisc

s
and corresponding !m−tdisc

s in the NUV band. The figure shows the
average radial surface brightness profiles for changes of ±10% in
ℎm−tdisc

s and corresponding +3/−1% in !m−tdisc
s , which are taken

to be representative errors in these parameters. The resulting best-fit
model parameters and their associated errors are given in Table 3.

The errors in the fit can also be quantified through a chi-squared
calculation at the specific wavelengths where the model has been
optimised. Thus, for a given _, the chi-squared was calculated as:

chi2_ =
#∑
==1

($n − "n)2

Y2
SB,n

(4)

chi2A ,_ =
chi2
_

#
(5)

(6)

where # is the number of annuli for which the photometry was
performed,$n and "n are the azimuthally averaged surface bright-
nesses within the annulus n for the observed and modelled radial
profiles, respectively, and YSB,n is the error within annulus n, as
derived using Eqns. A9-A14. The variables # , $n, "n and YSB,n
are all functions of _. In Table 4 we show the reduced chi-squared
chi2
A ,_

values for the best-fit model and the upper and lower er-
ror models, in the wavelengths range for which various parameters
were optimised. Thus for the parameters related to the young stel-
lar populations the chi2

_
is calculated in the NUV, for the old stellar

populations in the NIR range, and for the dust parameters at 500 `m.
The values from Table 4 show a minimum for the best-fit model in
most cases.

The reduced chi-squared value for the model across all wave-
lengths (for which comparison with observed data has been per-
formed) ; = [1, !] is given by:

chi2r =

!∑
;=1

chi2
_,;

!∑
;=1

#l

(7)

where chi2
_,l is the chi-squared as defined by Eqn. 4. The derived

value is chi2r = 2.25.
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Table 4. The chi2r (see Eqns. 4-7) values for the best-fit model and the upper
and lower error models at the wavelengths where the model was optimised.

Band Best e+ e-
NUV 2.85 4.21 3.46
I1 0.95 1.26 1.09
SPIRE 500 0.42 0.89 9.19

2 3 4 5 6
Radius [kpc]
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I
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hm tdisk
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Figure 6. Azimuthally averaged radial surface brightness profiles in the
NUV band showing effects of a ±10% deviation in the scale-length of the
main thin stellar disc and

(
+3
−1

)
% in !m−tdisc

s , from the best fit model.

6 RESULTS

6.1 Fits to the surface brightness distribution

As mentioned before, the fits to the surface brightness profiles, as
depicted in Figs. 3, 4 and 5 show an overall good agreement with
the data, with relative residuals less than 20% in most cases. Inspec-
tion of the observed profiles show that the process of azimuthally
averaging produces smooth exponential profiles, making the galaxy
suitable for fitting with analytic axi-symmetric functions. Nonethe-
less, some imperfections to the smooth nature of the curves still
occurs, in particular where the young stellar population dominates
the output. This is due to some local strong asymmetries, but also
to some residual radial features not included in our model. A par-
ticular notable feature is that occurring around 3 kpc in the UV
profiles. There is a strong depression seen throughout the annulus
centred at this position, indicating a real radial feature. There is also
a peak at around 3.8kpc, which is due to the bright star-forming
region NGC604.These features make the residuals at this location
and these wavelengths rather larger (above 20%). The worse devia-
tion from smoothness in the profile is, as expected, at 24 `m, where
the contrast between the localised emission from SF regions and
the diffuse emission is at a maximum. At this wavelength, the fea-
tures seen in the NUV, namely the depression at 3 kpc and the peak
at 3.8 kpc due to NGC604 are even more pronounced. In addition
there are several peaks at around 1, 6 and 8 kpc, where emission
from SF regions, preferentially located in spiral arms, dominates.
This situation in particular affects the profiles of M33, since the
galaxy is at such close proximity, and therefore we resolve lots of
small structure.

Figs 3 and 4 show that the observed profiles in the B,V,I,J,K
bands in the region dominated by themain disc continuously steepen
with increasing wavelength. Although the observations in the J and

K range become quite noisy beyond 4 kpc, the slope of their profiles
is still clearly defined within the inner 4 kpc, enabling us to infer
the steepening effect mentioned above. In our model this trend is
well fitted through a decrease in the intrinsic scale-length of main
disc old stellar populations with increasing wavelength. However, at
even longer wavelengths, in the IRAC 3.6, 4.5 and 5.8 `m, the slope
of the profile reverses again, with the profiles becoming shallower.
This is consequently fitted by an increase in scale-length.

The fits to the IRAC profiles (Fig. 4) show how the old stellar
population, the dominant component at 3.6 `m, starts to decrease
in weight in progressing to 4.5 `m, and is taken over by the dust
emission component at 5.8 `m. Only in the nuclear region does the
stellar component still dominate the emission at 5.8 `m. At 8.0 `m,
which covers a PAH emission feature, the profiles are completely
dominated by the dust emission components. An interesting feature
of these profiles is the outer disc, who is well defined at these
wavelengths, and is counterpart to the UV emitting outer disc.

At 350 and 500 microns the profiles are well fitted by our
model, showing no sign of a so-called “submm excess" (Bot et al.
(2010); Galametz et al. (2011); Kirkpatrick et al. (2013); Rémy-
Ruyer et al. (2013)). In particular the outer disc is well defined out to
10 kpc, and is again well fitted by our models. In the FIR the profiles
show steeper profiles (smaller extent) and a very weak outer disc.
This behaviour is naturally predicted by our self-consistent model,
and can be explained as a result of the low intensity radiation fields in
the outer disc producing a low temperature heating of the dust grains,
with the peak of their emission SEDs shifted towards longer submm
wavelengths. It is interesting to note that in fact all the images in
the 70 to 350 micron range are in fact not fitted, but predicted
by our model. Accordingly, having fitted the 500 micron images
to constrain the bulk of the dust distribution, and the UV/optical
images to constrain the heating sources, the FIR regime, which sees
the convolution between dust opacity and heating sources, needs
to be exactly predicted by the model, if the geometry is correctly
derived. And indeed, it is not only the overall amplitude, but also
the increase in scale-length of the FIR emission with increasing
wavelength, that is well accounted for and predicted by our model.

6.2 The global SED of M33

The fit to the UV-FIR/submm azimuthally average profiles resulted
in amodel that can successfully account for the global emission SED
of M33. Indeed, in Fig. 7 one can see that the spatially integrated
model SED resembles very well the observed SED of M33, with
the average relative residuals between model and data 〈|D|〉 of only
5.9% and amaximum residual |D| of 16.2%. In particular the balance
between energy absorbed in the UV/optical and energy emitted in
the infrared is well matched, with no predicted flux density outside
the expected error range. This is consistent with axi-symmetric RT
models being well suited to fit SEDs of star-forming non-edge-on
galaxies.

Fig. 7 also shows the intrinsic stellar SED of M33 (as it would
be observed in the absence of dust), with the difference between
the apparent (black) and intrinsic (purple) model SED representing
the absorption by dust. We have calculated that 35 ± 3% of the
stellar light is absorbed by dust and re-emitted in the far-infrared,
which is a typical value for late-type spiral galaxies (Popescu &
Tuffs 2002; Viaene et al. 2016; Bianchi et al. 2018). Another aspect
of interest shown by Fig. 7 is that the global intrinsic FUV/NUV, is
quite red compared to the unity ratio expected for a constant SFR,
showing that at the present epoch, the global SFR of M33 is rapidly
declining, on a timescale of order 100Myr. Despite this M33 shows
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Figure 7. Comparison between the model and the observed global SED of
M33. The data used in the optimisation procedure are shown as black square
symbols. The error bars on the data (mainly contained within the square
symbols in the UV/optical range) represent the one-sigma uncertainty in the
observed flux densities, as listed in Table 2. The model is represented by the
black solid line. The blue squares represent the data from Tibbs et al. (2018),
which were not used in the optimisation, but only shown for comparison.
The different components of the model SEDs are plotted with dashed-lines,
as follows: old stellar disks in green, young stellar disks in blue, diffuse
dust emission in red, clumpy component in grey. The intrinsic stellar SED
is also plotted with solid purple line. Relative residuals D between data and
model are plotted in the lower panel, with the ±20% residuals indicated with
light-blue dashed-lines (for the purpose of guiding the eye).

signs of recent star-formation activity, at least in selected regions.
For exampleRelaño&Kennicutt (2009) found that they couldmodel
a set of luminous HII regions in M33 assuming a recent burst of
age 4 Myr. Taken together with our results, this would imply that
star-formation in M33, although ongoing at the present epoch, was
higher 100 Myr ago. This decrease in SFR may also account in part
for the relative paucity of localised emission from star formation
regions that we derive in our modelling compared to other galaxies
we have analysed.

When optimising for the geometry of M33 we found several
morphological components in addition to the main disc. It is there-
fore of interest to see what is the contribution of these components
to the global SED. For this purpose we plotted in Fig. 8 the pre-
dicted intrinsic SED of M33, together with the contribution of the
nuclear+ the inner, the main and the outer discs. It should be em-
phasised that the dust emission from the different morphological
components do not necessary correspond to the same stellar emis-
sion component, in the sense that for example the heating of the dust
can come from photons emitted by all morphological components.
As expected from its spatial extent, it is the main disc that dominates
the emission SED. The main disc thus contributes 92.6% to the stel-
lar light, and 94.2% to the dust emission. By contrast, the inner disc
contributes only 2.5% to the stellar emission and 3.7% to the dust
emission. The outer disc contribution is similar to that of the inner
disc, making 4.6% and 2.1% to the stellar and dust emission output
of M33. There is also a nuclear disc, but, due to its small spatial
extent, it has a negligible contribution to the bolometric output of
M33 (only 0.3% to the stellar emission).

The dust emission SED of the inner disc peaks at around
100 `m, characteristic of ∼ 29K dust, being much warmer than
the SED of the main disc peaking at around 160 `m and having
∼ 18K. The warm infrared SED of the inner disc is due to an in-
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Figure 8.The predicted intrinsic SEDofM33, togetherwith the contribution
from the different morphological components: main disc, inner+nuclear
disc, and outer disc. The model is represented by the black solid line. The
individual stellar and dust components are plotted with dashed-lines and
solid lines, respectively, as follows: the inner in red, the main in blue and
outer in grey.

creased surface density of SFR within its confines, as we will see
in Sect. 7.1. Conversely, the outer disc contains cold dust, around
∼ 12K , and peaks at around 250 `m. We find that dust emission in
M33 is mainly powered by emission from the young stellar disks,
which account for 80 ± 8% of the dust heating.

The predicted intrinsic flux (spectral) densities (integrated out
to the truncation radius) in several UV-optical photometric bands of
interest are listed inTableD1. The fluxes are given both for thewhole
of M33, but also for the individual morphological components. In
addition, we also give in Table D2 the corresponding fluxes out
to the effective radius in I-band. The fluxes from Table D2 may
be used when comparing the properties of M33 to those of other
galaxies, in particular in statistical surveys of distant galaxies with
tabulated values of 'eff . The I-band effective radii in both intrinsic
and dust-attenuated light are tabulated in Table D3 for the global
emission as well as for the individual morphological components.

7 INTRINSIC PROPERTIES OF M33

7.1 Star-formation rate

We derive a SFR = 0.28+0.02
−0.01 M�yr−1, where the quoted errors

only include a random component due to uncertainties in the model
parameters within the axi-symmetric formalism. Here we did not
include any systematic sources of error, like for example errors
due to departure from axi-symmetry. The derived SFR is within the
range of recent values found in the literature forM33.Williams et al.
(2018) derived a SFR of 0.25+0.01

−0.07 M�yr−1 using the FUV+24 `m
method (Leroy et al. 2008) and 0.33+0.05

−0.06 M�yr−1 from a global
fit and the MAGPHYS code (Da Cunha et al. 2008). Elson et al.
(2019) derive a SFR of 0.34+0.08

−0.07 M�yr−1 using 12 `m estimates
and the calibrated global WISE W3 luminosities to SFRs presented
in Cluver et al. (2017), and (0.44 ± 0.10) M�yr−1, based on the
linear relation between 100 `m emission and total SFR presented
by Boquien et al. (2010).

As expected, we find that the majority of star formation occurs
within the main disc (0.5 ≤ R ≤ 7 kpc), since it is this component
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that dominates the galaxy both in terms of size and bolometrics. We
find SFRm = 0.26+0.02

−0.01 M�yr−1. The remaining 0.02 M�yr−1 is
distributed throughout the nuclear, inner, and outer thin stellar discs.
Taking into account the physical extent of each component, we find
a monotonically decreasing SFR surface density, ΣSFR, from the
inner to the outer disc. Looking across the entire galaxy we derive a
ΣSFR = 16.3+1.−0.7 × 10−4M�yr−1kpc−2 within the truncation radius
of the model.

The SFR and ΣSFR out to the truncation radius of M33, as
well as of its morphological components are listed in Table E1. In
addition, we give in Table E2 the corresponding numbers calculated
out to the intrinsic I-band effective radius.

7.2 Dust optical depth and dust mass

The dust face-on optical depth has a maximum value at the inner
radius of the inner disc, with g 5B

(
'i−disc

in,d

)
= 1.3 ± 0.1. The face-

on optical depth at the inner radius of the main and outer disc are
0.89+0.02

−0.04 and 0.40± 0.02 respectively. This is consistent with M33
being optically thin in the B band throughout the main and outer
disc, and becoming moderately optically thick in the inner disc. The
average face-on optical depth of the galaxy, weighted by the surface
area, is g 5B,area = 0.35, indicating again that over much of the extent
of the galaxy, M33 is optically thin in the B-band when observed
face-on. However, when weighting by flux we get g 5B,flux = 1.24,
showing that most of the luminosity is emitted where dust opacity
is higher.

Although M33 is optically thin over most of its extent, the
relatively larger optical depth (g 5

�
= 1.3) at the inner radius of the

inner disk, where the luminosity of the galaxy is higher, means that
corrections for total luminosity densities due to dust attenuations
will be significant in the B-band and in the UV range. This can be
seen both in the difference between the observed and intrinsic flux
densities of M33, as listed in Table 2 and Table D1, but also in
the fraction of stellar light absorbed by dust in M33. In addition,
dust attenuation not only affects the integrated luminosities of the
system, but also the appearance of the images, in particular in the
UV. This will be discussed in Sect. 8.4.

We have calculated a dust mass of"d = 14.1+0.3−0.5×106M� for
M33. The main disc contains the majority of the dust mass "m

d =

11.3+0.3−0.5 × 106M� , with the remainder 2.8 × 106M� distributed
between the inner and the outer disc. We list the dust masses of
the individual morphological components and of M33 in Table E3.
Comparison with other estimates of dust mass only make sense if
the same optical constants are used in the calculations. Because of
this we compare our results with those of Hermelo et al. (2016) who
used our generic RTmodel (PT11) to fit the integrated SED ofM33.
They derived a dust mass of "d = 13.8+17.5

−10.0 × 106M� for M33,
which is consistent with our results within errors. Our dust mass
estimates seem to be larger than the "d = 9.75 × 106M� derived
in Williams et al. (2018) from a pixel-to-pixel analysis of M33 and
same optical constants for the dust. However, since no errors have
been given in Williams et al. it is difficult to assess whether the
difference is significant or not.

Assuming a total gas mass ("G = "HI + "H2 + "He) "G ∼
3.2 × 109M� (Corbelli 2003) with a 20% uncertainty, we derive a
gas-to-dust ratio GDR = 230±50. This is in agreement with Gratier
et al. (2017) who finds a GDR of 200-400 from the central to the
outer regions of M33. We are also in agreement with Rémy-Ruyer
et al. (2014) for the expected GDR of a half solar metallicity galaxy,

as is the case of M33. When comparing our GDR derived for M33
with the GDR derived from our previous RTmodelling of theMilky
Way (Popescu et al. 2017) we find that the GDR nicely scales with
the metallicity as /−1, as expected if both galaxies have the same
fixed proportion of metals in the solid state.

7.3 The attenuation curve of M33

The attenuation curve of a galaxy is an important, yet usually un-
known function, as it incorporates not only the effect of dust ex-
tinction (depending on the optical properties of dust grains), but
also the effect of geometry (Disney et al. 1989; Tuffs et al. 2004).
Since the output of our model is the geometry of stars and dust
in M33, we can predict the effect the geometry has on the overall
attenuation and exactly calculate the attenuation curve, for the fixed
dust model used in this paper. In Fig. 9 we show the predicted UV
attenuation curve of M33 derived from our model, as compared
with the extinction curve of the Milky Way. The latter is computed
from Fitzpatrick (1999), which is a principal empirical constraint
for the grain model fromWeingartner & Draine (2001), that we use
as input to our RT calculations. Therefore, Fig 9 is to be interpreted
entirely in terms of the effects of geometry. It is immediately appar-
ent that M33’s attenuation curve is much steeper in the UV than the
Milky Way extinction curve (if both curves are normalised in the
B-band). Similar results have been obtained in the RT modelling
of M51 (De Looze et al. 2014) and of M31 (Viaene et al. 2017).
Another interesting feature of the attenuation curve is the 2200Å
bump, which for M33 is deeper than in the MW extinction curve.
We find the width of the bump to be only marginally larger than
the MW bump. In the modelling of M51 and M31 De Looze et al.
(2014) and Viaene et al. (2017) find a significant broader width for
the bump, although Viaene et al. (2017) does not consider this to be
a real effect, but attribute this to the less good fit their model has in
the NUV.

In Fig. 10 we also compare our results for the inclination-
average attenuation curve ofM33with the average attenuation curve
from Salim et al. (2018), for themass range ofM33. The inclination-
average is needed since the curve from Salim et al. (2018) is also
an average over a population of galaxies seen at various random
orientations. The overall curves do not look dissimilar, at least down
to the FUVfilter, where observations do constrain themodel ofM33.
The range between 912Å and the FUV filter is more uncertain, since
the attenuation of M33 is only predicted at these wavelengths, and
not determined from data. The 2200Å bump is more pronounced
for M33. This may again be due to the effect of the detail geometry
being taken into account in the modelling of M33 with respect to
the energy-balance approach in the Salim et al. curve.

Because we derive the radial dependence of the stellar emissiv-
ity and dust distribution, we can also predict the attenuation curve
of M33 as a function of radial position. This is shown in Fig. 9 with
dashed lines. We find a monotonic trend of steepening the slope of
the attenuation in progressing from the inner disc to the outer disc,
and a more pronounced 2200 Å bump in the outer regions than in
the inner ones. This trend can be understood in terms of the galaxy
being optically thick throughout the UV range in the inner disc, but
transiting from optically thick in the FUV to optically thin in the B
band within the outer disc.

The monotonic radial dependence of the attenuation curve in
M33 is quite remarkable, and shows that local measurements of
SFRs and other related quantities would present systematic errors,
dependent on galactocentric radius, if only a fixed attenuation law
would be used to correct for dust effects.
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Figure 9. Comparison of the global attenuation curve of M33 (at the ob-
served inclination of the disc; red solid line)with the average extinction curve
of the Milky Way (black solid line) from Fitzpatrick (1999), normalised in
the B band. Also over-plotted with dashed-lines are the attenuation curves
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Figure 10. Comparison between the inclination averaged attenuation curve
of M33 and the average attenuation curve from Salim et al. (2018), for the
mass range of M33.

We conclude that the data is consistent with the dust in M33
having the optical properties ofMilkyWay dust, with the large scale
variations in attenuation curve controlled by geometric effects.

7.4 The morphological components of M33

One of the main findings of our modelling of M33 is the existence
of several morphological structures, each characterised by different
geometrical parameters for stars and dust. In the following section
we describe the characteristics of these structural components.

7.4.1 The nuclear disc

The nuclear disc is dominated by young stars concentrated within
a small structure of 100 pc radial extent and scale-length ℎn−tdisc

B

of 20 pc, as seen in the lower panel of Fig 1 and also in Fig. 2.
In the optimisation analysis, we did not include a counterpart of

this structure in the distribution of old stars (as it was not possible
to spatially separate such a component), although the nuclear disc
spatially overlaps with the smooth distribution of old stars com-
ing from the underlying inner and main discs, the latter not being
truncated at an inner radius. The data didn’t require a dust coun-
terpart to the young stellar emission from the nuclear disc, neither
is there much dust from the underlying larger scale structure; the
nuclear disc resides in a central “hole" for the distribution of dust,
in which the dust attenuation due to the inner disc steeply decreases
with decreasing offset from the centre. The nuclear disc hosts the
bright blue compact nuclear cluster of M33, which is known to have
young populations of stars (of age ∼ 107−108 yr) and mass 106M�
(Kormendy & McClure 1993).

The nuclear disc contributes to the star-formation rate of M33
with only 0.0018±0.0001 M�yr−1. However, since its spatial extent
is very small, it has the highest surface density of star-formation
(Σn

SFR = (1030 ± 70) × 10−4M�yr−1kpc−2).
Despite being the morphological component with the highest

surface density of SFR, the intrinsic stellar SED of the nucleus
appears rather red, when comparing with the SEDs of other mor-
phological components (see Fig. 11). In fact it is the reddest SED
in M33. Since our methodology is to fit geometrical shapes (e.g.
thin disk for the nuclear component) rather than stellar populations,
it is open to the possibility that there may be an older stellar pop-
ulation inhabiting this region, in form of either a disc or a small
hidden classical bulge, that would be difficult to infer from the data.
M33 is considered to be a bulgeless galaxy (Bothun 1992), but this
has been a subject of controversy (Minniti et al. 1993; Kormendy &
McClure 1993; Regan &Vogel 1994; Gebhardt et al. 2001; Corbelli
& Walterbos 2007).

7.4.2 The inner disc

The inner disc appears more as a ring structure, when looking at
the distribution of young stars and dust, extending between 250 pc
to 2 kpc, and having a scale-length of about 100 parsec (see Figs. 1
and2). The old stars instead are distributed down to the centre
of M33, so no ring structure is defined. Past photometric studies
(Bothun 1992; Minniti et al. 1993; Regan & Vogel 1994) claimed
an excess emission in the inner region with respect to the inward ex-
trapolation of a disk exponential law, which was attributed to either
a bulge component with an effective radius of 0.5 kpc (Minniti et al.
1993), to a pseudobulge, since it was modelled to have underwent
a star formation episode less than 1Gyr ago, or to a bar (Regan
& Vogel 1994). Later dynamic studies inferred the existence of an
oval bar Corbelli & Walterbos (2007) within the confines of the
inner disc. We thus identify the inner disc with the morphological
component hosting the bar of M33.

The inner disc has a SFRi of 0.011 ± 0.001 M�yr−1, which is
an order of magnitude higher than that of the nuclear disc, but still
small in terms of the total star-formation rate of M33. Likewise,
Σi

SFR is (100±10) ×10−4M�yr−1kpc−2, making the inner disc the
morphological component with the second highest surface density
of SFR after the nuclear component.

The intrinsic stellar SED of the inner disc is the bluest of
all the other morphological components (see Fig. 11), although,
as mentioned above, the nuclear component may also have a very
blue SED, but may be contaminated by a small bulge emitting
preferentially in the optical/NIR. The blue SED of M33 is in line
with this component having the second highest surface density of
SFR rate in M33.

The inner disc reaches at its inner radius the highest dust opac-
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Figure 11. The intrinsic stellar SEDs of the morphological components of
M33. The SEDs are normalised to overlap in the FUV.

ity in the galaxy, of g 5
�

(
'i−disc

in,d

)
= 1.3±0.1. Thus, in the inner disc

the galaxy starts to be moderately optically thick in the B-band and
is optically thick throughout the UV spectral range. This explains
why the attenuation curve at the position of the inner disc, as de-
picted in Fig. 9 with blue dashed-line, is rather flat in the UV, very
similar to the extinction curve of the Milky Way, and definitively
flatter than the global attenuation curve of M33.

The dustmass containedwithin the inner disc is" i
d = 8.2+0.8−0.7×

104M� . This dust is strongly heated by the high density of star-
formation, and because of this it reaches a high average temperature
of 29K.

7.4.3 The main disc

The main disc extends from about 2 kpc out to 7 kpc, in particular
when viewed in the distribution of young stars and dust (see Fig. 2).
The distribution of old stars continues exponentially to the centre,
and overlaps with that from the inner disc. The scale-length of the
young stellar population is 1.5 kpc. The dust disc has instead a very
flat distribution, with a scale-length of 9.0 kpc, but truncated at
7 kpc.

The main disc contains the majority of recent star-formation
in M33, with SFRm = 0.26+0.02

−0.01 M�yr−1. This is because the main
disc extends over a large area. Nonetheless the surface density of
SFR is small, with Σm

SFR = 30+2−1 × 10−4M�yr−1kpc−2.
The intrinsic SED of the main disc (see Fig. 11) is represen-

tative for the galaxy as a whole, since it dominates the bolometric
output of M33. Apart from the red intrinsic FUV/NUV colour pre-
viously noted, the colours appear qualitatively typical for a late-type
spiral galaxy containing no significant bulge.

The dust opacity of themain disc at its inner radius is 0.89+0.02
−0.04.

This means that the main disc is optically thin in the B-band and
transitions from being optically thick in the FUV to more optically
thin regime towards longer UV wavelengths. This is why the atten-
uation curve at the position of the main disc (see orange dashed-line
in Fig. 9) is steeper than the global attenuation curve of M33, is
definitively steeper than the attenuation curve at the position of the
inner disc and becomes even steeper towards the outer disc (see
green dashed-line in Fig. 9).

Likewith the SFR, due to its large extent, themain disc contains
the majority of the dust mass "m

d = 11.3+0.3−0.5 × 106M� . This dust

is heated to an average temperature of 18K, which is a typical
temperature for grains in the diffuse interstellar medium of spiral
galaxies (Popescu et al. 2002; Sauvage et al. 2005; Vlahakis et al.
2005; Willmer et al. 2009; Bendo et al. 2010; Bernard et al. 2010;
Boselli et al. 2010; Kramer et al. 2010; Planck Collaboration et al.
2011).

7.4.4 The outer disc

The outer disc extends from about 7 kpc to 10 kpc (see Fig. 2),
and has a scale-length of 1 kpc for the distribution of old stars
and dust, and 0.6 kpc for the young stars. The outer disc produces
the same amount of recent star-formation as the inner disc, with
SFRo = 0.011±0.001 M�yr−1. However, because its spatial extent
is larger than that of the inner disc, it is much more quiescent,
with Σo

SFR = (1.1 ± 0.1) × 10−4M�yr−1kpc−2. This makes it the
morphological component with the lowest SFR surface density.

The intrinsic stellar SED of the outer disc (Fig. 11) is very
red, having a rather flat distribution in the optical/NIR, and a strong
emission component at long wavelengths. The flat SED in the op-
tical may be an artefact of the observations being rather noisy in
the outer disc at these wavelengths. However, in the NIR, the IRAC
observations clearly show a well define outer disc, having the high-
est level of emission relative to the FUV band from all the other
morphological components.

Although the inner radius of the outer disc lies at 6.76 kpc,
the face-on dust optical-depth of the outer disk at this point is
significant, with a value in B-band of 0.40 ± 0.02. However, the
opacity decreases very steeply radially outwards from this point,
making this outer region overall very optically thin. The dust mass
of the outer disc is "o

d = (2.7 ± 0.1) × 106M� and its average dust
temperature is very low, of only 12K.

7.5 The radiation fields of M33

An important by-product derived from our decoding analysis is the
calculation of the radiation fields energy density (RFED) inside
M33. As previously outlined, these can be used as input to calcula-
tions of diverse physical phenomena such as the inverse-Compton
scattering of the diffuse MIR/FIR radiation field by cosmic ray
electrons to produce gamma-rays, and the photoelectric heating of
the diffuse ISM by the non-ionising UV radiation fields. Generic
solutions for the radiation fields within spiral galaxies have been
given in Popescu & Tuffs (2013), although these were only derived
for single exponential disc profiles of stellar emissivity and dust,
plus bulge components. As already demonstrated for the case of the
Milky Way in Popescu et al. (2017), a more complex radial distri-
bution, given by several morphological components including inner
discs (bars), means that the radiation fields will also exhibit a more
complex spatial distribution than in a generic model.

The radiation fields of M33 are calculated both in direct stellar
light and in the dust emission, and are made publicly available
from the CDS data base. Examples of radial profiles of RFED at
selected wavelengths are given in Fig. 12. In order to assess their
spatial variation, also with respect to the Milky Way RFED, the
profiles are normalised to their value at the inner radius of the main
disk, with the normalisation factors given in Table 5. The profiles
show the imprint of the various morphological components of M33,
although their shape is strongly modulated by the complex radiative
transfer effects. Thus, in the panel showing the NUV profile (top
left of Fig. 12), the contribution of the nuclear/inner, main and
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Figure 12. Radial profiles at I = 0 of the radiation fields energy density (RFED) of M33 (solid red line) at selected wavelengths. The profiles are normalised
to the value of RFED at the inner radius of the main disc, 'm−tdisk

in = 2 kpc, and plotted against the radial distance given in units of 'm−tdisk
in . For comparison

we show the corresponding RFED of the Milky-Way (dashed black line) taken from Popescu et al. (2017), normalised again to the value of the RFED at the
inner radius of the Milky Way of 'MW

in = 4.5 kpc, and plotted against the radial distance in units of 'MW
in .The normalisation factors used in these plots for both

M33 and the MW are listed in Table 5.

outer discs are clearly reflected in the shape of the profile. At other
wavelengths these differences are less pronounced, although still
detectable. This behaviour is to be expected, both for the RFED in
direct stellar light and in dust emission. Thus, in the NUV the galaxy
is more optically thick than at other optical/NIRwavelengths, and as
such the radiation fields follow more closely the stellar emissivity.
By contrast, at 3.6 `m (top right of Fig. 12), where the galaxy is
optically thin, the profile has less changes in the slope, due to the
larger horizon seen at any radial position, with photons arriving
from different depths within the galaxy, and thus smoothing the
shape of the profile.

At 500 `m (bottom left of Fig. 12) the radiation fields follow
more closely the dust distribution, at least in the main and outer
disc. The shallow slope of the profile within the main disc confines
is, at least in part, due to the shallow distribution of the dust disc.
At shorter infrared wavelengths, which are strongly affected by the

heating effects on the dust, the profiles of radiation fields do not
resemble either stellar emissivity or dust distribution, showing that
only an explicit RT calculation can derive the spatial and spectral
distribution of the radiation fields.

Of particular interest is to compare the radiation fields of M33
with those of the Milky Way, for which detailed solution of RFED
have been obtained in (Popescu et al. 2017). To allow for a mean-
ingful comparison, in Fig. 12 we overplot the radiation fields of the
Milky Way, normalised in the same way as for the M33, whereby
the inner radius 'MW

in of the Milky Way is 4.5 kpc (Popescu et al.
2017).

Interestingly, in theNUV the slope of the radiation fieldswithin
the main disc seems to be identical for the MW and M33. This
is quite remarkable (from a technical point of view), taken into
account that the MW is completely obscured in the UV from our
solar position, and that the UV radiation fields have been derived
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Table 5. Radiation field energy density scaling factors as applied in Fig. 12

M33 MW
_ [`m] _ ∗ D_ [eV/cm3] _ ∗ D_ [eV/cm3]
0.22 0.240 0.083
3.6 0.044 0.250
70 0.121 0.546
160 0.199 0.523
500 0.007 0.015

in Popescu et al. (2017) without direct observational constraints,
and mainly from the FIR all-sky maps in conjunction with the RT
modelling. The drop in the profile towards the centre is also similar,
probably coming from the inner disc in bothM33 andMW.However
the very centre is dominated by the contribution from the strong
nuclear disc in M33, while in the MW we have a slight drop in the
profile, in the absence of such a prominent nuclear component. At
large radii the profile of M33 is enhanced over that of the MW. This
is due to the outer disc of M33. It is possible that the MWmay also
have a faint outer disc emitting in the UV, however this is difficult to
infer in the absence of direct observational constraints. At 3.6 `m
the profiles of radiation fields are different, with M33 exhibiting a
more shallower decrease with radial distance.

In the dust emission the radiation fields of M33 exhibit shal-
lower profiles than those of the MW, due to the combination of a
flatter dust distribution in M33 plus a strong outer dusty disc.

Overall the radiation fields of M33 have more power at large
radial distances with respect to the inner part than in the MW.

While the differences in the spatial distribution of the radiation
fields between M33 and the Milky Way are to be expected, due to
the differences in the different morphological components of these
galaxies, of particular interest is to also compare the absolute values
of the energy densities of these fields. At the characteristic distance
of 1 'in, as defined in Fig. 12, we plot in Fig. 13 the SED of the
RFED of M33 and of the MW. One can immediately see that the
UV radiation fields of M33 are higher (by a factor of ∼ 2.9 - see
Table 5) than those of the MW. However, for the same characteristic
radius, the FIR radiation fields of M33 are lower by a factor of
∼ 2 − 4.5 than those of the MW. The largest discrepancy is in the
optical-NIR, where the RFED of M33 can reach a factor of 10 with
respect to those of the MW. These findings are in broad agreement
with M33 having a higher star-formation rate surface density than
the Milky Way, but lower surface density of old stars and lower
dust masses. However, the quantitative differences in the strength
and colour of the radiation fields between the two galaxies, also, as
a function of position, arise from a combination of differences in
the geometry of stars and dust, dust mass, SFR and star formation
history. The complexity of all these factors points towards the need
for a self-consistent radiative transfer calculation, as done in this
paper.

8 DISCUSSION

One of the most important features of our model is that, because it
explicitly solves the inverse problem with radiative transfer calcu-
lations, it has a powerful predictive power. In this section we shall
discuss some of these predictions, and their implications for our un-
derstanding of how M33 came to be as observed now, and, beyond
this, what this implies for our understanding of galaxy formation.
For this we shall also compare our results with corresponding find-
ings from other local galaxies.
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Figure 13. The SED of the radiation fields of M33 (red line) at 'in = 1,
with 'in as defined in Fig. 12. For comparison we plot (dashed black line)
the SED of the Milky Way, at a similar characteristic radius 'in = 1.

8.1 The assembly of stellar discs in M33

The fits to the surface brightness profiles of M33 resulted in the
derivation of a trend of decreasing the scale-length of the main
stellar disc, from the B band to the K band. This behaviour is pre-
dicted by semi-analytical hierarchical models for galaxy formation
(e.g. Mo et al. 1998), whereby discs grow with cosmic time through
continuous accretion from the IGM. If galaxies grow from inside
out, one would predict the stellar populations to be younger and
have a lower metallicity at larger radii than at low radii, such that
local universe galaxies would be intrinsically larger at the shorter
wavelengths where light from the younger stellar populations is
more prominent. However, we find the situation in M33 to be more
complex than presented in the inside out scenario of disc growth,
since the scale-length of the main stellar disc was found to increase
again at the longer NIR IRAC bands. This suggest that, in addition
to the disc growth through accretion, there must have been an under-
lying extended older stellar disc, nowadays mainly detectable in the
form of the outer disc and the outer extent of the main disc. Its low
star-formation rate surface density and its very red 3.6-FUV colours
support this supposition. We speculate that the inverted colours in
the outer disk compared to the expectations of the inside-out growth
scenario may be a consequence of M33 being a satellite galaxy in a
compact group hosting theMilkyWay andM31 as dominant central
galaxies. In such an environment, star formation in the outer disc
may periodically be suppressed by ram-pressure stripping of the
gas in the outer disk. By contrast, gas fuelling and star formation
in the main body of the galaxy may be relatively unaffected by the
group environment, with the consequence that, even in the group
environment, the main disc grows according to the inside-out sce-
nario. This would be in accordance with recent statistical studies
showing that the group environment has surprisingly little effect on
the global SFR of satellite galaxies in groups in the local Universe
(see Grootes et al. 2017), even for relatively low mass systems like
M33. A further factor affecting the switch in intrinsic colour gradi-
ent with radius in M33 may be the removal of stars from the inner to
the outer disk through the accumulative effects of tidal interactions
with the Milky Way and M31 between the present epoch and the
epoch at which M33 was accreted into the local group.
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8.2 The mysterious “submm excess" gone

Studies of low-metallicity galaxies (e.g. Bot et al. 2010; Galametz
et al. 2011; Kirkpatrick et al. 2013; Rémy-Ruyer et al. 2013) have
shown that, when modelling their SEDs with empirical or semi-
empirical models, they were not able to reproduce the observed
submm SEDs, in the sense that models underestimated observa-
tions. This was called a “submm excess". M33 has been previously
modelled byHermelo et al. (2016) with our generic RTmodels from
PT11, which is designed to only fit the spatially integrated SED, and
considers single exponential functions for the spatial distributions
of stars and dust. Hermelo et al. (2016) found a submm excess for
M33, which they ascribed to possible different grain properties in
the low metallicity environments. Williams et al. (2019) also mod-
elled M33 with RT codes and again found a submm excess, which
they also ascribed to different dust properties. While Tibbs et al.
(2018) in their careful spatially resolved modelling of Planck obser-
vations of M33 using a superposition of modified Planck functions
found no evidence for a submm excess, this result came at the ex-
pense of allowing the effective dust emissivity index to vary with
position, without having an underlying physical model of why the
grain emissivity should change like this.

In our modelling we found that we can fit the SED ofM33 with
no need to modify dust properties. As such, we find no “submm
excess" for M33, or, in other words, the so called “submm excess"
is well predicted by our model. The main difference from the study
of both Hermelo et al. (2016) and Williams et al. (2019) is that
we not only fit the integrated SED, but derive the geometry of
M33 by fitting images as well. Thus, we find that we need several
morphological components to fit the surface-brightness distribution
of M33, with a nuclear, an inner, a main and an outer disc, each one
represented by different exponential distributions, and each with a
different range of dust temperatures, determined self-consistently
with the UV/optical via the RT analysis. In light of this we conclude
that the submm excess may well be only an artefact of previous
models not being able to self-consistently incorporate the geometry
of the system in the SED modelling.

It should be noted that our success in fitting the panchromatic
images ofM33 without the need to invoke modified grain properties
does not constitute a proof that the dust in M33 has Milky-Way
type properties. However, it does provide a consistency check that
existing grain models can account for the observed dust emission
and attenuation inM33. In other words, if dust grains with enhanced
submm emissivity were to exist in M33, they would not be inferred
from a submm excess.

8.3 The temperature distribution of dust grains in M33

Since our model calculates the temperature of dust grains through-
out the volume ofM33, it is of interest to examine their distributions,
both temporal (in terms of temperature fluctuations), and spatial. For
this we show in Fig. 14 an example of probability distributions of
dust temperatures for different grains sizes and composition, at three
radial locations in the plane ofM33. As expected, for the same grain
sizes, the stochastic heating effects becomemore prominent at larger
radii. In addition, for the grains close to thermal equilibrium (those
exhibiting close to delta function distributions), there is a visible
decrease in temperature with radial distance. This trend of decreas-
ing dust temperature from the inner to the outer regions of M33 was
also inferred by Tabatabaei et al. (2014) and Tibbs et al. (2018),
who performed modified back-body fits to the dust emission data,
either on a pixel-to-pixel analysis (Tabatabaei et al.) or on an az-

imuthally averaged analysis where the galaxy was divided between
3 concentric ellipses (Tibbs et al.). A direct comparison between
temperatures resulting from modified black-body fits and those de-
rived from an explicit calculation of dust temperatures of various
grain sizes and composition is impossible, in particular because it is
not possible to define the same concept for what cold and warm dust
is, but also because an average over the grain size distribution and
composition does not have physical meaning, since heating of the
dust is a non-linear effect. However, within the limited scope of such
comparison we note that within the inner 4 kpc of M33 Tabatabaei
et al. finds a cold dust temperature between 20 and 24K while
our big grain equilibrium temperatures vary between 12 and 30K.
Within the 4-5 kpc annulus, which is the outermost region reached
in the analysis of Tabatabaei et al., they find a cold dust temperature
between 14-19K, while we find a variation between 13-20K. This
would mean that we are broadly consistent with previous studies of
dust temperature in M33 out to 5 kpc radius.

At around 7 kpc our analysis shows that grains can reach equi-
librium temperatures as low as 10K (see Fig. 14), which is to be
expected in an environment with very low energy densities of the
radiation fields. Williams et al. (2018) also finds cold dust temper-
atures as low as 10K in their pixel-to-pixel analysis of M33 (see
their Fig. 7). At even larger radii the dust grains are tendentially
heated more and more by long range photons coming from the in-
ner disk, since very little stellar emissivity is to be found at these
distances. At a certain far enough radius the heating may even start
to be dominated by the intergalactic radiation fields or the CMB.
This is consistent with our results derived from the dust emission
counterpart detected in the extended HI disk of NGC891 (Popescu
& Tuffs 2003), beyond the optical emitting disc of this galaxy.

Independent of our model calculation, a simple inspection of
the dust emission SED of the outer disc of M33 (Fig. 8) shows its
peak at around 250 `m, which is consistent with a Wien average
temperature of 12K. The cold dust in the outer disc of M33 is
prominently detected by both Herschel and Planck and has a minor
but still significant contribution (19%) to the total dust mass of M33
.

8.4 Effects of attenuation

The effect of dust attenuation in shaping the perceived images of
direct stellar light has been demonstrated on generic models (Möl-
lenhoff et al. 2006a; Pastrav et al. 2013a,b), but not on individual
galaxy cases. Since we now have a detailed model of M33, we can
illustrate how dust changes the appearance of the surface brightness
distributions, in particular in the UV, where the effect is largest. For
this we show in Fig. 15 a zoom (between 1 − 7 kpc) into our model
for the azimuthally averaged SB profile of M33 in the NUV and
the corresponding profile that would be observed in the absence of
dust. The dustless model has been scaled to overlap with the atten-
uated model at the inner radius of the main disc. The comparison
reveals important changes in the shape of the profiles. This proves
that using observed UV images as proxies for the radial distribution
of stellar emissivity of the young stellar population, without taking
into account radiative transfer effects, introduces systematic errors
in the geometry of the model.

8.5 Comparison of M33 with the population of
disk-dominated galaxies in the local Universe

Here we compare the integrated SFR and surface density of SFR in
M33 and its individual components with corresponding quantities
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Figure 14. Temperature distributions for dust grains with varying sizes (plotted as different curves in each panel) and various compositions: Si (left panels),
Gra (middle panels) and PAH+ (right panels), heated by the diffuse radiation fields calculated for our model of M33. Temperature distributions for PAH0 are not
plotted in this figure. The colour coding is as follows: red is for grains with radius 0 < 0.001 `m (0.00035, 0.00040, 0.00050, 0.00063 and 0.00100 `m), green
is for grains with 0.001 < 0 ≤ 0.01 `m (0.00158, 0.00251, 0.00398, 0.00631, 0.01000 `m) and blue is for grains with 0 > 0.01 `m (0.0316, 0.10000, 0.31623,
0.7943 `m). The biggest grains have delta function distibutions as they emit at equilibrium temperature. Going the top to bottom panels the calculations are
done for different radial positions in the model: R=250pc; R=2000pc; and R=7000pc.

for the sample of morphologically selected disc-dominated galax-
ies from the Galaxy And Mass Assembly Survey (GAMA: Driver
et al. 2011; Liske et al. 2015), as analysed by Grootes et al. (2017,
2018). Fig. 16 shows the “main sequence” relation between inte-
grated quantities SFR and "∗ for a flux- limited subset (complete
to 19.4 mag in the SDSS r-band) of 5202 disc-dominated GAMA
galaxies located within redshift 0.13, and which are not classified
as belonging to a galaxy group (see Table 1 and Sect. 4.3 of Grootes
et al. 2017).We refer to this subsample, plotted as dots on the figure,
as the “field” reference sample of disc-dominated galaxies.

For comparison, a red rhomboid denotes the location and un-
certainties of the global emission of M33 in the SFR-"∗ plane, as
derived from the present analysis. This show that M33 is signifi-
cantly displaced from the star-forming main sequence, delineated
by the overplotted regression fit to a single power law relation be-
tween SFR and "∗ for the field sample. This is qualitatively in
accordance with our independent conclusion from the red intrinsic

FUV/NUV colours that M33 has been undergoing a decline in SFR
on a timescale of order 100Myr.

We can also use the results of the RT analysis of Grootes et al.
(2017), which were based on applying the PT11 model to Sersic
surface photometry of the galaxy discs, to plot the surface densities
of SFR (ΣSFR) versus the surface densities of stellar mass (`∗), and
use this as a benchmark for comparing the surface densities of SFR
of the individual geometric components of M33. This is done in
Fig. 17. The points for the field reference sample of disc-dominated
galaxies are colour coded according to the integrated stellar mass of
the GAMA galaxies (divided equally between low, intermediate and
high mass, respectively plotted as blue, green and red points). M33
analogues appear as blue points in this scheme. ΣSFR is calculated
as the total SFR contained within the 'eff in intrinsic i-band, while
`∗ is calculated as the stellar mass contained with the same 'eff .
We note that the locus of the points for the field reference sample is
similar to that published using data from integrated field imaging by
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Figure 15. Comparison of our best-fit model of M33 in the NUV to the
corresponding model without dust, the latter having been scaled by a factor
of 0.39, tomatch the best-fitmodel at the inner radius of themain component.
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Figure 16. SFR versus stellar mass for a field reference sample of local
universe disc-dominated galaxies (black points) and the global emission
from M33 (red rhomboid). The field reference sample is comprised of of
5202 morphologically selected, disk-dominated galaxies drawn from the
GAMA survey by Grootes et al. (2017), which are not members of groups of
galaxies. The vertical and horizontal apexes of the rhomboid containing the
M33 point are placed at the 1-sigma bounds in SFR and "∗, respectively.
SFR for the GAMA galaxies were derived following Grootes et al. (2017),
while stellar masses for both the GAMA and M33 data were derived from
intrinsic i and g-band photometry following Taylor et al. (2011). The solid
line is the regression fit to a single power law model given in Table 2 of
Grootes et al. (2018).

González Delgado et al. (2016), Ellison et al. (2018), and Hall et al.
(2018). In particular, taking into account the strong dependence on
Hubble type, as quantified by González Delgado et al. (2016), the
locus of the points correspondswell with that found by those authors
for Sb to Sd galaxies, as expected for our disk-dominated sample.

For comparison we have overplotted in black on Fig. 17 the
corresponding surface densities in SFR and "∗ (ie calculated from
the integrated quantities contained within the effective radii in in-
trinsic i-band) of the various morphological components of theM33
RTmodel. One sees that the dominant main disk component ofM33
is not untypical in its ΣSFR in relation to `∗ compared to massive
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Figure 17. Surface density in SFR versus surface density in"∗ for the field
reference sample of Grootes et al. (2017) (shown in blue, green and red
points for low, intermediate, and high global stellar masses, respectively)
and the four morphological components of M33 (black rhomboids). The
position of M33 in this plot largely overlaps with that of the main disc of
M33, and because of this is not shown. Surface densities were calculated
within the 'eff in intrinsic i-band, with 'eff either derived from Sersic
surface photometry, for the galaxies in the field reference sample, or, for the
M33 components, derived from the shapes fitted in the RT analysis.

and intermediate mass galaxies in the GAMA sample. By contrast,
the surface density of SFR in the outer disk of M33 is highly sup-
pressed with respect to the GAMA sample (albeit that there are only
a few GAMA galaxies with comparable `∗ as measured within the
intrinsic 'eff). The opposite is true for the nuclear component of
M33. These results are consistent with the reason for the relative
quiescence of M33 in its global SFR being due to a suppression in
SFR beyond 'eff , as compared with the field reference sample.

Overall, the sequence of points nuclear->inner->main->outer
for the morphological components of M33 lies on a steeper relation
than that exhibited by the surface densities within 'eff for the field
reference sample. We call this new relation a “structurally resolved
main sequence". In this sequence, the nuclear, inner, main and outer
discs of M33 range from high-up in the starburst region to deep in
the “green valley". The results for the outer disc in the green valley
could be interpreted as an environmental effect, due to M33 being
a minor satellite of the Local Group. This would be consistent with
our other findings related to thewavelength dependence of the scale-
lengths of the stars (see our previous discussion in Sect. 8.1). In an
environment based scenario, SF in the outer disk may be suppressed
by ram-pressure stripping, even in a relatively low mass group. By
contrast, gas fuelling and SF in the main body of the galaxy may
be relatively unaffected by the group environment, explaining the
position of the outer disc in the structurally resolved main sequence.

Although the environmental effect is plausible, part or per-
haps even all of this trend, may alternatively be linked to stellar
feedback processes regulating the growth of galaxy disks in any
environment. Stellar feedback can operate on a variety of spatial
and temporal scales: local feedback from SF regions into the ISM
can heat ISM slowing its continuous conversion into stars on rela-
tively small time and length scales, while on large scales feedback
can drive gas completely out of galaxies through galactic winds.
This in turn induces a variation in SF activity on the corresponding
spatial and temporal scales. This may lead the SFR cycle to be out
of phase between the outer and inner disc, thus offering an alterna-
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tive explanation of the behaviour we see in M33. In addition stellar
migration (Debattista et al. 2017) may also play a role (albeit likely
subdominant) in changing the slope of the relation by redistributing
stellar mass in the disk on Gyr timescales. At present we cannot
formally distinguish between these possibilities, as M33 is the first,
and as yet only galaxy for which such analysis has been done.

8.6 Advantages and limitations

In this paper we showed that the axi-symmetric models can provide
a good solution for the overall energy balance between dust absorp-
tion and emission and provide a good match to the observed UV-
optical-FIR/submm SED of M33, including the submm regime. In
addition the model provides a goodmatch to the UV-optical-submm
azimuthally averaged radial profiles ofM33. The implementation of
the model is such that it makes it possible to derive the geometry of
the emitters and absorbers through the inversion of the data, rather
than by assuming a fixed geometry. Because of this the main ad-
vantage of this method is that it has a strong predictive power. The
model makes predictions for the large-scale spatial distributions of
stars and dust and for the intrinsic colour of the different stellar pop-
ulations, since it inverts the data independently at each UV-optical
wavelength .

The main limitation of the model is the fact that it cannot
make predictions for the arm-interarm structure of the galaxy. To
do this would require a direct inversion of the data to predict non-
axisymmetric structure. This, however, would require a solution for
the stellar emissivity SED and dust opacity in each independent
spatial element sampled by the observations, resulting in a non-
linear optimisation problem in of order a million independent vari-
ables. This is a very challenging problem, considering the resources
needed to perform a large number of radiation transfer calculations
in any iterative convergence scheme, which to date has not been
solved. While there have been attempts to model observations of
face-on galaxies using non-axisymmetric RT models (De Looze
et al. 2014; Viaene et al. 2017; Williams et al. 2019), these coadd
a small number of fixed spatial-spectral templates to predict the
spatially integrated SED, and do not attempt to solve the inverse
problem for the imaging data.

9 SUMMARY AND CONCLUSIONS

We modelled M33 using the generic RT model of Popescu et al.
(2011) in conjunction with the imaging observations available for
this galaxy from the UV to the FIR-submm. While retaining the
generic formalism from PT11, we have designed a new procedure
that allowed the detailed geometry of stars and dust of M33 to be
fitted jointly with their luminosity output. As such this is the first
radiative transfer modelling of a non-edge-on galaxy, where the
geometry is self-consistently derived.

The fits to the surface brightness profiles resulted in an overall
good agreement with the data, with relative residuals less than 20%
in most cases. At submm wavelengths the profiles are well fitted,
showing no sign of a “submm excess". We also predicted very
well the radial temperature gradient of the dust, which is seen in
the change with wavelength of the slope and extent of the 70-350
micron profiles.

When looking at the global properties of M33 we found that
ourmodel predicts quitewell the energy balance between absorption
and emission and successfully accounts for the global emission SED

of M33, with an average relative residual between model and data
of 5.9%. The global properties derived for M33 are as follows:

• The global star-formation rate is SFR = 0.28+0.02
−0.01M�yr−1

• The star-formation surface density is ΣSFR = 16.3+1−0.7 ×
10−4M�yr−1kpc−2.
• The dust optical depth has a maximum value at the inner radius

of the inner disc of g 5
�
= 1.3 ± 0.1.

• The dust mass is "d = 14.1+0.3−0.5 × 106M� .
• The gas-to-dust ratio is GDR = 230 ± 50.
• The percentage of stellar light reprocessed by dust is 35± 3%.
• The young stellar population accounts for 80 ± 8% of the dust

heating
• The attenuation curve is much steeper in the UV than theMilky

Way extinction curve.
• M33 lies below the “blue sequence" in the SFR versus stellar

mass space

One of the main findings of our modelling of M33 is the
existence of several morphological components: a nuclear, an inner,
a main and an outer disc, as follows:

• The nuclear disc is a small structure of 100 pc and scale-length
20 pc, residing in a “hole" of the dust distribution.
• The inner disc appears more like a ring structure in the distri-

bution of young stars, extending from 250 pc to 2 kpc and having a
scale-length of 100 pc.
• The main disc extends from about 2 kpc out to 7 kpc, with

the scale-length of the young stellar population of 1.5 kpc and the
scale-length of the main dust disc of 9 kpc, but truncated at 7 kpc.
• The outer disc extents from 7 kpc out to 10 kpc and has a

scale-length of 0.6 kpc.

The morphological components present some interesting radial
trends:

• The dust associated with the inner disc is heated to around
∼ 29K, being much warmer than the dust in the main disc which
has a temperature of only ∼ 18K. Conversely, the outer disc contain
cold dust, at around ∼ 12K.
• The star-formation surface density decreases from the nuclear,

to the inner, to the main, and to the outer disc.
• In the ΣSFR vs stellar mass density space the sequence of

points corresponding to the nuclear>inner>main>outer disc defines
a much steeper relation than the “blue sequence" of local Universe
field star-forming galaxies.
• There is a monotonic trend in steepening the slope of the UV

attenuation curve when progressing from the inner to the outer disc.

While we find evidence for an inside out growth of the main
disc component through accretion, we also find evidence for the
existence of an older disc component, mainly associated with the
outer disc.We speculate that these findingsmay be a consequence of
M33 being a satellite galaxy in a compact group hosting the Milky
Way andM31 as dominant central galaxies. In such an environment,
star formation in the outer disc may be suppressed by ram-pressure
stripping of the gas in the outer disc. By contrast, gas fuelling and
star formation in the main body of the galaxy may be relatively
unaffected by the group environment, with the consequence that,
even in the group environment, the main disc grows according to the
inside-out scenario. A further factor affecting the switch in intrinsic
colour gradient with radius in M33 may be the removal of stars
from the inner to the outer disk through the accumulative effects
of tidal interactions with the Milky Way and M31. These scenarios
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are consistent with our findings that the morphological components
of M33 form a much steeper relation in the ΣSFR vs stellar mass
space than the main sequence of star-forming galaxies. We called
this new relation a “structurally resolved main sequence". In this
sequence, the nuclear, inner, main and outer discs of M33 range
from high-up in the starburst region to deep in the “green valley".
Although the environmental effect is plausible, we discussed that
the trend exhibit by the structurally resolved main sequence of M33
may alternatively be linked to stellar feedback processes regulating
the growth of galaxy disks in any environment. Stellar feedback
operating on a variety of spatial and temporal scales could lead the
SFR cycle to be out of phase between the outer and inner disc, thus
offering an alternative explanation of the behaviour we see in M33.

The finding of a structurally resolved main sequence indicates
that the global properties are borne out of an average of (occasionally
significantly different) local properties and serve to highlight the rich
diversity of galactic properties thatwemiss outwith integrated-scale
studies.

We derived the spectral and spatial distribution of the radia-
tion fields of M33 and made them available at the CDS database.
The radiation fields show the imprint of the different morphological
components, although modulated by the complex radiative transfer
effects. Overall the radiation fields of M33 were found to be en-
hanced at larger radii relatively to the inner regions when compared
to the radiation fields of the Milky Way.
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APPENDIX A: ERROR CALCULATION FOR OBSERVED FLUX DENSITIES AND SURFACE BRIGHTNESSES

The errors in the derived global (spatially integrated) flux densities have been calculated by taking into account the calibration errors, the
background fluctuations, and the Poisson noise.

The level of the background and the errors due to background fluctuations have been derived in most cases by considering " = 6 annuli
determined by eye to be beyond the extent of the galaxy. The average surface brightness �̄bg,i within each 8 = [1, "] annuli is:

�̄bg,i =
1
#8

#8∑
==1

�n (A1)

where #8 is the total number of pixels within the annulus 8. The pixel-to-pixel variation within each annulus fbg,i is then:

fbg,i =

√√√
1

#8 − 1

#8∑
==1
(�= − �̄bg,i)2 (A2)

and the error in the pixel-to-pixel variation is

nbg,i =
fbg,i√
#i
. (A3)

We then determine the background level as the average surface brightness over all M background annuli:

�̄bg =
1
"

"∑
8=1

�̄bg,i (A4)

with the background RMS (annulus-to-annulus variation) fbg given by:

fbg =

√√√
1

" − 1

"∑
8=1
(�̄bg − �̄bg,i)2 (A5)

and the error in the background brightness Ybg:

Ybg =
fbg√
"
. (A6)

The error in the total flux density due to the background fluctuations Ybg is then:

Ytotal,bg = ΩgalYbg (A7)

whereΩ60; is the solid angle subtended by the galaxy and Ybg is expressed in flux density per steradian. In the case of the MHT observations,
the background level and its fluctuations have been derived from an offset image that provided additional coverage along the minor axis (see
Sect. 2.3). The Poisson noise has been calculated as Ypoisson =

√
�, where � represents the sum of all counts within all annuli used to derive

the total flux of the galaxy at each wavelength. The total errors in the flux densities have been derived using:

Y�a =

√
Y2

cal + Y
2
total,bg + Y

2
%>8BB>=

. (A8)

In most cases Y�a are dominated by the calibration errors, with the Poisson noise being negligible. Examples of contributions to total errors
are given in table A1.

The errors in the derived azimuthally averaged surface brightnesses have been calculated by taking into account the calibration errors, the
background fluctuations, and the so called “configuration noise" (arising from deviations of the observed brightness from an axi-symmetric
distribution). The errors in the surface brightness due to the background fluctuations YSB,bg, for each annulus within the galaxy, have been
calculated as:

YSB,bg = Ybg ×

√
Ωbg

Ωannulus
(A9)

whereΩbg is the total solid angle used to determine the background (over M annuli) andΩannulus is the solid angle subtended by an individual
annulus within the galaxy. For the azimuthally averaged surface-brightnesses we also need to account for the noise due to the non-axi
symmetric nature of the observations. This is what we call “configuration noise". The errors due to this noise have been calculated by the
following procedure. We divide each annulus used to derive the azimuthally averaged profile into & = 4 quadrants. The average surface
brightness �̄gal,q within each quadrant @ = [1, &] is given by:

�̄gal,q =
1
#@

#@∑
==1

�n (A10)

where #@ is the total number of pixels within the quadrant @. The average surface brightness over all quadrants within an annulus is then:

�̄gal =
1
&

&∑
@=1

�̄gal,q (A11)
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Table A1. The contribution from calibration errors (Ybg), background fluctuations errors (Ybg) and Poisson noise errors (YPoisson) to the total errors in the
observed flux densities, at a few selected wavelengths.

Band Ycal [Jy] Ytotal,bg [Jy] YPoisson [Jy]
FUV 0.11 0.011 6.1 × 10−6

LGGS B 0.95 1.3 3.0 × 10−4

PACS 160 320. 7.0 -

The configuration noise RMS (quadrant-to-quadrant variation) fSB,conf is given by:

fSB,conf =

√√√√
1

& − 1

&∑
@=1
(�̄gal − �̄gal,q)2 (A12)

and the configuration error:

YSB,conf =
fSB,conf√

&
. (A13)

The total errors in the azimuthally averaged surface brightness profiles have been derived using:

Y(�a =

√
Y2

cal + Y
2
SB,bg + Y

2
SB,conf . (A14)

whereby the first term is independent of radius, while the second and third terms are radius dependent. The total errors derived using Eqn. A14
are plotted as blue-shaded areas around the (azimuthally averaged) observed radial profiles in Figs. 3, 4, and 5. We find that overall the
calibration errors dominate over most radii and wavelengths. At larger radii the errors due to background fluctuations start to dominate, while
the configuration noise dominates at radii and wavelengths where strong deviations from axi-symmetries exist (in particular at 24 and 70 `m).)
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APPENDIX B: THE STELLAR LUMINOSITY AND THE DUST MASS

The spatial integration of the disc emissivity (Eqn. 1) up to the truncation radius 't,j and the truncation height It, where It � Ij, is given by:

� = 4c�0,jIj)z,j



ℎ2
j )R,j if 'in,j = 0

1
3


(
1 +

jj
2

)
'2

in,j −
(
1 − jj

) '3
tin,j
'in,j

− 3
2
jj'

2
tin,j

 exp
(
−
'in,j
ℎj

)
+ ℎ2

j )R,j if 'in,j > 0
(B1)

where

)R,j = exp
(
−
'in,j
ℎj

)
− exp

(
−
't,j
ℎj

)
+
'in,j
ℎj

exp
(
−
'in,j
ℎj

)
−
't,j
ℎj

exp
(
−
't,j
ℎj

)
(B2)

and

)z,j = 1 − exp
(
− It
Ij

)
. (B3)

Eqns. B1, B2, and B3 can be used to calculate both the spatially integrated stellar disc luminosity and dust mass, for the stellar disc and dust
disc components respectively.

In order to calculate the spatially integrated stellar luminosity, one takes �0 to be the central volume luminosity density !0, and 8 =‘s’.
Thus the stellar disc luminosity is

! = � (!0, ℎs, Is) , (B4)

where ℎs, Is are the scale-length and height of that stellar disc.
In the case of the dust mass, �0 is assumed to be the central volume density of dust

dc =
gf
�

(
'in,d

)
exp

(
'in,d
ℎd

)
2^(�)Id

(B5)

and 8 =‘d’, where gf
�

(
'in,d

)
is the face-on B-band dust opacity at radius ' = 'in,d and ^(�) is the mass extinction coefficient in the B-band.

Thus the dust mass is

"d = � (dc, ℎd, Id) , (B6)

where ℎd, Id are the scale-length and height of the dust disc in question.
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Table C1. Intrinsic spectral luminosity densities of the stellar disc and thin stellar disc for each morphological component.

_ !
disc,i
a !

disc,m
a !

disc,o
a !

tdisc,n
a !

tdisc,i
a !

tdisc,m
a !

tdisc,o
a

[`m] [W/Hz] [W/Hz] [W/Hz] [W/Hz] [W/Hz] [W/Hz] [W/Hz]
0.150 - - - 0.080 × 1019 1.266 × 1019 3.621 × 1020 1.387 × 1019

0.220 - - - 0.195 × 1019 2.441 × 1019 5.662 × 1020 2.441 × 1019

0.365 0.119 × 1019 0.286 × 1021 0.010 × 1020 0.307 × 1019 1.922 × 1019 3.715 × 1020 2.242 × 1019

0.443 1.193 × 1019 0.954 × 1021 0.239 × 1020 0.594 × 1019 1.650 × 1019 3.829 × 1020 1.155 × 1019

0.564 1.571 × 1019 1.313 × 1021 0.422 × 1020 1.036 × 1019 1.727 × 1019 3.339 × 1020 5.037 × 1019

0.809 2.443 × 1019 2.345 × 1021 1.466 × 1020 1.056 × 1019 2.200 × 1019 2.552 × 1020 0.660 × 1019

1.259 1.805 × 1019 1.300 × 1021 1.444 × 1020 1.439 × 1019 1.079 × 1019 0.918 × 1020 0.360 × 1019

2.200 3.736 × 1019 1.299 × 1021 1.299 × 1020 1.016 × 1019 0.028 × 1019 0.655 × 1020 0.028 × 1019

3.600 1.887 × 1019 0.503 × 1021 1.567 × 1020 0.264 × 1019 0.007 × 1019 0.586 × 1020 0.024 × 1019

4.500 1.101 × 1019 0.704 × 1021 1.019 × 1020 0.176 × 1019 0.007 × 1019 0.408 × 1020 0.012 × 1019

5.800 1.101 × 1019 0.805 × 1021 0.679 × 1020 0.176 × 1019 0.005 × 1019 0.357 × 1020 0.012 × 1019

Table C2. Predicted face-on B-band optical-depth at 'in for each morphological component of M33.

Component gf
B ('in,d)

inner 1.3 ± 0.1
main 0.89+0.02

−0.04
outer 0.40 ± 0.02

APPENDIX C: MODEL AMPLITUDE PARAMETERS OF M33

The amplitude parameters of our model are expressed in terms of spectral luminosity densities for the case of stellar discs, and in terms
of B-band face-on dust optical depth for the case of dust discs. In this appendix we tabulate these amplitude parameters as follows. In
Table C1 we list the (intrinsic) luminosity densities for the stellar disc and for the thin stellar disc, for each morphological component, at the
UV/optical/NIR wavelengths were imaging observations were available. In Table C2 we list the B-band face-on dust optical depth at the inner
radius of each morphologic component. In our model we found no dust disc associated with the nuclear component, therefore the nuclear disc
is not included in Table C2.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/doi/10.1093/m
nras/staa905/5817369 by guest on 15 April 2020



A RT model for M33 31

Table D1. Model flux densities out to the truncation radius, �model ('t) [Jy]. All the fluxes are intrinsic (corrected for the effect of dust attenuation).

Component FUV NUV U B V I J K
Global 4.70 7.44 8.28 16.25 20.01 32.09 18.03 17.54
Nuclear 0.0071 0.017 0.027 0.053 0.092 0.094 0.13 0.09
Inner 0.15 0.28 0.23 0.32 0.37 0.052 0.32 0.41
Main 4.39 6.87 7.76 15.48 18.97 29.74 15.90 15.58
Outer 0.16 0.28 0.26 0.40 0.58 1.73 1.67 1.47

Table D2. Model flux densities out to the I-band effective radius, �model ('eff ) [Jy]. All the fluxes are intrinsic (corrected for the effect of dust attenuation).

Component FUV NUV U B V I J K
Global 2.17 3.45 3.89 7.80 9.93 16.71 12.05 11.32
Nuclear 0.0046 0.011 0.017 0.031 0.055 0.056 0.076 0.053
Inner 0.059 0.11 0.098 0.14 0.18 0.27 0.19 0.30
Main 1.91 2.99 3.47 7.13 9.13 15.54 11.42 10.60
Outer 0.11 0.19 0.18 0.23 0.40 0.90 0.87 0.76

Table D3. Model I-band effective radii, 'eff [kpc].

Component 'eff
Global 2.65
Nuclear 0.03
Inner 0.17
Main 2.55
Outer 7.65

APPENDIX D: MODEL FLUX DENSITIES OF M33

In this appendix we present a few tables with the predictions of our model for the intrinsic flux densities of M33 and of its morphological
components. The tables list either the fluxes integrated out to the truncation radius (Table D1), or the fluxes integrated out to the I-band
effective radius (Table D2). The former are used in all the plots showing the SEDs of M33, while the latter are used in the comparisons we do
with local Universe galaxies detected in large wide-field surveys. The corresponding I-band effective radius of M33 and its components are
also tabulated here (Table D3).
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Table E1. SFR and ΣSFR out to 't.

Component SFR [M�yr−1 ] ΣSFR [×10−4M�yr−1kpc−2 ]
Global 0.28+0.02

−0.01 16.3+1.−0.7
Nuclear 0.0018 ± 0.0001 1030 ± 70
Inner 0.011 ± 0.001 100 ± 10
Main 0.26+0.02

−0.01 30+2−1
Outer 0.011 ± 0.001 1.1 ± 0.1

Table E2. SFR and ΣSFR out to 'eff .

Component SFR [M�yr−1 ] ΣSFR [×10−4M�yr−1kpc−2 ]
Global 0.137+0.01

−0.005 33+2−1
Nuclear 0.0011 ± 0.0001 11400 ± 600
Inner 0.0015 ± 0.0002 2165 ± 200
Main 0.120+0.01

−0.003 240+20
−7

Outer 0.0074 ± 0.0007 4.8 ± 0.5

Table E3. Dust masses.

Component "d [M� ]
Global 14.1+0.3−0.5 × 106

Inner 8.2+0.8−0.7 × 104

Main 11.3+0.3−0.5 × 106

Outer (2.7 ± 0.1) × 106

APPENDIX E: THE STAR-FORMATION RATE AND DUST MASS ACROSS M33

In this appendix we present a few tables with the calculated values of the SFR and Σ(�' for M33 and its morphological components. The
tables list either these quantities integrated out to the truncation radius (Table E1) or integrated out to the I-band effective radius (Table E2).
The latter are used in the scaling relations relating SFR with stellar masses. We also list the dust masses of the individual morphological
components of M33 and of the galaxy as a whole in Table E3.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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