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Abstract

Interstellar dust plays a major role in the transfer of radiation in galaxies, both
through its microscopic optical properties and its macroscopic spatial distribution.
Dust absorbs and scatters the stellar light, and re-emits it in the far-infrared (FIR)
and sub-millimetre (submm) wavelength range, redistributing both the direction of
the propagating photons, and their energy. The complexity of these processes is best
described by radiative transfer (RT) models. In particular these models have been
used to derive the intrinsic distributions of stars and dust in galaxies by decoding

the panchromatic imaging observations of galaxies.

While RT models have been remarkably successful to date in performing this task,
they have also encountered an energy balance problem between direct stellar light
and dust re-emission, particularly in edge-on galaxies. This work attempts to resolve
this long-standing issue by incorporating a treatment for the clumpy structure of
the interstellar medium (ISM). Because the scale of individual clumps (~ 1pc)
lies below the resolution of galaxy-scale models, a subgrid approach is adopted,
treating the quiescent dust clouds as pseudo-dust grains, with equivalent optical
and thermal emission properties. Dedicated RT calculations are performed to derive
key quantities such as the absorption, scattering and extinction cross-sections. This
enables the virtualisation of the macroscopic clump into a microscopic pseudo-grain
that can be included alongside the existing dust model constituents. The addition

of the pseudo-grain results in a flatter extinction curve. A library of clump emission
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spectral energy distributions (SEDs) is constructed for radiation fields of various

colours and intensities.

With the full incorporation of the extinction and emission properties of clumps into
the RT models, this new clumpy model is applied to the edge-on galaxy NGC 891.
For the first time, the clumpy model is able to achieve a good energy balance,

simultaneously fitting both the submm and Near Infrared (NIR) data.

The clumpy model is further applied to a small sample of eight galaxies, and the
results are compared with those from the purely diffuse models. Overall the clumpy
models produced improved fits and provide a consistent solution for both face-on

and edge-on galaxies.

The clumpy models are characterised by a reduction in dust opacity—and therefore
attenuation—compared to their purely diffuse counterparts. Thus, the maximum
face-on optical depth in the B-band, max(75), derived from the clumpy models is
found to be lower by factors ranging from 1.3 to 2.8. Of the eight galaxies, two
are found to be optically thick in their centres, two are found to be moderately
optically thick, and four are found to be optically thin. As a consequence of the
decreased attenuation, the clumpy models also predict lower star-formation rates

(SFRs), reduced by factors between 1.2 and 2.0.
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Left: surface brightness maps of NGC 891, mirrored about their verti-
cal central axis. Middle: surface brightness maps of the corresponding
diffuse model images. Right: residuals between the data and model
images calculated as D = (M — O) /O. Masked foreground stars are

marked in teal. . . . . . ..

NGC 5907: Averaged horizontal SB profiles (mirrored about the cen-
tral vertical axis)(LH panel) and averaged vertical SB profiles (middle
and RH panel) of the pure diffuse model at the optical wavelengths
The observed SB profiles are plotted with solid black line with the
shaded banding indicating the uncertainty. The solid red line indi-
cates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences
between the model total and the observed profiles, D [%], are plot-
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indicating +20% deviation. . . . . . ... .. ... ...
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NGC 5907: Averaged horizontal SB profiles (mirrored about the cen-
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FIR/submm. The observed SB profiles are plotted with the solid
black line with the shaded banding indicating the uncertainty. The
solid red line indicates the model total, with the individual compo-
nent contributions plotted with the dashed and dotted lines. The
percent differences between the model total and the observed pro-

files, D [%], are plotted in the panels below each profile, with the

dashed horizontal lines indicating + 20 % deviation. . . . . . . . ...

NGC 5907: Fits of the pure diffuse model to the surface brightness
maps. Left: surface brightness maps of NGC 5907, mirrored about
their vertical central axis. Middle: surface brightness maps of the

corresponding diffuse model images. Right: residuals between the

data and model images calculated as D = (M — O) /O. Masked

foreground stars are marked in teal. . . . .. ... ... ...

NGC 5907: Averaged horizontal SB profiles (mirrored about the cen-
tral vertical axis)(LH panel) and averaged vertical SB profiles (mid-
dle and RH panel) of the clumpy model at the optical wavelengths
The observed SB profiles are plotted with solid black line with the
shaded banding indicating the uncertainty. The solid red line indi-
cates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences
between the model total and the observed profiles, D [%], are plot-
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indicating 20 % deviation. . . . . . ... ... L
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NGC 5907: Averaged horizontal SB profiles (mirrored about their
central vertical centre) of the clumpy model at wavelengths in the
FIR/submm. The observed SB profiles are plotted with the solid
black line with the shaded banding indicating the uncertainty. The
solid red line indicates the model total, with the individual compo-
nent contributions plotted with the dashed and dotted lines. The
percent differences between the model total and the observed pro-
files, D [%], are plotted in the panels below each profile, with the
dashed horizontal lines indicating + 20 % deviation. . . . . . . . ...
NGC 5907: Fits of the clumpy model to the surface brightness maps.
Left: surface brightness maps of NGC 5907, mirrored about their
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and model images calculated as D = (M — O) /O. Masked fore-

ground stars are marked in teal. . . . . . ... .00
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plotted with the solid black line and the corresponding uncertainties
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represent the +=20% residuals. . . . . . .. . ... L.
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Chapter 1

Introduction

Our understanding of the Universe arises exclusively through our interaction with it.
In astrophysics, this interaction is necessarily limited to passive observation; thus,
progress is inherently driven by the interplay between theory and observation. The-
oretical frameworks are developed to explain the physical processes taking place in
the Universe and are continuously tested against observations of increasing precision
and scope. This iterative process often dictates the direction of inquiry, as emerg-
ing inconsistencies prompt refinement or re-evaluation of existing models, spawning
entirely new research domains and sometimes revolutionary paradigm shifts. A no-
table example of this is the discovery and subsequent understanding of interstellar
dust (Trumpler, 1930; Greenberg, 1963; Galliano, Galametz & Jones, 2018). For
a time the effect, and even existence, of interstellar dust was uncertain (Herschel,
1785). It was Trumpler (1930) who later confirmed that interstellar dust not only
exists, but diminishes and reddens the light passing through it. Correctly identify-
ing the influence dust has on observed stellar light led to the vital development of
extinction laws (Trumpler, 1930; Savage & Mathis, 1979; Mathis, 1990). This early
focus on extinction effects was just the beginning of our understanding of dust’s

multifaceted role in galaxies.
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Beyond the dimming and reddening of Milky Way (MW) stars, we now understand
that dust plays an important role in the thermodynamic and chemical balance of
star-forming galaxies (Greenberg, 1963; Calzetti, 2001; Sauvage, Tuffs & Popescu,
2005; Popescu & Tuffs, 2010). Even outside of galaxies, dust plays an important
role in regulating the temperature of both the Intergalactic Medium (IGM) and
Intracluster Medium (ICM). At high temperatures (7' > 107 K) and for sufficiently
high dust densities relative to the gas, dust is the dominant cooling mechanism
in the ICM (Montier & Giard, 2004), bridging the gap between lower tempera-
tures where atomic processes dominate (7' < 10° K), and higher temperatures where
bremsstrahlung dominates (7' > 108 K). In the IGM dust becomes a strong heating
mechanism in lower temperature environments (7" < 10° K) with a strong enough
UV background (Montier & Giard, 2004). Within galaxies, dust grains both heat the
Interstellar Medium (ISM) via the photoelectric effect, and cool it via far-infrared
(FIR) cooling lines through inelastic collisions, such as [C 11] line emission (Draine,
1978; Juvela, Padoan & Jimenez, 2003). When the UV radiation fields weaken, this
balance shifts: while photoelectric heating of the gas abates, the cooling via FIR
emission lines continues leading to the condensation of gas into dense molecular
clouds, which can eventually collapse to form stars. Beyond thermodynamic effects,
dust also plays a role in the chemistry of galaxies. The surfaces of dust grains can
act as a catalyst for numerous chemical reactions, including the formation of H,
(Gould & Salpeter, 1963; Gould, Gold & Salpeter, 1963; Hollenbach & Salpeter,
1971; Tielens et al., 1991). As gas and dust are typically well-mixed, the dust traces
the total gas mass in galaxies, including the cold molecular hydrogen, which due
it its lack of a permanent dipole moment has no viable direct emission signature
(Bohlin, Savage & Drake, 1978; Leroy et al., 2011). Furthermore, the reprocessing
of high-energy photons to lower-energy photons provides vital ‘seed’” photons that

are up-scattered to 7 rays via inverse-Compton scattering (Jones, 1968).
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Within our current paradigm cosmological framework (the concordance model), the
cosmological simulations have successfully accounted for the effects of gravity due
to dark and ordinary matter in shaping the evolution of structure and formation
of galaxies, as seen throughout the universe. Our biggest challenge in this field
remains to understand the detailed baryonic physics that are equally critical for
galaxy evolution. Already the largest cosmological computer simulations (e.g. Mil-
leniumTNG - Hernandez-Aguayo et al. (2023), FLAMINGO - Schaye et al. (2023))
include ever more realistic physics, like neutrino, cosmic rays, and interstellar gas
and dust physics. But even if explicit calculations could be self-consistently per-
formed throughout all the components of the ISM in galaxy simulations, the result
would still be a statistical realisation of the galaxy populations. Thus, no specific

individual galaxy could be obtained, even not the Milky Way.

An alternative approach (that can be applied to individual galaxies) is to decode the
panchromatic imaging information, also through modelling, and derive an intrinsic
representation of all galaxy components, stars, gas, dust, and cosmic rays, and their
interplay, that can account for the formation and evolution of that specific galaxy.
From a mathematical point of view, this is solving the inverse problem for a galaxy.
In turn, this could better inform the cosmological simulations and improve the input
baryonic physics, in addition to directly allowing advances in our knowledge of
fundamental processes, like that of star formation in galaxies. Radiative transfer
models that self-consistently account for all these processes are the most powerful
tools, and, with the continuing increase in computational capacity, a reality in every

aspect.

From an observational perspective, the James Webb Space Telescope is revealing
amazing detail of the stellar structures and ISM in local Universe galaxies (e.g.
Williams et al. (2024) for the PHANGS-JWST sample), and identified the first

forming galaxies in the Universe (Carniani et al., 2024). Despite all these advances,
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both in modelling and observations, when trying to decode galaxy messenger infor-
mation with self-consistent models, even in the nearby Universe, a big problem has
remained unsolved until now. Perhaps brushed under the carpet due to the recent
developments, there is a left-over, but fundamental energy balance problem between
direct stellar light and dust emission for galaxies seen under a specific orientation

(Popescu et al., 2000; Baes et al., 2010). The story behind this is as follows:

When the first radiative transfer models of the surface brightness distribution of star
forming galaxies were developed (Kylafis & Bahcall, 1987), they were first applied
to edge-on galaxies, since images obtained under this orientation reveal the vertical
stratification of stars and dust, allowing for additional model constraints, through
the determination of the scale heights of the different galaxy components. Usually
three advantages were invoked for using this view of galaxies: i) easy to separate the
stellar disc, the bulge and the dust; ii) a lot of details are smeared out allowing for
a simpler model; iii) the dust is prominently seen in the form of dust lanes (Xilouris
et al., 1997). Whether advantage ii) may still be seen as such, or more as a curse

recently, this may be a matter of debate.

The RT modelling in the optical bands of the prototype nearby edge-on spiral
NGC 891, together with a few other edge-on galaxies, allowed Xilouris et al. (1997,
1998, 1999) to derive the spatial distribution of stars (mainly older stellar popula-
tions) and associated dust. They found that spirals are optically thin in the optical
bands, with a central face-on B-band optical depth of around 1 (7¢(B) = 1), so just
becoming optically thick towards shorter UV wavelengths. This would have been
seen as solving the long debate of whether spiral galaxies are optically thin or thick
(Disney, Davies & Phillipps, 1989). However, when Popescu et al. (2000) devel-
oped the first panchromatic radiative transfer modelling of spiral galaxies, whereby
the dust emission was self-consistently calculated with the dust attenuation, they

found that the solution obtained in the optical bands for NGC 891 by Xilouris et al.



CHAPTER 1

(1999), was underestimating the FIR and sub-millimetre (submm) emission by a
factor of approximately 3. This was later called the energy balance problem (Baes
et al., 2010). To solve the problem Popescu et al. (2000) proposed several scenar-
ios, including the existence of additional large-scale diffuse or clumpy components
and of modified dust grain properties, and adopted a solution with an additional
disc of diffuse dust, with the dust opacity constrained to fit the submm data. This
solution, with 7§(B) ~ 4 provided a good fit to all FIR/submm images available
at that time, including the optical images. It was clear that the solution derived
for the optical images alone is degenerate. In other words, the appearance of the
dust lane in the optical can be accommodated with both a face-on optically thin or
thick solution. The degeneracy is though lifted in the NIR J and K bands, where
edge-on lines of sight make the transition between optically thin and thick at these
wavelengths. It was shown by Dasyra et al. (2005) that the model of NGC 891
with 7{(B) ~ 4 produces too prominent dust lanes in the NIR, not observed in
the then-new 2MASS (Two Micron All Sky Survey; Jarrett et al., 2003) images.
The energy balance problem in edge-on galaxies was confirmed by all later studies
of edge-on galaxies, including Bianchi (2008), Baes et al. (2010), De Geyter et al.
(2015), Mosenkov et al. (2016), and Mosenkov et al. (2018).

One other scenario proposed in Popescu et al. (2000) was to take into account the
clumpy nature of the ISM. Clumps are known to reduce the overall attenuation of
the stellar light (e.g. Witt & Gordon, 1996,Varosi & Dwek, 1999). Popescu et al.
(2000) included a clumpy component associated with the star forming regions (see
also Popescu et al. (2011, hereafter PT11) for further developments), although this
was not enough to solve the issue. Models with quiescent clumps have been also
used (Bianchi, Davies & Alton, 2000; Bianchi, 2008), but they could not account for

the energy balance problem either.
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Saftly et al. (2015) argued that using galaxy simulations, whereby the input distri-
bution of stars and dust is known, does not result in an energy balance problem, and
that therefore the solution to the problem could be to take into account the com-
plex distribution of stars and dust, as seen in face-on galaxies, departing from the
azimuthal symmetry involved in modelling the edge-on galaxies. The focus shifted
towards face-on galaxies then. Using the SKIRT code and non-axi symmetric models,
De Looze et al. (2014), Viaene et al. (2014), and Verstocken et al. (2020) fitted the
panchromatic images of the face-on spirals M51, M31, and M8&1, with no signs of an
energy balance problem. However, the axi-symmetric models of PT11 were also used
to model face-on galaxies Thirlwall et al. (2020, hereafter TP20) for M33, Rushton
et al. (2022) for NGC 628, Inman et al. (2023) for M51, Pricopi et al. (2025) for
M101 and NGC 3938), with no sign of an energy balance problem, either. It became
obvious that the use of axi-symmetric versus non-axi-symmetric models was not at
the root of the problem. Dust with modified optical properties cannot provide the
solution either, since the properties of dust should not vary with the viewing angle.
Thus, the energy balance problem remained unsolved: RT models can account for
the panchromatic surface brightness distributions of face-on spiral galaxies, but not
for their edge-on counterparts. In edge-on systems either an optically thin solution
is derived from the optical data, but this underestimates the FIR /submm data by
factors between 2-4 (Popescu et al., 2000; Mosenkov et al., 2018), or an optically
thick solution is derived from the submm data (Popescu et al., 2000, 2011), but this

overestimates the strength of the dust lane in the NIR.

In this thesis it is shown that the clumpy nature of the ISM on scales of around 1
parsec provides the resolution to the energy balance problem. A subgrid approach
is introduced, in the form of a novel concept, that of the so called “pseudo-grain”.
It is shown that this provides a consistent solution for both face-on and edge-on

galaxies, thus solving the long standing debate in the literature.



CHAPTER 1

This thesis is organised as follows. Chapter 2 presents a discussion of the physical
properties of interstellar dust grains, and provides an overview of radiative trans-
fer. Chapter 3 provides a description of the radiative transfer models used in this
work, as well as the fitting procedure used for face-on and edge-on galaxies. Chap-
ter 4 introduces the concept of the “pseudo-grain” and how its optical properties
and infrared emissivity are derived, and how they are incorporated into the full
radiative transfer models of galaxies. Chapter 5 applies the new clumpy model to
the prototypical galaxy NGC 891 and is compared with its pure diffuse counterpart.
Chapter 6 applies the clumpy model to the edge-on spiral galaxy, NGC 5907, which,
while demonstrating no energy-balance problem, previous studies have been unable
to fit its optical data. Chapter 7 presents the results of the clumpy model as applied
to the sample of eight local galaxies, and contrasts the results with those found using

the pure diffuse model. The summary and conclusions are provided in Chapter 8.
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Modelling Dust Attenuation and
Emission through Radiative

Transfer

Studying the panchromatic emission of galaxies is the primary method with which
to gain insight into their structure and composition. The complex interactions
between a galaxy’s constituents, such as stars and dust, provide critical insights into
their physical properties. To extract meaningful information from these data, it is
essential to accurately characterise these interactions. This requires constructing
models that account for both the microscopic interaction of stellar photons with
interstellar dust grains—such as scattering, absorption and re-emission—and the
macroscopic effect of these interactions across the spatial distribution of stars and

dust within the galaxy.
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2.1 Dust Physics in the Context of Galaxy For-
mation

Following the Big Bang, the Universe underwent a period of rapid expansion and
cooling during which quantum fluctuations gave rise to density inhomogeneities.
This allowed matter to condense under gravity into the first dark matter haloes
(White & Rees, 1978). As the Universe entered the matter dominated era, baryonic
matter (mostly neutral hydrogen) accreted into these potential wells. The gas was
heated to the virial temperature via shocks and subsequently cooled via radiative
processes, leading to the formation of the first stars and protogalaxies (Rees & Os-
triker, 1977). Through hierarchical merging and continuous accretion, these smaller
assemblies grew into the larger galaxies observed today (Springel et al., 2005). As
stellar evolution progressed, successive generations of stars enriched the ISM with
heavy elements and dust formed in the stellar winds of AGB stars and potentially in
supernova ejecta. (Dwek & Werner, 1981; Galliano, Galametz & Jones, 2018). Over
cosmic time, this recycling of material has played a fundamental role in regulating
star formation and galaxy evolution. Consequently, studying the ISM of galaxies
provides crucial insight into their evolutionary histories and future pathways (Con-

roy, 2013).

In the context of spiral galaxies, dust profoundly influences both their physical evo-
lution and their observed appearance. Dust grains absorb and scatter the UV and
optical light from stars and re-emit this energy in the IR. Beyond its radiative ef-
fects, dust also plays an important role in the formation of structure. Through
the inelastic collisions of dust grains with electrons and ions, dust can become the
dominant cooling mechanism in the IGM for temperatures 7' > 10° K, even for low
dust-to-gas mass ratios, Zy ~ 10~* (Montier & Giard, 2004). Provided the presence

of dust grains, this efficient cooling mechanism may help to explain the cooling of
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the hot virialised galactic haloes, allowing gas to cool and accrete into the disc. Nu-
merical simulations of galaxy formation done by Pointecouteau et al. (2009) found
that the models including dust cooling resulted in a higher concentration of gas in
the cool and high-density phase. Inside galaxies, dust grains maintain a thermody-
namic balance by both heating the ISM through the photoelectric effect, and cooling
it through FIR cooling lines powered by inelastic collisions with gas particles. A lack
of UV photons to power the photoelectric heating will unbalance this equilibrium
allowing the dust to further cool and condense into denser structures, leading to
the formation of dense molecular clouds. Due to increasing optical thickness, ther-
mal pressure can be reduced in these clouds which in turn allows them to become
denser, therefore increasing the propensity of gas to condense into stars. Lastly, dust
plays a vital role in the final stages of gravitational collapse in star-forming regions
by efficiently cooling the gas via inelastic collisions, reducing the thermal pressure

allowing further collapse.

Dust physics therefore plays a crucial role across cosmic scales, from the conden-
sation of gas from the IGM into galaxies, to its structuring within the ISM, and
ultimately to the formation of stars. Understanding dust is essential for reconstruct-
ing the star formation history of the Universe, as it regulates gas cooling and the
formation of molecular clouds. Furthermore, dust strongly affects the light we ob-
serve from galaxies, meaning that interpreting astronomical observations accurately

requires accounting for its effects.

2.2 Modelling the Extinction and Attenuation of

Stellar Light in Galaxies

Within star-forming galaxies stellar photons propagate throughout the ISM inter-

acting with the interstellar dust. These interactions alter both the energy and the

10
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direction of propagation of the photons via the processes of absorption and scatter-
ing. Thus, what would otherwise be an isotropic process becomes highly anisotropic.
Two important observables in studying these effects are the extinction and attenu-
ation. Extinction refers to the loss of light along a line of sight due to absorption
and scattering through a dusty medium. Attenuation concerns these effects while
also considering the relative distribution of stars and dust. Therefore, to build a
model of attenuation one must consider the optical properties of the microscopic

dust grains and their macroscopic distribution among the stars.

2.2.1 The Interaction of Stellar Light with Dust Grains

Interstellar dust consists of various different compounds including silicates (Si),
graphite (Gra) and polycyclic aromatic hydrocarbons (PAHs). These grains are
described by a grain size distribution with grain sizes ranging form a few Angstroms
(A) to a few microns (um) (Draine & Lee, 1984; Draine, 2003). Stellar photons
incident on the interstellar dust are absorbed and reradiated as thermal radiation,
primarily in the FIR. Thermal radiation is the radiation emitted by a black-body,
which absorbs all radiation incident upon it, or more quantitatively a black-body
has absorption efficiency Q.,s = 1. However, a black-body is an idealised material,
so real physical objects such as dust grains have absorption efficiencies Q.5 < 1.
From Kirchhoff’s law of thermal radiation, Qaps = Qem (Where Qe is the emission
efficiency or the emissivity of a grain), it also follows that a real body has an emissiv-
ity Qem < 1. The value of Q.5 is dependent on the size of the real body and also on
the wavelength of the radiation incident upon it. Because real bodies do not absorb
all incident radiation, incident photons that are not absorbed will be scattered or
will pass through without any interaction. Similarly, a scattering efficiency Q.. can
be defined. This scattering is anisotropic, so for each different direction the photons

would have a different probability for scattering. This probability is the anisotropy
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efficiency Qphase and is calculated similarly to Qaps and Qsca-

In order to derive the dust efficiencies for absorption and scattering the size of dust
grains must be known as well as the wavelengths of the incident photons. For the
size of the dust grains and wavelength of stellar photons, it is appropriate to use
Mie theory to describe the interaction of stellar photons with dust grains, as a ~ A,
where a is the grain size. Mie theory involves solving Maxwell’s equations within
the dust grains, giving a microscopic description of the interaction of the dust grains
with photons. This is used to obtain Qabs, Qsca, and Qpnase for each grain type as a
function of grain size a and wavelength A\. The dust models of Weingartner & Draine
(2001); Draine & Li (2007) consist of silicate and carbonaceous grains each with dif-
ferent properties. The carbonaceous material comprises graphite grains and large
Polycyclic Aromatic Hydrocarbon (PAH) molecules. The PAHs are further subcat-
egorised as PAH? (neutral) and PAH" (cationic). The silicates are assumed to be
composed of Forsterite (Mg,SiOy), Fayalite (FeySiOy4), and Olivine ((MgFe)QSiO4).
In Fig. 2.1 an example is given of Q.s as a function of wavelength for spherical
silicates and neutral PAHs of different sizes, as given in the model of Draine & Lee

(1984) and Draine & Li (2007).

The grain size distribution for each grain composition derived in Weingartner &

Draine (2001) is as follows.

ng da 2 o

ianAH = D(a) _ Z %exp {_1 [M] } , a > 35A, (21)

3 exp(—4.50?%) bcimc

b= 27)32  pag,o 1+ erf[30/v2 + In(ag,/3.5A) /ov/2]

(2.2)

where D(a) is the size distribution of PAH molecules, npay and ny is the number
density of PAH molecules and hydrogen respectively, p is the density of graphite,

mc is the mass of a C atom, bc is the total C abundance per H nucleus where
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abs

10!
A (jum) A (pm)

Figure 2.1: Absorption efficiencies Q.ps as a function of wavelength A for silicates
and PAH grains of varying sizes, where a is the grain size. The panels on the top row
show the absorption efficiencies for the Si grains in the UV /optical regime (left) and
the IR regime (right). The panels on the bottom row show the absorption efficiencies
for the PAH? grains in the UV /optical regime (left) and IR regime (right). These
efficiencies were taken from the model of Draine & Lee (1984) and Draine & Li

(2007).

boy = 0.75bc and boa = 0.25bc. agy = 3.5A, ags = 30 A, and o = 0.4. The grain

size distributions for all carbonaceous and silicate grains are as follows.

ny da Qg

1 dn C a \"
o E=D(a) + =~ (—) F(a; By, arg)

1, 3.5A <a<ag,

X 3
a—at,g
“p{‘{iaf}}’ < g

(2.3)
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1 dns, Cif a -
- = F(a; sy Ut,s
nyg da a <at,s) (a3 B, 1)
1, 35A <a< s
X 5 (2.4)
exp {— [%} } .4 < Qg
where F'(a; 3, a;) is given by:
1+ Ba/ay, >0
F(a;B,ay) = (2.5)

(1-Baja)™, B<0,

where n, and ng are the number density of carbonaceous and silicate grains respec-
tively, the absorption cross-section of the carbonaceous/silicate grains are given by
Cy/s- Qg5 1s the grain size where the functional form transitions, a. /s is the upper
limit for the grain size distribution. «,/s are constants and j3,/; are parameters to
provide curvature in order to best-fit the extinction. The values of these parameters

for various conditions are given in Table 1 of Weingartner & Draine (2001).

For a population of grains of various chemical composition and sizes one can define a
cross-section Cl, that describes the interaction of photons with dust grains. Thus, if
it is assumed the composition of grains is made of silicates, graphites and polycyclic
aromatic hydrocarbons, i ={Si, Gra, PAH?, PAH"}, the absorption cross-section
Clabs,i, 1s calculated by integrating the absorption efficiencies of the grains Qans,; over
the grain size distribution n(a):

Copes(\) = / 70?1 (0) Qunes(a, \da (2.6)

Amin
where Clpg; is given in units of [em? H™!|, and @y, and @y, are the minimum and

maximum grain size respectively. The scattering cross-section is obtained similarly,
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using the scattering efficiencies Qgca,i:

Csca,i()\): /Wazn(a)Qsca,i(a,)\)da (27)

then the total absorption and scattering cross-sections, Cy,s and Cg., are obtained

by summing the cross-sections of the grain composition :
Cabs(A) = Z Cabs,i()\) (28)

Csca<)\> = Z Csca,i()\) (29)

Then the extinction cross-section Cyy; is the sum of the absorption and scattering
cross-sections:

Cext(A) = Caps(A) + Csea(N) (2.10)

The dimensions of Cey are [cm? H™!]. While expressing Cey; in units per unit hydro-
gen is useful when modelling gas, in the context of modelling dust it is more direct
to express Coy per unit dust mass. This is done by considering the density and
volume of the grain material, and the number density of grains per unit hydrogen.

This is written as

Gmax

Adrra
Hd = 3

3

n(a) pg da (2.11)

where 47a3/3 is the volume of dust grains with radius a, n(a) is the number density
of grains with radius a per unit hydrogen atom, and p, is the volume density by
mass of the grain species. Hence, pq is the total mass of dust per unit hydrogen
with units [g H™!]. Then the extinction cross-section per unit dust mass is denoted

as O™ -

ext*

Cext <)\)
Hd

where C™, is in units [em?g™!]. Fig. 2.2 shows as an example a model of the

C:)l(t()\) =

(2.12)

extinction curve of the Milky Way as a function of wavelength, derived using the
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dust efficiencies from Draine & Lee (1984) and Draine & Li (2007), and the grain size
distribution from Weingartner & Draine (2001). The figure also shows a comparison

with the observed extinction curve of the Milky Way (Fitzpatrick, 1999).

In a spiral galaxy, where dust grains are distributed throughout the disc, axi-
symmetry can be assumed, in which case the dust mass density is a function of
radial position R and height z, pqust = paust (R, z). In this case an extinction coeffi-

cient Kext (A, R, 2) can be defined as the product of CI, and pqust (R, 2):

K'ext()\a R7 Z) - pdust(R7 Z) X Cox

ext

(2.13)

where paust (R, z) has units of [gem™] s0 Kext (A, R, 2) has units of [cm™1].

When a photon interacts with dust there is a chance that it is scattered from its
original propagation direction 72 to some different direction 72’. The scattering phase
function describes the probability that a photon travelling along n will be scattered
onto the new direction /. In this work, the Henyey-Greenstein scattering phase
function (Henyey & Greenstein, 1941) is used, and is given by Equation 2.14:

1—g(V)?
(1+g(A)2 —29(N)A/ - 7)™

® (A 7, N\) = (2.14)

where ¢ is the anisotropy factor and g € [—1,1]. g = —1 corresponds to purely
backwards scattering, g = 1 corresponds to purely forward scattering, and g = 0

corresponds to isotropic scattering, i.e., there is no preferred direction for scattering.

The averaged anisotropy of the scattering phase function ¢ is found in a similar

manner as shown in Equations. 2.6 -2.9,

gi(A) = /Wazn(a)Qsca7i(a,)\)Qphasey,-(a,)\)da (2.15)

Gmin

90 = ai() (2.16)
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N - Fitzpatrick

A (pm)

Figure 2.2: The extinction curve for the dust model of Weingartner & Draine (2001);
Draine & Li (2007) (solid line) together with the individual contributions to the
extinction from the different dust compositions: Si (dotted line), Gra (dashed line),
PAH (dashed-three-dotted line). The dashed-dotted line represents the observed

mean extinction curve for the Milky Way (Fitzpatrick, 1999).

2.2.2 The Extinction and Attenuation of a (Galaxy

The extinction coefficient ke (A, R, 2) is defined in§ 2.2.1 and is used to characterise
the amount of photons being absorbed and scattered by dust. In galaxies, a useful
quantity that is related to extinction is the dust opacity, which is the product of the
extinction coefficient and the length of the column along the line of sight. For a disc

galaxy where axi-symmetry is assumed, the face-on dust opacity is simply
T(A R, 2) = 2Rext (A, R, 2) 2 (2.17)

where z is the scale height of the dust. In a galaxy, there is not merely a single column

of dust in front of a stellar source, but a complex three-dimensional distribution
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of emitters (stellar sources) and absorbers (dust grains). This means that stellar
photons are not only scattered out of the line of sight, but photons can also come
into the line of sight through scattering from other directions. The cumulative
effect of all absorptions and scatterings of a distribution of sources and dust grains
is called dust attenuation. It is important to distinguish between extinction and
attenuation, with extinction being proportional to the column density of dust and
its wavelength dependence being decided by the optical properties of the dust grains,
whereas attenuation depends on the distribution of dust and stars, the variation of
the dust properties throughout the distribution and the galaxy orientation. In a
galaxy the total attenuation (of the galaxy as a whole) at a given wavelength (A))

is given by,
L3
_/\

where LY is the intrinsic luminosity density of the galaxy (as seen in the absence of

Ay (2.18)

dust), and L, is the apparent luminosity density (the observed luminosity). Usually

the attenuation is given in magnitudes, and is then defined as,

Ay = —25log (%) (2.19)

2.3 Modelling Dust Emission in Galaxies

2.3.1 Emission Laws of a Black-Body

As discussed in § 2.2.1, dust grains are heated by their interaction with stellar
photons and emit as modified black-bodies. To model the dust emission for dust
grains of varying sizes and compositions the Planck function can be used to describe

the spectral radiance of a black-body at a specific wavelength,

2hc? 1
BAT) = S — (2.20)
e pT _ |

where B, (T') is the spectral intensity as a function of temperature (7'), kg is the

Boltzmann constant, h is the Planck constant, and c is the speed of light. The
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peak temperature can be found by differentiating the Planck function with respect
to A and finding the stationary point. Wien’s displacement law results from this
method and states that the predominant wavelength of light emitted from a black-
body is inversely proportional to its temperature. This can be used to determine
the wavelength of light emitted by the dust grains. On average the dust grains have

a temperature T' ~ 18 K, so it is expected that the dust emission peaks at

b 2808 [umK]
A= o on 2RI 161 2.21
T 18[K] 01 pm (221)

;thus the dust grains emit in the FIR.
Planck’s law (Equation 2.20) gives the spectral radiance of dust grains, with units
[By] = [Wm™2sr'm™']. This can be integrated over the solid angle Q of the

hemisphere on the point of the emitting surface to give the spectral flux density,

and integrated over wavelength to give the total flux

F:/ dQ/ B\, T) dA
Q A=0
2 T

T /2 CS)
= / do cosfsing df B\, T)dA
$=0 6=0 A=0
- / BLT)dA. (2.22)
A=0

To solve this integral, use the following substitutions:

he he
= A= 2.2
YT T T TheT (223)
he 1
= ————dx. 2.24
A=~y de (2.24)

When A\ — 0, x — oo and A = oo, z — 0, hence Equation 2.22 can be written as:

0 5
kpTx 1 he
_ 2 _
F = 21the /HO < - > e < kaBT) dz, (2.25)

simplifying and taking the constants out of the integral gives the Stefan-Boltzmann
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equation

o 2k T /OO 3 e
h3c2  J,_oe*—1

 2mkg Tt

- k3¢ 15

2wk T

~ 15h3¢2

=oT* (2.26)

where ¢ is the Stefan-Boltzmann constant and is equal to o = 5.67x10 8 Wm—2 K.
Equations 2.20, 2.21, and 2.26 are useful in calculating the equilibrium temperature
of dust grains and their radiant flux. Given that the dust grains emit as modified
black-bodies, a modulating factor ()., must be introduced into the Planck function.
Since the dust emission is dependent on the temperature of the dust grains, it is

important to derive the temperature of the dust grains for each size and composition.

2.3.2 Dust Temperature

Dust grains in the ISM are heated by the interstellar radiation fields and they can
reach equilibrium temperature with the radiation in which they are embedded. The
equilibrium temperature is derived by equating the rate of energy absorbed by the

grain with the rate of energy emitted.

/ T Qun (O auy dA = 2T / " Qa0 a) A\ By (T (2.27)
0 ¢ Jo

where w, is the energy density of the radiation field and B (T¢,) is the Planck func-
tion, where T, is the equilibrium temperature of the grains. This gives the equilib-
rium temperature for a given grain size and composition. Although some grains are
heated at equilibrium temperature, a large majority of grains that are embedded
in the low energy density radiation fields present in the interstellar medium never

reach equilibrium temperature, but are heated stochastically. This happens when
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grains cool faster than the average time interval between the impacts of UV pho-
tons, leading to grains experiencing large temperature fluctuations. Such grains are
referrred to as stochastically heated grains or flickering grains. The stochasticity of
a grain heating depends on the grain size and the energy density of the radiation
fields. For a given energy density of the radiation fields, smaller grains emit more
stochastically than larger grains. By the same token, if the same grain (of a fixed
size) is embedded in a weak radiation field it would emit more stochastically than

if it were embedded in a stronger radiation field.

Due to this stochastic heating the temperature of the grains fluctuate so they do not
emit at a single temperature, rather they emit according to a temperature distribu-
tion P;(a,T). The temperature at which the grains emit can be found by modifying
Equation 2.27 to include an integration over all temperatures of the Planck function

with its associated probability:

/OoQabs(A,a)uAd)\:Ll—W/oo Q) @) dA /OOBA(T)Pi(a,T) AT (2.28)
0 0 0

Cc

Fig. 2.3 gives an example of a probability distribution of temperature for dust grains
for various sizes and compositions heated by the interstellar radiation fields in M51
and calculated using the dust model of Draine & Lee (1984) and Draine & Li (2007).
One can see from Fig. 2.3 that PAH molecules have much wider temperature dis-
tribution compared to that of the graphite grains. This is because in the model
of Weingartner & Draine (2001) PAHs are considered to be all the carbonaceous
grains with sizes smaller than 0.01 um, while graphite grains are considered to be
all carbonaceous grains with sizes larger than 0.01 pum. As such, in this example
PAHs are heated stochastically, while graphites are closer to equilibrium temper-
ature. Fig. 2.3 also shows that silicate grains exhibit both larger and narrower
temperature distributions, since they have a continuous distribution of sizes in this

model.
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Si R =200 pc| |Gra

Si R =2000 pc| [Gra R =2000 pc] [PAH* R = 2000 pc|

dp(T)/dInT

107° :
Si R=16900 pc| [Gra R =6900 pc| [PAH" R = 6900 pc,

1074 1t

107° '
109 102 109 102

Figure 2.3: Temperature distributions of grains of various sizes and compositions
from the model of Draine & Li (2007) heated by the interstellar radiation fields in
Mb51. The panels show from left to right the temperature distributions of silicate,
graphite and PAH™ grains respectively, and from top to bottom the temperature
distributions at a galactocentric radius of R = 200 pc, R = 2000 pc and R = 6900 pc
respectively. The blue lines indicate grains with size 0.1 um > a > 0.01 pum, the
green lines indicate grains with size 0.0l um > a > 0.001 um and the red lines

indicate grains with size a < 0.001 pum.

2.3.3 Infrared Emissivity

Once the distribution of temperatures for a grain is known, the infrared brightness

I, of grain of size a and composition ¢ is given by

AA@::QMAQAX/BAQTNHQTMHZ (2.29)
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where I ; is in units of [Wm™2?sr™! Afl]. Once the infrared brightness has been
calculated for each grain size and composition, integrating over the grain size dis-
tribution n(a) gives the infrared emissivity per H atom of grains of composition
i

)

g = / ra*n(a)ly (a)da (2.30)

Qmin

where j}!; has units [Wsr™! AT H™']. The total infrared emissivity per H atom ;i

is then given by the sum of ]/{IZ over all the grain compositions,
N=D 0 (2.31)

jilis given per unit solid angle, so to find the total luminosity of dust per H atom,
we must integrate over all directions, which is equivalent to multiplying by a factor
of 47 sr. The total luminosity then has units of [W AT H™!], so to express the total
luminosity per unit volume we multiply by the number density of hydrogen n*' to
obtain

Ly = 4mjyin™ (2.32)

where Ly has units [W AT cm~3]. The dust is mixed with the interstellar hydrogen

gas, and since the density of hydrogen n'! is not usually known, we can use the

H

number density of dust particles nd"' to express n'!, assuming that the ratio of

dust-to-gas is constant (nf! = ndut. const).

It is more useful to define the distribution of dust in terms of the dust opacity 7,
T = 2Kext 2 (2.33)
where Koyt 1S the extinction coefficient and can be written as
Kext = Pdust Coxt (2.34)

with units of [em™!] or as

Rext = ndUStCext (235)
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From Equation 2.35 and Equation 2.33 we can express nd"' as

dust Rext T
— — 2.36
" Cow 207 2 (2.36)

X

By substituting Equation 2.36 into Equation 2.32 we obtain

-
Ly=4 i 2.
A 7T2 cm. ZJ/\ ( 37)

As discussed in § 2.2.1, with the assumption of axi-symmetry, then the total lu-
minosity per unit volume as a function of radial position R and height 2 can be

expressed as

T .
Ly(R,z) = 4ﬂm]§(R,2) X exp( - — = —) (2.38)

By integrating over the volume of the galaxy we can then obtain the total luminosity

of the galaxy at the wavelength A\, which then can be used to obtain the SED.

2.4 Radiative Transfer

The existence of dust within galaxies makes it necessary to have sophisticated radi-
ation transfer models (Kylafis & Xilouris, 2005) to gain insight into the mechanisms
within spiral galaxies. Currently, four methods have been used to model radiative
transfer: ‘ray-tracing’ (RayT), ‘Monte Carlo’ (MC), ‘solution of the radiative trans-
fer equation by discretization’, and ‘spherical harmonics’ (Kylafis & Xilouris, 2005;
Steinacker, Baes & Gordon, 2013). The models used in this work adopt the RayT
radiative transfer method (Kylafis & Bahcall, 1987), with the addition of an elegant
treatment of scattered light, based on the approximation of “scattered intensities” .
The RayT code DART-Ray was also used, which explicitly takes into account all
higher order scattered light above a threshold intensity (Natale et al., 2014, 2015,
2017). In particular DART-Ray was used to cross-check calculations done using the
method of scattered intensities, and to produce the surface-brightness maps for the

dust emission and the radiation fields in the dust emission.
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Both of the codes used in this work utilise Ray'T which solves the Radiative Transfer
Equation (RTE) along a finite set of paths considering the relevant interactions.
The RTE calculates the intensity of radiation along a line of sight, considering the
contributions of sources and sinks. Consider some stationary radiation field with
specific intensity I(r,7s, \), where 7 is the position in space, 7 is a unit vector in the
direction of the propagation of radiation, and A is the wavelength and some source
of radiation (e.g. stars) with emission j,(r, e, A), then the change in intensity along

some path is
n-VI(r,n,\) = j.(r,n,M\). (2.39)

In reality, the sources are embedded in a dusty medium that reduces the intensity

by absorption and scattering, thus Equation 2.39 becomes:

n-VI(r,f,A) = jiu(r, 7, ) — (Kaps(1, A) + Ksea(m, ) I(7, R, )

= Ju(7, T2, N) — Kext (R, NI (7,71, \) (2.40)

where Kaps(12, A) is the absorption coefficient, kg (m, ) is the scattering coefficient,
and Key (M, \) is the extinction coefficient. This is specifically for the direct stellar
light. To account for the radiation propagating in in directions other than along the
line of sight n, that is subsequently scattered into the line of sight 7, a scattering

source term is added:
n-VIr,n,\) = —Ket(n, \)I(7, 78, \) + Ju(7, e, ) + Jsca (7, 72, N) (2.41)

If the scattering is coherent, that is, the scattering event is elastic, then the scattering

source term can be written as (Kylafis & Bahcall, 1987):

dQ2

a0 0) = a(m ) [ 102 )RR ) (242
™

where ®(R’,n, \) is the scattering phase function. In this work, the Henyey-

Greenstein scattering phase function (Equation 2.14) is used. Thus, substituting
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Equation 2.42 into Equation 2.41 gives:

n-VI(r, 7, \) = — Rext (1, \)I(7, 72, A) + Ju(T, 72, N)
1

+ Hsca(”a A)E

/ [(r, 5, VO, 2, 0)dQ. (2.43)

Using the albedo, w(n, \) = Kgea(M, A)/Kext (1, A), Equation 2.43 can be written as:

w(n, \)

n-VI(r,n,\) = — Ket(n, \) [I(r, L, \) — 1
T

/](fr,ﬁ,, AR, 7, \)dQ

+ Ju(r, 7, ). (2.44)

Alternatively, one can define a distance s along the path defined the propagation

along direction m at a position 7, i.e., n -V = d/ds, then Equation 2.44 can be

simplified:
I
%(S,A) = (5 0) — Kew (5, A) | T(5, ) — @/z(s,ﬁ',x)@(ﬁ',ﬁ, ) dO
T

(2.45)

Letting Iy be the direct stellar emission, I; be the once scattered light, and I,, be

the n' scattered light, then total intensity is simply the sum of these contributions.

I(s) =Y I(s). (2.46)

Iy and I,, can be written as

dly

E(S) = —r(s)lo(s) + ju(s), (2.47)
drl, . w N YN /
o (5) = —h(s) [fn(s) 2 / Lo (s, 2))B (R, )0 (2.48)
which have the solutions
10(3):/ ds'j,(s')e™ Jntsds” (2.49)
0
S /
I(s) = w / ds'e™ Jo w(sMds” “is) / L1 (s, 2 ) DA 7)dY. (2.50)
0 T
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Because of the computational impossibility of computing Equation 2.50 for all n € 7Z,

a sufficient number of scattering events must be calculated such that

|]n+1|
el e (2.51)
Zk:o|lk|

which can be computationally expensive. In this work, an approximation from

Kylafis & Bahcall (1987) is used. Equation 2.46 can be written as

L L1
I=L(l+—4+——4+--]. 2.52
°<+h+h%+ ) (2:52)
Making the approximation
In-l—l Il
~— 2.53
i (25

Equation 2.53 can be substituted into Equation 2.52 to give
L [nL?
JESHY [ LI ) R (2.54)
Iy 1o

This approximation requires evaluation of only Iy and I; to compute the total in-

tensity, dramatically decreasing computation time.
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The Axisymmetric Model

The models in this work follow the axisymmetric RT models of PT11 which describe
the dust opacity and stellar emissivity for spiral galaxies from the UV to submm
wavelengths using parameterised analytic functions. The model considers the ab-
sorption and anisotropic scattering of stellar photons with dust grains of various
size and chemical composition as discussed in § 2. Following TP20, the model of
PT11 is adapted to allow for additional morphological components. Each morpho-
logical component comprises the generic stellar and dust components from PT11:
the stellar disc, the thin stellar disc, the dust disc and thin dust disc. These are
described in detail in § 3.1 and 3.2. The stellar volume emissivity and the dust den-

sity distribution for each disc component j are described by the following generic

formula:
O, R < Rtin,j
w;i(R,z) = Ao, [RL;] (1 — Xj) + Xj] exp (—Rh—r]‘] — %) , Rinj < R < Ry
Ay, exp (—%) exp (—f) , Ri; < R < Ry

(3.1)
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with:

w; (0, 2
(0.9

- wj(Rin, 2) 32

where R and z are the radial and vertical coordinates, h; and z; are the scale-length
and scale-height respectively, Ay ; is a constant scaling the amplitude, x, describes
a linear slope of the radial distributions from the inner radius, R;,, to the centre of

the galaxy. Ry, and R; are the inner and outer truncation radii, respectively.

Equations 3.1 and 3.2 are wavelength dependent and describe the distribution of
stars and dust. The spatial integration of these formulae (see Appendix C) between
Ry, and Ry provides the intrinsic stellar luminosity L, if j represents a stellar disc

component, or the dust mass My if j represents a dust disc component.

3.1 Stellar Components

3.1.1 The Stellar Disc

The stellar disc is made up of the old stellar populations and primarily emits in
the optical and NIR wavelengths. As the stellar disc comprises the longer-lived,
lower-mass stars they manage to migrate further from the plane of the galaxy over
the course of their lives and thus this component typically has larger scale-heights.

disc
in,s

It is described by the four geometrical parameters: hdisc, zdisc - Rdisc and ydise - and
one amplitude parameter: L4¢()). L4¢()\) is allowed to be a free parameter for
each wavelength corresponding to U, B, V, I, J, K, I1, 12, I3. hg is also allowed
to be wavelength dependent, hence the scale-lengths in the U, B, V, I, J, K, I1,
12, 13 bands are treated as free parameters. If the galaxy being modelled is edge-on
the vertical distribution can be fit, thus zs is allowed to be wavelength dependent

and fit the scale-lengths for the previously mentioned optical and NIR bands.
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3.1.2 The Bulge

Among the stellar disc, the old stellar population also features a bulge component.
The ellipsoidal bulge is described by the Sérsic distribution (Sérsic, 1963; Sersic,
1968). Since there is no exact analytic solution for the deprojection of this dis-
tribution, several approximations have been proposed in the literature. In these

calculations the volume emissivity as derived in Natale et al. (2022) is used:

bs (a/b ) n
wWhuige(A, R, 2) = w(), 0,0) %(Rﬁnm Dlexp (<bon'™) (33)
with:
R2 + 22(a/b)?

MR z) =
77( ) 7Z) Re

(3.4)

where nPUg¢(\ 0,0) is the stellar emissivity at the centre of the bulge, R, is the
effective radius of the bulge, a and b are the semi-major and semi-minor axes of the
bulge, respectively, and b, is a constant which depends on the value of the Sérsic

index ng, given by the approximation (Ciotti & Bertin, 1999):

TP 16
S s T 3 T 405n, 2551502

(3.5)

In principle R, and § are allowed to be wavelength dependent, however typically

they do not vary significantly for a given galaxy.

3.1.3 The Thin Stellar Disc

The thin stellar disc hosts the young stellar population. Primarily emitting in the
UV regime, the young stellar disc contributes the majority of the UV output of the
galaxy. In the model of PT11 the thin stellar disc has a smaller scale-height than that
of the stellar disc, since, from physical considerations, the young stars are expected
to still be associated with the molecular layer from where the stars form. Unlike older
stars, the shorter-lived young stars did not have time to evolve and form a thicker

configuration. Thicker discs are usually due to the multiple interactions of stars
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with spiral density waves or molecular clouds during their lifetime. Thus, the young

stars are expected to reside in a thin disc configuration, as adopted in this work.

htdisc tdisc
S Y

Z )

The thin stellar disc is described by the four geometrical parameters: .

R and xi9%¢, and one amplitude parameter: L'“¢(X). The spectral integrated
luminosity L4 is related to the star-formation rate SFR'¢ using Equations 16,
17, 18 from PT11. Following previous modelling, the use of SFR as the amplitude
parameter is preferred. Nonetheless, there is a difference between PT11 and in this
approach. The model of PT11 includes a fixed template SED (fixed wavelength
dependence), because its purpose was to create a large library of model SEDs to
fit galaxies from statistical samples, and thus it had to limit the number of free
parameters. In addition, the model was first established for edge-on galaxies, where
the UV emission is almost entirely obscured by the dust, with no possibility to
constrain the shape of the UV SED from observations. However, for non edge-on
galaxies with inclinations up to 80° the UV emission is not completely obscured by
dust and there are meaningful data available. Because of this the approach is to

derive the shape of the SED and thus to adopt as free parameters the wavelength

dependent amplitude parameters L*4¢()).

3.2 Dust Components

3.2.1 The Dust Disc

The dust disc describes the large scale diffuse distribution of dust associated with
the stellar population in the stellar disc and the H1 gas. The dust disc is usually

more radially extended than the old stellar disc (Xilouris et al., 1999), while having

tdisc

J4%¢and smaller

a scale-height 3¢ larger than that of the young stellar disc 2

than the scale-height of the old stellar disc 235¢. The dust disc is described by the

dise and y4¢ and the amplitude parameter, the

: disc ,disc
geometrical parameters hg™, 23", R{ %
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face-on optical depth of the B-band at the inner radius 71" ( f};sg)

3.2.2 The Thin Dust Disc

The thin dust disc represents the diffuse dust distribution associated with the young
stellar population and the molecular layer. The thin dust disc is described by the

tdisc

tdisc and x{4¢ and the amplitude parameter,

: tdisc  ,tdisc
geometrical parameters hg™™¢, zg™*, Ri3

the face-on optical depth of the B-band at the inner radius T]g’tdisc< frﬁ"ijC). In
principle these are all free parameters, however, following PT11 the scale-height
and the scale-length of the thin dust disc are fixed to that of the young stellar disc.
This is because a physical correspondence is expected between the distribution of
young stars and the dust associated with the molecular layer from where the stars

form.

3.2.3 The Active Clumpy Component

The active clumpy component represents the small dense localised dust clouds asso-
ciated with star forming regions that are illuminated by the strong, UV-dominated
radiation fields produced by the photons emitted from the young stars inside the
clouds. The dust in these regions reaches thermal equilibrium with the intense radi-
ation fields and emits dominantly in the 24 um to 70 pm region, and can surpass the
emission due to the diffuse component at these wavelengths. PT11 define a “clumpi-
ness factor” F', which is the amplitude parameter of the active clumpy component,
and represents the fraction of the total luminosity of massive stars that is locally
absorbed by the dust in these star-forming clouds. The diffuse component is then
illuminated by the escape fraction 1— F. The F' factor has a wavelength dependence
that is not determined by the optical properties of the dust grains, but by the evolu-
tionary stage of the birth clouds. This is because in this model the dust cloud is very

opaque, thus completely blocking any radiation from inside the cloud. The only way
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photons escape is through holes in the cloud, produced by the fragmentation in the
cloud. Thus the radiation is either completely blocked by the opaque dust or freely
escapes without being absorbed. As a star-forming cloud becomes older, it tends to
become increasingly fragmented, while stars inside the cloud start to migrate and
disperse away from the cloud. This will produce an increased escape of radiation
from the cloud. The wavelength dependence of the escaping radiation thus arises
because lower mass and less blue stars spend a higher proportion of their lifetime
radiating when they are further away from their birth-clouds, and because of the

progressive fragmentation of the clouds.

3.2.4 The Quiescent Clumpy Component

The quiescent clumpy component represents the cirrus-like clouds that are optically
thin to optical photons but are optically thick in the UV. Due to being optically
thin in the optical and NIR regime historically these clumps have not been included
in the RT models, as they were thought to negligibly affect the transfer of radiation.
However, being optically thick in the UV means that dust, particularly in the core,
is shielded from UV radiation. Allocating some of the total dust mass into these
clumps can lead to a significant reduction in dust heating when compared to a purely

diffuse dust configuration. This component is described in detail in § 4.

3.3 Fitting Procedures

3.3.1 Face-On Fitting Procedure

To directly compare the model to the data, azimuthally averaged surface brightness
profiles of both are produced. The observed surface brightness profiles were obtained
by segmenting the data images into a series of annuli each corresponding to a fixed

galactocentric radius and plotting the average flux through the annulus as a function

33



CHAPTER 3

of radius. A similar procedure was performed to produce the surface brightness
profiles of the model. Examples of these profiles can be seen in Fig. G.1. To fully
capture the details seen in the surface brightness profiles the galaxies were segmented
into distinct morphological components where necessary, following TP20. A detailed

description of these components can be found in § 3.

The fitting procedure described in TP20 was followed in this work. This method
involves an intelligent searching algorithm of the parameter space, taking into ac-
count the fact that different parameters do not equally affect the emission at all
wavelengths. This allows one to identify pairs of parameters that predominantly
shape the emission at key wavelengths and use this to fit one pair (usually made of

a geometric parameter and an amplitude parameter) of parameters at a time.

Modelling begins by identifying the morphological components seen in the observed
surface brightness profiles. These are demarcated by breaks in the exponential pro-
file, constraining the parameters: Ry,, Ri,, and R, for each morphological compo-
nent identified. While these parameters are fitted at the start of modelling, they may
undergo some minor optimisations as the model develops. The entire wavelength

range of the data set is considered when determining the morphological components.

With the morphological components set, the first RT calculations are performed
with some initial ‘guess’ parameters. First, the NUV profile is optimised. This is
equivalent to constraining the spatial distribution of the young stellar population
residing in the thin stellar disc. Although the thin stellar disc is highly attenuated in
the UV, an estimate can be derived for the corresponding geometrical and amplitude
parameters for an initial guess of dust opacity. In this step the scale length ht4¢ and
luminosity density L'4¢ are derived in the NUV filter. If the disc has R;, > 0, ydis
is also fitted at this stage (see Equations 3.1-3.2 for details). It is important to note

that for a galaxy with multiple morphological disc components, the optimisation

procedure is identical for each, as the discs are similarly parameterised.
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Once a good fit has been achieved in the NUV (for the trial dust opacity), an attempt
to fit the dust distribution is made. This is done by re-running the RT calculation
using the present parameters used to fit the NUV profile, and calculating the dust
emission at all IR wavelengths. The spatial distribution of dust is then constrained
by fitting the 500 wm profiles, since at this wavelength the dust emission primarily
traces dust column density rather than heating sources. This results in a fit for the
scale length of the dust disc hd*¢ and the dust opacity (plus the parameter y3is¢).
Altering the parameters of the dust disc necessarily affects the fits in the NUV.
Therefore, a few iterations are required between the NUV and 500 um profiles, until
a good fit is achieved simultaneously. During these more detailed iterations, the

luminosity of the FUV is also adjusted to best fit the FUV profiles.

Once the parameters related to the thin stellar disc and dust disc are constrained,
the RT is recalculated to derive the distribution of the stellar disc and bulge by
fitting the optical and NIR profiles for the available data. Since in a face-on galaxy
the optical and NIR emission is reasonably optically thin to the dust, the final fits at
these wavelengths do not significantly impact the solution for the dust disc and thin
stellar disc obtained in previous iterations. Finally, an active clumpy component is

fitted to account for any dearth in emission at 24- and 70- um.

Overall, a solution for whole spectral range is arrived at with only a small number
of iterations. Notably, the 70- to 350- um emission is not directly used in the fit,
but is instead predicted. To conclude, the fit mainly consists in fitting only a pair of
parameters (a scale length and an amplitude) at any given time, for each morpho-
logical component at a given wavelength. The goodness of fit was evaluated using
the residuals D between the surface brightness profiles of the observed data and the
model, as well as a reduced chi-squared chi? statistic!, which becomes more relevant

when finalising the model solution. The chi? is calculated for each wavelength by

IThe notation chi? is used rather than X2, as the latter notation is reserved in this work for the

geometrical parameter.
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the following formulae:

chif = (M, ~0,)° (3.6)

2
n=1 ESB,n
chi} chi}

h‘2 = ~
AT N TN

(3.7)

where N is the total number of annuli n, m is the number of free parameters at
wavelength A\, O, is the azimuthally averaged flux through annuli n, M, is the model
flux through annuli n, and €§g ,, is the total error of the azimuthally averaged surface

brightness profile corresponding to annuli n. For each wavelength N is determined

by:

(3.8)

where R is the radius of the galaxy, and r is the physical pixel scale of the data.
The coefficient of 2 was determined to balance the level of detail resolved while
minimising oversampling. While this was adequate for the majority of the data, for
some data sets this coefficient was altered to avoid artefacts due to oversampling.
Generally N > m, hence m is neglected in Equation 3.7. The residuals D are

calculated as:

pD=—"_"n (3.9)

3.3.2 Edge-On Fitting Procedure

The fitting procedure from Natale et al. (2022), which was used to fit the Milky
Way, is adopted in this work. This is similar to the procedure used to fit face-on
galaxies (TP20; Rushton et al., 2022; Inman et al., 2023; Pricopi et al., 2025), as
described in § 3.3.1, but has a few differences. Firstly, for edge-on galaxies the
vertical profiles can be used to derive the scale-heights of stars and dust, which is

not possible for face-on galaxies. In addition, because large optical depth due to
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the edge-on orientation, the UV emission from the thin UV emitting stellar disc is
completely obscured by dust, and, as in the Milky Way, the UV emission is derived
to best fit the FIR emission, in particular at the peak of the dust emission SED
(Natale et al., 2022). The lack of direct constraints in the UV and the use of FIR

data is well documented in the previous modelling of NGC 891 in PT11.

For edge-on galaxies horizontal and vertical surface brightness profiles are produced
using aperture photometry. The vertical profiles are calculated by averaging the
flux within the rectangular region |R| < Ry and z; < |z| < z;1q, where |R] is the
absolute horizontal distance from the centre of the galaxy, R, is the radius of the
galaxy, |z| is the absolute height above or below the plane of the disc, z; and z;1;
are the lower and upper bounds respectively of the strip probing a given z. This
is repeated by incrementing z and plotting these averaged surface brightnesses as a
function of vertical distance z. The horizontal profiles are produced similarly, with
|2| < zgm and R; <|R| < R;41. The average flux through these slits is then plotted
against horizontal or vertical distance from the centre, depending on the orientation

of the strips.

In the horizontal profiles, at all horizontal distances from the centre, the vertical
extent of the disc/bulge reasonably fills the region |z| < 2, without exception.
However, this is not always true in the vertical profiles. For example, in NGC 891,
the bulge has an effective radius of R, = 1.44 kpc while the truncation radius of the
disc is Ry = 14kpc. So, the surface brightness of the bulge would be significantly
underestimated if averaged over the radius of the galaxy. For this reason, multiple
vertical plots were made, probing different regions of the disc. It was found that two
regions of interest were necessary for fitting; the bulge region, and the disc region.
For example, for NGC 891, these regions lie between |R| < 2kpc (probing the bulge),
and 2kpc < |R| < 5kpc (probing the disc). Thus one horizontal and two vertical

profiles are produced at each wavelength where data are available.
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Modelling begins by identifying the morphological components seen in the horizontal
observed surface brightness profiles. These are demarcated by breaks in the expo-
nential profile, constraining the parameters: Ry, Rin, and R; for each morphological

component identified.

The young stellar distribution cannot be constrained directly as the UV data are
obscured by dust, so the optical and NIR data are fit first to constrain the stellar
distribution of the disc and bulge. This is done with some ‘guess’ parameters for
the dust distribution. For each wavelength where data are available, the model
is optimised simultaneously using the horizontal, bulge-vertical profiles, and disc-
vertical profiles. The parameters derived in this step are the effective radius of the
bulge R., Sérsic index ng, bulge ellipticity %, and the scale length and scale height

of the stellar disc hs and z; respectively.

Once a fit for the bulge and stellar disc is made, another RT calculation is done to
produce the dust emission. As for face-on galaxies, the 500 um data are used as a
proxy for the cold dust distribution. Fitting the 500 um constrains the dust opacity
and the dust scale length hq. In principle, the scale height of the dust zgq could
also be constrained at this step, however the spatial resolution of the SPIRE 500
instrument is insufficient to resolve the detailed vertical distribution of the dust as

it it dominated by the instrument’s PSF (Bianchi & Xilouris, 2011).

Once a satisfactory fit has been simultaneously achieved for both the stellar and
dust discs, the 160 pm data can be used to provide insight into the thin stellar and
dust discs. Since the dust emission SED typically peaks near 160 um, the luminosity
of the thin stellar disc is adjusted to match the peak of the dust emission. While
these data can also offer some insight into the distribution of young stars, such
information is limited due to the relatively low spatial resolution of the PACS 160 pm
observations, which, like the submm data, cannot resolve the vertical structure of

the disc. In this step the scale length h'4¢ and luminosity L' of the thin stellar
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disc are constrained.

Because of the high dust column density, even minor adjustments to the dust distri-
bution can have a substantial impact on the fits to the optical and NIR data. It is
an iterative process between fitting the optical and NIR data, and the submm data

until a solution is converged upon.

Visual comparison between the surface brightness maps of the data and the model
were also used as fitting metric. These comparisons are valuable as a verification tool
to ensure that each component of the galaxy is being correctly modelled. Otherwise,
for example, an under-estimation of the bulge might be compensated by an over-
estimation in the disc. These images allow identification of such an error. Examples

of these images can be seen in Fig. 5.7.

The goodness-of-fit is quantified in a similar way to the face-on galaxies, described
in § 3.3.1, with the difference being that three chi® statistics are being optimised
per wavelength. In addition to the residuals of the surface brightness profiles, the
residuals between the surface brightness maps are also considered. These residuals
are calculated in the same way as for the profiles, and examples can be seen in the

right-most panels of Fig. 5.7.
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The Pseudo-Grain Concept

The diffuse dust, pervading the interstellar medium of star forming galaxies, is a
fundamental component of any dusty radiative transfer model, including the one
used in this work (PT11). A significant fraction of “diffuse dust” is distributed in
cirrus-like clouds; however, since these structures are optically thin in the optical
range of the electromagnetic spectrum, they yield radiative transfer solutions equiv-
alent to those of a purely diffuse medium. Thus, for all practical purposes, optically
thin clumps have not been explicitly incorporated into RT models until now. How-
ever, while this assumption holds very well in the optical bands, it will progressively
break at shorter UV wavelengths, in particular within the clump cores on scales
of approximately one parsec or smaller, where clouds become optically thick. As
a result, a fraction of the dust is more effectively shielded from UV radiation than

would be expected in a purely diffuse medium.

Sampling galactic discs on tens-of-kiloparsec scales with parsec-scale resolution ex-
ceeds the computational capabilities of existing radiative transfer codes. To address

this limitation, a novel subgrid approach is introduced, based on the concept of
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pseudo-grains. In this approach, a macroscopic, parsec sized dust cloud can be anal-
ysed in terms of its attenuation properties of the interstellar radiation fields, as well
as of its dust emission properties (dust emission SED) in the same way a dust par-
ticle can be characterised by its optical properties when interacting with a planar
wave. By performing dedicated radiative transfer calculations of a single dust cloud
illuminated externally by stellar radiation fields, one can determine the amount of
absorption and scattering produced by the clump, and thus define an efficiency for
absorption and scattering of the cloud, Q.ns and Q... Based on these efficiencies,
the corresponding absorption and scattering cross-sections, C,ps and Cie,, can also
be calculated. Furthermore, for given incident radiation fields, the temperature of
the dust within the cloud can be calculated using the radiative transfer codes, and
a dust emission SED derived, analogous to the infrared emissivity of an individ-
ual dust grain. Because of all these similarities in methodology, the cloud can be
replaced in the model with a virtual particle of dust—referred to as a pseudo-grain—
that carries the same photon interaction efficiencies and corresponding emissivities
defined by the above macroscopic calculation. As such, the resulting effect is as if
the dust model would have a new component of dust, supplementing the existing

species present in the dust model such as silicates, graphites and PAHs.

4.1 Pseudo-Grain Parametrisation

As introduced above, each pseudo-grain is a single macroscopic dust cloud (associ-
ated with a gas cloud). The volume density (by mass) of dust in the cloud can be
defined by a spherically symmetric King profile (Lane, 1870; Emden, 1907; King,
1962) with

c,s
Po
1o)2]372 T <Ty

c.s 14+(r
pos(r) = (4.1)

0 otherwise,
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where the abbreviation “c,s” stands for a “single cloud”, py® is the volume density

of dust in the cloud at » = 0, and 7. is a scale factor (core radius) given by

kT
e = B , (4.2)
47ergas,0 pmyg

where pgaso is the volume density by mass of gas at the cloud centre, T is the gas

temperature at the centre, kg is the Boltzmann constant, GG is the gravitational
constant, my is the mass of the hydrogen atom, and p is the mean mass per gas

particle in units of my.

For r < r., Equation 4.1 is a good representation of an isothermal pressure-supported
gas cloud. It should be noted that this is valid only if p is not a function of r; that
is, that the gas does not undergo a phase transition from H1 to Hy. Moreover, rq/r.
is required to be a reasonably small multiple. These assumptions are reasonably
satisfied in diffuse H1-dominated clouds observed in the solar neighbourhood with
central H densities of a few hundred cm™=3 or less and 7" on the order of 50-100 K. In
such clouds, the H1 emission is also observed to be tightly linked to the dust column,
justifying the further implicit assumption that both dust and gas distributions follow

Equation 4.1.

For a typical diffuse H1 cloud, Equation 4.2 yields:

Tc T % nH.0 ;
— =222 : 4.3
pc (100 K) (100 cm—3) ’ (4:3)

where ny o is the neutral hydrogen density at the cloud centre.

[SIE

If K" is the total mass extinction coefficient of the microscopic grains, in units of
area per mass, due to scattering and absorption from all sizes and composition of

grains, then the opacity 7, along any ray [ is defined by

c,s
drs

dl

(r) = K" p(r), (4.4)

with p®*(r) given by Equation 4.1. Then, the parameter 75° is the total opacity at
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frequency v along a line-of-sight through the cloud centre:
Tt
TIS,S — QH,t/Ot/ pC’S(T)dT (45)
0

Tt d
= QKZOtp(C)’S/ : 3/2
0 (14 (r/r)?)

= 26 pg e I, with

; _/”/Tc dx
U (1+22)%%

Solving for Iy, gives:

T8 = 2K pi e (4.6)

v

with

X

¢ = sin (arctan(r/rc)) = Newy
X

It is also useful to derive the total mass of dust in each cloud, i.e. each pseudo-grain,
as this will be later needed to derive the volume number density of pseudo-grains in

the galaxies being modelled:
M = / pS(r) - dmr?dr (4.7)
0

A CS/” r2dr
e 7rp’
0 0 (1+(r/r0)2)3/2

= dmp®rd - I, with

I _/”/” x2dx
2= 0 (1+ 22)3/2

Solving for I, gives:

‘ 1
M = 47pSr? | In 1—4_2 —¢ |, with (4.8)

& =sin (arctan(rt/rc)) :
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Note that as ry — 00, £ = 1, and 75° — 2k p°rc, but M“* does not converge. The
unbounded nature of M°* is also found in the fully self-consistent solution for p®*(r)

of a pressure-supported cloud with the boundary condition p** — 0 as r — .

Equation. 4.6 can be rearranged to solve for the density by mass at the centre of

the clump, py°, and the dust opacity in the B-band:

Py = (4.9)

where 75 is the opacity in the B-band of a single clump and kg is the mass extinction

coefficient in the B-band with units [pc? M.

By substituting Equation. 4.9 into Equation. 4.8 the mass of the clump is

1
M = 4np>®rd | In 1T+ i_ g —¢£
c,s 1
2r.ERB 1-¢
TC7ST2
=272y (4.10)
KB
where
1+
In ( ﬁ)
x=—-—%2--—1, (4.11)

and ¢ is a function of r¢. Thus, the mass of a single dust clump is M“5(7%% ¢, 7).

The average density of the clump within the clump volume V' can then be defined

as
MEs
O = : 4.12
p 7 (4.12)
In this work clumps are considered with r. = 1pc, ry = 1pc, and dust opacity

through the clump (from the centre to the truncation radius) of 75° = 1. The
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dust model used has kg = 8.07 pc? Mgl which leads to a dust clump with mass
M®* = 0.1919 M. The choice to truncate the clump at one core radius is motivated
by the desire to incorporate only the contribution of the optically thick core of the
clump. From a conceptual point of view any dust outside the truncation radius of

the clump would belong to the diffuse medium.

4.2 Extinction Efficiency and Cross-Section of the
Pseudo-Grain

Having prescribed the dust density distribution of the cloud, the interaction with
the interstellar radiation fields can be described. The RT codes from PT11 are used
to determine the efficiencies of absorption, scattering and extinction of the cloud,
denoted by Q¢ °., and Q¢ ., respectively.

abs? sca’ ext)?

4.2.1 Q°

abs

The efficiency of absorption or absorptivity, ()%,,, relates the energy absorbed by the
dust in the clump to the energy of the photons incident on the clump. Given this
definition, a method is required for illuminating the clump and measuring the energy
absorbed. In attempts to analogise the scenario where the clump is being heated by
some ambient radiation field, the clump is placed at the centre of a spherical shell
of stellar emissivity. Thus, the spherical dust cloud is uniformly illuminated from
outside. The radiative transfer code (including scattering) is then applied for this

specific configuration.

The Q¢ of the clump is calculated as:

abs

. A frt abs(A, 1) dr
abs()‘> - . L ()\) )

(4.13)

where e, is the volume density of energy absorbed by dust in the clump, and
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Line(A) is the luminosity of the incident radiation at the surface of the clump, at
r = ry. In these calculations the illuminating shell is considered to have a thickness
of 1pc and to lie at a distance of 9 pc from the surface of the clump, therefore the
midpoint of the shell lies at » = 9.5 pc from the surface of the clump. This specific
geometric configuration is also ideal for calculating the heating of the grains in the
clump, and therefore it is used to derive the infrared emissivities of the clump, as

detailed in § 4.3.

4.2.2 Q°

sca

To measure the efficiency with which the clump scatters light, a different geometric
configuration than the one used to derive the absorption efficiency in § 4.2.1 must
be considered. This is because the spherical symmetry previously used to deter-
mine @5, makes it difficult to disentangle the contribution of the scattered light.
Instead, a clump is placed in front of an illuminating disc whose cross-sectional area
is equal to that of the clump. RT calculations are performed to obtain the surface
brightness maps of the illuminating disc, with and without the attenuating clump.
The luminosities of the clump-attenuated and clump-free maps are Ly;;" and Ly™,
respectively. Since there is no direct output to determine the luminosity of scattered

light, Lgca, from the RT calculations, the following formulation is used:

oy L)~ LEPO)) ~ d [} cus(r) dr

4.14
sca LIHC(A> ) ( )

where e,,s is the volume density of energy absorbed by dust in the clump and
Linc(A) is the incident radiation at the surface of the clump r = r, for this specific
configuration. The difference between Ly™ and L2 is the attenuation map (due to
the combined effect of scattering and absorption), therefore the difference between

this quantity and the energy absorbed isolates the luminosity of scattered light.
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4.2.3 Q¢

ext

The extinction efficiency of the cloud is simply:

th = ;bs + Qgca‘ (415)

4.2.4 Cross-Sections of Interaction

Relating Q¢,., Q<. and QF,, to the geometric cross-section of the clump 772, and
the mass of the dust within the cloud, M%® gives the cross-sections of absorption

Cf s scattering Cg, and extinction Cf,, per unit mass of dust:

a sca e
2 Nc
c r abs
abs — ]&c,s b ’ (4 16)
T 7,,2 c
Ce, =—>1—x2 4.17
sca MC’S ? ( )
T 7,,2 c
S =——oxt 4.18
ext Mes ) ( )

where M“* is defined in the previous subsection, by Equation. 4.10. C%., CS,, and
OC

ext

have units of [pe? M_'].

Fig. 4.1 shows the optical properties of the clump, as derived from the methods
described above, plotted together with the extinction curve for the diffuse dust,
which is a Milky-Way type dust with the optical properties from Weingartner &
Draine (2001). It can be seen that the two extinction curves differ significantly
at shorter wavelengths (A < 1um), then begin to converge at longer wavelengths

(A Z 1um), as is expected for 75 = 1 clumps.
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Cext (pC2 Mgl)

1071 10° 10

A (pm)
Figure 4.1: Absorption, scattering, and extinction cross sections of a single clump,
e Oons and Cg,, plotted in red, with the dashed, dotted, and solid lines, re-
spectively. Also plotted with a solid black line is the extinction cross-section C4,

of the diffuse dust used in these models, which is a Milky Way-type dust, with the

properties from Weingartner & Draine (2001).
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4.3 The Infrared Emissivities of the Pseudo-Grain

In the previous § 4.2 the extinction properties of the pseudo-grain were derived.
Here the emission properties of the clump are calculated, to obtain a complete

characterisation of the pseudo-grain.

The infrared emissivity of the pseudo-grain (the clump SED) is calculated using the
geometric configuration from § 4.2.1, with the clump being uniformly illuminated by
a spherical shell of stellar emissivity that is concentric with the centre of the clump.
However, unlike the derivation of the absorption efficiency, which only depends on
the geometry and optical depth of the dust cloud (for dust grains with fixed optical
properties), the calculation of the dust emission SED also depends on the intensity
and colour of the radiation fields (RFs) heating the dust in which the clump is em-
bedded. For a comprehensive characterisation, the SEDs are calculated for clumps
placed in RFs with different strengths and colours to produce a corresponding library

of dust emission SEDs for the clump.

The RF's used for these calculations are scaled from the RF's of the Milky Way derived
at the solar position in Popescu et al. (2017), which are referred to as “unit” RFs.
The RFs are divided into “UV” (0.0912—0.3650 pm) and “optical” (0.443—5.800 pm)

spectral ranges. Two quantities are defined as

0.365 um
unit __ unit
Uy = / uy ™ dA (4.19)
0.0912 pm
5.800 um
unit __ unit
Ugpy = / uy ™ dA (4.20)
0.443 pm

unit

where uy™" is the RF energy density at the Solar position (Popescu et al., 2017) —

“the unit RF energy density”, u{A is the spectral integration over the UV of the
unit RF — “the unit UV RF energy”, and ugg;t is the spectral integration over the

optical /NIR range of the unit RF — “the unit optical RF energy”. The strengths of
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the UV and optical/NIR RFs are then expressed in units of u{%¥ and ugg;t,
0.365 um

UV — 20.0912pm ux dA

RF =

unit

Uyy

(4.21)

5.800 um
OPTwp — 20443 um AdA
RF — unit
uopt

(4.22)

These are the two parameters of the library of dust emission clump SEDs.

The clump SEDs were calculated for the following values of UVgrr and OPTgp:
0.001, 0.01, 0.1, 0.2, 0.6, 1, 2, 6, 10, 20, 60, 100, 160, 500, 800, 1000. The values
were chosen to balance sampling density with computational efficiency. Fig. 4.2
shows the clump dust emission SED for various combinations of UVgr and OPTgp.
One can see that if the radiation fields have a small UV component (e.g. top left
panel of Fig. 4.2), then an increase in OPTgp will have a large effect in the dust
emission SED: the peak of the dust emission will shift to shorter wavelengths, and
the amplitude of the emission will strongly increase. On the contrary, if the radiation
fields are UV dominated (bottom right panel of Fig. 4.2, then the same increase in

OPTRgr will produce very small effects.
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Figure 4.2: Clump dust emission SEDs, for clumps embedded in radiation fields

with various values of the parameters UVgr and OPTgg.

4.3.1 Optical and Emission Properties of Clumps with Var-

ious Optical Depths

To fully understand the optical and emission properties of quiescent clumps, extinc-
tion curves and dust emission SEDs were produced for clumps with various optical
depths. Fig. 4.3 shows the absorption cross-section for quiescent clumps with opac-
ities ranging from 75° = 1 to 8. Predictably, the dependence on wavelength of the

. . . . . c,s C,s -
absorption cross-section decreases with increasing 75°. As 75" increases, a more
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significant portion of the dust mass associated with the clump is shielded from ra-
diation. Thus, a saturation limit is reached whereby photons of a given A are fully

absorbed and increasing 75"° (and therefore M) does not result in more absorption.

10t ¢ .
To
=
NU
=
Df‘: 100 + 1
101 :
1071 100 10!
A (pm)

Figure 4.3: Cross-section of absorption for quiescent clumps 75° = 1 to 8. The
absorption cross-section for the MW-type dust from Weingartner & Draine (2001)

is also plotted to demonstrate the pure diffuse dust model.

Fig. 4.4 shows the dust emission SED calculated for quiescent clumps for opacities
ranging from 75° = 1 to 8 as heated by the unit RFs (normalised at A = 5mm). It
can be seen that SEDs are consistently cooler for more opaque clumps, as a greater
portion of the total dust mass is shielded from energetic UV photons, and effectively

heated by redder RFs. From Equation 4.10, it can be seen that M“® oc 735°.
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Figure 4.4: Dust emission SED of the quiescent clumps with 75° = 1 to 8, normalised
to A = bmm. Each SED was calculated with UVgr = 1 and OPTgrr = 1 (see
Equations 4.21 and 4.22).
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4.4 Incorporation of the Pseudo-Grain Compo-
nent into the Large-Scale, (Galactic Calcula-
tion

The calculation of the absorption and scattering efficiencies of the clump, as well
as of the infrared emissivities enables the replacement of the macroscopic clump
with a pseudo-grain with equivalent extinction and emission characteristics. Ac-
cordingly, the dust grain mixture, originally composed of Si, Gra, PAH? and PAH™,

was supplemented with a fifth component: the pseudo-grain.

4.4.1 The Extinction Law of the New Dust Model

The radiative transfer code and the overall formalism remain unchanged from the
previous (diffuse) version of the model, but, because the input albedo and extinction
coefficients will be different, a different extinction law will be considered in the
calculation, depending on the fraction of mass in clumps, f¢, assumed in the model.
Examples of extinction laws for a few values f¢ are given in Fig. 4.5. One can see
that the new dust model will produce less extinction in the UV with respect to a

pure diffuse model.

4.4.2 The Central Face-On Optical Depth of a Galaxy Disc

Due to Pseudo-Grains (Clumps)

The fraction of mass in clumps, f€, is usually kept constant throughout the galaxy

disc. It can therefore be defined at any position in the disc. At the centre f¢ will
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A (pm)

Figure 4.5: Extinction curves normalised in the B-band for three values of the
fraction of mass in clumps: f¢ = 0 in solid black, f¢ = 0.5 in dashed red, and

f¢=1.0 in solid red.

then be:

P%
fO=— (4.23)
Po T+ pg
_ ngM®
ngMes + py’
where p§ and pg are the central volume density by mass of dust in the clumps and
diffuse component, respectively, and n{ is the central number density of clumps.
The fraction of mass in clumps can also be expressed as a percentage of the total

dust mass, ¢/d = 100 x f¢. Using Equation 4.10 for the mass of a single clump,

M¢®*, and Equation C.5 for pd, and taking the inverse of f¢ gives

1 d

R Po

fe ngMes
14 Tg KRB

C C,5,.2
2KB2a NG2TTE TEX
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Then, the central number density of clumps is

d c

nc _ B 1 f
0~ _cs B .
Ty 4mzarix 1 — f¢

(4.24)

Assuming that galaxy discs have exponential dust distributions in the vertical direc-
tion (assumption used in most of the PT11 galaxy models, see also Equations 1-2 of
TP20), then the total face-on central optical depth through the clumpy component,

75, can be calculated by integrating over the vertical direction,

T = 2 [/ nge_% dz] -1} Qe (4.25)

=0
where ()¢, p is the extinction efficiency of a single clump in the B-band. Solving the

integral gives:
Th = 2n52q - 7r7"t2 gxt,B.
Substituting nf from Equation 4.24 into the above equation gives:
o 1\ [ fe ¢
42 (2) ()
If f¢ and r are allowed to be variables, and generalising to any wavelength A gives

c AT 1 Tt ? Td fc c c,s
D) G

As f¢ is the fraction of dust mass in clumps, Equation 4.26 is only valid for 0 <

fe< 1

4.4.3 The Dust Emission SED

As described in § 2.3, the present radiative transfer model explicitly calculates the
heating of the dust grains, including the stochastic heating. Thus, for each grain size
and composition, the probability distribution of dust temperature, and therefore the

infrared emissivity, is calculated based on the radiation fields heating the dust at
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each individual location in the galaxy. However, a similar calculation applied to the
pseudo-grain would entail doing a separate calculation for the macroscopic clump
heated by the radiation fields at each sampled position in the model galaxy. Tak-
ing into account that the modelling of an individual galaxy is an iterative process,
whereby the radiation fields are recalculated for each iteration, the explicit calcula-
tion for the pseudo-grain would be prohibitive. Instead, the library of dust emission
SEDs for the clump—derived in § 4.3—is used, taking the two parameters of the
library and performing a double interpolation in UVgr and OPTgg, see § D.1 for
a detailed description, thus avoiding the heavy computational burden of explicitly
calculating the clump SEDs based on the RFED at each position. The clump SEDs
comprising the library are calculated for a single macroscopic quiescent clump, thus
to apply them to a galaxy model, the SEDs must be scaled according to the dust

density at each position in the galaxy. For more details see Appendix D.
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Application of the Clumpy Model
to the Prototype Edge-On Spiral
NGC 891

As discussed in § 1, the solution obtained for NGC 891 by Popescu et al. (2000,
2011) successfully matched the FIR data available at the time, but produced an
overly prominent dust lane in the NIR J and K bands. In principle, this earlier
model could be used for comparison with the new clumpy model. However, the
previous model was fitted using the Infrared Space Observatory’s (ISO, Kessler
et al., 1996) ISOPHOT data (Lemke et al., 1996), which, at that time, were the
only ones available to cover the peak of the dust emission SED in the FIR. With
the advent of the Herschel Space Observatory (Pilbratt et al., 2010) data, it became
apparent that there was a discrepancy between the fluxes measured by the two
missions, with the Herschel flux densities exceeding the ISO measurements by a
factor of approximately 1.5 (see Bianchi & Xilouris, 2011). This discrepancy does

not seem to be confined to NGC 891 only, but also to other resolved galaxies. Given
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that most of the recent work in the field has been calibrated on Herschel rather than
on ISO data, including this work on modelling NGC 891 with clumps, it was decided
to re-fit the previous model as well, using the updated Herschel data. This chapter
presents both the updated diffuse model and the clumpy model of NGC 891.

First discovered by William Herschel in 1784, NGC 891 is an near perfectly edge-on
spiral galaxy. It is classified morphologically as an Sb spiral by Sandage (1961),
and as an SA(s)b by de Vaucouleurs (1991). NGC 891 is often referred to as a close
analogue to the Milky Way due to its similar structure and stellar mass content (van
der Kruit, 1984). However, its neutral and ionised gas content is significantly more
vertically extended (Garcia-Burillo et al., 1992; Scoville et al., 1993; Seon et al.,
2014; Katsioli et al., 2023). It also hosts an extended H1 disc with coincident cold
dust emission (Popescu & Tuffs, 2003). NGC 891 has a radio continuum halo (Allen,
Baldwin & Sancisi, 1978; Hummel et al., 1991), and it hosts a significant H1 halo
(Swaters, Sancisi & van der Hulst, 1997; Oosterloo, Fraternali & Sancisi, 2007).
High-energy observations have also unveiled the presence of a large hot gaseous
halo around NGC 891, detected through X-ray emission using Chandra and XMM-
Newton (Hodges-Kluck & Bregman, 2013; Hodges-Kluck, Bregman & Li, 2018).
In addition, NGC 891 exhibits a larger global SFR (Shinn & Seon, 2015; Yoon
et al., 2021) compared to similar spirals such as NGC 4565 (0.74 Mgyr—!; Wiegert
et al., 2015), M31 (0.4 Mgyr—!; Rahmani, Lianou & Barmby, 2016), and the MW
(1.25 Mgyr™!; Natale et al., 2022). It is suggested that NGC 891 is a starburst
galaxy in a quiescent state in the current epoch (Temple, Raychaudhury & Stevens,

2005).

NGC 891 lies at a distance of approximately 9.5 Mpc. Radburn-Smith et al. (2011)
and Tikhonov & Galazutdinova (2005) derive a distance of D = 9.1 £ 0.4 Mpc and
D = 9.82 4+ 0.37 Mpc respectively, both using the tip of the red giant branch. van
der Kruit & Searle (1981) find a distance of D = 9.5Mpc. To be consistent with
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the previous papers on NGC 891 (Popescu et al., 2000, 2011), a distance of 9.5 Mpc

and an inclination of i = 89.7° (Xilouris et al., 1998, 1999) is adopted in this work.

5.1 Observational Data

Following from previous work on NGC 891, all available panchromatic imaging data
spanning from the optical to submm range were used, while UV imaging data was
not used. This is because, in an almost perfectly edge-on galaxy like NGC 891, any
UV emission from the disc is completely obscured by dust, thus making it impossible
to rely on direct constraints from this wavelength range. In Table 5.1 (columns 1-3)

the instruments and corresponding wavelengths of the data used in this work for

modelling NGC 891 are listed.

Skinakas Observatory

The optical images in the B, V, and [ bands obtained using the 1.3m telescope
at the Skinakas Observatory by Xilouris et al. (1998) were utilised in this work.
The pixel scale of these data is 0.75 arcsec corresponding to 35 pc at the assumed

distance.

2MASS

NGC 891 was imaged in the NIR bands J, H, and K as part of the The Two Micron
All Sky Survey (2MASS; Skrutskie et al., 2006) Large Galaxy Atlas (LGA; Jarrett
et al., 2003). These data have a pixel scale of 1.0 arcsec corresponding to 46 pc at
the assumed distance. Only the J and K bands were utilised in this study as the

effective wavelength of the H band is not included in this model.
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Table 5.1: Summary of observational data used to model NGC 891. #*Xilouris et al.

(1998), PSkrutskie et al. (2006), “Fazio et al. (2004), YPoglitsch et al. (2010)

Telescope Filter/ Wavelength Flux pixel scale Calibration error
Instrument (pm) (Jy) (arcsec) (pc) (per cent)
Skinakas® B 0.443 0.17+0.02 0.75 35
V 0.564 0.29+0.03 0.75 35
I 0.809 0.844+0.08 0.75 35
2MASSP J 1.2 1.79£0.05 1 46 3
K 2.2 2.62+0.08 1 46 3
Spitzer® IRAC 3.6 1.84 £0.06 0.6 28 3
IRAC 4.5 1.27£0.04 0.6 28 3
IRAC 5.8 3.21+0.10 0.6 28 3
MIPS 24 5.321+0.06 1.5 69 1
Herschel? PACS 70 106.7+14.4 14 64 12
PACS 100 227.7+28.0 1.7 78 12
PACS 160 294.1+£34.4 2.85 131 12
SPIRE 250 158.7£22.5 6 276 15
SPIRE 350 66.6 +9.4 8 368 15
SPIRE 500 23.5+3.2 12 553 15
Spitzer

The Spitzer Space Telescope conducted imaging in the infrared with two instru-
ments, the Infrared Array Camera (IRAC; Fazio et al., 2004) and the Multiband
Imaging Photometer for Spitzer (MIPS; Rieke et al., 2004). IRAC was a four chan-
nel camera that simultaneously imaged the 3.6, 4.5, 5.8, and 8 um bands. The pixel
scale of the IRAC images are 0.6 arcsec corresponding to 28 pc. MIPS imaged from
the MIR to FIR (24, 70, and 160 pm). In this study only the 24 pm images were

utilised as higher quality images for the 70 and 160 pm bands are used instead. The
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pixel scale of the 24 pm data are 1.5 arcsec (69 pc)

Herschel

The Herschel Space Observatory imaged NGC 891 in the FIR and submm. The Pho-
todetecting Array Camera and Spectrometer (PACS; Poglitsch et al., 2010) provided
image data at 70, 100, and 160 um with pixel scales of 1.40, 1.70, and 2.85 arcsec,
corresponding to 64, 78, and 131 pc, respectively. The Spectral and Photometric
Imaging Receiver (SPIRE; Griffin et al., 2010) observed NGC 891 at the wave-
lengths 250, 350, and 500 um with pixel scales of 6, 8, and 12 arcsec, corresponding
to 276, 368, and 553 pc, respectively. Although these data are useful for the major
axis of NGC 891 the emission above and below the plane of the galaxy is domi-
nated by the PSF for all but the 70 um data, hence the vertical surface brightness

distribution is unresolved.

5.1.1 Data Post Processing

Data from 2MASS, MIPS and Herschel was found on NASA/IPAC Extragalactic
Database (NED)'. The optical data were obtained by Xilouris et al. (1998). The
IRAC data were downloaded from the Spitzer Heritage Archive?. While these data
are calibrated from their raw form, further processing is required to make them

useful for use in these models.

Background Removal

The cumulative sum of the averaged surface brightness of the data in the vertical
direction was examined to determine the height above the disc at which the emission
of the galaxy falls below the background level. A visual inspection of each map was

done to ensure that the emission associated with NGC 891 does not extend beyond

Thttps://ned.ipac.caltech.edu
Zhttps:/ /irsa.ipac.caltech.edu/data/SPITZER /docs/spitzerdataarchives/
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this point, which was found to be |z| = 6 kpc. The region 6 < |z| < 9 was chosen to
be the background sample. This ensured that a large, representative region of the
sky was being sampled, while not extending beyond the dimensions of the image.
The average background flux per pixel is then calculated by taking the mean surface
brightness through 6 strips of equally spaced in the region 6 < |z| < 9. Finally, the

average background flux is subtracted from each pixel in the image.

Foreground Star Removal

Foreground stars are visible in the UV /optical/NIR wavelengths and can influence
the measured values of emission within the galaxy. It is therefore important to mask
these stars. An automatic masking routine used which first produces a median map
where each pixel of the median map is equal to the median of the 3 x 3 pixels
centred on the pixel. A bias map is also produced, that is principally the same as
the median map, but takes the median of the 21 x 21 pixels. The bias map is used
as an additional check to mitigate against false positives when masking noisy data.
Pixels with values that exceed both the median and bias maps are then masked.
After this initial pass, each mask is manually inspected for regions that may have
been missed, or erroneously masked, such as H1I regions. HII regions can appear
as point sources (similarly to foreground stars) and thus are often falsely masked by
this automated process. To help with identification of these H1I regions additional
colour information was used. As H 1I regions comprise localised hot dust they appear
brightly in the MIR, thus the 24 um data were examined to help identify the H 11

regions and unmask them in the optical/NIR data.

Extraplanar Emission

As shown in multiple studies (Pildis, Bregman & Schombert, 1994; Rand, 1996;
Hoopes, Walterbos & Rand, 1999; Jo et al., 2018), NGC 891 exhibits extraplanar
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stellar emission, which is not included in this model. Therefore, in order to compare
model with observations, this emission needs to be subtracted from the available
optical /NIR images used in this study. The level of the extraplanar emission was
estimated from a region beyond the main vertical extent of the disc and bulge. Since
the model stellar disc has a maximum scale height of z; = 500 pc, and the model
bulge a projected effective radius (on the vertical direction) of R, x 2 = 1600x0.47 =
752 pc, it is reasonable to assume that beyond 2 kpc the emission from the main
morphological components of NGC 891 becomes negligible. This assumption is also
validated by a visual inspection of the observed vertical profiles of NGC 891. Thus,
the emission in the region 2 < |z| < 3kpc was taken to be dominated by extraplanar
emission, and subtracted from images using a method similar to that used for the
Milky Way in Popescu et al. (2017) and Natale et al. (2022). Since the surface
brightness decreases with horizontal distance, the subtraction of the extraplanar
emission was done separately for each bin in horizontal distance. Using the same
horizontal binning described in § 3.3.2, the extraplanar emission was calculated to
be the average of all the pixels with 2 < z < 3kpc within each horizontal bin, and

subtracted correspondingly from the image.

For wavelengths A > 70 um, no extraplanar emission was detected in available dust
emission images (Bianchi & Xilouris, 2011). In any case, the PSF of the observing
instrument is coarse enough that true emission from the plane of the galaxy would
be seen contributing to any emission at high vertical distances. Because of this no

attempt was made to extract extraplanar emission at these wavelengths.

5.2 An Updated Diffuse Model of NGC 891

As discussed at the beginning of this chapter, the main reason to re-fit the diffuse

model of NGC 891 was justified by the need to calibrate it on the same (new)
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data as the clumpy model. In addition, recent work on modelling face-on galaxies
(Thirlwall et al., 2020; Rushton et al., 2022; Inman et al., 2023; Pricopi et al., 2025)
and the Milky Way (Natale et al., 2022) has highlighted the need to incorporate
a more detailed geometrical and morphological description. Because of all these
reasons it was imperative to re-fit the diffuse model of NGC 891, to provide a more
meaningful comparison with the clumpy model. The fits to the averaged surface

brightness profiles can seen in Figs.5.1-5.2 and Figs.E.1-E.4.

Inspection of the averaged horizontal profiles of dust emission (Fig. 5.2 and E.3-E.4)
shows that there is a local maximum at R = 3 kpc, suggesting a possible inner disc
in the dust distribution, as well as an inner disc of young stars that could contribute
to the dust heating in the inner regions. This was also investigated by Katsioli et al.
(2023) who found similar emission enhancements at £+ 3kpc. Using data spanning
24 um-1.15mm, they propose a scenario where the spiral arms lie on either side of
the central bulge region when viewed through the line-of-sight. These locations at
+ 3kpc mark the interface between where the line-of-sight emission is dominated
by the bulge region, and the spiral arms. Indeed, it was found that the profiles are
better fitted when an inner disc of young stars and dust are added, and the main disc
of both stars and dust has a linear decline towards the galaxy centre, within an inner
radius Ry, = 3kpc. In the optical and NIR bands there was no obvious need for an
inner disc of stellar emissivity. Thus, the diffuse model of NGC 891 consists of three
morphological components: a bulge, a main disc and an inner disc. The main disc
morphological component has the typical vertical stratification of the PT11 model,
with a stellar disc, a thin stellar disc, a dust disc and a thin dust disc. The inner
disc morphological component has only a thin stellar disc, a dust disc and a thin
dust disc. The fits of this updated diffuse model to the surface brightness profiles
(from the best fitting solution) at selected wavelengths are shown in Figs. 5.1-5.2.

The corresponding surface brightness maps of the data, model, and their residuals
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are shown in Fig. 5.3. The fits and maps at all wavelengths used in this study can
be found in Figs. E.1-E.5. The spatially integrated SED of the model is shown in
Fig. 5.4. The geometric parameters of this fit are given in Table 5.2 (column ‘d’),
Table 5.3 and Table 5.4 (upper section ‘d’).

In comparison with the previous diffuse model of NGC 891, the more complex mor-
phology allows for a somewhat better fit to the surface brightness profiles, although
it still does not resolve the problem with the prominence of the dust lanes. Inspec-
tion of Fig. 5.1 shows that in the J band there is a very strong trough in the model
vertical profiles, around the midplane. By contrast, the observed profiles show only
a mild trough. In the K band the observed vertical profiles, in particular in the

2 < |R| < 5kpc region, do not show any trough, yet the model predicts one.

Similarly, the J band model images from Fig. 5.3 show a more pronounced dust lane
than observed, with the residual images exhibiting a strong residual dust lane. In
the K, the observed images do not exhibit a dust lane, except for a few dark dots
around the midplane. Yet, the model predicts a distinct dust lane, also strongly
visible in the residual maps. In fact at all wavelengths shorter than 3.6 um the
model fits show an overestimation of the dust lane (see Fig. E.1), and there are
some midplane residuals at even longer wavelengths. It is clear that the updated

diffuse model does not solve the energy balance problem.

it is noted that the best fitting solution for the diffuse model has 2/3 opacity in the
thin dust disc and 1/3 in the dust disc. This is the original ratio used in Popescu
et al. (2000) and Popescu et al. (2011). Solutions with different values of this ratio
were also explored, but these resulted in poorer fits. In particular, solutions with
2/3 opacity in the dust disc and 1/3 in the thin dust disc cannot reproduce the
shape of the vertical profiles, with the maximum SB being at too great a vertical

distance from the midplane.
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Coming back to the best fit solution, it is also apparent from the SB profiles in
Fig. E.3 that in the 24-100 um range the model overestimates the emission in the

central regions.

On the other hand, the overall spatially integrated emission SED (Fig. 5.4), shows a
good match between the data and model, with a slight overestimation in the MIR.
Nonetheless, the dust-deattenuated SED predicts that even in Ky and IRAC 3.6 pm
bands the line-of sight attenuation is severe, possibly indicating an overestimation

of dust attenuation in the diffuse model.

Table 5.2: The free geometrical parameters of NGC 891, for the best fitting dif-
fuse (middle column), and clumpy models (right column), denoted with ‘d’ and
‘c’, respectively. The superscripts ‘i’ and ‘m’ found in the notation for the different

parameters denote the inner and main discs, respectively.

Parameter | d c

pdise—m(B) | 10+ 1 1041

pidise=(m) 13 0404, 5.0+0.3) (3.0+0.4, 5.0+0.3)
pasemm (30403, 10+ 1) (3+£0.3, 10+ 1)
ydise—m 0.0+£0.1 0.040.1

xodise=m) g 1.040.2) (0, 1.0£0.2)

xgEe im0, -0.940.2) (0, -0.940.2)
zdise=m(B) 10,42 4+0.02 0.50 & 0.02
Zgiemtm)(0.98 +0.03, 0.28£0.03)  (0.28£0.03, 0.28 £ 0.03)
Re(B) 1.440.2 1.440.2

Z(B) 0.43+0.01 0.47+0.01
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Table 5.3: The geometrical parameters of NGC 891 fixed from data and theoretical

considerations. The values are the same between the diffuse and clumpy models.

The Sérsic index was fixed to the value considered in Xilouris et al. (1999). The

superscripts ‘i’ and ‘m’ found in the notation for the different parameters denote

the inner and main discs respectively. Where applicable, all values are given in kpc.

Parameter value
tdisc—(i, m

R ™ (0, 0)
Rl 3
disc—(i, m

Ry ™ (0, 3)
s ™™ (0,0)
R0
disc—(i, m

R ™™ (0, 0)
R::isisc—(i, m) (37 14)
R 14

disc— (i, m

Rz 0™ (3, 14)
idise=bm) (.09, 0.09)
Ng 4
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Figure 5.1: Averaged horizontal SB profiles (mirrored about the central vertical axis)
(LH panels) and averaged vertical SB profiles (middle and RH panels) of the pure
diffuse model of NGC 891 at selected wavelengths in the optical /NIR. The observed
SB profiles are plotted with solid black line with the shaded banding indicating
the uncertainty. The solid red line indicates the model total, with the individual
component contributions plotted with the dashed and dotted lines. The percent
differences between the model total and the observed profiles, D [%], are plotted
in the panels below each profile, with the dashed horizontal lines indicating + 20%

deviation.
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Figure 5.2:  Averaged horizontal SB profiles (mirrored about a central vertical axis)

of the pure diffuse model at selected wavelengths in the FIR /submm. The plotting

details are as in Fig. 5.1.
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Figure 5.3: Left: surface brightness maps of NGC 891 at selected optical/NIR
wavelengths, mirrored about their vertical central axis. Middle: surface brightness
maps of the corresponding diffuse model images. Right: residuals between the data

and model images calculated as D = (M — O) /O. Masked foreground stars are

marked in teal.
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Figure 5.4: The spatially integrated model SED of the pure diffuse solution of
NGC 891 plotted with the observed data (black squares) and the associated uncer-
tainties (which are mainly contained in the black squares). Contributions from each
of the galaxy components (dashed lines) and the intrinsic stellar SED (solid brown
line) are also shown. The lower panel shows the per cent difference between the
model SED and the observed data. To guide the eye dashed lines are plotted to
show £20% deviation.
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Table 5.4: NGC 891: wavelength dependent model parameters for main disc and bulge, for the diffuse and clumpy models,

denoted with ‘d” and ‘c’, respectively. All length parameters are given in kpc.

Parameter Filter
B V 1 J K 3.6 pm 4.5 um 5.8 pm
d
pdise—m 10+1 6.5£0.2 4.6£0.1 3.8£0.1 3.8+£0.1 4.0£0.1 4.0£0.1 3.6£0.2
dise—m 0.424+0.02 0.41+£0.02 0.404+0.02 0.34+0.01 0.31+£0.01 0.2840.01 0.28+£0.01 0.27+0.01
R, 1.444+0.05 1.444+0.05 1.44+0.05 1.44+0.05 1.60+0.05 1.60£0.05 1.60+0.05 1.44+0.05
b/a 043+£0.02 0.43+0.01 043+£0.01 0.43+£0.01 043+£0.01 0.43+0.01 043+£0.01 0.434+0.01
c
pdise—m 10+1 7.0+0.2 5.3+0.1 4.4+0.1 4.0£0.1 4.2+0.1 4.24+0.1 3.6+£0.1
zdise—m 0.50+£0.02 0.50+0.02 0.46+0.01 0.36+0.01 0.31£0.01 0.304+0.01 0.31£0.02 0.274+0.02
R, 1.44+0.04 1.444+0.04 144£0.04 1.44+0.04 1.60+0.04 1.60£0.04 1.60+0.04 1.4440.04
b/a 0.47+0.01 047+£0.01 0.474+0.01 047£0.01 0.47+£0.01 0.474+0.01 047£0.01 0.47+0.01
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5.3 The Clumpy Model of NGC 891

Using the same morphological components and the same number of geometric pa-
rameters as in the diffuse model case, the new clumpy model was fitted to the data.
This time an additional free parameter was needed, the fraction of mass in clumps
f¢. The best model fit was found for f¢ = 0.5. It was also found that most of
the geometric and luminosity parameters changed in the new model, with various

degree of variation, as discussed in Chapter 5.4.

The fits to the surface brightness profiles from the best fitting solution for the clumpy
model are shown for a selection of wavelengths in Fig. 5.5, and for all wavelengths in
Figs. E.6-E.9. The surface brightness maps of the data, model and their residuals are
shown at a selection of wavelengths in Fig. 5.7, and for all optical/NIR wavelengths
in Fig. E.10. The spatially integrated SED of the model is shown in Fig. 5.8. The
geometric parameters of this fit are given in right-hand column of Table 5.2 and

Table 5.3.

Inspection of the fits to the surface brightness profiles (Fig. 5.5 and Figs. E.6-E.9)
shows very good agreement with the data. In particular, the J and K band vertical
profiles are well fitted. This is also seen in the model images from Fig. 5.7, with
the residual maps showing no prominent residual dust lanes. Overall, the fits to
all wavelengths are improved and lie within 20% errors. This is the first model of
NGC 891 that provides consistency with the panchromatic imaging data and solves

the energy balance problem.

The spatially integrated model SED from Fig. 5.8 is well matched to the data. This
is also the case for the diffuse model. However, unlike the diffuse model, the intrinsic
stellar SED is more realistic, with a smaller difference between the intrinsic and dust

attenuated stellar SED, predicting thus less attenuation.

Bianchi (2008) presented a model of NGC 891 using his own code TRADING, which

73



CHAPTER 5

included an explicit treatment of clumps (both quiescent and active). Although his
model was unable to fit the MIR emission of NGC 891, it is noteworthy that the
best-fitting model in his study assigned the same 50% of the total dust mass to

quiescent clumps, as was found in this work.

Horizontal (kpc) Vertical (|R| < 2) (kpc) Vertical (2 < |R| < 5) (kpc)

Figure 5.5: Same as Fig. 5.1, for the clumpy model of NGC 891.
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Figure 5.6: Same as Fig. 5.2, for the clumpy model of NGC 891.
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Figure 5.7: Same as Fig. 5.3, but for the clumpy model of NGC 891.
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Figure 5.8: Same as Fig. 5.4, for the clumpy model of NGC 891.
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5.4 Comparison Between the Diffuse and Clumpy
Models of NGC 891

The key distinction between the diffuse and clumpy models is that, in the latter, a
fixed fraction (50%) of the total dust mass is assigned to the clumpy component. As
a result, the most notable difference between the best-fitting models is the optical
depth of the diffuse component. With 50% of the dust mass in clumps (f¢ = 0.5),
the optical depth of the diffuse component in the clumpy model is approximately
half that of the purely diffuse model. The effects of this are a better fit to the data,
in particularly at the critical NIR 2MASS J and K, bands, essentially solving the
energy balance problem in NGC 891. This is illustrated in Figs. 5.9 and 5.10, which
directly compare the diffuse and the clumpy model fits at these wavelengths, both

in the surface brightness profiles and in the maps.

5.4.1 Geometric Parameters

Since the dust opacity varies between the diffuse and the clumpy models, the fitted
geometrical parameters are also expected to differ between models. Indeed, inspec-
tion of the values of these parameters, as listed in Table 5.2 and Table 5.4, shows

the expected variation.

Both the diffuse and the clumpy models follow a similar stellar distribution to that
of the MW (Natale et al., 2022), comprising a bulge and a disc that linearly declines

in emissivity from the inner radius to the centre.

The radial distribution of stars in the main stellar disc is overall more extended in
the clumpy model. This trend can be seen in Table 5.4, with the values starting
to converge between models at longer NIR wavelengths. This difference can be
attributed to attenuation effects. As the dust density declines exponentially with

radius, its attenuation effect will also decrease with radius. In the outer regions of
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Diffuse Clumpy
. FJ

Vertical (R < 2) (kpc)

Figure 5.9: Comparison between the diffuse (left panels) and clumpy (right panels)
models of NGC 891 in the 2MASS J and K bands. The plots follow the same

format as Fig. 5.1.
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Figure 5.10: Surface brightness maps of NGC 891 in the 2MASS J and K bands.
The top panels show the observed data reflected about the vertical axis passing

through the galaxy’s centre, the middle panels show the diffuse model, and the

bottom panels show the clumpy model.
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the galaxy, the disc becomes more optically thin, resulting in minimal attenuation of
stellar emission. In contrast, the translucent regions at intermediate radii suppress
stellar emission, making the surface brightness profile appear flatter than it would in
the absence of dust. Greater attenuation leads to stronger suppression of emission,

causing the diffuse model to favour a shorter stellar scale length.

For the same reason, the scale height of the main stellar disc, z™~4s¢ differs sig-

nificantly between the clumpy and diffuse models, with z®~4¢(B) = 0.50 pc and

S

zm-dise(BY — (.42 pe, respectively. Scale heights at all other wavelengths are listed

S

in Table 5.4.

The radial distribution of stars (and consequently dust) in the main thin disc are
found to be equivalent with a scale length of A™~tds¢ = 5kpc derived in both the
clumpy and diffuse models. Conversely, the scale length of the main dust disc
is shorter in the clumpy model than in the diffuse model, with hgl_disc = 10kpc

m—disc
hd

and = 11 kpc, respectively; however, these values are consistent within the

uncertainties.

The increased attenuation in the diffuse model can account for the difference in the
bulge parameters. The diffuse model has a considerably flatter bulge with respect
to the clumpy model, with its emission more strongly confined to the midplane.
This helps to compensate for the higher attenuation in the midplane. With a lower
optical depth, such confinement is not necessary in the clumpy model. Interestingly,
unlike the scale lengths and scale heights, the values determined for b/a for the two

models do not seem to converge at longer wavelengths.
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5.4.2 Global Properties
Dust Optical Depth and Dust Mass

The maximum face-on B-band optical depths are max (Tg) = 4.4+ 0.3 for the diffuse
model and max (T]g) = 1.6 + 0.1 for the clumpy model. In both cases, these maxima
occur at the galaxy’s centre. The lower central optical depth in the clumpy model
arises directly from its defining assumption: 50% of the total dust mass is placed in
clumps, thereby reducing the opacity of the diffuse component. Because the fraction
of dust that would otherwise reside in the diffuse component is redistributed to the
clumpy component, the total dust mass between the two configurations is expected
to be equivalent. The total dust masses are My = 8.0 £ 0.5 x 107 M, for the diffuse
model and My = 7.0 £ 0.4 x 107 M, for the clumpy model. The small difference
is likely due to the clumpy component contributing more efficiently to the submm

emission, from which the dust mass is constrained.

When weighting the average dust opacity by the surface area, it was found that
<7’é7area> = 1.0 £ 0.1 for the diffuse model and 0.4 £ 0.1 for the clumpy model. The
global view of dust opacity across the galaxy thus reveals that in the diffuse model
the galaxy is roughly optically thick on average, whereas the clumpy model suggests

the galaxy is optically thin.

Star Formation Rate

The global SFR of NGC 891 is found to be SFR = 7.2 + 0.6 M, yr~! and SFR =
4.6 4 0.4 M, yr~* for the diffuse and clumpy models, respectively. Since the clumpy
model has a lower dust opacity in the diffuse medium, it produces less dust atten-
uation, which in turn leads to a solution with a lower intrinsic UV luminosity, and

consequently, a lower SFR. This explains the differences in the derived solutions for

NGC 891.
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In the previous model by Popescu et al. (2004) a much smaller value for the SFR
was obtained, with SFR = 3.8 M, yr~!. This was solely due to the use of the
ISOPHOT data in the 160 and 200 um range, which, as discussed in the preamble
of this chapter, provided flux densities that were approximately 1.5 times lower than

those from the more recent Herschel observations, that were used in this work.

Shinn & Seon (2015) find a global star formation rate of SFR = 2.4 M, yr~! using
the relation between SFR and IR luminosity (Kennicutt, 1998), however it should
be noted that Ha is non-negligibly attenuated in NGC 891. Persic & Rephaeli
(2007) obtain SFR = 3.9M, yr~! and SFR = 3.4 M, yr~! when correcting for cirrus
emission. Yoon et al. (2021) give an SFR = 5.0 Mg yr—'.

In the diffuse model, the main disc contributes 87.1% to the total SFR, with the
remaining 12.9% provided by the inner disc. In the clumpy model however, the main
disc contributes a higher percentage to the total, namely, 94.4% (4.37 Mg yr—!). The
difference in the relative contributions of the main and inner disc to the total SFR
can again be attributed to the higher dust attenuation of the diffuse model with
respect to the clumpy one, with the attenuation having a larger effect in the inner

regions of the galaxy.

5.4.3 Radial Trends

In addition to the global properties of NGC 891, their spatial variation within the
galaxy is also examined. Fig. 5.11 shows the radial variation of surface density
of SFR (3grr), specific SFR (sSFR), and surface density of stellar mass (3, ).
The stellar mass is calculated from the NIR flux following the method of Eskew,
Zaritsky & Meidt (2012). The radial trends in Xgpg are similar between the clumpy
and diffuse models. Given the larger global SFR, it is not surprising that the diffuse
model shows higher values of Ygpr across the extent of the galaxy, particularly in

the inner disc. Conversely, the values of X,, for the two models converge near the
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centre. As a result, in the inner regions, the diffuse model has a higher sSFR until
the interface between the morphological components is reached, beyond which the

clumpy model consistently shows a higher sSFR.

N/"\ 10-7 — Diffuse —— Clumpy |
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Radius (kpc)

Figure 5.11: NGC 891 surface density of SFR (Xsrr) (top), specific SFR (sSFR)
(middle), and surface density of stellar mass (3y,) (bottom). The diffuse and

clumpy models are plotted with the blue, and red lines, respectively.

81



Chapter 6

Modelling the Edge-On Spiral
Galaxy NGC 5907

With the success of the clumpy model in solving the energy balance problem in
NGC 891, an attempt is made to see if it can also be applied to a peculiar edge-on
spiral, that did not show an energy balance problem in previous studies, but for
which no appropriate fits for the optical images could be found (Mosenkov et al.,

2018).

NGC 5907 is one of the three galaxies comprising the NGC 5866 group, and is
classified as an SA(s)c galaxy. It has a total stellar mass of 7.8 x 10'® M, (Laine
et al., 2016), and features a strongly warped H1 disc (Sancisi, 1976) with a total
HT1 mass of My, = 1.99 x 101 M, (Allaert et al., 2015). The warping can be
attributed to its interaction with dwarf galaxy PGC 54419, which can be seen near
the tip of the H1 warp (Shang et al., 1998). Another feature likely arising from
this interaction is a faint stellar stream, first discovered by Shang et al. (1998).
However, the true structure of this stream remains debated, as several independent

observations have yielded conflicting results (Zheng et al., 1999; Martinez-Delgado
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et al., 2008; van Dokkum et al., 2019; Miiller, Vudragovi¢ & Bilek, 2019). NGC 5907
is located at a distance of D = 16.3Mpc (Verstappen et al., 2013), and with a
modest inclination of ¢ = 87.2° (Xilouris et al., 1999) it is noticeably more inclined
than NGC 891. Nevertheless, NGC 5907 still exhibits a thin dust lane in the shorter

optical wavelengths.

NGC 5907 was one of the galaxies previously modelled by Xilouris et al. (1999) in the
optical range. NGC 5907 was subsequently modelled with the panchromatic diffuse
model of Popescu et al. (2000) in Misiriotis et al. (2001), but at that time there were
no observational data at the peak of the dust emission SED, therefore that model

lacked enough observational constraints. Here the available panchromatic data are

used to model NGC 5907, with both the diffuse and clumpy models.
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Table 6.1: Summary of observational data used to model NGC 5907. *York et al.
(2000), PSkrutskie et al. (2006), “Fazio et al. (2004), 9Poglitsch et al. (2010)

Telescope Filter/ Wavelength Flux pixel scale Calibration error
Instrument (pm) (Jy) (arcsec) (pc) (per cent)
SDSS* U 0.355 0.04 +£0.003 0.5 40 2
g 0.469 0.15+0.003 0.5 40 2
r 0.617 0.30£0.01 0.5 40 2
7 0.748 0.46 +0.01 0.5 40 2
2MASSP J 1.2 1.02+£0.03 1 79 3
K 2.2 1.30+0.04 1 79 3
Spitzer® IRAC 3.6 0.79+£0.02 0.6 47 3
IRAC 4.5 0.52+0.02 0.6 47 3
IRAC 5.8 1.03£0.03 0.6 47 3
MIPS 24 1.5740.02 1.5 119 1
Herschel? PACS 100 58.26 £ 3.50 1.7 134 12
PACS 160 89.31£5.36 2.85 225 12
SPIRE 250 52.80 £3.96 6 474 15
SPIRE 350 24.70£1.85 8 632 15
SPIRE 500 9.65£0.72 12 948 15

6.1 Observational Data

Given the ubiquity of the imaging data, much of the panchromatic data used to
model NGC 5907 were obtained by the instruments described in § 5.1. An exception
is that optical data from the Sloan Digital Sky Survey (SDSS; York et al., 2000) was
used, specifically the u, g, r, and i bands. The pixel size of these data are 0.5 arcsec,
which at the distance of D = 16.3 Mpc, corresponds to a physical size of 40 pc per
pixel. The full list of the data used to model NGC 5907 are given in Table 6.1. The

same post-processing procedure was used for these data, as described in § 5.1.1.
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As mentioned before, NGC 5907 shows some mild departure from the edge-on view,
being less inclined that the previously studied NGC 891 (see left panels of Fig. F.4).
This introduces a stronger asymmetry about its midplane than in NGC 891, in
particular in the optical images, where a near side and a far side can be easily

identified.

6.2 The Diffuse Model

Inspection of the averaged horizontal profiles of the data (Figs. 6.1-6.2 for selected
wavelengths and Figs. F.1-F.3 for all available wavelengths) shows that NGC 5907
exhibits a prominent central peak in the optical /NIR wavelengths due to bulge emis-
sion. Outside the bulge-dominated region, there is a clear exponential decline in SB,
a trend that is visible in both the optical /NIR and in the FIR/submm wavelengths.
Usually bulge emission produces strong central peaks in the MIR/FIR when the
dust distribution is exponential right to the centre (e.g. Popescu & Tuffs, 2013).
However this is not seen in NGC 5907. This is taken as indicative of a reduction of

dust towards the centre of the galaxy.

Thus, NGC 5907 was modelled with two main morphological components: a bulge
and a disc. The disc consists of a stellar disc, a thin stellar disc, a dust disc, and
a thin dust disc. The dust disc was taken to have an inner radius of Ry, = 2kpc,
with a linearly decreasing dust density towards the centre inwards of R;,, and an
exponential decrease outwards of Rj,. The full list of geometrical parameters for
the diffuse model can be found in the left-column of Table 6.2, and Table 6.3. The
fits to the surface brightness profiles are shown again in Figs. 6.1-6.2 for selected
wavelengths and Figs. F.1-F.3 for all available wavelengths. The surface brightness
maps of the data, best-fitting model, and their residuals are shown in Fig. 6.3 for

selected wavelengths and in Fig. F.4 for all available wavelengths. The integrated
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SED is shown in Fig. 6.4.

Overall, the diffuse model provides a reasonable fit to the horizontal and vertical SB
profiles at most of the wavelengths, although there are still some residual features in
the optical maps, and some deviations from the exact shape of the profiles, indicative
of a more complex geometry. The poorest fits occur at 24 and 100 pm, where the
emission is dominated by hot dust. The diffuse model predicts too warm a dust
component, overestimating the emission in this region. This can also be seen in the

fit to the integrated SED, plotted in Fig. 6.4.

Unlike in NGC 891, the diffuse model does not seem to suffer for an energy bal-
ance problem (between optical/NIR and submm), confirming thus the finding of
Mosenkov et al. (2018). This difference can be attributed to NGC 5907’s lower
optical depth: while the diffuse model of NGC 891 has a maximum optical depth
in the centre of maX(Té ) = 3.3, NGC 5907 has approximately half this value with
max(Té) = 1.6. Additionally, NGC 5907’s less inclined orientation further reduces
the dust column density along the line-of-sight compared with a perfectly edge-on
orientation. On the other hand the diffuse model overestimates the emission in the
MIR/FIR. This can also be thought of as being part of an energy balance problem:
the diffuse model predicts too hot a dust component, due to the overestimation of

attenuation of energetic photons.
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Table 6.2: The free geometrical parameters of NGC 5907, for the best fitting diffuse
(middle column), and clumpy models (right column), denoted with ‘d” and ‘¢’ re-

spectively. All length parameters are given in kpc.

Parameter | d C

hdise(g) 78404  82+04

hldisc 5.5+0.3 6.0+0.3
hise 15+1 14+1
ydise -1.04£0.2  -1.0+02

Zdise(g) 0.44+0.02 0.5240.02

zdise 0.3040.03 0.30+0.03
Re(9) 1.0+£0.2  1.0+0.2
b
~(g) 0.4040.04 0.4840.04
a
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Figure 6.1: Averaged horizontal (mirrored about the central vertical axis)(LH panel)
and averaged vertical (middle and RH panel) SB profiles of the pure diffuse model of
NGC 5907 at selected wavelengths in the optical/NIR. The observed SB profiles are
plotted with solid black line with the shaded banding indicating the uncertainty. The
solid red line indicates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences between the model
total and the observed profiles, D [%], are plotted in the panels below each profile,

with the dashed horizontal lines indicating + 20 % deviation.
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Figure 6.2: Averaged horizontal SB profiles of the pure diffuse model at selected

wavelengths in the FIR/submm. The plotting details are the same as in Fig. 6.1

T O Ot OO Ut Ot O Ut

y (kpc)

—25

—50

—100

Figure 6.3: Left: surface brightness maps of NGC 5907 at selected optical/NIR

wavelengths, mirrored about their vertical central axis. Middle: surface brightness

maps of the corresponding diffuse model images. Right: residuals between the data

and model images calculated as D = (M — O) /O. Masked foreground stars are

marked in teal.
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Figure 6.4: The spatially integrated model SED of the pure diffuse solution of
NGC 5907 plotted with the observed data (black squares) and the associated un-
certainties (which are mainly contained in the black squares). Contributions from
each of the galaxy components (dashed lines) and the intrinsic stellar SED (solid
brown line) are also shown. The lower panel shows the per cent difference between
the model SED and the observed data. To guide the eye dashed lines are plotted to
show £+20 % deviation.
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Table 6.3: The geometrical parameters of NGC 5907 fixed from data and theoretical
considerations. The values are the same between the diffuse and clumpy models.

All length parameters are given in kpc.

Parameter | Value
R |0
Rfﬁssc 0

G |2
Rg= |0
Rl o
Ris |0
Radsisc 23
Rﬁissc 23
Rﬁijc 23
Zbdisc 0.09
N 1
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Table 6.4: NGC 5907: wavelength dependent model parameters for main disc and bulge, for the diffuse and clumpy models,

denoted with ‘d” and ‘c’, respectively. All length parameters are given in kpc.

Parameter Filter

U g r 1 J K 3.6 um 4.5 um 5.8 um
d
hdise 78+1 7.8+1 6.3£0.2 6.0£0.1 4.7£0.1 4.8+0.1 4.8£0.1 4.7+£0.1 4.5+0.2
zdise 0.44+0.01 0.444+0.01 0.43+0.01 043+£0.01 042£0.01 04+0.01 0.444+0.02 0.43+£0.02 0.42£0.02
R, 1.0£0.05 1.0£0.05 1.0£0.05 1.0£0.05 1.0£005 08=£005 1.0£005 1.0£0.05 1.0£0.05
b/a 04+001 04+£001 04£0.01 044£0.01 0.36+0.01 0.5£0.01 0.38+£0.01 0.38£0.01 0.38£0.01
¢
hdise 82+1 82+1 6.7£0.2 6.3£0.1 5.0+0.1 5.0£0.1 4.8+0.1 4.7+£0.1 4.5+0.1
zdise 0.52£0.02 0.524+0.02 0.50+£0.02 0.52+£0.01 0.45£0.01 0.434+0.01 0.444+0.01 0.43+£0.02 0.42£0.02
R, 1.0£0.05 1.0£0.05 1.0£0.05 1.0£0.05 1.0£005 08=£005 1.0£005 1.0£0.05 1.0£0.05
b/a 0.48+0.01 048+0.01 0.48+0.01 0.44+£0.01 0.36£0.01 0.50£0.01 0.38£0.01 0.38+0.01 0.38+0.01

9 HHLdVHD
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6.3 The Clumpy Model

The best-fitting clumpy model derived for NGC 5907 has the same morphological
components as its diffuse counterpart. Just as for NGC 891, the only additional
parameter in the clumpy model is the fraction of mass in clumps f¢, which was
found to be f¢ = 0.5. The fits to the surface brightness profiles are shown for
a selection of wavelengths in Figs. 6.5-6.6, and for all wavelengths in Figs. F.5—
F.7. The surface brightness maps of the data, model and residuals are shown for a
selection of wavelengths in Fig. 6.7, and for all optical /NIR wavelengths in Fig. F.8.
The spatially integrated SEDs of the model and data are shown in Fig. 6.8. The
geometric parameters of the clumpy model are given in the right-hand column of

Table 6.2 and Table 6.3.

The most notable improvement in the clumpy model over the diffuse model can
be seen in the MIR/FIR, where the clumpy model is able to fit the data with
deviations typically less than 420 %. As characteristic of the clumpy model, this
can be attributed to the reduction in attenuation and consequently the reduction in
dust grain heating from the energetic photons emitted by young stars. Otherwise
the quality of the fit achieved by the clumpy model in the optical /NIR is of similar

quality.
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Figure 6.5: Same as Fig. 6.1, for the clumpy model of NGC 5907.
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Figure 6.6: Same as Fig. 6.2, for the clumpy model of NGC 5907.
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Figure 6.7: Same as Fig. 6.3, for the clumpy model of NGC 5907.
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Figure 6.8: Same as Fig. 6.4, for the clumpy model of NGC 5907.
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6.4 Comparison Between the Diffuse and Clumpy
Models of NGC 5907

The defining difference between the diffuse and clumpy models is that, in the latter,
50% of the galaxy’s total dust mass is assigned to the clumpy component. Conse-
quently, the optical depth of the clumpy model is approximately half that of the
diffuse model, and as a result, attenuation is significantly reduced. In NGC 5907,
the consequence of this is most noticeable detected in the MIR/FIR, where the in-
tegrated model emission is reduced by up to 40% at 24 um and 25% at 100 pm, thus

providing a good fit to the data.

6.4.1 Geometrical Parameters

With the significant reduction in opacity in the clumpy model, the optimal parame-
ters derived with the pure diffuse model will not necessarily be optimal in the clumpy
model. Re-optimising these parameters for the clumpy model enables a direct com-
parison with those derived in the diffuse model. Table 6.2 lists the parameters for
the diffuse and clumpy models in the left and right columns, respectively. The
trends generally follow those found in NGC 891. The stellar disc of the clumpy
model is more radially extended than in the diffuse model, with larger scale lengths
particularly at shorter wavelengths. This can be seen in Table 6.4, with the values
converging at longer wavelengths in the NIR. Table 6.4 also shows the wavelength-
dependent values of scale height, for which a similar trend can be seen. The clumpy
model shows a more vertically extended stellar disc, particularly at shorter wave-
lengths. Again, these values begin to converge at longer wavelengths. Both of these
results can be explained with the difference in attenuation between the two models,
which is explained in detail in § 5.4.1. No such trend can be detected in the bulge

parameter b/a, as apart from the g and r bands, the diffuse and clumpy models
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share the same values.

The clumpy model shows a more radially extended thin stellar disc with a scale
length of h'4s¢ = 6.0 kpc, compared with the scale length of A*¥5¢ = 5.5kpc in the
diffuse model. While it is true that the dust disc in the clumpy model is more radially
concentrated with a scale length of A3 = 14 kpc compared to the scale length of
hds¢ = 15kpc found in the diffuse model, the difference is relatively small. Especially
for such large scale lengths, this difference is attributable to noise introduced by

fitting.

Table 6.5: Comparison of parameters derived for NGC 5907 in this work to the mod-
els of Xilouris et al. (1999) and Mosenkov et al. (2018). N.B., the stellar parameters
derived by Mosenkov et al. (2018) were done so using IMFIT (Erwin, 2015), which

differ slightly from the parameters derived in this work.

hgisc Z(ciiisc 7_1% hSisc <g) h;disc <g) i
(kpc)  (kpe) (kpc)  (kpe)
This work (clumpy model) | 14.0 0.30 0.88 8.20 6.00 87.2°

Xilouris et al. (1999) 5.30  0.13  0.55 5.02 - 87.2°
Mosenkov et al. (2018) 713 0.25 2.65* 5.59 475  85.1°
a ~f

5 is converted from i, = 2.01

As previously mentioned, NGC 5907 was modelled by Mosenkov et al. (2018) as
part of a study on seven edge-on spiral galaxies. A comparison of the scale length,
scale height and optical depth derived from the clumpy model and that of Mosenkov
et al. (2018) is given in Table 6.5. A notable difference is that Mosenkov et al. (2018)
derive a lower inclination of 85.1°, which, at these extreme high inclinations, can
significantly influence the fit. This is discussed more in § 6.5. Otherwise, the scale
length of the stellar disc and thin stellar disc at 3.6 um are remarkably similar, with

hdis¢(3.6 wum) = 4.8 kpc derived with the clumpy model and A%d5¢(3.6 um) = 5.59 kpc
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by Mosenkov et al. (2018). This is to be expected, since at this wavelength images
are not so significantly affected by dust attenuation. At other wavelengths Mosenkov
et al. (2018) fixed the scale lengths to be the same as at 3.6 um, resulting in a large
discrepancy to this model. In the clumpy model, a strong increase was found in
the derived scale length of the stellar disc, A%, with decreasing wavelength, from
4.8kpc at 3.6 um to 8.2kpc in the g band. This means that at shorter wavelengths,
this model has a scale length that is almost twice the value fixed by Mosenkov et al.
(2018). This would produce significant changes in the appearance of the predicted

optical images.

Another significant difference is seen in the scale length of the dust disc, with this
work deriving 3¢ = 14 kpc, almost twice that of h$*¢ = 7.13 kpc found in Mosenkov
et al. (2018). This is likely related to the difference in the scale length of the stellar

disc, as well as to the derived optical depth.

The parameters derived by Xilouris et al. (1999) through fitting the optical images
are also shown in Table 6.5. The difference in the dust scale length is even greater,
with Xilouris et al. (1999) finding 3™ = 5.30kpc. Xilouris et al. (1999) also derived
the scale height of the dust disc to be 2§ = 0.13 kpc. While at first glance this seems
to be significantly lower than the scale height derived with the clumpy model, the
comparison is not straightforward, as the model of Xilouris et al. (1999) comprises

a single dust disc, whereas the clumpy model has an additional thin disc.

6.4.2 Global Properties
Dust Optical Depth and Dust Mass

The clumpy model of NGC 5907 allocates 50 % of the galaxy’s dust mass into clumps,
hence, the maximum face-on optical depth in the B-band found for the clumpy model

(max(75) = 0.9) is significantly lower than in the diffuse model (max(r5) = 1.4).
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Both maxima occur at the inner radius of the dust disc (R;ﬁfg = 2kpc). Mosenkov
et al. (2018) found max(75) = 2.7!, significantly larger than even the diffuse model
finds. However, their results are derived using a single dust disc in conjunction with
a smaller scale length for both the dust and the stellar disc and the authors comment

that their solution is likely over-estimating the dust opacity.

The dust masses derived with both models are similar. The total dust mass of
the clumpy model is My = 1.2 £ 0.2 x 10® M, while the diffuse model has My =
1.0 £ 0.2 x 10® M. Mosenkov et al. (2018) found the total dust mass of NGC 5907
to be My = 8.97 & 1.31 x 10" M, which is smaller than the values derived in this
study, despite their higher dust opacity. This is due to their different dust model
used for the optical constants of the grains (THEMIS model; Jones et al., 2017, as

opposed to the Draine model; Weingartner & Draine, 2001; Draine & Li, 2007).

Star Formation Rate

The diffuse and clumpy models find global SFRs of SFR = 1.4 4 0.1 Mgyyr~! and
SFR = 0.9 4+ 0.1 Mgyr~!, respectively. This reduction in SFR directly follows
from the reduction in attenuation, allowing for a lower intrinsic UV luminosity, as
described in § 5.4.2. Misiriotis et al. (2001) find SFR = 0.99 Moyr—!?. Leroy et al.
(2019) find SFR = 2.4 + 1.8 Myyr~!? using the FUV and WISE W4 luminosities.

6.5 Dust Attenuation Effects in Highly Inclined
Disc Galaxies

In a nearly edge-on galaxy, such as in NGC 891, there is typically a strong large scale

symmetry above and below the disc, although one can still detect the asymmetry

LConverted from max(7;) = 2.01
2rescaled for the assumed distance D = 16.3 Mpc
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due to the slight deviation from 90°. Larger deviations from this edge-on inclination
can introduce complex projection effects into views of the stellar and dust discs,
such as is seen in NGC 5907, with an inclination of ¢ = 87.2°. Upon examination
of the surface brightness maps (see Fig. 6.3) one can identify the near side (in the
negative y region of Fig. 6.3) and a far side (in the positive y region of Fig. 6.3). For
NGC 5907, it was found that the thin stellar disc and the stellar disc show different
behaviour with respect to their asymmetry above and below the midplane. This
effect is most readily seen in the vertical surface brightness profiles of NGC 5907 in
the u-band (see Fig. .1). The thin disc with a scale height of 2!4¢ = 90 pc peaks
at z &~ —1kpe, while the stellar disc, with 235 = 520 pc peaks at z ~ 1kpc. The

magnitude of this effect diminishes with increasing wavelength, due to the reduction

in attenuation.

To better understand the interplay between the scale heights of stars and dust in
modulating the appearance of highly inclined galaxies, simulations of a NGC 5907-
like disc were produced (same inclination and geometry for the dust disc). However,
in the simulations only one stellar disc with varying scale height was used. Thus
the scale height of the dust disc was fixed to zqg = 300 pc and the scale height of
the stellar disc was varied between values of z, = 90500 pc. These simulations are
shown in Fig. 6.9. It can be seen that with z; = 90 pc, the emission dominates in the
near side of the disc. As zg is incrementally increased, the peak of the emission shifts
upwards from the near side until at z; = 150 pc the entire disc appears uniformly
bright. Increasing the z, further shifts the peak of the emission to the far side of the
disc, revealing extinction from the dust lane. At the largest z,, emission from the

underside of the galaxy becomes visible.

These effects can be explained by the attenuation of the discs and their relative
scale heights. At small scale heights, the stellar disc is fully engulfed by the dust

disc. Viewing the backside of the galaxy, the line-of-sight optical depth is large,
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x (kpe)

Figure 6.9: Surface brightness maps of a single stellar disc attenuated by dust. The
viewing angle is at 87.2°. For the smallest scale height of z = 90pc the disc is
brightest at the near edge of the disc. The scale height of the dust disc is kept
constant at z4 = 300pc. As the scale height increases, the brightest region shifts

upwards and lies at the top-side of the disc leaving a prominent dust lane.

suppressing the emission, however at the very front edge of the galaxy, the light is
far less obscured. At the largest z,, stars extend above and below the extent of the
dust disc, thus their emission is unobscured. In this case, z; = 150 pc is the inflexion

point where these two effects are balanced.
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Application of the Clumpy Model

to a Small Galaxy Sample

The success in the modelling of NGC 891 (§ 5) and NGC 5907 (§ 6) using the clumpy
model and solving the energy balance problem raises the question of whether the
clumpy model produces the right energy balance for other galaxies, and if it is
generally applicable for galaxies of any inclination. To test this a small sample
of galaxies was built spanning the whole inclination range. The sample includes
the galaxies that have previously been modelled with the pure diffuse model, and
were described in § 1: M33, TP20; NGC 628, Rushton et al., 2022; M51, Inman
et al., 2023; M101 and NGC 3938, Pricopi et al., 2025. In addition, NGC 3521
was also included in this sample. NGC 3521 was chosen to include a galaxy with
an intermediate inclination (i = 73°; Walter et al., 2008; Pilyugin, Tautvaisiené &
Lara-Lépez, 2023). The fitting procedure used for each face-on and edge-on galaxy
is described in § 3.3.1, and § 3.3.2, respectively. For the intermediate inclination
galaxy NGC 3521 the fitting procedure designed for face-on galaxies was used. The
panchromatic data used to constrain the clumpy models are largely the same as those

used in the original diffuse models, with the exception of NGC 5907 and NGC 891
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for which, as discussed in § 5.1 and § 6.1, newer data have become available.

7.1 Global Properties of the Galaxy Sample

The galaxies contained in this small sample considered for modelling are tabulated

with some of their basic properties in Table 7.1.

Table 7.1: Basic properties of galaxies in this sample. The distances and inclination

are those used in modelling.

Galaxy D 7 RA Dec Type
(Mpc) (deg)  (J2000) (J2000)

M33 0.859  56.0 01"33m51° +30939™37°  SA(s)cd

M51 858  20.3 13h29m53%  +47411m43°% SA(s)bc pec

M101 6.71  18.0 14"03m13° +54420m56° SAB(rs)cd

NGC 628 950 150 01"36™42° +15%47™01°  SA(s
NGC 891  9.85  89.7 02"22m33° 442920m54°  SA(s
NGC 3521  10.7 727 11"05™49° -00902™09°  SAB(

NGC 3938 17.9  14.0 11"52m49° +44907™15°  SA
NGC 5907 16.3  87.2 15%15m53° +56919m48° SA(s)c

M33

Classified as an SA(s)cd galaxy by de Vaucouleurs (1991), M33 is a flocculant spiral,
and is the third largest galaxy in the Local Group. M33 can be considered as a minor
satellite, with a total stellar mass approximately 30 times smaller than that of the
Milky Way and a dark matter halo mass roughly 60 times lower than that of the
Local Group as a whole (Corbelli, 2003; Sawala, Teeriaho & Johansson, 2023). It is
relatively metal-poor with 12 4 log(O/H) = 8.36 (Rosolowsky & Simon, 2008), and

gas rich (Corbelli, 2003). The most proximate galaxy in this sample, M33 lies at a
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distance of 0.859 Mpc and is moderately inclined with ¢ = 56° (TP20). The pure

diffuse model of this galaxy was presented by TP20.

M51

M51 is a system of two closely interacting galaxies: the larger, grand-design spiral
Mb1la (=NGC 5194), and the smaller lenticular galaxy M51b. Mb5la is classified as
an SA(s)bc pec galaxy by de Vaucouleurs (1991). While the interaction between
these galaxies is evident from the prominent bridge linking them, there remains
debate as to whether they have experienced a single fly-by encounter (Toomre &
Toomre, 1972; Durrell et al., 2003) or multiple close passages (Salo & Laurikainen,
2000; Dobbs et al., 2010). Despite this interaction, M5la maintains a high degree
of axisymmetry, particularly in its inner regions. Mbla is located at a distance
of 8.58 Mpc and is nearly face-on, with an inclination of ¢ = 20.3°. Hereafter, any
reference to M51 pertains exclusively to Mb1la. The pure diffuse model of this galaxy

was presented by Inman et al. (2023).

M101

M101 is the brightest member of its eponymous group and is classified as an
SAB(rs)cd galaxy by de Vaucouleurs (1991). M101 has an H1 disc that extends
far beyond its optical disc. A faint ‘plume’ extending northward and ‘spur’ ex-
tending eastward can been seen in very deep optical images (Mihos et al., 2013).
While the origin of these features is uncertain, Linden & Mihos (2022), show that
NE plume and sharp western edge of the disc could be explained by a close passage
of the companion galaxy NGC 5474. M101 lies at a distance of 6.71 Mpc and has
an inclination of ¢ = 18°. The pure diffuse model of this galaxy was presented by

Pricopi et al. (2025).
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NGC 628

NGC 628 is a relatively isolated and largely unperturbed spiral, classified as an
SA(s)c by de Vaucouleurs (1991). The galaxy features a faint Ha-emitting outer
disc that reaches beyond twice the optical radius (Ferguson et al., 1998; Lelievre &
Roy, 2000), and it also hosts an extended H1 disc (Briggs et al., 1980; Briggs, 1982).
NGC 628 lies at a distance of 9.5 Mpc and has an inclination of ¢+ = 15°. The pure

diffuse model of this galaxy was presented by Rushton et al. (2022).

NGC 891

The basic properties of NGC 891 can be found in the introduction to Chapter 5.

NGC 3521

NGC 3521 is classified as an SAB(rs)bc spiral by de Vaucouleurs (1991). It has a
total stellar mass of M, = 5 x 101°M, and a total gas mass of M, = 8 x 10° M
(Leroy et al., 2008; Walter et al., 2008). It is moderately star-forming with an
SFR = 2.1 My yr~!. NGC 3521 is a significantly inclined galaxy at 1 = 72.7° (Walter
et al., 2008; Pilyugin, Tautvaisiené & Lara-Lépez, 2023) and is situated 10.7 Mpc
away (de Blok et al., 2008).

NGC 3938

NGC 3938, classified as an SA(s)c galaxy by de Vaucouleurs (1991), is a member
of the Ursa Major cluster and is relatively isolated. It is slightly metal-poor with
12+1og(O/H) = 8.42 (Aniano et al., 2020). At a distance of 17.9 Mpc, NGC 3938 is
both the most distant and the most face-on galaxy in the sample, with an inclination
of © = 14°. The pure diffuse model of this galaxy was presented by Pricopi et al.
(2025).
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NGC 5907

The basic properties of NGC 5907 can be found in the introduction to Chapter 6.

7.2 Comparison between the Predictions of the
Diffuse and Clumpy Models for the Surface
Brightness Profiles

The new fits of the clumpy model to the surface brightness profiles for all the galaxies
in the sample are shown in Appendix G. The fits are at the wavelengths correspond-
ing to the available panchromatic data. The geometric parameters corresponding to
these fits are also listed in the Appendix I. The corresponding fits produced by the
diffuse model can be found in the original publications for the modelling of the face-
on galaxies, as listed in the preamble of this section. For NGC 891 and NGC 5907
the re-evaluated fits using the diffuse model can be found in § 5.2 and § 6.2 and in
the Appendix E and F. For ease of comparison some examples are shown here in

Fig. 7.1 and 7.2.

Except for the (almost exactly) edge-on galaxy NGC 891, for which the diffuse model
completely fails to account for the appearance of the dust lane in the optical/NIR
bands, for all the galaxies at non-edge-on inclinations, both the diffuse and the
clumpy models provide reasonable fits to the data. Nevertheless, the clumpy model
tends to show slightly better fits than the diffuse model in some cases. In particular
at 24 um, the diffuse models tend to over-predict the data in some cases, and to
under-predict the data at 500 um, as shown in Figs. 7.1 and 7.2. For these specific
cases the clumpy model tends to perform better. Thus, at 24 um the clumpy models
usually predict less emission, due to some small suppression of the PAH and warm

dust emission in the clumps (with respect to the diffuse component). This is the
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Figure 7.1: Comparison of the diffuse model (blue line) and clumpy model (red
line) fits to 24 um surface brightness profiles (black line) for selected galaxies in the
sample. The shaded region indicates the errors associated with the data. The per
cent differences between the model totals and the observed profiles D [%] are plotted

in the lower panels in the colour corresponding to the main plot.

case for M33, the inner regions of M51, and NGC 5907 (Fig. 7.1). For M101 both
models perform equally well at 24 um. At 500 wm, the clumpy models continue to

provide an improvement for M33 and the inner regions of M51 (Fig. 7.2).
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Figure 7.2: Same as Fig.7.1 at 500 pwm.
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Table 7.2: The maximum and average face-on dust opacity, max(rf;) and (7§, ,...), of
the galaxy sample derived using the diffuse (column under ‘d’) and clumpy (columns
under ‘c’) models. f¢ is the fraction of total dust mass in the clumpy component.
The values are calculated within the truncation radius of the respective galaxy. (1)

Inman et al. (2023); (2) Pricopi et al. (2025); (3) Rushton et al. (2022).

Galaxy | f° max(rf) (7 en)
d c d ¢ d ¢

M33 0 05]13+01 1.0x01/04=x01 02=x0.1
Mb51 0 06]53+£03" 29£02|05%£01 02%0.1
M101 0 04]24+£02% 19£02/03%£01 02%0.1
NGC628 |0 05|1.7+£02 08+0.1[044+01 03=£0.1
NGC8&91 |0 05| 44+03 1.6=x0.1|1.0=x0.1 04=%0.1
NGC3521 |0 05| 28+ 02 15+01/05+01 03=+0.1
NGC 3938 |0 05|16 +01% 09 +0.1[07+01 03=£0.1
NGC5907 |0 05| 14+01 09=+x0.1|05=x01 03=x0.1

7.2.1 Dust Opacity

The inclusion of the clumpy component produced, as expected, a solution with less
dust opacity than in the pure diffuse model. This can be seen in the values of the
maximum dust opacity, max(75) listed in Table 7.2 for the diffuse and clumpy mod-
els, and also in Fig. 7.3, where max(75)-diffuse is plotted against max(7)-clumpy.
The global 75 is calculated as the sum of 75 from the different morphological com-
ponents at each radial position. Although at any radial position one morphological
component dominates, there is still some partial overlap between components, and
therefore the need to define a global 75. For this galaxy sample max(5) is at

the inner radius of the inner disc for M33, M51 and NGC 891 (see Table 7.3 for the
max(75) of the individual morphological components). For NGC 628 and NGC 3521
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the maximum opacity occurs at the inner radius of the main disc, while for M101
the situation is more complex, with the radius being different in the diffuse and

clumpy models.
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Figure 7.3: Comparison between the maximum optical depths, max(75) derived with
the diffuse (y-axis) and clumpy (x-axis) models. The lines y = = and y = 2z are

plotted with the grey-solid and grey-dashed lines, respectively.

The decrease in max(7) between the diffuse and clumpy models ranges by factors of
1.3 to 2.8 (see again Table 7.2 and Fig. 7.3). NGC 891 exhibits the largest difference,
by a factor of 2.8, while M33 and M101 display the smallest differences, each by a

1
1—fe

= 2) the decrease in dust opacity

factor of 1.3. Naively one would expect that these factors to follow the ratio.

1
1—fe

between the diffuse and the clumpy model would then follow the y = 2z line, as

For example for solutions with f¢ = 0.5 <

displayed in Fig. 7.3. However the values seem to fluctuate around the y = 2z
line, and are usually between y = x and y = 2z line, due to the modulating effect
of the luminosity sources heating the dust and the geometric effects. This can be
explained with reference to the optimisation routine described in § 3.3, particularly

that the dust opacity is constrained from the 500 um data. In the clumpy model,
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Table 7.3: Maximum optical depth as seen from face-on in the B-band for each
morphological component in the galaxy sample for the diffuse and clumpy models.
The generic morphological components: inner, main, and outer discs are denoted

by the subscripts ‘i’; ‘m’, and ‘o’ respectively. Values under ‘d” and ‘c’ correspond

to the diffuse and clumpy models respectively.

Galaxy max <7']§7i) max (Té7m> max (7’1;0)

d ¢ d ¢ d c
M33 1.3+01 1.04+£01{09+01 05+£01|04+01 0.1%£0.1
Mb51 53+£03 29+£02|26+01 1.0£01]13+£01 03=+0.1
M101 1.7+02 16+£02]19+01 1.0+£0.1 - -
NGC628 |08+ 0.1 03+01]15+01 08+0.1 - -
NGC8&891 [44+03 16=+01]33+£02 1.3+0.1 - -
NGC 3521 - - 28+02 15+£0108+01 04=£0.1
NGC 3938 - - 16 £01 09 £ 0.1 - -
NGC 5907 - - 1.4 +01 09 4+ 0.1 - -

the dust opacity needed to fit the submm data is lower, due to the additional clumpy
component contributing to this emission. A lower dust opacity means that the dust
attenuation in the UV will be lower, resulting in a solution with lower UV luminosity,
and thus with lower SFR. In the iterative optimisation routine, this will produce
a slightly lower amplitude for the dust emission SED, including a small reduction
in the 500 um predicted emission. As a brief aside, it is noted that the 500 um
is deep in the Rayleigh-Jeans side of the dust emission, thus mainly tracing dust
column density. However, it is still not deep enough to have zero contribution from
the heating sources. It is this very small contribution that is discussed here. To
compensate for this small effect, the dust opacity would need to be increased to

offset the reduction resulting from the lower SFR. So the overall effect is a decrease
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1
1—fe

effects also play a role. A lower dust opacity may alter the derived scale-length of

in the dust opacity, but by a smaller factor than the ratio. The geometric
the young stellar disc (see Table 7.8 and Fig. 7.4), which, in turn, will alter the
derived SFR, producing further effects in the derived dust opacity. Furthermore, in
some cases the diffuse model underestimated the submm emission, yielding poorer

fits than the clumpy model (see Fig. 7.2).

The clumpy solution indicates that, with respect to the maximum dust opacity
(occurring in the central regions at the inner radius of the inner disc or main disc),
NGC 5907, NGC 3938, NGC 628 and M33 are optically thin, with 75 < 1, NGC 3521
and NGC 891 are slightly optically thick, while M101 and M51 are optically thick.
By contrast, the diffuse model predicted that all the galaxies in this sample are
optically thick in their centre. This makes a big difference in our understanding of

dust opacity in nearby galaxies.

Another way to compare the opacity predicted by the two types of models is to
inspect the average surface density weighted dust opacity, (7§ ,...) (see again Ta-

f

ble 7.2). As with the max(7}), the clumpy models have lower (74 than the

area)
diffuse models, with factors ranging between 2.5 (in M51 and NGC 891) and 1.3
(in NGC 628). Interestingly, the galaxy with the lowest difference in average dust
opacity between the diffuse and clumpy model, NGC 628, is the galaxy with the
second highest difference in the maximum dust opacity. This is mainly due to the
morphological /geometrical structure of NGC 628. On the one hand the galaxy has
a very small inner disc, with rapidly varying surface brightness at the position of
the maximum opacity, with geometric parameters rather difficult to derive in the
models (diffuse/clumpy). On the other hand, on large scales the galaxy exhibits a
relatively smooth variation in azimuthally averaged surface brightness, which would

make the overall average opacity less dependent on fluctuations in the derived geo-

metric parameters.
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Table 7.4: The average surface density weighted dust opacity, <7']§’area> for each

morphological component in the galaxy sample for the diffuse (column under ‘d’) and
clumpy (column under ‘c’) models. The generic morphological components: inner,

main, and outer discs are denoted by the subscripts ‘i’, ‘m’, and ‘0’ respectively.

Galaxy (o) G- G

d ¢ d c d ¢

M33 024+01 02+01 |06+01 03+01]01+01 0.1=+0.1

Mb51 45+03 25+01 |1.8+0.1 07+01[03+01 01=£0.1
M101 03+01 02+£01 |[03+01 02=£0.1]- -
NGC 628 | 0.1 £0.1 003 +£0.1|04 +0.1 03 =40.1]- -
NGC 891 |22 4+01 08+01 |[09+01 044+0.1]- -

NGC 3521 | - - 16 £01 09+£01,04+01 02=%0.1
NGC 3938 | - - 0.7+ 01 03=%0.1]- -
NGC 5907 | - - 0.5+01 03=+0.1]- -

The clumpy model predicts that on average, disc galaxies are optically thin when
seen face-on. Based on (7§ ,...), NGC 891 has the highest opacity (7§ ,ea) = 0.4,
followed by NGC 3938 with (7§ ,...) = 0.3. However M51 has the highest maximum
opacity in the inner region max(7;) = 2.9, followed by M101 with max(r5) = 1.6.
Thus, galaxies with the highest opacity in their inner regions do not necessarily
have the largest average opacity. This can be partially explained by the extent of
their outer discs and the truncation radius. Both M101 and M51 possess extended,
faint outer discs that may bias the area weighted average optical depth toward
lower values. M101, the largest galaxy in this sample, has a truncation radius of
Ry = 30kpc, and therefore has the largest surface area. M51 is relatively centrally

dense, with a faint outer disc extending out to 20 kpc. When only the area within

the truncation radius of the main disc of M51 (R; = 7kpc) is considered, the area
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f

weighted average optical depth increases to (g =0.8.

s area>

The various morphological components of the galaxies in the sample show the same
decrease in dust opacity between the diffuse and the clumpy models, both in max(7)
(Table 7.3) and in (7 ,.,) (Table 7.4), but with different degrees of variation. The
smallest variation in max(75) is in the inner disc of M33, by a factor of 1.3, coinciding
with the minimum variation in the global dust opacity. The largest variation in
max(75) is in the outer disc of M51, by a factor of 4. This latter value is largely
due to noise in fitting. As discussed in Inman et al. (2023), due to the significant
influence of its companion M51b, the axisymmetric approximation becomes poor.
For this reason, the authors prioritised the fit at shorter radii. In the clumpy model,

no such bias was used in the optimisation procedure, which resulted in a significantly

longer scale length in the outer disc (Table 1.3).

With respect to the average dust opacity, it is noted that in the clumpy models the

outer discs have, as expected, very low opacity, of around <T]§7area> ~0.1.

7.2.2 Dust Mass

As the defining feature of the clumpy model is the redistribution of a portion of the
dust mass into quiescent clumps, one would expect the total dust mass derived from
the clumpy and diffuse models to be similar. Indeed, the clumpy models yield a
modest average reduction of approximately 5% in total dust mass compared to their
diffuse counterparts. However, not all galaxies experience a decreased dust mass,
some galaxies show a slight increase in dust mass under the clumpy model. Overall,
the dust masses derived from both models agree within their respective uncertainties,
suggesting that the observed differences are likely attributable to noise introduced
during the fitting process rather than reflecting a systematic shift. The dust masses

derived for morphological component for each galaxy is listed in Table J.1.
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7.2.3 SFR

As already inferred in Section 7.2.1, the clumpy model predicts smaller SFRs than
the diffuse model. Inspection of the tabulated values from Table 7.5 shows a reduc-
tion in SFR by factors ranging between 1.2 to 2.0. The decrease directly follows
from the lower UV attenuation predicted by the clumpy models. The decreasing
factors do not seem to correlate with inclination, which is reassuring, as any such
correlation could potentially indicate a systematic bias resulting from the line of
sight optical depth. The decreasing factors also do not correlate with the face-on
dust opacity of the galaxy. This means that the variation in SFR derived from the
diffuse and clumpy models only depends on the detailed structure and morphology
of the galaxy under study. The largest variation was found for NGC 5907 (a factor

of 2.0) and the minimum variation for NGC 3938 (a factor of 1.2).

Table 7.5: Comparison of global properties of the diffuse (‘d’) and clumpy (‘c¢’)
models of the galaxy sample, including SFR, specific star formation rate (sSFR),
fraction of stellar light reradiated by dust f2", and the percentage of the dust

heating powered by the young stellar disc, Faust

young*
SFR sSFR fabs Favs

Galaxy (Mg yr—1) (x107H yr=h) (%)
d c d c d ¢ d ¢
M33 0.48 + 0.04 0.30 + 0.02 | 7.35 £ 0.66 7.08 £ 0.64 | 0.33 0.35 | 80 69
M51 41+ 04 294+ 0.2 |436 +£0.38 3.30 £ 0.18 | 046 0.63 |61 45
M101 3.2 £0.2 25 £02 623 +055 454 £040(0.33 03971 62
NGC 628 2.0+ 0.2 1.7+ 01 {952 +£085 877 £0.78|0.38 0.51 |67 62
NGC 891 72 £ 0.6 46 £ 04 |6.06 £ 0.53 6.04 £0.54|0.37 048 |66 72
NGC 3521 | 3.3 £0.2 1.7+ 01 | 349 +£031 199 £0.18 | 0.33 0.25 | 58 37
NGC 3938 | 2.2 + 0.1 1.8 201 |513+£046 3.84 £0.34|0.34 0.40| 64 56
NGC 5907 | 5.1 £ 0.5 25 +£0.2 | 461 £041 244 +£0.22]0.25 0.29|70 62
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The morphological components of the galaxy sample overall follow the same trend
of decreasing SFR between the diffuse and the clumpy model, as seen in Tables 7.6
and 7.7. As expected, the closest variation to that shown in the global SFR is in
the main disc (see Table 7.7), which usually dominates the bolometric output of a
galaxy. The largest departure from the global properties is in the inner disc (see
Table 7.6), which exhibits a much larger spread in the decreasing factors, from 1.2
in M33 to 4.8 in M101. It is clear that the inner discs, with their smaller sizes and
rapid variation in surface brightness, are more prone to large differences in the fitting
parameters. In addition, the inner discs lie in the regions with either maximum dust
opacity, or in regions with a linear decrease in dust opacity. This produces complex
dust attenuation in the inner regions, with values strongly dependent on the type

of model (diffuse or clumpy).

Table 7.6: SFR for the nuclear and inner morphological components in the galaxy
sample. These are denoted by the subscript ‘n” and ‘i’ respectively. Values under

‘d” and ‘¢’ correspond to the diffuse and clumpy models respectively.

SFR, SFR;

Galaxy (Mg yr) (Mo yr)

d ¢ d ¢
M33 (1.0 £ 0.1) x 1073 (9.1 £ 0.2) x 107* | (1.70 £ 0.06) x 1072 (1.40 + 0.08) x 1072
M51 - - 1.4 £ 0.2 0.48 + 0.07
M101 (6.0 £ 0.3) x 1072 (3.2 £0.2) x 1072 | (2.9 £0.2) x 1072 (6.0 £ 0.5) x 1073
NGC 628 - - (4.0 £ 0.4) x 1072 (3.0 &£ 0.3) x 1072
NGC 891 - - 0.94 £ 0.08 0.26 £ 0.03
NGC 3521 - - (2.7 £ 0.2) x 1072 (8.0 £ 0.8) x 1073
NGC 3938 - - - -
NGC 5907 - - - -
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Table 7.7: Continuation of Table 7.6. SFR for the main and outer morphological

components in the galaxy sample. These are denoted by the subscript ‘m’ and ‘o’

respectively. Values under ‘d” and ‘¢’ correspond to the diffuse and clumpy models

respectively.
SFR, SFR,

Galaxy (Mg yr™1) (Mg yr™)

d c d ¢
M33 0.45 + 0.04 0.27 £ 0.02 | (1.8 £ 0.2) x 1072 (1.2 + 0.1) x 1072
M51 2.73 £ 020 1.75 + 0.13 0.57 4+ 0.05 0.64 £+ 0.06
M101 3.09 £ 0.23 243 £ 0.18 - -
NGC 628 | 1.96 £ 0.15 1.63 = 0.12 - -
NGC 891 | 6.31 £ 0.47 4.37 £ 0.33 - -
NGC 3521 | 249 + 0.19 1.30 + 0.10 0.82 + 0.07 0.37 4+ 0.03
NGC 3938 | 2.20 £ 0.16 1.73 £ 0.13 - -
NGC 5907 | 5.63 £ 0.42 2.52 £ 0.19 - -

117



CHAPTER 7

7.2.4 sSFR

The specific star-formation rate, sSSFR, derived with the clumpy models are typically
smaller by 1.01 to 1.89 times than those from the diffuse models (see Table 7.5).
This trend arises naturally from the definition sSFR = SFR/M,, where M, is the
stellar mass. As previously discussed, the clumpy model produces lower SFRs due to
the relatively lower intrinsic UV luminosities. Stellar masses (M,) are derived from
the intrinsic fluxes at 3.6 um and 4.5 um using the calibration of Eskew, Zaritsky &
Meidt (2012). Because the NIR wavelengths are less affected by dust attenuation,
the reduction in M, between models is relatively modest compared to the decrease in
the UV-derived SFR, leading to an overall decrease in sSFR. Although smaller, the
sSFRs derived with the clumpy models still suggest these galaxies are moderately

star-forming.

7.2.5 The Fraction of Stellar Light Absorbed and Re-Radiated

by Dust

The fraction of the stellar light absorbed and re-radiated by dust, f2b* is listed in
Table 7.5. This metric provides insight into the efficiency with which dust processes
stellar radiation, and is influenced by the dust’s microscopic properties, composition,
and spatial distribution relative to the distribution of stars. f2" derived from the
clumpy models tends to be higher by factors of 1.06 to 1.37, compared to the diffuse
models. NGC 3521 is exceptional to this trend with f2P* decreasing to 0.76 times

that of the diffuse model.
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7.2.6 The Contribution of Different Stellar Populations to

Dust Heating

The contribution of different stellar populations to dust heating is a very important
property of star-forming galaxies, although still a matter of debate in the literature.
This section examines the fraction of the energy absorbed by dust coming from young
stars, denoted as Fyer,, under the assumption that the contribution of the old stellar
populations represent the 1 — F;‘O‘ﬁg. These values are presented in column five of
Table 7.5. Across the sample, the clumpy models consistently yield lower values
of F;lo‘ifgg, indicating a reduced contribution from the young stars to the total dust
heating. This reduction arises from the lower efficiency with which UV photons are
absorbed in the clumpy dust configuration. The clumpy models are characterised
by a flatter extinction curve (Fig. 4.5) whereby UV radiation, primarily emitted by
young stars, is less attenuated than in the diffuse models. While the reduction in

attenuation is significant in the UV, it becomes negligible in the optical and NIR,

hence the contribution of older stars to dust heating remains largely unchanged.

7.2.7 Scale Lengths

As already discussed and explained in § 5.4.1 for NGC 891, the scale length of the
stellar discs are usually longer in the clumpy model than in the diffuse model. This
can be seen in the top and middle panel of Fig. 7.4, where the x- and y-axis display
the clumpy and diffuse derived values for the main disc morphological component.
It is clear that the points all lie either on the y = x line (a few) or below it (most of

them), with various degree of departure from it.

For the scale length of the dust there is no trend (see bottom panel of Fig. 7.4), with
galaxies both above and below the equality line. Table 7.8 lists the scale lengths

of all the disc components of the galaxy sample: inner discs, main discs and outer
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discs, derived with the diffuse and clumpy models.
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Figure 7.4: Comparison between the scale lengths of the stellar disc (in the B-band)
hdis(B), thin stellar disc hi¥¢ and dust disc h3®¢ derived with the diffuse and
clumpy models. In all cases the scale lengths refer to the main disc morphological
component. The x- and y-coordinates display the clumpy and diffuse derived values,
respectively. The line y = x is plotted with the grey-dashed line to help visualise

any trends.

121



CHAPTER 7

Table 7.8: Scale lengths of all disc components of the galaxy sample. Where appli-

cable, the nuclear, inner, main, and outer discs are denoted with ‘n’,

P A4

i’, ‘m’, and ‘0’

respectively. Values under ‘d” and ‘¢’ correspond to the diffuse and clumpy models

respectively. All values are given in kpc.

Galaxy morphological Parameter (kpc)
component hldise hdisc(B) hdise
d c d c d c
M33 n 0.02 0.02 - - - -
i 0.10 0.13 0.05 0.05 0.15 0.15
m 15 1.8 18 18 9.0 80
0 06 065 1.0 10 1.0 1.3
M51 i 0.6 055 074 072 5 47
m 43 65 38 55 6.0 6.0
0 145 180 2.0 24 36 45
M101 n 0.06 0.08 - - - -
i 04 05 04 05 090 0.75
m 52 55 37 43 80 85
NGC 628 i 02 015 - - - -
m 28 31 29 33 73 78
NGC 891 i 3.0 3.0 - - 3.0 3.0
m 50 50 10 10 10 10
NGC 3521 i 05 0.5 - - - -
m 33 34 20 20 75 78
0 23 28 41 41 75 7.0
NGC 3938 m 32 38 3.00 315 90 75
NGC 5907 m 55 6.0 78 82 150 14.0
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7.3 Spatial Variation of Key Properties in the
Clumpy Model

As shown in this section, the clumpy model solves the long standing energy balance
problem in edge-on galaxies and provides consistent solutions to galaxies of any
orientation. It is therefore adopted as the standard model. Because of this it is

important to analyse the statistical trends of this galaxy sample using the new

model.
31 VsL . NeC 30
— M33 NGC 3521
M101 —— NGC 891
20 —— NGC628 —— NGC 5907 |
xl\m
1 .
0 ‘ Il i L
0.0 2.5 5.0 7.5 10.0 12.5 15.0
Radius (Ry,)

Figure 7.5: The radial variation of 7 for each galaxy in the sample as a function of

radius in units of the inner radius of the main dust disc.

Since the defining characteristic of the clumpy model is lower dust opacity, it is
insightful to study the radial trends in dust opacity. Fig. 7.5 shows the 7 versus
radial distance (in units of their inner radius) for all the galaxies in the sample. The
plot shows that overall most of the galaxies are optically thin when viewed face-on,
throughout their discs. The inner regions of M51 and NGC 3521 are definitively

optically thick. The figure also shows rather transparent extended outer discs.

Fig. 7.6 shows the radial variation of SFR surface density (¥spr), specific star-
formation rate (sSFR), and the stellar mass surface density (Xy, ). To enable better

comparison between galaxies, each plot is normalised to the inner radius of its main
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Figure 7.6: Radial profiles of surface densities (face-on) for key stellar parameters
derived for the galaxy sample. The top panel shows the surface density of star
formation Ygpgr. The middle panel shows the specific SFR (sSFR). The bottom
panel shows the surface density of stellar mass Xy, . Each quantity for each galaxy

has been normalised at the inner radius of the main dust disc.
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dust disc, and the radius is given in units of the inner radius. The SFR surface
densities show an overall exponential decline over their main discs, with NGC 5907
exhibiting the longest scale length, and NGC 628 the shortest. >, is relatively
consistent within this galaxy sample: a sharp decline from the centre until the limit
of the bulge is reached, after which ¥y, declines exponentially. Again, NGC 628
shows the shortest scale length, and NGC 5907 the longest.

The sSFR across the sample shows similar behaviour beyond the inner radius; a grad-
ual exponential increase with radius. This is expected for late-type spiral galaxies
under the inside-out growth scenario, where the main and outer discs are actively
forming stars. M101 and NGC 891 show the greatest rate of increase with radius.
While the sSFR for NGC 891 is increasing only modestly, and appears to begin to
plateau at larger radii, M101 exhibits a consistently increasing sSFR. This enhanced
star formation rate could be explained by interactions with its environment, par-
ticularly with NGC 5474 (Mihos et al., 2013; Linden & Mihos, 2022). The outer
discs of M51 and M33 exhibit a marked decline in sSFR. TP20 note that the outer
disc of M33 may be influenced by environmental effects being a satellite in the Lo-
cal Group. Gas could be removed from the outer disc via ram-pressure stripping,
thereby quenching star formation. Similarly, M51 is a heavily interacting with its
companion galaxy, M51b, which significantly influences the star formation in its

outer disc.

Fig. 7.7 shows the radial variation of Fjo‘tsrtlg and F4%¢ for the clumpy models across
the galaxy sample. In all cases, the energy absorbed near the galaxy centres is
dominated by the bulge. The only exception is M33, which does not have a bulge
but instead hosts a nuclear thin disc comprised of young stars. A consistent trend
is observed: the contribution from young stars increases with radius until the in-
fluence of the bulge diminishes, after which F9%' either plateaus or continues to

young

gradually increase before declining near the edge of the galaxy. M51 largely follows
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Figure 7.7: Radial profiles of the total energy absorbed by the young (Fydo‘fﬁg, solid
line) and old (F9%* dashed line) stellar populations. The inner radius of the main

dust disc of each galaxy is plotted with the grey dotted lines.

this behaviour within R ~ 7kpc, beyond which it abruptly reverses trend exhibiting
a decreasing F;io‘ﬁg. As discussed by Inman et al. (2023), the spiral structure of
M51 is well preserved up to this radius, beyond which interactions with its lenticu-

lar companion, M51b, become significant. These interactions likely compromise the

reliability of the model beyond this point.
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7.4 'Trends and Variability in the Galaxy Sample

A total of eight galaxies have now been modelled using the RT codes of PT11
updated with the clumpy formalism. From this small sample, trends in various
properties begin to emerge. For example, each galaxy was successfully modelled
with a Milky Way (MW) type dust whose properties are described in Weingartner
& Draine (2001), without needing to invoke different grain properties. However,
in previous work using the diffuse model (Inman et al., 2023) it was found that
in the case of M51, allowing for varying dust properties provided better fits in the
PAH region and a more realistic UV intrinsic stellar SED. In that work the derived
attenuation curve suggested the need for a dust model with a reduced 2200 A bump
in the inner disc, which was modelled with a Large Magellanic Cloud type dust
(Weingartner & Draine, 2001).

In this work it was found that the inner disc of M51 was much better fit using the
clumpy model with a MW type dust, demonstrating possible degeneracies between
the microscopic and macroscopic dust properties. Since the clumpy model provides
a consistent approach for all the galaxies in the sample, it is concluded that a MW
type dust also provides a consistent solution for all modelled galaxies within the

framework of the clumpy model.

In addition, no evidence is found of a ‘submm excess’ (Bot et al., 2010; Rémy-Ruyer
et al., 2013; Hermelo et al., 2016; Williams et al., 2019), as the submm emission is well
fit across the galaxy sample, without need of modifying the dust grain emissivity.
This can be attributed to the fitting of the detailed geometry, informed by the

panchromatic dataset.

It is found that a f¢=0.5 + 0.1 is able to adequately reproduce the panchromatic
data. Six of the eight galaxies in this sample were best fit with a f¢ = 0.5, while
M101 and M51 were best fit with a f¢ = 0.4 and f°¢ = 0.6 respectively.
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Summary and Conclusions

The goal of this work was to solve the so-called energy balance problem between
direct stellar light and dust emission (Popescu et al., 2000; Dasyra et al., 2005;
Bianchi, 2008; Baes et al., 2010; Popescu et al., 2011; Saftly et al., 2015; De Geyter
et al., 2015; Mosenkov et al., 2018). This problem was encountered when modelling
the UV /optical /FIR/submm SEDs of edge-on spiral galaxies with RT models, and
was attributed to the inability of these models to account for both the appearance of
the dust lanes in edge-on galaxies as well as for the observed submm dust emission.
In general, it was found that the solution needed to fit the optical/NIR images
produced an underestimation of the submm emission by factors of 3 — 5, while
solutions constrained to fit the submm emission predicted too prominent dust lanes.
On the other hand no energy balance problem was found when modelling face-on
galaxies (De Looze et al., 2014; Viaene et al., 2017; Verstocken et al., 2020; Nersesian
et al., 2020a,b; Inman et al., 2023; Pricopi et al., 2025).

In order to solve this long standing problem and find a consistent solution for both
face-on and edge-on galaxies, this work introduced quiescent clumps in the RT mod-

elling, and a novel approach in the description of the clumpy ISM. This approach
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treats the quiescent dust clouds (with no internal stellar sources) heated by the
diffuse interstellar radiation fields as ‘pseudo-dust grains’ with equivalent optical
constants given by the attenuation properties of the clouds. This introduces a sub-
grid approach in the RT models, allowing the parsec and subparsec scales to be

incorporated into the large-scale calculations of the galaxy discs (kiloparsec scales).

RT calculations of a single dust cloud illuminated externally by stellar radiation
fields were done to quantify the amount of absorption and scattering produced by the
clump. From these, the absorption and scattering efficiencies of the cloud, Q.5 and
Qsca, as well as the corresponding cross-sections, Clps and Cse,, were calculated. The
temperature of the dust within the cloud was also calculated, enabling the derivation
of the dust emission SEDs of the clouds. Since the calculation of the dust emission
SED depends on the intensity and colour of the radiation fields (RFs) heating the
dust in which the clump is embedded, SEDs were calculated for clumps exposed
to RFs of different strength and colour, and from this, a corresponding library of
dust emission SEDs for the clump was produced. In all these calculations the same
RT codes and techniques were utilised as for the large-scale galaxy calculations,
but for the geometry of the clump. Specifically, the RT codes from PT11 were
used. The results were also checked using the RT code DART-Ray (Natale et al.,
2014, 2015, 2017). Both codes employ a ray-tracing algorithm accounting for both
the absorption and anisotropic scattering of stellar light by dust grains of various
sizes and chemical composition. The dust model used is comprised of astronomical
silicates and carbonaceous grains in form of graphites and PAH molecules, with a

grain size distribution from Weingartner & Draine (2001), and optical constants

from Draine & Lee (1984) and Draine & Li (2007).

In the present model, the clumps have a volume emissivity described by spheri-
cally symmetric King profile (Lane, 1870; Emden, 1907; King, 1962), a core radius

r. = lpc, and a truncation radius ry = 1pc, with the dust opacity through the
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clump (from the centre to the truncation radius) of 75° = 1. These clumps describe
the cirrus-like clouds observed in the diffuse ISM, being optically thin in the opti-
cal range, but becoming progressively optically thick in the UV. Clumps that are
optically thick in the optical range have also been calculated, but were not found
to provide adequate solutions to the galaxy models, within the framework of the

existing dust grain properties.

The derivation of the extinction and emission properties of the clump enabled the
virtualisation of the macroscopic dust cloud into a microscopic pseudo-grain, that
was supplemented into the existing dust grain mixture of graphite, silicate grains,
and PAH molecules. This modified dust model was found to be characterised by
a flatter extinction curve. Thus a new parameter was added to the RT models of

galaxies—the fraction of total dust mass in clumps f°.

The new formalism was tested and applied to the prototype edge-on galaxy NGC 891,
for which the energy balance problem was first detected (Popescu et al., 2000). The
clumpy model with f¢ = 0.5 achieves better fits to the data than the pure diffuse
model, and most critically reproduces the dust lane seen in the J and K bands,

thus solving the energy balance problem for this galaxy.

The new formalism was then applied to a small sample of galaxies of various in-
clinations, to test the general applicability of the model. The sample was chosen
to include the face-on galaxies already modelled by us with the pure diffuse model,
M33 TP20, NGC 628 (Rushton et al., 2022), M51 (Inman et al., 2023), M101 and
NGC 3938 (Pricopi et al., 2025). In addition the sample includes the intermediate-
inclination galaxy NGC 3521. The edge-on galaxy NGC 5907 was also included and
showed some peculiar behaviour in previous RT modelling (Mosenkov et al., 2018),
where the optical/NIR images could not be adequately reproduced by the models,
even without the incorporation of constraints from the submm wavelengths. It was

found that the clumpy model successfully accounted for the panchromatic images

130



CHAPTER 8

of all galaxies in the sample, except for NGC 5907, for which some peculiarity in
the optical images still remain, indicating a more complex large scale geometry than

explored with these models.

The results of this analysis indicate that the clumpy models are characterised by
a reduction in attenuation with respect to the pure diffuse models, particularly at
shorter wavelengths in the UV. As a result the clumpy models predict a 21-64 %
reduction in maximum face-on optical depth in the B-band (7;) when compared to
their purely diffuse counterparts. This is primarily due to the allocation of a portion
of the dust mass away from the diffuse component, but also in part due to the
differences in modelling that arises from using a modified dust model. The reduced
optical depth is significant as only two of the eight galaxies modelled with the clumpy
model yield solutions with an optically thick centre (M101 and M51), with a further
two galaxies (NGC 891 and NGC 3521) being moderately optically thick. The
remaining four galaxies are optically thin with 7 < 1. In contrast, the diffuse models
predict that all the galaxies are optically thick, or moderately optically thick in their
centres. As a consequence to the reduced attenuation, the clumpy models predict
values of SFR 15-51 % lower than their purely diffuse counterparts. Because dust
attenuation does not strongly affect the NIR bands, the stellar masses determined
using the 3.6 um and 4.5 um fluxes described by Eskew, Zaritsky & Meidt (2012) are
relatively unchanged between the clumpy and diffuse models. This, in conjunction
with a reduced SFR, implies that the clumpy model systematically derives smaller

sSFR when compared to the pure diffuse counterpart.

To conclude, in addition to solving the energy balance problem, this study also
gives an answer to the long standing debate of whether spiral galaxies are optically
thin or thick. In their fundamental paper ‘Are spiral galaxies optically thin or

thick?” Xilouris et al. (1999) gave the following answer to the question:

“The face-on central optical depth is less than one in all optical bands, indicating
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that typical spiral galaxies like the ones that we have modelled would be completely
transparent if they were to be seen face-on.” The conclusion was reached from the
RT analysis of the optical/NIR images of spiral galaxies. The inclusion of the dust
emission in the overall RT modelling complicated the situation and changed the
answer in favour of galaxies being optically thick in their centre (Popescu et al.,
2000, 2011). However, the energy balance problem in edge-on galaxies indicated
that the definitive solution was yet to be found. The incorporation of the quiescent
clumps into the model returns the answer to the original one provided by Xilouris
et al. (1999), albeit with the backup of the panchromatic dimension. Indeed, in this
work it was found that spiral galaxies are overall optically thin when viewed face-on,

although some are still optically thick in their centre.

In future studies it would be essential to model the Milky Way with the new clumpy
models, and provide a revised solution to that provided by Natale et al. (2022).
It would also be of critical importance to produce new libraries of model SEDs,
to extend the ones already derived with the diffuse models (Popescu et al., 2011),
and apply them to large statistical samples, for the characterisation of the intrinsic

properties of galaxy populations.
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Appendix A

Calculating the Luminosity of
Light Incident on the Surface of a

Clump

For the configuration used to determine the absorption efficiency of the clump, the
following formalism was used to determine L, (A, r¢), the luminosity incident on the

clump, that is, the power the clump receives at its surface.

Given the luminosity of the illuminating shell Ly, one can then consider some lumi-
nosity element of the shell dLg that illuminates the clump. The related flux element
is
_dLy

4dd?

dF;
where d is the distance from the surface of the clump to the midpoint of the shell.

The geometric cross-section of the clump is A = 772, giving:

dLip. = 7T7“tQ dF;

:7T7’t4ﬂ_d2.
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As this is true for each element d Lg on the shell of emissivity, one can simply integrate

over the shell to get the total luminosity incident on the clump:

1
/dLmC = Wrt247rd2 /dLS

2

= Linc = 4T_C;2 Ls' (Al)
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Appendix B

Optical Cross-Sections by Mass of
the Dust in the Diffuse

Component

For the diffuse component, the absorption efficiencies Q9 and scattering efficiencies
d_ for the grains of composition i = {Si,Gra, PAH", PAHT} are tabulated by

Weingartner & Draine (2001). Integrating over the grain size distribution n; gives

the total mass of grains of composition i:

QAmax 47.‘.a3
Md,i:/ 3 ni(a)ﬂg,id% (B.1)

where 14, is the total mass of grains of composition ¢ per unit hydrogen in units
[gH™'], ni(a) is the number density of grains with size a in units [H™!], p,; is the
volume density by mass of grains of composition 7 in units [gecm™], a is the radius
of the grain in units [cm] and @, and ayay are the minimum and maximum grain

size respectively. Summing over grain composition i gives the total mass of grains
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in units [gH™!]:

Ha = Z,Ud,i- (B.2)

The absorption coefficient k3, for grain composition i is calculated as:
Gmax
o) = [ mn ()@ O a) do (B.3)
Qmin
where /ﬁgbsyi is the absorption coefficient of grains of composition 7 in units [cm? H™!]

and Q4,(A, a) is absorption efficiency of grains of composition i. Summing over

grain composition 7 gives the total absorption coefficient in units [cm? H™1]:
K’gbs<>‘) = Z '%gbs,i()‘)' (B4)

Dividing Equation B.4 by Equation B.2 gives the absorption cross section C3 (\):

Cgbs()‘) = (B5)

in units of [cm?g~!] which can be converted into units [pc? M_']. Similarly, the

scattering cross section is calculated by

Kea(A)

CSCa(/\) = La (B6)
Hd
where x4, is calculated similarly to %, _. The extinction cross section Cey () is the

sum of the absorption cross section and the scattering cross section:

d
Cext

(A) = Coha() + CL, ). (B.7)

abs
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Appendix C

Dust Mass and Stellar Luminosity

The spatial integration of the stellar volume emissivity and the dust density dis-

tribution described by Equations 3.1 and 3.2 up to the truncation radius R, ; and

truncation height z, where z > z; is given by

;

h? TR,]‘ lf Rin,j - O
] = 47TA0J' Zj sz . 1 [ 1 Xj 2 R?in,j
’ ’ | L+ %) Ry — (L= x5)
3 ( ? ) 7 N j_ Bin.g if Rin; >0
- %XjR‘?in,j] exp <—TJ> + h}Tr,
(C.1)
Rin j Rt j Rin j Rin j Rt j Rt j
To . = _ Jo %) g Iy 2 %
R,j exp ( hj ) exp ( hj ) + hj exp ( hj ) hj ex ( hj )
(C.2)
T.;=1—exp (—j—;) : (C.3)

Depending on what Ay represents the above equations can be used to calculate

the integrated luminosity of the stellar disc and the dust mass. When considering

a stellar component, Ag represents the central volume luminosity density Lo and

j ="'‘s’. Thus Equation C.1, C.2, C.3 are used to calculate the integrated luminosity
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of the stellar disc:
L=1 (L07 hs, zS) (04)

where hg and z; are the scale length and height stellar disc respectively.

Alternatively, for a dust component, Ag can take on the value of the central volume

density of dust, pg, given by

(C.5)

T]fg (Rin,d) €xXp (Rh—r;d>

2KB24

where 75 is the face-on optical depth in the B-band, kp is the mass extinction
coefficient in the B-band and j = ‘d’. Thus Equations C.1, C.2, C.3 give the dust
mass

Md =7 (pc, hd, Zd) (C6)

where hgq and zq are the scale length and height of the dust disc respectively.
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Appendix D

The Calibration of the Dust
Emission SEDs of the

Pseudo-Grain Component

The dust emission SED of a single clump, heated by a given radiation field is defined
as F\°. Since the average dust density in the clump, p>® (defined in Equation 4.12),
and the dust density of the diffuse dust (e.g., at the central position pg) are known,
the dust emission SED of the clumps corresponding to the same dust mass as in the

diffuse component can be derived.

The scaling factor for the central position 7.q is:

d
Po
Nea = (D.l)
pc,av

and the dust emission SED corresponding to clumps of the same mass as in the

diffuse component is

Fy = 5 (D2)
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where FY is the clump emission SED scaled to the dust density in the disc. This
form assumes that the total dust mass will be equally shared between the diffuse
and clumpy components. Letting the fraction of mass in clumps (Equation 4.23) be

a free parameter, Equation D.2 becomes

C C,S fC

(D.3)

Generalised to any position in a galaxy, p¢ = pd - n(R, 2) where n is the dust
density distribution normalised to the centre, the scaling factor becomes a function

of R and z,
Ned(R, 2) = ——— (D.4)

Finally, the dust emission SED of dust associated with clumps at any position in a

galaxy is given as:

F)?(R7 Z) - ncd(R7 Z)FCVS (D5)

D.1 Double Interpolation of Clump SEDs in RT
Calculations

As it is unfeasible to explicitly calculate the clump SEDs based on the radiation fields
of each position for each galaxy in the sample, a library of clumpy dust emission
templates as heated by radiation fields of various colours and intensity is utilised.
To get an even closer match for any given radiation field in a galaxy, a double
interpolation technique is applied. For a given position in the galaxy the strength
of the radiation fields can be determined using Equations 4.21-4.22, giving UV,
and OPT§p. Likely, these will not have been exactly calculated in the library so the
sampled values of UViyr and O PTRr that are immediately larger and smaller than

the real values are selected. Thus, for each UV and O PT{y of the galaxy there are
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two values UV4, UV, and OPTy, OPT, respectively, such that UV < UVEL < UV,
and OPT; < OPT{, < OPTs.

There are four clump SEDs corresponding to these four combinations, Fyv, opr .
Fov, oprys Fowi,opr,, and Fyy, opr,. Three interpolations are then performed.
First, OPT = OPT, is fixed, and an interpolation is performed between Fyv, opr,
and Fyv, opr, to give Fyye opr,. Secondly, OPT = OPT, is fixed, and an interpo-
lation is performed between Fyv, opr, and Fyv,, opr, to give Fyys opr,. Finally, an
interpolation is performed between Fyye opr, and Fyve opr, to get Fyve oprs, the

final clump emission SED for the given radiation fields.
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Appendix E

NGC 891 Fits to the Surface

Brightness Profiles and Maps

In this appendix, the fits to the surface brightness profiles and maps of NGC 891

are presented for all wavelengths where data were used.
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Figure E.1: NGC 891: Averaged horizontal SB profiles (mirrored about the central
vertical axis)(LH panel) and averaged vertical SB profiles (middle and RH panel)
of the pure diffuse model at the optical wavelengths. The observed SB profiles are
plotted with solid black line with the shaded banding indicating the uncertainty. The
solid red line indicates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences between the model

total and the observed profiles, D [%], are plotted in the panels below each profile,

with the dashed horizontal lines indicating £ 20 % deviation.
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Figure E.2: NGC 891: Same as Fig. E.1 for the diffuse model at NIR wavelengths.
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Figure E.3: NGC 891: Same as Fig. E.1 for the diffuse model at MIR/FIR wave-

lengths.
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0 10 0 10 0 10
Horizontal (kpc)

Figure E.4: NGC 891: Averaged horizontal SB profiles (mirrored about the central
vertical axis) of the pure diffuse model at wavelengths in the FIR/submm. The
observed SB profiles are plotted with the solid black line with the shaded banding
indicating the uncertainty. The solid red line indicates the model total, with the
individual component contributions plotted with the dashed and dotted lines. The
percent differences between the model total and the observed profiles, D [%], are
plotted in the panels below each profile, with the dashed horizontal lines indicating
+20 % deviation.
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Figure E.5: NGC 891: Fits of the pure diffuse model to the surface brightness maps.
Left: surface brightness maps of NGC 891, mirrored about their vertical central
axis. Middle: surface brightness maps of the corresponding diffuse model images.
Right: residuals between the data and model images calculated as D = (M — O) /O.

Masked foreground stars are marked in teal.
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Figure E.6: NGC 891: Averaged horizontal SB profiles (mirrored about the central
vertical axis) (LH panel) and averaged vertical SB profiles (middle and RH panels) of
the clumpy model at the optical wavelengths. The observed SB profiles are plotted
with solid black line with the shaded banding indicating the uncertainty. The solid

red line indicates the model total, with the individual component contributions

plotted with the dashed and dotted lines. The percent differences between the

model total and the observed profiles, D [%], are plotted in the panels below each

profile, with the dashed horizontal lines indicating 4 20 % deviation.
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Figure E.7: NGC 891: Same as Fig. E.6 for the clumpy model at NIR wavelengths.
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Figure E.8: NGC 891: Same as Fig. E.6 for the clumpy model at MIR/FIR wave-

lengths.

160



CHAPTER E
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Horizontal (kpc)

Figure E.9: NGC 891: Averaged horizontal SB profiles (mirrored about the vertical
axis) of the clumpy model at wavelengths in the FIR/submm. The observed SB
profiles are plotted with the solid black line with the shaded banding indicating
the uncertainty. The solid red line indicates the model total, with the individual
component contributions plotted with the dashed and dotted lines. The percent
differences between the model total and the observed profiles; D [%], are plotted
in the panels below each profile, with the dashed horizontal lines indicating 420 %

deviation.
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Figure E.10: NGC 891: Fits of the clumpy model to the surface brightness maps.
Left: surface brightness maps of NGC 891, mirrored about their vertical central
axis. Middle: surface brightness maps of the corresponding diffuse model images.
Right: residuals between the data and model images calculated as D = (M — O) /O.

Masked foreground stars are marked in teal.
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Appendix F

NGC 5907 Fits to the Surface

Brightness Profiles and Maps

In this appendix, the fits to the surface brightness profiles and maps of NGC 5907

are presented for all wavelengths where data were used.
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Figure F.1: NGC 5907: Averaged horizontal SB profiles (mirrored about the central
vertical axis)(LH panel) and averaged vertical SB profiles (middle and RH panel)
of the pure diffuse model at the optical wavelengths The observed SB profiles are
plotted with solid black line with the shaded banding indicating the uncertainty. The
solid red line indicates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences between the model
total and the observed profiles, D [%], are plotted in the panels below each profile,

with the dashed horizontal lines indicating £ 20 % deviation.
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Figure F.2: NGC 5907: Same as Fig. F.1 for the pure diffuse model at the NIR

wavelengths.
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Figure F.3: NGC 5907: Averaged horizontal SB profiles (mirrored about the central
vertical axis) of the pure diffuse model at wavelengths in the FIR/submm. The
observed SB profiles are plotted with the solid black line with the shaded banding
indicating the uncertainty. The solid red line indicates the model total, with the
individual component contributions plotted with the dashed and dotted lines. The
percent differences between the model total and the observed profiles, D [%], are
plotted in the panels below each profile, with the dashed horizontal lines indicating
+20 % deviation.
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Figure F.4: NGC 5907: Fits of the pure diffuse model to the surface brightness maps.
Left: surface brightness maps of NGC 5907, mirrored about their vertical central
axis. Middle: surface brightness maps of the corresponding diffuse model images.
Right: residuals between the data and model images calculated as D = (M — O) /O.

Masked foreground stars are marked in teal.
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Figure F.5: NGC 5907: Averaged horizontal SB profiles (mirrored about the central
vertical axis)(LH panel) and averaged vertical SB profiles (middle and RH panel) of
the clumpy model at the optical wavelengths The observed SB profiles are plotted
with solid black line with the shaded banding indicating the uncertainty. The solid
red line indicates the model total, with the individual component contributions
plotted with the dashed and dotted lines. The percent differences between the
model total and the observed profiles, D [%], are plotted in the panels below each

profile, with the dashed horizontal lines indicating 4 20 % deviation.
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Figure F.6: NGC 5907: Same as Fig. F.5 for the clumpy model at the NIR wave-
lengths.
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Figure F.7: NGC 5907: Averaged horizontal SB profiles (mirrored about their cen-

tral vertical centre) of the clumpy model at wavelengths in the FIR/submm. The

observed SB profiles are plotted with the solid black line with the shaded banding

indicating the uncertainty. The solid red line indicates the model total, with the

individual component contributions plotted with the dashed and dotted lines. The

percent differences between the model total and the observed profiles, D [%], are

plotted in the panels below each profile, with the dashed horizontal lines indicating

4+ 20 % deviation.
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Figure F.8: NGC 5907: Fits of the clumpy model to the surface brightness maps.
Left: surface brightness maps of NGC 5907, mirrored about their vertical central
axis. Middle: surface brightness maps of the corresponding diffuse model images.
Right: residuals between the data and model images calculated as D = (M — O) /O.

Masked foreground stars are marked in teal.
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Appendix G

Surface Brightness Profile Fits for
the Clumpy Model

This appendix contains all the fits to the surface brightness profiles used in con-
straining the clumpy models for the face-on and intermediate inclination galaxies in

the sample.
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Figure G.1: M33: fits to the azimuthally averaged surface brightness profiles of the
best fitting clumpy model in the UV and optical. The data is plotted with the
solid black line and the corresponding uncertainties are shown by the grey shaded
regions. The model total is plotted with the red solid line, and the individual model
components are plotted with the dashed coloured lines. The smaller panels beneath

each plot show the per cent residuals with the red solid line. The dashed lines

represent the 4 20% residuals.
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Figure G.2: M33: Same as Fig. G.1 for the NIR and MIR bands. The dust emission
is plotted with the dotted lines.

174



CHAPTER G

102

10t

100

(I,) (MJy sr™1)

102
101 F ¢

10°

(I,) (MJy sr™1)

1071

50

D (%)

—50

10t

100

(I,) MJy sr™

101

50

D (%)

—50

8 10 0

Radius (kpc)

Figure G.3: M33: Same as Fig. G.2 for the FIR and sub millimetre bands.
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Figure G.4: M51: Same as Fig. G.1 for the clumpy model of M51.
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Figure G.7: M101: Same as Fig. G.1 for the clumpy model of M101.
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Figure G.8: M101: Same as Fig. G.7 for the NIR and MIR bands. The dust emission

is plotted with the dotted lines.
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Figure G.9: M101: Same as Fig. G.8 for the FIR and sub millimetre bands.
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Figure G.10: NGC 628: Same as Fig. G.1 for the clumpy model of NGC 628.
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Figure G.11: NGC 628: Same as Fig. .10 for the NIR and MIR bands. The dust

emission is plotted with the dotted lines.
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Figure G.12: NGC 628: Same as Fig. G.11 for the FIR and sub millimetre bands.
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Figure G.13: NGC 3521: Same as Fig. G.1 for the clumpy model of NGC 3521.
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Figure G.14: NGC 3521: Same as Fig. G.13 for the NIR and MIR bands. The dust

emission is plotted with the dotted lines.
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Figure G.15: NGC 3521: Same as Fig. G.14 for the FIR and sub millimetre bands.
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Figure G.16: NGC 3938: Same as Fig. G.1 for the clumpy model of NGC 3938.
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Figure G.17: NGC 3938: Same as Fig. G.16 for the NIR and MIR bands. The dust

emission is plotted with the dotted lines.
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Figure G.18: NGC 3938: Same as Fig. G.17 for the FIR and sub millimetre bands.
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Appendix H

SEDs for the Clumpy Model

This appendix contains all the spatially integrated SEDs of the clumpy models for

the face-on and intermediate inclination galaxies in the sample.
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Figure H.1: M33: The spatially integrated model SED of the clumpy model plotted
with the observed data (black squares) and the associated uncertainties (which are
mainly contained in the black squares). Contributions from each of the galaxy
components (dashed lines) and the intrinsic stellar SED (solid brown line) are also
shown. The lower panel shows the per cent difference between the model SED
and the observed data. To guide the eye dashed lines are plotted to show £20%

deviation.
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Figure H.3: Same as Fig. H.1 for the clumpy model of M101.
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Appendix 1

Geometrical Parameters Derived

for the Clump Model

This appendix contains tables comparing the geometrical parameters constrained

for diffuse and clumpy models of the galaxy sample.

Table I.1: The free geometrical parameters of the best fitting diffuse (middle col-
umn), and clumpy models (right column) of M33, denoted with ‘d” and ‘¢’ respec-

tively. The superscripts ‘n’, ‘i’, ‘m’ and ‘o’ found in the notation for the different

parameters denote the nuclear, inner, main, and outer discs, respectively.

Parameter d C

tdisc—(n,i, m, 0
Jytdise—(n,i.m.0)

0.02, 0.10, 1.50, 0.60) 0.02, 0.13, 1.80, 0.65)

htsiisc—(i, m, 0) (B)

(

(0.05, 1.80, 1.00)
pe(me) (0.15, 9.00, 1.00)

(

(

(

0.05, 1.80, 1.00)
0.15, 8.00, 1.30)

tdisc—(n, i, m, 0)
S

disc—(i, m, o)
s

1.00, 1.00, -20.00) 1.00, 1.00, -20.00)

disc—(i, m, 0)
d

(
(
(
1.00, 0.00, 0.75, -20.00) (1.0, -0.80, 1.10, -20.00)
(
(

0.00, 0.75, -20.00) -1.10, 1.00, -20.00)
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Table I.2: The geometrical parameters fixed from data and theoretical considerations

of M33. The values are the same between the diffuse and clumpy models. The

superscripts

[P (SR

m’ and ‘0’ found in the notation for the different parameters

denote the nuclear, inner, main, and outer discs, respectively.

Parameter

thisc—(n, i, m,0)

in,s

Rdiscf(i7 m, o)

in,s

disc—(i, m, o)
Rin,d

tdisc—(n, i, m, 0)
Rtin,s

disc—(i, m, o)
Rtin,s

disc—(i, m, o)
Rtin,d

tdisc—(n, i, m, 0)
Rt,s

disc—(i, m, o)
Rt,s

disc—(i, m, o)
Rt,d

tdisc—(n, i, m, 0)
Zs

disc—(i, m, 0
dise—(i.m.0)

disc—(i, m, o)
d

0.00, 0.25, 2.00, 7.10)
0.00, 0.00, 7.10)

0.25, 2.00, 7.10)

0.00, 0.00, 0.60, 6.76)
0.00, 0.00, 6.76)

0.00, 0.60, 6.76)

0.10, 0.75, 7.00, 10.00)
0.50, 7.00, 10.00)
1.00, 7.00, 10.00)
0.09, 0.09, 0.09, 0.09)
0.19, 0.19, 0.19)
0.16, 0.16, 0.16)
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Table 1.3: Same as Table 1.1 for M51.

Parameter

d

C

tdisc—(i, m, 0
jytdise—(,m. o)

hgisc—(i, m, o) (B)

tdisc—(i, m, o)
s

0.60, 4.30, 1.45)
0.74, 3.80, 2.00)

0.10, -0.70, 2.00)

0.55, 6.50, 1.80)
0.72, 5.50, 2.40)

0.15, -0.60, 2.00)

( (
( (
pise(m;) (5.00, 6.00, 3.60)  (4.70, 6.00, 4.50)
( (
( (

disc—(i, m, 0)
s

0.00, 1.50, -5.00) (0.00, 1.50, -5.00)

yJise=(bm.0) (0.45, 1.00, -1.00)  (0.50, 0.75, -1.00)
R. 0.35 0.40

b

i 1.00 1.00

a

Table 1.4: Same as Table 1.2 for M51.

Parameter value

RS Gmo) | (0,70, 2.70, 7.10
Rdisc—(i, m, o)

in,s

(0.00, 2.70, 7.10

)
)
Ry~ G| (0.80, 2.70, 7.10)
R0l | (0,00, 1.86, 6.70)
R0 (0,00, 1.86, 6.76)
Ry ™91 (0.00, 1.86, 6.70)

Rtt;iiscf(i, m, o) (190’

(1.90, 6.80, 20.00)

6.80, 20.00)

disc—(i, m, 0)
Rt,s

}2disc—(i7 m, o)

od (1.90, 6.80, 20.00)

idise=lmo) 1 09, 0.09, 0.09)
pdise=(bme) | 919, 0.19, 0.19)

Zgsemmo) 10,16, 0.16, 0.16)
g 4.0
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Table 1.5: Same as Table 1.1 for M101.

Parameter

d

C

tdisc—(n, i, m
jytdise—(n,m)

],LgiSC—(i7 In) (B)

disc— (i, m
pdise—Gim)

tdisc—(n, i, m)
s

disc— (i, m)
s

disc— (i, m
Xo (i, m)

Re
b
a

(0.06, 0.40, 5.20)
(0.40, 3.70)
(0.90, 8.00)
(0.00, 1.60, 0.10)
(0.00, 0.10)
(0.00, 0.40)

0.46

0.60

(0.08, 0.50, 5.50)
(0.50, 4.30)
(0.75, 8.50)
(0.00, 1.60, 0.10)
(0.00, 0.10)
(0.00, 0.40)

0.46

0.60

Table 1.6: Same as Table 1.2 for M101.

Parameter

Value

tdisc—(n,i, m
ptdise—(n,i,m)

in,s

Rdisc—(i, m)

in,s

disc— (i, m)
Rin,d

tdisc—(n, i, m)
Rtin,s

Rdisc—(i, m)

tin,s
R ™™
R:iiscf (n,i,m)
Rgissc—(i, m)

disc— (i, m)
Rt,d

tdisc—(n, i, m)
s

disc—(i, m)
s

disc—(i, m)
“d

Tg

(0.00, 0.00, 2.50)
(0.00, 0.00)
(0.00, 2.50)
(0.00, 0.00, 0.00)
(0.00, 0.00)
(0.00, 0.00)
(1.00, 2.50, 30.00)
(2.50, 30.00)
(2.50, 30.00)
(0.09, 0.09, 0.09)
(0.40, 0.40)

(0.27, 0.27)

2.0
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Table 1.7: Same as Table I.1 for NGC 628.

Parameter | d ¢
pidise=Gm) 1,90, 2.80)  (0.15, 3.10)
pdise=m(B) | 2.90 3.30
pgise—m 7.30 7.80
xadise=(m) 0,00, 0.35)  (0.00, 0.70)
yise—m 1.00 1.00
xgse™ 0.80 0.75

Re 0.82 0.82

g 0.60 0.60

Table 1.8: Same as Table 1.2 for NGC 628.

Parameter | Value

thiscf (i, m)

in,s

(0.55, 4.50)
Rfiisc—m 0

in,s

Rdisc—m 3.70

in,d
R "™ ] (0,0.62)
Rdisc—m 0

tin,s
Rize™ 0.30
R0 (20,0, 20.0)
R{ze™ 20,0
Re™ 1200
z;discf(i, m)

(0.09, 0.09)
pdise—m 0.22

S

Zgsem 0.14

N

2
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Table 1.9: Same as Table I.1 for NGC 891.

Parameter | d ¢
petsetm 1(3.0,3.0) (3.0, 5.0)
h(siiscfm<B> 10.0 10.0

pisemGm (3.0, 11.0) (3.0, 10.0)
yidise=Gm) 00, 1.0) (0.0, 1.0)
ydise—m -1.0 0.0
xgse=tm) 10,00, -0.85)  (0.00, -0.90)
zdise=m( By | (.32 0.50

S

2028, 0.28)  (0.28, 0.28)

Re(B) 1.60 1.44
b
~(B) 0.39 0.47

Table 1.10: Same as Table 1.2 for NGC &891.

Parameter | Value

RidEe=Gm) .0, 0.0)

in,s
disc—m
R 3.0

Ry =™ (0.0, 3.0)
RiEe=Gm) (.0, 3.0)

tin,s
Rise™ 0.0
Ry ™ | (1.0, 3.0)

R EmI (3.0, 14.0)
Rifisemm 14.0
RETO™ (3.0, 14.0)

Zidise=m) .09, 0.09)

N 4
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Table 1.11: Same as Table 1.1 for NGC 3521.

Parameter

d

C

hgdisc—(i7 m, o)
h;hsc—(m, 0)

disc—(m, o
pdise— (.0

tdisc—(i, m, o)
s

disc—(m, o)
s

disc—(m, o
X3 (m,0)

Re
b
a

(0.50, 3.30, 2.30)
(2.00, 4.10)
(7.50, 7.50)
(0.10, -0.50, 2.50)
(1.00, 2.00)
(-0.10, 1.00)

0.55

0.50

(0.50, 3.40, 2.80)
(2.00, 4.10)
(7.80, 7.00)
(0.10, -0.60, 2.50)
(1.00, 2.00)
(0.00, 1.00)

0.60

0.50

Table 1.12: Same as Table 1.2 for NGC 3521.

Parameter | d

Ritiisscf(hmvo) (0.00, 1.30, 10.00)
R (0,00, 7.00)
Ry~ | (1.30, 7.00)
Ryl | (0,00, 0.50, 6.50)
R (0,00, 6.50)
Rgif;—(m@) (0.00, 6.50)
Rziiscf(i: m:9) 1 (1.00, 6.30, 20.00)
R0 (6,50, 20.00)
Rfﬁc_(m’o) (6.30, 20.00)
tdise=(hm.0) 10,09, 0.09, 0.09)
disc—(m, o) (0.19, 0.19)

2§ tmo) (0,16, 0.16)

n, 2.0
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Table 1.13: Same as Table 1.1 for NGC 3938.

Parameter | d c

hldise 3.20 3.80
hdise(B) 3.00 3.15
hdise 9.00 7.50
yLdise 1.10 1.40
ydise 1.00 1.00
yJise 1.00 0.60
R, 0.53 0.53
g 0.94 0.94

Table 1.14: Same as Table 1.2 for NGC 3938.

Parameter | Value
L
R
Rl |2
R0
R |0
Rz o
Ry 14
Ry 17
R 14
zbdise 0.09
zdise 0.19
Jise 0.16
Ng 1
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Table 1.15: Same as Table 1.1 for NGC 5907.

Parameter | d c

h;disc—m 5.50  6.00
h;iiscfm(g> 7.80 &.20
hgisc—m 15.0 14.0
X‘;disc—m -0.50 -0.50
ydise—m 20  -2.0
Xgisc—m -1.0  -1.0
Zdisc—m(g) 0.44 0.52

S

Zgise—m 0.30 0.30

Re(g) 1.0 1.0
b
~(9) 0.40  0.48

Table 1.16: Same as Table [.2 for NGC 5907.

Parameter | Value
Rgx o
Ridnif 0
Rﬁfg 2
Riise 10

oo
Rﬁfisisc 23
Rﬁissc 23
Riijc 23
ztdisem 0.09
Ng 1
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Table 1.17: Values for the wavelength dependent parameters of the clumpy model

for each galaxy.

Galaxy Parameter | B V 1 J Ky 3.6pum 45um 5.8um

M33 plisc—m 180 175 165 105 115 1.75 180  1.40
pise—i 0.05 007 012 005 010 012 013  0.09
plise—o 1.00 100 1.00 1.00 1.00 1.00 1.00  1.00

M51 plisc—m 550 4.60 418 370 3.80 440 460  7.00
pise—i 0.72 068 070 0.67 066 072 077  1.10
pllisc—o 240 230 230 1.90 200 260 260  2.00

M101 pdise—m 430 430 410 350 3.60 3.65  3.60  3.70
pise—i 050 050 0.50 040 040 030 020  0.10

NGC 628  pdise=m 330 320 290 268 264 290 290  2.80

NGC 891  pdise=m 10.00 7.00 530 440 400 420 420  3.60
2 0.50 0.50 046 0.36 031 030 031 027
b 047 047 047 047 047 047 047 047
a
R, 144 144 144 144 160 160 160  1.44

NGC 3521 pdise=m 200 200 220 260 2.80 280 290  4.30
pise—o 410 410 430 410 415 390  3.80  3.70

NGC 3938  pdise—m 315 3.00 3.00 265 250 280 280  2.80

NGC 5907 pdise—m 820 6.70 6.30 5.00 500 480 470  4.50
2 052 050 052 045 043 044 043  0.42
b 048 048 044 036 050 038 038  0.38
a
R 1.00 100 1.00 1.00 080 1.00  1.00  1.00

]
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Appendix J

Dust Masses of the Galaxy Sample

This appendix contains the integrated dust masses for each galaxy in the sample.
Table J.1 shows the dust mass of the inner, main, and outer discs (columns 2-4),

and the global dust mass (column 5).

Table J.1: Dust masses derived with the clumpy model for each galaxy. The sub-

[SR AN

scripts ‘i’, ‘m’, ‘o’ indicate the dust mass in the inner, main, outer discs, respectively,

and ‘tot’ indicates the global dust mass

Galaxy Mg Mg m Mg, Mg so1
(X10°Mg)  (x10"Mg) (x10"Mg) | (x10"My)
M33 1.0440.10 1.114+0.08 0.23+0.021 | 1.35+0.08
M51 86.6 8.6 2.85+0.19 3.06+0.27 | 6.78+£0.34
M101 8.32+0.82 9.65+0.65 - 9.73+£0.65
NGC 628 | 0.78£0.077 8.06+0.54 - 8.06 +£0.54
NGC 891 | 58.1£5.7 6.43+0.43 - 7.01£0.43
NGC 3521 | - 2.87+0.19 4914044 | 7.78+£0.48
NGC 3938 | - 4.904+0.33 - 4.90+0.33
NGC 5907 | - 12.4+0.83 - 12.44+0.83
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