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ABSTRACT

This work presents the scaling relations for the redshift zero galaxies in the SIMBA1

cosmological hydrodynamic simulations. The aim is to test the degree to which the

SIMBA simulations reproduce the physical properties observed in real galaxies, as this

simulation has advanced dust models that will better our understanding of hydrodynamic

simulation’s sub-grid models, galaxy formation, and galaxy evolution. To achieve this,

we studied and compared the scaling relations of observed galaxies from the DustPedia2

observational database and the scaling relations of the SIMBA simulated galaxies. We

selected galaxies ranging from a minimum stellar mass of 109M⊙ and a minimum spe-

cific star-formation of 1010.5/yr to the upper limit of the galaxies in the snapshot. These

selection criteria are used to make sure that our sample contains galaxies with an active

interstellar medium3(ISM). We employed a radiative transfer code called SKIRT to derive

the simulated galaxies’ fluxes ranging from UV to sub-mm wavelengths. Then we used

previous literature equations to estimate the galaxies’ inferred physical properties. We

also included the EAGLE (Evolution and Assembly of GaLaxies and their Environment)

cosmological hydrodynamic simulations dataset that was studied by Camps et al. (2016)

to compare the performance between the two simulations. Our results show that SIMBA

galaxies mimic the star-formation quenching observed in real massive galaxies very well;

the results further show that this was the case for SIMBA but not for EAGLE cosmologi-

cal simulations. We found more agreement between observations and SIMBA simulated

galaxies in the f250/f350 versus f350/f500 submm colour–colour relation and dust scaling

relations. On the other hand, we discovered a discrepancy in the dust-to-stellar versus

NUV-r colour relation in SIMBA simulated galaxies. We also found a discrepancy in the

submm colour–colour relation for EAGLE galaxies’ dust scaling relations. Overall, both

simulations, when coupled with SKIRT, can reproduce observations and each simulation

has room for improvement.

1http://simba.roe.ac.uk/
2www.dustpedia.com
3The environment between the star systems

x

http://simba.roe.ac.uk/
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1 Introduction

Cosmological hydrodynamic simulations use the numerical implementation of theoretical

physics to reconstruct the physical events of the current universe. They enable the analysis

of particles at different redshifts and are built on cosmological boxes of various sizes in

mega-parsecs (Mpc). For more than a decade now, these simulations have been valuable

tools in galaxy formation and evolution studies (Vogelsberger et al., 2020a). However,

cosmological simulations have limitations because galaxy evolution and formation pro-

cesses, such as star formation and feedback, are not fully understood. They cannot fully

reproduce what is seen in observations. In this project, we test the degree to which the

SIMBA hydrodynamic simulation succeeds in reproducing observations by studying and

comparing the scaling relations of observed galaxies in the DustPedia database with the

same scaling relations for the simulated SIMBA galaxies. We also incorporated Camps

et al. (2016) EAGLE hydrodynamic simulation dataset, as the two studies are similar,

which enabled us to study and compare the two simulations with observations.

This introductory chapter comprises several sections. The first, Section 1.1, provides a

background to galaxy formation and evolution theory. Section 1.2 introduces the scaling

relations studied in this project, and Section 1.3 describes the observational data. Section

1.4 briefly describes SIMBA simulations, Section 1.5 describes the EAGLE simulations,

and in Section 1.6, we discuss the issue of cosmological simulation, which this research

will contribute towards. Section 1.7 provides a background on the SKIRT code used to

create this work’s mock observational fluxes. After that, Section 1.8 describes the current

research’s aims, objectives, questions, and significance. Finally, Section 1.9 discusses the

research limitations within this thesis, and Section 1.10 provides the thesis overview.

1



http://etd.uwc.ac.za/

1.1 Galaxy formation and evolution sub-grid models in cosmological

simulations

This section discusses the basic physics background and sub-grid models of galaxy for-

mation in cosmological simulations illustrated in Figure 1.

Figure 1: The hierarchical galaxy formation shows how galaxies formed from the early homoge-

neous and isotropic universe (Abraham & van den Bergh, 2001).

2
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Gravity and cosmic structure formation

We believe that the Universe is a composition of baryons that are dominated by dark mat-

ter, and dark energy. Galaxy evolution theory assumes that the Universe’s initial condi-

tions were homogeneous and isotropic. However, the dominant hypothesis suggests quan-

tum fluctuations are responsible for instability in the early Universe because no structure

would have formed should the Universe remain homogeneous and isotropic without any

disturbances. The fluctuations and the gravitational instability changed the Universe’s

homogeneous and isotropic state. The state change caused some regions to have more

gravitational pulling than others, resulting in the Universe becoming non-linear and form-

ing over and under dense regions. Due to the universe expansion, cosmological simula-

tions’ density growth rate is σ ∝ tα where α > 0, parameters may vary with different

cosmological simulations and conditions. (Cole et al., 1994; Angthopo, 2021).

Gas cooling

Due to gravitational instability across the Universe, some regions become dense to the

point where the cooling effect becomes essential. Over-dense area emits strong shocks

that cause gas entropy. Hotter gas, such as T > 107K, will be collisionally ionised

and cool via free-free emission (Brussaard & Van de Hulst, 1962). Hot gas (104K <

T < 107K) ionised atoms will decay to the ground state, making it possible for the

recombination of electrons and ions. Gases with temperatures below 104K will cool due

to heavy element excitation, de-excitation, and molecular cooling. The gas cooling in the

over-dense region will lead to the formation of molecules. This is because when the area

cools enough, it promotes the inflow of large gas quantities, loses pressure support, and

collapses until its angular momentum supports it. In due course, molecules will trigger the

formation of pro-galaxies that are surrounded by dark matter halos. (Birnboim & Dekel,

2003). In the cosmological simulations, cold mode accretion occurs when the gas flows

in along with the cold, dense filaments (Kereš et al., 2005).

Star formation

Star formation is one of the ongoing studies in galaxy formation and evolution since it is

not yet fully understood (Kroupa, 2002; Chabrier, 2003; Kapoor et al., 2021). Neverthe-

less, it has been observed that when gas collapses in the central region of a dark matter

3
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halo, it begins to self-gravitate. Gas densities increase with gas cooling, which leads to

the formation of complex molecules such as Giant Molecular Clouds (GMC). The GMC

contains dense core clouds that collapse until they reach high densities that trigger nu-

clear fusion. Simulations do not resolve the scale at which the GMC and individual cores

form. Instead, cosmological simulations use empirical sub-grid recipes for star formation

modelling.

Black hole formation and growth

Another poorly understood subject modelled using the sub-grid recipes in cosmological

simulations is black hole (BH) formation and their growth. However, BHs formed in the

early Universe, and predictions suggest that the growth of BHs may be due to the accretion

of gas with little angular momentum or accumulation of gas via viscosity (Volonteri, 2010;

Netzer, 2013).

Feedbacks

There is a contradiction between what is seen in observations and what is predicted by the-

ory. Observations show that only 10% of the global baryon has turned into stars (Angth-

opo, 2021). On the other hand, theory over-predicts the observed gas cooling, indicating

that other sources continue to heat the interstellar gas responsible for star formation, caus-

ing star formation quenching. We referred to these sources as ’feedbacks’, implemented

via the sub-grid models in cosmological simulations.

Star formation and supernova feedback

Cosmological events such as supernova4 explosion release high energy into their sur-

rounding ISM, and the released energy heats the surrounding ISM gas. The released

energy also causes galactic winds that eject cool gases out of their galaxies, causing star-

formation quenching since the galaxy no longer has enough cool gas for star formation

(Dekel & Silk, 1986). Most cosmological simulations implement this effect on their galac-

tic scale using the sub-grid recipes as they cannot resolve this process in detail (Somerville

& Davé, 2015).
4An explosive cosmological event occurring when a massive star dies.

4
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Active galactic nuclei feedback

All galaxies have a central supermassive black hole (SMBH) that co-evolves with its host

galaxy as it accretes large amounts of gases from its surroundings (Somerville et al.,

2008). This results in the presence of active galactic nuclei (AGN) activities. As with

supernovae, AGNs release high energy that heats up and ejects the gas in galaxies. The

energy release is perpendicular to the SMBH spin direction (Nelson et al., 2018; Dashyan

et al., 2019). The physics of AGNs and SMBHs is not yet fully understood; thus, simula-

tions use the sub-grid recipes to implement the event.

1.2 Scaling Relations

Scaling relations are old tools used to understand the galaxies’ formation, evolutionary

history, and internal physics; examples include the Tully Fisher relation used to determine

the galaxy distances (Tully & Fisher, 1977), the elliptical galaxies’ fundamental plane

relation (Jørgensen et al., 1996), the main sequence relation showing the relationship

between the SFR and galaxy stellar mass (Brinchmann et al., 2004; Tomczak et al., 2016),

and many others that have been found in the past few years (Casasola et al., 2020). This

section starts with a briefing on the common or known scaling relations within the study.

Then after the section ends by introducing scaling relations studied in this project.

Faber-Jackson relation

L ∝ σ4 (1)

Faber-Jackson scaling relation is a relation commonly used to study early-type stars. The

relation shows the relationship between the luminosity, apparent magnitude, and stellar

velocity dispersion of galaxies. Figure 2 shows the Faber Jackson relation for early-type5

galaxies, the figure is taken from Sanders (2010), it shows the distance between galaxies.

The luminosity is plotted against log(σ4/Ga0). Both curves show that M = c2Σ
4
e/Ga0,

where the upper M line shows when c2 = 20.25 and the lower curve (N) shows when

c2 = 1 (Highly Newtonian objects).

5galaxies that are dominated by an old stellar population and are mainly spheroidals or ellipticals

5
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Figure 2: In the image above

is the Faber-Jackson relation

(blue line), which is the rela-

tionship between the size of

an elliptical galaxy (red stars)

and its dispersion velocity (y-

axis). (Wikipedia contribu-

tors, 2021a)

Figure 3: This image shows

the general model of a color

diagram. On the x-axis is lu-

minosity, and on the y-axis is

color (in magnitudes). There

are three known galaxy pop-

ulations shown on the color-

magnitude diagram. A blue

cloud galaxy is in the lower

color-magnitude range, a red

sequence is in the higher

magnitude range, and a green

valley lies between the two

populations. (Wikipedia con-

tributors, 2021b)

Figure 4: The Tully-Fisher re-

lationships of lenticular galax-

ies (blue dots) and spiral galax-

ies (black dots) are shown

in this image. The straight

lines (blue and black) indi-

cate the rotational velocities (y-

axis) and the magnitudes (x-

axis) of the data sets. (Com-

mons, 2020)

Color-magnitude relations

Magnitude = M

Mx = −2.5 ∗ log(Fx ∗ (D/10) ∗ ∗2/3631)

Mx −My = −2.5log(Fx)− (−2.5log(Fy)) (2)

where Mx is absolute magnitude of xth galaxy, Fx is flux , and D is distance from

observer.

6
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By utilizing colour as an indicator, the colour-magnitude relation investigates the rela-

tionship between galaxy luminosity and stellar population metallicity. Figure 3 is a rough

sketch of a colour-magnitude diagram showing different galaxy populations. In the red

sequence galaxies, there are higher colour magnitudes; in the green valley galaxies, there

are between red and blue clouds. In the blue cloud, galaxies are characterized by lower

colour magnitudes, as shown in the figure. It is known that the red clusters are early-type

galaxies because elliptical galaxies dominate them. The green valley is a mixture of both

red and blue cloud galaxies. Late-type6 galaxies dominate the blue cloud and are mainly

spiral arms galaxies. One of the best tools to use to determine a galaxy cluster’s age or flux

is the HR diagram 7. Research has also advanced to the point that The colour-magnitude

diagram can also be used, instead of measuring the galaxy’s stellar light, the galaxy lumi-

nosity ratios between two spectral bands can be used to determine the galaxy temperature.

These ratios are referred to as colours and are expressed as the difference between two

spectral bands’ magnitudes (equation 2). Another one is the Color-color magnitude, the

best option in a case where the cluster distance is not known since the colour-colour plot

is independent of the distance. The colour-colour plot can be used to separate galaxies of

different types. The position of a galaxy in a colour-colour plot is related to the coolness

or warmness of the galaxy and its age.

Tully-Fisher relation

The Tully-Fisher scaling relation shows the relationship between galaxy rotational veloc-

ity and luminosity (see figure 4) and can be used as a distance indicator. Brent Tully and

Richard Fisher discovered this relationship in 1977. They discovered that neutral hydro-

gen electron spin-flip 21 cm emission could be used to measure the galaxy’s rotational

velocity. Also, the 21 cm emission line can be used to identify the size of a galaxy emit-

ting light (broad emission line for large galaxies, narrow emission line for small galaxies).

As shown in equation 3, equation 3 is the Tully Fisher Relation, the line width of the

spectrum is a proxy of galaxy rotation 2Vmax, and the galaxy rotation is correlated with

luminosity. An estimate of the galaxy’s distance can be determined from the luminosity

and magnitude of the galaxy (Koda et al., 2000).

6star-forming galaxies and mostly spiral
7A diagram showing the relationship between the luminosity and temperature of stars

7
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L = V 4
max (3)

For this work, we study the simulated galaxies’ scaling relations to understand the ISM

of the galaxies and compare it with real galaxies. Specifically, we focus on luminosities

and dust’s physical properties scaling relations because we are interested in studying the

ISM for the selected sample of galaxies. We further focus on the MIR and FIR fluxes for

the luminosities’ scaling relations because we already know and also show our findings’

physical property proxies connected to each studied luminosities. This relation is appro-

priate for identifying the galaxies’ flux discrepancies. For the dust scaling relations, we

study the dust-to-stellar mass ratio (Mdust/M∗) relations versus stellar mass (M∗); this re-

lation enables the understanding of the galaxies’ dust enrichment in terms of stellar mass

growth (Hou et al., 2019). We also study (Mdust/M∗) relations versus NUV-r colour be-

cause the NUV-r colour is a good sSFR proxy (Schiminovich et al., 2007). Finally, we

study the submm colour-colour relations (f250/f350 v.s f350/f500) involving the SPIRE

fluxes only because these fluxes are good dust mass indicators (Cortese et al., 2012) and

are sensitive to the cold dust contents (Camps et al., 2016).

1.3 DustPedia observational data.

The main objective is to test the degree to which the SIMBA simulations subgrid model

agrees with observations. To do so, we employ the DustPedia observational database

(Davies et al., 2017) to compare the simulated galaxies’ scaling relations with real galax-

ies’ scaling relations. DustPedia is a project developed to broaden the study of cosmic

dust and its origins (Davies et al., 2017). It aims to develop computer models and tools

that enable better data interpretations based on state-of-the-art observations. The DustPe-

dia dataset combines the Herschel (Pilbratt et al., 2010) and Planck (Collaboration et al.,

2020) missions dataset alongside other data sources, for example, IRAS (Neugebauer

et al., 1984), SDSS (York et al., 2000), 2MASS (Skrutskie et al., 2006), GALEX (Mor-

rissey et al., 2007), and WISE (Wright et al., 2010). Due to this dataset combination, the

DustPedia database contains multiwavelength observations across the spectral energy dis-

tribution (41), consisting of 875 Herschel’s PACS or SPIRE observed local galaxies that

reside in different environments, selected according to their stellar mass. These galaxies

have a flux detection of at least 5σ WISE 3.4µm. Their recessional velocity range is less

8
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than 3000 km/s, and they have a diameter of less than one arcmin. Dustpedia galaxies

have an average aperture of 17.6 kpc, corresponding to lower stellar mass, an average

distance of 21.5 Mpc, and 20 positive flux bands (Trčka et al., 2020). For more Dustpedia

information, we refer the reader to Davies et al. (2017).

1.4 SIMBA hydrodynamic cosmological simulations

We study the SIMBA hydrodynamic cosmological simulations scaling relations to test

whether the simulations’ sub-grid recipe models of galaxy evolution and formation agree

with observations and other hydrodynamic cosmological simulations. SIMBA is a new

generation of the old MUFASA cosmological simulations (Davé et al., 2016). MUFASA

is a cosmological hydrodynamic simulation set that runs using the meshless GODUNOV

finite mass hydrodynamics method in the new GIZMO8 code. It has H2 based star-

formation, a two-phase kinetic outflow, a chemical evolution that includes nine elements,

and a mass-based evolving halo quenching (Davé et al., 2016). The MUFASA updated

version, ’SIMBA’, has dust recipes included in the simulation; instead of the halo quench-

ing process, it has BH growth and feedback modules (Davé et al., 2019). Its BH growth

is via the torque-limited accretion model from cold gas and Bondi accretion from hot gas.

It has black hole feedback via kinetic bipolar outflows and X-ray energy. As a result, it

provides a closer look at radiative transfer in galaxies, in other words, more realistic ISM

conditions than MUFASA (Davé et al., 2016, 2019; Glowacki et al., 2020). For example,

Figure 5 shows the galaxy stellar mass function scaling relation of the SIMBA galaxies

and compares the galaxies’ relation with EAGLE simulations and observational galaxies

from different observations, see the legend. The green band represents all Simba galax-

ies, Red and blue dashed lines show the mass functions of central galaxies below and

above sSFR= 101.8+0.3zGyr1, respectively, then the dotted cyan line represents EAGLE

galaxies. This relation is one of the relations that have proven that Simba can reproduce

observed galaxy stellar mass function better than other simulations, as the simulation has

more realistic ISM conditions. And in this work, we test the simulation using different

techniques and tools that enable us to study more different scaling relations at different

wavelengths. Following is the brief of some of the important for the study physics in-

cluded in the SIMBA simulation, but full detail about the simulation’s physics we refer to

8A flexible and multi-physics simulation code.

9



http://etd.uwc.ac.za/

Davé et al. (2019).

Figure 5: The galaxy stellar mass function at Z=0.1 for SIMBA, EAGLE, and observations. This

is figure 2 of in Davé et al. (2019) .

SIMBA black hole seeding and growth

SIMBA plants black holes in galaxies using the FOF algorithm. When a galaxy reaches

a stellar mass greater than M∗ > ρBH x Mseed, the star particles near the galaxy center

turn into black hole particles, where Mseed = 104M ⊙ /h and ρBH = 3x105. These

parameters are chosen so that the simulation make black holes in galaxies with a stellar

mass of M∗ = 9.5M⊙. The growth of black holes during the simulation is one of the

significant updates from the MUFASA to the SIMBA simulation version, and it follows

the two following accretion models.

1. Cold gas torque-limited accretion

Only for cold gas T < 105k within the kernel of the black-hole, the gas inflow rate Ṁtorque

is modelled from the host galaxy properties lying within a distance Ro from the black-hole

following Hopkins & Quataert (2011) as :
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Ṁtorque ≃ ϵTf
5
2
d x(

MBH

108⊙
)
1
6 (
Menc(Ro)

109M⊙
)x(

Ro

100pc
)−

3
2 (1 +

fo
fgas

)−1M⊙yr (4)

where fd is the disk mass fraction (steller + gas), Menc(Ro) is the total mass (steller +

gas), fgas is the gas mass fraction (disk), fo ≃ 0.31f 2
d (Md(Ro)/10

9M⊙)−
1
3 ( Md is the

disk mass).

On the other hand, ϵT ≡ ϵmxαT . where ϵT is the normalization factor, αT is the

efficiency to transport material from the inner galactic disk into the black hole accretion

disk and is value to 5, and ϵm is the efficiency to transport material from the inner galactic

disk into the black hole accretion disk and is value to 0.1

2. Bondi accretion from hot gas

Bondi accretion model models the accretion for the non-ISM gas with a temperature T >

105k.

ṀBondi ≃ ϵm
4πG2M2

BHρ

(v2 + c2s)
3
2

(5)

where ρ is the mean density with the accretion kernel of the blackhole, cs is the average

hot gas speed of the kernel, v is the average hot gas velocity relative to the blackhole, and

ϵm = 0.1 (as in torque-limited accretion).

SIMBA galaxies’ stellar mass

A galaxy is a collection of stars, hence it has a stellar mass. SIMBA galaxies follow

a galaxy stellar mass function that is regulated by the rate at which halos convert their

baryons into stars.

SIMBA galaxies’ SFR

SIMBA galaxies SFR is computed as follows,:

SFR =
ϵ∗ρH2

tdyn
(6)

where ϵ∗ = 0.02 Davé et al. (2019), tdyn is the dynamical time, and ρH2 is H2 density.
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SIMBA galaxies’ dust masses production, growth, and destruction

As mentioned above SIMBA has special dust recipes. The simulation’s dust production

and destruction are modeled on the fly mode. The model tracks the life cycle of cosmic

dust following dust grains under the assumption that they have the same physical proper-

ties and a radius of 0.1mum. This simulation ignores active dust coding (in process for

future work Davé et al. (2019). It follows Dwek (1998) with some changes to condensa-

tion efficiency. Dust production and growth are calculated based on metal condensation.

Metals from Type II supernovae (SNes) ejects and AGB stars are calculated separately

(different equations) and will be summarised in the following subtitles.

For the following equations note that mj
i,d is the dust mass-produced by the jth stellar

process of the ith element (O,C,Si,Mg,Ca,S,Fe). The dust mass produced by AGN stars

with a carbon-to-oxygen ratio greater than 1 (C/O > 1) is calculated as :

mAGB
i,d =

σAGB
c (mAGB

c,ej − 0.75mAGB
0,ej , i = c.

0, otherwise.
(7)

where σAGB
i is the condensation efficiency, fixed to σAGB

i,dust = 0.2

The dust mass produced by AGN stars with a carbon-to-oxygen ratio less than 1 (C/O

< 1) is calculated as :

mAGB
i,d =


0, i = c

16
∑

i=Mg,Si,S,Ca,Fem
AGB
i,ej , i = 0.

σAGB
i mAGB

i,ej otherwise

(8)

where µi is the element i′s mass in atomic unit

The dust mass produced by Type III SNe is calculated as :

mSNII
i,d =

16
∑

i=Mg,Si,S,Ca,Fe σ
SNII
i mSNII

i,ej , i = 0.

σSNII
i mSNII

i,ej otherwise

(9)

where σSNII
i is the Type II SNe condensation efficiency, fixed to σSNII

i,dust = 0.15.

SIMBA fixes the condensation efficiency to keep the relation of the dust-to-mass and

gas-phase metallicities based on theoretical models (Rémy-Ruyer et al., 2014).
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SIMBA dust growth

Dust grains can grow by accretion of gas-phase metals. It is calculated from the metal

condensation, and their grain radius growth rate follows Dwek (1998) :

(
dMdust

dt
)grow = (1− Mdust

Mmetal

)
Mdust

τaccr
(10)

The Mmetal = Mdust,total+localgas−phasemetals, and the τaccr = τref , (
ρref
ρg

)(
Tref

Tg
)(Z⊙

Zg
),

accretion time. Where ρg is the local gas density, ρref = 100 H atoms cm−3, is the refer-

ence gas density, Tg is the gas temperature, Tref = 20k is the refference gas temperature,

Zg is the gas metalicity, and τref = 1−Myrs

The grain radii growth is calculated as in Tsai & Mathews (1995) :

(
da

dt
)sp =

−a

τsp
(11)

where :

τsp = a|da
dt

|−1 0.17Gyr(
a

0.1µm
)(
10−27gcm−3

ρg
)[(

To

Tg

)w + 1] (12)

w = 2.5, To = 2x106 k. w controls the Tlow scaling of the sputtering rate, and To is the

temperature that is above the temperature at which the sputtering rate flattens, so the dust

mass becomes :

(
dMdust

dt
) =

−Mdust

τsp/3
(13)

SIMBA dust destruction

Dust destruction results from the star-formation sputtering consumption and SNe shocks.

It is calculated as :

(
dMdust

dt
)de =

−Mdust

τde
(14)

The characteristic time scale is τde = mg

ϵγms
and the efficiency ϵ = 0.3. Where mg is

the local gas mass, γ is the local SNII rate, ms = 6800ESNII,51(
vs

100km/s
), ESNII,51 is the

energy released by the SNII, and ms shocked local gass mass, at about 100 km/s.
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1.5 EAGLE hydrodynamic cosmological simulations.

We employed other hydrodynamic simulations galaxies to compare the SIMBA simu-

lated galaxies with other simulated galaxies from other cosmological simulations that

have done similar work. In particular, EAGLE database catalogue published in Camps

et al. (2016) 2016 paper. The employed database contains the galaxies’ mock fluxes, as

they are already processed in Camps et al. (2016) project. As a result, we do not process

or create mock fluxes as we did with SIMBA. We reproduce the SIMBA galaxies’ scaling

relations in this EAGLE data to see which simulation’s sub-grid model reproduces obser-

vational or real galaxies’ scaling relations better.

EAGLE is a campaign of large-scale hydrodynamical simulations of the Lambda-Cold

Dark Matter universe, run by the Virgo Consortium (Schaye et al., 2015). This N-

body/SPH, GADGET9 code simulation is known for its galaxy formation and co-evolution

of gaseous environments. It was designed to reproduce the local universe stellar mass

function, the H2 galaxy mass function, the mass-size mass function, and many other ob-

servable relations (Baes et al., 2019). This simulation’s physical processes and tracking

systems are similar to other cosmological hydrodynamic simulations. However, unlike

SIMBA, EAGLE cannot model the cold gas phase in the ISM. Therefore, to prevent artifi-

cial fragmentation of the star-forming gas, EAGLE’s ISM does not have a molecular cloud

but rather smoothly distributes pressured gas and a metallicity-dependent density thresh-

old (Baes et al., 2019). Through scaling relation, Camps et al. (2016) has proven that

the EAGLE simulation can reproduce many observed galaxy properties relations, includ-

ing the observed galaxy dust mass scaling relation shown in Figure 6. However, Camps

et al. (2016) also found some discrepancies in the EAGLE simulation’s f250/f350 versus

f350/f500 submm colour–colour relation, which they believe the discrepancy implied that

part of the simulated dust is insufficiently heated. In this work, we repeat these relations

to test SIMBA’s performance and also to understand SIMBA galaxies’ dust properties

better. Note that, in this project, we employed the ’RefL0100N1504’ EAGLE snapshot

that was already processed and SKIRT-simulated in Camps et al. (2016).

9A free cosmological N-body/SPH simulations software
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Figure 6: The EAGLE galaxies dust scaling relations from Camps et al. (2016) (figure 12) .

1.6 The problem with cosmological simulations

Cosmological simulation models are limited because galaxy evolution and formation

physics are not yet fully understood. For example, essential processes such as star for-

mation, BH growth and evolution, AGN, and supernovae feedbacks are modelled using

sub-grid recipes. It has been proved that many cosmological simulations can mimic some

but not all of the observational galaxies’ properties due to a poor understanding of these

essential physical processes (Vogelsberger et al., 2014; Schaye et al., 2015; Davé et al.,

2019). All cosmological simulations have unique features that make them different, and

the main goal of all the simulations is to improve the understanding of galaxy formation

and evolution. Therefore, comparing the cosmological simulation’s performance with

observations and other simulations helps improve the existing sub-grid prescriptions and

betters the understanding of galaxy formation and evolution.

1.7 SKIRT

Without dust attenuation, most hydrodynamic simulations do not reproduce precise ob-

servations. This limitation has shown that simulations need dust modelling to reproduce

observations; for example, the most recent work done by Hahn et al. (2022) on SIMBA,

EAGLE, and TNG. Hahn et al. (2022) presented a dust attenuation framework that models

dust attenuation in simulated galaxies using the galaxies’ physical properties. we need a

dust modelling technique to compare simulated galaxies with observations successfully.

In addition to dust modelling, the hydrodynamic simulation galaxies are in 3-dimensional

galaxy mass distributions (gas, star, and dark matter). The observational data used for
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comparison is in 2-dimensional sky observational fluxes. To succeed in this project’s goal,

we created 2-dimensional realistic mock observations of the simulations’ 3-dimensional

mass distribution. To do so, we used the SKIRT radiative transfer code for the galaxies’

dust modelling and generated the simulation’s mock 2-dimensional observational fluxes.

SKIRT10 is an acronym for Stellar Kinematics Including Radiative Transfer. It was pri-

marily designed to study the kinematics of dusty galaxies by evaluating all the funda-

mental dust and radiation processes observed in the galaxies. This Monte Carlo code can

produce several images and spectral energy distributions (SEDs) at various observables

by peeling off the photon packages (Camps & Baes, 2015). It is a C++ code that con-

siders the complete absorption and anisotropic scattering dust treatment. It calculates the

dust temperature distribution and thermal dust re-emission self-consistently and uses ef-

ficient libraries to support small grains of stochastic heating. The code is deployable in

Unix systems, and the user can access it in their terminal once it is installed. The simula-

tion configuration is saved in an eXtensible Markup Language (XML) that can be easily

edited using a text editor. This code is not only applicable in dusty galaxies but also AGN

(Stalevski et al., 2012), stellar systems (Deschamps et al., 2015), and molecular clouds

(Hendrix et al., 2015). In Camps et al. (2016), SKIRT was used to produce SEDs and in-

tegral field spectroscopy data cubes. In Trčka et al. (2020), it was used to create SED and

inferred physical properties from UV-submm wavelength. Similar to Trčka et al. (2020),

this work uses SKIRT to derive SIMBA mock fluxes from UV-submm wavelengths from

SIMBA hydrodynamic simulation inputs.

1.8 The research aim, objective, significance, and questions

Aim

This project aims to test the degree to which the SIMBA hydrodynamic cosmological

simulations succeeded in mimicking DustPedia observational galaxies and compare the

simulations’ performance with the EAGLE hydrodynamic cosmological simulations.

10https://skirt.ugent.be/root/_landing.html
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Objectives

1. To use the SKIRT radiative transfer code to derive the simulation’s mock observa-

tional fluxes for direct comparison between the simulated and real galaxies;

2. Derive physical properties using the SKIRT mock fluxes; and

3. Study the ISM scaling relations in SIMBA cosmological simulations.

Research questions

1. Do SIMBA simulated galaxies’ scaling relations reproduce observational galaxies

scaling relations?

2. How does the performance of SIMBA’s simulation compare to others, particularly

EAGLE’s simulation?

Research significance

SIMBA is a new cosmological hydrodynamic simulation that has a unique recipe for dust

physics included in the simulation itself. It employs advanced BH and accretion feed-

back models, uses a modified post-processing procedure, and does not require populating

the galaxies with dust grains. Therefore, this work tested the latest simulation modelled

with advanced dust models and will contribute to advancing our understanding of hydro-

dynamic simulation’s sub-grid models, galaxy formation, and its evolution. The more

a simulation is close to observation implies correct modelling physics, which will bring

solutions or validations to the studies’ theoretical physics.

1.9 Project limitations

This work tests the fidelity of the SIMBA galaxy evolution model by comparing it with

DustPedia observations and EAGLE simulations. The project focuses only on simple

scaling relations dependent on SKIRT synthetic broadband fluxes. We do not derive the

inferred physical properties using the SED fitting as in Boquien et al. (2019); Trčka et al.

(2020) but rather derive them using simple equations that depend entirely on the synthetic

broadband fluxes.
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The project’s initial aim includes studying and comparing the synthetic HI data in SIMBA

simulations and observations since they are already available in SIMBA. However, we had

to narrow it down because SKIRT’s HI data was not yet generated when this analysis was

conducted.

Scaling relations help test the accuracy of a cosmological simulation; however, they can-

not be used independently to make final decisions. Two different populations of galaxies,

one from simulations and the other from observations, can lie in a similar sequence in

luminosity scaling relation; for example, in a case where the simulated galaxy popula-

tion has too many luminous galaxies. More statistical populations can boost the scaling

relation tests for firmer conclusions; for example, the luminosity functions, stellar mass

functions, and SFR functions (Baes et al., 2019, 2020), which have not been considered

in this work but have been noted for future work.

1.10 Thesis Overview

This thesis consists of five chapters. This chapter, Chapter 1, briefly introduced the study

alongside a literature review. Chapter 2 will discuss the methodology used in this study,

whilst Chapter 3 will discuss the results obtained from the chosen method. The final

chapter of this work is Chapter 4, presenting the conclusions and findings of this study.
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2 Method

This chapter outlines all the steps taken in this project. It consists of five sections. The

first three sections (2.1, 2.2 and 2.3 ) describe the methods used to deal with data from the

SIMBA and EAGLE cosmological simulations and DustPedia observational data. There-

after, Section 2.4 provides the statistical tests and finally Section 2.5 set out the method

limitations encountered.

The project studied extensive data from SIMBA simulations (Davé et al., 2019), EA-

GLE simulations (Schaye et al., 2015), and the DustPedia observational database (Davies

et al., 2017). Unlike the SIMBA data, the EAGLE and DustPedia data used in this project

were taken from previous literature (Camps et al., 2016; Trčka et al., 2020) and were

already post-processed and simulated through SKIRT. On the other hand, the SIMBA

data was taken from a high-resolution snapshot that requires high computational power

and memory, which a regular computer could not handle. The snapshot contains about

2400 galaxies, which needed 2.5T of memory and 32 cores to complete the SKIRT sim-

ulation run and data analysis for all the selected galaxies. Since a personal computer

does not have that much capacity, we applied to do all the data collection and analy-

sis in the Inter-university Institute for Data-Intensive Astronomy (IDIA) research cloud

infrastructure facilities11. Within the IDIA facilities, we wrote simple python scripts

that use common python modules and packages to extract the galaxies from their snap-

shot. In the scripts, the galaxies are identified by their galactic centre coordinates pro-

vided by the SIMBA general galaxy catalogue publicly available on the SIMBA web-

site. For this project, we focused on the redshift zero (Z =0) SIMBA snapshot labelled

’snap_m25n512_151’. We applied stellar mass and sSFR selection criteria that ensured

the selection of galaxies with an active ISM. The selected galaxies were within a stellar-

mass range of 109M⊙ ≤ M∗ ≤ 1011.5M⊙ , and a sSFR range of 1010.5yr−1 ≤ sSFR

≤ 107yr−1.

11https://www.ilifu.ac.za/, accessed 15 September 2022
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Figure 7: The project’s methodology schematic overview. Only the SIMBA galaxies were post-

processed and simulated with SKIRT in this project. The EAGLE galaxies were already post-

processed and had mock fluxes from Camps et al. (2016). The DustPedia observational galaxies

were ready for analysis and taken from Trčka et al. (2020)’s project. The main goal of all the

steps taken was to do the scaling relations for the simulated galaxies and compare them with

the observational galaxies scaling relations. See full text in Chapter 2 for further details of this

methodology.

Figure 7 above presents this study’s methodology flow chart. Its flow summarises the

procedures carried out toward the undertaking of this project. We began by collecting the

SIMBA, EAGLE, and DustPedia galaxies’ datasets from different sources. SIMBA data

were made available by the SIMBA team (Davé et al., 2019). EAGLE data were taken

from Camps et al. (2016) and DustPedia data were taken from Trčka et al. (2020). As seen

in Figure 7, SIMBA is the primary dataset of this project; hence processing it was lengthy

compared to the other two datasets adopted from previous literature for comparison, as

discussed above.

Processing SIMBA data included extracting galaxies from their snapshot, post-processing

them using Camps et al. (2016)’s procedure, simulating the galaxies with SKIRT, running

some system tests, and deriving the galaxies’ physical properties using the SKIRT output

fluxes. In addition, the recipes or methods used to estimate the galaxies’ physical proper-
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ties in this work and the techniques used in EAGLE and DustPedia datasets are different.

So we also derived the physical properties for EAGLE and DustPedia galaxies using sim-

ilar procedures used for SIMBA data. After all the derivations, we performed the ISM

scaling relation, and all findings are detailed in Section 3.

2.1 Methodology for dealing with SIMBA data

There are four publicly available SIMBA simulation snapshots, starting from z= 20 to

z=0. The Planck cosmological parameters for each snapshot is Ωm = 0.3, ΩΛ = 0.7,

Ωb = 0.048, H⊙ = 68km.s−1Mpc−1, σ8 = 0.82, and ns = 0.97. The galaxies studied in

this work were extracted from the SIMBA full physics snapshot box (z=0), which contains

a high-resolution run. The snapshot is a 25 Mpc/h box with a minimum gravitational

softening length of 0.25Kpc/h, an initial gas element mass resolution of 2.85 x 105M⊙, a

dark matter particle mass resolution of 1.5x106M⊙, and spatial stellar masses resolution

of 9.1x106M⊙. Details are summarised in Table 1 of Davé et al. (2019). In total, the

snapshot contains 2411 galaxies in the stellar mass range 107.5M⊙ ≤ M∗ ≤ 1012.5M⊙ ,

dust mass range 10−4M⊙ ≤ Mdust ≤ 108.5M⊙, and specific star-formation rate (sSFR)

range 10−14yr−1 ≤ sSFR ≤ 10−9yr−1, as shown in Figure 8.

2.1.1 Criteria for selecting galaxies in the SIMBA snapshot

The main interest of the project was to study the ISM of galaxies. However, not all

galaxies have an active ISM. An example is the massive elliptical galaxies in which gas

reservoirs have generally run out. To ensure we study galaxies with an active ISM, we

used selection criteria that excluded galaxies with low star formation. In particular, we

selected galaxies that satisfied the following two conditions, an sSFR ≥ 10−10.5yr−1 and

a galaxy stellar mass M∗ ≥ 109M⊙. The selection criteria were motivated by our inter-

est in studying the scaling relations of highly resolved galaxies with an active interstellar

medium. The galaxy stellar mass threshold was because of the used SIMBA snapshot

and the black hole seeding and dynamics employed by the simulation. The simulation

places black holes in galaxies with M∗ ≥ 109.5M⊙, and according to the snapshot resolu-

tion, galaxies within this range are highly resolved and coupled with the sSFR threshold

resulted in the selection of active ISM galaxies only.

After applying the selection criteria, we had 264 SIMBA galaxies to study. We used
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Figure 8: The stellar mass, dust mass, and specific sSFR distribution for all the SIMBA galaxies

contained in the snapshot studied in this project.

the box and whisker diagram (Larsen, 1985) to study the selected galaxies’ stellar mass,

dust mass, and sSFR statistics, as shown in Figure 9.
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Figure 9: The stellar mass, dust mass, and specific star-formation box and whisker diagrams (from

top to bottom) for all the selected SIMBA galaxies. The vertical dashed lines are colour-coded as

follows: data mean (blue), lower whisker (purple), upper whisker (red), lower quartile (yellow),

and upper quartile (cyan).
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The box and whisker stellar mass diagram in the top panel of Figure 9 shows that the

selected SIMBA galaxies’ stellar masses range from a minimum stellar mass of 109.0M⊙

to a maximum of 1011.1M⊙, with an average and median of 109.5M⊙ and 109.4M⊙ re-

spectively. The galaxies are as follows: 132 galaxies (50%) lie between 109.2M⊙ ≤

M∗ ≤ 109.7M⊙, 66 galaxies (25%) are lower stellar mass galaxies ranging between

109.0M⊙ < M∗ ≤ 109.2M⊙, and 51 galaxies (20%) are higher stellar mass galaxies

ranging between 109.7M⊙ < M∗ ≤ 1010.4M⊙. Lastly, the dataset also has a few (15)

massive galaxies in the stellar mass range M∗ > 1010.4M⊙, shown as outliers in the box

and whisker plot. The box skews towards the left because the selection criteria selected

many lower mass galaxies < 109.5M⊙ with high SFR.

The middle panel in Figure 9 shows the selected SIMBA galaxies’ dust mass distribu-

tion, starting from a minimum of 106.3M⊙ to a maximum of 108.6M⊙ with an average

and median of 107.1M⊙ and 107.1M⊙ respectively. Out of the 264 selected SIMBA galax-

ies, 131 (50%) range between 106.9M⊙ < Mdust ≤ 107.3M⊙, 66 (25%) range between

106.3M⊙ < Mdust ≤ 106.9M⊙, 20% (55) range between 107.3M⊙ < Mdust ≤ 107.9M⊙,

with some 12 (10%) outliers above 107.9M⊙

The bottom panel in Figure 9 shows the sSFR distribution, which starts from a minimum

of 10−10.5yr−1 to a maximum of 10−9.3yr−1 with an average and median of 10−10.0yr−1

and 10−10.0yr−1 respectively. As can be seen from the figure, 134 (50%) galaxies range

between 10−10.2 < sSFR[yr−1] ≤ 10−9.8, 65 (25% ) are lower sSFR galaxies ranging

between 10−10.5 < sSFR[yr−1] ≤ 10−10.2, and 65 (25%) are higher sSFR galaxies in

the range of 10−9.8 < sSFR[yr−1] ≤ 10−9.3. The SIMBA galaxies’ sSFR distribution is

symmetric.

2.1.2 Extraction of galaxies in the SIMBA snapshot

This section describes how we extracted the SIMBA galaxies from their parent snapshot

using a python script and python functions. The script had two functions, the ’loadsnap’

and the ’extract’ functions, and both scripts used common python packages like NumPy,

shutil, os, sys, h5py, math, and some astronomy packages like caesar. The functions are

divided into two to avoid reloading the same snapshot repeatedly. The loadsnap function
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read into the snapshot and extracted all the gas and stellar data from the snapshot. The

extract function extracted the selected galaxy using the galaxy’s central coordinates.

The loadsnap function

Loadsnap functions took in the snapshot path as input and read the snapshot information,

such as the Hubble parameter, redshift, box size, expansion factor, and the number of

files in the snapshot. After reading the general information about the snapshot, it created

stars and gas dictionaries that were later filled with the corresponding particle informa-

tion. The code reads all the gas and stellar particle information for each galaxy inside the

snapshot and concatenates the particle information into the created dictionaries. SKIRT

has specific acceptable units for its input sources, and SIMBA simulation units are not

SKIRT-friendly; they had to be changed from co-moving to physical units. To do so,

we used CAESAR12 and common python libraries, such as NumPy and matplotlib. All

unit conversions were done within the ’loadsnap’ function, and the function’s output files

comprised the gas, dust, and stellar particle information for all the galaxies in the snap-

shot.

The extract function

The extract function extracted specific galaxy information as needed for this study. It

took the loadsnap output files, the galaxy centre coordinates of the desired galaxies13,

and prefixed names as inputs to the function. The code identified the galactic centre as

the origin for initial extraction, then extracted all particles within 150 kpc aperture radius

such that all particles centred outside this diameter were ignored or removed. The code

searched for the galaxy’s centre of mass from the extracted galaxy particles using the

galaxy’s stellar particle information. Once the galaxy’s centre of mass was identified, the

particles were rearranged to be centred around the newly identified centre of mass. For the

3D geometric modelling of the galaxies, the code finds the unit rotational axis and vectors

using the stellar information within the given aperture. After that, it aligned the vector

12CAESAR is a module designed to analyse cosmological simulation output files, and it is also a helpful

unit conversion tool. This module can read the original simulation binary snapshot and create a new Hierar-

chical Data Format version 5 (HDF5) catalogue file containing the host galaxy and halo particle information

(Davé et al., 2019; Glowacki et al., 2020)
13The galactic centre coordinates are accessible in the SIMBA 25 cMpc catalogue Davé et al. (2019)
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quantities with the stellar angular momentum axis. Once the alignment was complete, the

code ran another aperture extraction, identifying the new galaxy’s centre of mass as the

galactic centre and extracting all particles within a 30 kpc radius from the galaxy’s centre

of mass. All the extracted galaxies had a fixed diameter of 60 kpc, and particles outside

this diameter were ignored. The code separated the extracted particles into three groups.

The star-forming region particles were selected based on their stellar age14. The final

output text files contained particle information of the dust, stars, star-forming regions,

and the snapshot general information data file.

2.1.3 Post-processing SIMBA data with SKIRT

The aim of post-processing the SIMBA galaxies before simulating them in SKIRT is to

ensure that the hydrodynamic simulations input files have all the regions and are in a

format acceptable for the SKIRT code and will produce the desired results. This section

explains how the extracted simulation output sources were prepared for the SKIRT radia-

tive transfer code. This procedure occurred during galaxy extraction and was included

in the extract python script, discussed in Section 2.1.1. The galaxy particles from the

snapshot were not divided into stellar, dust, and star-forming region particles; they were

either gas or star particles. The post-processing procedure helped create the files of each

galaxy’s stellar, dust, and star-forming region particles. These files were necessary for the

SKIRT radiative transfer simulation. Table 3 below shows the SKIRT input files’ required

parameters and units. In the table, parameters with asterisks (*) denote derived param-

eters, meaning these values were unavailable in the snapshot. Values without asterisks

(*) were directly extracted from the snapshot. After extraction, the galaxy outputs con-

tained two primary emission sources, namely the stellar and star-forming particles and the

galaxy medium file (ISM dust), as required in the SKIRT code. In this work’s procedure,

the stellar region particle information was taken directly from the snapshot star particles,

the galaxy medium or dust was taken from the snapshot gas particles, and the star-forming

region particles were derived following Groves et al. (2008) and Kapoor et al. (2021)’s

procedures. The details on how each particle was assigned a region or SED template are

described in the following paragraphs.

14All stellar particles less than 107 years are star-forming region particles
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SKIRT INPUT FILES

Stellar

Stellar data Units

3D Coordinates kpc

smoothing length kpc

Initial particle mass* Msun

Metallicity 1

Age Gyr

Dust

Dust data Units

3D Coordinates kpc

smoothing length kpc

Dust particle mass Msun

SFR

Star-forming region

data

Units

3D Coordinates kpc

smoothing length kpc

SFR* Msun/yr

Metallicity 1

Compactness* 1

ISM Pressure* Pa

Covering Factor* 1

Table 3: This table shows the galaxy information and corresponding units in each simulation

output file (SKIRT inputs). The asterisks (*) indicate the derived or calculated parameters.

Star-forming region particles

This section describes how the star-forming region particles were assigned their MAP-

PING III SED template (Groves et al., 2008). These particles were extracted directly

from the snapshot and were the galaxies’ star particles younger than 10 Myrs. The MAP-

PING III SED template wavelength ranged from 1 angstrom to 1 m. It had a spectrum
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of 1800 wavelength bins covering five metallicities, five pressures, six compactness pa-

rameters, and two covering factors. Below is a summary of how each star-forming region

parameter was derived:

• For SFR, the assumption was that all-star particles with age lesser than 10 Myr were

star-forming, the HII regions for stellar-mass conservation, as suggested in Camps

et al. (2016). The SFR was calculated as the particles’ mass divided by 10Myrs

(M∗/10Myr), assuming a constant SFR for 10Myr.

• Metallicity (z) was extracted directly from the SIMBA snapshot star particles.

• The compactness parameter (C) is known as the dust temperature distribution

proxy (Groves et al., 2008). In SKIRT9, this parameter varied between 4.0 ≤

log(c) ≤ 6.5. To calculate this parameter, we approximated a log-normal distribu-

tion with a standard deviation of 0.4 and <log C> = 5. The compactness parameter

value for each star-forming particle was randomly sampled from the derived log C

distribution (Rodriguez-Gomez et al., 2019; Vogelsberger et al., 2020b).

• The ISM pressure was calculated using Equation 13 of Groves et al. (2008) for

each star-forming particle. This parameter only affects the number of emission line

strengths but not the shape of the SED template.

• The covering factor of the photo-dissociation region (PDR) provided the radia-

tive feedback of stars from their parent or molecular clouds. The covering fraction

of the PDR (fPDR) provided the fraction or amount of the molecular cloud cov-

ering the surrounding galaxy star cluster. This fraction range between 0 and 1,

where 0 means uncovered (or no molecular clouds) and 1 implies full covering. For

this work we employed the SKIRT default value of 0.2 for covering (Groves et al.,

2008; Jonsson et al., 2010; Rodriguez-Gomez et al., 2019), and (Vogelsberger et al.,

2020b).

Stellar particles

Galaxy stellar particles above 10 Myr were assigned to the Bruzual & Charlot (2003)

SED Family template. The temple consists of two assumed initial mass models, namely

the Chabrier and Salpeter (Treu et al., 2010). The Bruzual-Charlot initial mass model
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could be used when parameterised by metallicity, age, and initial mass; with two high and

low wavelengths of 1221 and 6900 points, respectively. In this work, we used Bruzual &

Charlot (2003) high wavelength resolution (6900 points) Chabrier initial mass function

(IMF) template for these particles.

Dust particles

The dust particles were extracted directly from the snapshot and assigned the THEMIS

dust model (Jones et al., 2017). The THEMIS model has two families of amorphous hy-

drocarbons and amorphous silicates. It has a self-consistent treatment for the dust material

properties, as they interact with the local radiation field intensity and the dynamics of the

gas density. The model’s interstellar dust is heterogeneous due to mantle accretion, grain

surface photoprocessing, and coagulation.

2.1.4 Treatment of the SIMBA data with SKIRT

Once we post-processed or prepared SIMBA galaxies, we import the hydrodynamic sim-

ulation’s output sources as inputs in SKIRT. To import the galaxies in SKIRT, we created

a "ski" file in the SKIRT user-friendly question-and-answer coded environment. This file

defines all the desired simulation parameters, and this section presents the simulation pa-

rameters used for SIMBA galaxies in SKIRT. Table 4 after that presents the wavelength

bands studies in this work.

The simulation took in three galaxy sources, two primary sources and one medium source

because we used the Panchromatic simulation mode, which works in a range of wave-

lengths from UV-submm and includes secondary emissions by the medium in addition

to primary sources. The primary sources are the stellar and SFR data. The stellar pop-

ulations (stellar data) were assigned the Bruzual-Charlot SED Family template, and the

star-forming populations (SFR data) were assigned the Mappings SED Family template.

The Medium source was the galaxy dust data. We chose the dust model type to be the

THEMIS dust mixture model composed of amorphous silicates and amorphous hydrocar-

bons.

We released 5x108 photons packets for each simulation run in each wavelength. We ap-
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plied extragalactic system units, pc unit length; Mpc unit of distance; µm unit of wave-

length; and M⊙ unit of mass. The flux density and surface brightness were in frequency,

spatially integrated flux in Jansky (Jy), and surface brightness in M Jy sr−1.

2.1.5 Spectral energy distribution

The SKIRT SED instrument outputs both the intrinsic stellar radiation (no dust) and SF

region dust re-processed emission at higher wavelength. This section shows the reader the

SED examples we produced with SKIRT when processing SIMBA galaxies. The SEDs

are different for the various galaxies, some galaxies are dustier than others, and the effect

of dust is shown clearly at lower wavelengths. The SEDs also show differences due to the

employed post-processing procedure when forming the star-forming SKIRT input source.

In each of the presented examples of SEDs, Figure 10 and Figure 11, the blue line shows

the intrinsic stellar SED (Transparent flux), and the red line shows the observed SED

(Total detected flux).

Figure 10: Example of the SKIRT output SED of SIMBA dustier galaxies in the top row, and

their respective attenuation curve in the bottom row.
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SIMBA BAND LIST

Index Band Name Wavelength (microns)

0 GALEX_GALEX_FUV 0.1535

1 GALEX_GALEX_NUV 0.2301

2 SLOAN_SDSS_U 0.3556

3 SLOAN_SDSS_G 0.4702

4 SLOAN_SDSS_R 0.6176

5 SLOAN_SDSS_I 0.7490

6 SLOAN_SDSS_z 0.8947

7 2MASS_2MASS_J 1.2392

8 2MASS_2MASS_H 1.6494

9 2MASS_2MASS_KS 2.1638

10 WISE_WISE_W1 3.3897

11 WISE_WISE_W2 4.6406

12 WISE_WISE_W3 12.5676

13 WISE_WISE_W4 22.314

14 HERSCHEL_PACS_70 70.7698

15 HERSCHEL_PACS_100 100.802

16 HERSCHEL_PACS_160 161.892

17 HERSCHEL_PACS_250 252.549

18 HERSCHEL_PACS_350 354.272

19 HERSCHEL_PACS_500 515.3633

Table 4: The UV to submm wavelength band lists detecting the SKIRT fluxes and their corre-

sponding wavelengths.
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Figure 11: Example of the SKIRT output SED of SIMBA less dustier galaxies in the top row, and

their respective attenuation curve in the bottom row.

Referring back to Figure 6 of Camps et al. (2016), where it shows the different galaxy

properties and the common emission wavelengths from UV to submm, we are reminded

that the galaxy stellar emission is expected a lower wavelength, starburst emission should

be around 10µm, and dust emission is always at higher wavelength. The SED templates

that we have created also tell us more about the galaxies’ properties at different wave-

lengths.

When selecting the galaxies for this work, the selection criteria were to ensure that

we study actively star-forming galaxies. But interestingly, one may question why are

we having galaxies that are showing no SFR, for example, galaxy 364 15 in figure 10.

The SED only has stellar emission and no star formation activities, yet only star-forming

galaxies were selected. Yes, the intrinsic SED of galaxy 364 has no starburst emission,

but that does not mean galaxy 364 is not star-forming. But this is due to the way the SFR

SKIRT input file was created in the post-processing (section 2.1.3). In the post-processing

15galaxy 364 is just a galaxy ID/name
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procedure, the SIMBA 364 galaxy intrinsic SED has stellar emission only because the

galaxy stellar particles are all older than 10Myr. As a result, the SFR SKIRT input file

had no SFR particles. But In the case of galaxies like SIMBA galaxy 622 in Figure

10, the galaxy has stellar particles that are younger than 10 Myr which are identified as

the star-forming region for the SKIRT stellar input sources post-processing procedure.

Hence SIMBA 622 galaxy has stellar emission at lower wavelengths, starburst emission

around 10µm, and dust emission at higher wavelengths. Moreover, when both galaxies

get radiative transferred in the dusty system (SKIRT), we get detection for all bands in all

wavelengths from UV to submm (the red SEDs).

Dust effect can be seen on the SEDs templates

Dust grains play a vital role in observations and mainly affect starlight emission at lower

wavelengths. Now I show the effect that dust has on the detected fluxes. Figure 10 and

figure 11 are the sample SEDs from this work taken to serve as an example in this section.

The x-axis is the wavelengths in microns, the y-axis is the detected flux in jansky, and

the red and blue SEDs are the detected and intrinsic SEDs, respectively. Figure 10 shows

the SEDs of SIMBA dusty galaxies. In this plot, the difference between the intrinsic and

detected flux at lower wavelengths is too high in dusty galaxies (shown in the attenuation

curve below). The plot shows that more flux is detected at lower wavelengths in the

absence of dust (blue SED). However, in the presence of dust (red SED), the starlight is

distracted mainly by the scattering and absorption of the dust grains as the stellar light

radiated through the medium and is expected in observations. In the same sample, some

galaxies are behaving like galaxies SIMBA 722 and SIMBA 870 in figure 11. The flux

detected in the dusty SED is not too different from the intrinsic SED, meaning this system

does not have much dust attenuation, and most of its starlight is detected and not scattered

or absorbed by any dust grains. Which can only be true in simulations since dust is always

and more present in observations. In summary, here we show the effect that dust has on

observations and that some galaxies are forming more stars than others.
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2.1.6 SKIRT system tests

After importing the first SIMBA sources in SKIRT and ensuring that SKIRT accepted

and ran the hydrodynamic simulation output files successfully, we had to perform system

tests. These tests were performed before running the remaining galaxies in the code. The

test ensured that we used resources reasonable by minimising the computational power

and time 16 used for each simulation, whilst also ensuring that the results we obtained

were reliable.

Spatial grid convergence test

The simulation employed the octree dust grid structure. This structure runs in a loop

format of nodes that start as cuboidal nodes and cover the entire dust medium. The spa-

tial grid convergence test determines which spatial grid node and maximum dust fraction

mass level yield the best results at the lowest computational power and time. This test

simulates the same galaxy through four iterations, changing the maximum dust fraction

in each simulation run.

We knew the first run needed more computational power, smaller grid cells, and time,

which we provided. Thus, we referred to this run as the most satisfactory or superfine

result. Its spatial grid node levels ranged from 6 to 12, with a maximum dust fraction of

1e-7. This simulation took, on average, 40 hours and 53.4 Gigabytes (GB) of memory to

complete. Although a maximum dust fraction of 1e-7 gives satisfactory results, it requires

a lot of computing power and time; we could not afford this luxury, as we had hundreds

more galaxies to run, and we shared the working environment’s memory with other users.

The second run had a maximum dust fraction of 1e-5, took 9 hours, 9 minutes, 44 sec-

onds, and 1.57 GB of memory. The third run had a maximum dust fraction of 5e-5, which

took 7 hours, 20 minutes, 15 seconds, and 11.4 GB of memory. In the last run, the max-

imum dust fraction was 1e-6, which took 6 hours, 39 minutes, 48 seconds, and 6.5 GB

of memory to complete. This test was conducted on ten random galaxies, and the time

presented changed with different galaxies. The presented times were recorded from one

16The IDIA supercomputer cloud memory is shared with other users, resulting in space and memory

limitations
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galaxy’s results and were included to demonstrate how the test was done for each galaxy.

An example of what the test looked like for the first three galaxies is shown in Figure 12.

Figure 12 shows the percentage error plots of the fluxes obtained in each simulation run

compared to the flux obtained from a super fine grid or best results simulation run. The

lines show the percentage error of the simulation compared to the superfine simulation,

differentiated by their maximum dust fraction in the legend. In the figures, the red line

is for the maximum dust fraction of 1e-5, the blue maximum dust fraction of 5e-5, and

the pink maximum dust fraction of 1e-6. The three graphs show that the most converging

simulation had a maximum dust fraction of 1e-6, as its percentage error was less than

0.4% from UV to submm wavelength.

Therefore we concluded that a dust fraction of 1e-6 and a minimum spatial grid level

of 6 to 12 would yield good results at a reasonable amount of run time, memory, and

computational power. The average time of the run was 7 hours, with 7GB of memory.

Photon test

The photon test has similar principles as the spatial grid convergence test. The differ-

ence is that the photon test checks for the number of photons that SKIRT can shoot and

provide good results in reasonable computational power and time requirements. Gener-

ally, the higher the number of photons, the higher the simulation resolution, the larger the

memory, and the longer the simulation runs. Unfortunately, this must be avoided in our

working environment.

In this test, we simulated the same galaxy four times, keeping a constant maximum dust

fraction of 1e-6 and a minimum spatial grid level of 6 to 12, as we concluded in the

spatial grid test and changing the number of photons. The first run was the most expensive

(superfine), its number of photons was 1e7, and it took 43 hours, 36 minutes, 30 seconds,

and 11.5 GB of memory to complete. In the second run, the number of photons was 1e7

and took 5 hours, 6 minutes, 5 seconds, and 11.5 GB of memory. In the third run, the

number of photons was 5e7, which took 7 hours, 22 minutes, 21 seconds, and 11.5 GB of

memory. The final run had 5e8 photons, which took 24 hours and 11.5 GB of memory.

Figure 13 shows the flux comparison done in the convergence test. A combination of the
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Figure 12: This figure shows the spatial grid convergence test; each plots depicts the different

flux wavelength percentages. The percentage error in the y-axis compares the flux obtained in the

superfine or best results simulation run to the flux obtained in the current maximum dust fraction

simulation fluxes. The plots show the effects of changing the maximum dust fraction in each

simulation for the same galaxy. The red line shows maximum dust fractions of 1e-5, the pink line

shows maximum dust fractions of 1e-6, and the blue line shows maximum dust fractions of 5e-5

for the same galaxy in each plot.

number of photons 5e8, a maximum dust fraction of 1e-6, and a minimum spatial grid

level of 6 to 12 were selected as suitable parameters for each simulation run. Based on

the test results, 5e8 is a good value for the simulation’s number of photons. On average,

all our simulations ran in 24 threads in a single process, 19 to 24 hours, and 5 to 8 GB of

memory.
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Figure 13: The photon test has the same procedure as the spatial grid test in Figure 12; the

difference is that in this plot, we changed the number of photons shot in each simulation run.

Photons = 1e7 (red line), photons = 5e7 (blue line), and photons = 5e8 (green line).

2.1.7 Deriving observations from SIMBA data processed with SKIRT

After the system test, all selected galaxies were simulated in the SKIRT radiative trans-

fer code. The SKIRT SEDs output files had synthetic fluxes at different bands for each

galaxy. We referred to these galaxy fluxes as mock observations, and they enabled direct

comparison between simulations and observations. We used simple previous literature

equations to derive the galaxies’ inferred physical properties using the mock observations.

Below we present the equations used to derive the inferred physical properties in this
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work. For the galaxy stellar masses, we mimicked Camps et al. (2016)’s procedure of

determining the galaxy stellar masses using the i-band luminosity (Li) and g - i colour

through equation 15, where a = -0.963 and b = 1.032. For the galaxies’ dust masses, we

mimicked Cortese et al. (2012)’s recipes of estimating the dust masses using the SPIRE

fluxes’ only relation shown in Equation 16, wherein log(Mdust/(f350 ∗D)) is calculated

using the flux density ratio Table B1 in Cortese et al. (2012), D is the distance from the

galaxy in Mpc, and f350 is the flux at 350 microns in jansky. Lastly, we derived the

galaxies’ SFRs mimicking Galametz et al. (2013)’s total IR luminosity relations shown in

equation 17 and equation 18, where LTIR is the total IR luminosity calculated as in equa-

tion 18. When all derivations were completed, we tested and found agreement between

our flux-derived physical properties and physical properties from the snapshot shown in

Figure 14. In Figure 14, the x-axis is this work’s derived values, and the corresponding

snapshot values are in the y-axis.

log10
M∗

M⊙
= log10

Li

Li,⊙
+ a+ b+ (g − i) (15)

log(
Mdust

M⊙
) = log(

Mdust

f350D2
) + 2log(

D

Mpc
) + log(

f350
jy

)− 11.32 (16)

SFR(M⊙/yr
−1) = 2.8x10−44LTIR(erg/s) (17)

LTIR = 2.023L24 + 0.523L70 + 0.390L100 + 0.577L160 + 0.721L250 (18)
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Figure 14: The relationship between this work’s SIMBA-derived physical properties and physical

properties from the raw SIMBA snapshot. The x-axis label refers to the paper in which the flux

equation used to derive the physical property was taken, and the y-axis refers to snapshot proper-

ties.
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2.2 Methodology for dealing with EAGLE data

The EAGLE data presented in this work was already post-processed and SKIRT simulated

in Camps et al. (2016). In the following sections, we discuss the EAGLE-selected galaxies

as we applied the same selection criteria in all three datasets. And we also discuss the

differences and similarities made when Camps et al. (2016) was processing the EAGLE

galaxies, compared to how this project processed the SIMBA galaxies, as this helped

us understand some of the differences seen in the results of the scaling relation when

comparing the simulations against each other. Figure 15 show the physical properties

and distribution for all the galaxies in the used EAGLE (z=0) dataset before applying the

selection criteria.

Figure 15: This figure presents the physical properties and distribution for EAGLE galaxies.

2.2.1 Selection criteria for the EAGLE data

The EAGLE sample had 16 493 galaxies, and we applied the same selection criteria used

in SIMBA galaxies to ensure that we studied or compared similar samples. After apply-

ing the selection criteria, we retained 7227 EAGLE galaxies. The EAGLE sample was

still a huge sample of galaxies compared to SIMBA, with 264 galaxies. As a result, we

randomly picked 1000 galaxies from the selected 7227 EAGLE galaxies. We used the

box and whisker diagram to see the stellar mass, dust mass, and sSFR distribution of the

selected 1000 EAGLE galaxies, shown in Figure 16 from top to bottom.
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Figure 16: The EAGLE galaxies box and whisker physical properties distribution diagram.

The top panel of Figure 16 is the EAGLE galaxies stellar masses box distribution.

It starts from a minimum stellar mass of 109.0M⊙ to a maximum of 1011.2M⊙, with an

average and median of 109.7M⊙ and 109.7M⊙, respectively. A majority 499 (50%) of the

galaxies lie between 109.3M⊙ ≤ M∗ ≤ 1010.0M⊙, 248 (25%) galaxies range between

109.0M⊙ < M∗ ≤ 109.3M⊙, 245 (24%) are higher stellar mass galaxies ranging between

1010.0M⊙ < M∗ ≤ 1011.0M⊙, and 1% (6) outlier massive galaxies (M∗ > 1011.0M⊙)
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The middle panel of Figure 16 is the EAGLE galaxies’ dust mass box distribution. It

starts from a minimum of 105.2M⊙ to a maximum of 108.2M⊙, with an average and median

of 106.9M⊙ and 106.8M⊙, respectively. Majority 500 (50%) of the galaxies range between

106.9M⊙Mdust ≤ 107.2M⊙, 250 (25%) range between 105.6M⊙ < Mdust ≤ 106.5M⊙, and

250 (25%) range between 107.2M⊙ < Mdust ≤ 108.2M⊙.

At the bottom panel of Figure 16 is the EAGLE galaxies’ sSFR box distribution. It

starts from a minimum of 10−10.5yr−1 to a maximum of 10−9.2yr−1 with an average and

median of 10−10.1yr−1 and 10−10.1yr−1, respectively. Mostly 500 (50%) of the galaxies

range between 10−10.3 < sSFR[yr−1] ≤ 10−10.9, 249 (25% ) galaxies are lower sSFR

galaxies ranging between 10−10.5 < sSFR[yr−1] ≤ 10−10.3, and 239 ( 24% ) are higher

sSFR galaxies in the range of 10−10.0 < sSFR[yr−1] ≤ 10−10.0. The EAGLE galaxies’

sSFR distribution has an outlier rate of 1% (11) with an sSFR above 10−10.0yr−1.

2.2.2 Post-processing procedure of EAGLE data compared to that of SIMBA data

As highlighted earlier, the EAGLE post-processing procedure was not done in this work, it

was done by Camps et al. (2016), and we used it for comparison. This section highlights

mainly the difference between the EAGLE post-processing procedure and the SIMBA

post-processing procedure.

Similar to SIMBA, EAGLE galaxies are identified as gravitationally bound structures

in a halo of dark baryonic matter. Their galaxy extraction process has similarities and

differences. The extracted galaxies have a fixed radius of 30 kpc for both EAGLE and

SIMBA. One of the outstanding attributes of the SIMBA recipe is its ability to derive

dust during the simulation (see section 1.4). The EAGLE simulation does not include

the derivation of dust particles by itself; however, the EAGLE post-processing procedure

does. EAGLE galaxies’ dust mass is derived using the gas particles, where a dust-to-mass

ratio of fdust = 0.3 is assumed, and the dust distribution from each cold gas particle17 is

calculated using equation 19:

17A non-zero SFR and maximum temperature less than 8000 K
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mdust =

fdust Z M, if T < Tmax or SFR > 0

0, other

(19)

where Z is the metallicity, M is the current mass, and T is the particle’s current tempera-

ture (Camps et al., 2016)

In SIMBA, the star-forming region particles are all younger than 10Myrs stellar parti-

cles (Section 2.1.3). In EAGLE, the star-forming region particles are sampled as stellar

particles less than 10Myrs, and all star-forming gas particles.

2.2.3 Deriving observations from EAGLE data processed with SKIRT

The process of computing physical properties for EAGLE galaxies is detailed in Camps

et al. (2016), and Trčka et al. (2020). This section compares our inferred physical prop-

erties recipes with those used in Camps et al. (2016). The EAGLE data catalogue already

had the inferred physical observation; however, it was derived or calculated using differ-

ent recipes. To test the difference between the recipes used in this work and those used in

EAGLE, we derived the EAGLE physical properties using the simple equations used in

this project on SIMBA data (see Section 2.1.7). Figure 17 presents the outcome, showing

agreement between the two methods used.
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Figure 17: The relationship between EAGLE galaxies’ physical properties derived in this work

using simple flux recipes on the y-axis and EAGLE galaxies’ physical properties from the em-

ployed Camps et al. (2016) catalogue in the y-axis.
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2.3 Methodology for dealing with DustPedia data

DustPedia is observational data that we used to compare the simulated galaxies with real

observed galaxies in this project. The presented dataset was taken from Trčka et al.

(2020), and Figure 19 shows the dataset galaxies’ physical properties distribution before

we applied the selection criteria.

Figure 18: Similar to Figure 8 and Figure 15 this is the physical properties galaxy distribution for

all the galaxies in the studied DustPedia database.

2.3.1 Selection criteria for DustPedia data

The same selection criteria used throughout this research (see Section 2.1.1) are used

here. The full DustPedia sample contains 814 galaxies that cover the range of stellar

mass 102M⊙ ≤ M∗ ≤ 1011.8M⊙, dust mass range of 10−1M⊙ ≤ Mdust ≤ 108.4M⊙,

and specific star-formation rates range of 10−14yr−1 ≤ sSFR ≤ 10−9.5yr−1, as seen in

Figure 18. After applying the selection criteria, we were left with 302 DustPedia galaxies

for this analysis.
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Figure 19: The stellar mass, dust mass, and specific star-formation box and whisker statistics

diagram for all the selected from the DustPedia database

The galaxies’ stellar masses box distribution in the top panel of Figure 19 starts from

a minimum stellar mass of 109.0M⊙ to a maximum of 1011.0M⊙, with an average and

median of 109.7M⊙ and 109.7M⊙ respectively. Majority, 50% (150) of the galaxies lie be-

tween 109.3M⊙ ≤ M∗ ≤ 1010.1M⊙, 25% (76) range between 109.0M⊙ < M∗ ≤ 109.3M⊙,

and 25% (76) are higher stellar mass galaxies ranging between 1010.1M⊙ < M∗ ≤

1011.0M⊙.
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The dust mass distribution in the middle panel of Figure 19 starts from a minimum

of 105.5M⊙ to a maximum of 108.3M⊙, with an average and median of 106.9M⊙ and

106.9M⊙, respectively. Most of the galaxies 50% (150) range between 106.6M⊙ < Mdust ≤

107.2M⊙, 25% (76) range between 105.8M⊙ < Mdust ≤ 106.6M⊙, and 24% (75) range

between 107.2M⊙ < Mdust ≤ 107.9M⊙. The distribution has outliers both in the lower

and higher ends. There are four galaxies with dust mass lower than 105.8M⊙ and one

galaxy above 107.9M⊙ .

Lastly the sSFR distribution in the bottom panel of Figure 19 starts from a minimum of

10−10.5yr−1 to a maximum of 10−8.5yr−1 with an average and median of 10−9.9yr−1 and

10−9.9yr−1, respectively. Most galaxies 50% (150) range between 10−10.1 < sSFR[yr−1] ≤

10−9.6 25% (76) are lower sSFR galaxies ranging between 10−10.5 < sSFR[yr−1] ≤

10−10.1, and 24.3% (74) are higher sSFR galaxies in the range of 10−9.6 < sSFR[yr−1] ≤

10−8.9, with a 0.7% (2) outlier with a sSFR above 10−8.9yr−1.

2.3.2 Deriving DustPedia observation’s physical properties using the observational

fluxes

Observations detect the fluxes from the sources and not the physical properties of the

sources, galaxies in our case. Different observations use different methods to get the

physical properties of observations, i.e. the galaxy’s stellar mass. For the DustPedia

dataset presented in this project, the observation’s physical properties were estimated us-

ing the Code Investigating GALaxy Emission (CIGALE) modelling method, which is a

SED fitting method (Davies et al., 2017). In this project for SIMBA galaxies, we did not

use SED fitting but simple recipes that depend on mock fluxes only. To test the differ-

ence between the recipes used in this work (flux only simple recipes) and those used in

DustPedia (SED fitting), we estimated the DustPedia physical properties using the recipes

used in this work (applying observational fluxes on the simple equations). We compared

our results with the physical properties in the original dataset, as shown in Figure 20.

Figure 20 shows an agreement in the recipes but with some offsets, mainly in the dust

estimation.
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Figure 20: The relationship between this work’s DustPedia-derived physical properties and prop-

erties derived from Clark et al. (2018).
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2.4 Statistics test on selected galaxies datasets

After selecting the galaxies from all three datasets, we conducted a few statistical tests to

see if our datasets had significant differences. We tried the T-test (Mishra et al., 2019),

Welch’s test (Keselman et al., 2004), ANOVA test (Kim, 2014), and the Kruskal-Wallis

H-test. Due to the different assumptions used in each test, we found Welch’s and Kruskal-

Wall H-tests best for our datasets (MacFarland & Yates, 2016).

The Kruskal-Wall H-test

The Kruskal-Wallis H-test tests the population median for two or more groups, even if

they are different in size, and returns the statistics and p-value. If the p-value is less than

0.05, then there is a significant difference between the datasets. If the p-value is more

than 0.05, then there is no significant difference in the dataset. We tested the dust mass,

stellar mass, and sSFR statistics distribution, and the test showed a significant difference

in our datasets. For more information on this test, see MacFarland & Yates (2016).

The Welch’s test

The Kruskal-Wallis P-value test show tells whether there is a significant difference in the

three datasets, but it does not show which set is different. So we also did Welch’s test; this

test tests the difference in the population’s mean, assuming they have different variances.

The Kruskal-Wallis p-value test shows us whether there is a significant difference in the

three datasets, but it does not show which set is different. Therefore, we also performed

Welch’s test. This test returns the value of the statistics and the p-value. Using similar p-

value reasoning as in the Kruskal-Wallis test, we found no significant difference between

EAGLE and DustPedia; however, all other paired distributions had significant differences.

For more information on this test, see Keselman et al. (2004).

2.5 Method limitations and conclusions

Significant differences in sample quantity exist in our studied datasets. EAGLE has more

galaxies compared to SIMBA and DustPedia. In the future, we can include all the different

snapshot volumes, resulting in a larger sample and a broader insight into the study. Table 5

below summarises each parent dataset’s primary information.
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SIMBA DATA

Box name box length

(cMpc)

Aperture ((kpc) Distance

(Mpc)

Nbands No.

of

galax-

ies

m25n1024 25 30 20 20 2411

Extracted galax-

ies

25 30 20 20 264

EAGLE DATA

Box name box length

(cMpc)

Aperture ((kpc) Distance

(Mpc)

Nbands No.

of

galax-

ies

Ref-L1001504 100 30 20 29 16493

Extracted galax-

ies

100 30 20 29 1000

DustPedia DATA

Aperture ((kpc) Distance

(Mpc)

No. of bands No. of

galaxies

<17.6> <21.5> <20> 814

<17.6> <21.5> <20> 302

Table 5: The galaxy information for each dataset. For the simulations, the first column is the

dataset name, as in simulations. The second column is the snapshot box size in comoving units.

The third column is the aperture radius from the galaxy centre. The fourth column is the assumed

distance (Mpc) from the observer/detector. The fifth column is the number of available band lists.

The last column is the number of galaxies in each dataset. For DustPedia, the average galaxy

aperture is in the first column, the distance from the galaxy in the second column, the number of

available band lists in the fourth column, and the number of galaxies in the last column.

Above limitations, our methodology has met the objectives. We managed to get the galax-

ies of interest and create their mock observations with the SKIRT code, enabling scaling

relations presented in the following chapter.
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3 Results and Discussion

This chapter presents and discusses the main results of this project. Section 3.1 presents

the inferred physical properties. Section 3.2 discusses the common luminosity proxies

and compares them with previous literature. Section 3.3 presents the FIR and MIR lu-

minosities scaling relations. Finally Section 3.4 presents the dust-to-stellar mass ratio’s

scaling relations.

3.1 Inferred physical properties

The aims of this project are to evaluate the scaling relations of the cosmologically simu-

lated galaxies and compare them with the scaling relations of real galaxies. This section

compares the stellar mass, dust mass and specific star-formation rate (sSFR) of the galax-

ies from the SIMBA and EAGLE cosmological simulations and the DustPedia observa-

tional dataset.

The stellar mass distribution of the three data sets ranged from 109M⊙ to 1011.2M⊙. EA-

GLE and DustPedia had a similar distribution, as found in Welch’s test (Section 2.4) and

demonstrated in the left panel of Figure 21. The SIMBA sample is dominated by lower

mass galaxies in the range ≤ 109.5M⊙. All the samples contain a few higher mass galaxies

that are greater than 1010.5M⊙, but no sample contains a galaxy with a stellar mass higher

than 1011.2M⊙. The samples lack higher mass galaxies because the selection criteria pro-

moted younger, more prominent stellar populations and excluded massive galaxies, which

are usually red and old stellar populations with suppressed SFR. SIMBA galaxies have

higher dust masses than EAGLE and DustPedia galaxies, as shown in Figure 21 (middle

panel). The difference in the dust mass estimation mainly exists in the lower dust mass

galaxies. The difference in the calculated relative change in the lower dust mass range was

on average ≈ 10% between SIMBA and the other two samples, meaning SIMBA lower

mass galaxies had an average of 10% more galaxy dust mass than EAGLE and DustPedia

galaxies.

Between the three samples, EAGLE galaxies have the lowest sSFR. As seen in Figure 21

(right panel), the distributions are horizontally centered within a range of 10−10.5 < sSFR
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[/yr] < 10−9.7 and the EAGLE distribution is shifted towards the lower sSFR range. Dust-

Pedia has significantly higher sSFR galaxies, i.e. the sample has high sSFR galaxies

(sSFR > 10−9.5yr−1) that are not contained in the SIMBA and EAGLE samples. The

DustPedia distribution ranges between 10−10.5 < sSFR [/yr] < 10−9.5.

These results gave us an insight into the dataset’s physical properties that we should keep

in mind as we continued with our analysis. For example, SIMBA galaxies have higher

galaxy dust masses, and DustPedia galaxies have high sSFR. The following section ex-

amines whether these physical properties well represent their common known proxies.
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3.2 Luminosities as a proxy of stellar mass, dust mass, and star for-

mation rate

This section examines the simulation’s SKIRT fluxes’ ability to reproduce known com-

mon proxies by plotting their mock luminosities versus their inferred physical properties

on the same axis with real observational galaxies (see Figure 22). The presented simula-

tion’s luminosities and physical properties were calculated using the SKIRT output fluxes.

The physical properties studied here are the galaxies’ stellar mass, dust mass, and SFR.

The corresponding luminosity bands are the WISE 3.4µm, WISE 22 µm, and SPIRE

250µm bands. In previous literature, the WISE 3.4µm band luminosities are described

to be excellent galaxy stellar mass tracers Trčka et al. (2020), the WISE 12 and 22 µm

monochromatic luminosities are good galaxies SFR tracers (Lee et al., 2013; Trčka et al.,

2020), and the submillimetre SPIRE 250 µm band fluxes are good galaxy dust masses

estimators (Dunne et al., 2011; Trčka et al., 2020). To check if our samples agree with the

common known proxy relations (see Figure 22), we replicated these relations with our

data samples, and we also included the lines of best fit traced from the previous litera-

ture. These proxies are important to confirm, as we used them in Section 3.3 to interpret

the MIR/FIR luminosities scaling relations physically. To compare SIMBA’s and EA-

GLE’s SKIRT output fluxes in reproducing observational fluxes, we repeated the same

band relation separately for simulation and observation. An overview of the results ends

the section, which includes the derivation of general equations that can be used to esti-

mate the galaxies’ physical properties, provided that one has access to the fluxes ( see

Section 3.2.4).
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3.2.1 The WISE 3.4µm luminosity as the galaxy stellar stellar mass proxy

Figure 23 shows the stellar mass tracer relation between the SIMBA and DustPedia galax-

ies in the left panel and between the EAGLE and DustPedia galaxies in the right panel.

This relationship shows that SIMBA galaxies’ SKIRT estimated fluxes agree better with

observations than EAGLE galaxies’ SKIRT estimated fluxes. So when coupling SIMBA

and SKIRT, the SIMBA simulation reproduces the stellar masses of real galaxies. As

for the differences observed between the EAGLE and DustPedia galaxies relations (right

panel), there are two possible explanations. First, the SKIRT simulations of EAGLE

galaxies at fixed galaxy stellar masses may have underestimated the galaxies’ 3.4µm

fluxes (EAGLE galaxies’ luminosities are 0.94 dex lower than DustPedia galaxies at

fixed galaxy stellar masses). Second, the EAGLE galaxies may have higher galaxy stellar

masses at fixed L3.4µm, and we discuss these possibilities below.

Figure 23: The 3.4µm galaxies’ luminosities and their stellar mass relation. For each presented

sample, the galaxies’ dots are coloured as follows; EAGLE (green), SIMBA (cyan) and DustPedia

(magenta). The dashed lines are traced from previous literature (Trčka et al. (2020) - red dashed

line; Wen et al. (2013) - black dashed line).

The stellar masses of EAGLE galaxies are similar to DustPedia galaxies, as shown in
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Figure 15. Therefore, the offset observed between DustPedia and EAGLE stellar mass

tracer relation is likely because SKIRT underestimated the WISE 3.4µm band fluxes.

Both simulations used the SED template established by Bruzual & Charlot (2003) to

model the galaxies’ stellar region particles when running galaxies through SKIRT. The

Bruzual & Charlot (2003) SED template is a stellar mass-dependent template, so it gets

affected by the simulation’s sub-grid recipes. The flux estimation difference observed

in EAGLE galaxies is likely due to the EAGLE simulation’s initial mass functions, not

SKIRT or the SED template. In support of our suggestion, Schaye et al. (2015) demon-

strated that the EAGLE simulation does not produce the expected stellar and black-hole

masses since the simulation does not include all the ISM structure modelling physics,

such as cold interstellar gas phase. In addition, Davé et al. (2019)’s Figure 4 shows the

galaxy stellar mass function evolution for EAGLE and SIMBA galaxies and compares

their functions with observations from z = 6 to z = 0. From their figure and overall

findings, in comparison to EAGLE, SIMBA’s simulation galaxy stellar mass functions

appeared to be in good agreement with observations, especially at lower redshifts z < 3.

3.2.2 The WISE 22µm luminosity as the galaxy SFR proxy

Figure 24 shows the WISE 22µm luminosity as a proxy for galaxy SFR. SIMBA and

EAGLE simulations’ SKIRT estimated fluxes are similar to fluxes from observations and

previous literature, as shown in the figure. For both simulations, the galaxies were pro-

cessed using the same MAPPING III SED template during the SKIRT processing. The

template is parameterised based on the galaxies’ metallicity, compactness, ISM pressure,

and PDR covering factor (Groves et al., 2008). Table 3 shows that all of these param-

eters, except metallicity, were calculated during the post-processing procedure and are

not directly extracted from the simulation snapshot. Based on this, both simulations’

star-forming regions reproduce the fluxes of real galaxies when coupled with SKIRT.
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Figure 24: The 22µm galaxies’ luminosities and their SFR relation. For each presented sample,

the galaxies’ dots are coloured as follows; EAGLE (green), SIMBA (cyan) and DustPedia (ma-

genta). The dashed lines are previous literature fits from Trčka et al. (2020) presented by the red

dashed lines, and Chang et al. (2015) presented by the black dashed lines.

3.2.3 The SPIRE 250µm luminosity as the galaxy dust mass proxy

Figure 25 shows the SPIRE 250µm luminosity as a proxy for the galaxy dust mass. The

relation shows that the SIMBA galaxies’ SKIRT estimated fluxes agree with observations

better than the EAGLE galaxies’ SKIRT estimated fluxes. Although the EAGLE galax-

ies’ fluxes are under-estimated, there is not much difference between the EAGLE and

DustPedia galaxies’ SPIRE 250µm fluxes ( ≤ 9%). The EAGLE simulation does not

have dust implementations that trace the galaxy’s dust formation, growth, and destruc-

tion. However, the EAGLE galaxies’ dust masses were derived and calibrated to match

the observed dust scaling relations during the EAGLE post-processing in Camps et al.

(2016). However, when running the galaxies in SKIRT, each simulation used a different

SED template to represent the simulations’ diffuse dust. The differences in the templates

used are likely to be the cause of the observed differences in the SKIRT estimated fluxes.

We used the THEMIS dust model (Jones et al., 2017) on SIMBA galaxies, Camps et al.
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(2016) used the Zubko et al. (2004) dust model on EAGLE galaxies when processing the

galaxies through SKIRT. The Zubko et al. (2004) dust modelling is for non-composite

to ensure the derived dust accurately reproduces real dust emission, extinction and abun-

dance constraints of the Milky Way since the model mimics realistic dust mixtures. On

the other hand, the THEMIS template models the dust in the diffuse interstellar medium.

The main difference between the two models is that the Zubko et al. (2004) model FIR

to submm emissivity was two factors higher than THEMIS. In particular, Zubko et al.

(2004) finds more aromatic hydrocarbons around 20 µm than the THEMIS model. Addi-

tionally, the THEMIS model aromatic features FIR emission strength that is twice that of

the Zubko model (Galliano et al., 2018; Trčka et al., 2020).

Figure 25: The 250µm galaxies’ luminosities and their dust mass relation. For each presented

sample, the galaxies’ dots are coloured as follows; EAGLE (green), SIMBA (cyan) and DustPedia

(magenta). The dashed lines are previous literature fits from Trčka et al. (2020) presented by the

red dashed lines, and Dunne et al. (2011) presented by the black dashed lines.

3.2.4 Result summary

This section examined the ability of the EAGLE and SIMBA simulation’s SKIRT esti-

mated fluxes to agree with observational fluxes and common known proxies. Our results
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show that our data samples reproduce the common proxies. Results agree with the WISE

3.4µm band luminosities being the excellent galaxy stellar mass tracers, the WISE 22 µm

luminosities being the good galaxies SFR tracers, and the submillimetre SPIRE 250 µm

band fluxes being the good galaxy dust masses estimators as shown in previous literature

(Trčka et al., 2020; Lee et al., 2013) and (Dunne et al., 2011). Our results also show that

SIMBA galaxies imitate observations better than EAGLE galaxies. The EAGLE galaxies

3.4µm and 250µm fluxes are underestimated, except in the 22µm fluxes and SFR relation,

where both simulations perform reasonably equally. However, in Figure 26, we found that

both the SIMBA and EAGLE galaxies’ estimated SKIRT fluxes agree with fluxes from

the DustPedia observations at 1σ intrinsic scatter.

Additionally, we notice that the studied common proxies are tightly correlated, and we

derive the mathematical forms of the luminosity proxies given in equation 20, 21, and 22.

These equations benefit the community, e.g., if one has flux in 3.4µm, from observations

and simulations, then computation of the galaxy stellar mass is straightforward using

equation 20.

Stellar_mass = (0.952± 0.427) L3.4µm + 1.179 (20)

SFR = (0.84± 0.556) L22µm + 7.586 (21)

Dust_mass = (0.847± 0.474) L250µm + 0.636 (22)
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3.3 The MIR/FIR luminosities scaling relations

This section presents the MIR and FIR luminosities scaling relations for the three datasets

in Figure 27 and Figure 28. The presented results are similar and in agreement with those

shown in Trčka et al. (2020) for EAGLE and DustPedia galaxies. Additional to Trčka

et al. (2020)’s findings, we also found interesting results on SIMBA simulation, which

are presented and discussed in this section.

3.3.1 Scaling relation between luminosities in the 3.4µm and 22µm band

Figure 27 (a) shows the relationship between the WISE 3.4µm and WISE 22µm bands,

a good proxy for the galaxy SFR per unit stellar mass. The relation displays a strong

positive correlation between the presented bands. It shows that the galaxy’s stellar mass

increases with the star-formation rate, which is expected since we know that star-forming

galaxies form new stars because they are rich in the gas needed for star-formation (Davé,

2008; Maragkoudakis et al., 2017) and (Schombert et al., 2022).

3.3.2 Scaling relation between luminosities in the 3.4µm and 250µm band

Figure 27 (b) shows the relationship between the WISE 3.4µm and SPIRE 250µm lumi-

nosities, a good proxy for the galaxy dust mass per unit stellar mass. The relation shows

a strong positive correlation between the galaxy dust mass and the stellar galaxy mass for

the three data sets. In Figure 27 (a), we saw that massive galaxies form more stars. Now,

this relation shows that massive galaxies also have more dust. We know that dust produc-

tion, growth, and destruction in the ISM involve many processes that affect star formation

and the stellar initial mass function (Asano et al., 2013; Calura et al., 2016). Asano et al.

(2013) have shown that ISM dust mass growth is the main contributor of dust in galaxies

with different SFR and ages. During stellar evolution, stellar mass loss and supernovae

remnants release significant metals that condense to dust grains. Accretion of atoms and

molecules promotes dust mass growth in the ISM (Asano et al., 2013; Draine, 2003). The

correlation between the galaxy dust mass and stellar galaxy mass (shown in Figure 27b)

is affected by the galaxy SFR (Santini et al., 2014). From Figure 27 (a) and (b), we learn

that the more massive a galaxy is, the higher the SFR, with more dust content.
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3.3.3 Scaling relation between luminosities in the 22µm and 250µm band

Figure 27 (c) shows the relationship between WISE 22µm and SPIRE 250µm, a proxy

relation for the galaxy SFR per unit dust mass. The relation displays a positive correlation

between the galaxy dust mass and the galaxy star formation rate, which is expected as

discussed in Figure 27 (b). Stars form within molecular dust clouds, and in the presence

of dust and a cool ISM, the formation of molecular cloud increases by two orders of

magnitude, resulting in more SFR activation (Hollenbach & McKee, 1979; Asano et al.,

2013). In summary, a significant amount of dust makes the environment favourable for

star formation. Figure 27 (c) shows the same relationship for the three data sets.

3.3.4 Interesting findings in the luminosities ratio relations

We have learned about the physical properties of the ISM in the first three luminosity

scaling relations in Figure 27. We saw that the more massive a galaxy is, the more dust it

contains and the higher the SFR. Nevertheless, from these relations, we could not identify

the degree to which each simulation imitates observations of real galaxies. Figure 29

shows the sigma intrinsic scatter agreement for the relations studied in this section, and

indeed in the first three relations; all samples are in agreement except for the luminosity

ratio scaling relations shown in Figure 28. Figure 28 is a proxy for the galaxy specific

dust versus galaxy sSFR (L250µm / L3.4µm versus L22µm / L3.4µm) .
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Figure 28: The scaling relations of the galaxies’ MIR and FIR luminosities. EAGLE (green),

DustPedia (magenta), and SIMBA (cyan) dots represent the galaxies in each dataset. As labelled

in the plot legend, the red, green, and blue lines are the galaxies’ running mediums for the datasets.

In Figure 28, the EAGLE galaxies’ sSFR increases with increasing specific dust masses

continually. On the other hand, SIMBA galaxies’ sSFR increases with specific dust

masses in the lower sSFR ranges (L22µm / L3.4µm < -0.4); corresponding to lower mass

galaxies. The curve then flattens in the higher sSFR range (L22µm / L3.4µm > -0.4); thus,

higher mass galaxies with higher sSFR. This curve flattening is also observed in real

galaxies, suggesting that the SIMBA simulation has succeeded in simulating another ob-

servational scaling relation to be discussed shortly.

Discussion

They are two possible causes of the curve flattening observed in SIMBA and DustPedia

galaxies. The first cause may be the decrease in star formations, wherein galaxies’ gas

reservoirs run low, resulting in star formation shut down, causing a flattening at the higher

mass end. The second reason may be due to massive galaxy quenching18 as a result of

AGN feedback. All galaxies are believed to be centred around BHs, which feed on the

surrounding gas or material through accretion.

18Galaxy quenching occurs when a galaxy loses its cold gas and starts suppressing its star formation until

it no longer produces stars
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As with SIMBA, EAGLE simulations include baryonic processes like star formation,

AGN feedback, and cooling (Baes et al., 2019). The main difference between the two

simulations is SIMBA’s main features. SIMBA’s features include high-resolution subgrid

models, unique dust production models, unique destruction models, and AGN jet quench-

ing feedback models that rely on black-hole accretion rates (Davé et al., 2019; Lovell

et al., 2021). These special features enable SIMBA to produce BH and galaxies that are

in good agreement with observations because on-the-fly dust production and destruction

models improve the extinction model of the simulation and dust extinction plays a vital

role in observations. The BH jet feedback contributes immensely to the baryonic process,

including the quenching of massive galaxies.

3.3.5 Result summary

This section studied the ISM infrared luminosities scaling relations for SIMBA simula-

tions, EAGLE simulation, and DustPedia observations to understand the galaxies’ ISM’s

physical properties and evaluate if the simulated galaxies behave like observational galax-

ies. Overall, the results shows that the three datasets were in agreement at 1σ intrinsic

scatter, shown in Figure 29 with an RMS intrinsic scatter ≤ 0.5. The physical interpreta-

tion of these ISM relations showed that massive galaxies have more dust and high SFR.

We also found that the SIMBA unique features enable the simulation to reproduce the ob-

served quenching scenario seen in massive galaxies (> 10M⊙), as depicted in Figure 28

and also found in Li et al. (2019) and Davé et al. (2019).
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Figure 29: The scaling relations of Figure 27 and Figure 28 intensity scatter at 1σ.
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3.4 Dust to stellar mass ratios scaling relation

The dust-to-stellar mass ratio scaling relations are good to consider when interested in

understanding galaxies’ dust properties (Hou et al., 2019). So far, both simulations per-

formed reasonably well in reproducing real galaxies MIR and FIR luminosities scaling re-

lations; even better, the SIMBA galaxies have reproduced the phenomenon of quenching

in massive galaxies, as seen in observations, within 1σ intrinsic scatter. We also studied

the scaling relations of the galaxies’ inferred physical properties for deeper analysis and

comparison with previous findings (Camps et al., 2016). We studied the scaling relation

between dust-to-stellar mass ratios versus galaxy stellar mass, the submm colour-colour

SPIRE fluxes, and the dust-to-stellar mass ratios versus NUV-r colour. We found some

discrepancies between observations and simulations, which are discussed in this section.

We found good agreement between both simulations’ and observations’ dust-to-stellar

mass ratios versus galaxies’ stellar mass relation in Figure 30 (top panel). We observe a

similar slope in all three samples’ flux ratios relationships, with a good agreement between

SIMBA and DustPedia ratios, but lower ratios for EAGLE galaxies in Figure 30 (middle

panel). We also found a huge offset in the SIMBA galaxies’ dust-to-stellar mass ratio

versus the NUV-r colour plot in Figure 30 (bottom panel), the NUV-r colour-magnitude

is a good proxy for sSFR (Schiminovich et al., 2007)). DustPedia and EAGLE galaxies

agree, showing an anti-correlating trend between the galaxies’ dust-to-stellar ratios and

the NUV-r colour magnitudes. Our results were the same as those presented in Camps

et al. (2016), the difference here is that we present only a subset of their sample due to

the applied selection criteria. Moreover, Camps et al. (2016)’s selection criteria were not

sSFR based; rather, they were based on galaxy stellar mass (M∗ > 108.5). The sam-

pling included galaxies from different EAGLE snapshots (Re-cal25, Ref25, and Ref100)

and the number of stellar particles per galaxy (2000/galaxy). Therefore Camps et al.

(2016)’s EAGLE sample accommodated higher mass galaxies (> 1010M⊙) with lower

dust-to-stellar ratios (< -3.5) and these galaxies clearly demonstrates the relation diverges

at > 1010M⊙). Our results displayed the deviation observed in Camps et al. (2016); how-

ever, because of this work’s selection criteria the deviation observed in Camps et al. (2016)

is not because we had fewer higher mass galaxies with lower dust-to-stellar ratios. How-

ever, we managed to reproduce Camps et al. (2016)’s dust scaling relations. In Camps
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et al. (2016), they found that the EAGLE lower flux ratios seen in Figure 30 (bottom

panel) indicated lower dust temperatures, and large cold dust contributions (T ≤ 18K)

confirming sub-grid model limitations, implying that the EAGLE simulated dust was in-

sufficiently heated.

Figure 30: Dust scaling relations for SIMBA galaxies (cyan) and EAGLE galaxies (green), com-

pared with the DustPedia (magenta) galaxies. The top panel shows the dust-to-stellar mass ra-

tio versus the NUV-r colour. The middle panel shows the dust-to-stellar mass ratio versus the

galaxy’s stellar mass. The bottom panel shows the SPIRE colour-colour relation f250/f350 versus

f350/f500.

After these findings, we attempted to discover possible reasons why some of the

SIMBA galaxies’ have a huge offset observed in the dust-to-stellar masses versus the
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Figure 31: The scaling relation of the NUV-r colour magnitudes ( sSFR) versus specific dust. The

dots represent EAGLE (green) and DustPedia (magenta) galaxies. The stars represent SIMBA

galaxies that are less than 10M⊙ (red) and SIMBA galaxies that are 10M⊙ (blue). The best fit line

of each dataset is shown in the same colour code as the dots and stars in each plot.

NUV-r colour plots. In the plot, the EAGLE and DustPedia galaxies show a relation of

specific dust decreasing as the galaxies become redder or the NUV-r colour-magnitude

increases. On the other hand, SIMBA galaxies display an overall opposite trend. SIMBA

galaxies become redder as specific dust increases. Our first assumption was the known

SIMBA simulation’s bimodality. Figure 6 of Davé et al. (2019) show that the SIMBA sim-

ulations (1) overestimate the sSFR for lower mass galaxies and (2) estimate the correct

sSFR for quenching and quenched systems (higher mass galaxies). To test our suggestion,

we created Figure 31 to see if the SIMBA higher mass galaxies would agree with EAGLE

and DustPedia. We found that most of the lower-mass galaxies, presented as red stars in

the plot, were in the offset; however, some of the higher-mass galaxies were also in these

offsets. Thus, we could not conclude it was the simulation’s bimodality.

In Section 3.3, we saw that there was a relationship between the galaxy dust mass, stellar

mass, and SFR; therefore, we re-created the NUV-r colour plot and colour-coded the
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galaxies according to their SFR to see if this offset could be related to the SFR to the

galaxies (see Figure 32). The figure shows that most SIMBA galaxies with higher dust-

to-stellar mass ratios are bluer, implying higher SFR. Again there were other red-orange

galaxies in the offset, meaning there might be another reason causing this offset in SIMBA

galaxies. Therefore, the research can only conclude that SIMBA failed to reproduce the

observed NUV-r colour versus specific dust trend. It would be interesting to explore the

main causes of this discrepancy in future work.

Figure 32: The NUV-r colour magnitudes versus specific dust scaling relations as in Figure 31,

colour coded according to the galaxies’ SFR.

3.4.1 Result summary

Although we did not get to the main reason why each simulation (mainly SIMBA) has

the observed discrepancies, this section has proven that both simulation’s sub-grid recipes

still need to be improved. Based on the relation studied, we suggest improving the SFR

sub-grid recipe for SIMBA simulations and the dust heating and population recipe for

EAGLE simulations. Future work is also suggested for further analysis.
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4 Conclusion

In this work, we test and validate the interstellar physics of the SIMBA hydrodynamic

simulations with observations. To achieve the aims of this project, we studied and com-

pared the ISM scaling relations of SIMBA simulations and DustPedia observations. We

employed SKIRT to create the simulation’s mock fluxes from UV to submm wavelength

range. Due to similar work already being done on the EAGLE hydrodynamic simula-

tion, we incorporated the EAGLE dataset already processed in SKIRT by Camps et al.

(2016). This allowed us to compare the ISM conditions of two hydrodynamical simula-

tions against observations. We note that this work is focused on local galaxies, both for

simulations and observations. The project answered the following research questions: Do

SIMBA-simulated galaxies’ scaling relations reproduce observational galaxies’ scaling

relations? How is the performance of the SIMBA simulation compared to other simula-

tions, particularly the EAGLE simulations? And below is the summary of our findings

:

1. SIMBA galaxies’ SKIRT estimated fluxes agree with observational fluxes better

than EAGLE galaxies’ SKIRT fluxes. The SKIRT fluxes for EAGLE galaxies at

3.4µm wavelength are underestimated by a factor of 0.94 dex (see Section 23).

2. For both simulations, there was a good agreement between the simulated and ob-

served galaxies’ SFR and 22µm SKIRT fluxes relation (see Section 24).

3. There’s a better agreement between the SIMBA and observational galaxies’ dust

masses and the 250µm fluxes relation. In this case, the percentage difference be-

tween the EAGLE and the observations is ≤ 9% (see Section 25). However, overall

the was a fair agreement between the simulated and observed galaxies’ dust masses

and 250µm fluxes.

4. We derived the mathematical forms for the common proxies presented in Sec-

tion 3.2. To estimate the SFR of a galaxy, we present equation 21. For the galaxy

stellar mass, we present equation 20, and for the galaxy dust mass, we present equa-

tion 22.

5. For the FIR and MIR luminosities’ scaling relations in Section 3.3, we found that

both SIMBA and EAGLE simulations reasonably reproduced the observed ISM
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scaling relations. This was true especially for SIMBA galaxies since their main

features enabled the quenching of massive galaxies, as shown in Figure 28.

6. In the physical properties and colour scaling relations in Section 3.4, we found that

both SIMBA and EAGLE simulations reproduced the observed physical property

dust scaling relations with some limitations. SIMBA reproduced the dust-to-stellar

mass ratio versus galaxy stellar mass and the f250/f350 versus f350/f500 ratio rela-

tion, with huge offsets in the dust-to-stellar verses NUV-r colour relation that is not

yet fully understood. The EAGLE dust-to-stellar mass ratio versus stellar mass

and NUV-r colour relations agreed with observations, with discrepancies in the

f250/f350 versus f350/f500 ratio relation, implying insufficiently heated simulated

dust.

After trying different possible reasons, the main cause of the SIMBA galaxies’ huge offset

in the dust-to-stellar versus NUV-r colour is not yet fully understood and is considered for

future work. One of the things that can be improved for future analysis can be the selection

criteria. The selection used in this work excluded most of the higher mass quenched and

quenching systems that would have enabled testing the SIMBA bimodality discussed in

the results section. In that note we suggest a similar selection criteria used in Camps

et al. (2016) and Trčka et al. (2020) for future work. Despite this, we conclude that

this project was successful as we have proven that the SIMBA simulations can reproduce

observational galaxies’ scaling relations when coupled with SKIRT.
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