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Abstract
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Master of Astrophysics

Origin of Gas Metallicity Gradients in Observed and Simulated Galaxies
by Emma Louise Bsdker Espersen

Spatially resolved observations have repeatedly revealed negative gas metallicity gradients in
nearby galaxies, which contain important information on various physical processes affecting the
evolution of galaxies. Cosmological hydrodynamic simulations can, in principle, predict such
negative gas metallicity gradients for present-day galaxies due to inside-out growth, shaped by
various internal and external processes (e.g. feedback versus merger history). A fully accurate
comparison, however, has been impeded so far, as observed gas metallicities are derived from
nebular emission lines in galaxy spectra, making several simplifying assumptions, whereas
modern cosmological simulations intrinsically predict this quantity, but cannot self-consistently
produce nebular emission lines. In this master thesis, we will use a novel methodology
(Hirschmann et al., 2017; Hirschmann et al., 2019) to generate, for the first time, synthetic
spatially resolved emission line maps for simulated galaxies (e.g., [llustrisTNG), which will
allow us to derive gas metallicities for simulated galaxies in the same way as for observed ones.
Such a uniquely accurate confrontation to observations (Lara-Lopez et al., 2021) enable us to
robustly assess, which are the main physical mechanisms shaping the gas metallicity gradients
of local galaxies.
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Chapter 1

Framework

1.1 Introduction

Studying the chemical history of galaxies is a fundamental part of understanding galaxy
evolution. In astronomy, all elements heavier than He are referred to as metals, and are
produced in various states of stellar evolution. Metals account for only ~ 1% of the mass in
galaxies, but are the dominant factor when it comes to chemistry, ionization, heating- and
cooling processes which are important to star formation.

Elements from carbon to iron are produced through nucleosynthesis in stellar interiors. In
particular, the production of carbon is of great importance, as it facilitates the alpha process.
Here, consecutive capture of alpha particles 3He by heavier nuclei produce the alpha elements
(O, Ne, Mg, Si, S, Ar, Ca and Ti, amongst others), with the main production sites being red
giants and SNe II (Narlikar, 1995). Fe-peak elements (Ti, V, Cr, Mn, Fe, Co, Ni and Zn) are,
like alpha elements, produced in massive stars and SNe II. Yet, the majority are synthesized
in SNe Ia, as the thermonuclear explosions allow silicon burning (Peters and Hirschi, 2013).
Neutron capture elements (e.g. Y and Ba) are produced mainly in AGB stars, neutron star
mergers, and, to a lesser extent, SNe II (Christensen-Dalsgaard, 2008; Peters and Hirschi,
2013). Proton capture elements include Na and Al, requiring extremely high temperatures, and
can therefore be produced in SNe IT and fast rotating massive stars (Christensen-Dalsgaard,
2008; Peters and Hirschi, 2013).

Massive stars are crucial in the nucleosynthesis of elements beyond oxygen, and thus galactic
chemical evolution. They furthermore impact the surrounding interstellar medium (hereafter
ISM) through strong stellar winds, shocks and ionizing UV emission (leading to H II regions).
They are also the progenitors of SNe Ib, -Ic and -II, neutron stars and black holes. Smaller
amounts of the metals produced in stellar nucleosynthesis are expelled into the ISM through
stellar winds at the earlier evolutionary stages. The vast majority of metals are however
incorporated into the ISM at later stages of the stellar evolution when expelled by strong stellar
winds from AGB stars, mechanical winds from fast rotating massive stars or SNe explosions.
Studying the chemical enrichment of the ISM through observations and simulations thereby
enables a deeper and more comprehensive understanding of galactic evolution.

The gas-phase metallicity of a galaxy, denoted Z, is defined as the mass fraction of elements
heavier than helium (here, in Solar units)

7 - g (Mo "

where My is the mass of all elements heavier than He, Mg, is the total gas mass and
Zo = 0.0127 is the Solar metallicity.

To obtain the total abundance of a given element, in theory one must measure the flux from
all transitions of that element. This is often not possible in practice through observations,
due to both technical limitations and variation in line strengths. Astronomers have therefore
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developed both theoretical and empirical methods (and hybrids thereof) to estimate the gas
metallicities. Specifically, nebular spectroscopy of H II regions is widely used in astronomy to
study planetary nebulae, late phase supernovae and in particular star-forming regions. H II
regions are nebulae primarily composed of hydrogen, of which most is ionized (hence "H II")
by UV radiation emitted from central sources. H II regions have large variations in both size
and density, and the ionizing sources of these regions include young, massive stars, hot white
dwarfs, shocks and stars in planetary nebulae.

A few examples of predicted temperature T, number emitted of hydrogen ionizing photons
per second within the radius of the Stromgren sphere Rg (that is, the point where the total
rates of ionization and recombination are equal) for a few O-B stars can be seen in table 1.1.
All values are adopted from table 2.3 of Osterbrock and Ferland (2006).

Spectral Type T, [K] log(Qion [s™']) Rs [pc]

03 Ia 50,700 50.1 147
05V 46,100 49.53 94
BOV 33,300 48.16 33
B0.5 111 30,200 48.27 36

Table 1.1: Predicted surface temperatures T,, number emitted of hydrogen ionizing photons per second
log(Qion ), and radius of Stromgren sphere Rg in parsecs for various stellar spectral types. All values
are adopted from table 2.3 of Osterbrock and Ferland (2006).

Emission from atomic transitions in the spectra of H II regions can trace both temperatures and
densities, chemical abundances, velocity structures, and ionization mechanisms. As atom-ion
and atom-atom collisions are rare in H II regions, collisions with free electrons are dominant.
Despite the low abundance of metals, forbidden transitions make a significant contribution
because of their low excitation potentials (~ few eV). Because the photon emitted in the
forbidden line transition has only a very low probability of being absorbed, the emitted photon
easily escapes from the nebula gas and can thus be observed here from Earth (e.g. Spitzer,
1998; Osterbrock and Ferland, 2006; Léna et al., 2012).

The gas-phase metallicity of a H II region can thus be estimated using (strong) emission from
forbidden transitions, in combination with recombination lines like Ho and Hf3, calibrated
in terms of the metallicity (e.g. Skillman et al., 1989; Kewley and Dopita, 2002; Kobulnicky
and Kewley, 2004; Pilyugin and Thuan, 2005; Moustakas, 2006; Pilyugin and Grebel, 2016).
Some of the more abundant metallicity-sensitive lines found in the optical of H II regions are
[OII] AAX 3727, 7318, 7324, [O III] AX 4959, 5007, [N II] AX 6548, 84 and [SII] AN6717, 31.
Wide availability of spectrophotometry of H II regions, combined with the apparent abundance
and strength of emission lines makes oxygen a good tool for estimating the metallicity, which
is then denoted 12 + log(O/H). In the analysis presented here, [O III] A 5007, [N II] A 6584 and
[SII] AA6717,31 are used to estimate the gas-phase metallicity, as described in further detail
in Chapter 2.

1.2 The Mass-Metallicity Relation

The correlation between the stellar mass and gas-phase metallicity of galaxies is well-established,
and formally known as the mass-metallicity relation (also denoted MZR or MMR). The first
demonstration of this relation was in a study of irregular and blue compact galaxies by Lequeux
et al. (1979). This correlation has later been firmly confirmed by Tremonti et al. (2004) using

data for ~ 53,000 galaxies from the Sloan Digital Sky Survey (SDSS); they found O/H oc M3
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at 10%°Mg < M, < 10'05Mg, with a flattening at M, = 10'%5Mg. The flattening, or
‘turnover’; in the MMR  is illustrated in figure 1.1, which shows the mass-metallicity relation
for 92,033 SDSS galaxies.

Using observations of local dwarf irregular galaxies, Lee et al. (2006) further extended the
MMR to ~ 2.5 dex lower in stellar mass, but their metallicities were 0.2 — 0.3 dex lower than
that of Tremonti et al. (2004), which may be explained from the different methods used in
the metallicity estimation. The MMR has primarily been explained by galactic outflows of
metal-rich gas being more effective in low-mass galaxies, whereas galaxies with larger potential
wells are able to retain most ejecta inside the halo, which can later be recycled (e.g. Tremonti
et al., 2004; Ma et al., 2015). Additionally, galaxies with higher stellar mass have experienced
more cycles of star-formation than galaxies of lower stellar mass, and have thus had more
time to release metals into the ISM. Possible explanations under current debate also include
downsizing (that is, the star formation efficiency is higher in more massive galaxies, and hence
evolve faster than less massive ones, see e.g. Maiolino et al., 2008; Calura et al., 2009) and
variation in the IMF (through a change in stellar yields, see e.g. Lian et al., 2018; Curti et al.,
2019).

More recent work (Ellison et al., 2007) has shown that galaxies with high SFR systematically
exhibit lower metallicities; in particular, at fixed stellar mass < 10! M), higher SFR imply
lower metallicity. This offset can be reduced by accounting for the SFR as shown by Mannucci
et al. (2010) and Lara-Lopez et al. (2010). The relationship between stellar mass, metallicity
and SFR is known as the fundamental metallicity relation (FZR or FMR). This has lead to
the understanding that the MMR is in fact a projection in the 3-dimensional space formed by
the interplay between SFR, stellar mass and gas-phase metallicity.

Mass Metallicity Relation of SDSS Galaxies

8.6

>
~
|

8.2

12 +1log (O/H)

| | | | | |
8.0 8.5 9.0 9.5 10.0 10.5

log(M 4« /M)

Figure 1.1: Mass metallicity relation of 92,033 SDSS galaxies at z ~ 0. The 2D histogram shows the
whole sample, and the solid black line and shaded area indicate mean and standard deviations of 0.1
dex bins in log(M./Mg), respectively.
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1.3 The Radial Gas-Phase Metallicity Profile

The metal content and -distribution of galaxies is governed by an interplay of a number of
galactic properties and -processes, such as (e.g. Mo et al., 2010)

e Gas infall, which dilute the metal content of the ISM, but may also trigger star formation

e Feedback driven by active galactic nuclei (AGN), star-formation and stellar evolution
processes, which induce outflows that may dispel or redistribute enriched gas on galactic
scales

e Injection of metals into the ISM by stellar evolution processes
e Turbulent processes, leading to metal-mixing

e Galaxy-galaxy interactions and mergers, which can trigger nuclear starbursts or AGN,
and cause tidal perturbations in the disc

The picture is further complicated by the fact that many of these parameters, either directly
or indirectly, influence each other.

Negative gas-phase metallicity gradients in disc galaxies have been known for decades (Searle,
1971; Peimbert, 1979; Shaver et al., 1983; Vila-Costas and Edmunds, 1992), and they have
been examined in several observational studies (e.g. Afflerbach et al., 1997; Deharveng et al.,
2000; Bresolin et al., 2005; Bresolin et al., 2009a; Bresolin et al., 2009b). The large amounts of
high quality data from integral field spectroscopy now available (e.g. CALIFA and MaNGA)
has enabled the exploration of the dependencies of the metallicity gradient (hereafter Vg )
on a variety of galactic properties (e.g. Sanchez et al., 2014a; Sanchez-Menguiano et al., 2016;
Pérez-Montero et al., 2016).

Observations of nearby galaxies allow astronomers to probe the ISM, and by comparing such
observations with predictions from both theoretical models and simulations, it is possible to
infer constraints on uncertain models adopted in galaxy evolution simulations. For example,
observations of strong negative metallicity gradients in spiral galaxies indicate that the central
regions are populated by more evolved, and thus more metal-rich, stellar populations, while
metal-poor and less-evolved stars are located in the exterior of spirals (e.g. Zaritsky et al.,
1994). This is consistent with the inside-out formation scenario of spirals, where spiral discs
form from gas accretion, as seen in infall models of galaxy formation (e.g. Matteucci and
Frangois, 1989; Boissier and Prantzos, 1999).

Another example is galaxies experiencing mergers or interactions with other galaxies. These
interactions disturb the gas in galaxies, and can create turbulent motions that energize the gas,
causing it to lose angular momentum and flow radially inwards. Simulations of gas-rich mergers
of disc galaxies of comparable mass have shown that these events are able to induce high levels
of nuclear star-formation, and possibly the creation of AGN (Mo et al., 2010). Interacting or
merging starburst- and active galaxies have likewise been observed to be associated with high
central gas densities (e.g. Larson and Tinsley, 1978).

While the galaxy-galaxy interaction/merger may initially flatten the metallicity gradient, as
metal-poor gas in the outer region is mixed with enriched gas from the companion galaxy, the
induced central star-formation can re-establish a negative gradient, as metals are injected into
the ISM by supernovae and stellar winds. However, subsequent outflows of enriched gas driven
by feedback from AGN, star-formation and stellar evolution can flatten the metallicity gradient
or truncate it at the outer regions. A flattened metallicity gradient, or truncation in the outer
parts, have in addition to these galaxy-galaxy interactions been linked to the presence of bars
(e.g. Bresolin et al., 2009a; Sanchez et al., 2010; Marino et al., 2012; Rosales-Ortega et al.,
2011). For galaxies which are not part of interacting or merging systems, a flattening of the
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metallicity gradient have been proposed to arise from metal-mixing caused by radial gas flows
(Lacey and Fall, 1985; Goetz and Koeppen, 1992; Portinari and Chiosi, 2000; Ferguson and
Clarke, 2001; Schonrich and Binney, 2009; Bilitewski and Schonrich, 2012; Spitoni et al., 2013,
among others).

In the remainder of chapter 1, I will as an introduction to this thesis summarise some main
results from literature on simulations of the gas-phase metallicity profile.

1.4 Observations of the Radial Gas-Phase Metallicity Profile

This following section will summarize some of the main observational results found in literature
on how Vg relates to characteristics of galaxies. While ellipticals also have been shown to
exhibit negative gas-phase metallicity gradients, the lower amount of gas in these galaxies
makes it hard to observationally measure reliable gradients. Additionally, we here study gas
rich galaxies, why this section and the following will have late-type galaxies as the primary
focus.

1.4.1 Stellar Mass and Morphology

There has been several studies investigating how the stellar mass is linked to the shape of the
metallicity gradient. Massive galaxies form earlier and in denser regions than less massive
ones. Moreover, less gas is accreted in massive galaxies at later times, and different types of
physical processes occur in galaxies of different masses. For example, it is well known from
observations that most massive galaxies have a massive black hole in the center. Some of these
accrete gas from the surrounding ISM (i.e. AGN), and high mass galaxies are thus affected to
a higher degree by AGN feedback, which can blow out metal-rich gas from the center and into
the halo. Thus studying the effect of stellar mass on Vg i is not trivial, and it is in fact the
underlying physical processes and structures that arise from the stellar mass, rather than the
mass itself, that affects Vg .

A trend of Vg with stellar mass, with shallow gradients for the more massive systems
(M, z 1092510577y has been reported by several observational studies (e.g. Belfiore
et al., 2017; Poetrodjojo et al., 2018; Mingozzi et al., 2020). From a study of 550 nearby
galaxies from SDSS IV MaNGA survey in the mass range 9.0 < log(M, /M) < 11.5, Belfiore
et al. (2017) found, when normalizing to the disc size, roughly flat gradients for galaxies
with log(M,/Mg) = 9, while galaxies with log(M./Mg) = 10.5 exhibited slopes as steep as
—0.14 R;'!, where even more massive systems exhibited slightly flattened gradients. They also
detected a flattening in the central regions R < 1 R, (see also Sanchez-Menguiano et al., 2018),
as well as a mild flattening in the outer region R > 2 R,. Similar results are found in Mingozzi
et al. (2020) for 1795 local galaxies with log(M,/Mg) > 9, with a flattening in the central
regions (R < 0.5 R,) for galaxies with log(M./Mg) > 10.25, as well as a mild flattening of
Vou in the outer regions (R > 1.5 R.) for galaxies with log(M,/Mg) < 10.

Sanchez-Menguiano et al. (2016) measured gas abundance profiles in 122 face-on spiral galaxies
observed by the CALIFA survey. Contradictory to the aforementioned studies (Belfiore et al.,
2017; Poetrodjojo et al., 2018; Mingozzi et al., 2020), Sanchez-Menguiano et al. (2016) found
no trend of Vg i with stellar mass when normalizing to the physical scale of the disc. They
furthermore emphasize the importance of defining the gradient normalised to the disc effective
radius. The disc effective radius presents a clear correlation galactic properties such as the
absolute magnitude, mass, or morphological type, hence why a normalization is important.
In addition, they suggest that the observed flattening in the outer parts of the galaxies is a
universal property of spiral galaxies, as they found no significant differences for sub samples
based on the morphological type, presence or absence of bars and luminosity. However, this
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discrepancy may arise from statitsics, as both MaNGA and SAMI have much larger samples
than what was examined by Sanchez-Menguiano et al. (2016).

The morphology of galaxies and the shape of the radial metallicity profile may be related by
certain processes that affect both, as different physical processes which can alter the gradients
take place in spirals and ellipticals. In the case of spirals, three main aspects can be considered;
how tightly wound the arms are (early/late type spiral), the presence/absence of a bar or
bulge, along with the relative size of these (bulge-to-total, bar-to-total), and the relative size
of the disc (disc-to-total).

Sanchez-Menguiano et al. (2016) examined relations between the slope distribution and
morphological type. They found that in general, the earlier spirals (Sa) present flatter
gradients than the later type ones (Sd), though these results are not deemed statistically
significant. They furthermore found essentially no correlation of Vi with the presence of a
bar, but speculates that the bulge-to-total may play an important role in the derived gradients.
A chemical evolution model by Cavichia et al. (2013) found that the aforementioned flattening
of Vo,i in the inner region may be caused by the presence of a bar, creating radial gas flows
in the disc, which increases the SFR at the corotation radius and enriches the surrounding
medium. This flattening has not only been observed in nebular emission, but also in stellar
populations throughout the Galaxy (Hayden et al., 2014).

1.4.2 Feedback

AGN- and stellar driven feedback create gaseous outflows of metal-rich gas, which is then
redistributed at larger radii. This has been observed to be true at high redshift, especially
in conjunction with high mass and star formation surface density (Newman et al., 2012;
Genzel et al., 2014; Wuyts et al., 2016). Some of the enriched gas that has been blown out
into the halo will escape, but a fraction is recycled and mixed with incoming low-metallicity
gas from the surrounding intergalactic medium, producing a flattening in the outer regions
(Sanchez-Menguiano et al., 2016). Results from Stott et al. (2014) indicated a trend between
metallicity gradient and specific star formation rate (sSFR) for star-forming galaxies at z ~ 1,
with high sSFR being associated with metal-poor gas in the central region. They note that this
relation may be due to radial inflows of unenriched gas, driven either by mergers or accretion.

1.4.3 Mergers

Through observations of morphologically disturbed galaxies, merger galaxies and close neigh-
bours, previous works have found that these objects exhibit flatter metallicity gradients.
Mergers induce inflow of metal-poor gas in the central regions and cause mixing of low- and
high-metallicity gas, flattening the slope of the gradient. Additionally, the disc may be destroyed
and bursts of star formation can occur, evening out the gas metallicity (Wuyts et al., 2016;
Sanchez-Menguiano et al., 2016). In the case of minor mergers or encounters/perturbations
caused by orbiting satellite galaxies, Sanchez-Menguiano et al. (2016) notes that the external
regions may experience an increase in the metal content, again flattening the outer metallicity
profile.

The main take away from the observations described above may be summarised as:

e Inside-out galaxy formation The negative metallicity gradients observed in disc galaxies
are believed to be associated with the inside-out galaxy formation scenario, where discs
form from gas accretion. Here, central regions are populated by more evolved, metal-rich
stellar populations. On the other hand, the exterior regions need longer time to build up
higher metallicities due to the radial dependance on gas infall timescales (and thereby
SFR).
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o (Central star-formation and gas inflow Central star-formation can create negative gra-
dients as metals are injected into the ISM by supernovae and stellar winds. Shallow
gradients or a truncation at low radii have however also been associated with high sSFR,
as the radial inflows of pristine gas feeding the star formation dilute the central ISM.

e AGN- and stellar feedback Outflows of enriched gas driven by feedback from AGN,
central star-formation and supernovae can flatten the metallicity gradient or truncate it
at the outer regions.

e Galazxy interactions and mergers At early stages, the interaction/merger-induced turbu-
lent motions may initially flatten Vg /i due to both mixing in the exterior and radial
inflows of metal-poor gas. At later stages, a negative gradient may be re-established
from induced nuclear starbursts.

The following section will describe the current state of simulations in this context.

1.5 Radial Gas-Phase Metallicity Profiles in Simulations

Galactic chemical evolution models has for years been used to try to understand the physical
processes governing the shape of the metallicity gradient. Among others, topics such as infall of
metal-rich gas (Tosi, 1988), star formation processes (Portinari and Chiosi, 1999), relations with
luminosity (Prantzos and Boissier, 2000), and the formation scenarios of galactic components
(Hou et al., 2000; Portinari and Chiosi, 2000; Chiappini et al., 2001; Fu et al., 2009) have all
been investigated in the past. In recent years however, hydrodynamical simulations which
follow the chemical enrichment of the ISM have become of greater importance in this area
(e.g. Kobayashi, 2004; Rupke et al., 2010b; Teklu et al., 2015; Tissera et al., 2015; Sillero et al.,
2017; Taylor and Kobayashi, 2017). This section lists some of the theoretical findings and
predictions of metallicity gradients, and their relation to some of the galactic properties and
physical processes taking place.

1.5.1 Stellar Mass and Morphology

While low mass galaxies tend to have flatter gradients due to more efficient outflows, both
Tissera et al. (2015) and Ma et al. (2017) found no clear correlations between stellar mass and
the slope of the metallicity gradient. Sanchez et al. (2012) additionally reported a characteristic
slope for 38 face-on spiral galaxies when normalizing to the disc size, with no correlations with
morphological characteristics. This has been suggested to indicate a correlation with mass
growth of disc galaxies (Sanchez-Menguiano et al., 2016).

The negative metallicity gradients observed in disc galaxies are believed to be associated
with the inside-out galaxy formation scenario, as described earlier. Several observational studies
have provided evidence to support this theory, both through the study of radial stellar age
gradients (Delgado et al., 2014; Delgado et al., 2015; Ruiz-Lara et al., 2015) and star-formation
histories (Pérez et al., 2013). In this scenario, gas infall timescales have a radial dependance,
such that they increase with increasing galactocentric distance (Sanchez-Menguiano et al.,
2016), which in turn yield a radial dependence of the SFR. The negative Vo have likewise
been found to be a consequence of the global inside-out disc assembly in simulations (e.g.
Tissera et al., 2015). Gas metallicity gradients have additionally been shown to flatten over
time, as the outer parts of galaxies need more time to build up higher abundances (e.g. Belfiore
et al., 2016).

Galactic bars can induce gas flows from an angular momentum exchange with the disc
(Athanassoula, 1992; Friedli, 1998). This may cause radial redistribution of enriched gas,
yielding lower central metallicities (Dutil and Roy, 1999). Another effect from bars earlier
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reported are shallower gradients compared to unbarred spiral galaxies (Vila-Costas and
Edmunds, 1992; Zaritsky et al., 1994; Friedli et al., 1994; Friedli and Benz, 1995; Martin
and Roy, 1995; Dutil and Roy, 1999; Portinari and Chiosi, 2000; Cavichia et al., 2013) or
even positive gradients (e.g. Tissera et al., 2015). While more recent studies have found no
correlations between the presence of bars and Vg i (Sanchez et al., 2012; Sanchez et al., 2014a;
Sénchez-Blazquez et al., 2014; Cheung et al., 2015; Sanchez-Menguiano et al., 2016), there is
evidence in both observations (Sanchez-Menguiano et al., 2016) and simulations (Fu et al.,
2013) that the gas-phase metallicity gradients correlate with the relative size of bars or bulges.

A physical explanation comes from the bulge formation process; when a bulge is formed
through mergers, it sets the strength of Vo as most of the gas in the merger galaxies is
consumed during an induced starburst. Once the new merger galaxy is able to accrete, Vg /g
is re-established, but with signs of a negative gradient. The disc component also relates to the
radial metallicity gradient, where shallower slopes are found with increasing disc sizes (Tissera
et al., 2018) and very negative slopes are mainly present in rotationally supported galaxies
(Ma et al., 2017).

1.5.2 Feedback

Variations in Vg /g on < Gyr time scales have previously been associated with starburst
episodes (Ma et al., 2017). Feedback from these violent events can drive strong outflows that
flatten metallicity gradients by redistribution of metals on galactic scales. As suggested by Ma
et al. (2017), the feedback processes may be more efficient in low-mass galaxies and galaxies
with high sSFR, which tend to exhibit flat gradients. The metals ejected from a galaxy earlier
may be re-accreted at later times, which leads to a flatter present-day Vo u (Fu et al., 2013).
AGN driven feedback has been shown to be associated with flattened metallicity gradients, both
due to quenching of star formation (Taylor and Kobayashi, 2017) and removal of metal-rich
gas (Tissera et al., 2015). Collacchioni et al. (2020) has shown that the slope of the radial
metallicity profile depends more strongly on gas accretion rate than on stellar mass, SFR
or gas fraction, and associate steeper (negative) slopes with low-metallicity gas accretion.
The dependency may arise due to feedback from high levels of star formation triggered by
significant gas accretion onto the central regions, or likewise increased feedback from AGN.
Tissera et al. (2015) confirmed observational results by Stott et al. (2014), who found a possible
correlation between Vg and sSFR, where high sSFR is associated with central metal-poor
gas, primarily funnelled by merger-driven gaseous inflows. Indeed, Tissera et al. (2015) report
that positive abundance gradients are found in galaxies with morphological perturbations,
such as a very close companion, the presence of central bars, or clear ring structures in the
discs.

1.5.3 Mergers

Tissera et al. (2018) found a positive correlation between Vg i and stellar mass for galaxies
with quiet merger histories, while only a weak relation was present for galaxies that had
experienced mergers. Several studies (Kobayashi, 2004; Wuyts et al., 2016; Sanchez-Menguiano
et al., 2016; Ma et al., 2017; Taylor and Kobayashi, 2017) associate flattened metallicity
gradients with galaxies exhibiting strongly disturbed morphologies and/or have experienced
mergers. Specifically, Kobayashi (2004) find that shallow gradients are a result of major
mergers due to strong induced star formation.

Another effect found by both Tissera et al. (2015) and Sillero et al. (2017) is, that galaxies
showing positive or very negative gradients are all associated with galaxy-galaxy interactions
or highly disturbed morphologies - however, not all galaxies subject to perturbations have
positive/very negative gradients. A possible explanation for the former is given in Sillero
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et al.

(2017); the galaxy-galaxy interactions produce strong gaseous inflows, which dilute the

gas-phase metallicity in the central regions and increase the sSFR.

The main take away from the simulations described above may be summarised as:

Inside-out galaxy formation and morphology Simulations support the inside-out formation
scenario as indicated by observations. While no clear dependencies on morphology are
found, the size of a bulge or bar relative to the disc seem to correlate with the gradient.
This effect is seen in the sense that shallower gradients are found with increasing relative
sizes bars, likely due to metal redistribution caused by radial gas flows. If a bulge is
formed through a merger, a negative metallicity gradient can be produced as gas in the
inner regions is consumed by an induced starburst.

Central star-formation and gas inflow Negative metallicity gradients have been associated
with low-metallicity gas accretion, which may arise from high levels of central star
formation. The slope of Vi have been found to correlate with sSFR, such that an
increase in sSFR initially cause a flattening, while a (negative) steepening is found as
stars inject metals into the central ISM.

AGN- and stellar feedback Feedback from starburst episodes can drive strong outflows
that flatten metallicity gradients by redistribution of metals on galactic scales. This
process may be more efficient in low-mass galaxies and galaxies with high sSFR, which
tend to exhibit flat gradients. AGN driven feedback has been shown to be associated
with flattened metallicity gradients, both due to quenching of star formation and removal
of metal-rich gas.

Galazy interactions and mergers Interactions and early stages of mergers have been shown
to flatten the gas-phase metallicity gradient as low-metallicity gas is driven inwards.
Flattened metallicity gradients are however generally associated with galaxies exhibiting
strongly disturbed morphologies and/or have experienced mergers. At later stages, the
increase in gas density allow high central star formation, resulting in negative Vg .
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1.6 Motivation and Problem Statement

At the moment, the comparison between simulations and observations can only be approximate,
since metallicities are a direct output in simulations, but are derived from emission lines in
observations, making a number of assumptions. Specifically, large variations in the total
metallicities and metallicity gradients derived in observations are found when using different
calibrations.

Thus, in this thesis, we want to achieve a new level of accuracy when comparing simulated
and observed galaxy metallicities, by modelling emission lines of simulated galaxies such that
gas-phase metallicities can be derived in the same way as in observations. Using a novel
methodology (Hirschmann et al., 2017) to generate synthetic spatially resolved emission line
maps for simulated galaxies from the cosmological hydrodynamic simulations HlustrisTNG, we
will in this thesis derive gas-phase metallicity gradients for simulated galaxies in the same way
as for observed ones. The simulated gradients will be compared to six nearby, spatially resolved
galaxies observed with integral field spectroscopy (Lara-Lopez et al., 2021); that is, four spiral
galaxies (NGC 925, NGC 5194, NGC 6946 and NGC 7331) and two dwarf irregular galaxies
(NGC 1569 and NGC 4214). This uniquely accurate confrontation enables the assessment of
the main physical mechanisms shaping the gas metallicity gradients of local galaxies. The
main characteristics of the observed galaxies are given in table 1.2.

Galaxy NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331
Distance [Mpc] 9.2 2 2.9 8.0 5.9 14.7
SFR [Mg/yr] 0.561 0.06 0.107 3.125 3.239 2.987
log(M. /M) 9.9 8.4 8.8 10.6 10.5 10.1
log(Mu1/Mgp) 9.8 7.9 8.7 9.5 9.8 10.1
Morphology Bar.red Dwarf Barred Dwarf Spiral Spiral Unb'fxrred
Spiral Irregular Irregular Spiral

Table 1.2: Basic information on the observed galaxies.

The structure of the thesis is as follows: Chapter 2 is divided into two parts. The first
part, section 2.1, includes first a description of the observations (sections 2.1.1 - 2.1.2), data
reduction (section 2.1.3), emission line diagnostics (section 2.1.4), and the approach used
for the estimation of metallicity and ionization parameters, including the used calibrations
(section 2.1.5). Secondly, the method used in the derivation of the gradients are described
in section 2.1.6. The observational results are additionally presented and discussed here.
The second part, section 2.2, gives first an overview of the [llustrisTNG simulations, galaxy
sample selection (section 2.2.1), and the derivation of parameters (sections 2.2.2 - 2.2.3). This
is followed by a description of how the synthetic emission lines are generated, coupled to
the simulations and converted into mock observations (section 2.2.4). Section 2.2.5 contains
first a description of the derivation of the simulated gradients (section 2.2.5), followed by a
presentation, comparison and discussion of the results obtained from emission line models
and intrinsic simulation abundances (section 2.2.5). Possible dependencies of the metallicity
gradient on galaxy properties is investigated using results from emission line models at redshift
z = 0 in section 2.2.5. Lastly, the cosmic evolution of the metallicity gradient (from z = 2) is
examined through case studies in section 2.2.5.

Chapter 3 is the main discussion, and the results from observations and simulations are
compared and discussed in section 3.1. Caveats of the approaches and methodology used in
this work are additionally discussed in sections 3.2 through 3.4, and the results are compared
to litterature in section 3.5. Chapter 4 contains a summary and conclusion.
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Chapter 2

Methodology and Results

The observational part of this master thesis is based on the Metal-THINGS survey (Lara-
Lopez et al., 2021), and the methodology, along with the adopted metallicity- and ionization
calibrations, is described in section 2.1 below. The part dealing with the simulated galaxies
from IllustrisTNG is based on synthetic optical nebular emission lines generated following
Hirschmann et al. (2017) and Hirschmann et al. (2019), and is described later in section 2.2.

2.1 Integral Field Spectroscopy of Nearby Galaxies

2.1.1 Integral Field Spectroscopy

Integral field spectroscopy (IFS) is often used in astronomy to study objects that are extended
on the sky (e.g. nebulae, galaxies, star clusters). Integral field units (IFU) come in three
main types; a micro-lens array, a fibre bundle, optionally combined with a micro-lens array,
and an image slicer. In IFS, the signal measured in each pixel is fed to a spectrograph. Each
individual pixel hence yields a spectrum at a different position; that is, the flux is given as a
function of position and wavelength. The IFS data is thus a cube consisting of contiguous
spectral pixels (spaxels), and a schematic diagram of the IFS data cube structure is illustrated
in figure 2.1. IFS enable observers to view the target both at a single wavelength "slice", as
indicated in figure 2.1, or collapsed over several wavelength "slices". As each spaxel yield a
spectrum at each wavelength slice, it is possible to examine the target in detail.

| Image at a single wavelength

| Spectrum from one pixel |
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Figure 2.1: Schematic diagram of the IFS data cube structure (image credit: Harrison, 2014).
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2.1.2 Observations

The selection of galaxies in the Metal-THINGS survey (Lara-Lopez et al., 2021) is based on
the THINGS survey (Walter et al., 2008), who observed 34 nearby galaxies of large angular
sizes in radio using the Very Large Array (VLA). The Metal-THINGS survey (Lara-Lopez
et al., 2021) is obtaining complementary IFU spectroscopy. The IFU data is collected using
the 2.7 m telescope at McDonald Observatory (Harlan J. Smith Telescope 2020), with the
George Mitchel spectrograph (GMS, formerly known as VIRUS-P, Hill et al., 2008; Mitchell
Spectrograph 2020). Additionally, observations with MUSE-Very Large Telescope (VLT) are
performed for three galaxies located in the southern hemisphere. GMS has a field of view of
100" x 102", with a spatial sampling of 4.2” and a 1/3 filling factor. The IFU consists of 246
fibers arranged in a fixed pattern.

This thesis will be covering a total of six galaxies, namely NGC 925, NGC 1569, NGC 4214,
NGC 5194, NGC 6946 and NGC 7331. All galaxies were observed through a red setup, as
part of the Metal-THINGS survey (Lara-Lopez et al., 2021), covering the wavelength range
3400 A to 6800 A. In this range, multiple strong emission lines are available, including He,
Hp3, [OI] A6300, [O III] AN4959, 5007, [N II] A6584 and [SII] AN6717, 31.

The GMS field of view is arranged with 246 optical fibers with a 1/3 filling factor, meaning
that there are gaps between each of the fibres, where no light is collected. This missing light is
collected by dithering, which is the method of slightly changing the position of the fibres
and taking multiple exposures. All observed galaxies are very extended on the sky as they are
nearby, and to ensure a 90% surface coverage, every pointing is observed with three dither
positions. The observing procedure consists of taking 900 s exposure per dither, followed by a
sky exposure, and repetition of the process until 45 minutes in total is reached per dither, per
pointing. The sky exposure is taken off source, allowing for sky subtraction in the reduction
process.

Furthermore, a calibration/guide star was observed every night using six dither positions with
120 s exposures, in order to ensure a 99% flux coverage. Calibration lamps (here Neon and
Argon for the red setup) were observed both at the beginning as well as the end of every night.
This is used for wavelength calibration of the spectra. Table 2.1 lists the number of pointings,
average seeing and observing period for the observed galaxies.

Galaxy NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331

Pointings 13 1 4 9 10 6

Projected size  174.7 pc 41.6 pc 62.4 pc 162.2 pc 120.6 pc 259.9 pc

Average seeing  1.5" 1.9” 2.1 1.87 —2.0" 18" —2.0" 2.0"

Observations 12/17,1/18, 1/18 5/19,12/19, 5/16,6/18, 8/16,9/17, 12/16, 9/17,

[MM/YY] 1/19 1/20 5/19,6/21  6/18,10/18,  12/17, 1/18,
11/19, 12/19, 10/18
10/20, 6/21

Table 2.1: Specifications of the observations. Each fiber is 4.2” in diameter, and the third row denote
the corresponding projected physical size of each fiber.

2.1.3 Data Reduction

The basic reduction of the IFS data cubes consists of bias subtraction, flat frame correction
and wavelength calibration. This was performed using P3D, which is a general data-reduction
tool intended to be used with data of fiber-fed IFSs (23D 2020). The tasks in P3D convert
the raw data from CCD detectors into extracted spectra as indicated.
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Bias Subtraction

CCDs and CMOS detectors has an inherent level of readout noise associated with them, which
creates a noise pattern on the images. A bias frame is a ’zero-length’ exposure with the
shutter closed that captures this noise pattern, so that it can later be removed. This (fixed)
noise pattern in not necessarily uniform, and so if the bias is not subtracted from the data,
the flat frame correction may not work as intended. The reason for the zero-length exposure
is to limit the noise pattern to only being that of the electronics. In practice, several (~ 10)
zero-length exposures in a dark room are taken and the images are then stacked, where after
the noise can be subtracted from the data frames spaxel by spaxel.

Flat Field Correction

Not all spaxels in a detector will detect the same amount of light when exposed to a uniform
light source. Dust settling on the detector, lens vignetting et cetera will reduce the amount of
light that reach the spaxels affected by this. In practice, this means that the detected images
may contain ’dark spots’ (from dust) or a vignette (from the lens). In order to correct for this,
flat frames are taken. In astronomy, flat frames are taken by pointing the telescope to zenith
at dusk when the sky (at zenith) - to a good approximation - is uniform. One then calibrates
the spaxels based on the flat frames, essentially smoothing out the image.

Wavelength Calibration

When collecting data with an IFS, data cubes are obtained. The spectra in each spaxel are
not given in units of wavelength though, but rather in a relative energy scale. This is when
wavelength calibration comes in to play. As aforementioned, calibration lamps (Ne and Ar)
were observed both at the beginning and the end of every night. The Ne and Ar emission lines
have well-defined energies, which is then used for wavelength calibrating the spectral data.

Sky Subtraction and Dither Combination

As only the light from the respective galaxies are of interest, sky subtraction was performed.
This is done by taking short (300 s) exposures of the sky off source, before and after each galaxy
exposure. This allows for a 'pure’ sky spectra, that can then be subtracted from the actual
data, leaving a ’'clean’ galaxy image behind. Both the sky subtraction and the combination of
dithers was performed using Python (Python Software Foundation, Version 2.7 2020).

Flux Calibration

Flux calibration was then performed on the calibrations stars, following the methods of Cairés
et al. (2012) using six dither position as mentioned earlier. This ensures a 97% coverage. Based
on this, a calibration function was then created using the packages standard and sensfunc
in IRAF (Tody, 1986). The stellar continuum of all flux calibrated spectra was fitted using
Starlight (Fernandes et al., 2005; Mateus et al., 2006; Asari et al., 2007).

The calibration stars are used for flux calibration, which is used for creating the sensitivity
function. A simple relation between the observed continuum flux, F' g, the measured continuum
counts, I§, and the sensitivity function, Sy, is (Churchill, 2010):

I§ = S\ FY (2.1)

where the sensitivity function depends on multiple factors, such as; the location of the
observatory; the telescope throughput; the collecting area of the telescope; atmospheric
attenuation (dependant on airmass); the spectrograph design (Churchill, 2010). The sensitivity
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function, derived for the calibration star using standard and sensfunc in IRAF, is then used
to create a sensitivity curve. I refer to IRAF: standard (2000) and IRAF: sensfunc (1993)
for a more detailed description of these tasks. The IRAF task calibrate calibrates the input
spectra to a flux scale using the sensitivity curve. I again refer to IRAF: calibrate (1993) for a
more detailed description of this task.

Starlight

The stellar continuum of the flux calibrated spectra was fitted using STARLIGHT (Fernandes
et al., 2005; Mateus et al., 2006; Asari et al., 2007). Subsequently, 45 synthetic simple stellar
populations (SSPs) from the evolutionary synthesis models of Bruzual and Charlot (2003)
with ages from 1 Myr up to 13 Gyr and metallicities Z = 0.005, 0.02 and 0.05 were used to
create a synthetic stellar continuum.

A SSP is a collection of stars with the same age and initial chemical composition but different
masses. If a SSP is plotted in a Hertzsprung-Russel (H-R) diagram, the SSP will follow an
isochrone, and one will see different evolutionary tracks traced out by stars of different masses.
In practice, an example of a SSP could be a globular cluster, where hundreds of thousands of
stars were formed around the same time of the same molecular cloud, such that the stars have
very similar initial compositions.

Following this, the stellar continuum was subtracted from the spectra, and then the nebular
emission lines were measured by fitting Gaussian line-profiles. The stellar continuum fitting
and subtraction thereof was performed by collaborators of the Metal-THINGS survey, and I
refer to Zinchenko et al. (2016) and Zinchenko et al. (2018) for a more detailed description.

Extinction Correction

Extinction is the combination of scattering and absorption of light by dust and gas. Shorter
wavelengths are comparable to the sizes of dust grains, and are thus more affected by this than
light emitted at longer wavelengths. Extinction thereby dims emitting sources, which need
to be accounted for. The extinction correction, as described in the following, is carried out
following Appendix A of Lopez-Sanchez (2006). To correct for dust extinction, we model the
intensity of the received light, I()\), as being the intensity of the light emitted from a source,
Iy(X), obscured by dust with an optical depth 7, along the line of sight (between the observer
and the source):

I\) =Ihy(A\)e ™ (2.2)

such that the optical depth 7, is defined as the natural logarithm of the ratio of incident to
transmitted intensity through a material. Due to the size of the dust grains, the amount of
scattering and absorption by dust is greater at shorter wavelengths (hence the term "reddening",
see figure A.1 in Lopez-Sanchez (2006)), and in general the opacity, which measure the ability
of photons to pass through a material, Ky — 0 as A — 0.

Equation (2.2) may be expressed in terms of the extinction Ay, using e* = 10* lg(¢) and the
opacity ky:

0.4
log(e)
By measuring the brightness of two stars of the same spectral type, one reddened (denoted 1)
and one not reddened (or to a very low degree, denoted 2), the optical depth 7)(1) along the

X ZJ/@\dSZ Ay (2.3)
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line of sight to the reddened star can be estimated in the distances D; and Dy are known:

A1) _ Foa)e ™V D 1) r )
Fa(2)  Foa(2)e @ D3
— (1) =7(2) ~ (1) (2.5)

(2.4)

where the brightness F)\ = 7 F) is substituted for the intensity I(\) in equation (2.2). Note
that all but the distances cancel out in the flux ratio Fo x(1)/Fo x(2), as the stars are assumed
to be of the same spectral type.

Observations of stars have resulted in empirical evidence that extinction of stellar light from
different spectral types all follow (to a high degree) the same trend in regards of the wavelength
dependency (Osterbrock and Ferland, 2006), that is to say the extinction follows a reddening
law Ay = ¢ f’()\), and a similar trend can be expressed for the (diffuse) interstellar medium.
This thesis considers optical spectroscopy of nebular emission (3400 A - 6800 A), and in this
regime, normalization by Hf is convenient. Hence, by normalizing equation (2.4) by HS and
applying (2.3), a new expression for I(\) (equation 2.2) can be found:

I()\) _ Io()\) —log(e) (Ta—7ug)

1)~ Lm0 B Y
~Io(N) —0.4 (Ax—App)
= 7,015) x 10 s (2.7)

and as Ay = ¢ f'(\), we can define a reddening coefficient which is constant with respect to
Hp extinction, namely C'(Hf), using the Balmer decrements

1 o Iy(Ha) / I(Ha)

CHs) = ! g(fo(Hﬂ)/ I(Hﬁ)) (28)
0 (s 1)
= Fo o (2.878 [<Ha)> (2.9)

where I(Hx) denotes the received light and Io(H#) the light emitted from the source. Using a
series of normalizations, we obtain a relation between f(\) and Ay

A, Ay

SN = == s o ! (2.10)

Using reddening law of Cardelli et al. (1989) with Ry = 3.1 (the value in the diffuse interstellar
medium)

b(x)
- = + = 2.11
ofa) + A )
gives f(A) = —0.297 in equation (2.9) (value adopted from table A.2 in Lopez-Sanchez, 2006),
and assuming Ay/Ay = 0.47 (Lee et al., 2005). As to suit the observational regime, the
optical/NIR (1.1 pm~! < z < 3.3 um™1!) parametrization of the Cardelli et al. (1989) reddening
law is used. In this regime, a(z) and b(z) are defined as

a(x) =1+ 0.17699y — 0.50447y% — 0.02427y° + 0.72085y* + 0.01979y°
—0.77530y% + 0.32999y7

b(x) = 1.41338y + 2.28305y2 + 1.07233y> — 5.38434y* — 0.62251y/°
+ 5.30260y° — 2.09002y"

(2.12)

(2.13)
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where y = x — 1.82 and « = 1/\ with A in units of ym. The extinction corrected flux Fc ()
for any line with wavelength A is found spaxel-by-spaxel from the received flux F(\) as:

Fo(A) = F(A) x 10944 (2.14)
with

Ay =25[f(N) + 1] C(Hp)
_a(zy) +b(zx)/Ry
T = ams) + blan) /Ry

7(H5)>
F(Ha)

where F(Ha) and F(HpS) are the (received) fluxes from Ha and Hf in any spaxel, z) = 1/\
and zug = 1/ ng.

Metal-THINGS Maps

Extinction corrected Ha and HB maps of the observed galaxies are shown in figures 2.2 and
B.1, respectively. Only spaxels with a SNR > 3 for Ha and Hf lines are shown. Strong
emission from recombination lines like Ho and HfS trace star formation, as these lines indicate
photoionization powered by UV radiation from young, massive stars. The Ha maps of NGC
925, NGC 5194 and NGC 6946 present strong emission in the central region and spiral arms,
while for NGC 7331, Ha emission is the strongest in the spiral structures. For the irregular
dwarf galaxies, NGC 1569 and NGC 4214, the irregular shape is illustrated in the Ha maps,
as no clear structures are present. Both galaxies are starbursts, and NGC 1569 exhibit strong
Ha emission throughout the entire galaxy, clearly illustrating this. Two oval ring-like patterns
of glowing ionized gas are visible in both the Ha- and H map (figures B.1 and 2.2), with the
upper ring roughly (499.2 pc x 249.6 pc) in size, and the lower ring roughly (187.2 pc x 312 pc)
in size.



2.1. Integral Field Spectroscopy of Nearby Galaxies 17

NGC 1569
160 | 4
»g 80 3 R
4 S}
£ z
on
8 0 =
a
—80
1
T T T T
=200 -100 0 100 200
NGC 4214
50 -
3.2
0 -
2.4
)
2 =
5 —504 T
S 1.6 %o
3 2
a
—100 0.8
—150 0.0
T T T T T
-150 —-100 -50 0 50
NGC 6946 NGC 7331
1 T R
4 i
: i ekl i 24
07:4 =" RRNIN I
l.,..“l. ‘l.'. ‘ _-'.‘ .
3 .
[ u |iil “l“ l x' ’ ' H
2 = -100 ' i i ”1 l, Hin )
E o <) ] '”“'Hl:‘.--. T
%) 2% g T i e %
9 2 'H’I“: ':.‘l,ll-w l ll'; 2
A : it H is
-200 - ) Uil { i it 0.8
i SRR A TS 1 LA .hl'-,
-80 1 R l iy
T { ” HIHE
e
-300 oo 2 LS 0.0
2 ]
T T T T 0
—100 0 100 200 —40 0 40 80
RA [arcsec] RA [arcsec]

Figure 2.2: Extinction corrected Ho maps for the observed galaxies. Only spaxels with a SNR > 3 for
Ha and Hp lines are shown.



18 Chapter 2. Methodology and Results

2.1.4 Diagnostic Diagrams

Optical emission trace emission from warm, ionized gas in the interstellar medium. By studying
nebular optical spectra, it is thus possible to probe the underlying physical mechanisms that
drive the gas ionization. It is empirically established that in extragalactic objects, the most
prevalent excitation mechanisms include 1) photoionization by O and B stars, 2) photoion-
ization by a power-law continuum source, or 3) shock wave heating. Additionally, planetary
nebulae photoionized by very hot stars (I" > 50,000 K) constitute another class (Baldwin
et al., 1981).

Star-forming (hereafter SF) galaxies show lines emitted by H II regions, where the photoioniza-
tion is powered by ultra violet radiation from young, massive stars. This limits the intensity of
collisionally excited lines (e.g. [OIII] A5007, [NII] A 6584 and [SII] AA6717,31) with respect
to recombination lines like Ha and HB. On the other hand, lines from AGN are ionized by
harder radiation fields, yielding intense collisionally excited lines (Stasinska et al., 2006). The
large brightness of AGN arise from a centrally located accreting black hole, and the in-falling
gaseous material release potential energy. The luminosity of an AGN is proportional to the
accretion rate, Lagn oC MBH, and can in some cases outshine their host galaxy. Seyferts are one
of the two largest groups of active galaxies, along with quasars, and their spectra reveal strong,
high-ionisation emission lines (e.g. [OIII] A5007) (Schneider, 2014). Spectra of low ionization
narrow emission line region (hereafter LINER) galaxies has a great resemblance to those of
Seyferts, but show lower ionization levels. LINERs have nuclear optical spectra dominated by
emission from low ionization species like [OI] A 6300, [O II] AA3736,9 and [SII]AN6717,31,
whereas emission from [O IIT] A 5007 is weak (Heckman, 1980). LINERSs are very common in
galactic nuclei and typical LINER spectra is observed in about 1/3 of nuclear galaxy spectra
(e.g. Heckman, 1980; Ho et al., 1997). These spectral characteristics is visually present in the
diagnostic diagrams discussed in the following.

Baldwin, Phillips & Terlevich diagrams (Baldwin et al., 1981, hereafter BPT diagrams) are
a diagnostic tool for classifying the excitation methods of emission lines, based on the most
easily measured lines. Baldwin, Phillips & Terlevich developed an empirical method for
distinguishing between active galactic nuclei (AGN) and starburst (H II) types from line
flux ratios ([OIII] /HB, [NII] /He, [SII] /Ha, and [OI] /Ha). In order to allow for great
practicality, Baldwin et al. (1981) avoided pairs of weak lines, and chose lines close to each other
in wavelength (as far as possible) to lessen the effect of errors in reddening correction. In the
following, the classification schemes used in this thesis for the [O III] /H/ versus [SII] / Ha and
[OIII] /HpS versus [NII] /Hea line ratio diagrams (hereafter [SII]- and [NII] BPT diagrams,
respectively) are outlined.

Kewley et al. (2001) derived the first purely theoretical upper boundary for the region oc-
cupied by starbursts based on the optical diagnostic diagrams. The classification scheme is
derived from models of a large sample of infrared starburst galaxies, with spectral energy
distributions of young star clusters generated by the PEGASE v2.0 code, in combination with
photoionization models computed using their MAPPINGS III code. This theoretical upper
boundary effectively separate extreme starburst from AGN in both the [SII]- and [NII] BPT
diagrams. In this thesis, we use this classification to distinguish composite from AGN in the
[NII] BPT diagram.

Kauffmann et al. (2003) derived a demarcation between SF- and AGN galaxies through
examination of the properties of host galaxies of 22,623 narrow-line AGN from SDSS with
0.02 < z < 0.3. This pure star formation line is used in this thesis to separate SF and AGN-like
regions in both the [SII]- and [NII] BPT diagrams.

Kewley et al. (2006) analyzed the host properties of 85,224 emission-line galaxies selected
from SDSS. In this work, they derived a method to separate galaxies into H II-region-like,
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Seyferts, LINERs, and composite H II-FAGN types using [OIII] /Hf to [SII] /Ha line ratios.
This classification, which they denote the Seyfert—-LINER  line, is in this thesis used to separate
Seyfert from LINER in the [SII] BPT diagram.

Using the classification schemes above (Kewley et al., 2001; Kauffmann et al., 2003; Kewley
et al., 2006), spaxels of the observed galaxies are classified according the regions defined in the
following.

SF galaxies are found in the regions

log <[OHI]> < N(I]fl + 1.3 (2.15)
Hp log (I2)) — 0.05
[0 111]) 0.72
lo < +1.30 2.16
() <; CORE (210

where the first equation is derived by Kauffmann et al. (2003), and the second by Kewley et al.
(2001).

Composite galaxies are found in the regions

log <[OIH]> > 0.61 +1.3 (2.17)
Hp log ([NH]> —0.05

log <[O HI]) 0.61 +1.19 (2.18)
Hp log ([N H]) —0.47

where the first equation is derived by Kauffmann et al. (2003), and the second by Kewley et al.
(2001).

Seyfert galaxies are found in the regions

[O111] 0.61
1og< 0 ) > g({NH]> —+119 (2.19)
[0 III]) 0.72
1 . )
0g< 13 > 1og([sn]) _0'32—1—130 (2.20)
OIII SII

where the first and second equation is derived by Kewley et al. (2001), and the third by Kewley
et al. (2006).

LINERsS are found in the regions

[0 111]) 0.61
1 1.19 2.22
o ( HE ) 7 g (Bal) - 0.47 ! 222
[0 IH]) 0.72
1 1.30 2.23
(' g (5) o032 .
OTII STI

where the first and second equation is derived by Kewley et al. (2001), and the third by Kewley
et al. (2006).
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The BPT diagrams for the observed galaxies are shown in figures B.2 and 2.5, diagnostic
maps of the observed galaxies are shown in figures 2.4 and 2.3, and the division between the
categories is summed up in table 2.2. The data is extinction corrected and selected upon a
SNR> 3 for Hey, [OIII], [NII] and [SII] and a SNR > 2 for Hp.

Both diagnostics for NGC 925 in figures 2.3 and 2.4 indicate a galactic center dominated by
SF regions. The disk, however, is occupied by AGN-like regions (LINER and Seyfert) as seen
from the [SII] BPT map in figure 2.4. Kewley et al. (2013) associates this extended LINER
emission (> 1 kpc) with shock excitation.

The [SII] BPT map of the starburst NGC 1569 shows outer regions heavily occupied by Seyfert
emission, while the [NII] diagnostic classify the vast majority of spaxels as SF, with some
spaxels in the outer region falling into the composite- and AGN category. The explanation
provided by Kewley et al. (2013) is also valid in this case, as shock waves are a great contributor
to starbursts.

NGC 4214, which is shown in a false color image on the front page, exhibit many of the same
trends as NGC 1569. NGC 4214 is known for its large SF regions in the center, which is also
reflected in the Ha map seen in figure 2.2.

NGC 5194, commonly known as the Whirlpool Galaxy, is an interacting galaxy with a Seyfert
2 AGN in the center. The AGN is nicely illustrated in both diagnostic maps in figures 2.3 and
2.4. NGC 5194 is connected to its companion dwarf galaxy, NGC 5195, by a dust-rich tidal
bridge. Tidal winds from the gravitational interaction compress gas along the spiral arms of
NGC 5194, feeding star formation as is seen in figure 2.2.

The [NII] BPT map of both NGC 6946 and NGC 7331 show a significant number of spaxels
classified as composite. From shock models, Kewley et al. (2013) argues how galaxies with
contributions from both fast shocks and star formation can mimic composite SF-AGN galaxies
at this redshift.

NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331

[N1I] BPT

SF 98.79% 93.99% 99.44% 50.58% 91.24% 70.71%
Composite 1.15% 5.06% 0.4% 37.6% 8.15% 27.71%
AGN 0.06% 0.95% 0.16% 11.55% 0.61% 1.59%
[SII] BPT

SF 86.57% 68.73% 77.11% 90.2% 99.02% 95.82%
LINER 7.06% 1.03% 13.17% 9.03% 0.37% 3.26%
Seyfert 6.36% 30.24% 9.72% 0.78% 0.61% 0.92%

Table 2.2: Results from BPT diagnostics as described in section 2.1.4. The [NII] vs. [O III] utilizes
A 6584 and A 5007, and the [SII] vs. [OIII] utilizes AA6717,31 and A 5007.
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2.1.5 Estimation of Gas Metallicity and Ionization Parameter

In this thesis, gas metallicity and ionization parameter are estimated for the extinction corrected
IFS data, for spaxels selected with a SNR > 3. SF galaxies are selected from the [NII] BPT
diagram, and so the classification from section 2.1.4 will be used to select only SF spaxels.

In the following, I will use the notations for the line ratios and excitation parameter (P) as
defined by Pilyugin and Grebel (2016).

S5 = Iismanerir,s1 / Ta
So = Iismaxerizs1 / Ing
No = Iinmyanesassa / I
Ry = Iio1m) axs027,20 / Tnip (2.25)
R3 = Ijom) ax4959,5007 / Trg
Ro3 = Ry + R3
P = Ry/Rus = Rs/(Rs + Rs)

Metallicity Estimation

The T, method provides a direct and accurate estimate metallicities. The idea is to use line
ratios with a strong temperature dependance, with lines of similar strengths and close together
in wavelength. The optical lines [O III] A4363 and [O III] AA4959, 5007 are excited by collisions
with thermal electrons, and are emitted from the same ion but have different excitation
energies. Their relative excitation rates are thus temperature dependant; [O III] A4363 has
higher excitation energy and, relative to [OIII] AA4959, 5007, tends to be emitted in higher-
temperature environments (e.g. Spitzer, 1998; Peimbert, 1967). The electron temperature T,
can thereby be measured using their relative line strengths(Léna et al., 2012):

I(M959 + A5007)  7.90 exp (3.29 x 10* T )
1(A4363) 1445 x 1074 n, T,

(2.26)

such that larger I(A4959 + A5007) / 1(A\4363) yield lower T.. In oxygen-rich H II regions,
however, detection of temperature sensitive lines like [O IIT] A4363 is challenging, as they are
simply too weak (Pilyugin, 2001). Instead, several empirical methods using strong emission
lines have been developed. One of them is the Rs3 method

[O 1] AA3727, 29 + [O I1T] AA4959, 5007
Hp

However, different calibrations using Res present large scatters (~ 0.3 dex), and are subject
to both random- and systematic errors, with the latter being dependant on the ionization
parameter. The T, method naturally takes into account these physical conditions, but the Ro3
method does not (Pilyugin, 2000).

Ry3 = (2.27)

Pilyugin and Grebel (2016) has designed a simple metallicity calibration using the strong lines
Ny, Sy and Rj3 as given in (2.25). The basis of this method is that the Ny line intensity is an
indicator of T, in H II regions, being a monotonic function of log(Nz). The T, —log(N2) relation
(Pilyugin and Grebel, 2016, figure 2, panel a3) has a noticeable dependence on the excitation
parameter P (equation 2.25) at high electron temperatures, with no appreciable dependence
present at low T.. The oxygen and nitrogen abundances both present clear monotonic relations
with log(Nz2) (Pilyugin and Grebel, 2016, figure 2, panels al and a2, respectively), with both
relations exhibiting a dependence on P at high and low metallicities X/H (i.e. high Tt), where
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X/H may denote the abundances 12 + log(O/H) and 12 + log(N/H).
The excitation level of hot H II regions is usually higher, while it is lower in cool H II regions.
The magnitude of P likewise reflects the temperature of the H II region (and thus, the emission
contribution from low ionization zones to the total emission of a H II region), with variations in
P of hot H II regions corresponding to greater changes in the contribution from low ionization
zones to the total emission than in cool H II regions. The dependencies of T, — Ny and
X/H — N2 on P may therefore be assumed to reflect the contribution of low ionization zones.
Hence, the oxygen abundance depends on both the electron temperature T, and the level
of excitation P (or, equivalently, Ro and R3), with a shift at log(Ny) ~ —0.6. To account
for these dependencies, Pilyugin and Grebel (2016) divides the metallicity calibration into
two branches at log(N2) = —0.6, with an upper branch (O/H){; (log(N2) = —0.6) and a
lower branch (O/H)f (log(/N2) < —0.6). The resulting calibrations is based on the sulphur S
line intensity as noted in equation (2.25) (thereby the name "S calibration"), and takes into
account the correlation with the ionization parameter. In this work, the metallicity calibration
is carried out following the S calibration of Pilyugin and Grebel (2016, hereafter PG16), with
the relations for the upper- (O/H){; and lower (O/H)f branch being

2

R
(O/H)# =8.424 + 0.030 log <53> +0.751 log(INs)

(2.28)
+ [—0.349 +0.182 log (?”) +0.508 log(Ng)} x log(S2)
2
(O/H)% =8.072 + 0.789 log @3) +0.726 log(N2)
2 v (2.29)
+ [1.069 —0.170 log (53> +0.022 log(Ng)] x log(S2)
2

where (O/H)} = 12 + log(O/H);. It should be noted that PG16 is compatible with the typical
metallicity scales of H II regions, and in general show a smaller scatter compared to calibrations
using auroral lines such as [O III] A4363, [N II] A5755, and [SIII] A6312.

The gas metallicity was estimated using the PG16 calibration, and the corresponding maps
are shown in figure 2.6.
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Figure 2.6: Metallicity maps of the observed galaxies. The spaxels are corrected for extinction, filtered
by SNR > 3, categorized as SF from the [NII] diagnostic in section 2.1.4.



2.1. Integral Field Spectroscopy of Nearby Galaxies 27

Ionization Parameter

The ionization parameter (U) is estimated following Dors et al. (2016), with U being a linear
function of S% and the linear coefficients a and b being functions of metallicity Z (equations 2.32
and 2.33). They deployed a grid of 180 photoionization models build using the photoionization
code CLOUDY (Ferland et al., 2013), to derive the calibrations among

- The effective temperature of the radiation field arising from the ionizing stars, Tug
- The ionization parameter, U
- Strong emission lines which are observable in H II regions

Effective temperatures in the range 2500 K < Tog < 30,000 K are considered in the photoion-
ization models, and are estimated using the R index

[O11] AA3727, 29
1 2.
R °g< [O III] A5007 (2:30)

of which its relation with T.g exhibits a strong dependence on U. In their photoionization
models, the ionization parameter U is defined by

Qion

U =
47rRi2nnc

(2.31)

where Qjon denotes the number of hydrogen ionizing photons (hv > 13.6 €V) emitted per
second by the ionizing source and Rj, is the distance from the inner surface of the ionized gas
cloud to the source measured in cm. The particle density n is measured in cm ™ and ¢ is the
speed of light (Dors et al., 2016).

As the line ratio S} (equation (2.25)) has a relatively low dependence on (T, Dors et al.
(2016) use S in their estimates of U. The resulting linear relation of log(U) — S5 is

log(U) = a(Z/Zg) x Sy +b (2.32)
where Zg = 8.69 and

a = —0.26(+0.04) x (Z/Zg) — 1.54 (+0.02)

) (2.33)
b=—3.69(+1.79) x (Z/Zx)? + 5.11 (£1.96) x (Z/Zg) — 5.26 (+0.36)

The models of Dors et al. (2016) considered values of —3.5 < log(U) < —1.5 and 0.03 <
log(Z/Zs) < 1.0, and the vast majority of our measurements fall in this range. The ionization
parameter was estimated using Dors et al. (2016), and the obtained maps are shown in figure
2.7.
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Figure 2.7: Tonization maps of the observed galaxies. The spaxels are corrected for extinction, filtered
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2.1.6 Observed Metallicity- and Ionization Gradients
Deriving the Radial Metallicity and Ionization Profiles

To determine the gradients of the observed galaxies, the radial distance from the galactic

center to the spaxels are found as
R =+/z? + y? (2.34)

where x and y are the spaxel coordinates corrected for the positional angle ¢ and inclination ¢
so that they correspond to the face-on coordinates. This is done as

x =12’ cos(¢) — vy sin(¢) (2.35)
y =2’ sin(¢) + ¢’ cos (¢) (2.36)
with
7' = [(RA — RAy) cos (¢) + (DEC — DECy) sin (¢)] / cos (i) (2.37)
y' = — (RA — RAy) sin(¢) + (DEC — DECy) cos (¢) (2.38)

where RAy and DECy are the central coordinates of the galaxy. The positional angle ¢,
inclination ¢, the isophotal radius Ras' as well as the central coordinates for all observed
galaxies are given in table 2.3.

All gradients were fitted using a yx? minimization routine based on course material from
Michelsen and Petersen (2018), using the Python module IMINUIT v1.5.4 (Dembinski et al.,
2021). The metallicity- and ionization gradients in units of [dex/R.| are shown in figures 2.8
and 2.9, and the corresponding gradients in units of [dex/Ras5] and [dex/kpc] can be found in
appendix C in figures C.1 through C.4. The total metallicities and ionization parameters are
given in table 2.4, while the fit ranges are given in tables 2.5 and 2.6. The fitting parameters
of the obtained gradients are summarised in table 2.7, together with the root mean square
error (RMSE), defined as:

N a2
RMSE = W (2.39)

where ¢; are the predicted values, y; the observed values, and N the number of points in the
fit region, as noted in tables 2.5 and 2.6.

NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331

Ros [kpe] 1351 0.756 2.86 12.79 8.38 17.81
Re [kpc]  7.11 1 1.17 5.89 5.51 8.04
¢ (] 293.3 0 126 172 243 166.3
i (] 68.7 0 27 20 33 73.1
RAo ["] 9.1 0 —2.52 0 0 13.2
DECy ["]  —38.9 0 2.98 0 0 —26.5

Table 2.3: Information on the observed galaxies. The meaning of the parameters are as follows: Rpgs is

the isophotal radius in kpc, R, is the effective radius in kpc, ¢ is the position angle in degrees, i is the

inclination in degrees, RAg is the right ascension of the central spaxel in arcseconds, and DECj is the
declination of the central spaxel, also in arcseconds.

'The isophotal radius Ras refers to the radius at which the surface brightness in the B band has a value of
Sp = 25 mag arcsec?.
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NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331
12 +log(O/H) 8.28+0.08 8.16+0.1 82+0.07 859+0.03 8.55+0.05 8.56+0.05
log(U) -3.0+03 -22+03 —-274+03 -26+02 -28+02 —-27+0.2

Table 2.4: Total (i.e. integrated) metallicity and ionization parameter +1o of the observed galaxies.

12 + log(O/H) NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331
Ry [dex/Ras) 2.08 Ros  0.93 Ros 0.91 Ros 0.87 Ros 0.93 Ros 1.64 Ro5
28.1 kpc 0.7 kpc 2.6 kpc 11.13 kpec  7.79 kpc 29.21 kpc
Rv[dex/Re] 3.95 R, 0.7 R, 2.22 R, 1.89 R, 1.42 R, 3.62 R,
28.08 kpc 0.7 kpc 2.6 kpc 11.13 kpc  7.82 kpc 29.1 kpc
Rv[dex/kpc] 28.08 kpc 0.7 kpc 2.6 kpc 11.13 kpc  7.82 kpc 29.14 kpc

Table 2.5: Fit ranges used for obtaining the metallicity gradients listed in table 2.7. The leftmost
column describes what normalization is considered for the gradient, while the rest defines the used fit
ranges in units of both Ro5, R, and kpc.

log(U) NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331
RV[dex/R25] 2.08 Ro5 0.93 Ro5 0.91 Ros 0.93 Ro5 0.93 Ro5 1.64 Ros
28.1 kpc  0.71 kpc 2.6 kpc 11.89 kpec  7.79 kpc 29.21 kpc
Ry[dex/r.] 3.9 Re 0.71 R, 2.22 R, 2.03 R, 1.42 R, 3.62 R,
28.08 kpc  0.71 kpc 2.6 kpc 11.96 kpc  7.82 kpc 29.1 kpc
Ry[dex/xpe)  28.08 kpe  0.71 kpc 2.6 kpc 11.95 kpc  7.82 kpc 29.14 kpc

Table 2.6: Fit ranges used for obtaining the ionization parameter gradients listed in table 2.7. The
leftmost column describes what normalization is considered for the gradient, while the rest defines the
used fit ranges in units of both Rs5, R, and kpc.
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[dex/Ros] Qo/H Boyu RMSEq g ay Bu RMSEy
NGC 925 —0.1+0.01 8.32+0.01 0.076 0.18 +£0.02 —3.124+0.01 0.24
NGC 1569 0.01 +£0.03 8.16 + 0.02 0.078 —047+0.04 —2.23+0.02 0.255
NGC 4214 —0.06 £ 0.03 8.22 + 0.02 0.077 0.04 £ 0.04 —2.95+0.02 0.271
NGC 5194 —0.04 £ 0.02  8.608 + 0.007 0.027 —0.83+0.03 —2.4+0.01 0.177
NGC 6946  —0.17 £ 0.02 8.62 4 0.01 0.034 —0.4+0.03 —2.63 £0.02 0.163
NGC 7331 —0.07 £0.02 8.59 £ 0.01 0.043 —0.23 £0.03 —2.724+0.02 0.223
[dex/Re] Qo/H Bom RMSEq,/n auy Bu RMSEy
NGC 925 —0.045 +0.008 8.32+0.01 0.076 0.092 £ 0.01 —-3.12+0.01 0.24
NGC 1569 0.01 +0.05 8.16 £ 0.02 0.078 —0.62 £ 0.06 —2.23 £0.02 0.255
NGC 4214  —0.02 £ 0.01 8.22 +0.02 0.077 0.02 £ 0.02 —2.95 £+ 0.02 0.271
NGC 5194 —0.017 £ 0.008 8.608 + 0.007 0.027 —0.38 £0.01 —2.4+0.01 0.177
NGC 6946  —0.11+0.01 8.62 £ 0.01 0.034 —0.26 +£ 0.02  —2.63 +0.02 0.163
NGC 7331 —0.032 +£0.008 8.59+0.01 0.043 —0.1+0.01 —2.72+0.02 0.223
[dex/kpc] o/ Bou RMSEq /i auy Bu RMSEy
NGC 925 —0.006 +£0.001  8.32 +0.01 0.076 0.013+0.001 —3.1240.01 0.24
NGC 1569 0.01 £0.05 8.16 + 0.02 0.078 —0.62 4+ 0.05 —2.23 +0.02 0.255
NGC 4214 —0.02 +0.01 8.22 + 0.02 0.077 0.01 £0.01 —2.95+0.02 0.271
NGC 5194 —0.003 £ 0.001 8.608 + 0.007 0.027 —0.065 + 0.003 —2.4+0.01 0.177
NGC 6946 —0.02 £+ 0.003 8.62 £ 0.01 0.034 —0.046 + 0.004 —2.63 + 0.02 0.163
NGC 7331 —0.004 £ 0.001  8.59 + 0.01 0.043 —0.013 + 0.002 —2.72 £+ 0.02 0.223

Table 2.7: Results from x? regression on the metallicity- and ionization gradients of the observed
galaxies in units of (from top to bottom): [dex/Ras], [dex/Re] and [dex/kpc]. The meaning of the
parameters are as follows: slope of metallicity gradient o g, normalization of metallicity gradient
Bo,u, RMSE of fitted metallicity gradient RMSEq y, slope of ionization gradient ay, normalization of
ionization gradient Sy and RMSE of fitted ionization gradient RMSEy. The linear fit is based on the
function y = a - ¢ + .
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Figure 2.8: Metallicity gradients of the observed galaxies in units of [dex/R.]. The red line is a

linear x? regression, the dots are color coded by error on the metallicity, and the shaded area is a lo

scatter. All spaxels are corrected for extinction, filtered by SNR > 3, categorized as SF from the [NII]
diagnostic in section 2.1.4 and 3¢ clipped in log(Ha) to remove outliers.
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Figure 2.9: Ionization gradients of the observed galaxies in units of [dex/R,]. The red line is a linear x?

regression, the dots are color coded by error on the ionization, and the shaded area is a 1o scatter. All
spaxels are corrected for extinction, filtered by SNR > 3, categorized as SF from the [NII] diagnostic
in section 2.1.4 and 3o clipped in log(Ha) to remove outliers.
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Discussion

Metallicity Gradients

It can be seen in table 2.7 that for all observed galaxies, except NGC 1569, the metallicity- and
ionization gradients are the flattest in units of [dex/kpc], and steepest in units of [dex/Ras].
Only NGC 1569 does not fall into this trend, as the radius used for fitting, measured in
both R/R., R/Rss and kpc, are very close to being equal, that is (R/Re¢)max ~ 0.9 and
(R/R25)max ~ (R/kpC)max ~ 0.7. Both NGC 1569 and NGC 4214 are irregular dwarf galaxies,
and NGC 1569 exhibits a positive, albeit very shallow, metallicity gradient (Vg JH [dex/Ras] =
0.01 £ 0.03), whereas a negative metallicity gradient (Vo H[dex/ros] = —0.06 £ 0.03) was
measured for NGC 4214. Through a study of three dwarf irregulars and six dwarf spheroidals,
Leaman et al. (2014) find that dwarf irregulars show a flattened metallicity ([Fe/H]) gradient,
compared to the dwarf spheroidals. They speculate, on the basis of simulations by Schroyen
et al. (2011), that higher angular momentum could result in flattened metallicity gradients.
The reasoning for this is, that higher angular momentum would prevent gas funneling to
the center of the galaxy. This would in turn introduce a more uniform distribution of star
formation and chemical enrichment throughout the galaxy. An interesting physical trait of
NGC 1569 is that it is smaller than the Small Magellanic Cloud, but brighter than the Large
Magellanic Cloud (Karachentsev et al., 2004). This is due to it being a starburst galaxy, which
could, together with the flat metallicity gradient (in fact, the flattest of the observed galaxies),
imply a higher degree of angular momentum, as hypothesized by Schroyen et al. (2011). As
can be seen in table 2.3, the position angle and inclination is set to zero, as these values would
not yield any useful information because of the high irregularity of NGC 1569.

NGC 925 is a barred galaxy, and its dynamical center may be slightly offset (~ 1 kpc) from
its optical center (Pisano and Wilcots, 1998). From my analysis, I find a negative metallicity
gradient for NGC 925 of Vi [dex/Ros] = —0-1 £ 0.01 with an RMSE of 0.076, similar to that
of Lara-Lopez et al. (2021) Vo /i [dex/Rys] = —0-0948 £0.0056 (also using PG16). The obtained
ionization gradient Vy [qex/Rr,5] = +0.18 £ 0.02 with an RMSE of 0.24 is however shallower
than the one derived in Lara-Lopez et al. (2021) Vy [dex/Ry5] = +0-3813 £0.0248 with a RMSE
of 0.2427 (also using the calibration by Dors et al., 2016), but both show large dispersion.
From the PHANGS-MUSE survey, Kreckel et al. (2019) find pronounced flattened metallicity
gradients for three barred spiral galaxies (NGC 1672, NGC 3627 and NGC 4535), especially
at (0.1 — 0.3) Rgs. The morphology of the three galaxies in this inner region is dominated by
strong stellar bars. They do not find a particularly flattened gradient for barred spirals with a
lesser pronounced stellar bar however, and they do not draw any firm conclusions. Contrary to
the barred galaxies analyzed by Kreckel et al. (2019), in the region (0.1 —0.3) Ras, the gradient
of NGC 925 derived here is steeper (Vo i [dex/Ro5) = —0.2 £ 0.2) than when measuring in the
region (0.0 — 2.08) Ras.

Bresolin (2019) estimates, like we do here, metallicity gradients of NGC 6946, among others,
using the PG16 calibration. Using a collection of long slit spectra taken throughout the
galaxy, they find similar gradients with Vo i [dex/kpc] = —0.033 £ 0.010 and Vo i [dex/R.] =
—0.213 £ 0.063 to what we do here, that is VO/H [dex/kpc] = —0.02 £ 0.003 and VO/H [dex/Re] =
—0.11 £ 0.01.

Table 2.8 show total metallicities derived in this work together with values listed in table 1 of
Walter et al. (2008). Additionally, table 2.9 show metallicity gradients of NGC 6946 measured
by Cedrés et al. (2012) and Moustakas et al. (2010) in the region 0.0 < R/Rs5 < 1.0 using
two calibrations; a Reg — O/H parametrization by Kobulnicky and Kewley (2004) (hereafter
KKO04) based on photoionization models of Kewley and Dopita (2002), and the P calibration
by Pilyugin and Thuan (2005) (hereafter PT05) based on R = [OIII] AM4363/Hf, and R, R3
and P from equation (2.25). The slope of the metallicity gradients derived in Cedrés et al.
(2012) and Moustakas et al. (2010), together with gradients of this work derived in the region
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0.0 < R/Ry5 < 1.0, are given in table 2.9. The (global) average metallicity of this work listed
in table 2.9 is defined as the unweighted average, with the uncertainty being the standard
deviation. Table 2.9 additionally includes results from Moustakas et al. (2010) on NGC 925,
NGC 5194 and NGC 7331.

While the values of the derived gradients are not directly comparable, due to the different
metallicity calibrations used, both Cedrés et al. (2012) and Moustakas et al. (2010) find
negative gradients of NGC 6946, and the value derived by Moustakas et al. (2010) using PT05
(—0.17 4+ 0.15) is very similar to the one derived here using PG16 (—0.17 £+ 0.02). Pilyugin and
Thuan (2005) found metallicity gradients of NGC 5194 with Vo /g [dex/Rys] = (—0.27 £ 0.15)
and Vo /i [dex/Ros] = (—0.13 £0.08) using the ff method and P method, respectively. These
fits were performed in the region (0.0 — 1.1) Rgs, while our observations allow at most 0.87 Ras.
Using the PG16 calibration, our results yielded a gradient of Vi [dex/R,5] = (—0.04 £0.0.02),
which is the most shallow metallicity gradient out of the spirals in our sample (see table 2.7).
NGC 5194 is an interacting galaxy, and several previous studies have found that interacting
and merging galaxies have significantly flatter metallicity gradients (e.g. Kewley et al., 2010;
Rich et al., 2012; Sanchez et al., 2014a). As mentioned by Sanchez et al. (2014a), this relation
indicates that the dynamical processes involved in galaxy-galaxy interactions can effectively
mix metals on large scales. In the case of NGC 7331, the fit from this work resulted in a
gradient with slopes Vo /i [dex/Ro5] = (—0.07 £0.02) (at (0.0 —1.64) Rp5) and (—0.05 £ 0.0.03)
(at (0.0 — 1.0) Ra5). Our derived metallicities generally show low scatter, with NGC 5194,
NGC 6946 and NGC 7331 having RMSE ~ 0.02 — 0.04, which is an indication of efficient
mixing (Kreckel et al., 2019).

12 + log(O/H) NGC 925 NGC 1569 NGC 4214 NGC 5194 NGC 6946 NGC 7331
This work 828+0.08 816+0.1 82+0.07 859+0.03 855+0.05 856+ 0.05
Walter et al. (2008) 8.24 8.16 8.34 8.54 8.40 8.36

Table 2.8: Total metallicity of observed galaxies. The first row are total metallicities +10 from this

work, while the second row is values from Walter et al. (2008). The metallicities of NGC 925, NGC

5194, NGC 6946 and NGC 7331 from Walter et al. (2008) are derived by Moustakas (2006), and the
ones of NGC 1569 and NGC 4214 by Skillman et al. (1989).
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This work [PG16] C12 [PT05] C12 [KK04] M10 [PT05] M10 [KK04]

NGC 925

(O/H),, 8.26 + 0.08 - - 822+0.14 873+0.15

Vo —0.14 + 0.02 - - —0.21+0.03 —0.42 + 0.02
NGC 5194

(O/H),, 8.6 + 0.03 - - 8.54+0.09 9.17+0.11

Vo —0.04 + 0.02 - - —0.31+0.06 —0.50 + 0.05
NGC 6946

(O/H), 8.53 + 0.05 - - 8.37+0.06 8.99+0.118
Vo ~0.17+0.02  —040+0.1 —029+0.1 -017+0.15 —0.28+0.1

NGC 7331

(O/H), 8.54 + 0.05 - - 8.36 +0.07  9.05+ 0.05

Vo —0.05 + 0.03 - - —0.24+0.35 —0.56 + 0.28

Table 2.9: Globally-averaged metallicity (O/H), and slope of metallicity gradient Vg g, in units of
[dex/Ra5] for NGC NGC 925, 5194, NGC 6946 and NGC 7331. The columns are as follows: The first
column (This work [PG16]) show values derived in this work; The second (C12 [PTO05]) and third
(C12 [KK04]) columns are values derived by Cedrés et al. (2012); The fourth (M10 [PT05]) and fifth
(M10 [KK04]) columns are values derived by Moustakas et al. (2010). The square brackets refer to
the calibration used, with PG16 being the S calibration of Pilyugin and Grebel (2016), PT05 the P
calibration by Pilyugin and Thuan (2005), and KK04 a calibration using Ro3 — O/H parametrization
by Kobulnicky and Kewley (2004) based on photoionization models of Kewley and Dopita (2002). The
gradients from this work listed here are fits to the region (0.0 — 1.0) Ras.
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Ionization Gradients

Both NGC 925 and NGC 4214 show positive ionization parameter gradients, while the other
galaxies exhibit negative gradients. This decreasing radial profile of ionization parameter for
the spiral galaxies agree with results by Kaplan et al. (2016), who examined spirals using IFU.
Large dispersions are found in all of the derived ionization gradients (RMSE ~ 0.2), compared
to the metallicity gradients (RMSE ~ 0.05). This dispersion is also reported by Poetrodjojo
et al. (2018), who found that, compared to the gas-phase metallicity, the ionization parameter
exhibits a lack of significant or coherent structure. Contradictory to us, Poetrodjojo et al.
(2018) find no significant gradients in ionization parameter.

Zinchenko et al. (2018) calculated metallicities and ionization parameters for a sample of H II
regions located in the disks of 59 spiral galaxies at 0.005 < z < 0.03. Using spectroscopic data
from CALIFA DR3, they derived ionization parameters using the same theoretical calibration
by Dors et al. (2016) as we do here, and metallicities using the R calibration from Pilyugin and
Grebel (2016), where we used the S calibration presented in the same paper. When measuring
gradients in the range 0.2 < R/Ras5 < 1.0, Zinchenko et al. (2018) find that the radial log(U)
gradient depend on the metallicity gradient, in the sense that Vy increases as Vg p increases.
They additionally found that galaxies with flat metallicity gradients also tend to have flat
ionization gradients.

While it should be noted that we are using a different calibration for estimating metallicities,
we do not find this trend here, even when measuring in the same region (0.2 < R/Ra5 < 1.0)
and use the same normalization (R/Rsgs5). Only four spiral galaxies are included in our sample,
which does not allow for interpretation of any trends. In fact, when comparing the results
listed in table 1 of Zinchenko et al. (2018) to the metallicity- and ionization parameter
gradients derived here (in the region 0.2 < R/R2; < 1.0), an overall agreement is found.
When considering Vy versus Vg, only NGC 5194 does not fall within the 1o scatter of 0.1
dex bins in Vy derived from Zinchenko et al. (2018). However, their range in Vy, that is
—0.488 dex/Ra5 to 0.751 dex/Ras5, does not go as low as the gradient derived for NGC 5194
(VU [dex/Ros] = —0.58 £ 0.05).

In the following, any spaxel ¢ in a radial bin R has enhanced oxygen abundance if

Yier > W(Jr) + 0(Yr — YR) (2.40)

where y;er is the metallicity of the spaxel i, u(gr) is the mean value of the fitted gradient in
the radial bin R, and o(yr — yg) is the standard deviation of the difference between the fitted
gradient and the observed metallicities in the radial bin R. The values u(9r) = o(gr — yr)
correspond to the shaded area in figure 2.8 and 2.9, such that the radial bins have sizes of
0.1R, for NGC 925 and NGC 7331, and 0.05R, for NGC 1569, NGC 4214, NGC 5194 and
NGC 6946. Corresponding higher /lower values of log(U) and Ha flux are defined relative to
the mean and standard deviation of these parameters in the radial bin R.

Spaxels with enhanced oxygen abundance in NGC 925 and NGC 1569 tend to exhibit higher
ionization parameter and/or higher Ha flux, while lower log(U) is also found for some spaxels
in NGC 925, although to a lesser extent. Only a smaller fraction of the oxygen enhanced
spaxels in NGC 5194, NGC 6946 and NGC 7331 have higher values of log(U). For these three
galaxies, a similar enhancement in oxygen abundance is mostly associated with either lower
ionization parameter or higher Ha luminosity. An enhancement in oxygen abundance is, to
a smaller degree, also associated with a combination of lower values in both log(U) and Ha
for NGC 6946, and lower Ha for NGC 5194. Considering the full sample, the vast majority
of the oxygen-enhanced spaxels (i.e. outliers) are associated with higher values of log(U)
and/or Ha flux. These results mostly agree with those of Kreckel et al. (2019), who examined
H II regions across the discs of eight nearby galaxies using VLT /MUSE optical IFS as part
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of the PHANGS-MUSE survey. Kreckel et al. (2019) estimated metallicities with the PG16

calibration like we do here, but use the line ratio

[STII] A9069 + A9532
[STI] A6716 + A6731

as an indicator of ionization parameter, as a positive linear correlation is expected between
log([STIII]/[SII]) and log(U), and [SIII]/[SII] only has a weak dependence on metallicity.
They found regions with enhanced oxygen abundances to be associated with high ionization
parameter and higher Ho luminosity. As mentioned in Kreckel et al. (2019), the ionization
parameter yield information about the local physical conditions, and higher values of log(U)
typically indicates either a stronger ionizing source or a lower ionized gas density. As both
Ha emission and the level of ionization are signs of photoionization powered by UV radiation
from young, massive stars, the observed trend with oxygen-enhancement being associated with
higher log(U) and Ha luminosity may thus be an indication of local enrichment from recent
star formation.
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2.2 The INlustrisTNG Simulations

The MlustrisTNG simulations are a set of state-of-the-art cosmological, magnetohydrodynamical
(hereafter MHD) simulations build to simulate the formation and evolution of galaxies in a
cosmological setting. The simulations are build with the moving mesh code AREPO (Springel,
2010a) which solves the coupled ideal MHD and self-gravity equations. This thesis works
with two of the primary volumes, IllustrisTNG50-1 and [ustrisTNG100-1, of which the main
characteristics are summarised in table 2.10. IlustrisTNG uses the Planckl5 cosmology,
with matter density Qn, = Qpy + Qpary = 0.3089, cosmological constant €2y = 0.6911 and
Hubble constant Hy = 100~ km/s/Mpc with h = 0.6774km/Mpc/s. Both IllustrisTNG50-
1 and TNG100-1 contain a total of 100 snapshots labelled 0 though 99, with snapshot 0
corresponding to z = 127.0 and snapshot 99 corresponding to z = 0 and ¢t = 13.803 Gyr.

MustrisTNG follow the evolution of large scale structures, the clustering of galaxies and
the shapes of halos for both dark- and baryonic matter from z = 127.0 to z = 0. The
hydrodynamical interactions of the gaseous component are described by the conservation
of mass, momentum and energy; namely the Euler equations of fluid dynamics. Following
the notation of Springel (2010b), this set of equations may be written in compact form by
introducing a vector U describing the state of the fluid

p p
U= |pv]= pv (2.41)
pe pu—i—%pvz

where p is the mass density, v is the velocity field, and e = u + v?/2 is the total energy per
unit mass. The thermal energy per unit mass w is fully determined by temperature for an
ideal gas. These fluid parameters are all functions of spatial position and time, and from U,
the flux function may thus be defined as

pv
FU)=|pvvT+P (2.42)
(pe+ P)v

where P is the equation of state defining the pressure of the fluid
P=(y—1)pu (2.43)

where v is the adiabatic index. Using these definitions, the Euler equations can be written as

ou

o +V-F=0 (2.44)
As described in Springel (2010a) and Pillepich et al. (2017), AREPO solves ideal (magneto-
Jhydrodynamic conservation laws with a finite-volume approach, using a moving unstructured
mesh defined by the Voronoi tessellation of a set of discrete points. Finite-volume methods
are widely used in computational fluid dynamics. In this approach, the volume of the system
is subdivided into finite cells enclosing discrete points on the mesh. The state of the fluid is
then described by the averages of the conserved fluid parameters of the cells.
The Voronoi tessellation subdivides the mesh into N cells, that is, one cell for each discrete
point p; on the mesh. Any point ¢ lies in the cell of a point p;, provided it obeys

Vie{l,...,N}\{i}: d(pi,q) < d(pj,q) (2.45)
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with d(p;, q) being the distance from a point ¢ to p;. The resulting Voronoi cell of any site p;
on the mesh thus consists of all points g1, ..., gy that are closer to p; than to pj.;. The mesh
comprised of Voronoi cells therefore continuously deforms as each point moves, adapting the
resolution to the local clustering, similar to smoothed particle hydrodynamics (SPH) codes.
This automatic and continuous adjustment of spatial resolution is advantageous for simulations
like IllustrisTNG that follow structure growth in a cosmological context (Springel, 2010a).
In the setting of IllustrisTNG, the Voronoi cells track the conserved fluid parameters: mass,
momentum, energy, and cell averaged magnetic field (Pillepich et al., 2017).

MustrisTNG includes prescriptions for large variety of physical processes driving galaxy
formation and -evolution, which is described below following section 1 and 2 of Pillepich et al.
(2017). The simulated galaxies (hereafter subhalos) are defined at each snapshot (i.e. time
step) by the SUBFIND algorithm (see Springel et al., 2001), where particles (of any kind) are
associated with a unique subhalo (defined by its SubhaloID) if the particle is gravitationally
bound to the object.

As star formation processes are unresolved in the cosmological simulations, IllustrisTNG adopt
a prescription following empirically motivated models, where stars form stochastically from
gas with ng = 0.1cm ™3 following the observed Kennicutt-Schmidt relation

ESFR = A(Zgas)p, P~ 2 (2.46)

where Ygrr and Yg,s is the SFR- and gas surface densities, respectively, and a Chabrier initial
mass function (hereafter IMF). The IMF for M < 1M is given in Chabrier (2003):

(log(M) —log(Mc))?

£(log(M)) = A x exp | - -

(2.47)

A is a normalization coefficient and is given in units of log(Mg) ! pc™3. For single objects,
A = 0.158, Moz = 0.079 and o0 = 0.69, and for stellar systems, e.g. binaries, A = 0.086,
Mec =0.22 and 0 = 0.57. For M > 1Mg, the IMF of Chabrier (2003) is

£(log(M)) = Ax M~® (2.48)

with A = 0.0443 and x = 1.3 for single objects. As described in Pillepich et al. (2017), the
presence of magnetic fields in star-forming gas is treated in a somewhat simple manner, and
can have the following outcomes:

(i) The gas is converted into a star

(ii) The gas is converted into wind
(iii) A fraction of the gas is converted into a star
(iv) A fraction of the gas is converted into wind

The newly formed stellar particles each correspond to one or more stellar populations which
subsequently evolve and age. The mass and metal injection into the surrounding ISM over time
is tracked through three evolutionary stages, namely AGB stars, SNe II and -Ia. IllustrisTNG
assumes that stars with masses 1Mg — 8 M, go through the AGB phase, and stars with masses
8Ma — 100Mg become SNe II. The choices of elemental mass yields from AGB stars, SNe II
and -Ia are given in table 2 of Pillepich et al. (2017).

Stellar- and SNe feedback is accounted for in the form of outflows on galactic scales, launched
directly from the ambient gas through wind-phase particles. The kinetic winds are isotropically
injected with a speed that is scaled to the local 1D velocity dispersion of dark matter, and
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naturally follow the path of least resistance, producing galactic-scale patterns. The wind
particles, with properties inherited from the originating gas cell, feed mass, momentum, metals,
and thermal- and kinetic energy into the ISM as they leave the local region. The ISM is
thereby chemically enriched by SNe Ia, SNe IT and AGB stars, where a total of nine elements
(H, He, C, N, O, Ne, Mg, Si and Fe) are tracked, in addition to the total of all untracked

metals.

MustrisTNG also includes prescriptions for black hole formation and growth, with black hole
formation being subject to resolution issues similar to that of star formation processes. Super
massive black holes are also accounted for, and black hole mergers occur when the distance
between two black holes is small enough that one is situated in the accretion/feedback region
of the other. The simulations also model kinetic feedback from AGN driven winds, even at low
accretion rates. At high accretion rates, gas surrounding the black hole is heated by thermal
AGN feedback. The prescription for AGN feedback additionally causes quenching of star
formation in subhalos of ~ 10'2 — 1014 M, halos (Pillepich et al., 2017).

MustrisTNG has generally shown to predict reasonable galaxy populations consistent with
present-day observations, with one example being the MMR (e.g. Torrey et al., 2019). This is
illustrated in figure 2.10, which show the MMR, of [llustrisTNG subhalos, together with the
sample of observed galaxies from this work, plotted on top of a 2D histogram with values of
SDSS galaxies.

Mass Metallicity Relation with SDSS Galaxies

=== Tllustris TNG50-1
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Figure 2.10: Mass metallicity relation of subhalos from IllustrisTNG50-1 (dashed black line, mean)
and TNG100-1 (solid black line, mean), SDSS galaxies at z ~ 0 (2D histogram), and the sample of
observed galaxies from this work (error bars).
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Row Parameter IustrisTNG5H50-1  IlHustrisTNG100-1
0 Voox 51.73 Mpc? 110.7% Mpc?

1 Lyox 35 Mpc/h 75 Mpc/h

2 Npum 2160° 18203

3 Ngas 21603 1820°

4 Niracers 2160° 2 x 18207

5 Mbaryon 8.5 x 10° Mg 1.4 x 10% Mg,

6 mpM 4.5 x 105 Mg, 7.5 x 10° Mg

7 FoF Groups 991,282,388 609,688,208

8 Subfind Groups 654,909,401 469,094,112

9 Subfind Subhalos at z =0 5,688,113 4,371,211

10  Particles 1,995,432,581,886  1,193,030,999,901
11 Asat z=10 0.074 kpc 0.185kpc

Table 2.10: Main characteristics of IllustrisTNG50-1 and IllustrisTNG100-1. The parameters are as

follows: Row 0, V,ox: Box volume; Row 1, Lpox: Box side length; Row 2, Npy: Number of dark

matter particles; Row 3, Ngas: Number of gas particles; Row 4, Niracers: Number of tracer particles;

Row 5, Mparyon: Baryonic mass; Row 6, mpym: Dark matter mass; Row 7: Number of Friends-of-Fields

(FoF) groups; Row 8: Number of Subfind Groups; Row 9: Number of Subfind subhalos at z = 0; Row
10: Number of particles; Row 11, As: Spatial resolution at z = 0.
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2.2.1 Selection of Simulated Subhalo Candidates

Simulated galaxies were selected such that they are matched in stellar mass, gas mass and
SFR. Galaxy candidates were selected from IllustrisTNG-50 for NGC 1569 and NGC 4214,
MlustrisTNG-100 for NGC 5194 and NGC 6946, and from both IllustrisTNG-50 and TNG-100
for NGC 925 and NGC 7331. Values of stellar mass, gas mass, SFR and sSFR for the observed
galaxies, means, standard deviations and sample sizes of the final sample of simulated galaxies
are summarised in table 2.11. Histograms of stellar- and gas mass and SFR of the selected
simulated galaxy candidates for each observed galaxy can be seen in figures 2.11, 2.12 and 2.13,
respectively. As can be seen in figure 2.12, the gas mass distribution for the selected subhalos
of NGC 5194 and NGC 6946 are very asymmetric. This is due to the fact that the sample of
simulated galaxies, for any observed galaxy, were chosen based more heavily on similarity in

stellar mass than in gas mass, while keeping a reasonable agreement with the SFR.

NGC 1569 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 8.4 7.9 —1.222 —9.622 —
MustrisTNG-50  8.41 £+ 0.08 8.0%£0.1 —-14+15 -10.0£0.4 17

NGC 4214 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 8.8 8.7 —-0.971 -9.771 —
MustrisTNG-50  8.83 £+ 0.08 8.7+0.1 —-1.14+11 -100+04 22

NGC 5194 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 10.6 9.5 0.495 —10.105 —
MustrisTNG-100  10.57 +£0.07 9.7+ 0.1 0.33£0.06 —-10.3+£0.2 14

NGC 6946 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 10.5 9.8 0.51 -9.99 —
MustrisTNG-100  10.47 +£0.08 10.0 £ 0.1 0.5£0.6 —-9.97£0.1 12

NGC 7331 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 10.9 10.1 0.475 —10.425 —
MustrisTNG-50  10.92 +£ 0.07 10.3 £0.2 0.6 £0.3 —10.4£0.2 10
MlustrisTNG-100  10.86 £ 0.06  10.3 + 0.2 0.44+0.03 —-104+0.2 5

Full Sample 11.00 £ 0.07 10.3 £0.2 0.5£0.2 —10.4£0.2 15

NGC 925 log(M./Mg) log(Mgas/Mp) log(SFR)  log(sSFR) Sample Size
Observed value 9.9 9.8 —0.251 —10.151 -
MustrisTNG-50  9.86 £+ 0.07 10.0+0.1 —-03+10 -101+0.1 23
MustrisTNG-100 9.9 + 0.06 9.81 £ 0.06 —-0.3+1.0 —10.184+0.09 30

Full Sample 9.88 £ 0.07 9.8+0.1 —-03+09 -102+0.1 53

Table 2.11: Overview of characteristics of the final selection of IllustrisTNG subhalos, together with
the values of the observed galaxy for which the selection was based upon. The values listed under the
IlustrisTNG simulations are p + o of the subhalo sample.
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Figure 2.11: Histograms of stellar mass for the final sample of subhalos. The vertical red line is the
stellar mass of the respective observed galaxy.
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Figure 2.13: Histograms of log(SFR) for the final sample of subhalos. The vertical red line is log(SFR)
of the respective observed galaxy.
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2.2.2 Principal Axis Transformation

To analyze the gradients of the simulated galaxies from IllustrisTNG, the system must first be
rotated face-on in order to measure radial gradients along the disc. The rotation is done by a
principal axis transformation, using eigenvectors derived from the gas particles of a subhalo.
In the following, the central coordinates and velocities of the subhalo is denoted xg, yo, 20 and
Uz.0, Uy,0, Uz,0, Tespectively. A virial radius of rvi = 5 [kpc] is chosen, and inner gas particles
are therefore defined as having r, < 7y, with

To = \/(5'30 —20)% + (Yo —Y0)? + (2o — 20)?

The first step in the coordinate transformation consists of deriving the eigenvectors. Defining
an inertia vector with dimension 6:

M=[My, M, My Ms My, M| (2.49)
where:

My= > (mo;-a2))

i € inner
2
M, = Z (mo,i ) yo,z’)
i € inner
2
My = Z (Mo~ 25;)
i € inner
M3 = Z (mo,i “Yoyi® xo,i)
% € inner
My= D (Mo Zoi @)
i € inner
Ms = Z (Mo Zoi* Yoi)
i € inner

a 3 x 3 symmetric matrix A, consisting of the components of the inertia vector M, can be

defined:

My M; M,
A= My M, M; (2.50)
My Ms M,

From the spectral theorem, A is diagonalizable, the eigenspaces of A are mutually orthogonal
and the eigenvalues of A are real. Thus, by diagonalizing A:

det |[A—XI| =0 (2.51)

with I being an identity matrix, we obtain the eigenvalues A9, A1 and Ay with corresponding
eigenvectors ug, w and us.
Defining an index sorting vector, based on the eigenvalues:

bxo
by = | ba (2.52)

bx2
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the resulting eigenvectors for the z, y and z components (in this order) are found as:

€y = u[:, b)\72] / ‘Z u[:, b)\72]2| (2.53)
€| = U[:,b)\71]/ ‘Z U[:,b)\71]2| (2.54)
ez = ul:,baol / 4/ | X ul:, bx0]?| (2.55)

The transformed coordinates ', y', 2’ and velocities v}, vy, v} (of any particle type) are

then calculated by multiplying the position- and velocity vectors by the eigenvectors of each
directional component:

x' = (z—x0) €00+ (Y —yo) eo1+ (2—20) eo2
y' = (x—0) €10+ (Y —wo)-er1+ (2 —20) e12
2 = (x—x0) e20+ (y—yo) e21+ (2—20) €22
Vg, = (Vg — V20) - €00 + (Vy — y0) - €01 + (V2 — V20) - €02
vy = (Vg — V20) - €10 + (Vy —vy0) - €11 + (V2 —v20) - €12
v, = (Vg — Vg 0) - €20 + (Vy — vy0) - €21 + (V2 — V2 0) - €22

where the notation e; ; indicates the directional component ¢ and the index j into e;.

2.2.3 Particle Selection Criteria, Calculations and Definitions for Extrac-
tion of Physical Quantities from Intrinsic Simulation Data

In the following, the notation of any parameter p, will be:

px» —> Star particles
po —> Gas particles

pe —— Black hole particles

Specifically, regarding radii and masses, lower case notation r, and m, denotes radii and
masses of individual particles, while upper case notation R, and M, denotes the radius and
total mass of the subhalo. Central coordinates and velocities of each subhalo are denoted by
%0, Yo, 20 and vz 0, vy 0, V2,0, respectively, while for individual particles, the notation is @y, ¥,
2y and Vg s, Uy x, Uz« Where relevant, bold notation is used for denoting vectors.

Only particles within the subhalo radius Rg,p are considered. See table 2.12 for an overview
of notation, units, and field names used in the derivation of subhalo- and particle parameters
from the MlustrisTNG simulations. Table A.1 in appendix A list the adopted notations and
values of constants and conversion factors. Except otherwise noted, the Boltzmann constant is
in CGS units in all calculations. The adopted Solar metallicity is Zg = 0.0127.

The paragraphs below describe calculations of some selected parameters given in table 2.12; as
well as definitions used in the selection criteria of star-, gas-, and black hole particles. The
parameters derived from lustrisTNG, and elaborated on here, are used in the modelling of
emission arising from different sources, used to generate synthetic emission lines as described
in 2.2.4.

Stellar parameters

The scale factor at the time of formation of a particle a, is used to distinguish stars from wind
phase gas cells, with stars having ax > 0. This value is converted to stellar age in Gyr by first
converting to redshift using a = 1/(1 + z), and then applying the function lookback_time,
assuming a Planck15 cosmology, which is included in the sub-package COSMOLOGY of the
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Python module ASTROPY (Price-Whelan et al., 2018). The Planckl5 cosmology of the
ASTROPY.COSMOLOGY sub-package is a flat ACDM cosmology, with (at z = 0) Hubble
constant Hy = 67.7km/Mpc/s, density of non-relativistic and baryonic matter Q,, o = 0.307
and € o = 0.0486, respectively, both given in units of the the critical density at z = 0, Q¢ (
2016, table 4 ). Post-AGB (hereafter PAGB) stars are then defined to have an age (i.e., time
since formation) of ¢, > 1 Gyr.

Black hole parameters _
The black hole accretion rate M, is considered for black hole particles situated at ro < 1 kpc.

Gas parameters
The mean molecular weight is defined by

4
B 1+3~XH+4~XH-1’e,o

L -my x 10° (2.56)

with A = 0.76 being the Hydrogen mass fraction. The gas temperature is found according to
FAQ, lllustris TNG:
T, = (v — 1) B2« 100 (2.57)
kg
and the particle number density is calculated as:

P00 h? 10
Po=——"7a= X 10™ Mg (2.58)
my a” ¢y

Chemical abundances of interest, besides the intrinsic metallicity Z,, are the oxygen abundance
and the carbon-to-oxygen abundance ratio:

- Op,0,/15.999
12 + log(O/H), = 12 + log <H0,<>/1.00784> (2.59)
Co.0/12.0107
1 =1 — 2.
08(C/0)o = log ( 00./15.999 > (2:60)

'"GFM _Metals’ yield mass-weighted abundances (see table 2.12), so when deriving chemical
abundances using this field, the values are first divided by the atomic weight of the respective
element. The average magnetic field strength B, is just the magnitude of the magnetic field
strength vector B,:

B<> = \/Bg,o—i_Bio—i_B%,o (2'61)

We define warm (or SF) gas particles following the density- and temperature criteria by Torrey
et al. (2019)

log(T/10°K) < 0.25 log(p/405cm™?) (2.62)
p=013cm™3 '
while shock gas particles are defined by
M>0
(2.63)
SFR =0

and AGN gas particles are selected to obey (2.63) and are situated at a radius r, < 1 kpe.
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Creating Data Cubes

After performing the coordinate transformation (section 2.2.2) and deriving particle parameters
(section 2.2.3), each subhalo is binned into (1kpc x 1kpc x 1kpc) cubes. This is done by
iterative looping over the spatial positions, such that the resulting cubes have well defined
central coordinates. Each cube may contain several of the particle types (stars, gas and black
holes). The parameter value of each cube is calculated as described in the following. Cube
values are distinguished from unbinned cell values, p, by p.

PAGB star parameters

The age of stars in a cube is calculated as the mean of t,, the stellar mass as the sum of my,
and the stellar metallicity as the mean of log(Z./Zg), each for all enclosed star particles with
t. = 1 Gyr.

Warm/SF gas parameters

Each value described here is computed for all enclosed gas particles obeying (2.62). The density
and temperature of warm gas in a cube is calculated as the means of p, and T, respectively.
The metallicity, oxygen abundance and carbon-to-oxygen abundance ratio are calculated as
the mean of log(Z,/Zg), 12 + log(O/H), and log(C/O)., respectively. The star formation rate
(SFR,), hydrogen- (H,) and oxygen (O,) chemical abundances as the sum of SFR,, H, and
O, respectively, where O, and H, are the values taken from "GFM Metals’ and divided by
the atomic weight. The uncertainty on O, and H,, that is 60, and on ., are the standard
deviations of O, and H,.

Figure 2.14 shows density-temperature phase diagrams of subhalos of masses 9.5, 10.0, 10.5,
11.0 and 11.5. The dashed lines indicate the temperature-density cut given in equation (2.62),
such that the lower right region is representing warm/SF gas. As previously discussed, an
instantaneous SFR is attributed to each gas particle, in order to estimate the expected amount
of gas that is converted into a star

€SF * Mgas
te

SFR = (2.64)
where the star formation efficiency egp ensures that sub-resolution turbulent motions that may
affect the star formation is accounted for. The line seen in figure 2.14 is completely synthetic;
in reality, higher density gas if colder. This is an implication of cosmological simulations
not having the resolution needed to capture the multi-phase ISM. In particular, cosmological
simulations are not able to resolve the cold denser gas phases, why an artificially pressurised gas
phase (dense, but not cold) is introduced. It is also seen in figure 2.14 that the denser/colder
gas have higher metallicities. The higher level of enrichment in these gas-phases stem from the
metals being released into the surroundings of star-forming regions where SNe II explosions
occur. In comparison, the gas-phase with low density and high temperature (the halo gas) is
much more metal-poor, except for the most massive galaxies with log(M./Mg) ~ 10.5 (lower
panel of figure 2.14), where metals are ejected into the circum-galactic medium through AGN

feedback.

AGN gas parameters

The density, metallicity and carbon-to-oxygen abundance ratio are calculated as the mean of
po, 10g8(Z,/ Ze) and log(C/0O)s,, respectively, each for all enclosed gas particles obeying 2.63
and situated at r, < 1 kpc.

AGN black hole parameters '
The black hole accretion rate is calculated as the sum of M, of all black hole particles situated
at re < 1 kpc.
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NOTATION FIELD NAME UNIT DESCRIPTION

Subhalo

M, | Mgas SubhaloMassType Mg Stellar- and gas mass

SFR SubhaloSFR Mg /yr Star formation rate

R, SubhaloHalfmassRad Type kpc Stellar effective radius

Rsub — kpc Subhalo radius, Rsyp, = 5 X Re
o, Yo, 20 SubhaloPos kpc Central coordinates

V2,0, Uy,0, Vz,0 SubhaloVel km/s Central velocity components

All particle types

My Masses Mg Masses of particle cells

T, Yur 2 Coordinates kpc Coordinates of particle cells

Vg, Uy s Uz s Velocities kpc Velocity components of particle cells
Stars

Qs GFM _StellarFormationTime — Scale factor at the time of formation
log(Z./Zc) GFM _ Metallicity Zo Metallicity

Black holes

M, BH_ Mdot Mg/yr Black hole accretion rate
Gas
SFR, StarFormationRate Mg /yr Star formation rate
Teo ElectronAbundance — Electron abundance
Uo InternalEnergy (km/s)?  Internal (thermal) energy per unit mass
T, - K Temperature (2.57)
Lo — g Mean molecular weight (2.56)
. 1010 Mg/h .. . .
£0,0 Density Tpo/h)E Intrinsic co-moving mass density
Po - cm ™3 Particle number density (2.58)
log(Zs/Za) GFM _ Metallicity Zo Metallicity
12 +1og(O/H)s  GFM_Metals dex Oxygen abundance (2.59)
log(C/0O), GFM_ Metals dex Carbon-to-oxygen abundance ratio (2.60)
B, MagneticField G Magnetic field strength vector
B, — uG Average magnetic field strength (2.61)
M., Machnumber - Mach number
Ushock,o - km/S Shock velocity
Ao — pc? Area of cell

Table 2.12: Table with an overview of the derived parameters from the IllustrisTNG simulations. Field

names refer to available fields of the IllustrisTNG snapshot catalogs, as given in Data Specifications,

Illustris TNG. References to equations are given in the last column ("Description") when applicable.
Note that unit conversions have been applied in most cases.
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Figure 2.14: Density temperature phase diagrams of the 100 subhalos closest to the listed mass
(upper left corner) for both MustrisTNG50-1 (left column) and HlustrisTNG100-1 (right column). The
2D histograms are color-coded according to metallicity. The dashed lines indicate the temperature
and density cuts applied when defining SF particles (equation 2.62). The upper region is the hot,
circumgalactic medium, the lower left region is the cool, diffuse gas, and the lower right region is the
cool, dense gas (star-forming interstellar medium).
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Figure 2.14: Density temperature phase diagrams of the 100 subhalos closest to the listed mass

(upper left corner) for both MustrisTNG50-1 (left column) and HlustrisTNG100-1 (right column). The

2D histograms are color-coded according to metallicity. The dashed lines indicate the temperature

and density cuts applied when defining SF particles (equation 2.62). The upper region is the hot,

circumgalactic medium, the lower left region is the cool, diffuse gas, and the lower right region is the
cool, dense gas (star-forming interstellar medium).



54 Chapter 2. Methodology and Results

2.2.4 Generating Spatially Resolved Emission Lines from Post-Processing
of the IllustrisTNG Simulations

Spatially resolved synthetic emission lines are generated for the selected sample of subhalos
from MlustrisTNG. This is done using the methodology described in Hirschmann et al. (2017)
and Hirschmann et al. (2019), which contain self-consistent modelling of a variety of parameters,
such as

- Nebular emission from H II regions around young stars
- Contributions to nebular emission from PAGB stellar populations
- Nebular emission from AGN narrow-line regions

Hence, by coupling the photoionization models with simulated galaxies from the cosmological
(magneto-)hydrodynamic simulations [lustrisTNG, it is possible to produce mock observations
of nebular emission. The integrated luminosities are then found by summing the contributions
of each ionizing source (young stars, PAGB stars and AGN). The emission line models in
Hirschmann et al. (2017) and Hirschmann et al. (2019) are computed using version ¢13.03
of CLoupy (Ferland et al., 2013), and accounts for dust grain interactions with photons,
electrons and atomic ions in H II regions. I refer to table 1 of Hirschmann et al. (2017) for an
overview of the parameters used in the nebular emission models.

The approach of generating synthetic emission lines is outlined in the following. Section 2.2.5
describe the approach of this work to effectively compare metallicity- and ionization gradients
of the synthetic emission lines and intrinsic llustrisTNG values to the ones of the observed
galaxies.

Nebular emission from H II regions

The grid for modelling nebular emission of H II regions is adopted from Gutkin et al. (2016),
which combine the stellar population synthesis model by Bruzual and Charlot (2003) with
CLouDpy following the method outlined by Charlot and Longhetti (2001). In this method,
the spectral evolution of an H II region is convolved with a star formation history to yield
galaxy-wide quantities. The final grid is build upon models wide ranges of

- Interstellar gas- and dust-phase metallicity, Z,

- Jonization parameter, U,, defined as the (dimensionless) ratio of the number density of
hydrogen ionizing photons to that of hydrogen (equation 2.69)

- Dust-to-metal mass ratio, &,

H II region density, ny «

Carbon-to-oxygen abundance ratio, (C/O).

The models (Hirschmann et al., 2017; Hirschmann et al., 2019) additionally adopt the default
emission-line predictions of Gutkin et al. (2016) for 10 Myr old stellar populations with constant
SFR. In addition, the Chabrier (2003) IMF (equations 2.47 - 2.48) is adopted, and is thereby
consistent with the IMF used in IllustrisTNG. The metallicities of the ionizing stars are here
adopted from the ambient ISM, which is a similar approach to that of IllustrisTNG. We here
assume a fixed dust-to-metal mass ratio (£;), as dust is not followed, a fixed hydrogen density
ny, as individual H IT regions are not resolved, and a Solar C/O abundance.
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Nebular emission from narrow-line regions of AGN

The grid of nebular emission models from Feltre et al. (2016) is adopted for AGN narrow-line
regions. The AGN ionising spectrum, with radiation mostly in UV and soft X-ray, originate
from the black hole gas accretion disk and the surrounding hot corona and is approximated by
a broken power law (equation 5 of Feltre et al., 2016):

v for 0.001 pm < A < 0.25 ym
Syoc v~ Y2 for 0.25um < A < 10.0 um (2.65)

v? for A10.0 pm

where « is adjustable in the frequency range of ionizing photons. The adopted grid from Feltre
et al. (2016) is parametrized in terms of

Interstellar metallicity in the narrow-line region, Z,

- Gas ionization parameter, U,

Dust-to-metal mass ratio, &4

The density of gas clouds, ny e
- Carbon-to-oxygen abundance ratio, (C/O),

and include both dust and radiation pressure.

Nebular emission from PAGB stellar populations

Contributions from PAGB stellar populations are modelled as described in Hirschmann et al.
(2017). The grid is constructed from models of stellar populations with ages 3,5,7,9 Gyr and
metallicities 0.008, 0.014, 0.017, 0.02 (see table 1 of Hirschmann et al., 2017). Each stellar
population is modelled with CLOUDY using spectra of single-age, evolved stellar populations
computed with the stellar population synthesis model by Bruzual and Charlot (2003). The
final grid is described through the following parameters:

- Interstellar metallicity, Z,

Stellar population age, s stars

Stellar population metallicity, Zs stars

- Gas ionization parameter, U,

Dust-to-metal mass ratio, &4

Hydrogen density, ny o

where he last three parameters are consistent with those of the H II regions. As the stellar
populations considered here are evolved, the interstellar metallicity Z, is treated independently.

Coupling nebular emission models with IllustrisTNG galaxies

Appropriate nebular emission models for any simulated galaxy is selected by (self-consistently)
matching model parameters to those of the simulated galaxy, as described in Hirschmann et al.
(2017) and Hirschmann et al. (2019). In this approach, the spectral evolution of typical H 1T
regions are convolved with the star formation history of the young stellar populations (age
< 10® years) producing the ionizing photons (see Gutkin et al., 2016; Hirschmann et al., 2017)
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to compute the integrated nebular emission of the galaxy. As described in Gutkin et al. (2016)
and Hirschmann et al. (2017), optical line ratios in integrated spectra of nearby galaxies are
similar to those of individual H II regions, and the parameters of the photoionization models
in this approach should be interpreted as the galaxy-wide ones, thus describing an ensemble of
H II regions. The methodology used here deviates from that of Hirschmann et al. (2017) and
Hirschmann et al. (2019) in the sense that we couple the emission line models to simulations
by matching model grid parameters to the values of individual cubes of each subhalo. As the
cubes here are (1kpc x 1kpe x 1kpe) in size, they are much larger than the size of typical
H II regions (~ 10pc). The approach taken here can therefore be justified by the fact that
each cube has the potential to host several H II regions with stellar populations of different
ages. For model parameters not available from IllustrisTNG, the value is either computed (e.g.
ionization parameter U, as will be described later) or sampled. Specifically, the Solar value is
adopted for the dust-to-metal mass ratio §; = {4, = 0.36, which sets the depletion of heavy
elements onto dust grains.

The H II region models are coupled to IlustrisTNG subhalos by choosing a model with grid
values that are closest to that of any given cube of a subhalo (see section 2.2.3). The interstellar
metallicity Z, is matched to the warm gas metallicity Z, of the cube. For simplicity, the C/0,
of any cube is assumed to be equal to the Solar value, as the value of the carbon-to-oxygen
abundance ratio hardly affects the optical lines considered here (see e.g. Gutkin et al., 2016).
In order to compare the grid model values of the gas ionization parameter U,, the "simulated"
ionization parameter Uy, first need to be estimated. First, the global volume-averaged gas
density pe glob is found from p,, which is used to get the volume-filling factor

€= Pf,glob (2.66)
Po,SF

where p, gr is the density of warm/SF gas particles in the cube. This is used in conjunction
with the metallicity Zs, (C/0), (= (C/0)g), and &; (= €40 = 0.36) as input for the emission
line models, which predict rate of ionizing photons @y, obtained by multiplying the SFR
by the rate output of a 10 Myr old stellar population with unit SFR and metallicity Z.
(Hirschmann et al., 2017). This value of Qp is then used to compute the volume-averaged
ionization parameter of the cube, as in equation 1 of Hirschmann et al. (2017):

L (3QH ¢ ﬁo,SF>1/3

2.67
4c 47 ( )

where ap is the recombination coefficient of hydrogen in the Strémgren theory for the Case
B approximation, which is appropriate for most nebulae (Osterbrock and Ferland, 2006).
Equation (2.67) can be derived from integrating the gas ionization parameter U(r), with r
being the distance to the source, over a Stromgren sphere with radius Rg (see appendix B of
Panuzzo et al., 2003):

Re U(r)4mr?
U —f — 5 —dr 2.68
W= 2 (2.68)
where
Q(r)
U(r) =1 s (2.69)
4 4 4
Q(r) = Qu — wr'njape, and (2.70)
1/3
Rs = <?’§H> (2.71)
dmngape
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U thus depends on the SFR via the rate of ionizing photons QQg, and global volume-averaged
gas density po glob (via the filling factor €). The definition of U in equation (2.67) will hereafter
be referred to as the intrinsic ionization parameter of the IllustrisTNG subhalos. The intrinsic
simulation values are described in sections 2.2.3 and 2.2.3 and table 2.12.

When coupling AGN nebular emission models to the simulations, model parameters are
matched to the central values, that is cubes at R < 1 kpc. This is naturally only considered if
a central accreting black hole is present in the subhalo, which is not always the case. Hence,
the interstellar ionization, metallicity, (C/O) and density of the narrow-line region are matched
to the central values of warm gas particles from the simulations. The luminosity Lagn is
matched to simulations using the accretion rate M, of central black hole.

The PAGB models are selected based on similarity of both PAGB parameters and parameters
adopted from the H II region models, as noted above, to those of individual cubes in a subhalo.
Hence, the quantities used in this selection process include: The age and -metallicity of PAGB
stars (age > 1 Gyr), the interstellar metallicity and (C/O) abundance ratio, as well as the
ionization parameter. The last quantity, the ionization parameter of gas ionized by emission
from PAGB stars, is dependant on both the mass of PAGB stars M*,PAGB and the global
volume-averaged gas density po glob-

2.2.5 Simulated Metallicity- and Ionization Gradients
Deriving Gradients from 2D Maps of Simulated Galaxies

Synthetic Emission Lines
For the IllustrisTNG subhalos, a principal axis transformation was performed on all star-, gas-
and black hole particles as described in section 2.2.2, where after the subhalos were projected
face-on, and the radial coordinates are found using equation (2.34). Following the face-on
projection, each cube is ’collapsed’ into two dimensional squares (from now on referred to as
spaxels) in the following manner. For the synthetic emission lines, the resulting luminosity
L; j for each spaxel (z;,7;) is found as the sum of the luminosities L(x;,y;, ) of all cubic
bins along the z—direction: .

Lij = Y L(zi, 5, z) (2.72)

k

The luminosities L; ; are thereafter converted to fluxes F; ;, assuming each subhalo is situated
at redshift z,, with z, being the redshift of (or distance to) the observed galaxy that the
subhalo was selected upon. This conversion is carried out by first computing the luminosity
distance of the respective subhalo (or, equivalently, observed galaxy), Dy, 4, using the function
luminosity_distance (assuming a Planckl5 cosmology) included in the sub-package Cos-
MOLOGY of the Python module ASTROPY (Price-Whelan et al., 2018). The flux F; ; of any
spaxel (z;,y;) is then found by

Fij = x 10Lid L (2.73)

4dr Dy 4
SF spaxels are selected as having

SFR,; = Y| SFRo (2, y5, 2,) > 107 Mg yr™! (2.74)
2

with SFR,, defined in section 2.2.3, as well as being categorised as SF according to the [N1I]
BPT diagnostic (as done for the observations). The selected spaxels are then used to derive
the metallicity and ionization parameter using the calibrations described in sections 2.1.5 and
2.1.5, thus following the same prescription as for the observations.
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Intrinsic Values from IllustrisTNG

The same spaxels selected above are selected for deriving the intrinsic [llustrisTNG metallicity
and ionization. The metallicity of each spaxel (O/H); ; is computed from the intrinsic hydrogen-
and oxygen abundances of SF gas; that is, cube values H, and O, (as defined in section 2.2.3)
calculated from gas particles obeying equation (2.62). Hence, applying an approach similar to
equation (2.74), the metallicity of any spaxel is

Oo (i, yj, 21)

_ (2.75)
Ho(xiu ij Zk)

2

12 + log(O/H); ; = 12 + log K

2

k

using the same notation as in section 2.2.3. The ionization of each spaxel is calculated as the
first moment taken along the z—direction:

1
with U(x;,y;, 2z,) being the intrinsic ionization as defined in section 2.2.4.

Comparison of Synthetic- and Intrinsic Abundances

An overview of characteristics as well as results from this analysis, including the slope of
metallicity gradients and total metallicities, is given in appendix E.

Figure 2.15 show the total metallicity 12+log(O/H) derived from the intrinsic simulation values
versus the value derived from the synthetic emission lines for the full sample of IllustrisTNG
subhalos. It is evident here that the intrinsic metallicities are much higher (~ 0.4 dex) than
the ones derived from the synthetic emission lines. This discrepancy is also seen in the derived
metallicity gradients, and will be discussed in the following.
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Figure 2.15: Same as figure 2.18 but showing the total metallicity 12 + log(O/H).

The metallicity gradients for some selected galaxies, derived as described in section 2.2, using
the synthetic emission lines and intrinsic values are shown in figures 2.16 and 2.17, respectively.
A flattening of the gradient in the outer regions is present for several subhalos with masses
M, z 10%8Mg (e.g. subhalos 411451, 336519 and 117256 in figures 2.16 and 2.17). This
flattening is also seen in several observational and theoretical studies, as mentioned in chapter
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1. It likewise reflects what is seen in the SF region of the density-temperature phase diagram
in figure 2.14, that is, the SF gas with lower density but higher temperature have metallicities
comparable to those with higher densities but lower temperatures.

It should be noted that we did not fit a set region for the whole sample, as is done in most
large-scale studies. Rather, we chose a range suitable for each galaxy. This approach was
exactly taken to exclude the flattening in the outer region while including as many data points
as possible; the point of the truncation varies not only from galaxy to galaxy (~ 1.4R. to
~ 5.0R.), but also between the synthetic and intrinsic gradients. In particular, the truncation
is often seen at larger radii for the intrinsic gradients compared to the synthetic (for each
individual galaxy), and in some cases, the flattening is only observed (or, more prominent)
in the intrinsic values. Hence, a common suitable fit range (i.e. for both the synthetic and
intrinsic gradients) was chosen for each individual galaxy.

A flattening in the central region is also observed in both the synthetic (e.g. subhalos 411451,
336519 and 117256 in figure 2.16) and, to a lesser extent, the intrinsic gradients (e.g. subhalo
117256 in figure 2.17) for some of the more massive galaxies of our sample. Additionally,
the intrinsic gradients sometimes present a steeper gradient towards the centre not seen in
the synthetic ones. One example is subhalo 336519 (IllustrisTNG100), for which a flattening
is observed in the inner region (< 1.4R.) in the synthetic gradient (bottom left panel of
figure 2.16), while a steepening is evident in the same region in the intrinsic gradient (bottom
left panel of figure 2.17). This discrepancy most likely arise from resolution issues of the
simulations.

While we intentionally excluded the outer region for galaxies exhibiting an exterior truncation,
the flattening/steepening of the inner region was included in the fit (that is, at radii larger than
the spatial resolution limit of the simulations). This may have contributed to the flattened
synthetic gradients of the most massive galaxies (specifically those with M, = 10'%-2°My) of
our sample. A better agreement may therefore have been found between the slopes of the
synthetic and intrinsic gradients (and the corresponding normalizations, as discussed below) if
the central region was excluded for galaxies with this feature.

The normalization Sgp of the gradients derived from the two methods are clearly different,
with the intrinsic ones on average being ~ 0.6 dex higher. The intrinsic Vg i [dex/R,] 18 likewise
on average steeper by ~ 0.15 [dex/R.] and the intrinsic Vi [dex/kpc] 15 On average steeper by
~ 0.05 [dex/kpc]. This discrepancy is illustrated in figure 2.18, which show V¢ g in units of
dex/R, derived from the intrinsic simulation values versus the value derived from the synthetic
emission lines for the full sample of IllustrisTNG subhalos. This is despite the fact that the
gradients are measured in the same region using the same spaxels. These variations may
arise from several factors, such as bias in the empirical calibrations used for the synthetic
emission lines, and the fact that H II regions are unresolved in both the simulations and
nebular emission line models, meaning we consider the gas metallicity of the ISM. The intrinsic
metallicity gradients are based on the intrinsic oxygen abundances traced in the simulations,
and the entire oxygen abundance is therefore considered. On the contrary, the synthetic
gradients are based on model emission of H II regions, derived from photoionization models
matched to the characteristics of each cube. The oxygen abundance is then derived using the
same approach as for the observed galaxies, that is using emission of strong optical nebular
lines. Assuming that our modelling of emission lines is reasonable, these discrepancies may be
an indication that the PG16 calibration does not yield the correct oxygen abundances due to
biases. However, several assumptions are made in the emission line models, in particular on
the arrangement of H II regions and in the modelling of the ionization parameter. This will be
discussed further in chapter 3 when considering the relation of the ionisation parameter with
various strong line-ratios.
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Figure 2.16: Metallicity gradients of some of the selected IllustrisTNG subhalos in units of [dex/R.].
The red line is a linear x? regression, the dots are metallicities derived from the synthetic emission
lines, each categorized as SF from the [NII] diagnostic in section 2.1.4, and the shaded area is a lo
scatter.
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Figure 2.17: Same as figure 2.16, but derived from the intrinsic abundances of IllustrisTNG.
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Figure 2.18: Slope of metallicity gradients in units of [dex/R,] of the full sample of IlustrisTNG50

(left) and TNG100 (right) subhalos. The y-axis show the metallicity gradient derived from intrinsic

simulation values, and the x-axis show the corresponding value for the same subhalo derived from

the synthetic emission lines using PG16. The dashed line is a one-to-one relation. The color-coding

denotes the observed galaxy to which any subhalo was matched, and the error bars show p + o for the
respective samples.

Similarly, figure 2.19 illustrate the difference between ionization parameter gradients derived
using the value predicted from the photoionization models (equation 2.67) versus the gradients
derived using the Dors et al. (2016) calibration with the synthetic emission lines. The intrinsic
ionization gradients are mostly positive, with slopes as large as ~ 0.4 dex/R., while the
synthetic gradients are much shallower, mostly scattered around —0.15 - 0.1 dex/R.. This
likely arise from assumptions made in the modelling of the ionization parameter, and will be
discussed further in chapter 3.
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Figure 2.19: Slope of ionization gradients in units of [dex/R,] of the full sample of HlustrisTNG50

(left) and TNG100 (right) subhalos. The y-axis show the ionization gradient derived using Usinm as

predicted from the photoionization models, and the x-axis show the corresponding value for the same

subhalo derived from the synthetic emission lines using the Dors et al. (2016) calibration. The dashed

line is a one-to-one relation. The color-coding denotes the observed galaxy to which any subhalo was
matched, and the error bars show p + ¢ for the respective samples.
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Origin of the Simulated Radial Metallicity Profile

This section focuses assessing which processes related to characteristic galactic properties are
most prominent in shaping the metallicity gradients of simulated galaxies. Specifically, by
comparing simulated galaxies of similar stellar mass, it is investigated how variations in SFR,
sSFR, disc scale-length, AGN accretion rate, total metallicity and merger history affect the
shape of metallicity gradients. Finally, the effect of changes in AGN- and star-formation driven
feedback on the cosmic evolution of the metallicity gradient is examined through case studies
in section 2.2.5.

Galactic Characteristics

Figure 2.20 show the slope of the derived metallicity gradients and total metallicities (using
synthetic emission lines) versus stellar mass, sSSFR, SFR and (central, < 1 kpc) black hole
accretion rate for the sample of IllustrisTNG subhalos. The large scatter at low masses in
panel (A) likely arise from resolution issues. As seen here, the slope of Vg u normalized to Re
exhibit only a weak correlation with stellar mass, where higher mass imply a shallower gradient.
The same conclusion is found when considering the gas mass of the simulated galaxies. These
general relations are also found in both observational- (Belfiore et al., 2017; Poetrodjojo et al.,
2018; Sanchez-Menguiano et al., 2016) and theoretical (Tissera et al., 2015; Ma et al., 2017)
studies, where the latter agree that no clear relation between metallicity gradient and stellar
mass is present. Tissera et al. (2018) do, however, find a clear correlation between the gradient
and disc size, such that larger discs imply flatter gradients, which has also been found in this
analysis.
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Figure 2.20: Slope of metallicity gradient Vo g [dex/r.] (red, solid) and total metallicity (grey, dashed)

derived from synthetic emission lines using PG16, versus stellar mass (A), sSFR (B), SFR (C) and

central (< 1 kpc) BH accretion rate (D). Lines and shaded area denote u+o of Vg g resp. 12+log(O/H)
in bins along the x-axis of sizes 0.3 dex (A), 0.2 dex (B), 0.35 dex (C) and 0.3 dex (D) bins.

In general, when considering the full subhalo sample, no clear correlations are found with
any parameters with the shape of the metallicity gradient. However, when considering
subhalos of similar stellar mass, some trends do show. In particular, subhalos with stellar
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masses in the ranges M, < 109‘5M@ and 109'5M@ < M, < 1010‘1M@ have great varieties
in the slope of the derived metallicity gradients (u + 0 = —0.04 £+ 0.06 and —0.06 + 0.04,
respectively), while subhalos with stellar masses M, = 10'%1Mg all exhibit shallow gradients
(n £ o0 =-0.02+£0.02).

Merger History

Merger trees of each subhalo is retrieved from the SubLink merger trees, which are available in
the IlustrisTNG simulations. These merger trees are constructed at the subhalo level with the
SUBLINK algorithm (see Rodriguez-Gomez et al., 2015), and a unique descendant is thereby
assigned to each subhalo. We here follow only the main progenitor branch, meaning we follow
only the descendant with the "most massive history" behind it. Using these merger trees, it
is possible to detect mergers. We here define the type of merger by the stellar mass fraction
of the merging subhalos, f.. Minor mergers are defined as having a stellar mass fraction
0.1 < f» < 0.25 and major mergers are defined by f, > 0.25. The stellar- and gas mass used
for calculating f. and fgas are measured within 2R..

It should be mentioned that the results discussed here are by no means statistically complete,
as we are only considering simulated galaxies following the stellar mass, gas mass and SFR
distributions of the six observed galaxies. The results can therefore be biased compared to a
statistically significant sample of galaxies.
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Figure 2.21: Slope of metallicity gradient (left) and total metallicity (right) derived from synthetic

emission lines, versus number of mergers between 0.0 < z < 3.0 for galaxies with M, /Mg > 10191,

The blue lines show galaxies that only experienced minor mergers, and the red lines show subhalos that

only experienced major mergers. Lines and shaded area denote p + o of Vg g resp. 12 + log(O/H) in
bins for each number of mergers.

Figure 2.21 show the slope of the metallicity gradient (in units of dex/R,) and total metallicity
versus number of minor/major mergers for galaxies with stellar mass M, /Mg > 100! (a total
of 96 galaxies). In the time between 0.0 < z < 3.0, the distribution is as follows for this
sub sample: 45 galaxies experienced no mergers; 32 galaxies experienced only minor mergers
(i.e. no major mergers), of which 27 galaxies had 1 minor merger, and 5 galaxies had 2 minor
mergers; 19 galaxies of the selected sample experienced only major mergers (i.e. no minor
mergers), of which 17 galaxies had 1 major merger, 1 galaxy had 2 major mergers, and 1
galaxy had 3 major mergers.

As can be seen in figure 2.21, with increasing number of mergers, the slope of metallicity
gradient flatten and the total metallicity increase. As only two galaxies experienced more than
one major merger, the scatter is very large, and the sample here is very limited, no conclusions
can be drawn on whether minor or major mergers have the largest impact on the gradient. The
relation seen here is not likely to arise from a bias in stellar mass, as all subhalos independent
of merger history have similar stellar mass, as highlighted in table 2.13.

As has been suggested in several observational studies (e.g. Sanchez-Menguiano et al., 2016),
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interactions and minor mergers may increase the metallicity in the outer regions if the
companion has a sufficiently high metal content, thus evening out the gradient. In general,
mergers of galaxies in the local Universe have been confirmed in both observations and
simulations to show shallower gradients. The flattening may arise from several merger-induced
processes, such as radial inflows of metal poor gas diluting the inner ISM (Kewley et al.,
2010; Rupke et al., 2010b; Rupke et al., 2010a; Perez et al., 2011; Sanchez et al., 2014b),
galactic-scale metal redistribution (Ma et al., 2017), and feedback from merger-induced bursts
of star-formation (Wuyts et al., 2016; Kobayashi, 2004).

(1 (2 (3) (4) (5)
Ny Smin Mmin Smaj  Mma;
1 27 10.5+0.3 17 10.6 £0.2
2 5 10.5+ 0.3 1 104
3 0 — 1 10.6

Table 2.13: Column 1: Number of mergers Ny between 0.0 < z < 3.0; Column 2: Number of galaxies

Smin that had Ny minor mergers between 0.0 < z < 3.0; Column 3: Mean and standard deviation of

stellar masses of the Sy, galaxies from column 2; Column 4: Number of galaxies Sy, that had Ny

major mergers between 0.0 < z < 3.0; Column 5: Mean and standard deviation of stellar masses of

the Smaj galaxies from column 4;. Only galaxies with stellar mass M,/Mg > 10191 are considered

here. The mean and standard deviation of stellar masses of the 45 galaxies with no mergers between
0.0 < z < 3.0is10.5+0.2.

The Cosmic Evolution of the Radial Metallicity Profile

This section contains a case-by-case study of three selected subhalos all from IllustrisTNG50;
the first two with SubhaloIDs 63881 and 651841, sampled for NGC 925 and the third with
SubhalolD 682134, sampled for NGC 1569;. We here follow the cosmic evolution of the intrinsic
log(Z) metallicity gradient in units of effective radii, V 7 [qex/R,], fitted in the region R < 2 Re,
along with merger history, AGN activity (through Mpy), star formation history (through
SFR), as well as stellar- and cold (i.e. star-forming) gas mass. For consistency, the gradient is
calculated using SF particles as defined in equation (2.62), and subhalos are projected face-on.
In addition, some general observed trends will be discussed and compared to results from
literature.

Subhalo 63881 (IllustrisTNG50-1, NGC 925)
Figure 2.22 show the cosmic evolution of subhalo 63881 from IllustrisTNG50-1, selected based
on similarity to NGC 925. This subhalo experienced three mergers after z = 2:

e Major merger at z ~ 1.5, with f, = 0.62 and fgas = 0.07
e Minor merger at z ~ 1.35, with f, = 0.16 and fgas = 0.04
e Minor merger at z ~ 0.68, with f, = 0.14 and fgas = 0.1

While the gradient is seen to initially flatten until z ~ 1.7 in figure 2.22, it steepens as the
AGN activity increase and the SFR drops. Specifically, the SFR is seen to drop by ~ 0.4Mg/yr
during the 700 Myr leading up to the major merger event. Around 255 Myr preceding
the major merger (z ~ 1.5), Mgy rapidly decline and the gradient is flattened ~ —0.47 to
~ —0.02 dex/R,. The flattening of the gradient seen here, in conjunction with the decrease in
BH accretion rate and low SFR, may be an indication of strong feedback from AGN. This
feedback could potentially halt the accretion on the the BH, quench star formation, and eject
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enriched gas out of the center.

In the 360 Myr between the major merger and the earliest minor merger, the gradient is
slightly flattened by 0.04 dex/R., while the SFR and Mgg both increase to values similar
to the ones before the initial drop at z ~ 1.5. It can also be seen in this epoch, between
the two merger events, how the stellar mass and cold gas-phase metal content increase as a
response to the major merger by ~ 256% and ~ 1111% with respect to their original values.
The steepening of V7 is again present just before the merger; the gas content can be affected
by tidal forces occurring both before and during the merger event, which in turn affect the
metallicity gradient.

After the first minor merger, M, and M, increase by ~ 30% and ~ 3.6%, respectively. A rapid
steepening of the gradient by ~ 0.35 dex/R, is also evident here. A possible explanation for
this steepening is the inflow of metal-poor gas from the interacting galaxy; the metal-poor
gas can either settle in the outskirts, thus steepening the gradient, and/or potentially induce
star-formation in the central region, enriching the central ISM with metals. The left panel of
figure 2.22 suggests that from z < 1.2, the slope of the metallicity gradient correlate with the
SEFR, such that an increase in SFR yield shallower gradients, and vice-versa for a decrease in
SFR.

The same trend of a sudden steepening of Vz leading up to the merger event is seen by the
time of the second (and last) minor merger. At around z ~ 0.4, the AGN activity increase, the
SFR slowly decrease and V z reach somewhat of a stable value in the range —0.3 to -0.4 dex/R,
at z < 0.25.

Subhalo 63881 from TNGS50-1 (NGC 925)
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Figure 2.22: Cosmic evolution of slope of (intrinsic) metallicity gradient Vz[gex/r.] measured at

< 2R, in units [dex/Re] (red line) for subhalo 63881 from IllustrisTNG50-1, with stellar mass

log(M,./Mg) = 9.74 at z = 0. The vertical black lines indicate major (solid) and minor (dashed)

mergers. Left: Star formation rate log(SFR) (solid blue line) and (central < 1 kpc) black hole accretion

rate log(Mpp) (dashed blue line). Right: Stellar mass log(M,./Mg) (solid green line) and cold (i.e.

star-forming) gas mass log(M,/Mg) (dashed green line). The lower x-axis show redshift and the upper
x-axis show the corresponding look back time in Gyr.
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Subhalo 651841 (IllustrisTNG50-1, NGC 925)

Figure 2.23 shows the cosmic evolution of subhalo 651841 from IllustrisTNG50-1, that like
subhalo 63881 was selected based on its similarity to NGC 925. This subhalo has not
experienced any mergers after z = 3.0, which allow us to see how AGN- and star formation
feedback affect the cosmic evolution of the metallicity gradient. As seen in figure 2.23, the slope
of the metallicity gradient slowly flatten over time, besides the period 0.5 < 2z < 1.2, where a
large variation in Vz occur. The first dip at z ~ 1.25, where V7 steepens by ~ 0.15 dex/Re,
is associated with corresponding declines in the cold gas mass M, of ~ 0.15 dex (right panel
of figure 2.23), a decrease in SFR of ~ 0.55Mg/yr (left panel), and an increase in Mgy of
~ 7 x 1073Mg/yr. The second dip at z ~ 0.9, where V7 steepens by ~ 0.17 dex/R., is
likewise associated with declines in M, of ~ 0.16 dex, a decrease in SFR of ~ 0.32Mg/yr, and
an increase in Mpy of ~ 4 x 1073 Mg /yr.

Following this epoch, the gradient slowly flatten with time, and after z ~ 0.6, the gradient
seem to couple to the SFR, such that an increase in SFR corresponds to a flatter gradient,
and a decrease in SFR corresponds to a steeper gradient. This is consistent with the first case
study (subhalo 63881 from IllustrisTNG50-1, also selected for NGC 925). To some extent, the
under-lying trigger here is the amount of cold gas; more cold gas increase the SFR, which
flatten the gradient, while a lower inflow of cold gas decrease the SFR and in turn steepens
the metallicity gradient.
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Subhalo 651841 from TNG50-1 (NGC 925)
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Figure 2.23: Same as figure 2.22 but for subhalo 651841 from IllustrisTNG50-1, with stellar mass
log(M./Mg) = 9.86 at z = 0.

Subhalo 682134 (IllustrisTNG50-1, NGC 1569)
The cosmic evolution of subhalo 682134 from IllustrisTNG50-1, selected based on similarity to
NGC 1569, is depicted in figure 2.24. This subhalo experienced two mergers after z = 2:

e Minor merger at z ~ 1.11, with f, = 0.19 and fgas = 0.08
e Major merger at z ~ 0.68, with f, = 0.39 and fgas = 0.09

During the 450 Myr leading up to the first (minor) merger at z ~ 1.1, the SFR increase by
~ 0.02Mg/yr, and the gradient flattens by ~ 0.3 dex/Re.

Between the minor and major merger, the SFR oscillates between 0.03 and 0.08 Mg /yr, and a
somewhat synchronized oscillation is present in the slope of the metallicity gradient between
—0.77 and —0.05 dex/R., where, as seen before, an increase in SFR corresponds to a flattening
of V. In this time period, the stellar- and cold gas mass increase by ~ 208% and ~ 141%.
At z ~ 0.85, a central black hole is created and starts accreting at a relatively low rate of
Mgy ~ 107 Mg/yr.

In the 182 Myr leading up to the major merger occurring at z ~ 0.7, the gradient completely
turns; the slope changes from V = —0.44 dex/R. at z ~ 0.73 to V = +0.49 dex/R, at z ~ 0.7.
In the same period, the SFR drops by ~ 0.01Mg/yr, and the stellar- and cold gas mass both
decrease by 52.7% and 78.2%, respectively. The effective radius is also reduced from ~ 1.17
kpc to ~ 0.7 kpe. Figure 2.25 show the gas column density (top) and gas metallicity (bottom)
of progenitors of subhalo 682134 at z ~ 0.73 (left) and z ~ 0.7 (right). When looking at the
change in gas column density, the gas is not only expanded, but also morphologically disturbed;
the two streams of gas, barely visible at z = 0.73, protrudes much farther (~ 50 ckpc) from
the central region at z = 0.7. The mass loss seen in figure 2.24 is hence likely to be caused by
the galaxy-galaxy interactions prior to the merger, either through expansion from tidal shocks
or tidal stripping. While these streams are not as prominent when looking at the change in the
gas metallicity distribution (bottom row of figure 2.25), the metallicity increase in particular in
the lower-right region. The overall picture is nonetheless that the disturbances not only affect
the large-scale distributions (as illustrated here), but also the small scale ones (illustrations can
be retrieved from Data Visualization, Illustris TNG). As the metallicity gradient is measured
from star forming gas particles, selected based on a density- and temperature cut and radial
distance, the interaction at 0.7 < z < 0.73 largely affects the selection of gas particles and
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thereby the measured gradient.

After the major merger event, the SFR momentarily increases from 0.03 — 0.11Mg/yr, before
it drops to 0.06 M /yr. At this point since the merger, Mgy has increased by 6 x 10~4 Mg /yr,
the effective radius has changed from 0.56 to 1.47 kpc, and the gradient has evolved from
being essentially flat to having a negative slope of Vz = —0.98 dex/R.. The major merger
increased the stellar- and cold gas mass by 0.72 dex and 0.8 dex, respectively.

After z ~ 0.64, the SFR, Mgy and cold gas mass slowly decrease until the present. The stellar
mass slowly increases, the effective radius stays roughly constant, and the gradient evolves to
a value of Vz = —0.47 dex/R, at z = 0.

Subhalo 682134 from TNG50-1 (NGC 1569)
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Figure 2.24: Same as figure 2.22 but for subhalo 682134 from IllustrisTNG50-1, with stellar mass
log(M,/Mg) = 8.47 at z = 0.
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Gas Metallicity log Zs.] Gas Metallicity [log Zaw]

Figure 2.25: Gas column density (top) and gas metallicity (bottom) of progenitors of subhalo 682134

from MlustrisTNG50-1. The left column show the progenitor at z = 0.73, and the right show the

progenitor at z = 0.7. The indicated scales of 50 ckpc correspond to 42.6 kpc at z = 0.73 and 43.4 kpc
at z = 0.7. Image credit: Data Visualization, Illustris TNG.
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From the above cases, some general trends can be derived:

The metallicity gradient slowly flatten with time when not subject to any major distur-
bances (e.g. mergers, starbursts, large AGN activity). This likely happen as a product
of the cold gas being exhausted in the inner regions, where star-formation initially was
high (as evident from the steep gradient), and the outer regions, with slower rates
of star-formation, have time to enrich the gas. For massive galaxies, re-accretion of
previously ejected metals into the halo may also constitute to this observed flattening.

Variations in Vz on < Gyr time-scales are mainly associated with mergers, changes in
SFR and Mgy.

At evolutionary stages temporally separated from merger events, the steepening of Vz
is often seen in conjunction with a decrease in SFR, indicating a lack of gas accretion.

Galaxy-galaxy interactions prior to merger events can radically change V7 along with
SFR and Mgy. Initially, the gradient flattens as metal-poor gas in the outskirts is mixed
with enriched gas from the companion. Inflow of low-metallicity gas, arising from loss of
angular momentum due to turbulent motions, likewise flatten V7 as the central ISM
is diluted. Major merger events are indeed often followed by an increase in SFR and a
flattening of Vz. A subsequent (negative) steepening in V7 is observed as a response to
central star formation induced by the increase in gas density from the inflow.

Vz seem to be coupled with the SFR in several cases, such that an increase in SFR
initially corresponds to a flatter gradient. This may be explained by the cold gas reservoir,
as a larger amount of cold gas increase the SFR, which flatten the gradient, while a
lower inflow of cold gas decrease the SFR and in turn steepens the metallicity gradient.
A subsequent steepening of Vz is also seen, indicating that massive stars have injected
metals into the ISM.

Hence, these results point towards the cosmic evolution of V7 being mainly governed by (i)
merger events, which can cause gas mixing and induce star formation, (ii) strong starburst
driven feedback, which can create intense outflows that redistribute metals on galactic scales,
and (iii) gradual flattening over time, as the outer regions have time reach higher metallicities
due to the lower SFR. This agrees with several results from literature as mentioned in chapter
1 (e.g. Fu et al., 2013; Belfiore et al., 2016; Ma et al., 2017).
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Chapter 3

Discussion

This chapter includes first a comparison between the simulations and observations (section 3.1),
followed by a discussion of some of the caveats of observations (section 3.2), simulations and
emission line modelling (section 3.3), and our comparison technique (section 3.4). Specifically,
the focus will be on the approach and methodology used in this work. Lastly, section 3.5
includes a comparison to metallicity gradients found in both theoretical (Hemler et al., 2021)
and observational (Sanchez-Menguiano et al., 2016) studies.

3.1 Comparison of Simulations and Observations

3.1.1 Integrated Metallicity and Ionization Parameter

A comparison of the total metallicities obtained from the observations, synthetic emission
lines and intrinsic simulation values are shown in figure 3.1. There is no question here, that
using synthetic emission lines from photoionization models greatly improves the agreement
between simulated and observed galaxies. For the three observed galaxies with stellar mass
< 10'0Mg), the total metallicities derived from the synthetic emission lines are generally higher
by ~ 0.17, 0.32 and 0.23 dex for NGC 925, NGC 1569 and NGC 4214, respectively. The
agreement is much better for NGC 5194, NGC 6946 and NGC 7331, where the synthetic total
metallicities are generally ~ 0.09, 0.07 and 0.06 dex lower than the observed ones, respectively.
The agreement between abundances derived from emission line models and observations,
when compared to the higher intrinsic simulation abundances, may indicate (as previously
mentioned) that the metallicity calibration we use (PG16) does not yield the correct values.
Indeed, observations show large variations in metallicities derived using different calibrations.
The difference between the metallicities derived using synthetic emission lines and intrinsic
simulations could potentially be smaller or greater if another calibration was used. This is,
however, beyond the scope of this work.

A similar comparison of the integrated ionization parameter is shown in figure 3.2. While
the total metallicities derived using synthetic emission lines are in better agreement with the
observations, the total ionization tend to be under-estimated. This point, together with the
derived metallicities, is discussed later in sections 3.3 and 3.4.
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Synthetic Emission Lines from Illustris TNG Subhalos
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Figure 3.1: Total metallicity, derived from synthetic emission lines (top) and intrinsic simulation values

(bottom), versus stellar mass of the full sample of IllustrisTNG subhalos. The small dots are values for

individual subhalos, color-coded by the observed galaxy to which any subhalo was matched, and the

error bar of the same color is u + o for the respective subhalo sample. The darker colored error bars

show values of the observed galaxies. Values from the synthetic emission lines and observations are
derived using the PG16 calibration.
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Figure 3.2: Total ionization, derived from synthetic emission lines (top) and intrinsic simulation values

(bottom), versus stellar mass of the full sample of HlustrisTNG subhalos. The small dots are values for

individual subhalos, color-coded by the observed galaxy to which any subhalo was matched, and the

error bar of the same color is p + o for the respective subhalo sample. The darker colored error bars

show values of the observed galaxies. Values from the synthetic emission lines and observations are
derived using the calibration by Dors et al. (2016).
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3.1.2 Radial Metallicity and Ionization Parameter Gradients

A comparison of results obtained from the observations, synthetic emission lines and intrinsic
simulation values are shown in figures 3.3 and 3.4 for the slopes of the metallicity and ionization
gradients in units of [dex/R,]|, respectively. A better agreement between synthetic emission
lines and observations are again present. It also worth noting that, even when basing the
subhalo selection solely on stellar mass, gas mass and SFR, we are in most cases able to
reproduce the observed gradients (see figure 3.3). This is despite no clear correlations were
found among these parameters individually, as discussed in chapter 2. The intrinsic gradients
also follow, albeit with a high scatter, the observed relation between Vg and stellar mass,
that is; both the least massive (Mg < 10%7Mg) and the most massive (Mg 2 1007 M)
galaxies have shallower gradients, whereas the other exhibit negative slopes.

As evident from figure 3.4, the intrinsic ionization gradients are mostly positive, while the
synthetic ones mostly display values in the range —0.15 - 1.5 dex/R.. NGC 4214 and NGC
925 both exhibit positive gradients in ionization parameter, and the best agreement with the
intrinsic- and synthetic values is also found here. This will be discussed in further detail by
considering caveats present in our methodology. Specifically, observational biases are discussed
in section 3.2, the simulations and modelling of emission lines are discussed in section 3.3, and
caveats of our approach in comparing simulations and observations are described in section
3.4.
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Figure 3.3: Slope of metallicity gradients in units of [dex/R.], derived from synthetic emission lines
(top) and intrinsic simulation values (bottom), versus stellar mass of the full sample of IllustrisTNG
subhalos. The small dots are values for individual subhalos, color-coded by the observed galaxy to
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sample. The darker colored error bars show values of the observed galaxies. Values from the synthetic
emission lines and observations are derived using the PG16 calibration.
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Figure 3.4: Slope of ionization parameter gradients in units of [dex/R.], derived from synthetic
emission lines (top) and intrinsic simulation values (bottom), versus stellar mass of the full sample of
TllustrisTNG subhalos. The small dots are values for individual subhalos, color-coded by the observed
galaxy to which any subhalo was matched, and the error bar of the same color is p+ o for the respective
subhalo sample. The darker colored error bars show values of the observed galaxies. Values from the
synthetic emission lines and observations are derived using the calibration by Dors et al. (2016).
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3.2 Caveats of Observations

The study by Kreckel et al. (2019) was previously considered in section 2.1.6, when interpreting
over-abundances in metallicity present in the observed galaxies. To summarise this discussion,
Kreckel et al. (2019) found that regions with enhanced oxygen abundances to be associated
with high ionization parameter and higher Ha luminosity. On the other hand, our results
presented a somewhat twofold relation between these parameters. Specifically, in agreement
with Kreckel et al. (2019), oxygen-enhanced spaxels in NGC 925 and NGC 1569, tended to be
associated with higher ionization parameter and/or higher Ha flux. It is worth noting here, that
NGC 925 has a negative metallicity gradient (Vg [dex/Re] = —0.045 £ 0.008) but a positive
ionization gradient (Vy [dex/Re] = 0.092 + 0.01), while NGC 1569 has a flat metallicity
gradient (Vo [dex/Re] = 0.01 £ 0.05) and a negative ionization gradient (Vy [dex/R.] =
—0.62 + 0.05). For NGC 5194, NGC 6946 and NGC 7331, a similar enhancement in oxygen
abundance is mostly associated with either lower ionization parameter or higher Ha luminosity.
These galaxies all exhibit negative, but flattened, metallicity gradients, along with negative
ionization gradients (see table 2.7). The effect of possible biases in the calibrations we use to
estimate metallicity and ionization parameter are hence discusses in the following, as motivated
by observations by Kreckel et al. (2019).

Kreckel et al. (2019) observe a positive correlation between the metallicity and ionization
parameter within each galaxy. The positive correlation between 12 + log(O/H) (denoted Z in
the remainder of this paragraph) and log(U) in individual galaxies is also seen in our sample for
NGC 5194, NGC 6946 and NGC 7331. Although the PG16 calibration used for the metallicity
estimation accounts for the degeneracy with ionization, the calibration we use for the ionization
parameter (Dors et al., 2016) is a function of the derived metallicity; hence, the correlation in
our sample likely arise from degeneracy. Another fact supporting this claim is that = 98%
of the spaxels of NGC 5194, NGC 6946 and NGC 7331 have metallicities Z/Zs > 0.97
(with Zg = 8.69) and log(N2) = —0.6 (with No = [NII] A\ 6548, 84/Hf, see equation 2.25),
while 2 97% of the spaxels of NGC 925 and NGC 4214 also have log(N3) = —0.6, but with
metallicities Z/Zz < 0.97. For NGC 1569, 2 66% have Z/Zg < 0.97 and log(N2) = —0.6,
while 2 34% have Z/Z5 < 0.97 and log(N2) < —0.6. The division at Z/Zg ~ 0.97 is chosen
as two clearly separated, roughly Gaussian metallicity distributions with ¢+ ¢ = 0.94 + 0.01
and g+ o = 0.985 £ 0.006 arise when plotting a histogram of Z/Zg for all spaxels of all
galaxies. The point log(N2) ~ —0.6, is what is used to divide the "upper" (log(N2) = —0.6)
and "lower" (log(N2) < —0.6) branch in the PG16 metallicity calibration (see section 2.1.5).
In fact, all spaxels with log(N2) < —0.6 have Z/Z < 0.97. Thus, considering spaxels with
only log(N2) = —0.6 and Z/Zg > 0.97 , that is:

- 1646 spaxels from NGC 5194
- 1472 spaxels from NGC 6946
- 666 spaxels from NGC 7331

it is found that they exhibit a positive correlation in Z/Zg - log(U). Each galaxy is consid-
ered individually, and the correlation found using the Pearson correlation coefficient with a
significance level of 0.05, along with a visual inspection of the data. This trend is however also
found for the 386 spaxels in NGC 1569 with log(N2) > —0.6 and Z/Zg < 0.97.

Contrary to our results, Kreckel et al. (2019) found no radial gradients in log(U). This may
again be an indication of a degeneracy with metallicity in the calibration we use to estimate
the ionization parameter. This would explain the negative ionization gradients seen in NGC
5194, NGC 6946 and NGC 7331, which all exhibit positive correlations between Z/Zg - log(U).
The very negative ionization gradient (Vi [dex/r,] = —0.62 £ 0.05) of NGC 1569, along with
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the slightly positive metallicity gradient (Vo i [dex/r,] = 0.01 £ 0.05) may instead to a higher
degree reflect local physical environment. NGC 1569 is characterized by a large starburst
(log(sSFR) = —9.62), so the high ionization parameter in the central regions likely arise from
the ongoing star-formation, while the positive metallicity gradient may indicate that metal-rich
gas has been blown out from the center via supernova feedback and strong stellar winds.

Based on the above discussion, the discrepancies seen between observed and simulated values of
both total ionization parameter and Vy, may hence reflect biases in the adopted calibrations.
The following sections will, among others, further consider this issue.

3.3 Caveats of Simulations and Emission Line Modelling

While the issues described in the previous sections, being that the intrinsic simulations presents
large discrepancies with observations relative to the emission line models, may reflect the
calibrations used, there are also challenges arising from the simulations and the emission
line modelling. Specifically, the simulations are unable to resolve the structure of the ISM,
such as H II regions, and uncertain sub-resolution models are applied to account for this.
Hence, the outputs of the photoionization models used to generate the synthetic emission
lines describe an ensemble of H II regions. Additionally, interactions between the photon
field and gas are not followed. The ionization parameter is hence derived using a number of
assumptions, as described in section 2.2.4, and the emission lines and ionization parameter
from the photoionization models are thus approximate.

With this in mind, we now show that our modelling approach is still consistent with observed
relations. This section focuses on the U oc Z~98 dependence, while section 3.4 explore differences
and similarities to observed relations of metallicity and ionization parameter with strong line
ratios.

Carton et al. (2017) examined the theoretical Uocc Z~9%® dependence using SDSS DR7 sample,
and found an anti-correlation between ionization parameter, log(U), and central metallicity,
log(Z). Possible explanations for this dependence, as suggested by Kewley et al. (2013) and
Dopita et al. (2006), include: (i) high metallicities yield higher opacities of the stellar winds,
reducing the ionization parameter of the surrounding H II region by absorption of ionizing
photons; (ii) photons are scattered more efficiently in photospheres at high metallicities,
converting luminous energy flux to mechanical energy flux, leading to a lower degree of
ionization of the surrounding H II region (Dopita et al., 2006).

Figure 3.5 show the total (intrinsic) ionization parameter versus total intrinsic metallicity
log(Z/Zg) for the sample of IllustrisTNG subhalos (i + o, purple), together with a fit to
the values of all spaxels (dashed black line, @ = —0.57 + 0.03) and the relation Uoc Z0-8
(solid black line) from Carton et al. (2017). While Carton et al. (2017) considered galaxies
from the SDSS DR7 sample with metallicities —1.0 < log(Z/Zg) < 0.2, the values from this
thesis range —2.0 < log(Z/Zg) < 0.6. As can be seen in figure 3.5, at —1.0 < log(Z/Zg),
the intrinsic Uoc Z79 relation is steeper, while it is shallower at log(Z/Zz) = 0.2. Both
these parameters, that is log(Ugim) (estimated from photoionization models) and log(Z/Zq)
(intrinsic value from IllustrisTNG), are used as inputs for the emission line models that produce
the synthetic emission lines. Even though the intrinsic simulation values does not agree fully
with this Uoc Z798 relation, there is still an overall Uoc Z~9 trend present.
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Figure 3.5: Total ionization versus total intrinsic metallicity log(Z/Zg) of all selected IllustrisTNG

galaxies. The purple line is the mean, and the shaded area is the standard deviation of 0.1 dex bins.

The dashed black line is a fit with slope e = —0.57 + 0.03 of all individual spaxels of these subhalos

(individual spaxels are not shown in the plot). The solid black line is adopted from Carton et al. (2017)

with a = —0.8, using the total ionization parameter and central metallicity log(Z/Zg) of the SDSS
DR7 sample.

Figure 3.6 show the total ionization parameter versus total metallicity 12 + log(O/H) of all
observed galaxies (error bars), synthetic emission lines (green) and intrinsic simulation values
(blue). The dashed black line is a fit to all individual spaxels (observed, synthetic and intrinsic).
While this plot show log(U) versus 12 + log(O/H), it is interesting to note that the values
derived from the synthetic emission lines (shown in green) reproduce the observed change at
12 +log(O/H) ~ 8.4. This is also seen when considering individual spaxels of both observed
and synthetic galaxies; at 8.0 < 12 + log(O/H) < 8.4, a higher ionization parameter imply
lower metallicity, and at 12 + log(O/H) 2 8.4, a higher ionization parameter imply a higher
metallicity. This point traces back to the discussion in sections 2.1.6 and 3.2.
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Figure 3.6: Total ionization versus total metallicity of all observed galaxies (error bars), synthetic

emission lines (green) and intrinsic values (blue) derived from selected HlustrisTNG galaxies. The

dashed black line is a fit with slope a = —1.3 + 0.2 of all individual spaxels of both observations,

synthetic emission lines and intrinsic values (individual spaxels are not shown in the plot). The solid

green (blue) line and shaded area are the mean and standard deviation of 0.1 dex bins for parameters
derived from the synthetic emission lines (intrinsic values) of IllustrisTNG.
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3.4 Caveats of Comparison

As evident from the results presented in this work, a good agreement in found between observed
values and those derived using emission line models. Summarising points made in the previous
discussions, the discrepancy to the intrinsic simulations is likely two-fold, and may be due
to (i) short-comings in the modelling of ionization parameter, as described above, and (ii)
biases in the strong line calibrations. In order to assess these possibilities, we in this section
compare observed relations of metallicity and ionization parameter with strong line ratios to
the simulations.

Figure 3.7 show values of the metallicity versus the line ratios

[SII]AA6717,31  [NII]A6584  [OIII] A5007
Ho ’ H3 Hp

(3.1)

color coded by ionization parameter for each spaxel, both for observations and simulations.
Similar diagrams, but for values of the ionization parameter versus the line ratios, color coded
by metallicity, are shown in figure 3.8.

For the simulations (right panel in both figures), both the metallicity and ionization parameter
is derived from the intrinsic simulation values, while values of the line ratios are taken from the
synthetic lines of the same spaxel. Corresponding plots comparing observations to parameters
derived solely from the synthetic emission lines are shown in figures D.1 and D.2 in appendix
D.

It is clear from figures 3.7 and 3.8 that, while the synthetic line ratios are in good correspondence
with observed values, the intrinsic metallicities and ionization parameters are not. The intensity
of emission lines in H II regions are governed not only by metallicity, but also variations in
electron density and continuum ionization (Kewley et al., 2013). In particular, the value for
log(Usgim ), which captures these quantities, has implications on the synthetic metallicities, as
this parameter is used as input for the synthetic emission line models as described in section
2.2.4. In fact, at fixed metallicities, the ionization parameter largely affects the variation in line
ratios (Kewley et al., 2013; Dopita et al., 2000). At high metallicities, Kewley et al. (2013) find
that a higher ionization parameter yield smaller [NII]/Ha values, while at low metallicities,
higher ionization parameter yield larger values of [OIII]/HS. As we are effectively putting
bounds on the photoionization powered by UV radiation from young, massive stars, this limits
the values of collisionally excited lines like [SII] AA6717,31, [NII] A 6584 and [O III] A 5007
with respect to the recombination lines Ha and HS. Indeed, higher values for the ionization
parameter log(Usgm) would allow lower values of the line ratios given in (3.1). This would
correspondingly allow lower values of metallicity, thereby lessening the discrepancy between
results from the synthetic emission line models and observations, as seen in e.g. figure 3.1 (top
panel). In general, a wider range in values of log(Ugy,) would yield greater varieties in the
derived metallicity, thereby affecting Vo .

The main take away from this discussion is, that while simulations and observations are in
rough agreement on the relation between metallicity and the considered line ratios, a larger
discrepancy is present for the relation with log(U). It is hence likely that both points stated
in the beginning of this section are contributors, that being biased calibrations used in the
observations, and simplified modelling in the simulations.
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3.5 Comparison to Literature

Hemler et al. (2021) measured metallicity gradients of HlustrisTNG50 star-forming galaxies.
Their gradients were based on median and standard deviations in abundances from pixels
in 2D maps, consisting of gas particles with ng > 0.13cm™>. They only fitted the region
Riy + 0.25(Rout — Rin), where Rj, is the 3D distance from the center of the galaxy for which
5% of the total SFR of a galaxy is enclosed, and Ry is the distance for which 90% of the total
SEFR within 10 kpc of Ry, is enclosed. Figure 3.9 compares the gradients derived in this work
to the results of Hemler et al. (2021) at z = 0. The values adopted from Hemler et al. (2021)
are peak and spread of log-normal fits to the gradient distributions of mass bins centered
at 9.75 (423 galaxies), 10.25 (263 galaxies), and 10.75 (102 galaxies). While the results are
comparable at M, = 10'0-2° Mg, the gradients from this work using the intrinsic abundances
are much steeper at M, < 10192°Mg than those listed in Hemler et al. (2021). Reasons
for this difference may include, among others: (i) the metallicities of each individual spaxel
are calculated differently, (ii) different regions are fitted, (iii) the spaxels used for measuring
the gradients are selected using different criteria, and (iv) different galaxy populations are

considered.
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Figure 3.9: Slope of metallicity gradients in units of [dex/kpc]| versus stellar mass. The dark grey error

bars are values adopted from Hemler et al. (2021), and show peak and spread of log-normal fits to

the gradient distributions of 0.25 dex mass bins centered at 9.75, 10.25, and 10.75 for IllustrisTNG50

galaxies. The orange (green) dots are gradients derived in this work from synthetic emission lines

(intrinsic abundances) of IlustrisTNG50 and TNG100 galaxies, and the orange (green) error bars are
u + o of stellar mass bins with edges equal to those of Hemler et al. (2021).

Figure 3.10 compare the total metallicities and metallicity gradients of galaxies with stellar
mass M, < 10°Mg derived in this work from the synthetic emission lines, to values of 122
spiral galaxies from the CALIFA survey measured by Sanchez-Menguiano et al. (2016). They
estimated metallicities of SF spaxels using the O3N2 calibration from Marino et al. (2013),
and the gradients were measured in the region 0.5 — 2.0R,. While the calibration used here to
estimate metallicity is different from the one used in Sanchez-Menguiano et al. (2016), the
overall trends can still be compared. Contrary to what our results show, Sanchez-Menguiano
et al. (2016) found no relation between stellar mass and metallicity gradient. Specifically,
they report a characteristic slope for their sample of ag/iy = —0.075 dex/R. with a scatter of
o = 0.016 dex/R,, independent of the integrated stellar mass of the galaxies. Additionally, they
find no dependencies of Vg i on morphology, absolute magnitude, and the presence or absence
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of bars, similar to previous results (e.g. Sanchez et al., 2012; Sanchez et al., 2014a). The galaxy
sample studied in Sanchez-Menguiano et al. (2016) is comprised of face-on spiral galaxies with
morphological types between Sa and Sm, including barred galaxies, with no evident signatures
of interaction or merging. Their sample is thus more constrained than ours, as we have not
based the selection on morphological type. The relation between stellar mass and metallicity
gradient evident in our results, with more massive galaxies exhibiting shallower gradients, may
thus be a reflection of the variety of galaxies in our sample. Sanchez et al. (2014a) found a
weak trend toward slightly flatter gradients for galaxies with M, > 4.5 x 10'° Mg, but note
that this result should be interpreted with care, as some of these galaxies only have few H II
regions and/or a less clearly defined disc.

However, as seen in figure 3.10, our results are overall consistent with those of Sénchez-
Menguiano et al. (2016). Specifically, a good agreement is found for the MMR, despite the use
of different calibrations. Most of the total metallicities from our work lie within the pu + o of
0.2 dex stellar mass bins of the CALIFA sample (right panel of figure 3.10), with an average
RMSE of 0.026 (for all stellar mass bins).

Our derived gradients (left panel of figure 3.10) on the other hand are generally flatter,
especially at M, 2 10'°6Mg. This may be due to both the metallicity estimation as well
as the range in which we choose to measure the gradients. The latter may in particular
contribute to the discrepancy; Sanchez-Menguiano et al. (2016) specifically fitted the region
0.5 < R/R. < 2.0, as they observed at nearly flat distribution or even a drop at < 0.5R,, and
a flattening at > 2.0R,. A flattening of the central and exterior regions is also observed in
some of the more massive galaxies of our sample (see e.g. figure 2.16). While we intentionally
excluded the exterior region for galaxies where an outer truncation was present, the flattening
of the inner region was included in the fit (see section 2.2.5). This may have contributed to
the flattened gradients of the most massive galaxies of our sample. Indeed, a better agreement
is found between our sample and CALIFA for galaxies with M, < 101960, and is virtually
independent on whether the comparison is based on the mean (RMSE, = 0.052) or the
reported characteristic slope (RMSE, = 0.047). On the other hand, our gradients derived
for the most massive galaxies (M, = 10'°5Mg) were more comparable to the mean value
(RMSE,, = 0.047) than to ag/y (RMSE, = 0.061).
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Figure 3.10: Slope of metallicity gradient in units of [dex/R.] (left) and total metallicity (right) versus
stellar mass. The orange dots show results from this work, with metallicities derived from synthetic
emission lines of IllustrisTNG50 and TNG100 galaxies using PG16. The dark grey error bars are
values for 122 CALIFA spiral galaxies adopted from Sanchez-Menguiano et al. (2016). Corresponding
i £ o of 0.2 dex bins in stellar mass of values from this sample are indicated in each panel by a tan
line and shaded area. The green line and shaded area in the left panel is the characteristic slope
ao/m = —0.075 dex/R, and corresponding scatter o = 0.016 dex/R, reported by Sanchez-Menguiano
et al. (2016).
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Summary and Conclusion

The gas-phase metallicity- and ionization parameter were estimated for six nearby galaxies
observed with integral field spectroscopy using the calibrations of Pilyugin and Grebel (2016)
and Dors et al. (2016), respectively. Negative metallicity gradients were derived for the four
spiral galaxies NGC 925, NGC 5194, NGC 6946 and NGC 7331 and the dwarf irregular galaxy
NGC 4214, while a flat metallicity gradient was measured for NGC 1569.

Synthetic, spatially resolved optical emission lines were generated using emission line models
(Hirschmann et al., 2017) for a sample of simulated IllustrisTNG galaxies. The simulated
galaxies were selected based on similarity to the observed ones in stellar mass, gas mass and
SFR. Gas-phase metallicity and ionization parameter gradients of simulated galaxies were
derived both from the synthetic optical emission lines and the intrinsic simulation values.
Metallicity and ionization parameter were estimated from the synthetic emission lines with
the same calibrations used for the observations, allowing for the first time a fair comparison of
observed and simulated metallicities and metallicity gradients.

While both the synthetic emission lines and the intrinsic simulation abundances were able
to reproduce the observed metallicity gradients, the use of line ratios from the emission line
models proved to be a great improvement to the intrinsic simulations. Specifically, both the
normalization and slope of the derived metallicity gradients, as well as the total metallicities,
are found to be comparable to the observed ones when selected simulated galaxies based on
similarity in stellar mass, gas mass and SFR. On the other hand, the intrinsically predicted
values from the simulations overestimate the normalization and produce much steeper gradients.
Both the intrinsic- and synthetic ionization gradients exhibit large deviations from the observed
ones compared to the metallicity gradients.

The simulations presented relations between O/H and strong line ratios comparable to those
seen in observations, but a larger discrepancy was found when considering log(U) versus the
strong line ratios. This discrepancy may on one hand be due to a simplified modelling in
the simulations, or on the other hand arise from biases in the strong line-ratio calibrations
adopted in the observations. Some of the main caveats of the simulations and emission line
modelling needing to be addressed in future work, to allow for a more reliable comparison to
observations, include (i) uncertain sub-resolution models, (ii) not resolving the structure of
the ISM such as individual H II regions, (iii) assumptions in the arrangement of H II regions,
and (iv) modelling of the ionisation parameter.

The main results of our analysis are that:

e The observational metallicity gradients agree with the general tendencies from the
literature, in the sense that flatter gradients are found for low-mass galaxies (M, ~
108Mgp) and the most massive systems (M, = 10195Mg), while the other exhibit
negative slopes.
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Integrated metallicity and ionization parameter, along with corresponding radial profiles,
were derived for a sample of simulated galaxies from IlustrisTNG50-1 and IllustrisTNG100-
1, selected based on similarity to the observed galaxies in stellar mass, gas mass and
SFR.

Spatially resolved synthetic emission line maps were generated for the simulated galaxies
using emission line models, allowing for the first time an accurate confrontation of
observed galaxies and galaxies from cosmological, hydrodynamical simulations.

The integrated metallicities derived from both the synthetic emission lines and the
intrinsic simulation abundances are in agreement with observed trends, such as the
mass-metallicity relation, as well as the presence of shallow metallicity gradients in low-
and high-mass systems, and negative gradients in intermediate-mass galaxies.

The synthetic emission lines are in much better agreement to observations than the
intrinsic simulation values for both the total metallicity and ionization parameter, as well
as the radial gradients of these parameters. Albeit, a much larger scatter was present for
the ionization parameter than the metallicities.

In addition, the main physical mechanisms found to shape the gas metallicity gradients in the
simulated galaxies are summarised below.

At low masses (M, < 9.5Mg), simulated galaxies with steep negative gradients tend
to have lower total metallicity at the same SFR or sSFR compared to galaxies with
shallower gradients, and likewise exhibit lower total metallicity at the same R,.

At intermediate masses (9.5 < M., /Mg < 10.1), no clear relations with the metallicity
gradient were present. However, at similar total metallicity, negative gradients are often
associated with higher AGN activity.

At high masses (M, > 10.1My), steeper negative metallicity gradients are most often
present in galaxies with either (i) higher black hole accretion rate and low total metallicity
in conjunction with intermediate to high values of SFR and sSFR, or (ii) lower disc
scale-length (R.) at similar values of SFR.

Simulated galaxies that experienced more mergers after z = 3.0 exhibit flatter gradients
and higher total metallicities, with major mergers having the largest impact. In particular,
galaxies that experienced more recent merger events have shallower gradients than galaxies
with mergers at earlier times.

Variations in the cosmic evolution of the metallicity gradient is mainly governed by the
merger history and feedback from AGN and starbursts. The shape of the metallicity
gradient is moreover found to gradually flatten over time.
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NOTATION VALUE UNIT DESCRIPTION

h 0.6774 km/Mpc/s  Reduced Hubble constant

0% 5/3 - Adiabatic index

kg 1.3807 x 1016 gem?/s?/K - Boltzmann constant

my 1.6605391 x 10727 kg Hydrogen mass

e 1.9884099 x 103 kg Solar mass

Z0 0.0127 dex Primordial Solar metallicity

X 0.76 — Hydrogen mass fraction

cd 3.086 x 102! cm/kpe Conversion factor from kpc to cm

Table A.1: Constants and conversion factors. Except otherwise noted, the Boltzmann constant is in
CGS units in all calculations.
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Figure B.1: Extinction corrected HB maps for the observed galaxies for spaxels with SNR > 3 in Ha
and HS.
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Figure B.2: [SII] BPT diagrams for the observed galaxies, with regions defined in equations (2.15)
through (2.24).
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Metallicity- and Ionization Gradients
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Figure C.1: Metallicity gradients of the observed galaxies in units of [dex/Ra5]. The red line is a linear

x? regression, the dots are color coded by error on the metallicity, and the shaded area is a 1o scatter.

All spaxels are corrected for extinction, filtered by SNR > 3, categorized as starforming from the [NII]
diagnostic in section 2.1.4 and 3¢ clipped in log(Ha) to remove outliers.
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Figure C.2: Ionization gradients of the observed galaxies in units of [dex/Rga5]. The red line is a linear

x? regression, the dots are color coded by error on the ionization parameter, and the shaded area is a

1o scatter. All spaxels are corrected for extinction, filtered by SNR > 3, categorized as starforming
from the [N1II] diagnostic in section 2.1.4 and 30 clipped in log(Ha) to remove outliers.
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Figure C.3: Metallicity gradients of the observed galaxies in units of [dex/kpc]. The red line is a linear
x? regression, the dots are color coded by error on the metallicity, and the shaded area is a 1o scatter.
All spaxels are corrected for extinction, filtered by SNR > 3, categorized as starforming from the [NII]

diagnostic in section 2.1.4 and 3¢ clipped in log(Ha) to remove outliers.
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Figure C.4: Ionization gradients of the observed galaxies in units of [dex/kpc]. The red line is a linear

x? regression, the dots are color coded by error on the ionization parameter, and the shaded area is a

1o scatter. All spaxels are corrected for extinction, filtered by SNR > 3, categorized as starforming
from the [NII] diagnostic in section 2.1.4 and 30 clipped in log(Ha) to remove outliers.
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Synthetic Emission Lines from Illustris TNG Subhalos
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Figure C.5: Slope of metallicity gradients in units of [dex/kpc], derived from synthetic emission lines

(top) and intrinsic simulation values (bottom), versus stellar mass of the full sample of Illustris TNG

subhalos. The small dots are values for individual subhalos, color-coded by the observed galaxy to

which any subhalo was matched, and the error bar of the same color is p + ¢ for the respective subhalo

sample. The darker colored error bars show values of the observed galaxies. The observed and synthetic
metallicities are estimated with PG16.
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4+ Observations of NGC 925
0.2 4 Tlustris TNG Subhalos (NGC 925)
P T ~  Observations of NGC 1569
0.0 + + o sidnt o sege -~ Tllustris TNG Subhalos (NGC 1569)
B : 4 ‘e 4 Observations of NGC 4214
§ 02 - . ~  Tllustris TNG Subhalos (NGC 4214)
= 4+ Observations of NGC 5194
> = Illustris TNG Subhalos (NGC 5194)
—0.4 -4 Observations of NGC 6946
Illustris TNG Subhalos (NGC 6946)
—0.6 % - Observations of NGC 7331
4 Tlustris TNG Subhalos (NGC 7331)
I I I I I I
8.5 9.0 9.5 10.0 10.5 11.0
Intrinsic Values from Illustris TNG Subhalos
0.2 1 .
00 + —}“ o AR
__é‘ . ° L4 [ ]
<
2 —0.2
joo]
>
—-0.4
—-0.6 %
I I I I I I
8.5 9.0 9.5 10.0 10.5 11.0

log (M «/Mg)

Figure C.6: Slope of ionization parameter gradients in units of [dex/kpc]|, derived from synthetic
emission lines (top) and intrinsic simulation values (bottom), versus stellar mass of the full sample of
Tllustris TNG subhalos. The small dots are values for individual subhalos, color-coded by the observed
galaxy to which any subhalo was matched, and the error bar of the same color is p+ o for the respective
subhalo sample. The darker colored error bars show values of the observed galaxies. The observed and
synthetic ionization parameters are estimated using the calibration from Dors et al. (2016).
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Figure D.1: 2D histogram of line ratios versus metallicity for individual spaxels of observed (left) and
simulated galaxies (right), color-coded by ionization parameter. Parameters for the simulated sample
are derived from the synthetic emission lines.
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Figure D.2: 2D histogram of line ratios versus ionization parameter for individual spaxels of observed
(left) and simulated galaxies (right), color-coded by metallicity. Parameters for the simulated sample
are derived from the synthetic emission lines.
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Appendix E

Results from Illustris TNG

The column names of table E.1 have the following meaning:

Subhalo: SubhaloID of the Illustrins TNG subhalo

TNG: Simulation volume; NGC: NGC name of the observed galaxy the subhalo was
matched to

log ( Aj\//lfé): Stellar mass of subhalo

log (%) Gas mass of subhalo
log(SFR): Star formation rate of subhalo
(O/H)g: Total metallicity of subhalo, derived from synthetic emission lines

(O/H)p: Total metallicity of subhalo, derived from intrinsic simulation values

V(O/H)g r,: Slope of metallicity gradient of subhalo, derived from synthetic emission
lines in units [dex/R.]

V(O/H)1 r.: Slope of metallicity gradient of subhalo, derived from intrinsic simulation
values in units [dex/Re]

V(O/H)s kpe: Slope of metallicity gradient of subhalo, derived from synthetic emission
lines in units [dex/kpc]

V(O/H)[ kpe: Slope of metallicity gradient of subhalo, derived from intrinsic simulation
values in units [dex/kpc]



Subhalo TNG NGC log () log (%f=) log(SFR)  (O/H)s  (O/H);  V(O/H)sp,  V(O/H)rr  V(O/Hsie V(O/H)rkpe
510586 50 925 9.9 9.8 0.5  843+0.1 87402 -0.06+007  -01  —0.03+003  —0.07
282782 50 925 9.8 9.9 0.5 8484003 88+01 0034007  —01  —0.01+002  —0.02
1750 925 99 9.9 05 8384009 86+02 —006+0.04  —01  —0.02+001  —0.03
585080 50 925 9.9 9.9 0.7 84400 87402 —015+£006 03  —003+001  —0.05
676758 50 925 9.7 9.9 05 8494005 89+01  00+0.1 0.1 —0.01+002  —0.04
319733 50 925 9.8 9.8 04 8444005 87+02  00+0. ~0.1  —0.01+003  —0.03
220939 50 925 9.8 9.8 0.7 8484004 88+0.1 —001+£01  —0.06  0.00+0.02 ~0.01
446668 50 925 9.8 10.01 05 8444007 87401 —006+£0.07  —01  —0.01+002  —0.03
641249 50 925 9.8 9.8 03  84+007 86401 —0.04+0.08  —005  —0.02+004  —0.02
557077 50 925 9.9 9.6 03 84401 87402 -007+006  —-01  —0.03+003  —0.05
432108 50 925 9.7 9.9 0.5 8444008 87+02 0064006  —01  —0.01+001  —0.03
574884 50 925 9.7 9.7 04 8434006 87+01  00+0.1 0.1 —0.02+005  —0.05
651841 50 925 9.8 9.8 0.3 8454004 87+01  00+0.1 ~0.07 0.0 + 0.1 ~0.07
686753 50 925 9.8 9.7 03  846+005 88+0.0  —0.1+0.2 02 0024008  —0.09
199023 50 925 9.8 10.06 0.5 8414006 87401 —0.03+0.07  —0.06  —0.03+005  —0.05
184941 50 925 9.9 10.004 0.6 8474005 88+02  00+0.1 02 0024004  —0.08
360924 50 925 9.9 9.9 03 8444005 87+01  00+0.1 0.1 —0.01+003  —0.02
307491 50 925 9.8 9.6 0.7  85+£0.03 9.0+01  00+0.1 0.1 —0.01+004  —0.04
563051 50 925 9.8 9.7 03  835+01 86+02 —006+£0.07  —01  —0.03+003  —0.06
411451 50 925 9.8 10.03 0.6 8454004 87401 0044008  —01  —0.01+002  —0.02
664263 50 925 9.9 10.05 07  847+004 88+01 —0.02+0.04 —0.082+00 —0.01+0.03 —0.058 0.0
29 50 925 97 9.6 04 8444005 87+01 0024005  —005  —0.01+0.04  —0.03
667617 50 925 9.8 10.03 04 8424007 87+01 0054008  -01  —0.03+0.04  —0.06
376549 100 925 9.8 9.8 0.5 8424007 87+02  —0.1+0.1 02 0024003  —0.05
379149 100 925 9.9 9.8 0.6 ~ 83+01 86+02 —0.1+0.1 02 —0.04+004  —0.08
448841 100 925 9.8 9.7 0.5 8444006 88+02  —0.1+0.2 02 0014004  —0.06
253003 100 925 9.9 9.8 05  85+0.04 90402  —0.1+0.3 ~03  —0.02+007  —0.08
212844 100 925 9.9 9.8 0.5  846+0.04 88+01  —0.1+0.1 02 —0.01+003  —0.05
387238 100 925 9.8 9.8 0.6  85+0.05 90+02  0.0+06 ~0.1 0.0 £ 0.2 ~0.03
434412 100 925 9.8 9.8 04  85+0.03 89+02  00+02 03 —0.01+006  —0.09
288749 100 925 9.8 9.8 04  846+0.08 88+02  —0.1+0.3 ~0.2 0.0 £ 0.1 ~0.09
202359 100 925 9.8 9.8 05  847+004 88+02  —0.1+0.3 04 —002+007 0.1
540040 100 925 9.9 9.8 04 8424009 88+03  —0.1+0.2 0.3 0034004  —0.08
125050 100 925 9.8 9.6 05 8524002 91+01  0.0+10 ~0.4 0.0 +0.3 ~0.1
319647 100 925 9.8 9.7 04  85+0.03 90+02 —01+0.7 0.7 0.0 + 0.2 ~0.1
305085 100 925 1003 9.8 05  852+002 9124005  0.0+0.2 0.09 0.00 + 0.05 0.02

Table E.1
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Subhalo TNG NGC log (%) 1log (=) log(SFR)  (O/H)s  (O/H);  V(O/M)sp  V(O/Hrr — V(O/Msie  V(O/H)1ip
208831 50 4214 87 8.7 006 8424008 87+02 —0.2+08 0.3 ~0.1+0.3 0.1
791060 50 4214 88 8.8 007  845+0.04 87+0.2 - - - -
445644 50 4214 87 8.5 0.1  846+0.06 89+04  0.0+02 —0.2016+0.0003 0.0+£04  —0.4723 % 0.0007
797208 50 4214 88 8.8 007  84+01  87+0.2 - - - -
184961 50 4214 838 8.7 003  849+0.05 9.0+0.1 - - - -
586424 50 4214 87 8.8 01 832401 86+02  —01+0.1 ~0.09 ~0.04 +0.08 ~0.07
375081 50 4214 88 8.7 003  848+0.02 88+01  0.0+0.2 —~0.06 0.0+ 0.2 ~0.05
580497 50 4214 87 8.4 01  83+01 86+03 - - - -
488534 50 4214 87 8.6 003  846+0.03 88+01  0.0+0.3 0.1 0.0+ 0.2 0.1
690145 50 4214 88 8.9 008  836+0.00 86+0.1 - - - -
812514 50 4214 88 8.9 007  847+0.04 90402  —0.1+07 —03374+£0.001 —0.1+0.7 —0.3251+0.0009
379810 50 4214 89 8.6 002  85+00l 89+01  0.0+03 0.1 0.040.2 ~0.09
652863 50 4214 88 8.7 03 844008 87401  —0.1+02 ~0.1 ~0.1+0.2 0.1
792096 50 4214 88 8.9 007  848+0.03 88+01  0.0+£05 —03598+0.0007 0.0+03  —0.2141 % 0.0004
511307 50 4214 88 8.5 0.1 854002 89+01  0.0+0.2 ~0.07 0.0 +0.2 ~0.07
515208 50 4214 89 8.6 002  85+002 89+01  0.0+03 0.1 0.0+ 0.2 ~0.07
551974 50 4214 88 8.7 002  845+0.04 88402  0.0+03 —0.I773+0.0006 0.0+02  —0.1477 + 0.0005
382217 50 4214 88 8.8 003  849+0.03 89+0.2 - - - -
420477 50 4214 89 8.6 002 8484003 88+01  00+03  —0.1187+00002 00+03  —0.11+0.0002
41619 100 5194 107 9.4 301 854001 887+0.02 0.00+0.07 0.01 0.00 + 0.04 0.006
69526 100 5194 105 9.7 3.1 8474005 88+02  —0.02+0.08 0.1 ~0.01 +0.03 ~0.04
52635 100 5194 105 9.6 L7 854004 90+01  00+0.1 0.1 ~0.01 +0.03 ~0.02
41616 100 5194 104 9.5 L7 8534002 9.2840.08 00+10 ~0.2 0.0+0.2 ~0.06
375402 100 5194 10.6 9.8 31 846+004 87401  00+0.1 ~0.1 ~0.01 +0.04 —~0.04
161174 100 5194 10.4 9.6 22 8524002 9.18+01  0.0+02 ~0.2 0.00 + 0.05 —~0.04
41604 100 5194 106 9.7 41 8524002 91+01  0.0+04 ~0.2 ~0.01 +0.09 ~0.05
17216 100 5194 105 9.7 16 8524002 93+01  0.0+06 04 0.00 + 0.09 ~0.07
294513 100 5194 105 9.7 14 847+0.03 88+01  0.00+0.04 0.0009 0.00 + 0.01 0.0003
131058 100 5194 105 9.8 19 8524002 92402 0002 —0.4 0.00 + 0.03 —~0.06
271731 100 5194 105 9.7 14 8514002 91401 0005 ~03 0.0+ 0.1 ~0.07
76111 100 5194 105 9.6 12 8524002 9134002 00+05 0.01 0.0+ 0.2 0.006
170544 100 5194 105 9.8 14 8524002 91401  00+02 ~0.2 0.00 + 0.05 ~0.05
131057 100 5194 106 9.8 13 8524002 91801  0.0+0.1 0.1 0.00 + 0.02 ~0.02
69526 100 6946 105 9.7 3.1 8474005 88+02  —0.02+0.08 0.1 ~0.01 +0.03 ~0.04
375402 100 6946 10.6 9.8 31 846+004 87401  00+0.1 ~0.1 ~0.01 +0.04 ~0.04

Table E.1
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