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UNIVERSITY OF COPENHAGEN

Abstract
DARK

Niels Bohr Institute

Master of Astrophysics

Origin of Gas Metallicity Gradients in Observed and Simulated Galaxies

by Emma Louise Bødker 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., IllustrisTNG), 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-López 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 particles42He 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 II 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, denotedZ , is de�ned as the mass fraction of elements
heavier than helium (here, in Solar units)

Z � log
�

M Z {M gas

Zd



(1.1)

where M Z is the mass of all elements heavier than He,M gas is the total gas mass and
Zd � 0:0127is the Solar metallicity.
To obtain the total abundance of a given element, in theory one must measure the �ux 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. Speci�cally, 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 temperatureT� , number emitted of hydrogen ionizing photons
per second within the radius of the Strömgren sphereRS (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� rKs logpQion rs� 1s q RS rpcs

O3 Ia 50;700 50:1 147

O5 V 46;100 49:53 94

B0 V 33;300 48:16 33

B0.5 III 30;200 48:27 36

Table 1.1: Predicted surface temperaturesT� , number emitted of hydrogen ionizing photons per second
logpQion q, and radius of Strömgren sphereRS 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 signi�cant 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 H� and H� , 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
rO II s��� 3727; 7318; 7324, rO III s�� 4959; 5007, rN II s�� 6548; 84 and rS IIs�� 6717; 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 denoted12� logpO{Hq. In the analysis presented here,rO III s� 5007, rN II s� 6584and
rS IIs�� 6717; 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 �rst
demonstration of this relation was in a study of irregular and blue compact galaxies by Lequeux
et al. (1979). This correlation has later been �rmly con�rmed by Tremonti et al. (2004) using
data for � 53;000 galaxies from the Sloan Digital Sky Survey (SDSS); they foundO{H 9 M 1{3

�
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at 108:5M d ¤ M � ¤ 1010:5M d , with a �attening at M � Á 1010:5M d . The �attening, or
'turnover', in the MMR is illustrated in �gure 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 were0:2 � 0:3 dex lower than
that of Tremonti et al. (2004), which may be explained from the di�erent methods used in
the metallicity estimation. The MMR has primarily been explained by galactic out�ows of
metal-rich gas being more e�ective 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 e�ciency 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 �xed stellar mass ¤ 1011M d , higher SFR imply
lower metallicity. This o�set can be reduced by accounting for the SFR as shown by Mannucci
et al. (2010) and Lara-López 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.

Figure 1.1: Mass metallicity relation of 92;033 SDSS galaxies atz � 0. The 2D histogram shows the
whole sample, and the solid black line and shaded area indicate mean and standard deviations of0:1

dex bins in logpM � {M d q, respectively.
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1.3 The Radial Gas-Phase Metallicity Pro�le

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)

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

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

� Injection of metals into the ISM by stellar evolution processes

� Turbulent processes, leading to metal-mixing

� 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, in�uence 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. A�erbach 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 �eld spectroscopy now available (e.g. CALIFA and MaNGA)
has enabled the exploration of the dependencies of the metallicity gradient (hereafterr O{H)
on a variety of galactic properties (e.g. Sánchez et al., 2014a; Sánchez-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
François, 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 �ow 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 �atten 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 out�ows of enriched gas driven
by feedback from AGN, star-formation and stellar evolution can �atten the metallicity gradient
or truncate it at the outer regions. A �attened 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; Sánchez et al., 2010; Marino et al., 2012; Rosales-Ortega et al.,
2011). For galaxies which are not part of interacting or merging systems, a �attening of the
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metallicity gradient have been proposed to arise from metal-mixing caused by radial gas �ows
(Lacey and Fall, 1985; Goetz and Koeppen, 1992; Portinari and Chiosi, 2000; Ferguson and
Clarke, 2001; Schönrich and Binney, 2009; Bilitewski and Schönrich, 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 pro�le.

1.4 Observations of the Radial Gas-Phase Metallicity Pro�le

This following section will summarize some of the main observational results found in literature
on how r O{H 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 di�erent types of
physical processes occur in galaxies of di�erent 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 a�ected to
a higher degree by AGN feedback, which can blow out metal-rich gas from the center and into
the halo. Thus studying the e�ect of stellar mass onr O{H 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 a�ects r O{H .

A trend of r O{H with stellar mass, with shallow gradients for the more massive systems
pM � Á 1010:25� 10:5M d q, has been reported by several observational studies (e.g. Bel�ore
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 range9:0 ¤ logpM � {M d q ¤ 11:5, Bel�ore
et al. (2017) found, when normalizing to the disc size, roughly �at gradients for galaxies
with logpM � {M d q � 9, while galaxies with logpM � {M d q � 10:5 exhibited slopes as steep as
� 0:14R� 1

e , where even more massive systems exhibited slightly �attened gradients. They also
detected a �attening in the central regions R   1Re (see also Sánchez-Menguiano et al., 2018),
as well as a mild �attening in the outer region R ¡ 2Re. Similar results are found in Mingozzi
et al. (2020) for 1795 local galaxies withlogpM � {M d q ¡ 9, with a �attening in the central
regionspR   0:5Req for galaxies with logpM � {M d q ¡ 10:25, as well as a mild �attening of
r O{H in the outer regionspR ¡ 1:5Req for galaxies with logpM � {M d q   10.

Sánchez-Menguiano et al. (2016) measured gas abundance pro�les in 122 face-on spiral galaxies
observed by the CALIFA survey. Contradictory to the aforementioned studies (Bel�ore et al.,
2017; Poetrodjojo et al., 2018; Mingozzi et al., 2020), Sánchez-Menguiano et al. (2016) found
no trend of r O{H with stellar mass when normalizing to the physical scale of the disc. They
furthermore emphasize the importance of de�ning the gradient normalised to the disc e�ective
radius. The disc e�ective 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 �attening in the outer parts of the galaxies is a
universal property of spiral galaxies, as they found no signi�cant di�erences 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 Sánchez-Menguiano et al. (2016).

The morphology of galaxies and the shape of the radial metallicity pro�le may be related by
certain processes that a�ect both, as di�erent 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).
Sánchez-Menguiano et al. (2016) examined relations between the slope distribution and
morphological type. They found that in general, the earlier spirals (Sa) present �atter
gradients than the later type ones (Sd), though these results are not deemed statistically
signi�cant. They furthermore found essentially no correlation of r O{H 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 �attening
of r O{H in the inner region may be caused by the presence of a bar, creating radial gas �ows
in the disc, which increases the SFR at the corotation radius and enriches the surrounding
medium. This �attening 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 out�ows 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 �attening in the outer regions
(Sánchez-Menguiano et al., 2016). Results from Stott et al. (2014) indicated a trend between
metallicity gradient and speci�c 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 in�ows 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 �atter metallicity gradients.
Mergers induce in�ow of metal-poor gas in the central regions and cause mixing of low- and
high-metallicity gas, �attening 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;
Sánchez-Menguiano et al., 2016). In the case of minor mergers or encounters/perturbations
caused by orbiting satellite galaxies, Sánchez-Menguiano et al. (2016) notes that the external
regions may experience an increase in the metal content, again �attening the outer metallicity
pro�le.

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

� 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).



1.5. Radial Gas-Phase Metallicity Pro�les in Simulations 7

� Central star-formation and gas in�ow 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 in�ows of pristine gas feeding the star formation dilute the central ISM.

� AGN- and stellar feedbackOut�ows of enriched gas driven by feedback from AGN,
central star-formation and supernovae can �atten the metallicity gradient or truncate it
at the outer regions.

� Galaxy interactions and mergersAt early stages, the interaction/merger-induced turbu-
lent motions may initially �atten r O{H due to both mixing in the exterior and radial
in�ows 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 Pro�les 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 �ndings 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 �atter gradients due to more e�cient out�ows, both
Tissera et al. (2015) and Ma et al. (2017) found no clear correlations between stellar mass and
the slope of the metallicity gradient. Sánchez 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 (Sánchez-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 (Sánchez-Menguiano et al.,
2016), which in turn yield a radial dependence of the SFR. The negativer O{H 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 �atten over
time, as the outer parts of galaxies need more time to build up higher abundances (e.g. Bel�ore
et al., 2016).
Galactic bars can induce gas �ows 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 e�ect 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 andr O{H (Sánchez et al., 2012; Sánchez et al., 2014a;
Sánchez-Blázquez et al., 2014; Cheung et al., 2015; Sánchez-Menguiano et al., 2016), there is
evidence in both observations (Sánchez-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 ofr O{H as most of the gas in the merger galaxies is
consumed during an induced starburst. Once the new merger galaxy is able to accrete,r O{H
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 r O{H on À Gyr time scales have previously been associated with starburst
episodes (Ma et al., 2017). Feedback from these violent events can drive strong out�ows that
�atten metallicity gradients by redistribution of metals on galactic scales. As suggested by Ma
et al. (2017), the feedback processes may be more e�cient in low-mass galaxies and galaxies
with high sSFR, which tend to exhibit �at gradients. The metals ejected from a galaxy earlier
may be re-accreted at later times, which leads to a �atter present-dayr O{H (Fu et al., 2013).
AGN driven feedback has been shown to be associated with �attened 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 pro�le 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
signi�cant gas accretion onto the central regions, or likewise increased feedback from AGN.
Tissera et al. (2015) con�rmed observational results by Stott et al. (2014), who found a possible
correlation betweenr O{H and sSFR, where high sSFR is associated with central metal-poor
gas, primarily funnelled by merger-driven gaseous in�ows. 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 betweenr O{H 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; Sánchez-Menguiano
et al., 2016; Ma et al., 2017; Taylor and Kobayashi, 2017) associate �attened metallicity
gradients with galaxies exhibiting strongly disturbed morphologies and/or have experienced
mergers. Speci�cally, Kobayashi (2004) �nd that shallow gradients are a result of major
mergers due to strong induced star formation.

Another e�ect 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, notall 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 in�ows, 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 morphologySimulations 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 e�ect is seen in the sense that shallower gradients are found with increasing relative
sizes bars, likely due to metal redistribution caused by radial gas �ows. 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 in�ow Negative metallicity gradients have been associated
with low-metallicity gas accretion, which may arise from high levels of central star
formation. The slope of r O{H have been found to correlate with sSFR, such that an
increase in sSFR initially cause a �attening, while a (negative) steepening is found as
stars inject metals into the central ISM.

� AGN- and stellar feedbackFeedback from starburst episodes can drive strong out�ows
that �atten metallicity gradients by redistribution of metals on galactic scales. This
process may be more e�cient in low-mass galaxies and galaxies with high sSFR, which
tend to exhibit �at gradients. AGN driven feedback has been shown to be associated
with �attened metallicity gradients, both due to quenching of star formation and removal
of metal-rich gas.

� Galaxy interactions and mergersInteractions and early stages of mergers have been shown
to �atten 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 negativer O{H .
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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. Speci�cally, large variations in the total
metallicities and metallicity gradients derived in observations are found when using di�erent
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 IllustrisTNG, 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 �eld spectroscopy (Lara-López 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 rMpcs 9:2 2 2:9 8:0 5:9 14:7

SFR rM d {yrs 0:561 0:06 0:107 3:125 3:239 2:987

logpM � {M d q 9:9 8:4 8:8 10:6 10:5 10:1

logpM H I {M d q 9:8 7:9 8:7 9:5 9:8 10:1

Morphology
Barred
Spiral

Dwarf
Irregular

Barred Dwarf
Irregular

Spiral Spiral
Unbarred

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 �rst
part, section 2.1, includes �rst 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 �rst an overview of the IllustrisTNG 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
�rst 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 (fromz � 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-
López 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 �eld spectroscopy (IFS) is often used in astronomy to study objects that are extended
on the sky (e.g. nebulae, galaxies, star clusters). Integral �eld units (IFU) come in three
main types; a micro-lens array, a �bre 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 di�erent position; that is, the �ux 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 �gure 2.1. IFS enable observers to view the target both at a single wavelength "slice", as
indicated in �gure 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.

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-López 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-López
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 Telescope2020), with the
George Mitchel spectrograph (GMS, formerly known as VIRUS-P, Hill et al., 2008;Mitchell
Spectrograph2020). Additionally, observations with MUSE-Very Large Telescope (VLT) are
performed for three galaxies located in the southern hemisphere. GMS has a �eld of view of
1002 � 1022, with a spatial sampling of 4:22, and a 1{3 �lling factor. The IFU consists of 246
�bers arranged in a �xed 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-López et al., 2021), covering the wavelength range
3400 Å to 6800 Å. In this range, multiple strong emission lines are available, includingH� ,
H� , rO Is� 6300, rO III s�� 4959; 5007, rN II s� 6584and rS IIs�� 6717; 31.
The GMS �eld of view is arranged with 246 optical �bers with a 1{3 �lling factor, meaning
that there are gaps between each of the �bres, where no light is collected. This missing light is
collected by dithering , which is the method of slightly changing the position of the �bres
and taking multiple exposures. All observed galaxies are very extended on the sky as they are
nearby, and to ensure a90% surface coverage, every pointing is observed with three dither
positions. The observing procedure consists of taking900 s exposure per dither, followed by a
sky exposure, and repetition of the process until45 minutes in total is reached per dither, per
pointing. The sky exposure is taken o� 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 a99% �ux 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 1:52 1:92 2:12 1:82 � 2:02 1:82 � 2:02 2:02

Observations 12/17, 1/18, 1/18 5/19, 12/19, 5/16, 6/18, 8/16, 9/17, 12/16, 9/17,
rMM/YY s 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: Speci�cations of the observations. Each �ber is4:22 in diameter, and the third row denote
the corresponding projected physical size of each �ber.

2.1.3 Data Reduction

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



2.1. Integral Field Spectroscopy of Nearby Galaxies 13

Bias Subtraction

CCDs and CMOS detectors has an inherent level of readout noise associated with them, which
creates a noise pattern on the images. Abias frame is a 'zero-length' exposure with the
shutter closed that captures this noise pattern, so that it can later be removed. This (�xed)
noise pattern in not necessarily uniform, and so if the bias is not subtracted from the data,
the �at 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 a�ected 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,
�at frames are taken. In astronomy, �at 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 �at 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-de�ned 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 o� 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 2.72020).

Flux Calibration

Flux calibration was then performed on the calibrations stars, following the methods of Cairós
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 packagesstandard and sensfunc
in IRAF (Tody, 1986). The stellar continuum of all �ux calibrated spectra was �tted using
Starlight (Fernandes et al., 2005; Mateus et al., 2006; Asari et al., 2007).
The calibration stars are used for�ux calibration , which is used for creating the sensitivity
function. A simple relation between the observed continuum �ux,F 0

� , the measured continuum
counts, I c

� , and the sensitivity function, S� , is (Churchill, 2010):

I c
� � S� F 0

� (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 taskcalibrate calibrates the input
spectra to a �ux scale using the sensitivity curve. I again refer toIRAF: calibrate (1993) for a
more detailed description of this task.

Starlight

The stellar continuum of the �ux calibrated spectra was �tted 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 di�erent
masses. If a SSP is plotted in a Hertzsprung-Russel (H-R) diagram, the SSP will follow an
isochrone, and one will see di�erent evolutionary tracks traced out by stars of di�erent 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 �tting Gaussian line-pro�les. The stellar continuum �tting
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 a�ected 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 López-Sánchez (2006). To correct for dust extinction, we model the
intensity of the received light, I p� q, as being the intensity of the light emitted from a source,
I 0p� q, obscured by dust with an optical depth � � along the line of sight (between the observer
and the source):

I p� q � I 0p� qe� � � (2.2)

such that the optical depth � � is de�ned 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 �gure A.1 in López-Sánchez (2006)), and in general the opacity, which measure the ability
of photons to pass through a material,� � Ñ 0 as � Ñ 8 .
Equation (2.2) may be expressed in terms of the extinctionA � , using ex � 10x logpeq and the
opacity � � :

� � �
»

� � ds �
0:4

logpeq
A � (2.3)

By measuring the brightness of two stars of the same spectral type, one reddened (denoted1)
and one not reddened (or to a very low degree, denoted2), the optical depth � � p1q along the
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line of sight to the reddened star can be estimated in the distancesD1 and D2 are known:

F � p1q
F � p2q

�
F0;� p1qe� � � p1q

F0;� p2qe� � � p2q
�

D 2
1

D 2
2

e�p � � p1q� � � p2qq (2.4)

ùñ � � p1q � � � p2q � � � p1q (2.5)

where the brightnessF � � � F � is substituted for the intensity I p� q in equation (2.2). Note
that all but the distances cancel out in the �ux ratio F0;� p1q{F0;� p2q, 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
di�erent 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 A � � c1f 1p� q, and a similar trend can be expressed for the (di�use) interstellar medium.
This thesis considers optical spectroscopy of nebular emission (3400Å - 6800Å), and in this
regime, normalization by H� is convenient. Hence, by normalizing equation(2.4) by H� and
applying (2.3), a new expression forI p� q (equation 2.2) can be found:

I p� q
I pH� q

�
I 0p� q

I 0pH� q
� 10� logpeq p� � � � H � q (2.6)

�
I 0p� q

I 0pH� q
� 10� 0:4 pA � � A H � q (2.7)

and asA � � c1f 1p� q, we can de�ne a reddening coe�cient which is constant with respect to
H� extinction, namely CpH� q, using the Balmer decrements

CpH� q �
1

f p� q
log

�
I 0pH� q
I 0pH� q

N
I pH� q
I pH� q



(2.8)

�
1

f p� q
log

�
2:878

I pH� q
I pH� q



(2.9)

where I pH�q denotes the received light andI 0pH�q the light emitted from the source. Using a
series of normalizations, we obtain a relation betweenf p� q and A �

f p� q �
A �

AH�
� 1 �

A �

2:5CpH� q
� 1 (2.10)

Using reddening law of Cardelli et al. (1989) withRV � 3:1 (the value in the di�use interstellar
medium)

A �

AV
� apxq �

bpxq
RV

(2.11)

gives f p� q � � 0:297 in equation (2.9) (value adopted from table A.2 in López-Sánchez, 2006),
and assumingA � {AV � 0:47 (Lee et al., 2005). As to suit the observational regime, the
optical/NIR p1:1 � m� 1 ¤ x ¤ 3:3 � m� 1qparametrization of the Cardelli et al. (1989) reddening
law is used. In this regime,apxq and bpxq are de�ned as

apxq � 1 � 0:17699y � 0:50447y2 � 0:02427y3 � 0:72085y4 � 0:01979y5

� 0:77530y6 � 0:32999y7 (2.12)

bpxq � 1:41338y � 2:28305y2 � 1:07233y3 � 5:38434y4 � 0:62251y5

� 5:30260y6 � 2:09002y7 (2.13)
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where y � x � 1:82 and x � 1{� with � in units of � m. The extinction corrected �ux FC p� q
for any line with wavelength � is found spaxel-by-spaxel from the received �uxF p� q as:

FC p� q � F p� q � 100:4 A � (2.14)

with

A � � 2:5rf p� q � 1sCpH� q

f p� q �
apx � q � bpx � q{RV

apxH� q � bpxHq{RV
� 1

CpH� q � �
1

0:297
log

�
2:878

F pH� q
F pH� q




where F pH� q and F pH� q are the (received) �uxes from H� and H� in any spaxel, x � � 1{ �
and xH� � 1{ � H� .

Metal-THINGS Maps

Extinction corrected H� and H� maps of the observed galaxies are shown in �gures 2.2 and
B.1, respectively. Only spaxels with aSNR ¡ 3 for H� and H� lines are shown. Strong
emission from recombination lines likeH� and H� trace star formation, as these lines indicate
photoionization powered by UV radiation from young, massive stars. TheH� maps of NGC
925, NGC 5194 and NGC 6946 present strong emission in the central region and spiral arms,
while for NGC 7331,H� emission is the strongest in the spiral structures. For the irregular
dwarf galaxies, NGC 1569 and NGC 4214, the irregular shape is illustrated in theH� maps,
as no clear structures are present. Both galaxies are starbursts, and NGC 1569 exhibit strong
H� emission throughout the entire galaxy, clearly illustrating this. Two oval ring-like patterns
of glowing ionized gas are visible in both theH� - and H� map (�gures B.1 and 2.2), with the
upper ring roughly p499:2pc � 249:6pcq in size, and the lower ring roughlyp187:2pc � 312pcq
in size.
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Figure 2.2: Extinction corrected H� maps for the observed galaxies. Only spaxels with aSNR ¡ 3 for
H� and H� lines are shown.
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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 (T ¡ 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. rO III s� 5007, rN II s� 6584and rS IIs�� 6717; 31) with respect
to recombination lines like H� and H� . On the other hand, lines from AGN are ionized by
harder radiation �elds, 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, L AGN 9 9M BH , 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.rO III s� 5007) (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 likerO Is� 6300, rO II s�� 3736; 9 and rS IIs�� 6717; 31,
whereas emission fromrO III s� 5007is weak (Heckman, 1980). LINERs are very common in
galactic nuclei and typical LINER spectra is observed in about1{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
�ux ratios ( rO III s {H� , rN II s {H� , rS IIs {H� , and rO Is {H� ). 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 e�ect of errors in reddening correction. In the
following, the classi�cation schemes used in this thesis for therO III s {H� versusrS IIs {H� and
rO III s {H� versusrN II s {H� line ratio diagrams (hereafter rS IIs- and rN II s BPT diagrams,
respectively) are outlined.

Kewley et al. (2001) derived the �rst purely theoretical upper boundary for the region oc-
cupied by starbursts based on the optical diagnostic diagrams. The classi�cation scheme is
derived from models of a large sample of infrared starburst galaxies, with spectral energy
distributions of young star clusters generated by thePEGASE v2.0 code, in combination with
photoionization models computed using theirMAPPINGS III code. This theoretical upper
boundary e�ectively separate extreme starburst from AGN in both the rS IIs- and rN II s BPT
diagrams. In this thesis, we use this classi�cation to distinguish composite from AGN in the
rN II s BPT diagram.
Kau�mann et al. (2003) derived a demarcation between SF- and AGN galaxies through
examination of the properties of host galaxies of22;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 rS IIs- and rN II s BPT diagrams.
Kewley et al. (2006) analyzed the host properties of85;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�AGN types using rO III s {H� to rS IIs {H� line ratios.
This classi�cation, which they denote the Seyfert�LINER line, is in this thesis used to separate
Seyfert from LINER in the rS IIs BPT diagram.
Using the classi�cation schemes above (Kewley et al., 2001; Kau�mann et al., 2003; Kewley
et al., 2006), spaxels of the observed galaxies are classi�ed according the regions de�ned in the
following.

SF galaxies are found in the regions
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where the �rst equation is derived by Kau�mann et al. (2003), and the second by Kewley et al.
(2001).

Composite galaxies are found in the regions

log
�

rO III s
H�



¡

0:61

log
�

rN II s
H�

	
� 0:05

� 1:3 (2.17)

log
�

rO III s
H�



 

0:61

log
�

rN II s
H�

	
� 0:47

� 1:19 (2.18)

where the �rst equation is derived by Kau�mann et al. (2003), and the second by Kewley et al.
(2001).

Seyfert galaxies are found in the regions
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where the �rst and second equation is derived by Kewley et al. (2001), and the third by Kewley
et al. (2006).

LINERs are found in the regions
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where the �rst 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 �gures B.2 and 2.5, diagnostic
maps of the observed galaxies are shown in �gures 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 H� , rO III s, rN II s and rS IIs and a SNR ¡ 2 for H� .

Both diagnostics for NGC 925 in �gures 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 rS IIs BPT map in �gure 2.4. Kewley et al. (2013) associates this extended LINER
emission (¡ 1 kpc) with shock excitation.
The rS IIsBPT map of the starburst NGC 1569 shows outer regions heavily occupied by Seyfert
emission, while therN II s 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
re�ected in the H� map seen in �gure 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 �gures 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 �gure 2.2.
The rN II s BPT map of both NGC 6946 and NGC 7331 show a signi�cant number of spaxels
classi�ed 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

rN II s 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%

rS IIs 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. TherN II s vs. rO III s utilizes
� 6584and � 5007, and the rS IIs vs. rO III s utilizes �� 6717; 31 and � 5007.
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Figure 2.3: rN II s BPT diagnostic maps for the observed galaxies (see page 19).



22 Chapter 2. Methodology and Results

Figure 2.4: rS IIs BPT diagnostic maps for the observed galaxies (see page 19).
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