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Chapter 1
Introduction

In recent years, the advances in the exploration of space have fascinated mankind. Within
the last 10 years, three physics Nobel Prizes were awarded to astrophysicists: In 2017 it was
awarded to Rainer Weiss, Barry C. Barish, and Kip S. Thorne for decisive contributions to
the LIGO detector and the observation of gravitational waves , in 2019 to James Peebles for
theoretical discoveries in physical cosmology and to Michel Mayor and Didier Queloz for
the discovery of an exoplanet orbiting a solar-type star , and in 2020 to Roger Penrose for the
discovery that black hole formation is a robust prediction of the general theory of relativity
and to Reinhard Genzel and Andrea Ghez for the discovery of a supermassive compact object
at the centre of our galaxy. Lately, the images taken by the James Webb Space Telescope
(JWST) released by NASPadded to the astronomy excitement. Figure 1.1 displays a galaxy
observed by the JWST. Itis this fascinating type of object this thesis deals with. The following
chapter introduces relevant concepts of our current knowledge about galaxies, ranging from
their morphology and kinematics, over their ages and the content of elements heavier than
helium (calledmetallicity in the astrophysics community), ending with intriguing features
visible in the outer regions of galaxies called stellar shells and streams. Chapter 2 presents the
simulation from which the analyzed galaxies are taken, and the methods used to investigate
them. The ages and metallicities of galaxies and the question of how they are distributed
along a galaxy's radius is investigated in Chapter 3. This is done for di erent groups of
galaxies. For a speci c group of galaxies callewlate rotators,Chapter 4 investigates their
formation, stability, and properties. Finally, Chapter 5 focuses on the ages and metallicity
of stellar shells and streams in the outskirts of galaxies. The progenitor galaxies of these
features are identi ed, and their properties analyzed and compared to the features' properties.

1.1 Galaxies

Galaxies are the accumulations of stars that have long fascinated humans. Our very own
galaxy is the milky way that is visible as a patch of di use light stretching over our night-
sky. The Sun orbits the Milky Way's center at ab@kpc (Francis & Anderson, 2014).

Ihttps://www.nobelprize.org/
2https://science.nasa.gov/mission/webb/
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Figure 1.1: The galaxy LEDA 2046648 observed by the James Web Space Telescope. Image Credit:
ESA/Webb, NASA & CSA, A. Martel

Its name originates from Greek mythology, where it was thought to be a river of Hera's
milk. In fact, the word galaxy derives from the Greek word for milk. The investigation

of these nebulae in the night-sky over the past millennia, centuries, and decades involved
many renowned scientists such as Galileo Galilei, who discovered that the Milky Way is
not a di use band of light but consists of individual stars, Immanuel Kant, who speculated
that the nebulae are island universes similar to the Milky Way, Charles Messier, who
compiled a catalog of nebulae during his search for comets, William Herschel, who made
the distinction betweegaseous nebuldand unresolved stellar systems, Johan Ludvig Emil
Dreyer, who added to William and Caroline Herschel's catalog and released it agthe
General CatalogNGC), and many more scientists (Binney & Merri eld, 1998). One of
the most important cornerstones of galactic astronomy is Edwin Hubble's measurement
and con rmation of Kant that some of the observed nebulae are stellar systems of their
own and not part of the Milky Way (Hubble, 1925). This was followed by the even more
interesting result that the radial velocities of these galaxies increase with their distance from
the Milky Way, which is now known as thidubble lawEa= ¢ , WhereEx is the galaxy's

radial velocity, the distance to the galaxy, and, the famousHubble constan{Hubble,

1926; Hogg, 1999). This discovery is what led to the establishment eipending universe

and modern cosmology and astrophysics. One eld investigated since then is the study of the
formation and evolution of galaxies.

1.1.1 Morphology
Hubble Fork

Hubble and his predecessors already noticed that the nebulae come in varying shapes and
morphologies. A very early classi cation according to their shape was presented in Hubble's

SExamples of gaseous nebulae are planetary nebulae that consist of gas ejected from red giant stars or
supernova remnants that are the remains of a star's outer hull after it exploded during a supernova.
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Figure 1.2: The Hubble tuning-fork illustrating the classi cation of galaxies due to their morphol-
ogy, rstintroduced by Hubble (1936). Image credit: NASA, ESA, M. Kornmesser, annotated and
presented by Remus (2015).

book The Realm of the Nebuldelubble, 1936). His classi cation, which is known as the
Hubble tuning forkis illustrated in Figure 1.2.

Hubble thought that galaxies evolved from the left to the right in this diagram. This
scenario is now refuted, but the galaxies on the left-hand side are still referreeadyas/pe
galaxies (ETGs) and the galaxies on the right-hand sidt@dypegalaxies (LTGs) (Binney
& Merrield, 1998). The shape of ETGs is smooth and structureless, which is why they
are callecklliptical galaxies(E). They are labeled byZand vary from very round (EO) to
elongated (E7) where the numbespeci es the ellipticity4

==10 4=10 1 = - (1.1)

where1+0 is the apparent axial ratio (Binney & Merri eld, 1998). Before the tuning
fork bifurcates into two branches of normal (S) and barred (SBpiral galaxies the
lenticular galaxiesbuild a transitional class designated by SO. They were established by
Sandage (1961) as armless disk galaxies. The normal spiral galaxies host an elliptical
central bulge of brightness surrounded by luminous spiralssgimal arms The barred
spiral galaxies exhibit Bar within which the bright bulge is located and which is connected
to the spiral arms. The subtypes (a, b, ¢, and d) of spirals are characterized according to the
in uence of the bulge, the tightness of the spiral arms and the degree to which the arms are
resolved into stars or emission nebulae. Often these three criteria are tightly correlated and
therefore galaxies with very distinct bulges, which have tightly wound, di use shining spiral
arms are situated to the left-hand side of Hhgbble tuning fork(Sa, SBa), while galaxies
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Figure 1.3: Left panel The surface brightness-luminosity relation as presented by Caldwell (1983)
Right panel The stellar mass-half-light radius relation as presented by Shen et al. (2003), speci cally
the mediantpp pane) and dispersionkottom panélof the distribution of the r-band Sérsic half-light
radius. The squares represent ETGs and the triangles represent LTGs.

with faint bulges, which have loosely wound, eminently resolved spiral arms, are situated
to the right-hand side of the Hubble fork (Sd, SBd). Intermediate classes are designated by
Sb and SBb, and Sc and SBc. For even ner classi cation, stages between these levels can
be assigned, for example Sab in between Sa and Sb (Binney & Merri eld, 1998). Finally,
there are many more ner classi cations for irregular galaxies (I/Irr) (de Vaucouleurs, 1963),
peculiar galaxies (P) (Arp, 1966), ring galaxies (Sandage, 1961; de Vaucouleurs, 1963), and
many more.

Mass-Size Relation

Apart from a visual classi cation, a galaxy's structural properties, such as its size, combined

with their stellar mass can be used to infer their morphology. Related to its stellar mass is a
galaxy's luminosity, while the surface brightness is related to its size (Lange et al., 2015). The
rst observation of a linear relation between luminosity and surface brightness was achieved
by Caldwell (1983) (see left panel of Figure 1.3), suggesting that a scaling relation between
a galaxy's size, and its stellar mass exists. In fact, this mass-size relation is for example
observed by Shen et al. (2003) and Lange et al. (2015) (see right panel of Figure 1.3) for the
stellar half-light radius and stellar mass.

More recently, Lange et al. (2015) investigated the mass-size relation using 8399 galaxies
from the GAMA survey regarding its dependence on various divisions into early- and late-
type galaxies and on the choice of Iter bands. They conclude that the choice of division is
not critical, but one should rather focus on the mass limits and sample selection. Assuming a
constant mass-to-light ratio, the half-light radAuss the same as a galaxy's stellar half-mass
radiusA.», which is the radius at which half the stellar mass of a galaxy is enclosed:

’ 1
TAY A= 5T e (1.2)
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Figure 1.4: The mass-size relation: The stellar half-mass radius as a function of stellar'rpass
colored according to thein-value which is a tracer for the galaxy's morphology. Red represents
spheroidal (i.e., elliptical) galaxies, blue represents disk (i.e., spiral) galaxies and intermediate galaxies
are yellow. Overplotted are the ts ofthis relationin ETGs (magenta) and LTGs (cyan) to a combination
of two power-law functiongy.o = W" ¢e" °Y 1 " ¢ge" vy by Lange et al. (2015). The tting
parameters are taken from their population de nition according to morphology in the r-band.

The morphology of simulated galaxies can be quanti ed by the so-calealuethat
will be introduced below. Here, it is demonstrated that the size of a galaxy is related to
its morphology. Shown in Figure 1.4 is the stellar half-mass ra#iysas a function of
stellar mass' ¢, colored by theb-valuefor Magneticum galaxieswvhich will be introduced
in Chapter 3. Overplotted are the ts to ETGs and LTGs by Lange et al. (2015). It is very
evident that disk galaxies (blue) have larger sizes at xed stellar mass compared to spheroids
(red). The latter can reach larger radii than any disk at high enough stellar masses. The
observational results for ETGs and LTGs match the shown simulated spheroids and disks,
respectively.

Sérsic Pro le

A possibility to measure a galaxy's half-light radius is given by tting a galaxy's surface
brightness pro le to a tting function, whose tting parameters include the half-light radius
(or e ective radius)As or it can be derived from one of the tting parameters. Several such
functions were put forward, including

|O 1., .. 1A)0
90 24 A7 _ 333

A
= — 1- 1.3
logy* €° A (1-3)
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which is called thele Vaucouleurs *# pro le (de Vaucouleurs, 1948), where the numerical
factor 3.33 is chosen such that the de nition of the half-light radiuis satis ed (Binney &
Merri eld, 1998):

1 1
A 1

1
1R2cA3A= > 1R2cA3A (1.4)
0 0

However, some early-type galaxies deviate signi cantly from the bestit*-prole. A

three-parameter tting function is required to capture their behavior. Sésic pro leis one

such formula, sometimes also called temeralized de Vaucouleurs pro,land given by
|Oglol SlA)O B A 1=

1- — 1- 1.5
log;p* &° A (1.5)

wherel- is again chosen so thaf is the half-light radius, and is called theSérsic index
This index correlates with the half-light radius of a galaxy, such that extended galaxies have
large Seérsic indices, while concentrated galaxies have small indices (Caon et al., 1993).
Elliptical galaxies typically have Sérsic indices between 2 and 6 (Remus, 2015).

Finally, the surface brightness pro le of a spiral galaxy's disk is described by an expo-
nential function (Binney & Merri eld, 1998),

A
expt = Jexp 1& - (1.6)

which is a Sérsic pro le with index: = 1. A spiral galaxy's bulge, on the other hand,
appears similar to an elliptical galaxy having a Sérsic index between 2 and 4 (Remus, 2015).

b-value

Now the classi cation method already mentioned above can be introduced. Simulated galax-
ies can be classi ed intdisks intermediatesandspheroidsy using theb-value

1 =log, ke km/s %'0910 —
which is a proxy for a galaxy's position in the stellar mass-stellar speci c angular momentum
plane (Teklu et al., 2015). Teklu et al. (2017) state that a criterion based on this parameter is
not the most robust due to the existence of fast rotators among spheroidal galaxies (Emsellem
et al.,, 2007). The main advantage of this method over the commonly used circularity
parametergc* is that all galaxies in a sample can be classi ed. Teklu et al. (2015) can
not classify a signi cant number of the galaxies in their sample using a criterion based on
circularity nec and the cold gas fraction. Romanowsky & Fall (2012) expect disk galaxies
for 1 4 and spheroids fot 5. Teklu et al. (2017) introduce the classi cation that
galaxies withl j 435 are disks, while galaxies with Y 4+73 are spheroids. All

- (1.7)

4The circularity parameter can be expressed as follawg = %i = Af where 9 is the predicted

speci c angular mon}?ntum assuming a circular orbit with radius r around a halo center of mass, with an orbital
velocity of +jc!® = " 1A+A and 9 is thel-component of the particular angular momentum of a single
particle (Teklu et al., 2015).
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Figure 1.5: Stellar masslog,y'" ¢*" © as a function of stellar specic angular momentum
log; ot @ *kpckms 0, colored by theb-value The red dots are spheroidal, the blue dots are spi-
ral, and the yellow galaxies are intermediate galaxies.

galaxies in between are intermediates. This classi cation is illustrated in Figure 1.5, which

is the stellar mass-stellar speci ¢ angular momentum plane colored Hy-taéue The red

dots are spheroidal galaxies, the blue dots are spirals and the yellow dots are intermediate
galaxies. One can see that they are separated by the blue and red dotted lines, which represent
the above-mentioned boundaries between disks, intermediates and spheroids.

1.1.2 Kinematics

The other side of the same coin of describing galaxies are their kinematics that describe
the motions of stars with respect to each other and regarding the center-of-velocity of their
galaxy. The most accessible velocity component is the one parallel to the line-of-sight of
an observer, called the line-of-sight velocity BlEand its standard deviation or dispersion,
called the line-of-sight velocity dispersior>BEf. These are measured by observing the
spectrum of a collection of stars and inferring their velocity via the relativistic Doppler® ect

An illustrative example of the importance of galaxy kinematics is the emergence of dark
matter . Extensive measurements of txBEpro le of spiral galaxies (Oort, 1940; Rubin

5The observed wavelength ofps is shifted from its emitted wavelengthum by _obs _em = _em B2
whereEis the;>BEand c the speed of light (Binney & Merri eld, 1998, Chap. 2.2).
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Figure 1.6: Multiple velocity pro les of di erent galaxies taken from Rubin et al. (1980). The
velocity pro le is the velocity as a function of the distance to the center of the galaxy.

et al., 1965; Rubin & Ford, 1970; Rubin et al., 1978, 1980) revealed that the stars' velocity
increases with the radius in the center but stays constant at high radii (See Figure 1.6). This
is not expected for a mass distribution where most of the mass is concentrated at the center,
which is observed from the luminous matter. The expectation is a decrease in the velocity
/ 1+A This means that there must be a vast amount of non-luminous matter at large radii in
the halo of galaxies. This non-luminous mass was termed dark matter by Zwicky (1937),
who investigated the velocity dispersion of galaxies within the Coma Cluster and concluded
that the mass within the system needs to be at least 400 times larger than the luminous matter
suggests.

Kinematic Groups

A spiral galaxy's rotation pattern is easily understood, as it exhibits a simple regular rotation
around its minor axis. For a long time, it was thought that elliptical galaxies are dispersion
dominated and their stars are on triaxial orbits. The4Burvey ATLAS® revealed that

the kinematic variety of elliptical galaxies is much larger than previously thought. Krajnovi¢
et al. (2011) investigated the 260 ATLASETGs and produce¢>BEand ;>BEf maps

that can be used to classify the galaxies according to their kinematic features into ve
groups: regular rotators, non-rotators, complex but non-speci ¢ velocity maps, kinematically
distinct cores, and double peaks in the velocity dispersion map. A similar classi cation for
the simulated galaxies used in this work are tkimematic classes of early-type galaxies
introduced by Schulze et al. (2018) for the Magneticum Box4 galaxies. The classes are

5The term IFU stands for Integral eld unit , which describes a type of observation where an array of bers
is used to measure the spectrum within individual parts of a galaxy and which yields spatially resolved maps
of spectra. Examples are SAURON (Bacon et al., 2001; de Zeeuw et al., 2002), A¥I(BSppellari et al.,
2011), SAMI (Croom et al., 2012), CALIFA (Sanchez et al., 2012), and MaNGA (Bundy et al., 2015).
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Figure 1.7: The ve kinematic groups de ned by Schulze et al. (2017): Regular rotator (RR), non-
rotators (NR), distinct core (DC), kinematically distinct core (KDC), and prolate rotators (PR). The
solid black lines represent contours of constant density. Image taken from Schulze et al. (2017).

regular rotators (620/900), non rotators (129/900), distinct cores (25/900), kinematically
distinct cores (5/900), and prolate rotators (20/900). 91 galaxies could not be classi ed. A
detailed description can be found in Section 3.3. An example for each group (except for the
unclassi ed galaxies) is shown in Figure 1.7. The group with the smallest sample are prolate
rotators, which will have a particular focus in this thesis. They are described in more detalil
in Chapter 4.

+ef -Parameter and_:

Parts of this thesis focus more on the internal kinematics of galaxies where a major concern
is whether a galaxy is rotating or is dominated by velocity dispersion. In the following, two
parameters that encapsulate this information are introduced. The rstisthg@arameter. It

is used as an indicator of rotational support, expressed as the ratio of ordered to random motion
(lingworth, 1977). It can be calculated as the combined mass-weighted root-mean-square
of the velocities and velocity dispersion calculated from a Voronoi-binned (see Section 2.6)
2D kinematic map.

Vp——=

+ 8" gtg
— = — 1.8
: W (1.8)
where+g, f g and" gare the mean>BEmean;>BEf and the stellar mass within tt&h
Voronoi-bin.

One of the rst large integral- eld spectroscopy surveys, SAURON (Bacon et al., 2001,
de Zeeuw et al., 2002), revealed that early type galaxies appear in two general destses,
andslow rotators(Emsellem et al., 2007). They introduced theparameter

H j+ji

P (1.9)
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Figure 1.8: _x., (left pane) and ++f ° , (middle pane)l as a function of the ellipticityn, and

1+ef 95, as a function of ».,. The color depicts thé-value The gray line in the rst panel
represents they,, = 0:31n boundary between fast and slow rotators, which was de ned by Emsellem
et al. (2007).

where' is the 2D distance to the galactic centers ;>BEf the;>BEf and the brackets
h i represent the luminosity weighted mean value. The main motivation to introduceas
that++f does not di erentiate between small-scale and large-scale rotation (Emsellem et al.,
2007). Measured by integral- eld spectroscopy in individual Voronoi-bins (See Section 2.6),
this can be calculated as

# o -
8 +
[ 97d (1.10)
gzl 8 8 +82>f82

where gis the ux within the &h Voronoi bin,' gthe bin's distance to the center angl
andf gthe mean stellarx>BEand;>BEf Emsellem et al. (2007) found that there is a general
splitat_: , = O-1. The large integral- eld spectroscopy survey ATLAS3D (Cappellari et al.,
2011) de ned the boundary betweé&standslow rotatorsto be at : , = 0<31n (Emsellem
etal., 2011). van de Sande et al. (2021) prefer the= 008, ne4 with n Y 0«4 (Cappellari,
2016) over the former criterion. More details on the calculation of quantities from a Voronoi
grid can be found in Section 2.6.

Finally, Figure 1.8 shows the parametefgs, (left pane) and+ef °,_, (middle panelas
a function of the ellipticityn, and*+«f %, as a function of ., (right pane). As expected,
the disk (blue) galaxies occupy the region of fast rotators in #je-n plane, while most
spheroidal galaxies are slow rotators. A similar, but skewed distribution can be seen in
the+<f -n plane. Thet«f -_,_, relation is relatively tight, as expected for two parameters
designed to capture similar information.

1.1.3 Ages and Metallicities
Mass-Metallicity Relation

One of a galaxy's most fundamental characteristics is its metallicity. Stellar metallicities
are a direct tracer of the star formation and chemical enrichment history (e.g. Guérou
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(a) Tremonti et al. (2004) (b) Gallazzi et al. (2005)

Figure 1.9: Left panel The stellar mass-gas phase metallicity relation observed by Tremonti et al.
(2004). Right panel: The stellar mass-stellar metallicity relatioleff) and stellar mass-stellar age
relation fight) observed by Gallazzi et al. (2005). The bottom panels show the uncertainty of the
metallicity/age as a function of stellar mass.

et al.,, 2015). First detected by Lequeux et al. (1979), using a small sample of spectro-
photometric observations of Hll regions in irregular and blue compact galaxies, the gas-phase
metallicity of star-forming galaxies rises with increasifigae " tot. This is the so called
Mass-Metallicity RelatiofMZR). Increasing the sample to 53000star-forming galaxies
observed by the Sloan Digital Sky Survey (SDSS), Tremonti et al. (2004) established a tight
( O<1dex correlation between stellar mass and the gas-phase metallicity, which attens above
105" (See Figure 1.9a). This is interpreted as galactic winds being e ective at removing
metals from the potential wells of low-mass galaxies. Comparing nine strong-line emission
metallicity calibrations, Kewley & Ellison (2008) demonstrated that the choice of metallicity
calibration strongly a ects the y-intercept of the MZR. This tendency is seen in star-forming
galaxies at least up tb 3, indicating a transition toward greater metallicities throughout
cosmic time, particularly in low mass galaxies (Maiolino et al., 2008). Regarding stellar
metallicities, a similar relation was found by Gallazzi et al. (2005) using the spectra of a large
sample of SDSS galaxies, which is shown in Figure 1.9b. Population synthesis models in
combination with stacked spectra (Zahid et al., 2017; Sextl et al., 2023) or even observations
of individual blue and red supergiants (Kudritzki et al., 2016; Davies et al., 2017; Bresolin
et al., 2022; Urbaneja et al., 2023; Sextl et al., 2024) solidi ed the existence of the stellar
mass-stellar metallicity relation.

Recently, the importance of a galaxy's size when studying stellar population properties
was restated by Vaughan et al. (2022), showing that the o set between star-forming and passive
galaxies in the MZR can be signi cantly reduced by replacingwith = log;o*" ¢*" °
log;o*A.22kpc®, a proxy for the baryonic gravitational potential. This is closely related to
the fact that ETGs are more compact than LTGs at xed stellar mass (Lange et al., 2015)
and therefore show shallower gravitational potentials (Vaughan et al., 2022). At xed mass,
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galaxies that are more compact are older and more metal-rich (Scott et al., 2017). Previously,
D'Eugenio et al. (2018) found to be more tightly correlated to the gas-phase metallicity
than to the stellar mass. Sanchez-Menguiano et al. (2024) used a machine-learning approach
to argue that = log;p'" ¢*" © 0s6log;otA.22kpc® is an event better predictor for the
gas-phase metallicity.

Mass-Age Relation

The age of stars in galaxies is a direct measurement of when the last star formation episode
took place, which again is directly related to the formation history of galaxies. Therefore,
another important relation is that between a galaxy's age and its stellar mass. Mean ages
typically increase with stellar mass (Gallazzi et al., 2005; Gonzalez Delgado et al., 2015;
San Roman et al., 2018; Nanni et al., 2024). The stellar mass-stellar age relation is shown
in Figure 1.9b. This trend is referred to as downsizing, that is, more massive galaxies
are formed at earlier times. Therefore, older galaxies have more mass (Cowie et al., 1996).
Gonzalez Delgado et al. (2015) demonstrate that this downsizing holds true at all radii.
Furthermore, ETGs are older than LTGs at xed stellar mass.

Metallicity Gradients

Spectroscopic galaxy surveys utilizing IFUs (Integral Field Units) like ATEAGappellari

et al., 2011), CALIFA (Sanchez et al., 2012), SAMI (Croom et al., 2012; Bryant et al.,
2015), and MaNGA (Bundy et al., 2015) have become invaluable in the study of galaxy
evolution because of their capabilities to spatially resolve stellar population properties and
kinematics. The distribution of stellar populations at di erent ages bears the stamp of the
formation processes, and this can be utilized as a tracer of the history of star formation
and assembly (Guérou et al., 2015). These spatially resolved surveys have also been used
to investigate the gas-phase MZR (Sénchez et al., 2019). Many observational campaigns
have investigated radial age and metallicity pro les: Gonzalez Delgado et al. (2015) report
on CALIFA galaxies having declining age pro les, that is older stars are found in the core,
whereas younger stars are found in the outer regions. Sbc type galaxies exhibit the steepest
negative age gradients, attening towards SO and E type galaxies and towards Sd galaxies,
while Sd type galaxies gradients are atter than in the SO and E cases. They also observe the
gradient to become more negative with increasing stellar mass uf tdl0'*M . However,

this is a secondary dependence, while the primary dependence is with the Hubble type. They
nd that metallicity pro les are slightly decreasing, but Sd type galaxies' metallicity has
almost no dependence on radius, while Sbc type galaxies' metallicity has the strongest
dependence. The metallicity gradients also become more negative with increasing mass up
tol 10"M . These results, regarding the negative age and metallicity gradients, favor the
inside-out growth of galaxies. Goddard et al. (2017) and Neumann et al. (2021) analyze
the MaNGA galaxies and con rm the declining age pro les for LTGs. For ETGs, however,
both nd (mildly) positive age gradients (stronger in the mass-weighted case) over all masses,
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that is the stars get younger toward the center. This may indicate that star formation in ETGs
proceeds in an outside-in fashion. The metallicity pro les deduced from the MaNGA
survey are generally declining for all morphologies, but the gradient is signi cantly steeper
in late-type galaxies (Goddard et al., 2017). The ALHAMBRA survey, a survey based on
photometric multi- lter measurements (San Roman et al., 2018), nds at radial age and
declining radial [Fe/H] pro les for early-type galaxies. The iMaNGA project's sample of
simulated galaxies is drawn from the cosmological hydrodynamic simulation Illustris TNG50
(Pillepich et al., 2019; Nelson et al., 2018), which was chosen expressly to imitate MaNGA
galaxies (Nanni et al., 2024). Mock MaNGA data cubes are created and examined in the
same manner as MaNGA galaxies (Nanni et al., 2024). The simulation predicts higher
light-weighted stellar ages at all radii. However, the gradients are consistent, except for an
increasing age pro le for low-mass lenticular galaxies and a signi cantly shallower decline
of the age pro le in high mass spiral galaxies in the iMaNGA sample compared to MaNGA.
In general, iIMaNGA exhibits steeper metallicity gradients and lower stellar metallicities than
observations. Again, the simulation departs stronger for spirals, where the gradient is steeper
than found in observations over all masses.

It is interesting to analyze the metallicity pro les for stars in di erent stellar populations
according to their age. This can give insightful details on the chemical enrichment history.
Investigating stellar proxies, like planetary nebulae (PNe) and Hll regions, in a small sample
of local galaxies, Pefia & Flores-Duran (2019) found that young objects (Peimbert Type |
PNe, HIl regions) show steeper negative metallicity gradients than old objects (non-Type |
PNe). Applying a population synthesis technique, Sextl et al. (2024) con rm the negative
metallicity gradient of the young component, while the old population exhibits no gradient,
in the spiral galaxy NGC 1365. Both studies argue that one mechanism for the gradient in
the old population being atter might be stellar radial migration, that is stars wander from
their initial position to di erent radii, di using the metallicity-radius relation (Ro%kar et al.,
2008).

To nd out what causes the metallicity to decline with radius, several studies investigated
if the steepness of the metallicity gradient correlates with global galactic parameters. Metal-
licity gradients become steeper with stellar mass ufh to10'°M for CALIFA galaxies
(Gonzélez Delgado et al., 2015). This dependence is also prominent in MaNGA galaxies,
where LTGs show an even stronger negative correlation between metallicity gradient and
stellar mass than ETGs (Goddard et al., 2017). The sample of simulated ETGs in iMaNGA
does not reproduce the metallicity gradients' dependence on stellar mass, but the iMaNGA
LTGs have steeper negative gradients as their stellar mass increases (Nanni et al., 2024).

Jones et al. (2013) measured the redshift evolution of metallicity gradients in four grav-
itationally lensed galaxies &t= 20 2+4, compared them to the literature, and found that
the steep negative metallicity gradients atten with time. Therefore, an older galaxy should
have atter metallicity gradients. A correlation of gas-phase metallicity gradients with mass-
weighted age is not observed by Cheng et al. (2024), but they nd an anti-correlation with
an evolutionary time parameter that is related to the speci ¢ star formation history. This
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Figure 1.10: The galaxy NGC 747 exhibiting stellar shells and streams. Image credit: Duc et al.
(2013)

means more evolved galaxies have steeper metallicity gradients. A similar trend is found
by Mercado et al. (2021) in zoom-in simulated dwarf galaxies. Their median stellar age is
anti-correlated with the stellar metallicity gradients. The gradients are atter in galaxies with
a younger stellar population.

Rotationally dominated galaxies are found to have mostly steep negative gas-phase metal-
licity gradients, while dispersion-dominated galaxies mostly show at or positive gradients
(Jones et al., 2013; Sharda et al., 2021). This is con rmed by the cosmological simulation
lllustris TNG50, where steep negative gas-phase metallicity gradients are only found in ro-
tationally dominated galaxies, while almost all dispersion-dominated galaxies have at or
positive gas-phase metallicity gradients (Hemler et al., 2021). On the contrary, the steepest
stellar metallicity gradients are found in dispersion dominated, early-type galaxies in the
CALIFA survey (Zhuang et al., 2019).

1.2 Tidal Stellar Shells and Streams

Tidal shells and streams are features made up of stars which are found in the outskirts of
galaxies. An impressive example of a galaxy which exhibits both types of features is NGC
474, which is seen in Figure 1.10. It was observed and processed to highlight the low surface
brightness features by Duc et al. (2013).
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