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Abstract

In this thesis we use integral field spectroscopic observations, semi-analytic models and
state of the art cosmological simulations to study the diverse formation and evolutionary
mechanisms setting stellar population gradients in the inner regions of galaxies. We find a
clear link between the shape of the radial stellar metallicity profiles and the stellar surface
mass density profiles within the inner (< 1R,) regions of galaxies; independent of their
mass (10° < Mg, < 10'2°) or morphological type (E to Sd). The stellar metallicity profiles
are well described by a Sérsic function, and we show that the Sérsic indices of the stellar
mass density and metallicity profiles are tightly correlated, with nz = 1.51 x ng — 0.53 and
intrinsic scatter of ~ 0.25. The expected signatures of radial migration (bars, spiral arms,
mergers) do not appear to correlate with the metallicity gradient strength, nor do the present
day stellar kinematics. We show with a semi-analytic chemical evolution model that the
angular momentum of the infalling gas is an important factor in developing the metallicity
and surface mass density correlations. Together, these results suggest that the in-situ, time-
integrated stellar mass build-up is the predominant factor setting the metallicity gradients
of the inner regions of galaxies.

Zusammenfassung

In dieser Dissertation verwenden wir integralfeldspektroskopische Beobachtungen, semi-
analytische Modelle und moderne kosmologische Simulationen, um die verschiedenen Mech-
anismen zu untersuchen, die fiir die Entstehung und Entwicklung von Gradienten der stel-
laren Populationen in den inneren Gebieten von Galaxien entscheidend sind. Wir kon-
nen zeigen, dass ein klarer Zusammenhang zwischen der Form des Radialprofils der stel-
laren Metallizitdt und dem Profil der stellaren Flachendichte in der inneren Region einer
Galaxie (< 1R,) besteht. Dieser Zusammenhang ist unabhéngig von der Masse der Galaxie
(10° < Mgy < 10'2°) oder ihrem morphologischen Typ (E bis Sd). Die Profile der stel-
laren Metallizitdt konnen gut mit einer Sérsic-Funktion beschrieben werden. Auflerdem
korrelieren die Sérsic-Indizes der Profile fiir die stellare Massendichte und Metallizitat stark
miteinander, nz = 1.51 x ng — 0.53 und mit einer intrinsischen Streuung von ~ 0.25. Weder
die erwarteten Signaturen radialer Migration (Balken, Spiralarme, Merger) noch die heuti-
gen Orbits von Sternen scheinen mit der Starke der Metallizitdtsgradienten zu korrelieren.
Wie wir mit einem semi-analytischen Modell fiir die chemische Entwicklung zeigen, ist der
Drehimpuls des hereinfallenden Gases ein wichtiger Faktor fiir die Entstehung der Korrela-
tion zwischen Metallizitdt und Flachendichte. Zusammengenommen deuten diese Ergeb-
nisse darauf hin, dass der in-situ, zeitintegrierte Aufbau der stellaren Masse der domi-
nante Faktor fiir die Herausbildung von Metallizititsgradienten in den inneren Regionen
von Galaxien ist.
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Chapter 1

Introduction

1.1 Galaxies

Galaxies are gravitationally bound systems that consist of stars, gas, dust, and dark
matter. They are the building blocks of our Universe. A typical galaxy contains from
ten million to a hundred trillion stars that are orbiting the galaxy’s center of mass.
The number of galaxies in the observable Universe is considered to be more than 2
trillion (Conselice et al., 2016). Most of the galaxies have scales from 1 to 100 kpc (or
~ 3x103 to 3x10° light years) and distances of the order of millions of parsecs.

Our own galaxy, the Milky Way, appears as a giant hazy stream of light in the
night sky and is the most well studied galaxy. It contains around 100-400 billion stars
and many of those may host planets of their own (Cassan et al., 2012). It consists
of a stellar disk with size of around 15 kiloparsecs (kpc) and a stellar bulge with
a few kiloparsecs in radius which is located in the centre (Lépez-Corredoira et al.,
2018)). Both the disk and bulge are embedded in a large, extended dark matter halo
which contains 75% of our Galaxy’s total mass. Few hundreds of globular clusters
are scattered in the halo. These are old and massive gravitationally bound stellar
systems (Harris, 1996). In between the stars there is the interstellar medium (ISM),
which includes gas in ionic, atomic, and molecular form, as well as dust (Herbst,
1995). The center of the Milky Way Galaxy hosts a radio source known as Sagittarius
A*, which is believed to be a supermassive black hole with around 4 x 10° solar
masses (Ghez et al., 1998; Schodel et al., 2002).

Our Milky Way galaxy is not isolated. It has 59 known satellite galaxies (e.g.
Small and Large Magellanic Clouds, Sculptor Dwarf, Draco Dwarf, etc) and together
they belong to the local galaxy cluster - the Local Group (Turner, 2014; van den
Bergh, 2003).

Galaxies are the fundamental units of our Universe. Studies of the properties
and evolutionary histories of galaxies provide us with a crucial tool to explore the
formation and evolution of our Universe. On the other hand, galaxies are also the
birth place of stars, which provide basic materials and energies for life. Understad-
ing their formation and evolution helps us to trace the origin of elements and of
life. Therefore the nature of galaxies is one of the most important topic in science.
In this section, we provide a general overview on galaxies, starting from their ob-
servational properties, their classification, and conclude with a description of their
formation and evolution.



2 Chapter 1. Introduction

TABLE 1.1: Different wavelengths of light and typical sources.

Wavelength Temperature Typical Sources
Gamma-rays > 108 Kelvin (K) | accretion disks around black holes
X-rays 10°-108 K stellar coronae, wind-blown bubbles sur-

rounding massive stars, gas in clusters of
galaxies, supernova remnants

Ultraviolet 10*-10° K hot stars, supernova remnants

Visible 10°-10* K stars

Infrared 10-10° K planets, cool ISM clouds

Microwave 1-10 K cool ISM clouds, cosmic microwave back-
ground

Radio <1K radio emission produced by electrons mov-

ing in magnetic fields

1.1.1 Observations of galaxies

Although our ancestors have been looking at the night sky for thousands of years,
it was not until the beginning of the 20th century that we started to understand the
nature of galaxies, as most of them are too far away from us to study in detail.

Apart from the Milky Way there are only a few galaxies which are visible on
a dark night with naked eyes, including the Andromeda Galaxy, the Large Magel-
lanic Cloud, the Small Magellanic Cloud, and the Triangulum Galaxy. As they show
appearances not comparable to our Milky Way (which we only observe from the
inside), for a long time they were considered to be some kinds of gaseous "Nebulae"
or "celestial dome clouds" inside our Milky Way. At the end of the 18th century,
Charles Messier compiled a catalog containing the 109 "nebulous” apparent objects.
Later, William Herschel assembled a catalog including 5,000 nebulae. In 1845, Lord
Rosse was, for the first time, able to distinguish between elliptical and spiral nebulae
with his telescope.

Not until the great debate between Harlow Shapley and Heber Curtis in the
early last century (Shapley and Curtis, 1921) people started to realize there are other
"Milky Ways" (galaxies) outside of our Milky Way Galaxy. In 1922, Edwin Hub-
ble resolved the outer parts of some spiral nebulae as collections of individual stars
and identified some Chepheid variables. By estimating the distance to these “neb-
ulae” using the proportionality between the intrinsic luminosity and the periods of
chepheids, he realized they were too distant to be part of the Milky Way (Hubble,
1929). In 1936 Hubble classified galaxies according to their morphology, and this
classification is still in use today (Sandage, 1989).

In modern times, thanks to the extraordinary improvements of observational
techniques and instrumentation, we are now able to observe galaxies with different
tracers (e.g. different wavelengths), leading to a more complete understanding of
these objects..

For the majority of remote galaxies, the primary information we get is from their
light - that is the electromagnetic radiation mostly from their stars. In astronomy,
we have two major ways to detect light, photometry and spectroscopy.
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FIGURE 1.1: Images of our Milky Way in different wavelength bands.
Image credit: NASA’s Goddard Space Flight Center.

Photometric observations

Photometric observations serve to get the brightness (or flux) of target objects
within a given wavelength band, by collecting their light that passes through spe-
cialized photometric optical bandpass filters. In simpler terms, this corresponds to
taking a picture of the galaxy, as we would do with a modern cell phone. For optical
wavelengths, CCD cameras are the most commonly used receiver to gather photons.
A CCD camera is a grid of photometers that is able to measure the flux density of
incoming photons and simultaneously image objects in a certain wavelength range.

Depending on the feature of filters, photons with a certain range of frequencies
or wavelengths can pass through a filter. A set of well-defined passbands is a photo-
metric system. There are many photometric systems in astronomy, one of the most
commonly used is the UBV photometric system, which is the first known standard-
ized photometric system or Johnson-Cousins system (Johnson and Morgan, [1953).
It contains five filters with effective central wavelengths: 365.6 nm (U) 435.3 nm (U)
547.7nm (U) 634.9nm (U) 879.7 nm (U). The letters U, B, V, R and I stand for ultra-
violet, blue, visual, red and infrared.

Our Earth’s atmosphere will reduce the intensity of light that is received by a
telescope, and this reduction can change with time and location. For the same ce-
lestial object, the intensity of photons received by our CCD cameras can be different
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at different time and locations on Earth. Although we cannot measure the absolute
brightness of an object, we can measure its relative brightness compared to some
standard reference stars. In photometric observations, we use apparent magnitude
(m) to represent the brightness of a celestial object that is observed from Earth. It is
defined as:

Fy
my = —2.5log,, (Ko) (1.1)

my is the apparent magnitude of an object at wavelength band x. F, and F; o are
the observed flux density of the object and the standard reference star at wavelength
band x. The standard reference star is also called photometric zeropoint.

Depending on the definition of photometric zeropoint there are different appar-
ent magnitude systems. The most commonly used are the Vega system which uses
the flux density of Vega at different band as zeropoints and AB magnitude system
which uses a hypothetical reference spectrum with constant flux density per unit
frequency interval, with its V band flux density equals to the V band flux density of
Vega (Oke and Gunn, [1983).

As described in the name, the apparent magnitude provides a way to measure
the "apparent” brightness of an celestial as viewed from earth. It doesn’t represent
the intrinsic brightness of the object, because the flux decreases with distance - e.g.
a distant brighter star can have a smaller flux density received on Earth than that
from a closer but dimmer star. The absolute magnitude (M) is used to describe
the intrinsic brightness of an astronomical object, which is defined as the apparent
magnitude it would have when seen from a distance of 10 parsecs (~ 32.6 light-
years). Equation [1.2{shows the relation between absolute magnitude (M), apparent
magnitude (m) and distance d.

M = m —5log;,(dpc) +5 (1.2)

In this way, once we know the apparent magnitude and the distant of a star we
will be able to get its absolute magnitude. On the other side, once we know the
apparent magnitude and the absolute magnitude of an object, we will be able to
know how far it is from us.

Galaxies are extended objects on the sky, with various structures and substruc-
tures. From photometric images, we are able to characterize the structural features
of galaxies from the light distribution, for example decomposing the radial luminos-
ity profiles into central bulges and extended disks.

Besides, galaxies are complicated systems that contain stars of different ages and
metallicities, stellar remnants, gas, dust, super-massive black holes as well as many
other substructures, and are subject to various physical processes. Different com-
ponents may have their unique emission features (e.g. emitting most of their light
at different wavelength ranges, or lack of emission in certain wavelength ranges).
Some typical emitting sources in each wavelength range are shown in Table Im-
ages from different bands therefore reveal the distributions and features of different
galactic components, and analyzing these greatly increases are knowledge on struc-
tures of galaxies.
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The photons received by our CCD may also be partially absorbed by the ISM on
the way to us. Depending on the nature of the ISM, photons are absorbed at a dif-
ferent wavelength. This absorption can provide indirect information on the spatial
distribution and chemical composition of the ISM. This, in turn, means that stars
in different regions of a galaxy can be observed at different wavelengths, depend-
ing on the nature of the ISM along the line of sight. For instance, we cannot see
through the Milky Way disk at optical wavelengths because of the extinction of the
dust-rich disk, but we can observe the Milky Way centre through the dusty disk at
IR and radio wavelengths. Figure [1.1|shows images of our Milky Way at different
wavelengths. From this image it is clear that the same galaxy shows very different
appearances at different wavelengths. For example, the near-infrared image shows
the distribution of old stars, the near UV image provides the distribution of mas-
sive young stars (star-forming regions) and the 21 cm wavelength image contains
information on the distribution of neutral hydrogen (HI).

In addition, photometric observations can also inform us about the intrinsic fea-
tures of the light source. For example, as the radiation of stars is dominated by
blackbody radiation, by knowing the difference between light intensities observed
at different wavelength bands (which is the defined as the color index: x1 — x2 =
my; — Myp.) we will get a constraint on a star’s surface temperature. Comparing
the location of stars in the color-magnitude diagram (CMD, as shown in Figure[1.2})
can reveal their physical properties (age, mass, amongst others). This is because it
is possible to estimate the mass and size as well as the surface temperature of a star
at a certain age with certain metallicity and initial mass by using stellar evolution
theories. Therefore colors and magnitudes of galaxies can also indicate some coarse
properties of their stellar population components, as the light of most galaxies is
dominated by stars.

Spectroscopic observations

Photometric observations only tell us the light intensity of a galaxy within a
broad wavelength range defined in a particular filter. Spectroscopic observations
on the other hand, can provide us with the light composition of a galaxy by dis-
persing the light through a grating or a prism and measuring the spectrum of the
collected electromagnetic radiation. Figure|1.3|shows several typical stellar spectra,
and the corresponding wavelength ranges of several common photometric filters
for comparison. In fact, a multi-bands photometric observation is like a crude form
of spectroscopic observation, with much lower wavelength resolution. Stars emit
light characterized by continuous spectra whose peak wavelengths are linked to the
temperature of the emitting object. Just like we use the color index to estimate the
temperature of the light source in photometric observations, we could extract more
accurate temperatures from the spectrum of the object.

Another advantage of spectroscopic observations is their capability of retaining
the information contained in the spectral lines. A spectrum of a galaxy’s stellar light
may show multiple types of spectral lines. When a photon emitted from a broad
spectrum source passes through a cooler medium, its flux will be absorbed at cer-
tain wavelengths, producing absorption lines in the spectrum. On the other hand,
some medium may also re-emit energy at certain wavelengths, when a photon emit-
ted from a broad spectrum source passes through such medium, the emission from
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10000 8000 7000

FIGURE 1.2: The color-magnitude diagram of the globular star cluster

MB55. Each dot represents a star with its color coded by its surface tem-

perature. Image credit: B.]. Mochejska, J. Kaluzny (CAMK), Im Swope
Telescope.

the medium will increase the flux at certain wavelengths, producing emission lines.
Different elements may emit or absorb photons at specific wavelengths. Therefore,
by comparing the absorption lines from an object’s spectrum with emission spectra
of known gas, one can determine the chemical composition of the object. Conse-
quently, with a stellar spectrum we are able to extract the age and chemical compo-
sition of the star. To complement this, certain spectral lines enable us to obtain the
chemical composition of interstellar gas at different phases (atmoic, ionized, molec-
ular). As the majority of the galactic light is from stars, spectroscopic observations
could help us to get the distribution of its stellar populations and the chemical abun-
dance distributions of ISM with different compositions. This provides a good win-
dow for us to study the evolution history of a galaxy.

Apart from chemical properties, spectroscopic observations also provide us with
the kinematic structure of a galaxy. From the shape and position of spectra lines,
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FIGURE 1.3: The spectra of stars with different effective tem-
peratures, colorful bands on the top of the plot shows the
wavelength ranges of different sets (Johnson-Cousins and Strom-
gren) of photometric passbands. Image Credit: Bruce MacEvoy
[https:/ /www.handprint.com/ASTRO/specclass.html].

we are able to derive the line-of-sight velocity (V}os) and velocity dispersion (0y,s) of
the object. Modelling these quantities allows us to study the mass distribution and
dynamical structure of a galaxy. In addition, the spectral features could also reveal
us the properties of other light sources in a galaxy, e.g active galactic nuclei (AGN)
through the synchrotron radiation from the high speed charged particles.
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A significant advancement in spectroscopy occurred with the introduction of
Integral field units (IFU) spectroscopic instruments. IFU observations allow the ac-
quisition of spatially resolved 2-dimensional spectroscopy of a target in a single
astronomical exposure, by dispersing the light of discrete spatial units (pixels) cov-
ering the field of view with a spectrograph. Through this technique, it is therefore
possible to obtain the spectra of each pixel in the image, which is equivalent to the
2-dimensional photometric images at all wavelengths.

Applying this technique to galaxies, we can get spectra of every locations in an
observed galaxy. This allows us to derive the spatial distribution (structure) of its
stellar populations and gas; chemical abundance and kinematic properties (e.g. Vs
and 0y,5) of both stars and gas. Together these observations provide a view of how
the dynamical structure and stellar populations were created and evolved over the
lifetime of the galaxy.

In recent years, due to the success of IFU surveys such as CALIFA (Sanchez et al.,
2012a; Husemann et al., 2013a) or MaNGA (Bundy et al., 2015} Blanton et al., 2017)
the wealth of collected IFU data provided a large number of empirical insights and
constrains on the nature of galaxies.

1.1.2 Structural, dynamical and chemical properties of galaxies

Hubble’'s Galaxy Classification Scheme

FIGURE 1.4: Hubble’s galaxy classification diagram. Image credit: Can-
dels Survey.

Galaxies show a large diversity in many properties including mass, shape, lumi-
nosity and color. Historically, researchers use the "visual morphologies" to classify
galaxies, as photometric observations used to be the most common way to study
external galaxies. Here the term "morphology" means the apparent shape of the
galaxy or its stellar structure, also referred to as their visual morphology. Galaxies
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can show very different visual morphologies, some are spheroidal-looking, some
are disk-shaped like our Milky Way Galaxy.

In 1926 Edwin Hubble first invented the classification system known as the Hub-
ble sequence (Hubble, 1926) or the Hubble tuning-fork because of the way it is tradi-
tionally presented, as shown in Figure The left side of the graphical representa-
tion includes elliptical galaxies (En) which show ellipsoidal shapes. These galaxies
are divided according to their ellipticity # = 1 — b/a, where a and b are the semi-
major and semi-minor axes of the projected galaxy. As 1 becomes larger, galaxies
become more disky as seen going rigthward in Figure Lenticular galaxies (S0)
are located in the middle of the panel. These galaxies, which are at the transition
between ellipticals and spirals, consist of a large bulge and a flattened disk-like en-
velop region, but with no clear substructures, and typically devoid of young stellar
populations. The right side of the panel shows spiral galaxies, divided according to
the ratio between the luminosities of their bulges and disks. Going rightward we
tind galaxies which are increasingly dominated by their disk and which show more
prominent substructure (bar, spiral arms). In addition, according to the shape of the
bulge spiral galaxies show two subsequences, the unbarred spiral (upper sequence
with letter Sn) with normal bulges in their centres and barred spiral (5Bn) galax-
ies with bar structures in their centres. The right end of the panel is populated by
irregular galaxies that do not show any regular structures.

Traditionally, the left side galaxies are also called “early type” galaxies, while the
right side are called “late type” galaxies. This is because scientists used to think that
the early type galaxies are the early stage of a galaxy which will become a late type
galaxies in the future. However, that was a mistake in our way of understanding
the Universe, and today those names are only historical and are not related to the
evolutionary history of galaxies (See Schneider, 2015, Section 3).

Elliptical galaxies

Elliptical galaxies have spheroidal-looking shapes and relatively smooth, fea-
tureless light distributions, and mostly lack of gas. Most elliptical galaxies appear
redder compared to other types of galaxies, which indicates those galaxies consist of
older stellar populations. In addition, stars in elliptical galaxies tend to have higher
velocity dispersion (c) compared with their circular velocities (V;4¢). Elliptical galax-
ies cover a very large mass ranges. According to their masses and sizes, there are 5
types of elliptical galaxies (Carroll and Ostlie, 2006):

e cD galaxies (cD) are extreme large (R ~ 1Mpc) massive (M, ~ 1013) and lu-
minous (Mp ~ -25) elliptical galaxies, which mostly exist in the centre of big
galaxy clusters.

e Normal elliptical galaxies (E), which are the most common elliptical galaxies
with stellar mass from 10°® - 10¥ M, also covers a larger range of absolute
magnitudes Mg from -23 to -15.

o Dwarf elliptical galaxies (dE) are very low mass elliptical galaxies with stellar
mass from 107 - 10° M, different from low mass normal elliptical galaxies they
also have a much smaller surface brightness, with absolute magnitude Mg
range from -13 to -19.
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e Dwarf spheroidals (dSph) are the dimmest elliptical galaxies, with absolute
magnitude Mg from -15 to -8 and stellar mass from 107 - 10° M.

e Blue compact dwarf galaxies (BCD) are bluer and more compact than other el-
lipticals, with typical stellar mass ~ 107 -108 M, they also contain considerate
amount of gas.

Different elliptical galaxies also show different surface brightness profiles. The
brightness profile of normal elliptical galaxies mostly follow the de Vaucouleurs pro-
file (de Vaucouleurs, [1948):

I(R) = Lexp(—7.669[(R/Rc)"* —1]) (1.3)

Here I is the surface brightness which is a function of the projected distance R
from the center of the galaxy, R, is the effective radius also called half light radius,
as it is the radius that encloses half of the total luminsity of the galaxy.

Re )
/0 I(R)RAR = 0.5 /0 I(R)RAR (1.4)

The inner regions of cD galaxies can also be described as a de Vaucouleurs profile,
while their outskirts are much more extended. A possible explanation could be
that cDs are normal E galaxies but embedded in the extended halos of their galaxy
clusters. On the other side, some diffuse dwarf elliptical galaxies” profiles are more
like to follow an exponential profiles:

I(R) = loexp(R/Ry) (15)

Here, Ry is the exponential scale length, and I is the central surface brightness
(Schneider, |2015). This could be related to a possible different origin of massive and
low mass elliptical galaxies.

Spiral galaxies

Spiral galaxies are usually dominated by a rotating disk of stars and consider-
ate amount of molecular, atomic and ionized gas, along with a central bulge or bar
consisting of older stars. Extending outward from the bulge, there can be relatively
bright spiral arms. Spiral galaxies show rather continuous classifications. Firstly,
spiral galaxies can be divided into unbarred (Sn) and barred (SBn) spiral galaxies.
Secondly, as shown in the Hubble tuning-fork diagram (Figure [L.4), from the rela-
tively left (early type) to the right (late type) spiral galaxies are called S(B)0, S(B)a,
S(B)b, S(B)c and S(B)d, they show rather continuous transitions:

e Decreasing luminosity ratio between bulges and disks.

e More prominent spiral arm structures (increasing open angles).

Color appearing more blue.

Increasing gas fractions.

e Decreasing stellar mass and luminosity.
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Though early type spiral galaxies tend to be higher in both stellar mass and lumi-
nosity. Unlike elliptical galaxies, all subgroups of spiral galaxies do not show large
separations in terms of stellar mass (between 10° — 102 My,), luminosity (Mg from
-16 to -23) and size.

The bulge lies in the central region of each spirals. Bulges are round shaped
structures and relatively redder than disks. This indicates that they contain old
stars. Similar to ellipticals they show de Vaucouleurs surface brightness profiles (see
Equation [I.3). In contrast, disks are relatively bluer and show exponential radial
surface brightness profiles.

The surface brightness profiles perpendicular to the disk plane can be studied
from some edge-on galaxies. Such studies revealed that disks consist of two parts:
the thin disk and the thick disk. Both disks show vertical exponential surface bright-
ness profiles. The thin disk tends to be dominant in terms of stellar mass and gas
mass (Allende Prieto, 2010). Stars in the thin disk are relatively younger and more
metal-rich, while stars in the thick disk are relatively older and more metal-poor. In
addition, thick disk stars show higher velocity dispersion (¢). Some theories sug-
gest that thick disk stars were early formed thin disk stars, with lower metallicity.
An alternative is that after experiencing disk instabilities, interactions and other dy-
namical perturbations their orbits were "heated up" and moved to the thick disk
(Villalobos and Helmi, 2008; Steinmetz, [2012).

Irregular galaxies

Irregular galaxies have no regular structures (either disk-like or ellipsoidal) ham-
pering their classification. Typical irregular galaxies have lower stellar mass (be-
tween 107 — 10'° M) and luminosity (Mp from -13 to -20). In addition, they usually
contain larger gas fractions and appear to be bluer, which shows they contain sig-
nificant younger stellar populations. Their irregularity may be due to interactions,
or star formation episodes.

Concentration and Sérsic brightness profile

As mentioned above, galaxies with different morphological types could have
different surface brightness profiles. To generalize their descriptions, J. Sérsic intro-
duced the Sérsic brightness profile:

log(I(R)/Ie) = —bu[(R/Re)"™ — 1] (1.6)

Here n is called the Sérsic index which decides the shape of the profile (the larger
n the steeper the central peak and more extended the outskirt), b, is the coefficient
which follows the relation I'[2b,,| = 2y[2b(ns), b,], where T’ and 1y are respectively
the Gamma function and lower incomplete Gamma function (Ciotti and Bertin,
1999). which to high precision can be approximated by:

1 4 1 46 1 1

b=2ng—~-+-——+ — 5 =2ng— = 1.7

R T N TR A (17)

R, is the effective radius, I, represents the surface brightness at R,. When n=4
the profile becomes the de Vaucouleurs profile, while for n=1 we get the exponential

profiles, as seen in Figure Though a single Sérsic profile may not always be able
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to provide a perfect fit, it still provides us a way to describe the shape of galactic
radial profiles and classify galaxies.

14 4 — n=0.5
—— n=1 exponential profile
— n=2
12 1 n=4 de Vaucouleurs profile
n=8

log(%)

radius

FIGURE 1.5: Radial mass density profiles with different Sérsic indices,
n.

Dynamical properties in galaxies

The structural dichotomy in galaxies is also correlated with the distribution of
stellar orbits in a galaxy. For example, flat disky structures tend to contain stars
that have fast-rotating circularity orbits. These stars are thought to be born and live
in quiescent times (White and Rees, 1978). While more elliptical shaped structures
(early type galaxies, bulges in late type galaxies, stellar halos and globular clusters)
consist of stars with slow-rotating box or radial orbits. These stars may have been
born or live in more violent environments (Davies and Illingworth, 1983; Quinn,
Hernquist, and Fullagar, 1993; Minchev and Quillen, 2006).

In reality, it is nearly impossible to trace the orbit of each individual stars in
galaxies outside our Milky Way. Depending on the approach, there are many trac-
ers which are used to indicate the dynamical structure of a galaxy. Most commonly,
people use the ratio between stellar rotation velocity and the velocity dispersion
Vyot/ 0 as a proxy for the angular momentum. Observations have shown that ellip-
tical galaxies tend to have more dispersion supported systems (V,,:/0 < 1), while
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spiral galaxies show more stellar orbits that are rotationally dominant (V. /o > 1).
On the other side, the early type spirals (Sa, Sb) show higher V,,; /0 compared with
their late type counterparts (Sc, Sd).

Viot/ 0 is a projected quantity however, and depends on the anisotropy of the
velocity dispersion, and the inclination the galaxy is viewed at (for V;,). Therefore,
often studies use the orbital circularity A, to describe the kinematic properties of an
orbit.

/\z — ]z/]max(E) (18)

Here J, is the angular momentum of the orbit around the short z-axis, and Jmax is
the maximum of a circular orbit with the same binding energy E. Thus, J, = 1 rep-
resents pure circular orbit, while J, = 0 represents random-motion orbits (radial or-
bits and box orbits), negative J, represents counter-rotating orbit. Typically the low
J. random-motion dominant orbits "kinematic hot", and high J, rotation dominant
orbits are referred to as "kinematically cold". In general, kinematically hotter com-
ponents are more centrally concentrated (with larger Sérsic indices n) and rounder.
Besides, both cold and hot components become significantly more concentrated and
rounder in higher mass galaxies (Zhu et al., 2018a).

log (M./M,)
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FIGURE 1.6: The A, distribution for each of 300 CALIFA galaxies. Each
thin vertical slice represents the A, distribution of one galaxy, normal-
ized to unity within the half-light-radius Re. From left to right, the
galaxies are sorted with increasing total stellar mass log(M.) (also in-
dicated at the top). The right panel is the volume-corrected average
orbit-circularity distribution within the red box. The cold, warm, hot
and counter-rotating (CR) components are divided in A, indicated by
the three horizontal dashed lines. Image credit: Zhu et al., 2018d
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Zhu et al.,2018b derived the stellar orbit distribution A, by using orbit-superposition
Schwarzschild models, and decomposed 300 CALIFA galaxies into four orbital com-
ponents: cold with strong rotation, warm with weak rotation, hot with dominant
random motion, and counter-rotating. Figure [1.6/shows the stellar orbital distribu-
tions of those galaxies. We see a clear trend between the dynamical structures and
the total stellar mass: with the increasing of total stellar mass, galaxies are more
dominanted by hot components, while for very low mass galaxies (log(M.) < 10.0),
galaxies show a stronger contribution of hot orbits. This type of orbital decomposi-
tion, allows for insight into when different structures in the galaxy formed and grew
(e.g., disk heating).

Stellar population differences among the galaxy sub-types

Though the visual morphology is a widely used way to classify galaxies, its clas-
sification is quite subjective. Combined with the limitation of our observations,
practically, it can be very hard to obtain the correct morphological type of some
galaxies. For instance, some remote galaxies for which it is not possible to get their
clear 2D images or in the case of some edge on galaxies it is impossible to obtain
their spiral types and bulge shapes.

Therefore the stellar populations of a galaxy can provide another way to study
differences in populations of galaxies. As we have mentioned before, early type
galaxies are in general redder than late type galaxies, and as such the relative colour
distribution of galaxies can be used to understand how many are star forming, what
stops them from forming stars and other questions about their evolution. Similar to
CMDs for classifying stars, colour-magnitude diagrams of galaxy integrated colours
can also be used as a classification scheme.

For example, Strateva et al., 2001; Kauffmann et al., 2003; Baldry et al., 2004
found that the distribution of galaxies in the color-magnitude diagram (U-r vs. M,)
shows two clear density peaks, with a low luminosity blue sequence and a red se-
quence which covers a broader range of luminosities and extends to higher lumi-
nosities (as shown in Figure [I.7). The origin of this bimodality shows some simi-
larity with the morphological classifications, as the early type galaxies are usually
redder in color and late type galaxies are bluer. Moreover, the early types galaxies
show a larger mass range while also extends to much higher mass compared to late
type galaxies.

In addition, besides those normal galaxies, their are also some intermediate or
transitory positions for galaxies:

e Interacting galaxies are galaxies that have an encounter with other galaxies
(e.g. merger, fly-by, accretion ...). Interactions between galaxies are relatively
frequent compared to stars, and could strongly influence galaxies evolution
tracks.

e Starburst galaxies are galaxies that undergo very intense star formation pro-
cesses. This kind of starbursts can quickly consume the gas content within
galaxies, thus, the starburst usually lasts for only a short period ( 107 years).

e Active galaxies are galaxies that emit a significant fraction of their total energy
output from their active galactic nucleus (AGN), which are accreting super



1.1. Galaxies 15

IKB/LJMU SDSS data
8.5 |||||||||||||||||||||||||||||||I|||||||||II|||||||||||||||||||||||

11
7 B

W\

u—r rest—frame color

e e b benrnn s b b
-17 -18 -19 -20 -—-21 —-22 —23
M, absolute magnitude

FIGURE 1.7: The color-magnitude distribution of galaxies from the

Sloan Digital Sky Survey at z<0.1. Solid and dashed contours repre-

sent the number density of galaxies. The red and blue shaded regions

show the mean and 1 ¢ dispersion of the red and blue sequences. The

dotted lines represent galaxies of similar stellar masses. Image credit:
Baldry et al., 2004.

massive black holes lying in the centre of galaxies. Depending on our viewing
angle, those AGNs show different types of spectra and can be further divided
to Seyfert galaxy, Blazar, LINER and Quasar.

1.1.3 Formation and evolution

According to the standard A-Cold Dark Matter (A-CDM) model of Big Bang cos-
mology, after the decoupling between radiation and matter there were very small
density fluctuations in the early Universe (Liddle, 2003; Planck Collaboration et al.,
2014; Planck Collaboration et al., 2016b). The large structures in our present-day
Universe was originally from those small density fluctuations in the early Universe
(Mo, van den Bosch, and White, 2010).
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FIGURE 1.8: Cartoon schematic of galaxy formation. In panel 1, gas

falls into a small DM halo. In panel 2 the gas within those halos cools

and due to the conservation of angular momentum may distribute into

a disc. In panel 3, after the formation of first generation stars, the

ejected heavy elements start to “enrich’ the surrounding environment,
while some gas is blow away from the galaxy.

Due to gravity, the density fluctuations begin to grow in amplitude. As time goes
by, those slightly denser areas are becoming denser and slightly emptier areas are
becoming more emptier. During this process, dark matter (DM) gradually structures
into halos and filaments.

As shown in Figure generally, small DM halos appeared first. Due to their
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gravity, the baryonic matter (the gas) felt into those halos, and the gas within those
halos was then compressed and after cooling down, it could eventually collapse and
form stars. After the formation of the first generation stars, their feedback can heat
the nearby gas and prevent new star formation processes. If the gravitational po-
tential well of the halo is too shallow, the feedback of the stars can blow the gas out
of the halo and the star formation will be halted; if the potential is deep enough to
keep the gas, which will eventually cool down and form new stars. Stellar feedback
provides an efficient way to regulate the star formation rate. With more and more
dark matters and gas falling into the halo, the DM halo grows bigger while more
and more gas within forms stars the galaxy is growing up (Schneider, 2015).

Internal processes

For an isolated galaxy, after the first generation stars were formed from the col-
lapse of the "initial" gas, the angular momentum of the gas cloud was preserved
in the new born galaxy. Depends on the original angular momentum of the initial
cloud, galaxies may begin to show disky structure. Later on, the constant gas in-
flow from the filaments will also carry more angular momentum into the system,
the galaxy will become more ‘disky” and the disk structure will also be extended to-
wards outer regions, this is so called inside-out disk formation (Williams et al., 2009;
Abdurro’uf, 2018; Spitoni et al., 2019).

With generations of star forming processes, the gas within the galaxy will be
exhausted. If there is no new gas inflow from the inter galactic space, the star for-
mation of the galaxies will be halted, and the galaxy will be defined as a quenched
galaxy. As young stellar populations contribute more to the bluer bands, a quenched
galaxy will become redder in its spectrum and its position on the color-magnitude
space (see in Figure will move from the blue main sequence to the red sequence.

External processes

In reality, most galaxies are not evolving in isolation as galaxies and their host
DM haloes may also grow through merging with other halos/galaxies. Usually,
stars that were formed in other galaxies and were accreted to its current host galaxy
later are called ex-situ stars, while stars that were formed inside of their own galaxy
are called in-situ star.

According to the mass ratio of the merger progenitors, merger can be classified
into major merger and minor merger: major mergers happen when the two merging
galaxies have similar masses while minor merger are those merger between a big
galaxy and a relatively smaller galaxy. According to the gas content, the merger
progenitors it can also be classified as dry and wet mergers. Dry mergers take place
between progenitor galaxies that do not contain much gas, while wet mergers occur
between gas rich galaxies.

Mergers play a very important role in galaxies” evolution. By introducing ma-
terial from other galaxies, galaxies can rapidly increase their mass. In addition to
that, a lot of their properties will be changed. Firstly, the dynamical structure can
be strongly influenced through a major merger or constant minor mergers. One re-
sult would be the thickening or destruction of the disk structure, shifting galaxies’
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FIGURE 1.9: This image captured by Hubble telescope (NASA/ESA)
shows two galaxies (NGC 2623 and Arp 243) merging together. The
merging system is around 250 million light-years away from us, yet
we can observe gravitational interactions producing two beautiful star
trails roughly 50,000 light-years long. The speckled patches of bright
blue are the star formation regions. In this case the violent merger has
stirred up and compressed gas within the two galaxies, triggering in-
tense star formation which can exhaust the gas quickly. Image credit:
ESA /Hubble NASA.

morphological types towards early types, massive ellipticals. cDs galaxies are con-
sidered to be formed through mergers (Bignone et al., [2017; Rodriguez-Gomez et
al., 2017; Martin et al., 2018). Secondly, the chemical structure can also be changed
greatly, as mergers introduce ex-situ stars and gas from other galaxies, with different
chemical components, and with dynamical processes, both in-situ and ex-situ stars
and gas will be redistributed in the galaxy (Di Matteo et al., 2009; Bustamante et al.,
2018; Taylor, Kobayashi, and Federrath, 2019). Thirdly, wet merger may also trigger
intense star bursts by compressing the ISM through complicated dynamical inter-
actions (losing angular momentum), leading to the quenching of the galaxy (Prieto
et al., 2016; Geach et al.,[2018), as shown in Figure

A real present-day galaxy is a combined result of many different processes, e.g.
the properties of the initial DM halo, the properties of initial and later accreted gas,
stellar feedback, mergers, AGN, etc. The study of all those different factors could
greatly help us to understand the past, present and the future of galaxies and our
Universe.

1.2 Chemical Enrichment

Galaxies were formed from primordial gas which consists ~77 % Hydrogen, ~23 %
Helium and very small amount of Lithium and no heavier elements. But today,
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FIGURE 1.10: The solar neighbourhood abundance distribution of dif-
ferent elements, adapted from Cameron (1982). Image credit: Pagel,
1997.

stars and interstellar gas in galaxies exhibit diverse chemical element abundance
patterns, e.g. the interstellar medium (ISM) in the solar neighbourhood shows a
composition of ~70 % Hydrogen, ~28 % Helium and ~2 % heavier elements (heav-
ier than Helium), as shown in Figure The creation of heavier elements lead to
the formation of our planet earth and the existence of lives on it, and this process in
the interstellar gas is due to the chemical evolution of galaxy.

Since the first generation of stars were formed from molecular gas clouds, they
started to enrich the chemical composition of nearby primordial gas by producing
heavier elements in their interiors through nucleosynthesis, and then returning a
fraction of their material (including heavy elements) to the ISM via various feed-
back events (stellar winds, planetary nebula ejections and supernova explosions).
Later stellar generations then formed out of this enriched gas and evolved, and kept
enriching the ISM. This progressive enrichment of heavier elements in the interstel-
lar gas is referred to as galactic chemical evolution.

However, feedback not only influences the chemical composition but also mod-
ifies the kinematic properties of the ISM. Various feedback events could inject ther-
mal and kinetic energy to the surrounding gas and cause the expulsion and turbu-
lent mixing of gas. This may trigger more star formation, or destroy the potential
star forming clouds. The combined effect of feedback from a number of stars in a
large cluster will significantly redistribute the chemically enriched gas and affect the
local galactic star formation rate.

In addition, the evolution of the galaxy may also change the dynamical struc-
ture and chemical abundance of gas. As mentioned in previous section, the pristine
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gas inflow from the inter-galactic spaces can dilute the local chemically enriched
gas, while the outflow due to different mechanisms (stellar, AGN feedback, ram-
pressure striping, galaxy interactions...) may remove the gas and heavy elements
from the galaxy.

A galaxy’s present-day chemical environment is thus a result of many different
and interacting processes. In this section, we will talk about the basic mechanisms
that are important in the chemical evolution of galaxies. We start from the forma-
tion of stars, then followed by the production of heavy elements, and the observed
empirical relations and theoretical models seen in chemical evolution..

1.2.1 Star formation

Stars are the primary producers of heavy elements in the Universe, and their forma-
tion is tightly linked to the chemical enrichment of their surrounding environments.
We believe that most stars are formed form molecular clouds. When the mass of
the cloud exceeds its ‘Jeans mass’, the cloud itself can no longer be supported by its
internal gas pressure and it will collapse due to the gravity. During the collapse of
the cloud, tens to ten thousands of stars are forming from it more or less simultane-
ously. The cloud eventually becomes a star cluster. Some of these star clusters will
remain bound and are observed today as open or globular clusters, while others will
quickly disperse and contribute to the field stars of the galaxy.

Schmidt-Law

While the exact details of star formation is a complex field, there are several
imprtant empirical relations which inform our broad picture of how gas is converted
into stars. Schmidt, [1959| discovered an empirical relation between the gas surface
mass density and the star formation rate per area (Xgpr) for stars in our Milky Way:

SsrR = UL,

AN (1.9)

Here (Xgpr) is the star formation rate per area with a unit of M kpc ™2 yr—7,
while ¥ is the gas surface mass density with a unit of M, pc—2. This relation was
then examined by Rob Kennicutt with a sample of stars from ~ 90 nearby galaxies,
here the absolute SFR efficiency v ~ 0.00025, with the power index N ~ 1.4 (Ken-
nicutt, 1983; Kennicutt, [1998). This relation is called Schmidt-Kennicutt law, or star
formation law.

Recent studies show that there could be different star formation laws for dif-
ferent types of galaxies (Bigiel et al., 2008). Moreover, the Xgpr is more correlated
with the surface mass density of molecular hydrogen Xy, rather than Xp;. This sug-
gests some correspondence with our ideas on star formation theory, where stars are
formed from the collapse of dense molecular gas clouds, as shown in Figure[I.11]

IMF

During the collapse of the molecular cloud, its Jeans mass will also decrease.
This leads to the collapse of multiple smaller denser regions within the collapsing
cloud; this process is called fragmentation. This is why stars usually from in groups,
and those stars that were formed in the same molecular clouds tend to have same
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FIGURE 1.11: Relations between SFR surface density and different gas
phase surface density from (Bigiel et al., 2008). Top left: Zggr vs. Lp;
top right: Xspr vs. Xp,; bottom right: Xgpr vs. Zgas. Magenta, red,
orange, and green cells show contours of 10, 5, 2, and 1 independent
data points. The horizontal dotted line represents the sensitivity limit
of each SF tracer. The vertical dashed and dotted lines are the value at
which Yy saturates the sensitivity limit of the CO data. The bottom-
left panel shows the distributions of HI and H; surface densities in the
sample. Image credit: Figure 8, Bigiel et al.,

age and chemical abundance. Moreover, those stars seem also to have similar ini-
tial mass distribution. In general, there are many more lower mass stars compared

to high mass stars. The initial mass function (IMF) is an empirical function that
describes this initial distribution of masses for a stellar population. As stars with
different initial masses can have very different evolutionary tracks, it is important

to study the IMF of a population.
In 1955 Edwin Salpeter first calculated the IMF of stars with mass higher than
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our sun (Salpeter, 1955). He described the IMF with a power law with an exponent
of -2.35:

&(m)Am = &(m/Ma)">%) (Am/ M) (1.10)

Here {(m)Am represents the number of stars within the mass range m to m + dm,
Mg, is the mass of our sun and ¢y is a constant representing the local stellar number
density. This form of the IMF is called the Salpeter IMF. It shows that the number of
stars decreases rapidly with increasing mass.

Kroupa, 2001 refined the IMF by introducing the IMF of stars lower than one
solar mass.

g(m) =m™*
a =03 for m<0.08
a=13 for 0.08<m<0.5
x =23 for m>05

(1.11)

Chabrier, 2003a provided a new form of IMF for stellar mass lower than solar
mass and also extended the IMF to stellar systems (binaries).
For single stars:

E(m)Am = 0.158(1/ (In(10)m))exp[— (log(m) — 10 (0.08))%/ (2 x 0.69%)] for m <1,
Em)=m=* for m>1 a=23

(1.12)
For stellar systems (e.g. binaries):

E(m)Am = 0.86(1/ (In(10)m))exp[—(log(m) — l0g(0.22))?/(2 x 0.57%)] for m <1,
m)=m="* for m>1 a=23

(1.13)
The three mostly commonly used IMF are shown in Figure Though they
show similar shape at the mass higher than 1 M, their IMFs for low mass stars are
still quite diversed. In addition, due to the lack of sample, the IMF for very high
mass stars (M, 8M) is also unclear. As stars of different masses are different
in luminosities, ages and release metals on different timescales, knowledge of the
form of the IMF is an important ingredient in observations and models of galaxy’s
chemical evolution.

1.2.2 Stellar nucleosynthesis

For most of the lifetime a star gets its energy through nucleosynthesis. At the be-
ginning, main sequence stars generate their energy through the fusion of hydrogen
atoms at their core. Later, depending on the stellar mass the fusion of helium and
other heavier elements may take a place. In astronomy, all of these heavier elements
(heavier than He) are called "metals", and nucleosynthesis is the major origin of
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FIGURE 1.12: Three commonly used initial mass functions are shown
as coloured lines in a plot of stellar mass versus differential number.

metals in our Universe. In this subSection we will briefly talk about some of the
important nucleosynthesis processes in the Universe.

Hydrogen fusion

Hydrogen fusion (also called "hydrogen burning") is the most important pro-
cess that generates energy to support main-sequence stars. There are two predomi-
nant processes for stellar hydrogen fusion the proton-proton chain and the carbon-
nitrogen-oxygen (CNO) cycle. ~90% of all stars, with the exception of white dwarfs,
are fusing hydrogen through these two processes.

The proton—proton chain reactions (PP-chain) mostly happen in lower mass main-
sequence stars (like our sun). The PP-chain reaction has two steps, first is the fusion
of two protons to one deuterium nucleus (one proton plus one neutron) and the
ejection of a positron and a neutrino. The positron usually annihilates immediately
with an electron. Second step is the fusion of the deuterium produced in the first
stage can and another proton that produces a light isotope of helium 3He.

IH+1H — 2H +e" +0v,+042MeV
e” +et  — 29 +1.022MeV (1.14)
3D+HIH - 3He + v +549MeV

The PP-chain is temperature insensitive (the reaction starts at temperatures around
4 x 10°K). Thus, it occurs within up to 33% of the star’s radius with around half the
star’s mass, and leads to a radiation dominant heat transfer inside of the star that
allows some fusion products to move outward.
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The CNO cycle mostly happens in higher mass main-sequence stars. It also pro-
duces a helium nucleus but through a catalytic cycle that involves nuclei of carbon,
nitrogen and oxygen as intermediaries.

4H 42" —  JHe + 20, + 3y +26.7MeV (1.15)

Unlike the PP-chain the CNO cycle is very temperature sensitive (it dominants
the energy production at approximately 17 x 10° K). Which only allows the reaction
to happen within the inner region of the star. This leads to a strong convective en-
ergy transfer that keeps the reactions region well mixed with surrounding regions.

Outside of these two, there are also other ways to fuse hydrogen nuclei, includ-
ing the Ne-Na chain and the Mg-Al chain which may occur at sufficiently high tem-
perature.

Advanced nuclear burning phases

FIGURE 1.13: Onion structure of a fully evolved massive star. Different

burning phases take place at the bottom of each layers. The Fe core

in the center is accumulated through silicon burning. Note that the
relative thicknesses of the layers are not to scale.

After the star is running out of the hydrogen in its centre, the star leaves the main
sequence and become a red giant. At this time, the center has accumulated enough
helium, but the temperature is not enough to burn the helium until the star leaves
the red giant branch the fusion of helium starts.

The main reaction of helium burning is called 3a-reaction. It starts with the fu-
sion of two %He to form one ZBe and this is a reversible reaction. Then, ZBe fuses

with another %He and becomes a ézC:



1.2. Chemical Enrichment 25

23He < %Be

(1.16)
fBe+3He — P2C+y

Out of %ZC, the %He elements can form heavier elements (e.g. O, Ne and other
elements with even numbers of protons, as He has 2 protons). This is called the
alpha process. After running out of the helium in the core of a star, the fusion will
still continue in a shell around the carbon-oxygen core.

After running out of helium, for massive stars ( M, > 8 M) advanced burning
phases will take place, which consist of C, Ne, O, and Si burning. Each of these burn-
ing phases fuses heavier nuclei, which becomes the fuel for the subsequent burning
phases. Meanwhile, due to the lower temperatures and densities the previous fu-
sion phases still continues in the outer layers of the star, leading to a onion shaped
structure, with the fusion of heavy elements occurring in the centre while lighter
elements burn in outer layers, as shown in Figure[1.13|

Elements beyond the iron

With a sufficiently high neutron supply iron nuclei can accrete the neutrons to
form neutron-richer nuclei through the neutron-capture process. Due to the insta-
bility, when the neutron number increases the nuclei will undergo g decay through
which many elements heavier than Fe can then be formed by transforming a neu-
tron into a proton and emitting an electron and an anti-neutrino. Depending on
the relative rate between the neutron capture and B decay, there are two types of
neutron-capture processes.

The slow neutron-capture process or s-process is a series of reactions that are
believed to occur mostly in asymptotic giant branch (AGB) stars, where the iron
group nuclei were not fused in the AGB star itself but left by supernovae from a
previous generation of stars. The neutrons mostly comes from the fusion between
$3C and JHe or 22Ne and jHe. So the rate is limited by the initial iron abundance of
the star, usually the timescale of s-process is around thousands of years. The typical
productions of s-process are Sr, Y and Pb.

The rapid neutron-capture process or r-process happens during the core collapse
supernova explosions. Unlike s-process, the r-process is believed to occur over time
scales of seconds. After massive star forms its iron core in the centre, due to the
fusion of iron does not produce energy, but rather requires absorb energy, the fur-
ther reactions can no longer support the star against its gravity, leads to the core
collapse supernova explosion (SNII and SNIb,c). During the core collapse, the in-
nermost regions of the star are compressed into 10'? kg/m? nuclear density and the
temperature will reach 10! K. Such environment will break the iron nuclei into neu-
trons and protons via the high-energy thermal radiation. And then, the pressure
will compress the electrons into protons and form neutrons and neutrinos. Part of
neutrons will be locked in the remnant of the star (either a neutron star or a black
hole), the rest of the neutrons will be bounce outward during the explosion. The
r-process occurs when one or more heavy seed nuclei (e.g. °6Fe) start to rapidly
capture neutrons (hence the name) and the typical productions are Se, B, Kr, Te, I,
Xe, Os, Ir and Pt.
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FIGURE 1.14: Periodic Table with the origin of each element. Elements

from carbon up to sulfur may be made via a processes in small stars.

Elements heavier than iron are made through slow /rapid neutron cap-
tures. (Image credit: Wikipedia, made by Cmglee.)

In this subsection we shortly discussed some but not all of the important nucle-
osynthesis processes. Figure shows the origin of each element on the Periodic
table. Through nucleosynthesis heavier elements were created in the star, some of
them were locked into stellar remnants and some of them were returned to the sur-
rounding ISM through different ways including stellar wind, planetary nebula and
supernova explosions.

1.2.3 Mass-metallicity relation

As metals are mostly produced through stellar evolution, we should expect there is
a correlation between the metallicity and stellar mass. Indeed, since Lequeux et al.,
1979 first found a clear correlation between the two from nearby irregular galaxies,
many later observations from the analysis of different samples have shown a similar
correlation between stellar mass (luminosity) and metallicity. As shown in Figure
high-mass (high-luminosity) galaxies tend to have higher metallicities than
their lower mass counterparts, though this correlation becomes flatter for massive
galaxies (e.g. Zaritsky, Kennicutt, and Huchra, 1994, Tremonti et al., 2004; Zahid
et al., 2014; Sanchez et al., 2017).

As one of the most fundamental and early recognized relationships between
galaxies and their metal content, the mass-metallicity relation (MMR) is the result of
the combined effects of various processes during a galaxy’s life: star formation, gas
inflow and outflow and galactic mergers amongst others. Though, the basic con-
nection between stellar mass and metallicity can be easily reproduced by a simple
"closed-box" model (see Section 1.2.4 and Tinsley, 1980), the nature of the MMR is
still not completely understood, as it is washing over many of the spatial trends seen
in galaxies.
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and gas-phase oxygen abundance for 53,400 star-forming galaxies in
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represent the median in bins of 0.1 dex in mass that include at least 100

data points. The solid lines are the contours that enclose 68% and 95%

of the data. The red line shows a polynomial fit to the data. Image
credit: Tremonti et al.,

1.2.4 Galactic chemical evolution model

To understand the chemical evolution of galaxies, scientists have used many ana-

lytic models to describe the complicated relations of these processes. Here we briefly

introduce a simple and classic "closed-box" model, to show some of its principle as-

pects.

Through stellar feedback, part of those metals that were formed in the core of
stars could be ejected out into the surrounding ISM. Then, next generations of stars
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were formed from the metal-enriched ISM, which will change their stellar metal-
licities and evolution tracks. Finally the younger stars will also enrich their sur-
rounding ISM by ejecting part of the metals formed in their cores. Generation by
generation, the chemical abundance of the galaxy will be greatly increased. To bet-
ter understand the chemical evolution of galaxies, researchers use analytical models
that describe and predict the metallicity (Z) of galaxies.

Here the metallicity Z, is the mass fraction of metal elements within ISM.

Z(t) = mZ,gas(t)/mgas(t) (1.17)

Here my is the mass of metals in the ISM, m1g,s is the gas mass.

To build a simple model we assume the galaxy is a closed system, with no inter-
action or material changes from outside, so the sum of the total stellar mass m, and
the gas mass mg,s should be a constant, this is so called a "closed-box” model. Then,
we assume all stars that are formed in our galaxy follow a constant IMF: ®(t) = &.
The total stellar mass that was formed before would be:

t
M por (F) = /0 odt (1.18)

In addition, we it is typical to adopt an instantaneous recycling approximation
(IRA): stellar evolution timescales that introduce the metal enrichment are short
enough that for a newly formed star population, the stars immediately evolve and
return a fraction R of their evolved (metal-enriched) mass to the ISM through feed-
back (winds and supernovae). The last assumption is that the returned materials
are always well mixed with ISM. Thus, a fraction a=(1-R) of mass will be locked
into remnants (note that, in this subsection, remnants includes normal stellar rem-
nants and low mass stars that have too long main sequence lifetimes to enrich the
environment). Typically R depends on the IMF of the stellar population, and can
be calculated from stellar evolution tracks. So the gas mass equation of the model
galaxy is then:

dmgas/dt = —a'¥(t)
Due to : dmgas = M; — dm, (1.19)
dmgas/dt = —a¥(t) = —dm,/dt

Here Y is the SFR, as we have discussed in 1.2.1, it is determined by the local
gas density. And M, is the total baryonic mass which is constant for a closed-box
model. m, is the total remaining stellar mass . = m, rorpeq)®-

Y(t) = v x (Zgas(H)¥) (1.20)

At the beginning (t=0) of the evolution, before the formation of the first genera-
tion stars, no metal exists and the metallicity is Z(0)=0.

We use q as the mass ratio of the metals that were produced by the star popu-
lation and returned to the ISM over the starting total mass of the star population
q = Mz produced)/ (¥dt) which is solely depends on IMF. The equation for the metal
mass in ISM should be:
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d(mgasZ)/dt = q¥(t) — ¥ (t)Z(t) (1.21)

Here, a'¥ (t)Z(t) are the metals from ISM "old metals" that were locked into rem-
nants. We further define the nucleosynthetic yield y = q/a which is the ratio be-
tween the new formed metals that are returned to the ISM and starting total mass of
the star population over the fraction of the mass that will be locked into remnants.

Since the ¥ = dm, formeq/ dt:

d(mgasz)/dm*,formed = ‘X(y - Z)
d(mgasZ)/dm, = (y — Z) (1.23)
Z(dmgas/dm.) + mgas(dZ/dmy) =y — Z
As dmgas/dm* = —1:

MgasdZ /dmgas = dZ/dIn(mgas) = —y
Z(t) = —yIn(mgas/ My) = —yIn(pg)

Here, yg = mgas/ My, is the gas fraction among all baryonic matter. The yield y
depends on the IMF (due to the amount of metal produced and the return fraction).
This relation produces the trend we found in observed galaxies, e.g. galaxies
with higher gas fractions tend to show lower metallicity.

However, this model is not good enough to provide detailed predictions, as the
assumptions here are quite simple, and ignore many processes which are crucial
for real galaxies. The biggest problem is that galaxies are not closed-boxes, they
grow by accreting more materials from filaments, other galaxies, and also they may
merge with other galaxies. These processes will cause the inflow of gas, stars and
dark matter. Simultaneously, there are mechanisms that trigger the outflow of gas
and other materials, internally, the feedback from stellar winds, supernovae and
AGN can push the metals and gas out of the galaxy. Externally, the gravitational
perturbations or accretion from other galaxies, the ram pressure from hot gas inside
of galaxy clusters can also strip metals and gas out of the galaxy.

There are other discrepancies between the model and a real galaxy, e.g. the gasis
not perfectly mixed in a real galaxy; the nucleosynthetic yield is incredibely uncer-
tain, depends on model assumptions for explosive models, and may vary with the
metallicity of the population; metallicity may also change the star formation rate;
the relation predicted by the simple model is independent of the SFR and star
formation history (SFH).

(1.24)

1.3 Stellar Population Gradients in Galaxies

Stars are the building blocks of galaxies, and importantly the light coming from
them encodes chemical information from their birth environment and epochs. Study-
ing the chemical and age properties and spatial distribution of stars in a galaxy can
provide hints and constraints on our understanding of the galaxy’s formation and
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evolution pathways. A galaxy may contain billions of stars, therefore, to systemati-
cally study them, we need to characterize the combined integrated chemical signa-
tures contained in the galaxy’s spectrum.

1.3.1 Stellar populations

A group of stars with the same age, metallicity and IMF is called a simple stellar
population (SSP). For example, an open cluster is a SSP as all its stars formed in the
same molecular cloud at the same time. A galaxy consists of a large number of dif-
ferent stellar populations, formed in different regions at different times. By knowing
the stellar population compositions, we are able to learn about the evolutionary his-
tory of a galaxy. There are two ways to study the stellar population compositions of
a galaxy:

1. Individual stars in a galaxy:

As described in Section 1.1.1, from the spectrum of a star we are able to extract
its age and metallicity. For nearby galaxies as well as our Milky Way where we are
able to resolve the light of individual stars, we can study their stellar population
compositions by analyzing the photometric/spectroscopic information of stars.

For stars with same age and metallicity, their locations on a color-magnitude
diagram (CMD) should be a single sequence, while stars from different populations
(ages, metalliciities) will distribute into multiple sequences on the CMD. As shown
in Figure the CMD resulting from the complex globular cluster w Centauri,
clearly shows the existence of multiple stellar populations in the cluster.

However CMD analysis is not the perfect solution, as color is just an indicator of
the star’s effective temperature, and both age and metallicity can influence it - caus-
ing a degeneracy between age and metallicity. To break this degeneracy in obser-
vations and to separate different stellar populations one usually needs their CMDs
from multiple bands, or to derive the accurate chemical abundances through spec-
troscopy of single star. As we have mentioned before, by measuring the intensity of
metal absorbing lines, one can infer the chemical composition of a star.

2. Using stellar population synthesis to study the integrated spectra of a galaxy:

For remote stellar systems like galaxies, we can not resolve the light of individ-
ual stars, but instead recover the flux weighted integral of the light of all its stars.
Stellar population synthesis therefore can be a useful tool for us to get their stellar
population information.

Theoretically, for a SSP with a given IMF and metallicity, with our knowledge of
stellar evolution tracks we are able to calculate the mass, size and surface tempera-
ture of stars of different initial masses at different ages. Combined with a model of
stellar atmospheres or empirical stellar libraries we can predict the integrated spec-
tra of a SSP at different ages. Thus, we can create a spectra library that consists the
spectra of SSPs at different ages and with different metallicities:

Mpigh (t)

fesp(t,Z2) = /ml f+|Tet(M),logg (M) |t, Z]P(M)dM (1.25)
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FIGURE 1.16: Left: CMD resulting from the 10 x 10 arcmin? mosaic of

HST ACS images centered on the Galactic globular cluster w Centauri.

Top right and bottom right panels show clear sign of multiple popula-

tions at the main sequence turn off and main sequence. Image credit:
Bellini et al., 2010.

fssp is the flux as a function of wavelength of the SSP, my;¢, is the upper

stellar mass at each time which is determined by stellar evolution tracks, m;,, is the
lower limit of stellar mass (usually choose either 0.08 or 0.1My), f is the spectrum
of a star at given effective temperature T, surface gravity logg(M) and metallicity
Z, M is the initial stellar mass of the whole population and (M) is IME.

A galaxy is a composite stellar populations (CSPs), with old and young, metal
poor and metal rich stellar populations, plus it contains dust. It’s integrated spec-

trum is a

overlap of the spectra of different SSPs it consists:



32 Chapter 1. Introduction

t'=t pZ= Zmax
fesp(t) /t, / , Y(t—t)P(Z,t —t)fosp(t, Z)e ™) + Afu (¥, Z))dt' dZ

min

(1.26)

Here, the integration variables are the age, t/, and metallicity, Z of the stellar
population, P(Z,t) is the time-dependent metallicity distribution function, ;(#')
represents the dust optical depth and f;,5; represents the emission of the dust with
A as a normalization constant.

By comparing the observed spectrum or its features with the modeled SSPs spec-
tra, one can study its light weighted stellar population information.

One of the most commonly used methods to determine light weighted ages
and metallicities of unresolved stellar populations is the Lick spectra indices sys-
tem (Vazdekis et al., [1997). As the age and metallicity degeneracy can be a big is-
sue in determining the age and metallicity of SPs (both increasing metallicity and
age could contribute to the overall reddening of an spectrum with stronger spectro-
scopic absorption features). Worthey, (1994 found that some spectral line indices are
more sensitive to age, e.g. the hydrogen Balmer lines, and some of them are more
sensitive to metallicity, e.g. the Fe4668 and Fe5270 indices. Later, Thomas, Maras-
ton, and Bender, 2003 defined a composite metallicity index [MgFe]” = (Mgb(0.72 x
Fe5270 + 0.28Fe5335) )" to be a more robust metallicity estimator.

By computing the indices of our observed and model SSP spectra at different
metallicity and age we can constrain the light weighted age and metallicity from
observed spectra. As shown in Figure the black grid is the spectral indices at
different ages and metallicities obtained from SSP models. Comparison with the
model grid of indices allows for an inferencee on the age and metallicity of the
galaxy’s integrated light-weighted age and metallicity information.

Other than using spectra lines, via fitting the observed spectrum with the theo-
retical SSP spectra library, one could study its stellar population composition - the
mass/light fraction of different stellar populations of an CSP spectrum.

1.3.2 Galactic stellar population gradients

A galaxy is not a homogeneous object, it has complicated spatial structures as well
as the stellar populations within it. To further understand its evolution, we need the
stellar population composition in each spatial areas of a galaxy. The spatial distribu-
tion of stellar populations in a galaxy can be an important tracer for us to understand
its formation and evolutionary history, as the long-lived stars may record the chem-
ical enrichment history of the environment they formed in. The present day spatial
distribution of stars of different chemical abundances and ages can therefore reveal
the relevant information on the evolution of galaxies and the role of different phys-
ical processes along their evolutionary paths (e.g. Greggio and Tosi, (1986; Moll4,
Ferrini, and Diaz, [1997; Chiappini, Matteucci, and Romano, 2001; Pipino, D’Ercole,
and Matteucci, 2008; Gibson et al.,|2013a} Tissera et al., 2016b).

Observations have already found that galaxies” stellar population distributions
show different spatial patterns (Sanchez et al., 2017; Ho et al., 2018), but it is difficult
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FIGURE 1.17: Age and metallicity of ultra-compact dwarf galaxies,

which are indicated by the age sensitive HB and metal sensitive

[MgFe]” Lick indices. SSP model grids are plotted for [«/Fe]= 0.3 dex

from Thomas, Maraston, and Johansson, 2011, The symbols are as in

the previous figures with the addition of M87 (Virgo Cluster) globu-

lar clusters (circles Cohen, Blakeslee, and Ryzhov, [1998). Image credit:
Francis et al.,[2012.

to trace all the 2D or 3D spatial distributions of stellar populations for most of the
remote extra-galaxies at the moment - not only because of the distance but also be-
cause of the complicated mechanisms that shapes the distributions. In this way, the
most pragmatic approach has been to study the 1D radial stellar population profiles.
One common feature we use to describe radial stellar population profiles are their
gradients, basically it describes how difference the values in different radii are. If
the value changes fast along the radius, we say the profile has a steep gradient, and
vise versa.

Usually radial profiles are measured in some annulli. Once the average value
within an annulli is known, the radial gradient can be computed by fitting a line to
the profile. This can be done in a variety of ways: with respect to physical radius,
scaled radius (e.g., galaxy effective radius), in linear values (e.g., stellar age, circu-
lar velocity and velocity dispersion etc.), or logarithmic values (e.g., surface bright-
ness, stellar surface mass density etc.). In this thesis, we will mostly be focusing
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on galaxies’ stellar metallicity gradients, usually the stellar metallicity gradients are
measured in log scale, while my work will be exploring their linear scale gradients.

Basic mechanisms that shapes stellar metallicity gradient

Once we have computed the radial gradient of age or metallicity within a galaxy,
it is still necessary to understand what processes could give rise to it.

Gas Flows: Stars are formed from clouds, and carry the same metallicity as
clouds they come from, and through their feedback, they also enrich the chemical
composition of nearby ISM, influencing the chemical abundances and spatial dis-
tribution of subsequent generations of stars. During a galaxy’s evolution, the ISM
can be relocated by non-axisymmetric structures, stellar winds or supernova driven
outflows, which can create radial flows or so-called "galactic fountains’, effectively
redistributing metals. In all these cases, the chemical composition of the gas might
be additionally changed by mixing with differently enriched ISM, or diluted by in-
falling intergalactic pristine gas (e.g., Keres et al., 2005; Brooks et al., 2007a} Gibson
et al., 2013b). For example, the existence of a bar can induce the gas to lose angular
momentum and lead to a higher star formation rate (SFR) in the galaxy center, which
may steepen the gradients and weaken the bar in the meantime (e.g. Combes, 2014).
Tissera et al., [2016a  analyzed galaxy gas phase metallicity gradients and their rela-
tion to stellar masses and star formation rates in a suite of simulated galaxies and
found low-mass galaxies tend to show a larger diversity of gas metallicity gradients.

Stellar migration: In addition, stars from existing populations can also be relo-
cated due to orbital modifications (e.g., disk heating or radial migration by bars or
spiral arms; c.f., Binney and Tremaine, [1987). Radial migration is supposed to influ-
ence the evolution of stellar population gradients. The efficiency of radial migration
in galaxies of different morphological types has been difficult to quantify in external
galaxies. For example, Sanchez-Blazquez et al., 2014|presented the stellar metallicity
and age distributions in a sample of 62 nearly face-on, spiral galaxies with and with-
out bars, using data from the CALIFA survey. They found no difference in the metal-
licity or age gradients between galaxies with and without bars. Stronger evidence
for stellar migratory processes comes primarily from simulations and detailed stud-
ies of the Milky Way (MW) (e.g., Sellwood and Binney, 2002; Roediger et al., 2012).
In both cases, non-axisymmetric substructures (e.g., bar and spiral arms) seem to
efficiently redistribute angular momentum of the galactic stellar populations (e.g.,
Berentzen et al., 2007). The combined effect of these overdensities can cause a radial
displacement of stars (e.g., Roskar et al., 2008; Minchev and Famaey, 2010; Minchev
et al., 2011; Minchev et al., 2012). These same non-axisymmetric features can also
directly relocate metals in the ISM via streaming motions (e.g. Combes, 2014). Re-
cently El-Badry et al.,2016a also examined the effects of stellar feedback and bursty
star formation on low-mass galaxies using the FIRE (Feedback in Realistic Environ-
ments) simulations. They found that for low mass galaxies, repeated stellar feed-
back can rapidly remove gas from the galaxy’s center, causing an expansion of the
stellar and dark matter components - thus in addition to driving metal-enriched out-
flows (e.g., Keres et al., 2005 Brooks et al., 2007a; Pilkington et al., 2012a; Gibson et
al., 2013b), feedback can also indirectly modify radial stellar population gradients.

External perturbations: Externally, galaxy accretion events, interactions and
mergers can not only strongly influence the gravitational potential of the galaxies,
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but also rapidly redistribute the location and angular momenta of stars. Therefore,
a galaxy’s merger history is considered to play a significant role in determining the
shape of the metallicity gradient in the galactic halo (e.g., Hirschmann et al., 2014),
while simultaneously altering the angular momentum of its stars. For example,
simulations have shown that a major merger could flatten the metallicity gradi-
ent efficiently (Rupke, Kewley, and Barnes, 2010; Navarro-Gonzélez et al., 2013),
while continuous minor mergers will steepen the gradient and shape the outskirts
of the halo due to the low mass satellites are accreted primarily at large radii (see
also, Cooper et al., 2013a; Oogi and Habe, 2013a; Pillepich et al., 2014a). Similarly,
Kobayashi, 2004 studied the formation and chemo-dynamical evolution of 124 el-
liptical galaxies with a GRAPE-SPH simulation code also found that galaxies that
form monolithically tend to have steeper gradients than the ones that undergo ma-
jor mergers.

Towards a complete understanding of stellar population gradient evolution

Identifying the relative strength of in-situ star formation (SF), radial stellar mi-
gration and accretion events therefore necessitates studying stellar population gra-
dients in a wide range of galaxy masses and morphologically diverse samples. Pre-
vious studies have been mainly focused on three approaches: analytical modelling,
simulation and observations.

e Semi-analytical models have been used to study the formation and evolution
of stellar metallicity gradients for a long time, with good agreement between mod-
els predictions and observed properties (Chiappini, Matteucci, and Romano, 2001).
By introducing two different gas infall model Chiappini, Matteucci, and Gratton,
1997; Chiappini, Matteucci, and Romano, 2001 reproduced the metallicity gradient
of the Milky Way disc. A good agreement between model predictions and observed
properties of the Galaxy is generally obtained by models that assume that the disk
was formed by the infall of gas (Mott, Spitoni, and Matteucci, 2013). These models
have been applied most typically to individual galaxies however.

e Meanwhile, simulations have continued to show the utility of stellar metallicity
gradients in understanding the mass growth history of galaxies, and the processes
that shape them. (e.g. Brooks et al., 2007bj Pilkington et al., 2012b; Gibson et al.,
2013a). Cook et al., 2016 found that the accretion of stars into the stellar halo tends to
flatten stellar metallicity and surface-brightness profiles by analysing the result from
Ilustris simulation(Vogelsberger et al., 2014bj Vogelsberger et al., |2014a; Pillepich
et al., 2014b).The ability of the simulations to show the evolution of gradients is
useful in understanding how they tracer different processes. However they can be
computationally expensive and often are difficult to isolate a single factor.

e Observationally, modern large surveys of galaxies (e.g., MANGA, CALIFA,
SAMI) have derived the gradients of stars in galaxies of a wide range of morpho-
logical types. For close galaxies, we can resolve the spectra of bright stars and fit
the metallicity gradient by calculating the metallicity of individual stars at different
radius (Daflon and Cunha, 2004).

For galaxies where it is not possible to resolve enough stars, we can only mea-
sure metallicity gradients of different populations. In this case, the integrated color
or spectra at several locations along the long axis of a galaxy is measured to then ex-
tract the metallicity at each point. Recently, large surveys using integrated field units
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(IFUs) such as CALIFA (Sanchez et al., 2012a; Husemann et al., 2013a) or MaNGA
(Bundy et al., 2015} Blanton et al., 2017) have provided empirical insights and con-
strains concerning the diversity of stellar metallicity gradients. Those surveys that
observed a large variety of galaxies have found an equally large diversity of ob-
servational trends. For example, Zheng et al., 2017a studied the stellar population
distributions and the environment of 1105 MaNGA galaxies and found that both
the stellar age and metallicity gradients show weak or no correlation with either
the large-scale structure type or local environmental density. Goddard et al., 2017a
studied the radial stellar population gradients of 721 MaNGA galaxies and sug-
gests higher mass late type galaxies show relatively steeper stellar metallicity gradi-
ents. Similarly, Martin-Navarro et al., 2018 found that galaxies with higher velocity
dispersion tend to show steeper stellar metallicity gradients, by studying the nor-
malization and the slope of the stellar populations gradients in early type CALIFA
galaxies.

In order to reconcile results from both observations and simulations and further
clarify the relative strength of different mechanisms in setting stellar metallicity gra-
dients. In the thesis, we study the diversity of stellar metallicity gradients in galaxies
with different morphological types and masses, and explore mechanisms that shape
the stellar metallicity gradients.

In particular we try to introduce several new aspects: 1) Combining the stellar
population gradients with information about the orbital structure of the galaxies. 2)
Utilizing new suites of cosmological simulations to understand the local chemical
enrichment and mass assembly of galaxies and 3) Producing a semi-analytic model
that can be calibrated and flexibly used to describe the local mass-metallicity rela-
tions in galaxies in terms of the gas accretion history.

1.4 Summary

In this Chapter, we introduced the basic knowledge of galaxies, their classifica-
tion, formation and evolution. We then briefly introduced the chemical evolution
of galaxies, from different physical processes to theoretical descriptions. Finally, we
talked about galaxies’ spatial stellar population distributions.

The following Chapters of this thesis are organized as follows: In Chapter 2, we
discuss radial stellar metallicity and kinematic profiles out to 1Re in 244 CALIFA
galaxies. In Chapter 3, we discuss the stellar metallicity radial profiles of simulated
galaxies in the IllustrisTNG simulations. In Chapter 4, based on the result from
Chapter 2 and 3, we construct semi-analytical model to explore the evolution of
stellar metallicity gradient.
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Chapter 2

A CALIFA view of galactic stellar
population gradients

This Chapter was published in a refereed article A dynamical view on stellar metallicity
gradient diversity across the Hubble sequence with CALIFA”, Yulong Zhuang et al. (2019),
where 1 am the lead author of the article, and was adapted for this thesis.

Overview: In this Chapter, we analyze radial stellar metallicity and kinematic
profiles out to one effective radius (Re) in 244 CALIFA galaxies ranging from mor-
phological type E to Sd, to study the evolutionary mechanisms of stellar population
gradients. We find that linear metallicity gradients exhibit a clear correlation with
galaxy morphological type - with early type galaxies showing the steepest gradients.
We show that the metallicity gradients simply reflect the local mass-metallicity re-
lation within a galaxy. This suggests that the radial stellar population distribution
within a galaxy’s effective radius is primarily a result of the in-situ local star forma-
tion history. In this simple picture, the dynamically derived stellar surface mass den-
sity gradient directly predicts the metallicity gradient of a galaxy. We show that this
correlation and its scatter can be reproduced entirely by using independent empir-
ical galaxy structural and chemical scaling relations. Using Schwarzschild dynami-
cal models, we also explore the link between a galaxy’s local stellar populations and
their orbital structures. We find that galaxies” angular momentum and metallicity
gradients show no obvious causal link. This suggests that metallicity gradients in
the inner disk are not strongly shaped by radial migration, which is confirmed by
the lack of correlation between the metallicity gradients and observable probes of
radial migration in the galaxies, such as bars and spiral arms. Finally, we find that
galaxies with positive metallicity gradients become increasingly common towards
low mass and late morphological types - consistent with stellar feedback more effi-
ciently modifying the baryon cycle in the central regions of these galaxies.

2.1 Introduction

In Chapter 1.3.2 we introduced the complicated processes that take part in the for-
mation and evolution of stellar population gradients. In order to reconcile the role
of each process, and further clarify the relative strength of different mechanisms in
setting stellar metallicity gradients. In this Chapter we explore a new formalism for
understanding stellar metallicity gradients, using a homogeneous analysis of the
chemo-dynamic signatures present in the inner regions of CALIFA galaxies.
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As all theoretical mechanisms presented should simultaneously alter the dynam-
ical and chemical properties of the galaxy, we leverage information on the orbital
properties of stars, in the inner regions of galaxies spanning a range of masses and
morphological types. This allows us to study the impact of secular processes which
may impart signatures on the angular momentum distribution of stars of differ-
ent metallicities. Specifically, as a new analysis technique, we can incorporate orbit
based Schwarzschild dynamical models (Zhu et al., 2018a) to understand and quan-
tify any link between metallicity profiles, migratory signatures and the dynamical
structure of the galaxy.

Sections 2 and 3 describe the extraction of the metallicity and kinematic profiles
from 244 nearby CALIFA galaxies, which span a large range in mass (10°Mg, to
10'2M;,), and morphological type (from E to Sd). The subsequent sections present a
simple picture to illustrate the dominant in-situ formation channel for stellar popu-
lation gradients in our sample, which can naturally recover the observed diversity.

2.2 Observations and Data Analysis

The Calar Alto Legacy Integral Field Area Survey (CALIFA; Sanchez et al., 2012b;
Husemann et al., 2013b; Walcher et al., 2014; Sanchez et al.,, 2016) uses the
PMAS/PPAK integral field spectrophotometer to provide the largest and most com-
prehensive wide-field IFU survey of galaxies. It covers two overlapping spectral
regions, one in the red (3745 - 7300 ) with resolution of R = 850 (V500 setup) and
one in the blue (3400 - 4750 ) with R = 1650 (V1200 setup). Due to the quality and
completeness of the data, our final sample includes 244 CALIFA galaxies from E to
Sd morphological types, covering stellar mass range (10°M;, <M, < 10?Mg) (for
detailed information see Table 1 in Zhuang et al., 2019) and (Walcher et al., 2014).
We use the total stellar masses inferred from SED fitting to the photometry from UV
to IR.

In a previous work, Falcén-Barroso et al., 2017] extracted the stellar kinematics
for every galaxy in a uniform way using both instrumental setups, i.e., V500 and
V1200. For this analysis we utilize the derived stellar velocity V},s, velocity disper-
sion ¢ and their error maps for each galaxy.

Zibetti et al. (in preparation) derive maps of light-weighted stellar metallicity Z
as well as of other stellar-population properties from the joint analysis of the CAL-
IFA spectroscopic datacubes and the SDSS 5-band images of the full final data re-
lease of CALIFA (DR3 Sanchez et al., 2016). In Zibetti et al., 2017 the method is de-
scribed in detail regarding the derivation of the maps of light- and mass-weighted
ages, but it applies in the same way to the derivation of stellar metallicities, modulo
substituting the property to be derived. We therefore refer the reader to Zibetti et al.,
2017|and summarize here the main points of the analysis and related uncertainties.

For each spaxel in each galaxy we compute the posterior probability distribu-

tion function (PDF) of the light-weighted stellar metallicity Z = L) Fj le , where the j
ZJ L]

index identifies the different Simple Stellar Population (SSP) components, of metal-
licity Z; and r-band luminosity L;, respectively. We characterize the PDF by its me-
dian and 16" and 84" percentiles (i.e. £10¢ for a gaussian distribution). We use a
large and comprehensive library of 500,000 spectral models to infer Z based on the
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comparison between measured stellar absorption features and photometric fluxes in
SDSS ugriz bands and the corresponding synthetic quantities measured on the model
spectra. The posterior probability function for Z given the data is derived by fold-
ing the prior distribution of models in Z with the likelihood of the data given each
model i, £; « exp(—x?/2). In practice, the probability dP(Z) for a metallicity range
[Z — Z + dZ] given the data is derived from the sum of the likelihoods of the data
over all models i with a metallicity Z; in the given range.

The set of spectral indices used to compute the likelihood is the one introduced
by Gallazzi et al., 2005, namely three (mostly) age-sensitive indices (D4000,), HB
and Ho 4 +H< 4) and two (mostly) metal-sensitive composite indices that show min-
imal dependence on a-element abundance relative to iron-peak elements (Mg,Fe]
and [MgFe]’).

The spectral library is built based on the SSP spectra provided in the latest re-
vision of the Bruzual and Charlot, 2003| (thereafter BC03), stellar population syn-
thesis models adopting the MILES spectral libraries (Sdnchez-Blazquez et al., 2006;
Falcon-Barroso et al., 2011) with a Chabrier, 2003b| initial mass function. As for
the star-formation histories (SFHs) we adopt a Sandage, (1986 model with random
bursts:

SFR(t) = (t _Tto) exp <——(t — t0)2)

T2
(2.1)

Nburst
=+ Aj 5Dirac((t - tO) - tburst,j)/ (t > tO)

j=1

where T is the time of the maximum SFR in the continuous component, and
Aj and tpyr,j are the integrated intensity (relative to the integral of the continuous
component) and the time of the instantaneous bursts. All these parameters as well
as the number of bursts Nyt < 6 are randomly generated.

Concerning the metallicity, we implement a simple recipe to take its evolution
along the SFH into account. Following equation 11 of Erb, 2008 we impose a steady
growth of metallicity according to:

. 2.2
= Zfinal — (Zﬁnal - ZO) (1 - ]]\V/II—(t)) ;=0 22)
final

where M(t) and Mgy, denote the stellar mass formed by time f and by the final
time of observation, Zy and Zg),,) are the initial and final values of stellar metallicity
and « is the "swiftness" parameter of the enrichment. Z,.p and Z, ¢, are chosen
from a logarithmically uniform distribution in the interval 1/50-2.5 Z,.

We also implement a dust treatment based on the Charlot and Fall, 2000, 2-
component interstellar medium (diffuse ISM + birth-cloud, see also da Cunha,
Charlot, and Elbaz, 2008).

We adopt a broad range for all random-generated parameters in order to cover
a range of SFHs and observable parameters as comprehensive as possible. In fact,
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at basically each spaxel we find a best-fit model with reduced x? < 1, indicating
that our models can reproduce the observations very closely. The input distribu-
tion of model-generating parameters translates into non-uniform distributions in
the physical parameter space, which however is roughly uniform in r-band-light-
weighted log(age) between ~ 5 x 10® and ~ 1.5 x 10!° years and covers the full
range of r-band-light-weighted metallicities between 1/50 and 2.5 Z.

Typical errors (i.e. 16t — g4th percentile half-range) in log(Z) are around 0.15
dex in individual spaxels. From Montecarlo simulations which assume the same
typical properties of the CALIFA+SDSS dataset we obtain a similar scatter between
input and retrieved log Z (i.e. median value of the PDF) of ~ 0.15 dex. We also
quantify possible biases across the age-metallicity plane, which are typically within
£0.05 dex. Only at the highest metallicities (Z > 2Z.) there is a clear tendency to
underestimate the true metallicity by up to 0.10 — 0.15 dex, as a consequence of the
PDFs being truncated at the high-end of the grid. It must be noted that a significant
component of the scatter, between 0.05 and 0.1 dex, is not related to random mea-
surement errors but is systematic and due to the intrinsic degeneracy between the
observables and the physical parameters.

To explore the chemodynamical correlations in the galaxies we make use of re-
cent dynamical models of our CALIFA sample. Zhu et al., 2018c constructed triaxial
Schwarzschild models (c.f., van den Bosch et al., 2008) of 300 CALIFA galaxies in a
uniform way, which simultaneously fit the observed surface brightness and stellar
kinematics from the CALIFA survey. The procedure obtains the weights of different
orbits that contribute to the best-fitting model. They use the time-averaged radius
to represent the size of each orbit; and describe the angular momentum of an orbit
by its circularity A,, which is defined as the angular momentum around the short
axis of the galaxy normalized by the maximum that is allowed by a circular orbit
with the same binding energy. The circularity distribution within 1 Re for these 244
galaxies are shown in Zhu et al., 2017} Zhu et al., 2018e. With the best-fitting stellar
mass-to-light ratio we can not only estimate a dynamically derived stellar surface
mass density, but also the stellar surface mass density maps of each orbital com-
ponent; the cold, warm and hot orbital components we use here are separated by
Az > 08,025 < A, < 0.8and |A;| < 0.25, respectively.

2.3 Stellar Kinematic Profiles and Metallicity Gradi-
ents

We use the tilted-ring method (Rogstad, Lockhart, and Wright, 1974; Rogstad,
Wright, and Lockhart, [1976) to compute radial profiles of a galaxy based on the
galaxy’s kinematic structure. An axisymmetric galactic dynamic model assumes
that besides the system velocity Vs, the disk velocity has three components: the
rotation velocity V;y, radial velocity V,,; and vertical velocity V.. In this model, a
galaxy’s line of sight velocity V},; can be written as:

Vios (R, Y, i) = Vsys + Vrot(R)COSlPSini

+ V,04(R)sinysini (2.3)
+ Vz(R)cosi
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FIGURE 2.1: An example of the Vj,; map based kinematic ellipse sys-

tem (top left, with color-coding by Vj,s), and derived rotation velocity

(top middle), ratio between rotation velocity and velocity dispersion

(top right), velocity dispersion (bottom left), logarithmic stellar metal-

licity (bottom middle) and linear metallicity (bottom right) profiles for
NGC0932.

For each point in the polar coordinates system (R, ), the three velocity components
are projected by the galaxy’s inclination angle i.

Using the simplest version of the axisymmetric model with V,,;(R) and Vz(R)
equal to zero in Eq.(1), we fit the global galaxy parameters (center, PA, inclination)
from the Vj,; map. With the best-fit parameters, we can divide the galaxy image into
a series of concentric ellipses (see Figure [2.1). Then we apply this ellipse system to
other maps including velocity dispersion, log(Z) (and their 84% and 16% confidence
maps log(Z)162, and log(Z)sse,) to get their radial profiles. We construct the average
value of a quantity at elliptical radius R by averaging the spaxels in that annulus.
For logarithmic metallicities (log(Z) as well as log(Z)162, and log(Z)g49,), we first
calculate the linear flux-weighted mean values Z, Z1¢,, Zg4, from the spaxels within
an annulus, then take the log of that value. We do this to ensure that we accurately
trace the systematic errors due to e.g. the age-metallicity degeneracy.

We calculate the mean stellar velocity dispersion (¢) value from spaxels within
each elliptical ring. The extraction of the rotation velocity (V;.) profile is slightly
more complex, because of the existence of non-axisymmetric features (like bars, spi-
ral arms) in the observed data. In order to cope with these detailed morphological
structures and perturbations, a harmonic decomposition (HD) method is used in
this work, in which we expand the V},, into a Fourier series:
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FIGURE 2.2: Average log(Z) (left) and Z (right) profiles of each galaxy
morphological type in our sample (solid lines), and standard devia-
tions (dashed lines). Profiles are color-coded by galaxy morphological
types: E (Red), SO (Orange), Sa (Yellow), Sb (Green), Sc (Cyan) and Sd
(Blue). The middle panel is the relation between log(Z) gradient and Z
gradient for galaxies of different central metallicities. High mass galax-
ies, with high central metallicity, will show a smaller log(Z) gradients,
conversely lower mass galaxies with low central metallicities will show
a larger log(Z) gradients at fixed linear metallicity gradient, solely due
to the mathematical logarithm transform.

k
Vios = Vays + ) [cu(R)cos(np) + s, (R)sin(nip)]sini (2.4)
n=1

Here the c; term represents V;,; while s; represents V,,;. Compared with an ax-
isymmetric model, this method is better in fitting galaxies with non-axisymmetric
features (Sakhibov and Smirnov, 1989; Canzian, Allen, and Tilanus, 1993; Schoen-
makers, Franx, and de Zeeuw, [1997; Fridman and Khoruzhii, 2003; Krajnovi¢ et al.,
2005), which is important when studying the impact of migratory processes. In this
work, we fit the V;,; at each elliptical annulus by using the HD method from Fathi
et al., 2005/ .

As the kinematic maps (V},s, o) were Voronoi binned into several superspaxels
to increase S/N (see the top left panel of Figure 2.1)), for each galaxy, we computed
the ellipse system 200 times, each time giving a Gaussian distributed perturbation
to the Vs map, with standard deviation taken from the Vj,s error map. Then for
that ellipse system, we derive all the profiles as described above. The final profile
and uncertainties due to stellar population parameters, are taken as the median of
the 200 Z, Zi¢9, and Zgq9, profiles. While, the kinematic profiles and uncertainties
are taken from the average and standard deviations of the 200 V;,;and o profiles.

Our method traces the profiles based on the rotation plane, which may produce
differences compared to gradients extracted along the luminosity major axis, if the
two planes are not overlapping with each other. However, as we are not consider-
ing interacting galaxies, and (Barrera-Ballesteros et al.,2015) has shown that around
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FIGURE 2.3: The log(Z) and Z gradients against galaxy stellar mass,
color-coded by galaxy morphological type as in Figure Black and
grey lines are their mean and 1 — ¢ intrinsic scatter at each mass range.

90% of non-interacting CALIFA galaxies show differences between their photomet-
ric and kinematic position angles of less than 22 degrees, here all galaxies show well
defined angular momentum vectors which will be quite similar to the photometric
position angles. This is backed up by our Schwarzschild dynamical models (Section
2).

The profiles are derived through the geometry shape of the galaxies’ (ellipse sys-
tems), which are determined by galaxy’s kinematic map (rotation). This means our
method would not apply to galaxies with no clear rotation signatures. The E-type
galaxies in our sample still contain significant rotational components to permit this.
Some galaxies may show different rotation planes at different radii, which could
potentially increase the uncertainty. However again, the photometric and kine-
matic position angle alignment found throughout non-interacting galaxies in CAL-
IFA, suggests the ellipse system will not be significantly different using our method
compared to photometrically defined ellipse systems.

2.3.1 Fitting metallicity gradients

To fit the metallicity gradients (VZ), for each of the 200 trials, we linearly fit the
Z profile within certain radial ranges (1 Re) in units of Re with the weighted linear
least squares routine MPFIT in IDL (Markwardt, 2009). The weights used in fit-
ting the linear gradient, came from the Z49, and Zgy9, uncertainty profiles in each
trial. The final value of the gradient (VZ), and uncertainty comes from the median
and standard deviation of the 200 fits. Thus, the final uncertainty not only takes
into account the uncertainties of the metallicity maps but also the uncertainty of the
geometrical parameters of the galaxy.

We fit the metallicity gradients from both linear Z profiles and log(Z) profiles.
In this project, we focus on the gradients computed from the linear Z profiles (V Z).
These show the difference in metal fraction from the inside to the outside of the
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galaxy - as opposed to gradients of log(Z), which represent the ratio of metal frac-
tions. While neither is objectively superior, the former may show a more intuitive
visual accounting of the absolute change in metal fraction across galaxy disks when
comparing galaxies of a range of masses and absolute metallicities. For example,
the value of a log(Z) gradient for a high metallicity, massive galaxy, may be nu-
merically smaller than that of a low metallicity, low mass galaxy - even if the radial
difference in Z (linear gradient) is the same. However the primary reason we use
the linear Z gradients in this work, is to test the correlations between local metal
fraction and local density and kinematics - which is not as easily accomplished with
ratios. To conceptualize the differences and aid comparison to previous works, we
show comparison of the profiles in log(Z) and linear(Z) in Figure 2, with the middle
panel showing the numerical equivalence between gradients measured on each pro-
file. In addition, given the range of physical galaxy sizes in our sample, we compute
the gradients with respect to their relative effective radius, Re.

We note that, all our galaxies have profiles extending to 1 Re and some of them
even beyond 1.5 Re. In this paper, unless stated otherwise, we fit the gradient within
1 Re. In certain figures, we also linearly fit the profile between 0.5 to 1.5 Re and label
these cases explicitly.

2.4 Results

The left panel of Figure2.2]shows the average log(Z) profiles for galaxies of different
morphological types in our sample. In general, early type galaxies (red) are more
metal-rich than late type galaxies (blue), due to the mass-metallicity relation and
mass-morphology relations (e.g., Gonzélez Delgado et al., 2014). It is clear that late
type galaxies tend to have a larger diversity in profiles than earlier type galaxies -
in agreement with results from gas-phase metallicity gradient studies (Tissera et
al., 2016a). The right panel of Figure [2.2| shows the average profiles for different
morphological types in linear Z. Compared to the log(Z) profiles, the early type
galaxies tend to have steeper Z profiles, and the linear profiles don’t show strong
decrease in diversity for early type galaxies.

We plot the gradients in both logarithmic and linear metallicity against galaxy
stellar mass in Figure Though we are mostly focusing on galaxies’ linear metal-
licity gradient in this project, we still calculate the log(Z) gradients (left panel)
to show the comparison with other works. The log(Z) gradients show a rela-
tively weak correlation with mass, and an intrinsic scatter which decreases for mas-
sive/earlier type galaxies. This is in agreement with previous works on log(Z) gra-
dients in morphologically diverse surveys (Gonzélez Delgado et al., 2015; Zheng
et al.,2017b). Also the correlation between stellar mass and metallicity gradients for
late-type galaxies agrees with studies in MANGA galaxies (Goddard et al., 2017b).

The left panel of Figure 3 plots the corresponding linear metallicity Z gradient
against stellar mass, which shows a steeper anti-correlation with galaxy mass, and
nearly constant intrinsic scatter in gradient value. The difference between the two
plots is purely due to the logarithimic effect.

The left panel of Figure shows the Z gradients measured within 1Re, as a
function of morphological type. We find a clear correlation between metallicity gra-
dients and galaxy morphological type: the Z gradient becomes steeper as we move
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FIGURE 2.4: Radial stellar metallicity gradient VZ within 1Re (left)

and (0.5-1.5) Re (right) against different morphological types. Error

bars show the average and standard deviation after the volume cor-
rection of the CALIFA sample.

towards early type galaxies. By comparing to Figure we see that galaxies with
different Z gradients are more segregated by morphology than stellar mass.

As in the very central part of galaxies there may exist different structures (Bar,
bulge ...) for different morphological types, which may consist of quite different
stellar populations (especially in terms of age), this may influence the correlation
between Z gradients and morphological types. To rule out this possibility, we also
calculate the Z gradients from 0.5 to 1.5 Re (the right panel of Figure to test the
dependence of this trend on the central substructures. When the central regions
are removed, the gradients on average become flatter, though the trend between Z
and morphological type still remains equally strong. This suggests the correlation
between the Z gradients and morphological type is more likely a general trend with
mass concentration than a result of substructures of different formation epochs.

2.5 Discussion

2.5.1 Understanding the morphology and Z gradient correlations

The sample of CALIFA galaxies analyzed here shows a strong correlation between
linear metallicity gradient (V Z) and galaxy morphological type. The most obvious
differences between different morphological types should be their average stellar
metallicities (due to the morphology-mass and mass-metallicity relations, see also
Figure [2.2), their mass/light concentrations (e.g., Holwerda et al., 2014) and their
dynamical properties (Zhu et al., 2017).

The right panel of Figure [2.2) shows a clear separation between different galaxy
types; as earlier type galaxies (red) are more metal-rich than late type galaxies (blue)
and have stronger gradients. This suggests a correlation between a galaxy’s average
metallicity < Z/Zs >, and linear metallicity gradient VZ. To further explore this
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FIGURE 2.5: Left: Metallicity Z gradient against average stellar metal-
licity <Z/Zs> for galaxies in an inner region within 0.2 Re (left) and
in a Re region within 0.8-1.0 Re (middle). Colour coding is by galaxy
morphological type, as in Figure Right: Local metallicity Z against
dynamically derived local surface mass density; contours cover spax-
els with densities greater than 0.3 times the maximum density, for
the inner region within 0.2Re, (solid lines and filled circles as mean
points) and Re region within 0.8 - 1.0 Re, (dotted lines and open cir-
cles as mean points). Here different colors correspond to galaxies of
different average central metallicity Z; low (< Z/Zs >nner ~ 0-0.9;
turquoise), intermediate (< Z/Zs >mner ~ 0.9-1.8; goldenrod) and
high (< Z/Z¢ >1nner ~ 1.8-4; purple).

trend, we can ask what regions of the galaxy are changing to produce the morpho-
logical type - VZ correlation. For each galaxy, we calculate their average Z within
two different regions: an Re region, between 0.8-1.0 Re (relatively outer); and an
inner region, within 0.2 Re. The left panel of Figure 2.5/shows the Z gradient against
these two average metallicities.

Comparing the two regions, we see that the average metallicity of the inner region
(left) shows very similar correlations with VZ as those seen in Figure This sug-
gests the central Z is tightly linked to the strength of Z gradients and a galaxy’s mor-
phological type. Conversely, the Z gradient shows no correlation with the metallic-
ity of a galaxy’s region around the effective radius. This result is consistent with
the average Z profiles for galaxies of a given morphological type shown in the right
panel of Figure [2.2| - the inner regions are enriched more efficiently with respect to
the outskirts in early type galaxies.

The interplay between the mass dependence of a galaxy’s morphological type,
central concentration, and average metallicity allows for an intuitive description of
metallicity gradients when viewed in linear Z space. Previous studies have demon-
strated the existence of a local mass, gas metallicity, star formation relation (e.g.,
Rosales-Ortega et al., 2012), hinting that local metal enrichment is the result of inte-
grated star formation/stellar mass accumulation.
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FIGURE 2.6: Left: empirical galaxy scaling relations of size, Sérsic index
and stellar metallicity, versus galaxy stellar mass. Middle: Scaling re-
lations are combined to give representative mass density and metallic-
ity profiles for galaxies of different total stellar masses (color-coded by
locally predicted galaxy metallicity). Right: Predicted metallicity gra-
dients from the empirical model (contours) naturally accounts for the
trend and scatter between stellar mass density gradient and metallicity
gradient seen in our data (points color-coded by galaxy morphological

type, as in Figure[2.2).

In order to explore a correlation between the local mass density and Z, we di-
vide our sample of galaxies into 3 subgroups according to the average metallicity
of their inner regions: (Low: Z ~ 0-0.9, Moderate: Z ~ 0.9-1.8, High: Z ~ 1.8-4).
For each group, we compare the galaxies’ local metallicities in the inner, and Re
regions, with the corresponding dynamically derived stellar surface mass density
from Schwarzschild modeling. For each subgroup we plot all the spaxels which lie
within inner (0.0 — 0.2 Re; solid lines) and outer Re (0.8 — 1 Re; dotted lines) regions
of all galaxies, in this stellar surface mass density-metallicity parameter space. The
right panel of Figure [2.5/shows density contours (greater than 0.3 times the maxi-
mum density) for spaxels in the outer regions (dotted contours) and inner regions
(solid contours) of galaxies with different central metallicities.

These distributions follow a clear local mass-metallicity relation, with Re regions
being more metal-poor and having lower surface mass density than the inner re-
gions. Importantly, the Z and surface density difference between a galaxy’s inner
region and Re regions, increases as the average inner Z (and therefore galaxy mass)
increases.

In this exercise we have used the dynamically derived stellar surface mass den-
sity Xy «, which is computed independent of the stellar populations profiles. Sim-
ilar results for the correlations between local metallicity and stellar surface mass
density are found by replacing ¥, . with the stellar surface mass density derived
via stellar population synthesis modelling from the available spectro-photometry
(Zibetti et al., in prep.).

The right panel of Figure 2.5/ implies that as a galaxy’s local regions also follow
the mass—metallicity relation, we would expect a steeper Z gradient when there is a
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steeper surface mass density gradient. Here we define a dynamically derived stellar
surface mass density gradient ¥, , . as:

vz‘dyn,* = log(z‘dyn,*(r:O) - Zdyn,*(r:Re)) (2.5)

The right panel of Figure 2.6/ explicitly quantifies the link between V%, . and stel-
lar Z gradients, and shows that the Z gradients become steeper as the mass gra-
dients increase in magnitude, though with considerable scatter. In general, early
type galaxies with steeper Z gradients also have proportionally higher central Z
and steeper mass density gradients, reaffirming the relations, between Z gradient,
mass concentration and morphological type.

2.5.2 Empirical model

This simple picture, that stellar metallicity gradients are most clearly observation-
ally connected to, and result from, the time-integrated differences in stellar mass
buildup between the inner and outer parts of a galaxy, can be crudely tested using
independent empirical scaling relations for galaxy populations. We begin by consid-
ering observed relations between galaxy stellar mass and light profile (Sérsic index
n, Graham, Jerjen, and Guzmadn, 2003), stellar metallicity (Kirby et al., 2013), and
effective radius (Graham et al., 2006), as shown in the left panel of Figure

In the following exercise we stochastically draw properties which a galaxy of
mass M, would have, from these scaling relations. The mass dependent relations
are given a scatter representative of the observations: jer, = 0.37 dex, 0jo¢,, = 0.05
dex (van der Wel et al. 2014), and the 1 — ¢ spread on [Fe/H] as a function of mass
directly from (Gallazzi et al., 2005) and (Kirby et al.,2013)).

For a galaxy of a given mass, we use the effective radius and Sérsic index to com-
pute a representative Einasto profile of the 3D stellar mass distribution (o(r)) for that
galaxy. In order to link the global metallicity relations with the local structural rela-
tions, at any point r on the radial mass density profile, p(r), we compute the mass
an idealized spherical galaxy would have if it was this average density and size, i.e.
M. (r) o« p(r)r>. That idealized galaxy mass, and thus the corresponding region at
in the composite model galaxy, is then given a homogeneous metallicity following
the observed galaxy global mass-metallicity relation (e.g., Gallazzi et al., 2005). The
composite galaxy profile is constructed by repeating this exercise at all radii - and
the resulting profile can have a metallicity and density gradient computed as per
our observations.

The construction of a mock galaxy whose local properties are set by global scal-
ing relations, is physically justified by observations which suggest that the outer
regions of disk galaxies are forming stars and enriching chemically in a comparable
way to lower mass dwarf galaxies. Hence the local sub-galaxy which is constructed
to have radius 7, will only represent a local shell of that corresponding metallicity at
r 4 dr in the final composite galaxy.

This simple exercise combines galaxy scaling relations to allow for a coarse esti-
mate of local metallicity, but should not be over-interpreted, as it is essentially rely-
ing on dimensional analysis to produce a stochastic prediction for where populations
of galaxies may lie in the V4, . — VZ plane.
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The middle panel of Figure shows these representative mass density pro-
tiles for galaxies of different masses, and colour coded by local metallicity. The
metallicity changes in these profiles are in qualitative agreement with the profiles
in Figure The predicted quantitative correlation between mass density gradient
and metallicity gradient using only these empirical relations is shown in the right
panel of Figure 2.6 as the contours. The scatter in the M, — n, M;-Re and mass-
metallcity relations accounts for nearly all the observed intrinsic scatter in the VZ
- VI, relation. We suggest that the larger scatter in the VZ gradient versus total
mass (Figure[2.3), is a consequence of the fact that the establishment of a metallicity
gradient is a local phenomena in galaxies. Our empirical model also produces some
galaxies with positive slopes, which are observed in high percentage for our late
type galaxies. We will discuss the possible origin of these objects in Section 5.5.

It is rather surprising that such a simple dimensional analysis exercise based on
galaxy structural and global chemical relations does a reasonable job in reproduc-
ing the average trend and scatter in VZ - VX,. It is unclear whether this is due
to some fundamental simplicity which links local and global galaxy relations, for
example a self-similar statistical form for how galaxies chemically enrich (e.g., Oey
2000; Leaman 2012; Hartwick[2015). However, it should be kept in mind that the em-
pirical model may be reproducing the broad trends of this parameters space out of
coincidence, and the ingredients are not necessarily causal in determining a galax-
ies structural and chemical gradients. This must surely be true in some sense for
galaxies on an individual scale, given the significant number of mechanisms which
are not incorporated into the model (e.g., AGN/star formation driven winds, radial
migration, mergers). Nevertheless, this simple model can provide a starting point
for continued and more detailed investigation of such chemodynamical relations.

2.5.3 Chemodynamic spatial signatures

Due to the wealth of kinematic information in CALIFA, and dynamical models for
our galaxies (Zhu et al. 2017), we are able to investigate if any dynamical prop-
erties appear to be stronger causal factors in setting the stellar population gradi-
ents. This is motivated by some previous works on low mass galaxies, for example
Schroyen et al., 2013a used simulations to investigate the metallicity gradients of
dwarf galaxies. Their results suggested that metallicity gradients can be buildup
efficiently during the evolution of non-rotating dispersion-dominated dwarf galax-
ies, as low angular momentum allows more gas to concentrate in a galaxy’s central
regions, leading to proportionally more star formation.

While this scenario is in agreement with some local group dwarf galaxies” ob-
servations (e.g., Leaman et al., 2013; Ho et al., 2015 Kacharov et al., 2017)), the
gradient differences also span differences in mass SFH and environment as well as
angular momentum, making a direct causal link between dynamics and the metal-
licity gradients unclear. More relevant for this study is the unknown dependence
of this mechanism on host galaxy mass. Given the orbital decomposition that our
Schwarzschild models provide, we can directly look for correlated behaviour of
chemical and kinematic properties of our sample of higher mass galaxies.
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FIGURE 2.7: Metallicity A(Z) against V,.: /o profiles for different galaxy

types, each profile line represents one galaxy’s Z and V,,;/c values at

different radii (from 0 to 1 Re). Color coding is by galaxy morphological
type, same as in Figure

Figure @ shows a radial profile for each galaxy’s V;yt/c and AZ values, with
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Viot/ 0 increasing from inside to outside. Different galaxy types show some sepa-
ration in the figure, as early type galaxies tend to have steeper gradients and low
angular momentum, while later type galaxies show an increase in diversity of their
tracks, but on average a flatter set of metallicity profiles extending to higher V,o /0.
Unlike previous studies for dwarf galaxies, the higher mass galaxies likely have a
greater number of factors influencing their evolution than the dwarf galaxies (bars,
spiral arms, higher merger rates), and indeed a diverse set of tracks is evident.
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FIGURE 2.8: Top: Metallicity gradient against galaxies” angular mo-
mentum (average V;,:/0 between 0.5-1Re) (left) and cold orbit mass
fractions (right) of our 244 GALIFA galaxies. Bottom: Central mass
concentration (stellar surface mass density gradient) against galaxies’
angular momentum (left) and cold orbit mass fractions (right), trian-
gles are the mean points of galaxies with each morphological types.
Colour coded by galaxy morphological type, as in Figure

To quantify correlations between angular momentum and metallicity gradients
in our sample, we use the average V;, /0 (between 0.5-1 Re) and the disky cold orbit
mass fraction as two indicators of a galaxy’s angular momentum. The top panels of
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FIGURE 2.9: A repeat of Figure right panel and the bottom panels

of Figure Left: shows the correlation between VX, . and VZ,

Middle and right panels: the matallicity gradient against V;,;/c and

cold orbit fraction, but color coded by galaxies” stellar mass. Triangles

are the mean points of galaxies within each mass bins, blocks are the
predictions using the empirical model.

Figure 2.8 shows the metallicity gradients against these angular momentum proxies.
It is evident that both early and very late type galaxies tend to have low angular mo-
mentum, but show different metallicity gradients. From type Sd to type Sb galaxies,
as the metallicity gradient becomes steeper, the angular momentum increases, un-
til a turning point at Sb. From type Sb to type E, the metallicity gradient steepens,
while the angular momentum starts to decrease. Similar trends are seen in the bot-
tom panels of Figure 2.8 when replacing metallicity gradients with stellar surface
mass density gradients.

To better understand the role of mass concentration and angular momentum in
setting metallicity gradients, we divide our galaxies into 5 groups according to their
stellar mass log(M,) from 9 to 11.5 with 0.5 dex wide bins. We then get mean lo-
cations of each mass bin in VZ and V,.:/c or cold orbit fraction planes (shown as
triangles in middle and right panels of Figure[2.9). With the empirical model we can
compute the average V¥, and V Z of model galaxies in the corresponding mass bins,
and we show these as squares in the left panel of Figure In general the average
mass bins for the model galaxies follow the average observed relation - however for
the highest mass bins, the model galaxies show steeper Z gradients (at fixed density
gradient) than what are observed in our CALIFA sample. This could speak to addi-
tional factors not included in our simple model (such as AGN driven outflows, or
satellite galaxy mergers) altering the density and metallicity profiles of these galax-
ies. An interesting test with larger surveys would be to look at an environmental
dependence of the VX, — VZ high mass regime to see if any systematic movement
is apparent



2.5. Discussion 53

The projections of the average model galaxies into the angular momenta param-
eter space is shown in the middle and right panels of Figure As we don’t ex-
plicitly compute an angular momentum observable for the model galaxies, we have
associated the mass bins to the same angular momentum as is observed for galaxies
of that mass. Compared to the observed mean chemo-dynamical values (triangles),
the predicted points clearly show a similar mass dependence - suggesting that angu-
lar momentum is not a unique predictor of metallicity gradient, and that the primary
factor in predicting the gradients should be the mass density profile. This is differ-
ent from previous studies of low mass range (M, < 1010°M) galaxies, where it was
found that higher angular momentum galaxies tended to have steeper gradients.
This suggests the role of angular momentum in preventing central gas build-up and
the role of outer perturbations may not be a causal formation process for metallic-
ity gradient in higher mass galaxies. The turning point around Sb galaxies in this
parameter space is perhaps due to the correlation between angular momentum and
mass - as beyond this mass, mergers likely alter the stellar angular momentum in
galaxies. However, we must be careful as the current dynamical state is not neces-
sarily representative of all epochs in the galaxies” evolution.

Thanks to our Schwarzschild models we are in the unique position to study any
correlations between metallicity gradient and the surface mass density gradients of
different dynamical components - which may give some insight into which epoch
or assembly method imparted the present day metallicity profiles. We proceed by
computing the stellar surface mass density profiles from just the cold, warm or hot
orbital components. Differing behaviors might hint at a time dependence of gradi-
ent formation - as hot orbital populations may be composed of the earliest genera-
tions of stars, while cold orbital populations represent newly formed young stars.
Figure é@l shows the stellar surface mass density gradients of cold VX, . (o),
warm Vg, o (warm) and hot VEg,, . o) orbit components against the metallicity
gradients within Re.

In Figure we see a progression where the VZ - VX, correlation from Fig-
ure becomes more evident as we look at hotter orbit densities. It appears that
regardless of the final angular momentum of the galaxy, the density profile becomes
established in conjunction with the formation or heating of the stars that make-up
the hot orbits.

This could suggest that the density gradients of the coldest component may have
large stochastic spatial variations due to young stars forming inhomogeneously out
of a self-enriching ISM. Then over time a superposition of these radial distributions
may statistically drive to a more regular VZ - VX, correlation. However this again
suggests that while there is a clear interconnection between: 1) the stellar mass
build-up and dynamical state of a galaxy, and 2) the stellar mass build-up and the
metallicity gradient, that it is not yet clear that present day dynamical structure has
a causal link with the strength of metallicity gradients - at least within one Re and
for galaxies in this mass regime. This link may be observationally difficult to un-
tangle as the hot and warm orbits can simultaneously trace two different processes
(e.g., stars born from a dynamically cooling ISM, and stars which were dynamically
heated after their birth (Leaman et al., 2017)).
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FIGURE 2.10: Metallicity gradient within 1Re against stellar surface
mass density gradients of different stellar orbit components: cold orbits
VEiyns (cota) (left), warm orbits VEg,,, . ) (middle) and hot orbits
V iy, hot) (right), . Symbol size represents the mass fraction of the
respective components. Grey contours are the total VZ - VX, relation
from our model. Colour coded by galaxy morphological type, as in

Figure[2.2]

2.5.4 Radial migration

Several theoretical works have demonstrated that radial migration of stars within
a galaxy’s disk could be a possible channel to flatten the radial stellar population
gradient (e.g., Roskar et al., Loebman et al., El-Badry et al., 2016a).
Clear observational signatures of radial migration remain hard to achieve however.
Recently, Ruiz-Lara et al., studied profiles that extend to the very outer disk
regions of a subset of the CALIFA sample presented here, and found that galaxies
which have up-bending surface brightness profiles (e.g., disk surface density pro-
tiles which increase beyond some radius in the outer regions), show flatter stellar
metallicity gradients in these regions - with very small statistical differences. While
they focus on the outer regions of disks, given that spiral arms and bars should be
found in high mass, cold disk galaxies, we can ask if our sample shows any second-
order trends in the metallicity gradients that could be ascribed to radial migration.
To quantify this, in the top left panel of Figure we show our stellar metallic-
ity gradients against bar strength classifications of galaxies in our sample. There is
a correlation between bar type and metallicity gradient in that galaxies with a clear
bar feature show flatter Z gradients on average, but the correlation is quite weak
compared to the scatter (see also Ruiz-Lara et al., 2017). The top middle and right
panels explore the relationship between the metallicity gradient and the type of spi-
ral pattern, and the number of spiral arms for the spiral galaxies in our sample.
A signature might be expected here as grand design or two-armed spirals should
have proportionally more mass in the arms, leading to a stronger scattering of stars
in the disc. Just like the bar-stellar metallicity gradient relation in the left panel, we
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FIGURE 2.11: Metallicity gradient within 1Re (top) and between 0.5
- 1.5Re (bottom) against bar type (0: no bar, 1: unclear bar, 2: clear
bar) of our 244 CALIFA galaxies (left), spiral pattern (1: flocculent, 2:
intermediate, 3: grand designed) (middle) and the number of spiral
arms (left) of all spiral galaxies. Color-coded by galaxy morphological

type, as in Figure

also see weak correlations between the spiral pattern and the diversity of metallicity
gradients (grand design galaxies are averagely flatter in Z gradients).

As the radial migrations may have different impacts on the inner and outer re-
gions of the disk, in the bottom three panels we also show the stellar metallicity
gradient between 0.5-1.5 Re against bar strength, spiral pattern and spiral arm num-
ber. Excluding the very central region the trend does not change, but the correlations
appear even weaker.

We note that we also do see a weak correlation between metallicity gradient and
any of the higher order terms in our kinematic harmonic decomposition (which
would have indicated radial non-circular motions).

Our sample shows that the most apparent observational metrics of radial mi-
gration (bars, thin disk orbits, spiral arms) do not strongly correlate with the stellar
population gradients within 1Re. This indicates that radial migration might be a
secondary effect in the inner regions, but the best predictor of a galaxy gradient is
still the present day mass density profile.
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2.5.5 Positive metallicity gradients

Our sample shows a number of galaxies with positive metallicity gradients, with
12% of all of our galaxies having metallicity gradients with VZ>0.1. We find that
late type galaxies are more likely to show positive metallicity gradients, as from type
E to Sd the fraction of positive gradients rises from: 0%, 0%, 11.1%, 13.8%, 19.3% and
75.0%. In the context of our empirical model, these galaxies result from the scatter
in metallicity at fixed local mass being large enough to allow for the formation of
positive metallicity slopes. We show in Figure the predicted fraction of galaxies
in the simple model as a function of galaxy density gradient. The simple model of
Figure 2.6/ predicts the fraction of positive gradients rises as galaxies exhibit flatter
density profiles, in excellent agreement with our data.

The underlying physics for the scatter in metallicity, or the shallowness of some
density profiles is likely more complex than the simple model however. Some pre-
vious studies have explored the possible scenarios which may be relevant for these
positive gradients galaxies. For example, El-Badry et al., 2016a used simulations
to explore the stellar feedback processes in low-mass galaxies and suggested that
strong feedback could effectively cause a radial migration by strongly perturbing
the gravitational potential. In addition, by blowing out the central metal-rich gas,
the intense feedback may lead to relatively low central metallicities (with respect to
their 1 Re region) compared to other galaxies (see also Brooks et al.,|2007a; Gibson
et al., 2013b; Schonrich and McMillan, 2017).

Stellar feedback is expected to be proportionally more impactful in low mass
galaxies. This could mean that more metals are lost due to feedback-driven out-
flows in low mass galaxies, due to their shallower potential wells. Concurrently,
the star formation efficiency might be reduced in these low mass galaxies due to the
impact of feedback on the ISM (Brooks et al., 2007c). Both effects will be enhanced
if the intrisically lower angular momentum of lower mass, late type galaxies helps
to funnel gas to their central regions. Together, these feedback effects would work
to suppress metal build-up in the central regions, shallow the density profiles, and
cause larger scatter in local metal enrichment - with increasing efficiency towards
lower mass galaxies. This mechanism would be in qualitative agreement with our
tinding of more positive gradients as galaxy mass decreases (or moves to later types;
Appendix).

2.6 Summary

In this Chapter, we discuss the radial stellar metallicity gradients of 244 CALIFA
galaxies, spanning galaxy morphological type from E to Sd. We use a stellar kine-
matic based ellipse systems to extract flux-weighted stellar population profiles, and
use a harmonic decomposition method to derive the kinematic profiles within 1 Re.
As our sample covers a broad range of mass/morphological type galaxies, in or-
der to avoid the effect of logarithmic suppression, we study their linear metallicity
(metal mass fraction; Z) profiles and gradients.
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FIGURE 2.12: Fraction of galaxies with positive metallicity gradients

as a function of the dynamically derived stellar mass density gradient.

The grey band shows the predictions from the simple empirical model

in Figure 2.6} black points show the fraction of positive metallicity gra-
dients amoung the CALIFA galaxies.

e We find linear metallicity gradients VZ show clear galaxy morphological type
dependence, with early-type galaxies tending to have steeper linear metallicity gra-
dients VZ. The direct reason behind the Z gradient-G type correlation is the high
central metallicity in earlier type galaxies.

e To further understand the origin of this correlation, we split our galaxies into
three different groups according to their central Z, and test the local mass-metallicity
relation at different radii in different groups of galaxy. The result not only shows a
clear local mass-metallicity relation but also suggests a correlation between surface
mass density gradient and VZ .

e We show that with empirical mass-dependent Sérsic index, size and metallic-
ity scaling relations, the dependence and observed scatter of Z gradients and local
stellar mass density can be reproduced.

e We also examine the role of angular momentum by studying V;,:/c and cold
disc fraction. For higher mass galaxies (> 10'%° M) their V,o;/c and thin disc
fraction are correlated with both Z and stellar surface mass density gradients, but
for galaxies with stellar mass below 10!%° M, their angular momentum is anti-
correlated with the steepness of metallicity /surface mass density profiles. Analysis
of the mass density in different orbital components further suggests that the angular
momentum itself is not directly causal in setting the stellar metallicity gradient of
the inner regions of galaxies.

e In order to explore the influence of radial migration, we use observable sub-
structures (bar, spiral arm) as tracers of radial migrations. We find galaxies” radial
migration features don’t show strong correlations with stellar population gradients,



58 Chapter 2. A CALIFA view of galactic stellar population gradients

which suggests the radial migration may only provide secondary influence on the
shape of gradients, at least within 1 Re.

e Finally, around 12% of our galaxies show positive metallicity gradients -
however the fraction increases to as high as ~ 80% as the galaxy mass decreases.
We suggest stellar feedback could be one of the possible reasons behind this trend.

Though we found the local mass build-up is crucial to a galaxy’s metallicity dis-
tribution, work still remains to be done to incorporate detailed knowledge about the
local star formation history in different regions of a galaxy.

In this Chapter, our gradients are extracted from metallicity maps, in which the
metallicity and mass of a single spaxel is the average metallicity and accumulated
mass of all stellar populations it contains. Here we do not take age into our con-
sideration. There may be interesting correlations between age and metallicity, given
that the local mass buildup somewhat reflects the star formation history (e.g., light
weighted age). This formation history may vary in different regions of a galaxy (e.g.,
bulge vs. disk), and further study will expand on the link between mass buildup and
age. As our results show clear correlations between local mass and metallicity but
with some scatter, the local SFH may contribute a possible source of this scatter.

Recently, Zibetti et al.,2017/studied the age distribution of CALIFA galaxies and
found a bimodal local-age distribution, with an old and a young peak primarily due
to regions in early-type galaxies and star-forming regions of spirals, respectively. In
future works, we will test the VZ dependence on age using simulations to further
explore how different mass build-up processes impart a signature on the present
day stellar populations.

2.7 Appendix

Here we show in Figure the total dynamical mass profiles plotted against the
linear metallicity profiles. Progressing from earlier to later type galaxies we see a
larger diversity in their density-metallicity tracks, with late type galaxies showing
a larger fraction of positive metallicity profiles. This is consistent with the results
in Figure as these late type galaxies tend to have shallower density profiles on
average. However it is clear that there are some objects in Figure with positive
gradients but which show significant negative density gradients - which may make
these objects interesting test cases for further studies on the impact of feedback on
the redistribution of gas and stars.
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FIGURE 2.13: Metallicity A(Z) against logarithmic dynamically derived
stellar surface mass density log(2Z4,,,«) profiles for different galaxy
types, each profile represents one galaxy’s Z and ¥4, . values at dif-
ferent radii (from O to 1 Re). Color coding is by galaxy morphological

type, as in Figure 2.2]
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Chapter 3

Tracing the origin of stellar metallicity
gradients in simulations

This Chapter is based on an article in preparation "The in-situ origin of galaxies’ stellar
metallicity gradients”. I am the lead author of the article, which was adapted for this thesis.

Overview:

In this chapter, We study the radial stellar metallicity profiles of simulated cen-
tral galaxies (in the centre of their host dark matter haloes) at redshift z=0 within the
total stellar mass range 10%° — 10'2° M, from the [llustrisTNG simulations. We find
that the radial stellar metallicity profiles within an effective radius closely follows
the stellar surface mass density distribution (a local mass-metallicity relation). Just
like stellar surface mass density profiles, the stellar metallicity profiles can also be
characterized by a Sérsic function, and we demonstrate how the resulting tight cor-
relation between the stellar surface mass density and metallicity Sersic indices (1
and ny respectively) can be used to estimate the radial variations in stellar pop-
ulations in galaxies where direct metallicity estimates are lacking. We find that
this relation is relatively insensitive to differences in star formation history, present
day kinematics, accretion history and environment. Which confirms that the stellar
metallicity gradients in the inner part of galaxies are primarily driven by the time
integrated in-situ stellar mass buildup maintaining a local mass-metallicity relation.

3.1 Introduction

In Chapter 2, we analyzed the radial stellar metallicity (Z/Z:) gradients out to 1 Re
for 244 CALIFA galaxies to study the driving mechanisms behind stellar metallicity
gradients. Our results suggested that the linear Z/Z, gradients simply reflect the
local mass-metallicity relation within a galaxy. Where there is more concentrated
stellar mass accumulation - the stellar populations are locally more enriched. This
suggests that the radial stellar population distribution is primarily a result of the in-
situ local star mass buildup. In this simple picture, the stellar surface mass density
gradient (VX,) is well correlated with the stellar metallicity gradient (VZ/Z:) of a
galaxy. The correlation implied that the structure of a galaxy at redshift zero was a
simple predictor of the type of stellar population gradients present. We were able
to exploit galaxy scaling relations to show that the observed global galaxy stellar
mass - size, metallicity and concentration relations indeed predicted a correlation
between the stellar surface mass density and the stellar population gradient.
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To further understand the role of secular evolutionary processes in changing the
stellar population gradients, we explored links between a galaxy’s local stellar pop-
ulations and its orbital distributions, by using Schwarzschild dynamical models.
These models were constrained by the observed kinematics of each galaxy, and the
best model for each galaxy produced a distribution of orbital circularities which
best represented each galaxy. As different orbital components link to their dynam-
ical heating history, by looking jointly at the metallicity gradient and mass density
of each dynamical orbit family, we could get an understanding on the timescale of
the buildup of VX, - VZ/Z relations.

We found that the VX, - VZ/Z relation seemed to be tighter for hot orbit com-
ponents, while the correlation was much weaker for cold orbital components within
a galaxy. However, we couldn’t find any persuasive evidence that could link the
present day dynamical structure of a galaxy with the causal formation of its stellar
metallicity gradients. Also, we found that gradients in the inner disk did not appear
to be strongly shaped by radial migration, which was evident from the lack of corre-
lation between the metallicity gradients and observable probes of radial migration
in the galaxies, such as bars and spiral arms.

While the observations provided a good starting framework - they do not allow
us to isolate individual factors as well as numerical simulations. In addition simula-
tions will be able to study the evolution of the key relation in our previous chapter:
the local mass metallicity relation observed in a wide range of galaxy masses and
morphological types. The simulations from the IllustrisTNG project (Springel et al.,
2018; Pillepich et al., 2018; Nelson et al., 2018; Naiman et al., 2018} Marinacci et al.,
2018) provides an ideal opportunity to better understand and interpret our previ-
ous findings. Since IllustrisTNG also contains stellar age information, we are able to
turther explore the evolution of metallicity gradients, and in addition the impact of
environment and accretion history.

In this Chapter we will discuss the diversity of stellar metallicity gradients
from numerical simulations, by analysing galaxies at redshift z=0 within the Illus-
trisTNG100 simulation. While there are many astrophysical processes that we could
study or isolate with this rich numerical data set - we will focus on understanding
the correlated build up of stellar population and surface mass density gradients seen
in our observational study.

3.2 Data & Methods

3.2.1 Illustris TNG-100 simulation data

To study the evolution of stellar population gradients in galaxies of different masses
and environments, we make use of the [llustrisTNG simulation (Springel et al., 2018;
Pillepich et al., 2018; Nelson et al., 2018; Naiman et al., 2018; Marinacci et al., 2018),
which is a new generation of the original Illustris simulation project (Vogelsberger
et al., 2014bj Vogelsberger et al., 2014a; Sijacki et al., 2015) with the updated physical
model and cosmology consistent with the 2015 Plank collaboration results (Planck
Collaboration et al., 2016a). It traces multiple processes in galaxy evolution, e.g. star
formation, feedback from both stars and active galactic nuclei, gas motions, chem-
ical enrichment and magnetic fields (Pakmor, Bauer, and Springel, 2011; Pillepich
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et al., 2018; Weinberger et al., 2018). The TNG project consists of three simulation
volumes: TNG50, TNG100, and TNG300.

In this paper we use the TNG100 data, which has a cosmological box size of
100Mpc, and contains three different resolution subset simulations (TNG100(-1),
TNG100-2 and TNG100-3). Throughout this work, we present results mainly from
the simulation with the highest resolution: TGN100(-1). The TNG100 simulation
has a stellar particle resolution of 10° M, and the minimum softening factor of gas
cells is ~ 0.19 kpc (Dylan Nelson et. al. 2019), but we also compare our results with
lower resolution simulations (TNG100-2 and 3) in the discussion.

TNG simulation keeps each particle’s stellar mass m, , and metal mass fractions
Z, age, velocity and other properties. To get the metallicity Z/Z: we simply divide
Z by the solar metal mass fraction (in this work we use Z, = 0.0127). Some previous
works used different solar metallicity Z¢ = 0.02 which might cause slightly higher
metallicity values compared to other studies.

We selected 7109 central galaxies from the IllustrisTNG100 simulation at redshift
z=0. The term ’central galaxies’ refers to galaxies located at the centre of their dark
matter halo (as opposed to satellite galaxies). The selected galaxies have total stellar
mass M, ,; ranging from 1095 to 1012 M, and 3D half mass radii Re3q > 0.5kpc.
These choices were motivated in order to allow us to have enough stellar particles
in each galaxy to extract robust radial profiles of quantities of interest.

We define an enclosed stellar mass M to be the total mass of all stellar particles
within 2 times R, 34, and use this as a comparable to the observable stellar mass of
real galaxies. The ratio between the total stellar mass and this observable stellar
mass M, /M, , is between 0.584 and 0.932 for our whole sample. The full range of
M, in our sample of galaxies then ranges from 10%2 to 10'>°> M,. Figure 3.1/shows
the TNG galaxies in our sample distributed in photometric colour-mass (left) and
size-mass planes (right), In both panels the color coding is by the logarithmic specific
star formation rate (log(sSFR)). Here the specific star formation rate (sSFR) is defined
as the sum of the individual star formation rates of all gas cells in one galaxy divided
by its total stellar mass. The final sample covers a large enough range in mass and
sSFR such that it will make a good comparable to the morphological diversity and
mass diversity in the CALIFA sample from Chapter 2.

3.2.2 Radial profile extraction

For each galaxy, we define its main rotation plane by calculating the average angu-
lar momentum of all stellar particles between 0.5-1.5 R, 34. We then project all the
particles onto this 2D plane to get the 2D particle maps. This exercise explicitly as-
sumes a face-on orientation for all galaxies. While real galaxies may be observed at
arbitrary orientation, CALIFA is biased towards high filling factor galaxies and is
perhaps slightly biased towards face-on galaxies as well.

We divide the galaxy’s 2D particle map with a series of concentric rings with
radial width (resolution) r;;,=0.1 kpc, and are centred on the main rotation centre.
Next we extract the radial profiles by calculating the mass and r-band flux weighted
metallicity (Z/Z) and age, as well as average surface stellar mass density (X.),
which is computed by the total stellar mass of each annuli divided by its surface
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area, stellar velocity dispersion (¢) is defined as the standard deviation of the line-
of-sight (vertical to the main rotation plane direction) velocity component within
each annulli and rotation velocity (V,,; which is defined as the velocity component
that is rotating the main axis of the main rotation plane) for stellar particles within
each annulli.

As our radial resolution of 0.1kpc is higher compared to CALIFA data (~
0.4kpc), we are able to trace the metallicity gradient in the central region in a way
that will be more informative but also comparable with observational data. In order
to compare with observations, we also create 2D stellar population spaxel maps for
each galaxy by binning the projected 2D particle map into 0.2 x 0.2 kpc? pixel sized
2D maps, with each quantity weighted by the mass of the particles in that spaxel..

Though we will compare some of our results with the observations, all our sam-
ple galaxies will be studied from the face-on direction. Because our primary goal
is to study the intrinsic properties and possible origins of galactic stellar metallicity
gradients. We would avoid any effect from observational uncertainties e.g. position
angle, dust extinction, amongst others.
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FIGURE 3.1: Left: The sample of TNG galaxies plotted in U-r - M,
space, right: The M., - R, 4 relation of our sample galaxies. Both panels
are color coded by the specific star formation rate.

3.2.3 Half mass radius and mass concentration

In this work we are interested in the stellar metallicity gradients relative to the pro-
jected 2D half mass radius (R, q). We define R, >4 as the radius which encloses half
of a galaxy’s M, from the projected 2D particle maps. The bottom panel of figure
shows the R 54 as a function of M,. As the main goal of our work is to explore the
buildup of stellar populations in the inner regions of galaxies, in the rest of the pa-
per we will mostly focus on the particle or spaxel distributions within 1R, 54, for the
sake of simplicity, we will use Re to indicate R 54 in the rest of the paper.
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In addition, we use a galaxy’s stellar mass concentration Rjps59 as an estimator
of its morphological type. Rygs0 is defined as Ryg50 = Rig% 24/ Rs00 24, which is the
ratio between a galaxy’s projected 2D radius enclosing 10% stellar Rygo, o4 and the
radius enclosing 50% stellar mass Rsge, 4. The lower the Ryg5o the higher the central
mass concentration.

3.3 Results
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FIGURE 3.2: Average r-band light weighted stellar metallicity profiles
(top left), stellar mass weighted stellar metallicity profiles (bottom left),
stellar luminosity profiles (top right) and surface mass density (bottom
right) profiles of galaxies within 6 different stellar mass bins (from red
to black are the bins from high mass to low mass) for our selected galax-
ies from TNG100. ng are the number of galaxies within each bin.

In this section we explore the diverse behaviour of stellar metallicity gradients
of 7109 central galaxies in the TNG100 simulation.

Figure (3.2 shows the average profiles of both r-band light weighted and mass
weighted stellar metallicity as well as surface mass density and surface brightness,
for galaxies of different stellar masses. A global mass-metallicity relation is evident,
with high-mass galaxies showing higher average metallicity. We can see that except
for the lowest mass bin (black lines), all other groups show similar metallicity at
1Re. In contrast, the central regions show noticeable differences as a function of
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FIGURE 3.3: Average r-band light weighted stellar metallicity profiles

(top left), stellar mass weighted stellar metallicity profiles (bottom left),

stellar luminosity profiles (top right) and surface mass density (bottom

right) profiles of galaxies within 6 different R;gso bins (from red to black

are the bins from high concentration to low concentration). ng are the
number of galaxies within each bin.

stellar mass, with the highest mass galaxies showing the most steeply rising metal-
licity profiles in the inner regions. Additionally, the shapes and relative positions of
Z profiles and surface mass density profiles of different mass bins show similarities.

Figure [3.3| shows the average profiles of both r-band light weighted and mass
weighted stellar metallicity and surface mass density of galaxies within bins of dif-
ferent mass concentration Rjgs9. Here we see that the galaxies with the highest
structural concentrations (low values of Rjg509) show steeply rising stellar metallicity
profiles. However unlike Figure the profiles show a larger spread in the outer
regions. The radial metallicity profiles not only show similar shapes as the stellar
surface mass density profiles but also show a clear correlation with Rygsp.

In Figure we further decompose the galaxies into two different mass bins
(10°3-10'0 and 10'%2-10''> M)). Within each mass range the correlation between
metallicity profile shape and Rjgsg can clearly be seen, as galaxies with smaller Ryg59
tend to show steeper metallicity profiles. Compared to the total stellar mass, the
simulated galaxies’ radial stellar metallicity distributions are more correlated with
the central stellar mass concentration, this in agreement with what we have found
in CALIFA galaxies (Zhuang et al., 2019). As there is no obvious difference between
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r-band light weighted and mass weighted profiles, for the sake of simplicity, in what
follows we will describe the results from the mass-weighted profiles.
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FIGURE 3.4: Stellar metallicity (left) and surface mass density profiles

(right) of all galaxies within 6 different bins of Ryps59 (From red to black

are the bins from high concentration to low concentration). Top panels

are for galaxies with higher stellar masses (10'%° < 101> M), while,

bottom panels show results for only low mass galaxies (10%3 < 100
Mg). ng are the number of galaxies within each bin.

3.3.1 Stellar mass density and metallicity gradients

The shape of stellar metallicity profiles show a clear correlation with the stellar mass

radial distribution in our TNG sample. To help in quantifying the role of various
processes in shaping the metallicity distributions we characterize the metallicity gra-

dients (VZ) from those profiles. Figures and [3.4] illustrate that most of the
profiles are more complicated than a simple linear relation between Z vs. radius,

or surface mass density vs. radius. In order to provide a more flexible and infor-
mative characterization of the Z distributions in this work we introduce a new way
to represent the radial metallicity gradient. As the metallicity profiles show similar
shapes and trends as the logarithmic surface mass density profiles, we should be
able to fit them with an analogous functional form. The surface mass density can be
approximately described as a Sérsic profile:
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log(Z) = log(Zo) — b(ns) ((r/Re)!/™ —1) G.1)

As we have mentioned in Section 1.1.2, ng is the Sérsic index, the higher the ng
the higher the central stellar mass concentration. b(ng) follows from the relation
I'[2b(ng)] = 2([2b(ng),b(ns)], where I and 7 are respectively the Gamma function
and lower incomplete Gamma function (Ciotti and Bertin, 1999). To high precision,
those can be approximated by:

1 4 1 46 1 1
b=2mg— ~ 4 o — 2 N opg— - 3.2
"ST 3 Wy T2 a2 T3 (32)

We define the metallicity profiles to have a metallicity "Sérsic” profile:

7 =7y— (ZnZ—%)* ((r/Re)V ™2 —1) (3.3)

Where we define the ‘metallicity Sérsic index” nz, and just like a classical Sérsic
index, it is proportional to more centrally concentrated distributions. In general,
the higher nz means "steeper’ gradients, or in other words, the more quickly rising
the central metallicity will be in the inner regions of the galaxy. Z is the stellar
metallicity at Re, and as another advantage of ny is that it is independent from the
choice of Re.

In Figure we linearly fit the ng - nz relation (nz = bz s + az s * ng )for all our
sample TNG galaxies with the slope az s=1.51 with standard deviation ¢z s = 0.25.
We also fit the relations at three different stellar mass ranges as shown in the top
right, bottom left and right panels. In all mass ranges the ng - ny relations show
similar slopes (a7 s=1.52, 1.48 and 1.56 for low, intermediate and high mass galaxies
respectively); while the standard deviation is higher for high mass galaxies (¢ s =
0.24, 0.19 and 1.02 for low, intermediate and high mass galaxies respectively). Fig-
ure shows that there exists a tight relation between the Sérsic index of stellar
surface mass density (ng) and the metallicity ‘Sérsic index” of the stellar metallicity
profile (nz); for galaxies with high ng also show high nz, and this relation is inde-
pendent of the host galaxy stellar mass, log(M).

In order to be comparable with previous studies, in this paper we use three dif-
ferent values to represent radial stellar metallicity gradients:

e We linearly fit the stellar metallicity profile within 1 Re and take the slope of
that fit (Z slope).

e We compute the difference between the central stellar metallicity and the stel-
lar metallicity at 1 Re (Zre — Zcentre)-

e We compute the metallicity ‘Sérsic index” of the stellar metallicity profile (7).

Figure [3.6| shows the 3 different stellar metallicity gradients estimators against
galaxy’s stellar mass M., and mass concentration Rjps59. As expected given Figure
one can easily notice that Rjgsg correlates with all three metallicity gradient esti-
mates - with galaxies that have a higher stellar mass concentration showing steeper
the stellar metallicity gradients. This tight link exists in all log(M,) ranges (shown
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FIGURE 3.5: The correlation between the Sérsic index of stellar surface

mass density (ns) and the metallicity ‘Sérsic index” of stellar metallicity

profile (nz) for galaxies within different log(M.) ranges, lines are the

linear fit relations. Top left: the relation for all galaxies in our sample

and color coded by log(M,), top right, bottom left and right are the

relation for galaxies with log(M.) > 11.0, 10.0 < log(M,) < 11.0 and 9.3
< log(M,) < 10.0 separately.

by the color coding in left panels). This suggests the radial stellar metallicity distri-
bution is tightly linked to the present day radial stellar mass distribution.

The black circles in the top left panel are the results from the CALIFA galaxies,
which agrees with the TNG results quite well, except for the very low mass regions.
As we will discuss later this is likely because in the CALIFA sample we do not have
early type (high concentration) galaxies. In addition the TNG galaxies do not seem
to produce galaxies at any mass with significant positive metallicity gradients, at
odds with the CALIFA sample which shows approximately 12% of galaxies exhibit
positive gradients.
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top left panel are the observed gradients from CALIFA galaxies.
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3.3.2 Local mass-metallicity relation
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FIGURE 3.7: Density histograms of the stellar surface density versus

the local metallicity for all annuli within 1 Re for: all our galaxies (top

left), only high mass galaxies (top right); intermediate mass galaxies

(bottom left) and low mass galaxies (bottom right). Solid and dashed

lines are the mean trends and standard deviations of each mass range

(Black: all galaxies, red: high mass galaxies, green: intermediate mass
galaxies, blue: low mass galaxies).

The clear correlation between stellar mass gradient and stellar metallicity gra-
dients in [llustrisTNG galaxies as well as what we have found in CALIFA galaxies
before (Zhuang et al., 2019) indicates that in the inner region of galaxies, the lo-
cal stellar metallicity mainly depends on the local stellar mass buildup. Figure
shows the local stellar mass-metallicity realtion (MMR) of all annuli within 1 Re of
all our galaxies, and galaxies within different mass ranges. All four panels show
clear correlations between local stellar metallicity and surface mass density, with
higher local stellar surface mass density corresponding to higher local stellar metal-
licity. There is very little difference in the slopes or intercepts of the relations for
different mass galaxies; however the highest surface mass densities and metallici-
ties occur preferentially in the highest mass galaxies.
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FIGURE 3.8: Density histograms of the stellar surface density versus

the local metallicity for all pixels within 1 Re for: all galaxies (top left),

only high mass galaxies (top right); intermediate mass galaxies (bottom

left) and low mass galaxies (bottom right). Solid and dashed lines are

the mean trends and standard deviations of each mass ranges (Black:

all galaxies, red: high mass galaxies, green: intermediate mass galaxies,
blue: low mass galaxies).

The local MMR in Figure|3.7]is based on an axis symmetric annuli systems (the %
against Z of each annuli). In order to understand a more detailed link between local
mass and metallicity of galaxies, we test the impact of non-axis symmetric azimuthal
variations on the derived radial profiles. To do thiswe use the 2D pixel (mock IFU)
maps. With these, we are able to trace the local MMR relations and understand
how azimuthal variations may introduce scatter in the local surface mass density -
metallicity relation.

The top left panel of figure (3.8 shows the local MMR of all pixels within 1 Re for
all our galaxies. Compared with Figure the pixel version shows a similar MMR
trend but with larger scatter - likely because of the non-axis symmetric azimuthal
variation which could be caused by non-axissymmetric perturbations/overdensities
(e.g., spiral arms, bars.).

The top right, bottom left and bottom right panels of figure 3.8/ shows the pixel
MMR for galaxies within different mass ranges. For higher mass galaxies the local
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MMR shows smaller intrinsic scatter than the low mass galaxies. This suggests the
local MMR relation is statistically strengthened when an increased number of star
formation generations can occur. The scatter decreases as more stars are formed and
the stellar mass density and metallicity tend towards a common relation.

3.3.3 A jointlook at age and metallicity distributions

Galaxies of different morphological types and different substructures likely have
different star formation histories. Disk galaxies (as for example the MW) can have
a central region that is quite different in terms of chemical evolution, because it is
dominated by an old population, whereas the outskirts of a disk may be dominated
by a young population. A combined study of both age and metallicity spatial distri-
butions might reveal more clues about how stellar population gradients were built
up.

MustrisTNG data provides the age when each stellar particle was born, and to
further understand the stellar metallicity and local stellar mass buildup, we sepa-
rate the stellar particles into three age groups (old: older than 6 Gyr, intermediate:
between 2-6 Gyr and young: younger than 2 Gyr). Next we extract the radial stellar
metallicity and surface mass density profiles of each age population as shown in
Figure

The right panels of Figure[3.9show that in all age groups, the shape of the surface
mass profiles of the high mass galaxies is consistently more concentrated and steeply
rising in the inner regions, compared to the low mass galaxies. On top of this we
can see that the absolute value of the surface mass density decreases strongly for
the highest mass galaxies as one looks at younger stars. This reflects the fact that
these high mass galaxies form most of their stars rapidly and are quenched in late
times, with minimal star formation. A similar trend is seen in the left panels: the
absolute value of metallicity for the high mass galaxies decreases relative to the
low mass galaxies as one considers younger stars. Here this effect is likely due to
the small levels of latent star formation in high mass galaxies being driven by re-
accreted lower metallicity gas from the circumgalactic medium (CGM). The shape
of the stellar metallicity profiles of the old stars are most centrally concentrated and
steeply rising in the highest mass galaxies. In intermediate and young aged stars,
the shape of the metallicity profiles becomes more similar for all galaxy masses -
with a noticeable central ‘core” in the youngest stars. This is likely a numerical effect
due to the small number of young star particles in these high mass galaxies.

As seen in Figure the correspondance between the surface mass density and
metallicity becomes weaker as one considers younger stars (or lower mass galaxies).
This again suggests the correlation between surface mass density and metallicity be-
comes tighter as more star formation and enrichment episodes occur locally within
a system. It suggests that for galaxies within all mass bins, the Z profile of young
population stars does not correlate with either newly formed stellar density or the
total accumulated stellar density (shown in figure 3.2).

This indicates that the correlation between local stellar metallicity and mass
was built up during the earlier stages of galaxy evolution, and most likely in pe-
riods with efficient/fast star formation. Later the star formation was limited by the
amount of 'new’ gas that is randomly distributed and mixed due to infall, feedback
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younger than 2 Gyr (bottom right), different colours represent different

present-day mass bins from red to black are the bins from high mass to
low mass.

and migration processes. This also confirms what we have found in figure (3.8 that
the local MMR were buildup statistically through a large number of star forming
events, while for small numbers of events it may show more "stochastic’ behavior.

We caution that, the mass of galaxies can be very different at different periods,
so the present-day high mass galaxies did not necessarily have the highest masses
in their early evolutionary stages.
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To jointly look at the age and metallicity distributions, we study the spatial dis-
tribution of all 2D pixels (from 2D binned maps we derived in Section 3.2) in age
and metallicity space. We divide the disk into 5 different galactocentric distance
bins. For galaxies of each mass range, we get the age metallicity space distributions
of pixels within each radial regions, from inside to outside, as shown in Figure

In a given radial region, low mass galaxies show broader age ranges and nar-
rower metallicity ranges than the corresponding regions in high mass galaxies. In
all galaxies there is a progression to have the most central regions at higher metal-
licity (e.g., negative gradients). However at low masses we see that the average age
increases towards the outer regions, while for MW mass galaxies the age is approxi-
mately equal at all masses, and for thigh mass ellpticals the age decreases as you go to
the outer regions, e.g., the existence of 'younger’ intermediate ages and very metal-
rich populations in the very central regions of massive galaxies. The different age
gradients in the different mass galaxies may not only suggest different star forma-
tion or assembly histories (e.g. inside-out vs. outside-in) in these different galaxies,
but also between different parts of a galaxy.

Though different galaxies or regions may show different star formation histories,
the most important factor that shapes the Z gradient may still be the accumulated
local stellar mass buildup at the inner part of a galaxy. The age dependency of stel-
lar population distribution here may not exactly map to spatial evolution of stellar
population distribution, because of the dynamical evolution (secular migration) of
stars. We plan to study the signatures of such effects in TNG on metallicity gradients
in future works.

3.3.4 In-situ and ex-situ populations

Our results show that the local accumulated in-situ stellar mass distribution is the
main factor that sets the shape of the radial stellar metallicity profiles. However,
galaxy merging and accretion are important and almost inevitable process in the
evolution of stellar populatoion gradients, as a galaxy can accrete stars that were
formed in other galaxies (ex-situ stars) through mergers. Previous studies have
shown that the outer region (halo) metallicity gradients of galaxies are correlated
with accretion histories (Cooper et al., 2013b; Oogi and Habe, 2013b; Pillepich et al.,
2014b; Cook et al., 2016). Therefore, it is necessary to also check the role of those
ex-situ stars in the inner regions of the galaxy.

The MlustrisTNG simulation allows us to trace the origin of each stellar particle,
and when they were formed or brought into the primary halo. Rodriguez-Gomez
etal.,[2016/investigated several aspects of the stellar mass assembly of TNG galaxies,
by employing merger trees and a classification scheme for individual stellar parti-
cles. They separated the stellar particles into two groups: 1) in-situ stellar particles,
stellar particle were formed along the main progenitor branch of a given galaxy; 2)
ex-situ stellar particles, accreted stars that formed within another galaxy and were
subsequently accreted.

Using this classification, we calculate the in-situ stellar mass fraction within 1 Re
and the associated stellar metallicity gradients of both in-situ and ex-situ popula-
tions. As shown in the left panel of Figure within 1Re, low mas galaxies (< 1011
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M., are dominated by in-situ stellar particles, while at higher mass (> 10! M.,) the
ex-situ components quickly increase with the total stellar mass of the galaxy.

The right panel of Figure shows metallicity gradients (Z slope) of both in and
ex-situ components, as well as the total stellar particles within 1Re. At all masses
the shape of the metallicity gradient (Z slope) vs. stellar mass trend follows is the
same for the ex-situ and in-situ stars. The total slope computed over all stars be-
gins to track the ex-situ populations more closely above 10!, as the ex-situ fraction
increases.

While the trend with mass of the Z slope is the same for the in-situ and ex-situ
populations across the TNG sample, the metallicity gradients of the ex-situ stars
are consistently flatter than of the in-situ stars. This is expected as the ex-situ stars
are by-nature collisionless and during the merger will be distributed into a more
spatially extended configuration than the in-situ stars which retain some spatial co-
herence with the collisional gas distribution out of which they formed (barring their
significant redistribution during the merger itself).

Our result shows the existence of ex-situ stellar particles does not strongly influ-
ence a galaxy’s radial stellar metallicity gradients within 1Re.

3.3.5 Kinematics

Some previous works have suggested that kinematic properties could play a strong
role in shaping the metallicity gradients. For example, Schroyen et al., 2013b| used
simulations to investigate the metallicity gradients of dwarf galaxies and found that
steeper stellar metallicity gradients can form efficiently during the evolution of low
angular momentum dwarf galaxies, because the low angular momentum allows
more gas to concentrate in the galaxy’s central regions, enhancing the star formation
in the inner regions.
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In our previous work, due to the abundance of kinematic information in CAL-
IFA and available Schwarzschild dynamical models (Zhu et al., 2018d; Zhu et al.,
2018bj Zhu et al., 2018a), we investigated if any dynamical properties appear to be
strong causal factors in setting the stellar metallicity gradients (though with galax-
ies at higher mass range). The galaxies in the CALIFA sample are several orders
of magnitude more massive than the dwarfs studied by Schroyen et al., 2013b, and
in these higher mass galaxies we did not find any obvious correlations between the
kinematic features and stellar metallicity gradient.

To compare the TNG galaxies to our previous study, we extract the radial ro-
tation velocities (Vo) and velocity dispersion (X,) profiles of all our IllustrisTNG
galaxies following the method described in Section 1.2.2. Figure shows the
Vot /0 against radial stellar metallicity gradients (defined as: AZ(r)=Z(r)-Zcentre), in
galaxies of different mass concentration (Rjgsp) bins.

We can see that for highly concentrated galaxies (low Rjps59 value) the galaxies
show steeper Z gradients and bimodal distributions in angular momenta. When
moving to low concentration galaxies, distribution is dominated by relatively high
angular momenta points due to the lack of massive galaxies with low mass con-
centrations. This suggests that the present-day stellar V,,;/c does not appear to
correlate with final Z gradient, while mass concentration is always the stronger fac-
tor that predicts to the Z gradient. In addition, massive galaxies always have low
Viot/0 and high concentration, while lower mass galaxies show large diversity in
both V,,;/0 and mass concentration.

In the left panel of figure we show the V,, /0 against Z gradient for all
our galaxies, and this similarly shows a separation between high mass galaxies and
other galaxies, with a 'red tail’ and a "blue triangle’. High mass galaxies generally
have lower V,,; /0 and steeper Z gradients (the red tail). For lower mass galaxies,
the correlation is more complicated, with low V,,; /0, Z gradients are mostly flatter,
while with higher V,,; /o galaxies show larger diversity in Z gradients and can have
steeper Z gradients (blue triangle).

In the right panel, we plot the relation between log(M,) and V,,;/c at 1Re of
all our galaxies. This also shows a clear separation between the high mass galaxies
and other galaxies: galaxies show an increase in angular momenta as their mass in-
creases, until reaching log(M.) ~ 10.5. Above that, their angular momentum quickly
drops to a very low value. This bimodality we see from the left panel of figure[3.13]is
a manifestation of the trends between the high mass galaxies and low mass galaxies
shown in the bottom panel.

The left panel of Figure suggests the ex-situ stellar mass fraction within 1 Re
quickly increases with total stellar mass for massive galaxies (log(M.) > 10'%%). The
Vot /0 drops quickly at this mass range likely due to the onset of mergers (as evident
in the ex-situ fraction in Figure The angular momentum content may therefore
be diluted by mergers, without significant modulation to the metallciity gradients
of the inner regions (see e.g., the right panel of Figure .

In Figure we reproduce figure again but color coded by the in-situ stel-
lar mass fraction within 1Re. This clearly shows the bimodality in log(M) and
Vot /0 space is mostly due to the accretion of ex-situ stars, while the bimodality in
Viot/ O (Re) and Z slope space is just because both V,,;/c and Z slope have correla-
tions with log(M.). This suggests that V,,/c as measured at present day, does not
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FIGURE 3.12: The V, /0 against radial stellar metallicity gradient AZ
of each annuli of galaxies within different log(M,) ranges. color coded
by different mass ranges.

directly influence the stellar metallicity gradient. It is possible however that the in-
stantaneous V/sigma at the time gas was settling into the disk may have dictated
the local star formation distribution in the galaxy disk, and hence played a role in
setting the close correlation between mass density and local metallicity.

3.3.6 Environment

Satellite galaxies can show very different features compared to field (central) galax-
ies. The satellite galaxies in different environments are involved in different levels
of environmental processing (tidal stripping, ram-pressure, mergers.).

As the tidal field, ambient gas density and encounter rate may all be a function
of the environmental density, we might expect different stellar population gradient
for satellite galaxies in different environments. To explore this effect, we also extract
the metallicity profiles of satellite galaxies in different environmental densities. We
separate our satellite galaxies into two different groups: Inner satellite galaxies that
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located at present day inside 0.25 of the viral radius (Ry;;) of the cluster; and outer
satellite galaxies located between 0.25 and 1 Ry, of the cluster.

Figure m shows the comparison of central (field) galaxies, inner (r < 0.25 Ryj;y)
and outer (r > 0.25R,;,) satellite galaxies. We can see the three type of galaxies
do show different stellar mass functions, as more massive galaxies tend to be cen-
trals, while inner satellite galaxies show the smallest stellar mass amount the three
groups. The sizes of the inner satellites tend to be smaller on average at fixed mass
compared to the outer or central galaxies. However the correlation between the
metallicity and mass density Sersic indices (ns - nz) does not show a difference in
slope or scatter.

Red: Central galaxies
5 | green: Outer satellite galaxies 5 4
Blue: Inner satellite galaxies
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FIGURE 3.15: Comparison between central (red), inner satellite (r <

0.25Ry;r, blue) and outer satellite (r > 0.25R;,, green) galaxies” distri-

butions in different parameter spaces with contours at average values.

Top left: stellar mass against Re; top right: stellar mass against nz; bot-
tom left: stellar mass against ns; bottom right: ng against nz.

3.4 Discussion

Our results using the [llustrisTNG simulation have shown that the stellar metallicity
gradient of the inner part of a galaxy is mostly determined by the local stellar mass
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buildup.

3.4.1 Comparison to observations

In Chapter 2, we studied the metallicity gradients from CALIFA galaxies, due to
their large range in galaxy mass and morphology, provide an excellent sample with
which to compare the Illustris results.

When comparing gradients, it is important to keep in mind that the CALIFA
galaxies have a lower average spatial resolution (~ 0.4 kpc) compared to the TNG
galaxies (profiles for TNG galaxies have 0.1 kpc resolution). This means, for CALIFA
galaxies the central peak of both stellar metallicity and X, profiles will be smoothed
out. This prevented us from quickly extracting reliable Sérsic indices ng and nsg.
Therefore to compare the link between stellar metallicity gradients and stellar mass
concentrations, we have to use different estimators: for stellar metallicity profiles,
we use the linearly fit metallicity gradient Z slope. While for the mass concentra-
tions, as we can’t get either 'ng” or 'Rygs0’, we defined a ’stellar surface mass density
gradient’ (Vlog(X,)) to indicate the gradient of stellar mass:

VIOg(Z*) = 1Og(z*(r:0)) - log(z*(r:Re)) (3.4)

Note, the surface stellar mass density 2. of CALIFA galaxies is written as X, «
in Chapter 2 to emphasize that the stellar surface mass density in CALIFA galaxies
was derived from the dynamical Schwarzschild models (Zhu et al., 2018c).

As shown in the top left panel of Figure we compare the Z slope and
Vlog(X) correlation of TNG and CALIFA galaxies. Despite of the large scatter of
the CALIFA galaxies, they show the same trend as TNG galaxies, in the sense that
the Z slope steepens with increasing log(2,) gradient. The large scatter in CALIFA
galaxies is most likely due to the lower spatial resolution of CALIFA, as well as the
uncertainties in the stellar population (SP) models used to derive the metallicity.

In addition to the global gradients, CALIFA galaxies show a similar local MMR
as found in the TNG galaxies. The top right panel of figure shows a good
agreement in the comparison between the two local mass metallicity relation when
plotting the values in each annulli for all the galaxies in both TNG and CALIFA.
For the local MMR per pixel, both data show similar correlations in the bottom two
panels of figure However, the slope of the CALIFA pixel MMR is noticeably
steeper, and the scatter larger. This could be due to the difference in pixel numbers
and sizes, a larger diversity of inclination angles of the observed galaxies and/or
the uncertainties of the measured stellar population values, as most of those tend to
smooth the stellar gradients. At first glance, it appears the effects have effected the
surface mass density more than the metallicity gradients. The net effect is then to
steepen the relation.

3.4.2 Comparison to lower resolution TNG models

As all our analysis is based on the distribution of matter and metals within an effec-
tive radius. It is very important to check the effect of the finite numerical resolution
of the simulation. As mentioned above, TNG100 has three different resolution sets
- our result described in the preceding sections are based on the highest resolution
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Bottom: the local mass-metallicity relation for all pixels from TNG (left)
and CALIFA (right) galaxies.

TNG100(-1) simulation which has a minimum gas gravitational softening (spatial
resolution) ~ 0.19 kpc and stellar particle mass ~ 7.5 x 10°M, at z=0. To under-
stand any numerical effects we are able to check our conclusions by analyzing two
lower resolution simulations (TNG100-2 with minimum gas gravitational softening
~0.38 kpc and stellar particle mass ~ 59.7 x 10°M; and TNG100-3 with typical
spatial resolution ~ 0.76 kpc and stellar particle mass ~ 477.7 x 10° M, at z=0).
Figure shows the comparison of log(M), Re relation between the three dif-
ferent resolution simulations. The trends are similar however for the absolute value,
the lower resolution simulations show larger R op). This is expected as the low res-
olution may effectively smooth the central peak of stellar surface mass density pro-
tiles. We also notice that the difference between TNG100-2 and TNG100-3 is larger
than the difference between TNG100-1 and TNG100-2. This suggests the influence
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of the limited numerical resolution is becoming less important as the resolution in-
creases.

Figure[3.18|shows average stellar metallicity and surface mass density profiles of
different stellar mass bins for different resolution simulations. In general, TNG100(-
1) and TNG100-2 show quite good agreements in terms of the shapes and rela-
tive positions of average profiles of different mass bins. However, the TNG100-3
data show large difference from the other two with stochastic behaviour evident
in the profiles of the lowest mass galaxies. All three resolution simulations show
similar profile shapes at high mass bins. But for lower mass galaxies, the log(X)
profiles start to show very high central concentrations when moving towards low
resolutions, due to stochastically sampling the small stellar particle numbers. For
TNG100-3 we see clear "unnatural” central concentrations (unlikely due to real phys-
ical reasons) for galaxies with log(M,) < 11. For TNG100-2 the average profiles
show similar trends and relative positions compared to TNG100(-1). Galaxies with
log(My) < 10 still start to show averagely "unnatural” central concentrations. For
TNG100(-1) we don’t see any clear "unnatural” central concentrations in average
profiles. This suggests, for higher stellar mass galaxies, different resolutions do not
show large discrepancies. While, lower mass galaxies are more sensitive to the res-
olutions, and start to show averagely "unnatural” central concentrations when reso-
lution reduces.

One possible way to separate these "unnatural” galaxies is to check their local
stellar mass-metallicity relations. As shown in the bottom panels of figure [3.18)
when the logX., profile shows "unnatural" central concentrations the stellar metal-
licity profiles may not follow, and actually they appear to show very low stellar
metallicity in the central regions. This suggests that the local MMR may show large
scatter in low resolution simulated galaxies.

Figure shows the comparison of local stellar mass-metallicity relations be-
tween the three different resolved simulations. Though the absolute value varies
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FIGURE 3.18: Average mass weighted stellar metallicity (right) and
surface mass density (left) profiles of galaxies within 6 different stel-
lar mass bins. ng are the number of galaxies within each bin.

from each other, all three resolutions show clear local stellar MMR. IN the TNG100-
3 galaxies, at high logX, regions (logXZ, ~ 9.5) the stellar metallicity shows a drop
that is likely reflecting the large discrepancies in the bottom panels of figure [3.18|
This lack of correspondance in the local MMR may help us identify the potential
"unnatural" galaxies from the majority of TNG100(-1) galaxies.

Figure shows the comparison of six basic relations in our result between the
three different resolution simulations. Like in figure the trend between three
different simulations are similar except for the absolute values, and n all cases the
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FIGURE 3.20: Top: the relations between Z slope and log(M.) (left),
Rips0 (middle), ng (right); bottom: the relations between nz and log(M..)
(left), Rios0 (middle), ng (right) of three different resolution TNG100
simulations, blue: TNG100(-1), green: TNG100-2 and red: TNG100-3.

difference between TNG100-2 and TNG100-3 is larger than the difference between
TNG100-1 and TNG100-2. The Z slope and nz show a convincing agreement with
their relation against log(M.); while for the mass concentration Ryg5p and Sérsic in-
dices, the two higher resolved simulations show much better agreement compared



3.5. Summary 87

to the lowest resolved one (TNG100-3). This might due to the fact that for low reso-
lution galaxies, the central peak of the surface mass density are too diffuse to extract
the reliable Ryge, or Sérsic indices (similar to what we find when comparing CALIFA
data in Section 3.4.1).

The comparison between three different resolution TNG100 simulations gives
confidence that our main conclusions are independent of the limited numerical res-
olution of the simulation.

3.5 Summary

In this work we study the diversity of stellar metallicity gradients within 1Re of
galaxies by analyzing data from IllustrisTNG100 simulations. We jointly look at
galaxies’ radial stellar population distributions in relation to their total stellar mass,
stellar surface mass density distribution, stellar dynamical properties, stellar in-situ
and ex-situ fractions as well as their environments. As we are studying a broad
range of mass/morphological type galaxies, in order to avoid the effect of logarith-
mic suppression, we study their linear metallicity (metal mass fraction; Z) profiles
and gradients.

e We find that the shape of the stellar surface mass density profiles and the metal-
licity profiles in the TNG galaxies are tightly correlated.

e This results in a tight local mass metallicity relation, whereby the regions with
higher surface mass density have higher stellar metallicity.

e We show that the radaial metallicity profiles are significantly non-linear and
can be described well by a metallicity sersic index. The metallicity and mass Sérsic
indices are tightly correlated, and this provides a helpful way to estimate the likely
in-situ stellar population gradients when the structural properties of a galaxy are
known.

e By jointly looking at the spatial distribution of stellar metallicity and age, we
tind that the star formation histories may vary in different regions of the galaxy, but
that this does not effect the correlation between mass density and stellar metallicity
profiles.

e We find that galaxies below log(M*) ~ 10. show positive age gradients, while
above that mass they tend to show negative age gradients. In most cases the metal-
licity gradients are typically negative in the simulated galaxies however.

e We find that, for high mass galaxies (log(M) > 11) the existence of ex-situ stars
do slightly flattens the total stellar metallicity gradients, but this depends on the
ex-situ stellar mass fraction within 1 Re.

e We also examine the role of angular momentum by studying stellar V,,; /%, in
tigure Our results show no causal relation between stellar metallicity gradients
and present day stellar angular momentum (as traced by V,,:/0). However it is
likely that the angular momentum of the gas at the formation epoch of the stellar
population was important in stetting the stellar population and mass gradients at
that time.

e We do not find significant differences in the correlated behaviour of stellar
metallicity and surface mass density gradients if we consider satellite galaxies rela-
tive to central galaxies.



88 Chapter 3. Tracing the origin of stellar metallicity gradients in simulations

In this work we found the local in-situ stellar mass buildup is crucial to a galaxy’s
stellar metallicity distribution, which agrees with the result of our previous study
with CALIFA galaxies (as shown in figure [3.16). Work still remains to incorporate
detailed knowledge about the nature of low mass high concentration galaxies, as
well as the role of ex-situ stars in flatterning the stellar metallicity gradients of mas-
sive galaxies.
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Chapter 4

Semi-analytical approaches to model
stellar population gradients

This Chapter is based on one of my current project which is still in progress.

Overview:

In this chapter, we aim to use a semi-analytical galactic chemical evolution model
to understand the chemical and structural trends we have found from both simu-
lation and observations. We follow this approach in order to check our scenario
from a more theoretical prospect of view, where we can isolate particular physical
parameters. Based on an analytic chemical evolution model, we create a 1D galac-
tic chemical evolution model which implements two phases of gas inflow in order
to create galaxies with different morphological types. We show how this approach
successfully reproduces most of the empirical relations we have found in observa-
tion and simulations. This will be helpful in illustrating our scenario that galaxies’
stellar metallicity distributions are primarily determined by the local accumulated
stellar mass.

4.1 Introduction

In previous Chapters we have demonstrated with observations and simulations that
there is a link between a galaxy’s stellar metallicity gradient and surface mass den-
sity gradient. The consequence of this finding, is that for the inner part of the galaxy,
a scenario arises where the present-day local stellar metallicity is mainly determined
by the local star formation history and in-situ stellar mass buildup. A consequence
of this is that radial migratory processes may be minimal, and that how the density
of gas that forms stars changes in different regions over different times, will be an
important factor.

To test how the local stellar mass buildup contributes to the final metallicity gra-
dient, it would be helpful to have a simple window to isolate this effect. While the
simulations described in Chapter 3 are extremely useful for understanding how gra-
dients form, they are difficult to uniquely separate one effect (e.g., inflow, feedback,
mergers). A simpler approach is to use analytic chemical evolution models. These
can provide a direct way to control variables responsible for the creation of stars
and metals. For example, we can study how different outflow or inflow, or chemical
yields will impact the final stellar population distributions.
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This approach has been successful in past studies of chemical evolution and
metallicity gradients (Matteucci and Francois, Carigi, Timmes, Lau-
roesch, and Truran, Portinari and Chiosi, [1999), but most of them have dealt
with the evolution of the Milky Way disk only. In this Chapter, we implement a
simple 1D semi-analytic model to test if this simple scenario can reproduce many of
the structural and chemical scaling relations we identified in the CALIFA and TNG
samples. The novelty of our approach is that we simultaneously focus on the co-
evolution of the stellar density and metallicity in the analytic model. In addition,
we make the chemical evolution models applicable to galaxies of a wide variety of
masses and morphologies. This will allow a more insightful comparison to our pre-
vious results. The main purpose of this approach is: 1) to provide a simple physical
framework to understand this scenario via a flexible theoretical analytic model for
chemical evolution; 2) to study the possible time evolution of X, - Z correlations,
and 3) to gain a conceptual understanding of the role of instantaneous angular mo-
mentum of the gas and its effect on the evolving stellar population gradients.

In Section 1.2.3 we introduced the basic principles of chemical evolution models
by using the classic close-box model as an example. To trace the evolution of galactic
stellar metallicity gradient, we have to extend the model with spatial factors.

FIGURE 4.1: Illustration showing how we divide a galaxy into a seri-
ous of concentric annuli with resolution of 0.2 kpc in order to track the
baryon and metal evolution in each region.
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Stellar feedback (winds/SN)
eject gas (1-R)*SFR

FIGURE 4.2: The cartoon shows the basic processes in the open-box

model, which contains the inflow of metal poor gas, local star forma-

tion, and the production of metal rich gas which will mix with local
ISM, as well as the gas outflows through stellar feedback.

4.2 One dimensional chemical evolution model

In this approach, we assume a model galaxy is a non-interacting galaxy and it
evolves in isolation. This is analogous to our definition of central galaxies in the
TNG sample, and means the galaxy is located in the centre of its own DM halo. Its
growth purely due to the inflow of pristine gas from the circum-galactic medium,
without galaxy-galaxy mergers or other environmental interactions.

In order to model the radial profiles of the baryons and metals in the galaxy, we
begin by creating a one-dimensional radial grid where we divide the galaxy’s disk
plane into a set of annuli. We set the width of the annuli to mimic the radial resolu-
tion 0.2 kpc, which is comparable to the TNG-100 and CALIFA spatial resolutions.
We show a conceptual example of this in Figure In order to model the spatial
evolution of the galaxy’s stellar populations, we model each annuli and let it evolve
independently as an open-box. This means that in each radius there can be pristine
gas inflow and partially enriched ISM outflows of the gas - but no radial mixing of
the gas. Figure 4.2/ shows a cartoon that illustrates the basic processes that is con-
sidered in our open-box model for each annuli, which we describe below in more
detail. In what follows we assume time t = 0 is the formation of the galaxy, while
t = tg = 13.8 Gyr is the galaxy at present day.

Star formation

For each annuli, we model the evolution of several relevant baryonic compo-

nents as follows. Stars are formed following an empirical Schmidt Law (see Section
1.2.1):
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Z‘SFR(r/ t) =0uX (Zgas(r/ t)k) (41)

here, Xgpr(r,t) is the surface stellar formation rate density at radius r and time ¢
with a unit of M, * kpe ™2 * yr—!. While Zgas(r, t) is the gas surface mass density at
radius r and time t with a unit of M, * pc 2, v is the absolute SFR efficiency.

Recent studies show that the SFR is proportional to the local molecular H, den-
sity (Bigiel et al.,2008). However as we do not trace the ratio between HI and H, gas
in our model, we instead choose k=1.3 and v=0.0001, which reproduced the trends
seen in both our observation and simulation.

Evolution of gas

After stars are formed, they evolve and via feedback (winds, SNe) return the
enriched gas to the ISM and blow a fraction of gas away from the galaxy as outflows.
We use the instantaneous recycling approximation (IRA) in our model (also seen in
Section 1.2.4), which means we assume the metals released from dying stars which
stay in the galaxy will mix with the ISM perfectly and instantaneously. Thus, for
each step the evolution of the gas Xg,5(7, t) is shown as follows:

4.2)
+ Z'gas,in(rr t) - Z‘gas,out(r/ t) (

Where Yo in(7, t) is the inflow of gas density (see Section 4.2.1) at certain radius r
at certain time f, R, is the mass fraction of stellar remnants for a stellar population,
according to the stellar evolution theory R,, mostly depends on the IMF and stellar
metallicity of the stellar population. Thus, Xspr(r,t) X (1 — R,,) is the gas that is
returned from stars through feedback, in addition part of the gas from ISM is lost
due to the outflow Zgas out(7, ).

In reality, there are multiple factors that play roles in regulating the gas
outflow rate, e.g. star formation rate, gravitational potential, AGN feedback,
ISM distribution (Zschaechner et al., 2018, Koudmani et al., 2019). In this
model, for the sake of simplicity, we set the gas outflow rate relative to the
local star formation rate, and include a regulator that is a function of the to-
tal baryonic (star and gas) mass Mpgy0,. which slightly reduces the gas out-
flow rate in the central but increases it in the outer part of the galaxy (e.g.,
https:/ /academic.oup.com/mnras/article/432/3/1894/1078965).

Tgas,out(r, ) = 0.3 X gr (7, t) X (12 — log(Mparyon (f — 1) +10))/10 (4.3)

Evolution of metallicity

To trace the evolution of metallicity, we define the gas metallicity Zgas.

Zgas(r,t) = Zz(r, 1)/ Lgas(r, t) (4.4)
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The metallicity here we trace is the abundance of all heavy elements, e.g. total
metallicity Z. The subsequent evolution of metals in the gas is described by the
following balance equation:

Zz(r, i’) :Zz(r,t — 1) +y X (ZSFR(I’, i') X (1 - Rm))

- Z'Z,ou’c (1’, t) (45)

Where X7(7,t) = Zgas(r,t) X Lgas(r, t) is the metal surface mass density in the
gas, Xz out(7,t) = Zgas(7, 1) X Lgasout(, t) is the metals which are lost in the outflow
of gas, y is the total nucleosynthetic yield which is described in Section 1.2.3, Ry, is
the stellar remnant fraction represents the ratio of mass that is locked in the stellar
remnants. To explore the impact of gas inflow in our model, we adopt a constant
nucleosynthetic yield y = 0.01 and a constant remnant fraction R,;, = 0.35.

In our model, the metallicity of stars at a certain time ¢ is equal to the gas metal-
licity at the time when the star was born. The total stellar metallicity at this time
and radius Z(r, t), is then the stellar mass weighted average metallicity of all stellar
populations contained in that annulus.

t
Rop X Zopr (7, T) X Zgas(r, T)dT
Z(r,t):fo " SER (1, T) X Zgas (1, T) (4.6)
fO R, x ZSFR(r/ T)dT

Where, R, x Xgpr(r, T) is the surface mass density of each stellar population
with its stellar metallicity equals to the gas metallicity at its birth position and time
Zgas(r, T). This is the main recipe of our model, as our main purpose is to trace
the link between local stellar mass and stellar metallicity, in this work we fix all the
parameters (v, k, R;;, and y) so they will not change in the rest of the work.

4.2.1 Two-phase gas inflow

In our model, the primary input will be the functional form of the gas inflow (e.g.,
the shape, scale lengths, masses and time dependence). There are many different
methods to address the gas infall to a galaxy, and its impact on chemical evolution.
For example, Chiosi, 1980 demonstrated a good agreement between observed chem-
ical properties of the Milky Way Galaxy and their model, by assuming that the disk
was formed by infall of pristine gas. Subsequent works introduced different proper-
tis of the infalling as, modifying time or spatial dependence of the gas accretion rates
(Lacey and Fall, [1985; Matteucci and Francois, (1989; Malinie et al., 1993} Samland,
Hensler, and Theis, 1997).

In particular Chiappini, Matteucci, and Gratton, 1997; Chiappini, Matteucci, and
Romano, 2001 presented a model that assumes the Milky Way galaxy experienced
two main modes of gas infall. These were intended to represent the formation of
the bulge and thin disk, respectively. The first infall mode is responsible for the
formation of the bulge and thick-disk stars. The second infall mode forms the thin-
disk component, with a timescale much longer than that of the thick disk formation.
This model implies that most of the galaxy’s initial disk structure, was formed via
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FIGURE 4.3: Comparison of the two modes of gas inflow in our model.

Upper six panels (A1-6) show the evolution of a galaxy only with A

mode inflow, while lower six panels (B1-6) are the results only with
B mode gas inflow. The six panels of each mode show from 1-6, top
three panels are the radial distribution of infall gas (right A1,B1), stel-
lar surface mass density profiles (middle A2,B2) and gas surface mass
density profiles (right A3,B3) at different ages (color coding is shown

in the legend). The bottom three panels are the time evolution of total
stellar mass (left A4,B4), gas mass (middle A5,B5) and star formation

rate (right A6,B6).

accreting gas from the IGM, though later dynamical processes can reconfigure the

orbits of stars.
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As we want to study gradients in a wide variety of galaxy types, we need to be
able to distribute baryons in many different configurations. In this work we adapt
a similar two mode gas inflow prescription into our model, in order to flexibly re-
produce galaxies of different morphological types. Here we name the two modes
mode A (low angular momentum) and mode B (high angular momentum). We use
mode A to represent the infalling gas that carries low angular momentum. This
may represent gas from the fast collapse of initial clouds in the early stages of the
galaxy. Such inflow may be responsible for the formation of a galaxy’s bulge. Mode
B is meant to represent higher angular momentum infalling pristine gas from the
IGM, mostlyin the later stages of the galaxy’s evolution. This form of accretion is
likely responsible for the formation of disk components in galaxies. By varying the
amount of inflow in each mode, we thus will be able to test how galaxies of different
morphologies can form in this simple picture. The two phase infall model is theoret-
ically motivated, as simulation studies suggest a dichotomty in gas accretion modes
is an important aspect of galaxy assembly, and maybe a function of galaxy mass and
redshift (Brooks et al. 2007, Keres et al. 2005).

In our model, Mode A inflow distribute gas in the galaxy with a Sérsic radial
surface density profile, and the infall rate decreases with time exponentially with
respect to the Hubble time (tf). This is in agreement with the decline of low-angular
momentum cold-flow accretion with decreasing redshift (Brooks et al. 2007). As
this mode is representing gas which later may go on to form stars within a centrally
concentrated bulge component, it is described as a function of radius and time in
terms of an amplitude D4, a Sérsic index ng,j., and a scale length Rd 4.:

Zgas,in,A(r/ t) — DA % ef(2n5,5i570.331)x(fr/RdA) % eft/tH (47)

Mode B gas inflow distributes gas in the galaxy with an exponential radial sur-
face density profile and has its peak gas infall at time t,,,x, and is spread out over
a characteristic timescale tp(r). Together these parameters introduce a time-lag to
the inflow as radius increases, in order to mimic the inside-out formation of the disc
component:

Z‘gas,in,B(r/ t) = Dp X e_r/RdB X e(t_tmﬂx)/tD(r) (4.8)

where Dp is the amplitude of the infalling gas, t,y is the peak inflow time, Rdp
is the scale length, and tp is a radius dependent time delay term given by:

tp(r) = min[]0.01, (1.03r — 1.27) x 10] (4.9)

We note that D4 and Dgp are the initial mass weight of each mode are defined
a single time for each galaxy. Thus even though this is a 1D description of the gas
density profile, the ratio will give some inidication to how spherical and pressure
supported a galaxy is relative to a pure disk.

Figure[4.3|shows a comparison of those two modes of gas inflow in our model, by
evolving an example galaxy which only has mode A gas inflow (upper six panels)
or mode B gas inflow (lower six panels). The difference between the two modes
is evident in the time evolution of the infalling gas (X4s,) radial surface density
profiles (panels Al and B1).
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The A mode shows similar X, ;, radial profiles at all times, and at every radii
Y.oas,in decreases with time. In this mode, gas distributions are very centrally concen-
trated, due to the non linear correlation between star formation rate and gas density
(equation [4.T). Because of this, large amounts of gas in the central region will be
transformed into stars in the early periods. This leads to a steeper stellar surface
mass density profile (panel A2) and a fast exhaustion of gas in the central region
(panel A3). From the time evolution tracks (panels A4,5,6) we see the galaxy expe-
riences an intense star formation activity in the early period that forms most of its
stellar mass and uses up most of the gas.

Conversely, B mode shows an evolving shape of the X, ;, radial profiles with
time. At each radius X, increases first to the peak time for that radius, then
decreases with time. In this mode, gas is very smoothly distributed along the disk.
Compared with mode A, mode B shows flatter final stellar surface mass density
profiles (panel B2) and with large amount of gas in the disk regions (panel B3). From
the time evolution tracks (panels B4, 5, 6) we see the galaxy experiences a weaker
but much more extended star formation history during its life time, forming stars
almost constnatly over its lifetime.

In reality, a galaxy will undergo accretion following both modes. By combin-
ing the two modes with different ratios (D4, D), we can mimic the evolution of
galaxies with different morphological types (characterized to first order by different
surface mass densities or concentrations). For example, for bulge dominated early
type galaxies we would have a higher ratio of mode A gas inflow; for more disk
dominant late type galaxies, a higher proportion of mode B gas inflow. In summary,
the only five parameters that define our inflow gas D 4, Rd 4, Dp, Rdp and ng,gj., can
be used to model the evolution of a wide range of galaxy morphologies. We note
that our model can only be used to describe isolated in-situ formed galaxies. For
massive ellipticals with high accretion fractions (Vincente-Gomez et al. 2015), their
morphology is most likely due to the external dynamical processes (mergers, inter-
actions), and these may impart different chemical evolution features.

Figure [4.4 shows the evolution of a model galaxy, with present-day log(M.) ~
10.22 and has a total A mode gas infall ~ 10.06 and a total B mode gas infall ~
10.07. From the profiles we can see a clear difference between a central bulge with
steeper metallicity and mass profiles, and outer disk regions dominated by flatter
profiles. Both log(X,) and Z, profiles show similar shape at present time (red), but
can be quite different in the earlier stages. This is what we might expect as the * -
Z correlation is based on local in-situ star formation in this model, and the relation
becomes more prominent when a larger amount of stellar mass is built-up. From the
time evolution plots (right) we can see the galaxy experienced an intense star forma-
tion period at early epochs. After the quick exhaustion of gas and rapid assembly
of stellar mass (especially in the central region), after 2 Gyrs the star formation rate
starts to decrease.

4.3 Results

With all the prescriptions for gas inflow and chemical evolution specified, we can
now assess how well the model reproduces the results of stellar population and
mass density gradients seen in observations and simulations.
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FIGURE 4.4: Left: radial profiles of log(X.), log(Xgas), stellar metallicity
and log(X.) at different ages. Right: time evolution of the integrated
log(M.), log(Mgas), stellar metallicity and log(SFR).

4.3.1 Structural calibration

As we have mentioned before, the primary input in our model is the inflow gas dis-
tribution. Unfortunately, how the gas inflow occurs in different periods of a galaxy’s
assembly is a topic that is more or less unconstrained from present day observations.
We therefore decide to use the present-day structural scaling relations to calibrate
the inflow parameters of our model. With those specified we can then ask what the
stellar population predictions are that result from the structurally calibrated galaxy
chemical evolution model. Below we describe how we calibrate our models by first
asking what inflow parameters make galaxies of the correct structure - in particular
the galaxy mass-concentration relation.
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For the first step, we run 20000 models with different gas inflow patterns, by
randomly setting the five input parameters within certain ranges. Each parameter
is drawn from a uniform distribution independently (with log(D 4) and log(Dp) &
(8.75,11.25), Rd 4 € (0.5,10), Rdp € (1,20), and ng,s;c € (0.25,10)). Figure 4.5 show the
result of the 20000 models in the present-day log(M.) - ng space. Pink dots shows
the model galaxies that are created through these random parameter draws, while
the blue dots are structural parameters of the TNG galaxies.

The pink dots in Figure [4.6|show the input parameter spaces for all our models.
As the input parameters for the inflow model are chosen uniformally over a wide
range of values, they are not anticipated to make solely galaxies which follow the
physical scaling relations observed in galaxies. Therefore, in the second step we
isolate galaxies which have present day structures which match the TNG galaxies.
To do this we select all of our model galaxies which follow the 1 — ¢ TNG stellar
mass-morphological relations ( log(Ms) - ns and log(Mx) - Regsop relations). These
more physical SAM galaxies are shown in Figure 4.5|as the red dots.

In Figure 4.6/ we show the distributions between our five different input param-
eters for all our model galaxies (pink dots) and with our calibrated physical SAM
galaxies in red. One can see, in general the shape and size of mode A inflow profiles
are better constrained by the present-day physical relations, as the mode B always
follows an exponential profile. In general, there are some weak correlations between
the input parameters, but it is apparrent that there is no one parameter that is the
most dominant predictor of whether the SAM model will make a structurally ap-
propriate galaxy. We also note that the model parameters are held constant over all
times.

The results of Figure 4.5{show that our model can be calibrated in order to repro-
duce the structural correlations seen across a wide range of galaxies in the Illustris
TNG simulations. Figure4.6|shows that there is no one or two key parameters which
allow for physical galaxies, but rather a combination of all five inflow parameters is
important in making galaxies with the appropriate size and concentration. We can
now ask what are the predicted stellar population distributions for these structurally
calibrated SAM model galaxies.

4.3.2 Metallicity gradients

With the gas inflow parameters calibrated to reproduce the correct galaxy physical
structures, we next check the resulting relations between the galaxies” stellar mass
distribution and metallicity predicted in our analytic chemical evolution model. The
simplicity and clarity of the models means that we can easily understand and test
our scenario for whether stellar metallicity gradient in the inner part of a galaxy is
mainly depending on its local in-situ stellar mass buildup. For each galaxy, with
a gas inflow set from the physical parameter draws, the 1-D chemical SAM model
produces the stellar metallicity in each annuli at each time. From this we can di-
rectly measure the radial profiles of stellar metallicity, surface mass density, age, and
compare these for ensembles of SAM model galaxies, to the galaxy distributions in
simulations and observations. In addition to the radial profiles, we also calculate
the metallicity gradient estimators: Z slope and metallicity Sersic index nz as well
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as the mass Sersic index ng, which is also an indicator of the galactic morphology

and mass concentration.

In Figure .7 we plot the distributions of the two stellar metallicity estimators:

Sérsic metallicity index nz and the linear Z slope as a function of the model galaxy
present day stellar mass. For galaxies of all masses our SAM model shows steeper
metallicity gradients compared with the TNG galaxies, at least in an absolute sense.
This is likely due to a combination of numerical and astrophysical effects (resolution
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FIGURE 4.7: Comparison between TNG results (gray) and our cali-
brated model prediction (red) in different present-day stellar metal-
licity gradient parameter spaces. Left: Stellar mass against nz; right:
Stellar mass vs Z slope. Cyan lines are the mode lines of TNG galaxies,
while black lines are the best fit from SAM physical galaxies.

smearing out the central metal rich regions, absence of mergers or migration effects)
as we have discussed in the previous Section 3.3.4. However the differential trend
of metallicity gradient strength with stellar mass is very similar.

In Figure 4.8 we show the correlation between stellar mass and metallicity Sérsic
indices for our selected SAM physical galaxies, within different stellar mass bins.
The plot of ny; — ng shows nearly identical slope as the TNG simulated galaxies.
The tightness and similar slope of this correlation is a success of our model. As our
models does not include migration or other effects, the reproduction of this slope
is a strong indicator that the correlation between ny — ng arises due to in-situ star
formation processes.

We note there is a systematic shift between the TNG galaxies and our SAM phys-
ical galaxies, with our SAM model galaxies showing steeper Z gradients compared
to the simulation. As the TNG simulated galaxies have finite spatial and mass reso-
lution, and include effects such as feedback driven gas mixing, migratory processes
and merging of satellite galaxies, we naively would expect some offset to this rela-
tion.

In Figure[4.9|we show the local stellar mass metallicity relation in our SAM phys-
ical galaxies, within different galaxy stellar mass bins. Here we show the surface
mass density of stars and average metallicity within each annuli of the ensemble
of SAM model galaxies. Our SAM model produces a very clear local mass metal-
licity relation and the slope of the relation agrees well with TNG galaxies at low
stellar mass bins. At higher stellar mass bin, our local mass metallicity relation
shows steeper slopes. As we have mentioned above, this is probably due to our
simple model not incorporating other factors (radial migration, AGN feedback, in-
teractions) which mostly contribute to the flattening of gradients. Most of these
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ical galaxies within different mass bins. Top left: all our SAM physical
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and right are the high (log(M,) > 11), intermediate (10 < log(M.) <

11) and low (log(M.) < 10) mass SAM physical galaxies respectively.

Background gray dots are the ng - nz relations for TNG galaxies within
certain mass bins as a comparison.

processes would begin to dominate in the high mass galaxies, and so the effect is
expected to be largest when we look at the high mass galaxies. Unlike Figure
we do not see an offset in this relation, but rather a tilt. This is still consistent as
an offset in the Sersic index would correspond to a tilt in the local mass metallicity
relation. This Figure then gives a more intuitive understanding to how the MMR is
tracing the local mass metallicity relation, and the reproduction of it by our simple
SAM model, hints to its importance and result of the local stellar mass buildup in
setting galaxy stellar population distributions.

The main result from seen in the structural and metallicity correlations in our
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SAM model is that there is a clear causal link between the type of gas inflow, sub-
sequent star formation integrated over time, and the final stellar metallicity pro-
tiles. Future analytic models that can study how much additional factors (feedback,
mixing) can be added without deviating strongly from the observed or simulated
relations would be of interest.

4.4 Discussion

The simple SAM model results have shown that by modulating what type of gas in-
flow a galaxy undergoes, a variety of stellar metallicity and mass structural relations
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can be reproduced. Given the limited physical processes contained in the analytic
chemical evolution model, this exercise suggests that the that the present-day stellar
metallicity gradient of a galaxy’s inner region is mostly determined by the in-situ
star formation history. Below we look at how the models can illuminate aspects of
the stellar population gradients” time evolution and correlation with kinematics.

4.4.1 Time evolution of model metallicity gradients

A novel aspect of our model is that we can follow the buildup of the stellar and
metallicity profiles as they evolve This can allow us to predict what metallicity
profiles might look like at different redshifts, or the diversity of paths that a galaxy
can take to get the same redshift zero structural and stellar population gradients.

To study the evolution of both stellar surface mass density and metallicity gradi-
ents, for each time step we calculate their estimators (nz, ng, Z slope and log(Xge)-
log(Xcentre)) in the model galaxies. The top two panels of Figure show the mass
evolution of stellar and gas components for our SAM physical galaxies. Most of
model galaxies share the same time evolution trend, with a rapid increase in stel-
lar mass in the early stages of the galaxy (before 2 Gyrs), accompanied by a slow
decrease in the total gas mass.

The middle two panels of Figure are the time evolution of Sérsic indices of
stellar surface mass density and metallicity profiles. Both ng and ny share similar
evolution tracks (middle two panels of Figure [4.10), starting with a rapid increase
in the Sérsic index values, then become stable or slowly decreasing after the first
1 Gyr. This suggests the present-day Sérsic indices which trace the metallicity and
mass profiles, were primarily shaped during the very early starburst periods of the
model galaxies, and their values remain unchanged for most of a galaxy’s lifetime.

An interesting aspect is that there is a range of roughly 2 Gyrs in the exact time
when a galaxy achieves a peak value of the index. In addition we can see that the
difference between the peak value and present day value is larger for the high mass
galaxies - a reduction of roughly 35% compared to 10% for the lowest mass galax-
ies. There is also an apparent inflection in the mass dependence of the mean indices
- with the lowest mass galaxies showing slightly higher present day Sersic indices
than the MW mass galaxies. However behaviour is present in both the metallicity
and structural indices, suggesting that the galaxies still fall on the local mass metal-
licity relations as seen in the previous chapter.

The bottom two panels of Figure show the evolution of Z slope and log(Xge)-
log(Xcentre), as these two estimators are more representative of the absolute value of
the gradient. The Z slope values show quite different evolutionary curves compared
with the other top four panels. In particular it grows steeper gradually with time,
which means its correlation with the nz index is changing through time. An inter-
esting aspect of the nz and Z slope evolution is that even in this physically limited
model, there may be epochs when high mass galaxies show even more extreme cen-
tral mass and metallicity concentrations. While, log(Xre)-log(Xcentre) show similar
evolution tracks with ng, with the same fast early stage increasing but then tends to
slowly increase.

Similar to the top four panels, we see there is some diversity at fixed stellar mass
in the metallicity slope evolution. However here the present day gradient strength
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FIGURE 4.10: The time evolution of total stellar mass (top left), gas
mass (top right) and different stellar metallicity /mass gradient estima-
tors for our SAM physical models. Middle left: nz, Middle right: ng,
bottom left: Z slope, bottom right: log(Xre)-log(Xcentre), color coded
by their present-day stellar mass. Thick lines are the average profiles
in different present-day stellar mass bins: blue: (8.5 < log(M,) < 9.5);
cyan: (9.5 < log(M;) < 10.0); green: (10.0 < log(M,) < 10.5); orange:
(10.5 < log(M,) < 11.0); red: (11.0 < log(M.) < 11.5). The present day is
located at 13.8 Gyr on these plots.

shows a monotonic decrease (steepening) with present day stellar mass. The struc-
tural evolution shown in the bottom right panel suggests that there is a large di-
versity in density gradient evolutionary pathways. However at present day there
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always seems to be a close correspondance with the stellar population spatial dis-
tributions. This again may suggest that the correlation is imparted at early times
during the epochs of the most significant in-situ star formation. This would be con-
sistent with our results in Chapter 2 which showed that the stellar metallicity gra-
dients were most closely correlated with the density profiles of the dynamically hot
(older) components of the stellar mass distributions in observed galaxies.
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FIGURE 4.11: The relation between different stellar mass/metallicity

gradient estimators at different ages. Top left: the relation between

Z slope and nyz; top right: the relation between ngs and nz; bottom left:

the relation between log(Xre)-10g(Zcentre) and Z slope; bottom right: the

relation between log(XRre)-10g(Zcentre) and ng. Color coding is by time
after formation of the model galaxy.

The evolution tracks in the above Figures suggest a time variation on the rela-
tions between Z slope and other stellar mass/metallicity gradient estimators. To
better visualize this mass-metallicity co-evolution, in Figure we plot the rela-
tions between the 4 different stellar mass/metallicity gradient estimators at 5 differ-
ent ages.

We can take away a few different aspects of the co-evolution from these plots.
Firstly, the anti-correlation between the Z slope and the density gradient is not im-
mediately in place, and takes some time to become stronger (bottom left panel). This
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again suggests that the local mass-metallicity is a result of time integrated in-situ star
formation, and the correlation becomes more prominent as more stellar generations
are assembled. The metallcity Sersic index is similarly uncorrelated at early times
with the slope of the metallicity gradient (top left panel), but over time the anti-
correlation develops. Similarly the mass Sersic index shows a tighter correlation
with the mass density gradient as time goes on.

Together, the time evolution of the bottom two panels combines to result in al-
most no time evolution of the scatter in the nz — ng indices in the top right panel.
However there is some indication that the relation becomes offset to lower values of
nyz at fixed mass Sersic index. This could suggest that the offset in Figure 4.8 is rep-
resentative of differences in the length of time (or average SFR) between the SAM
model galaxies and those from TNG. However more work is needed to isolate that
effect from other physical processes contained in the TNG simulations.

In summary, studying the evolution between the two Sérsic indices and two ab-
solute value mass and metallicity gradients, we can conclude that under our sce-
nario, though the absolute value of stellar metallicity and surface mass density gra-
dients may change with time, the shape of their profiles are always correlated with
each other. However we should keep in mind, in observed galaxies the stellar mass
buildup isn’t as smooth and regular as in our model, and there are many other
stochastic effects (intense star burst, mergers) that can modify the processes. This
may especially be true in early times as the absolute value of stellar mass and metal-
licity are low, and the proportional influence of for example a merger, would be
stronger. Future work may be able to isolate how the co-evolution would respond
to such processes, but this is out of the scope of our model capabilities.

4.4.2 Angular momentum

From both observations and numerical simulations we have found a correlation be-
tween present day angular momentum <V;.t/0> and stellar mass log(M) of the
galaxies. For high mass galaxies (log(M,) >= 11) the CALIFA results showed that
above this mass <V;ot/0> drops quickly. The TNG simulations confirmed this be-
haviour, and analysis of the ex-situ fractions in the simulated galaxies showed that it
is most likely due to the increased prominence of merger and accretion (see Chapter
2 and 3). Below that mass range (log(M;) < 11) we saw that with increasing log(M..)
<Viot/ 0> also increases, due to the inside-out growth of the disk.

In an isolated case one might then expect a correlation between kinematic fea-
tures and the stellar population distributions in low mass galaxies (with log(M.,) <
11). This is largely evident in the observed and simulated galaxies, however even
for those galaxies, their kinematic properties may also be influenced by many other
factors. For example, stellar feedback may eject energy to the ISM, which could con-
sequently alter the gravitational potential well (El-Badry et al., 2016b); or disc insta-
bilities may dynamically heat up the disk stars. (Binney and Tremaine, 1987), poten-
tially altering the angular momentum or spatial distributions of the stars. Therefore
the present day stellar kinematics may not always show correlations with the metal-
licity gradients, and may not be causally connected. However, it remains to be seen
what role the intial angular momentum of the gas which stars formed from plays in
the formation of the metallicity gradients in galaxies.
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The parameterized gas inflow modes in our chemical evolution model may pro-
vide us a potential way to study the relation between the initial kinematic properties
and stellar populations gradients of galaxies that evolve in isolation. While the SAM
model is simplistic and by no means captures the full physics or geometry of the star
formation and subsequent dynamical settling processes, we here simply ask how
the spatial distributions of the two modes of gas infall might map into angular mo-
mentum proxies. This is most useful in a differential sense, and may let us explore
if the relative weight between the two modes of infall correlate with some of the
metallicity properties at present day. This would give some indication of whether
the angular momentum of the gas at the time the stars formed is an important factor
in setting the metallicity gradients in galaxies.

As mentioned previously, we assume the A mode gas carries minimal angular
momentum, and its spatial distribution is centrally concentrated, mimicking that of
a galaxy’s bulge. Therefore it is reasonable to assume that the stars which form out of
it will be supported by random motion (velocity dispersion) either initially, or after
some heating process which our model doesn’t include. On the contrary, B mode
gas is supported by rotation and extended in a disk distribution, so the stars which
form out of it will likely be rotationally supported. Therefore, by simply adjusting
the ratio between mode A and B we should be able to crudely mimic galaxies with
different dynamical properties.

In order to quantify the angular momentum in our SAM model, we need to know
the gravitational potential of the galaxy at each timestep. The potential of a galaxies
is determined by the mass distribution of both baryonic and dark matter. Though
we do not have DM in our chemical evolution recipe, we can quickly calculate the
dark matter mass profiles through empirical stellar mass - DM halo profile relations
constructed from the TNG galaxies.

Empirical stellar mass - DM halo profile relation

To characterize the typical DM profile of galaxies of different stellar masses, We pick
a small sample of 275 galaxies from TNG100(-1) simulation with mass range from
10” to 10'3 M.,.. For each of these galaxies we compute the DM mass in a 3D spherical
shell and fit the DM mass density profiles with a Sérsic function, as shown in the
top left panel of Figure In otherwords, for galaxies of a given stellar mass, we
characterize their DM mass distribution with three parameters: a normalization (Ip),
a scale length (Rg) and a Sérsic index (n).

We next plot the typical variation of those parameters as a function of galaxy
stellar mass for the subset of TNG galxies. This is shown in the three other panels
of Figure For each of these relations we fit a functional form to the parameter
versus stellar mass of the galaxy.

The top left panel of Figure shows the correlation between log(M,) and the
dark matter profile normalization, Iy. With increasing stellar mass, galaxies tend
to show higher Iy. As Ip represents the intensity of the profiles, this correlation
indicates galaxies with high stellar mass tend to have higher DM mass.

The bottom right panel of Figure shows the correlation between log(M.) and
the scale length of 3-D DM mass profiles Ry. For galaxies with stellar mass below
10! RO does not vary strongly with stellar mass, while for galaxies with stellar mass
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FIGURE 4.12: Top left: the 3-D DM radial mass profiles (color coded by

log(M.,) and the fitted Sérsic profiles (black). Top right, bottom left and

right panels are the correlation between log(M.. and three Sérsic profile
parameters (intensity: 10, scale: RO, and Sérsic index: n).

beyond 10!, RO increases with stellar mass. This is likely due to those galaxies
having experienced more merger events, which may increase and flatten their DM
halos. The functional form of the fit to this distribution is indicated in the panel.

Finally, the bottom left panel of Figure shows the correlation between
log(M.) and DM profile Sérsic index n. Galaxies with very low stellar mass and
very high stellar mass tend to have larger n. This correlation is similar to the stellar
surface mass density (X) profiles we derived from TNG100(-1) galaxies (in Section
3.3.1).

With these correlations defined from the TNG galaxies, we are able to create
an approximate DM halo for our each of our SAM model galaxies of stellar mass
M... With this profile, we can compute the gravitational potential at each time step
(baryons plus dark matter) for the SAM model galaxies. Using this information
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FIGURE 4.13: The radial profiles of Vo (top right), o (top middle) and
Viot/ 0 (top right). Bottom three panels are the time evolution of their
average (for Vot and o) or total V. /0 values.

we assign the rotation velocity and velocity dispersion at each radii to mode B and
mode A gas separately, as follows:

Vrot(r) = ((G X Mtot (<r))/7’)0'5 X Ftotal gas, B (4-10)

Where Fital gas, B 18 the time accumulated B mode gas fraction:
Ftotal gas, B — Mtotal gas, B (1”) / (Mtotal gas, B (T) + Mtotal gas, A(r)) (4-11)

0’(1’) = ((1/3 X G X Mot (<r))/r)0'5 X Fiotal gas, A (4.12)

Where Fiotal gas, A 1S the time accumulated A mode gas fraction:

Ftotal gas, A — Mtotal gas, A(r) / (Mtotal gas, A (1’) + Mtotal gas, B (7’)) (4'13)

Here, Myt (<r) is the enclosed total mass (DM, star and gas) within radius . While
simple, this prescription may provide an approximate way to understand the kine-
matic properties the newly formed stars may likely have in the SAM model galaxies.

Similar to our previous Chapters on CALIFA and TNG galaxies we use the
Viot/0 as the indicator of angular momentum. In this work, as our model con-
tains no dynamical processes, the disk part (mode B) cannot be dynamically heated
up through galaxy’s evolution. Thus this is best studied as a differential estimator
of the instantaneous angular momentum of stars which are newly formed at that
model timestep.
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To isolate and clarify the role of angular momentum in the creation of metallicity
gradients, we hold the inflow parameters fixed (while still reproducing the struc-
tural calibration relation of ng — M,. This allows us to focus on the evolution and
present day kinematic and stellar population properties for a fixed, realistic inflow
model.

Figure shows an example of the evolution of V. profiles and o profiles,
and the time evolution of their mean values within (3R¢) in an example galaxy with
present-day log(M,) ~ 10.22 and has a total A mode gas infall ~ 10.06 and a total B
mode gas infall ~ 10.07. Though our method can only provide the original angular
momentum distribution in absence of internal and external dynamical processes
(e.g., feedback, mergers), the time evolution tracks are comparable to observations
(as shown in Figure 2.1), though with potentially lower angular momentum in the
inner 1kpc than seen for observations of MW mass galaxies.

Predicted chemo-dynamical features

As our default input gas flow profiles cover a very large parameter space (see Fig-
ure[4.6), here we wish to focus on the predicted kinematic evolution for approximate
tixed inflow models. Thus, to clearly show the relation between stellar population
features and dynamical properties, we create a set of canonical gas inflow profiles
by manually tuning the shape of the gas inflow parameters (Rd 4, Rdp, nng,sic) to re-
produce a "best fit" present-day log(M) and stellar Sérsic index S, relation of TNG
galaxies. These SAM model galaxies are shown as the red dots in the top left panel
of Figure in comparison to the TNG galaxies (the cyan line).

With this calibration, we can check that the differential trends of ng,ny and Z
slope with respect to galaxy stellar mass can be reproduced, and with similar forms
as the TNG galaxies - as shown in the top right and bottom panels of Figure
In what follows, we utilize this set of canonical SAM galaxies to study the chemo-
dynamical features predicted in these models.

The top left panel of Figure shows the comparison between our canonical
SAM galaxies and TNG galaxies in the log(M;) and V./0 parameter space. De-
spite the simplicity of the model, we see similar trends between the SAM and TNG
galaxies, with V,./0 increasing with stellar mass up to a mass of (log(M,) < 10),
above which V,./0 quickly drop with further increase of stellar mass. A similar
trend can also be found in CALIFA galaxies (see Section 2.5.3). Top left, Bottom
left and right panels show the correlation between V,ot/c and ng, Z slope and nyz
respectively. We see though the scatter of TNG and our SAM canonical models
are different, (due to the restricted nature of the inflow parameters we consider in
this exercise) they do show similar trends. In general, the low angular momentum
galaxies show steeper mass and metallicity profiles. The Z slope values show an in-
flected behaviour, which while not apparent in the TNG galaxies, is seen clearly in
the CALIFA sample: low mass galaxies increase in V/sigma while only marginally
changing gradient, until a galaxy mass (or morphology) when a decrease in V /o
and steepening of the gradient is seen (e.g., Figures 2.8 and 2.9).

Figure shows the time evolution of V,yt/c and Z slope for the SAM model
galaxies. Here we see that the V,.t/0 increases with time, likely due to the domi-
nance of A mode gas inflow in the early epochs. However their relative positions at
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tom left) and log(M) - Z slope (bottom right). Cyan lines are the mode
lines of TNG galaxies.

different ages do not show a large correlation with present-day present-day galaxy
mass. Conversely the model Z slope evolution of this restricted set of SAM galaxies
is similar to the time evolution of the larger subset of SAM model galaxies (Bottom
left panel of Figure .10), and shows a clearer correlation with galaxy mass. This
might suggest that their is a strong diversity of evolutionary pathways of the gas
kinematics (or alternatively the ratio of A and B mode gas inflow) which can still
produce metallicity and mass gradients consistent with the observations.

In the left panel of Figure we see the combined version of Figure Here
we plot evolutionary tracks in V /sigma and metallicity slope or Sersic index planes,
for galaxies of different stellar mass. As time increases, both V,ot/0 and the steep-
ness of stellar metallicity gradients increase. While in the right panel, the relation
with time becomes slightly more complicated, as the present-day metallicity Sérsic
index is predominantly set in the very early stages of our model galaxies” evolution
(see Section 1.4.1), and so there is less evolution in n over the lifetime of the model
galaxies.

The left panel of Figure Figure is partiuclarly instructive to understand the
role of initial angular momentum in the evolution of the galaxy’s stellar population
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gradients. Here we can see that as the galaxy mass increases, the final day angular
momentum content increases, up to MW mass galaxies. These have intermediate
strength metallicity gradients (Z slope approximately -1.0), while higher mass galax-
ies show final positions with lower angular momentum and steeper gradients. This
differential trend is remarkably close to what is seen in the observations of CALIFA
galaxies (e.g., Figures 2.§ and 2.9). Given that the SAM model tracks only have a
variation in V /o due to changes in the gas accretion history (not dynamical heating
of the stellar orbits), it would be interesting to better understand how much of the
inflection in the galaxy mass sequences can be explained without needing to invoke
galaxy mergers. Figure Figure suggests at very least that the instantaneous an-
gular momentum important in the final spatial distribution of the stellar metallicity
profiles. Further work will be crucial to separate how much the inner regions of
galaxies may uniquely result from the galaxies gas inflow history.
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4.5 Summary

In this work, we study the formation and evolution of galactic stellar metallicity
gradients via a one dimension semi-analytic chemical evolution model. The model
allows for two modes of gas inflow in order to flexibly model galaxies of a variety
of mass and morphological type. The chemical model primarily relies on a spatially
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evolving gas inflow rate in order to mimic the mass evolution of bulge and disc-
like components in galaxies. This allows us to directly test our scenario whereby
the local in-situ stellar mass buildup plays a prominent role in shaping the stellar
metallicity radial profiles in the inner part of a galaxy (within 1Re).

Our results show that the structural and chemical properties of the analytic
model galaxies reproduce the differential trends seen in both the CALIFA observed
galaxies and the TNG simulated galaxies. In particular the slope of the local mass
metallicity relation is well reproduced in our model, but also the correlations be-
tween galaxy stellar mass and metallicity profile shape.

We also discuss the time evolution of different stellar mass/metallicity properties
and their scaling relations. We find that in our model, the link between local stellar
mass-metallicity gradients exists from the very early stages of the galaxy, as much
of the mass is assembled then. However the tightness of the relations may increase
as further stars are formed. We find that while estimators of the stellar population
distributions (e.g. Z slope) can show a variation in their absolute value over time,
their relative relation to the stellar mass gradients remains tightly correlated through
time.

We further exploit the two phase gas inflow parameterization of our chemical
evolution model to approximate the instantaneous kinematic properties of the stars
formed out of the newly accreted gas. By introducing an empirical stellar mass -
dark matter halo mass profile relation from IllustrisTNG galaxies, we are able to
calculate coarse dynamical features of our model galaxies and study their evolution
over time.

We find that the predicted angular momentum content, and the correlations be-
tween stellar kinematics and metallicity gradients show comparable trends to the
TNG galaxies and observed CALIFA galaxies. This may suggest that correlations
between the metallicity and kinematic or mass density profiles in the inner regions
of the galaxies may be a result of the type of gas accretion the galaxy has undergone.
Together the results of our analytic chemical evolution models further strengthen
the idea that the local gas inflow and star formation history and their variation over
time and radius is a crucial factor in setting the observed galaxy metallicity gradient
scaling relations.
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Chapter 5

Conclusions and open questions

51 Summary

Stars are the basic observable component of galaxies, and they are fundamental in
regulating subsequent star formation, and defining and tracing the morphology and
evolutionary processes of galaxies. Measuring their spatial distribution and those
of the metals they produce, helps us understand the the driving forces behind star
formation and galactic evolution.

In this thesis we have focused on understanding the radial stellar metallicity dis-
tribution of a galaxy. This is an important tracer of a galaxy’s evolutionary history,
as the long-lived stars can preserve a record of how efficiently the galaxy was en-
riched, or structurally and dynamically reconfigured. The main goal of the thesis
is to study the diversity and possible origins of stellar population gradients in the
inner part of galaxies (within 1 R.). To accomplish this goal, we use three different
methodologies: observations and analysis of stellar populations and kinematics in a
diverse sample of galaxies, analysis of kinematic and chemical properties of galaxies
in a state-of-the-art cosmological simulation, and flexible analytic models of galaxy
chemical evolution.

Stellar metallicity from observations

In Chapter 2, we analyzed the radial stellar metallicity gradients out to 1 R, for
244 CALIFA galaxies which range from morphological type E to Sd, to study the
driving mechanisms of stellar metallicity gradients. Different from previous stud-
ies, we not only measured the logarithmic stellar metallicity gradients Vlog(Z/Zs)
but also measured the linear metallicity gradients VZ/Z., as these may be less im-
pacted by the mass-metallicity relation in large galaxy samples. Our results show
that logarithmic log(Z/Z) gradients show large scatter similar to other studies,
while linear Z/Z, gradients offer a clearer correlation with galaxy morphological
type - with early type galaxies showing the steepest gradients.

A primary finding of this analysis is that the linear Z/Z gradients simply re-
flects the local stellar mass distribution of the galaxy. This suggests that the radial
stellar population distribution is primarily a result of the local stellar mass buildup
and that there should be a tighter correlation between metallicity gradient and local
properties of its structure, than with total galaxy mass. In particular, we showed
using dynamical models that the stellar surface mass density gradient VX, directly
correlates with the metallicity gradient VZ/Z of a galaxy. We showed that this
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correlation and its scatter can be reproduced entirely by using independent empirical
galaxy structural and chemical scaling relations.

By using Schwarzschild dynamical models we explored links between a galaxy’s
local stellar populations and its kinematic features. By jointly looking at galaxies’
stellar population gradients and their stellar orbital compositions, we got the con-
straint on the timescale of the build-up of VX, - VZ/Z relations. In particular we
found that the mass density-metallicity gradient correlations are most prominent in
the dynamically hotter (potentially older) components of the galaxy. The strength
of the metallicity and mass density gradient correlation becomes stronger as more
star formation occurs, suggesting that the local mass-metallicity relation scatter may
reflect differences in the dynamical and star formation history of a galaxy.

Our results indicate no causal correlation between the metallicity gradients and
observable probes of radial migration in the galaxies, such as the presence or
strength of bars and spiral arms. This suggests that stellar metallicity gradients in
the inner part of galaxies are not strongly shaped by radial migration.

Stellar metallicity from simulation

To further understand the in-situ origin of stellar metallicity gradients and un-
derstand the metallicity gradient correlations seen in our CALIFA results, we ana-
lyzed galaxies from the IllustrisTNG100 simulations in Chapter 3. As a cosmological
simulation, TNG100 allows us to derive galaxies’ radial stellar population distribu-
tions in relation to their total stellar mass, stellar surface mass density distribution,
stellar dynamical properties, stellar in-situ and ex-situ fractions as well as their en-
vironments.

Like CALIFA galaxies, TNG100 galaxies show similar trends between surface
mass density (X.) and metallicity profiles, with the steeper ¥, gradients indicating
steeper Z gradients. We confirm that the simulation galaxies show a clear local
stellar surface mass density and metallicity relation (local MMR) at all stellar mass
ranges - with regions within a galaxy that have higher X, tending to have higher
stellar metallicity. This relation indicates the stellar population gradients in the inner
galaxy are dominanted by the local in-situ stellar mass buildup.

We show that similar to the surface mass density profiles, a galaxy’s linear metal-
licity profiles can be described extremely well by a Sérsic profile. We show that
the mass density Sérsic index and the metallicity profile Sérsic index are extremely
tightly correlated over all ranges of galaxy mass. This offers a useful way to predict
the distribution of metallicities at present day in more distant galaxies where only
light profiles are available. This may be helpful for putting priors on M /L ratios or
deriving further stellar population profiles.

Combining the metallicity with stellar age information in the simulated galaxies,
we found the relation between X, and stellar metallicity gradients is independent
of the local star formation history. This means, the local stellar metallicity is always
proportional to the local accumulated stellar mass, despite when those stars formed.
We do see some indication for a host galaxy mass dependence to the type of assem-
bly history (inside out to outside-in) in the TNG100 simulated galaxies.

By tracing the origin of each stellar particles, we found that the existence of
ex-situ stars can slightly flatten the total stellar metallicity gradients for high mass
galaxies (log(M.) > 11) in the inner regions. This is anticipated as high mass galaxies
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are expected to experience more merger events, however the change to the stellar
metallicity gradient strength in the inner regions is less than 10% for these galaxies.
In addition, we show that galaxies” environment does not show show any role in
shaping the relation between X, and stellar metallicity gradients, as satellites show
comparable trends regardless of their host mass or location to their host. Finally,
the trends between galaxy metallicity distributions and the present day kinematic
features are present in the simulated galaxies as well, however by considering the
ex-situ fraction of stars in those galaxies we demonstrate how the chemo-dynamic
distributions are mostly tracing mergers after the metallicity gradients were put in
place.

In this way we further clarified that the local, in-situ mass buildup is crucial to a
galaxy’s stellar metallicity spatial distributions, while subsequent morphological or
dynamical evolution may introduce small amounts of scatter in the scaling relations
we present.

From empirical to theoretical

With both observation and simulation results indicating a link between stellar
metallicity gradients and surface mass density gradients, in Chapter 4, we imple-
ment this scenario into a simple 1D semi-analytic model designed to test the empir-
ical present-day relations we found in CALIFA and IllustrisTNG galaxies.

We model a galaxy as a 1D set of concentric annuli and evolve each of region
with a open — box chemical evolution model, which includes gas inflow outflow,
star formation and feedback. In order to mimic galaxies with different morpholog-
ical types (central concentrations), we implemented a two phase gas infall model,
which not only can help us to create galaxies with different concentrations but also
provides us with a way to understand the impact of the instantaneous gas inflow
properties (spatial dependence, angular momentum) on the final stellar metallicity
gradients.

Similar to both CALIFA and TNG galaxies, our model shows a clear local stellar
surface mass density - stellar metallicity relation in galaxies of all masses. By con-
straining our model with present-day galaxies’ stellar mass (log(Mx)) - morphol-
ogy (ng) and size (Re) relations from TNG galaxies, we successfully reproduce the
present-day empirical log(M.) - stellar metallicity gradient relations as well as the
newly developed, tight correlation between mass and metallicity Sérsic indices.

By checking the time evolution of different stellar mass and metallicity gradi-
ent estimators, we find the correlation between the two exists throughout most of
the lifetime of our model galaxies - and though the absolute value of some metal-
licity and mass gradients can evolve through time, the relative trends between the
shape of mass and metallicity profiles remain tightly correlated regardless of mass
or assembly history.

We further use our two phase gas infall model to provide an approximate win-
dow into the evolution of galaxies” angular momenta. By using the stellar mass -
DM halo radial profile relations from TNG galaxies, we calculated the stellar V;,; /o
at each time for each analytic model galaxy, and demonstrate that the evolution of
the present-day stellar mass - V;,; /0 can also be reproduced with this simple model.
The analytic chemical evolution model contains no migratory processes and so the
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reproduction of the metallicity gradients solely due to gas inflow variations, sug-
gests that the local stellar mass buildup is a dominant driver of the present day
gradients in the inner regions.

5.1.1 Conclusions

Our result from different approaches reveals the diversity and origins of galactic
stellar metallicity gradients, VZ. We find that VZ is most strongly a function of
galactic morphological types, with early type galaxies tending to show steeper gra-
dients. This is physically due to the early type galaxies showing higher mass con-
centrations, and using observations, simulations and analytic models demonstrate
that a galaxy’s stellar metallicity gradient VZ is directly and tightly correlated with
its stellar mass concentration. We find that this correlation exists independent of
galaxy mass, and is a manifestation of a tight, local stellar mass-metallicity relation
which is evident in our observations, and numerical and analytic models. Our pri-
mary finding is then that the local stellar metallicity in the inner regions of a galaxy
is determined by its integrated past in-situ stellar mass buildup. The analysis of our
models and simulations suggests that the role of gas inflow and star formation in
the early history of the galaxy will be a strong factor in setting the stellar metallicity
gradients. Conversly we find no strong or causal relation between galaxies” kine-
matics or indicators of radial migration (e.g., bar strength, sprial features) and their
metallicity gradients. This suggests for the inner part of the galaxies, radial migra-
tion, age distribution may not play any important roles in shaping the local stellar
metallicity. Similarly accretion of ex-situ stars can introduce some changes to the
gradients in the inner regions of galaxies, but at a small level of 10%.

Together the observational, numerical and analytic modelling approaches have
offered a holistic window into how stellar population spatial distributions can be
quantitatively used to understand the importance of in-situ and ex-situ processes in
galaxy evolution.

5.2 Future perspectives

The chemical evolution of galaxies is an amazing and important topic in modern
astronomy, which can help us to understand how /why our planet, and us come to
exist. Our work in exploring the stellar metallicity gradients in the CALIFA and II-
lustris galaxies has found new ways of looking at the build-up of metals in galaxies,
but there are still many questions to explore.

5.2.1 Low mass galaxies

One area where further numerical and observational work can focus is in the regime
of dwarf galaxies. These objects are interesting probes of galaxy evolution, as they
are some of the most dark matter dominated objects, and have not been subject to
significant mergers. However at the moment, for example, the CALIFA and Illus-
trisTNG simulation can not provide the detailed and data for low mass galaxies
(log(M,) < 10%0).
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Far more than MW mass galaxies, the formation and evolution of low mass
galaxies are perhaps very unclear to us. They show many different morphologi-
cal types and metallicity gradient properties, and they can show very compact or
very diffuse structures. With respect to the correlations between galaxy mass con-
centration and metallicity outlined in this thesis, these objects then provide a very
interesting comparable. Under our scenario what kind of stellar metallicity gradi-
ents could they have?

As the local MMR relation needs to have enough stellar mass to generate the
correlation, for very diffuse low mass galaxies, this relation many not be able to
play a very strong role in shaping the present day stellar metallicity gradient. This
may provide us a chance to study the impact of several second order processes (ra-
dial migration, star formation history, or angular momentum). Leaman, 2012/ show
the strong correlation between stellar metallicity gradients and angular momentum
for dwarf galaxies, this is not clearly shown in our galaxy samples - however it is
not singularly correlated, as those galaxies also show correlations between gradi-
ent strength and: total mass, environment, gas fraction, star formation history and
distance from the MW. Further study of gradients in low mass galaxies would be
extremely helpful to understand the timescale or number of star formation events
needed to buildup the tight correlations between stellar metallicity gradients and
mass concentration seen in our studies.

5.2.2 High mass galaxies

On the other side of the galaxy mass function, massive galaxies may also be expected
to show deviations from the local MMR scenario. For galaxies M, > 101 we see
that the central stellar mass density stops increasing and the VX, correlates only
weakly with VZ/Z, while their metallicity gradients may keep growing. This may
indicate there are other processes that strongly influence the metallicity distributions
for high mass galaxies. A possible reason could be the central region preferentially
runs out of gas (possibly due to strong feedback from an AGN in the central region),
which restricts the stellar mass buildup (Hopkins et al., 2009). Another possible
explanation may be strong radial redistribution due to the internal (disc instability)
or external (e.g., mergers) processes moving the older stars outward and flatten the
inner density cusp.

These effects may be enhanced, as for many massive galaxies their star formation
processes have been halted for a long time. Therefore the dynamical redistribution
of stars should play a more crucial role, as the correlation was set early and only
effects which can erase the MMR correlation will take place afterwords. This is
different than galaxies which constantly form stars, and thus continually add to the
mass concentration-metallicity correlations. Thirdly, and the most importantly, the
constant accretion events of those galaxies can not only redistribute stars, but also
introduce large amount of ex-situ stars to the system. while our results suggest this
doesn’t play a large role in the inner regions, continued study of this process in
simulations will help understand how the chemical information of the ex-situ stars
can help understand the galaxies evolution.

Unlike the dwarf galaxies, there are many observation and simulation data (e.g.,
[MustrisTNG) about those massive galaxies, which could provide us opportunity to
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further explore their chemical evolution histories. Together next generation instru-
mentation and simulations will continue to provide further insight into the utility
of stellar metallicity gradients as tracers of galaxy evolutionary processes.
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"There is only one heroism in the world: to see the
world as it is, and to love it."

Romain Rolland
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