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Abstract

Understanding galaxy evolution requires accurate measurements of both stellar populations
and kinematics, as these properties are tracers of a galaxy’s formation history. For instance,
observations of the Milky Way show a clear dependence of velocity dispersion on stellar age,
illustrating how stellar populations and kinematics are linked. Integral field spectroscopy
(IFS) observations performed with integral field units (IFUs) provide collections of 3D
spectroscopic data cubes, enabling spatially resolved studies of these properties across
different galaxies.

Spectral fitting methods, applied to the resulting IFU data cubes, are commonly used to
derive the galaxy properties from observations. A widely used approach is full spectral
fitting which typically assumes that all stellar populations at a given location share the
same velocity distribution. As a result, spectral fitting methods may miss important
physical correlations between stellar populations and kinematics.

In this study, we investigate the feasibility of detecting population-kinematic dependencies
with IFU data. We model population-kinematic dependent and independent data cubes
from simulation data to quantify the simplification made by fitting methods. We then
apply Penalized Pixel-Fitting (pPXF) to the modelled galaxy data cubes and analyze
the residuals - the difference between the modelled data cubes and the best fit - across
different wavelength regions. Our goal is to investigate whether these residuals reveal
measurable information about population-dependent kinematics and assess if they can be
used to support observational studies.

Although we obtain residuals of measurable magnitude from the data cubes created with
pPXF, our results do not allow us to draw reliable conclusions for the application of our
method to real observational data.
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Kurzfassung

Die Erforschung der Galaxienentwicklung erfordert prizise Beobachtungen, sowohl der
Sternpopulationen als auch der Kinematik, da diese Eigenschaften wesentliche Hinweise auf
die Entstehungsgeschichte einer Galaxie liefern. Studien der Milchstrafse zeigen beispiels-
weise eine deutliche Abhéngigkeit der Geschwindigkeitsdispersion vom Alter der Sterne.
Dies weist darauf hin, dass Sternpopulationen und Kinematik miteinander verkniipft sind.
Beobachtungen mittels Integralfeldspektroskopie (IFS) bzw. Integralfeldeinheiten (engl:
integral field units, kurz IFUs), werden als dreidimensionale Spektraldaten (IFU-Data
Cubes) bereitgestellt, welche eine rdumlich aufgeloste Untersuchung dieser Eigenschaften
in unterschiedlichen Galaxien ermdoglichen.

Héufig werden spektrale Fitting-Methoden auf diese IFU-Data Cubes angewendet, um
die physikalischen Eigenschaften von Galaxien aus den Beobachtungen abzuleiten. Ein
gingiger Ansatz dazu ist das Full-Spectral-Fitting, bei dem iiblicherweise angenommen
wird, dass alle Sternpopulationen an einem gegebenen Ort die gleiche Geschwindigkeits-
verteilung besitzen. Infolgedessen konnen wichtige physikalische Korrelationen zwischen
Sternpopulationen und Kinematik unberticksichtigt bleiben.

In dieser Arbeit untersuchen wir die Moglichkeit, Abhéngigkeiten zwischen Sternpopu-
lationen und Kinematik mithilfe von IFU-Daten zu erkennen. Wir modellieren sowohl
populations-kinematisch abhéngige als auch unabhéngige Data Cubes auf Grundlage von
Simulationsdaten. Dadurch soll untersucht werden, welche Auswirkungen die von der
Fitting-Methode verwendete Vereinfachung hat. Anschliefend wenden wir Penalized Pixel-
Fitting (pPXF) auf die modellierten Data Cubes an und analysieren die Residuen (den
Unterschied zwischen den modellierten Data Cubes und dem besten Fit) iiber verschiedene
Wellenléngenbereiche hinweg. Ziel ist es zu priifen, ob diese Residuen messbare Informa-
tionen iiber Abhéngigkeiten zwischen Sternpopulationen und Kinematik beinhalten und
ob sie zur Unterstiitzung von Beobachtungsstudien genutzt werden kdnnen.

Obwohl die Residuen der mit pPXF erstellten Data Cubes im messbaren Bereich liegen,
ist diese Methode laut unseren Ergebnissen fiir reale Beobachtungsdaten nicht anwendbar.
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1. Introduction

Since it is not possible to observe the full lifecycle of a single galaxy, we rely on recon-
structing galaxy evolution by analyzing many galaxies at different evolutionary stages.
Stellar populations and kinematics are important properties to help us understand this
process. This information can for instance be used to identify merger events in a galaxy’s
history or to distinguish between scenarios where thick disks are born hot (e.g. |Comeron
et al.[[2019]) or dynamically heated over time (e.g. [Yoachim and Dalcanton| [2008]).

Conventional fitting techniques applied to observational spectroscopic data use the
simplifying assumption that all stellar populations at a given spatial position share the
same kinematics, although it is known that old and young stars usually exhibit distinct
kinematic behavior. This thesis will investigate how much this assumption affects fitted
results by studying the residuals between fitted models and true data. We will also
examine how good the quality of the observational data must be to detect any differences.

1.1. Galaxy Evolution

A typical galaxy consists of stars, gas, dust and dark matter, distributed among structural
components such as the bulge, disk, and halo. Galaxies evolve through a combination of
internal processes like star formation, stellar feedback or black hole feedback and external
processes like mergers or gas accretion. Observing galaxies at different redshifts, allows us
to see them at various stages of their evolution and helps us to reconstruct how galaxies
form and change over time.

While we can only observe a galaxy’s structure, dynamics and stellar content at one
point in time, we can attempt to derive its formation history from these properties. Two
very important observational tracers of this history are stellar populations and stellar
kinematics. While the distribtion of stellar ages and metallicities can provide information
about a galaxy’s star formation history and chemical enrichment process, the kinematics,
especially the velocity dispersion of stars and rotation curves, indicate how the mass is
distributed and how stars have been dynamically heated over time. [Mo et al., [2010]

In disk galaxies, the disk component is often divided into a thick disk and a thin disk,
while the central bulge is typically spherical. The thin disk contains most of the gas and
young stars and typically represents the component where spiral arms are visible, whereas
the thick disk and bulge contain older stellar populations with higher velocity dispersion.
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Observations of the Milky Way show that older stars tend to exhibit higher velocity
dispersions than younger stars. This indicates the dynamical heating of stars over time
and also the conditions under which stars originally formed. For example, thick disk stars
are typically older and kinematically hotter than the younger, colder stars of the thin
disk. (e.g. [Soubiran, C. et al.| [2008|, [Sharma et al.|[2021])

In elliptical galaxies and bulges, old stellar populations dominate and show high dispersions
due to the pressure-supported nature of these components. [Mo et al., 2010|

1.2. Stellar Kinematics

Stellar kinematics refers to the study of the motions of stars within galaxies. These
motions are characterized by velocities and velocity dispersions and are key to analyzing a
galaxy’s mass distribution, formation history, and dynamical properties. While gas cools
and settles into rotationally-supported structures, stars retain their kinematic features
like velocity dispersion and orbits, which makes them tracers of the galaxy’s dynamical
history.

The line-of-sight velocity (LOSV) of a star contributes to the Doppler shift observed
in its spectrum. In galaxies, the integrated light received from each spatial region in
an IFU data cube represents a composite of many stars moving at different velocities.
By measuring the Doppler broadening and shifts of absorption lines, we can recover the
first and second moments of the line-of-sight velocity distributions (LOSVDs): the mean
velocity V' and the velocity dispersion o. These quantities vary spatially across the galaxy
and are typically represented as kinematic maps.

A simple Gaussian function can model the LOSVD as a function of the line-of-sight
velocity v [Mo et al., 2010]:

v — V)2
LOSVD(v) = U\}% exp <—(20‘;)> (1.1)

Galaxies often show deviations from purely Gaussian velocity distributions. To include
these asymmetries and deviations, the LOSVD can be expanded using Gauss-Hermite
polynomials and moments:

LOSVD(v) = m}% exp <—(Ug_g‘2/)2> [1 *hatls <U_ov> i <U ;V> h .('1].2)

adding H;, the Hermite polynomial of degree j and the Gauss-Hermite moments h;(j > 3).
These Gauss-Hermite moments are usually small, which means that the LOSVDs are
close to a Gaussian distribution. Including the moments hs and hy4 allows us to refine the
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fit by including asymmetric variation and symmetric variation [van der Marel and Franx]
1993|, which can be interpreted as skewness and kurtosis. (e.g. Hinterer et al.| [2022])

Different galactic components exhibit distinct kinematic and stellar population signatures.
For instance, stars in thin disks tend to be younger and show relatively cold, rotationally-
supported kinematics with low velocity dispersion. In contrast, bulge and halo stars
are generally older and exhibit hotter, pressure-supported kinematics with high velocity
dispersion, indicating a more turbulent formation history. The thick disk, often considered
an intermediate component, contains stars of intermediate age and displays kinematic
properties that lie between those of the thin disk and bulge. These properties can help us
to infer the course of development of a galaxy.

1.3. IFU Data

Understanding galaxy evolution no longer relies solely on traditional 2D optical imaging.
With modern instruments we now have access to 3D spectroscopic data cubes, providing
spatial as well as spectral information.

Using integral field spectroscopy (IFS), we can dissect a frame into multiple spatial
components and obtain a full spectrum at each location. |[Bacon et all [1995| Integral
field units (IFUs) are instruments which are able to combine imaging and spectroscopy of
each spaxel into one exposure, by dispersing the light of each spaxel.

Important examples of IFU surveys include:

e CALIFA (Calar Alto Legacy Integral Field Area Survey): A survey of 600 galaxies
in the local Universe, which represent the sample that can be observed in most
detail. [Sanchez et al., 2012]

e Fornax3D: A survey of 33 galaxies associated with the Fornax cluster using the
MUSE (Multi Unit Spectroscopic Explorer) IFS at the ESO VLT to study the
evolution of galaxies in a dense environment. [Sarzi et al. 2022]

e GECKOS (Generalising Edge-on galaxies and their Chemical bimodalities, Kin-
ematics, and Outflows out to Solar environments): A VLT survey of 35 edge-on disk
galaxies with the MUSE IFS to compare galaxies with and without a bar. |van de
Sande et al 2023]

e MaNGA (Mapping Nearby Galaxies at Apache Point Observatory): A survey within
the Sloan Digital Sky Survey (SDSS) IV, which observed over 10,000 galaxies with
spatially resolved spectroscopy focusing on the study of the kinematic structure and
the composition of gas and stars. |Bundy et al., 2015|

e MUSE (Multi Unit Spectroscopic Explorer) Hubble Ultra Deep Survey: Covering
90 % of the Hubble Ultra Deep Field (HUDF), this survey was performed to extend
the spectroscopic data library for the objects in this region. |Bacon et al., [2017]
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e PINGS (PPAK IFS Nearby Galaxies Survey): A survey of 17 nearby disk galaxies,
aiming to obtain continuous coverage spectra across whole galaxy surfaces through
spectroscopic mosaicking. |[Rosales-Ortega et al., 2010|

e SAMI (Sydney-AAO Multi-object IFS) Galaxy Survey: A survey on the Anglo-
Australian Telescope targeting over 3000 galaxies with the main goal to study galaxy
evolution in different environements and also the relation between increase of stellar
mass and angular momentum. [Allen et al., 2015]

e SAURON (Spectroscopic Areal Unit for Research on Optical Nebulae): A pioneering
survey on the William Herschel Telescope (WHT) to study elliptical galaxies and
bulges in a sample of over 300 galaxies. |de Zeeuw et all 2002]

The IFU data cubes resulting from these surveys enable detailed studies of galaxies like
analysis of composition, internal structures, dynamics and merger histories to provide
new insights about galaxy formation and evolution. (e.g. [Sanchez et al.| [2012])

However, to derive physical properties such as stellar age, metallicity and kinematics,
data modeling and spectral fitting methods are required. Each spectrum in the IFU cube
can be a superposition of light from stars with different ages and kinematics, which is a
challenge for the tools used to interpret the data.

1.4. SSPs

Single stellar populations (SSPs) are populations of stars which are born at the same time
and formed from the same initial chemical composition. SSPs are idealized representations
of stellar systems like star clusters, which consist of stars with similar ages and chemical
composition. We can construct SSP models to characterize unresolved stellar populations
in extragalactic galaxies by combining the key components: isochrones, stellar libraries,
and the initial mass function (IMF).

Isochrones are the lines on an Hertzsprung-Russell or a Color-Magnitude diagram which
connect stars with different masses but with the same age and metallicity. An isochrone
depicts what a stellar population would look like at a given age. In an SSP model we can
use isochrones to monitor the evolution of stellar populations. Important examples of
isochrones include Dartmouth [Dotter et al., 2008] and PARSEC |Bressan et al., 2012].

Stellar libraries provide a collection of theoretical (synthetic) or empirical (observed)
stellar properties for different types of stars. These properties can for instance be in the
form of full spectra, spectral indices or luminosities. The MILES library, for example, is
a library of empirical spectra obtained at the 2.5 m Isaac Newton Telescope (INT). This
library provides spectra for 985 stars with a variety of properties in a wavelength range
between 3525 and 7500 A. [Sanchez-Blazquez et all, [2006]

The initial mass function (IMF) defines the distribution of masses in a given stellar
population at the time of star formation. This distribution heavily affects how a population
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evolves, since the properties of stars are closely related to their masses. Examples of
widely used IMF forms include the [Salpeter| [1955], Kroupa [2001] and |Chabrier| [2003]
IMFs.

In its simplest form, a simple stellar population (SSP) is characterized by the spectral
energy distribution (SED) of a galaxy as a function of wavelength and time. |[van de Ven
et al., 2025]

1.5. Spectral Modelling

Spectral modelling is used to interpret the information encoded in galaxy spectra and is
used to process spectra obtained from IFS. Full spectral fitting methods model an entire
observed spectrum unlike methods that only use isolated spectral features.

Usually each spectrum in an IFU cube is a composition of light from stars with different
ages, chemical composition and kinematic properties. Using full spectral fitting methods,
this information can be extracted from the observed spectra by comparing them to SSP
models from libraries. (e.g. Koleva et al.|[2009]) A common simplification used in this
process is single-component fitting, where it is assumed that all stars contributing to the
light in one spatial element share the same kinematics. However, this simplification can
overlook important population-specific differences.

Multi-component fitting methods, which allow different stellar populations to have inde-
pendent kinematics, offer a more realistic picture but also increase model complexity and
require higher-quality data to obtain reliable results. There is a variety of tools available
to perform such fitting processes, which require the input of appropriate templates and
specific configuration parameters.

To better understand the simplifications involved in single-component fitting, we now
consider the full stellar distribution function and the assumptions typically made to
reduce its complexity.

Following [Hinterer et al.| [2022], the full distribution function f(x,v,z,t) for a galaxy
describes the probability of finding a star at a specific position x, with a specific velocity
(along the line-of-sight) v, metallicity z and age ¢. The integral of the stellar distribution

function gives the total stellar mass of a galaxy ;talz

Mt*otal—////f(m,v,z,t)d:vdvdzdt (1.3)

The observational data from the IFU is conventionally converted into a 3D data cube
y(x, ). The distribution function f and the data cube y are linked by SSP template
spectra S = S(A; 2, t).

The relation between f, S, and y can be written as:

Zmazx Umazx tmax 1 )\
V5 = 1.4
l /';mln /t'mln 1+’U/CS<1+'U/C7Z’t> f(X7U’Z)t)dthdZ y(X’A) ( )

min
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Although the distribution function f(z,v,z,t) is generally a complex function of all four
variables, modeling this function is not feasible, because of the high number of correlations
between the variables. This is why a single spectrum model makes the assumption that f
can be factorized as:

f(X,U,Z,t) - fl(x)fQ(v’X)f3<t7Z|X) (1'5)

This factorization splits the distribution function into three independent components. The
spatial distribution fi(x) describes how the stars are distributed across a galaxy. fa(v|x)
describes how the velocities v are distributed at a location x, which corresponds to the
line-of-sight velocity distribution (LOSVD). The last term f3(¢, z|x) represents the age
and metallicity distribution, i.e. the stellar ages ¢t and metallicities z at a given location
x. This formulation assumes that locally, kinematics and populations are independent.
[Hinterer et al., 2022]

1.6. Summary

As spectroscopic surveys continue to improve in quality and coverage, it is an important
task to develop reliable methods to extract the most information from the observed data.
To be able to infer galaxy evolution from spectra, it is essential to fit the data with high
accuracy.

Given that single-component fitting methods use the assumption [I.5] which does not reflect
the complexity of real galaxies, this thesis will quantify the impact of this simplification
by comparing original population-kinematic dependent data to constructed population-
kinematic independent data cubes. To accomplish this task, we will create data cubes
from simulation data to resemble observational data cubes. In the next step we will
analyze the residuals resulting from single-component fitting compared to the original
data. We will use the spectral fitting software Penalized Pixel-Fitting (pPXF) |Cappellari,
2023| to fit our data cubes.

This thesis will also assess the data quality necessary from an observation to be potentially
able to detect any residuals and also evaluate which effect the viewing angle has in this
context. In addition, the analysis considers the possibility that the residuals themselves
may reveil useful information or trends that correlate with different galaxy properties.
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In this thesis we want to analyze the impact of the assumption made by full-spectral-fitting
methods, that locally, kinematics and populations are independent [Hinterer et al., [2022].
Our approach is to generate different mock IFU cubes from simulation data using the
popkinmocks [Jethwal |2023| project. In practice, these data cubes would originate from
observations, however, using simulation data allows us to compare our results to the true
properties of the galaxies. Using the simulation data, we get a population-kinematic
dependent data cube. We will then apply the assumption in Equation [I.5on one hand, and
fit the data using pPXF on the other, resulting in two versions of a population-kinematic
independent data cube.

After preparing the data cubes, we can calculate the residuals between the different
versions. This allows us to estimate the residuals resulting from full spectral fitting and
to analyze the differences between all data sets.

2.1. Preparation of Simulation Data

This section discusses the selection process of the initial data for this project, as well as
how it was obtained and converted to be used with the popkinmocks code. We chose to
use galaxy data from a cosmological simulation in order to possess all the information
regarding the original properties of the galaxies examined in this thesis. This allows us to
evaluate the accuracy of the resulting pPXF fits.

To obtain the galaxy properties relevant for this project we require a simulation with a
sufficiently high resolution. For this project we chose to use data from the IllustrisTNG50
[Pillepich et al.l[2019, Nelson et al., 2019 simulation. The TNG50-1 run of the IllustrisTNG
project represents the smallest box size and highest resolution run produced in this dark
matter simulation project. |Marinacci et al., 2018, Naiman et al., [2018, |Nelson et al.,
2017, |Pillepich et al., [2017a, [Springel et al., [2017]

Table shows the subset of IllustrisTNG data fields used in this work. The full list
of available fields from the IllustrisTNG public data access along with their detailed
descriptions can be found on the data specifications page: https://www.tng-project.o
rg/data/docs/specifications.


https://www.tng-project.org/data/docs/specifications
https://www.tng-project.org/data/docs/specifications
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Field Dimensions Units
Coordinates N,3 ckpe/h
GFM Metallicity N -

GFM _StellarFormationTime N —

Masses N 10°°M /h
Velocities N,3 kmy/a/s

Table 2.1.: HlustrisTNG data fields used in this work. Each field has a unique name
which can be used to filter the downloaded data. The fields are available for
N particles and z additional dimensions specific to some of the data fields, in
our case 3 (x,y,z) spatial dimensions in their respective units. The metallicity
corresponds to the ratio My /My where My is the total mass of all metal
elements (i.e. heavier than He) I. The stellar formation time is given as the
scalefactor of the exact time when a star was formed .

U'https://www.tng-project.org/data/docs/specifications/#parttype0
Thttps://www.tng-project.org/data/docs/specifications/#parttype4

2.1.1. Choosing a Galaxy Sample

Because galaxy components like bulges and disks have varying kinematic properties and
stellar populations with different characteristics, we aim to look at galaxies with differing
ratios among their respective components. Pillepich et al.| [2024] compiled a subsample of
198 Milky Way and Andromeda analogs at z = 0. For this project, we opted to select five
galaxies of this subsample, as it includes galaxies of substantial size and with well-resolved
structural components.

For all subhalos with at least 10,000 star particles, we can download the supplementary
catalog Galazy Morphologies (Kinematic) and Bar Properties E] from the public data
access page. We used the component ratios for the Milky Way and Andromeda analogs
from this catalog to choose our subsample of galaxies. Figure shows a 3D visualization
of the proportions between bulge, thick disk and thin disk of the |Pillepich et al.| [2024]
sample, which we used to decide on the galaxies examined in this thesis. The final
selection of galaxies is presented in Table

"https://www.tng-project.org/api/TNG50-1/files/morphs_kinematic_bars.hdf5
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Figure 2.1.: 3D visualization of the TNG50 milky way analog sample from
featuring the contributions of bulge, thick disk and thin disk for each
galaxy. The colors assigned also represent the proportions of each component
through a unique RGB color derived from the respective magnitudes of bulge,
thick disk and thin disk to aid in the process of selecting a subsample. The
snapshot in this figure shows the process of manually choosing a galaxy
sample by considering the location of a galaxy in the 3D space of components.
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SubhalolD Bulge Thick Disk Thin Disk Halo Pseudo Bulge

440407 22.08% 19.32% 26.46% 23.38% 8.76%
469487 22.33% 21.09% 25.78% 23.16% 7.63%
416713 47.42% 0.91% 5.34% 35.59% 10.72%
493433 10.97% 32.91% 12.78% 42.52% 0.83%
342447 11.17% 0.00% 67.53% 0.00% 21.31%

Table 2.2.: The final galaxy sample used in this thesis, showing the contributions of Bulge,
Thick Disk, Thin Disk, Halo, and Pseudo Bulge in percent. Galaxies were
selected to include both systems with evenly sized Bulge, Thick Disk, and
Thin Disk components, as well as systems in which one component dominates.
(All listed components are from the TNG50 Galaxy Morphologies (Kinematic)
and Bar Properties catalog. The Halo and Pseudo Bulge values are included
for completeness but were not used in the selection process.)

2.1.2. Downloading and Preparing Galaxy Data

This section will explain the software that was used to download and convert the galaxy
data from the IllustrisTNG project and provide the specific methods used for data
conversions.

As a base for the data download program we used an existing github repository:
illustrisAPIE], which had to be adapted to use the download URLs from the Illus-
trisTNG project. We retrieved galaxy data for z = 0 which corresponds to the TNG50
snapshot 99. The provided code already includes options for unit conversions and the
data was converted to the units kpc, Gyr and km s~ during the download.

The metallicity ratio mr = My /Myutq is not given in solar units. To use the data with
popkinmocks, we need to convert it to the abundance ratio M/H. In the IllustrisTNG
data specifications, the primordial solar metallicity is given as msp = 0.0127, i.e., the
metal mass fraction described in e.g. [Wiersma et al.| [2009].

The abundance ratio is commonly expressed as

[A}g] = logyo (mr) — logyo (msp) (2.1)

with the approximation Mita &~ My we use this formula to calculate M/H.

®https://github.com/zpenoyre/illustrisAPI.gitl
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2.2. Creating IFU Cubes

IMustrisTNG does not provide stellar ages but the stellar formation time in the simulation
as the cosmological scalefactor a. To calculate stellar ages from the scalefactor we used the
astropy.cosmology package from the Astropy project [Astropy Collaboration et al., 2013,
2018}, [2022|. The astropy.cosmology package offers different built-in cosomologies to
base calculations on. These cosmologies define for instance the Hubble Constant at a given
redshift and assume a flat ACDM cosmology. For this work we use the Planck15 |[Ade
et al., |2016] cosmology which was also applied in the IllustrisTNG simulation [Weinberger
et al., [2016, Pillepich et al., 2017b|. From the scalefactor a(t) = 1/(1 + z) we can derive
the redshift z = (1/a) — 1 and calculate the age of the universe at that redshift using
Astropy. We get the stellar age t; by subtracting the age of the universe at the stellar
formation time ¢, from the age of the universe today to (ts = to — t2).

Since this project will examine kinematic properties of galaxies and to make our results
comparable and interpretable we want to look at the selected galaxies at specific angles
(face-on, 45 deg and edge-on). If we want to create data cubes with popkinmocks to look
at a galaxy in a specific angle we have to provide the velocity and the coordinates already
rotated to this angle. To rotate the prepared galaxy data we used the github repository
rotate_halo H which provides methods to rotate 3D arrays of coordinate and velocity
data to desired angles.

At this stage the data is prepared to be used with the popkinmocks code. The next
section will show how we used the popkinmocks project to produce population-kinematic
dependent and population-kinematic independent IFU cubes.

2.2. Creating IFU Cubes

In this section we will take a look at creating artificial IFU cubes with different character-
istics. We will begin by creating a data cube that resembles an observation we would get
from an IFU. Still our idealized mock data cube differs from a real observation which
would contain inaccuracies due to the instrument and the environmental conditions. The
limitations of the resulting data will be discussed in chapter

To create a data cube, we need to take the 3D coordinates from the simulated galaxy’s
stellar particles along with the information for each data point and convert this data into
a 2D grid with a full spectrum for each point. From now on we will refer to the spatial
components of the cube (i.e. the points in the grid) as spaxels and to each data point in
the spectrum as pixel. To convert the simulation data into a data cube we will use the
popkinmocks project.

3https://github.com/Chia-vie/rotate_halo.git
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popkinmocks is a toolset for creating models of galaxy stellar content and generating mock
IFU data cubes. It models distributions over stellar population and kinematic parameters
using either simulation particle data or a library of parametric galactic components.
popkinmocks evaluates the stellar integrated-light contribution to the IFU data cube
and calculates derived properties like mass or light-weighted moments and probability
functions. popkinmocks characterizes the stellar content of galaxies through a joint
probability distribution over age ¢, line-of-sight (LOS) velocity v, 2D on-sky position x
and metallicity z. This distribution p(t, v, x, z) provides a comprehensive description of
the relations between stellar population parameters and kinematic variables. The spectra
of simple stellar populations (SSPs) are derived from the MILES library (see chapter [1.4)).
[Jethway, 2023|

Table shows the parameters we have to provide for popkinmocks. With those para-
meters we define the limits of our SSPs templates and the dimensions of our data cube.
By restricting the coordinate range we create a cube for the inner 20 kpc of the galaxy.

Parameter Value Description

thin_age 6 SSPs stellar age discretisation
thin_z 2 SSPs metallicity discretisation
nx1 51 number of spaxels on the x1 axis
nx2 51 number of spaxels on the x2 axis
nv 25 number of velocity bins

xirng [-20,20] range of x1 coordinates

x2rng [-20,20] range of x2 coordinates

vrng [-1000,1000] range of v

Table 2.3.: popkinmocks parameters: The parameters thin_age and thin_z reduce the
number of ages and metallicities of our SSPs templates. E.g. setting thin_z
to 2 results in half the templates regarding metallicities. By setting nx1 and
nx2 we create a 51 by 51 grid. The spaxels of this grid contain the data of
the datapoints which fall in the coordinate ranges x1rng and x2rng as well as
in the velocity range vrng. The parameter nv defines the number of velocity
bins.

Additionally we can now use the data we prepared earlier as input for the data cube.
We provide the stellar age, the LOS velocity (corresponding to the z-component of the
velocity data), the z and y coordinates and the abundance ratio M/H to construct a
model from particles. As a first example we use the input data at a 90 degree angle (i.e.
edge on) for our sample galaxy 440407 and let popkinmocks evaluate Equation for
our input. In Figure we see examples of different plots that can be created from the
resulting model, such as a full integrated spectrum and maps of selected properties.

12
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1e-5 Integrated Spectrum
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Figure 2.2.: Example plots for the IFU cube created with popkinmocks for the TNG50
SubhaloID 440407 edge-on. The top row shows the full integrated spectrum.
The bottom row shows 2D visualizations of the flux, the mean velocity, the
mean age and the mean metallicity.

The data cube we created represents a joint distribution p(¢,v,x, z) of our simulation
data, which means that there is a correlation between kinematics and populations. We
refer to this dataset as the truth, since it contains the true population-kinematic (PK)
correlations. For comparison, we will then create another version of the data cube in
which we artificially remove all correlations between stellar populations and kinematics.
We refer to this as the PK-independent data cube.

For the PK-independent cube we adopt the simplification from Equation [I.5] which in
our case gives us the factorization:

p(t,v,%, 2) = p(x)p(v[x)p(t, 2|%) (2.2)

which enforces that locally kinematics and populations are independent. We can achieve
this by extracting the factors of Equation 2.2]from our PK-dependent cube individually and
multiplying them together again. popkinmocks provides methods to evaluate probability
functions, so as a first step we evaluate p(x), p(v|x) and p(t, z|x) separately. Next we
take the products of the probabilities and arrange the dimensions so that they conform
to the structure of a data cube created by popkinmocks. At last we let popkinmocks
evaluate Equation [I.4] for the new model.

For a better understanding Figure illustrates a simplified version of the process of
removing a correlation from a distribution. The process starts with an artificial joint
distribution p(z,y). We then extract the probability functions p(x) and p(y). By taking
the product p(x)p(y), we assume independence and lose any correlation information.
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Distributions
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Figure 2.3.: Illustration of creating uncorrelated data: We begin with a joint distribution
p(z,y) (left). We then extract the marginal distributions p(x) and p(y)
separately (middle). After multiplying the two distributions, we get p(x)p(y)
(right) which corresponds to a distribution with no correlation of = and y.

Following this process, we created a PK-dependent and a PK-independent version of our
model. In the following steps we will compare the properties between the two versions.
We start by looking at the full integrated spectra of our galxy models in Figure 2.4} In
the upper panel we can hardly see a difference between the two spectra, in the lower
panel we see the calculated difference in percent.

Integrated Spectrum

Hi FelMgl Fel He T
f ’% Nai Truth
if —— PK-Independent

28
4750 5000 i 5250 5500 5750 6000 6250 6500
Wavelength [4]
04 Difference
0.2
< 00 |
-0.2
-0.4
4750 5000 5250 5500 5750 6000 6250 6500
Wavelength [A]

Figure 2.4.: Integrated spectra at a 90-degree (edge-on) angle of the truth and the PK-
independent data cube (upper panel) and the difference between the two
in percent (lower panel). This difference is very small and the spectra in
the upper panel are almost indistinguishable by eye. To investigate in more
detail, we mark the strongest lines and select intervals around them (grey
boxes).
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Since we are looking at the full integrated spectrum in Figure 2.4 we cannot see a
significant difference between the two data cubes. We can get into more detail by looking
at the most pronounced absorption lines and at the individual spaxels. To do this we
choose intervals around the deepest lines including some continuum, as indicated by the
grey boxes in Figure 2:4] The intervals are chosen by eye. In Figure 2.5 we show two
examples of the spectra around the Hpg line at the positions [—11,0] and [11,0]. We can
now clearly see a difference between the spectra of the two data cubes.

1e-8 Hg 90 Deg [-11,0] 1e-8 Hp 90 Deg [11,0]
A, A,
’ —— Truth 4.0 . —— Truth
—— PK-Independent —— PK-Independent
24 3.8
74
22 /
/
x /
=3 /
i /
2.0
1.8 28
26 \ //
\ \/
16 V vV
24
4840 4845 4850 4855 4860 4865 4870 4875 4880 4840 4845 4850 4855 4860 4865 4870 4875 4880

Wavelength [A] Wavelength [A]

Figure 2.5.: Zoom into the spectra in the interval around Hg at two positions [—11, 0]
and [11,0]. The galaxy data is again at a 90 degree angle. The spectra of the
two data cubes are now clearly distinguishable.

To illustrate this differences for all spaxels we will use difference maps. This implies
that for each spaxel we have to calculate one representative value which contains the
information of the difference between two spectra. Each of the spectra consists of many
data points which are red or blue shifted respective to each other. The next section will
describe the metrics we defined to visualize the properties of the differences.

2.3. Defining Metrics

As a first step we set some requirements for the metrics we want to use for the difference
maps. The values should be easy to calculate and the calculation should not be com-
putationally intensive. Since the difference between two spectra represents a redshift or
blueshift, we define that the metrics should indicate the redshift and blueshift respective
to the truth.
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We define three independent metrics which represent the difference between a truth cube
yr(x,\) and a PK-independent cube y7(x, A) which will be described in the following
sections. Each metric is calculated per spaxel, expressed in percent relative to the reference
data cube, for every interval we chose in Figure

2.3.1. Absolute Difference (AD)

The first metric we want to apply is the Absolute Difference (AD) which simply means
that we take the absolute value of the difference for each value of A\ and calculate the
mean.

AD (x,yr,y1) = ri > (’yT(X’yAT)(X y;)(x’ M 100> (2.3)
S 7

where n is the number of flux values in the wavelength range. We multiply the difference
by 100 to put it in units of percent. In Figure we plot the AD at 0 (face-on), 45 and
90 degrees (edge-on) for the four chosen wavelength intervals. The highest AD values are
visible in the interval around the Hpg line.

In Figure [2.6) we can clearly see a difference between the two data cubes but we can not
distinguish if the shift between the spectra is positive or negative. In the next metric we
will consider the sign of the shift.

2.3.2. Signed Difference (SD)

To distinguish between redshift and blueshift we determine the minimum flux value of
the truth spectrum at A;,;,. Every difference value up to and including the index of Apip
we multiply by (—1). We take the mean of the difference values up to A\, and add the
mean of the difference values after A\,.

_ _L yT(Xa )‘) — y[(xa )‘)
SD (x,yr,yr) = ( -~ ZA: ey x 100 | +

1 yr(xA) —yi(x,A)
( o ; Y x 100)

with n1), the number of flux values where A\ < A,,,;, and nq), the number of flux values
where A > Ajin and nyy. The SD shows significant values when calculated for the truth
and the PK-independent cube, reaching approximately four percent, which we can see
in Figure 2.7 We can also see that the differences are not distinct around the galaxy
features in the intervals other than Hg.

With the signed difference we found a calculation which conserves the information if the
PK-independent spectrum is shifted left or right respective to the truth. However it does
not take into account that other lines and the continuum around the main absorption

16



Absolute Difference

2 Hp 0 deg 2 Mg 0 deg 2 Fe 0 deg 2 Na 0 deg
15 15 15 15
10 10 10 10
5 5 5 5
< 0 < 0 <0 < 0
-5 -5 -5 -5
-10 -10 -10 -10
-15 -15 -15 -15
= BT 0 10 P Ta—T 0 10 0 2 10 0 10 0 2 BT [ 10 20
x1 x1 x1 x1
2 Hp 45 deg 2 Mg 45 deg 2 Fe 45 deg 2 Na 45 deg
15 15 15 15
10 10 10 10
5 - 5 5 5
< 0 | t < 0 <0 < 0
-5 i -5 -5 -5
s
-10 -10 -10 -10
-15 -15 -15 -15
2 BT [ 10 P T a—T 0 10 0 2 10 0 10 0 B 0 0 20
X1 x1 x1 x1
2 Hp 90 deg 2 Mg 90 deg 2 Fe 90 deg 2 Na 90 deg
15 15 15 15
10 10 10 10
5 5 5 5
< 0 [ < 0 <0 <o
-5 - 5 -5 -5
-10 -10 -10 -10
-15 -15 -15 -15
T a—" [ 10 P T a—T 0 10 0 -0 0 10 0 B 0 0 20
X1 x1 x1 x1

Figure 2.6.: Absolute Difference (AD) at three angles for four different wavelength intervals.

2.3. Defining Metrics
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The strongest difference can be seen in the Hg interval, but all panels show a
visible difference at the galaxy features.
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Signed Difference
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Figure 2.7.: Signed Difference (SD) at three angles for four different wavelength intervals.
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2.3. Defining Metrics

line go up and down multiple times before and after the minimum flux value at Ap,;,. We
can see this for instance in the spectra in Figure 2.5 where we see some small lines before
and after the main Hg absorption line. For the SD all difference values up to Ay, will
be multiplied by (—1) regardless if the slope of the line is going up or down. The next
metric will factor in the slope of all lines.

2.3.3. Gradient Signed Difference (GSD)

With this metric we want to distinguish between redshift and blueshift and also factor in
all the right signs of the differences at every datapoint in the wavelength interval. We
calculate the difference for each value of A and weight each value with the sign of the
gradient. Then we calculate the mean value.

GSD (x,yr,yr) Z yr(x, A)(x )\)(X A x 100 x sgn (dd)\T> (2.5)

where n) is again the number of flux values in the wavelength range and sgn (dyT) the
sign of the gradient. To estimate the sign of the gradient we look at the flux values. If
the flux values decrease, the flux value in the nighbouring wavelength bin is smaller than
the one before and vice versa. From this we determine the sign of the gradient and apply
it to every value.

In Figure we see the difference values with redshift and blueshift. The differences are
very distinct around the galaxy features but overall the magnitudes of the GSD values
are significantly smaller than of the SD values.

We defined three metrics which each have different qualities but all of them show a
significant difference between the truth and the PK-independent cube. So far the SD
shows the highest values while also distinguishing between redshift and blueshift. In the
next section we will test the qualities of our three metrics and choose the one that is most
applicable for this project.

2.3.4. Choosing a Metric

At the end of this section we aim to choose the metric that is best suited to highlight the
differences between the truth and the PK-independent cube. The SD and GSD can both
distinguish between redshift and blueshift, but the SD produces higher difference values
than the more accurate GSD. To further investigate the two metrics, we first take a look
at the age-velocity distribution. We plot the age-velocity distribution of the truth and
the PK-independent cube in Figure 2.9] for the same two spaxels as in Figure 2.5
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Gradient Signed Difference
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Figure 2.8.: Gradient Signed Difference (GSD) at three angles for four different wavelength
intervals. The strongest difference is also in the Hg interval and all other
panels show a difference at the galaxy features.
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Age-Velocity Distribution
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Figure 2.9.: Age-velocity distributions for the truth and PK-independent cube at two
positions: [—11,0] and [11, 0] using the same dataset at a 90 degree angle. We
can see that the slope of the distribution is missing for the PK-independent
data (lower panels) compared to the truth (upper panels).

From Figure 2.9 we conclude that we can calculate the correlation coefficients of the
age-velocity distribution (a-v correlation coefficients) for the truth and use them to check
our metrics. We plot each metric against the a-v correlation coefficients in Figure [2.10]
We then calculate another correlation coefficient between the values of the metric and the
a-v correlation coefficients to test for which metric this correlation is the strongest.

When working with correlation coefficients the values range between —1 and 1, where —1
corresponds to perfect negative correlation, 0 corresponds to zero correlation and 1 to
perfect positive correlation. In the first row of Figure [2.10| we see that for the AD the
correlation coefficients are close to 0, which means that there is no significant correlation
between the two axes. This is due to the fact that the x-axis data is not in absolute values
but the y-axis data which is showing the AD values is in absolute values. We would get
higher correlation coefficients if we would use the absolute values of the x-axis data in
the calculation, but they would still be significantly lower than the correlation coefficients
of the SD and GSD. That is why the AD metric will not be used further in this project.

In Table [3:1] we list the correlation coefficients obtained for all metrics and all angles. As
expected the correlation coefficients are higher if the data is at an angle and lower if the
data is face-on.

Figure and Table show that the strongest correlation coefficients can be seen
in the SD plots. At higher angles the values get very close to 1, which indicates a very
strong correlation. Even though the GSD has a more accurate calculation regarding
the slope of the whole continuum, the SD produces the strongest correlation coefficients.
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Figure 2.10.: AD, SD and GSD vs. a-v correlation coefficients. We again show the data
for the four different wavelength intervals and at a 90 deg angle (edge-on).
The correlation coefficients between metric and a-v correlation coefficients
can be found in the respective legends. The SD and GSD show very high
correlation coeffiecients. The AD does not show any significant correlation
coefficients because the age-velocity data is not in absolute values. The
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2.3. Defining Metrics

Metric Inclination Hg Mg Fe Na

AD face-on 0.02 0.03 0.03 0.03
45 deg -0.03 -0.03 0.04 -0.04
edge-on 0.02 0.08 0.13 0.04
SD face-on 0.39 0.83 0.87 0.84
45 deg 073 096 096 095
edge-on 0.76 096 0.98 0.96
GSD face-on 050 0.74 0.76 0.72
45 deg 0.79 0.92 0.92 0.90
edge-on 0.83 094 094 0.93

Table 2.4.: Correlation coefficients for AD, SD and GSD for all angles and the four different
wavelength intervals. The correlation coefficients for the AD are close to 0 at
all angles. For the SD and GSD the highest correlation coefficients can be
obtained with the edge-on data. Overall the SD shows the highest correlation
coefficients.

This is because the SD focuses on the main absorption line, while the GSD includes the
slopes of all the lines in the chosen intervals. Since the main absorption line contains the
information we want to investigate, the SD will be the primary metric used from here on
in this study.

As a last step we want to examine why the strongest differences between the thruth and
the PK-independent cube are visible around the Hpg line. Since Balmer lines, unlike metal
lines, are strong in young stars (e.g. |Gonzalez Delgado et al. [1999]) and the strong galaxy
features visible in Figure appear to correspond to young regions of the galaxy, we
want to test if these features are produced by young stars. We generate the same plots
as in Figure but prior to creating the data cubes, we filter out the data points to
retain only those with ages greater than 1.5 Gyr. The results are shown in Figure [2.11
The strong features have completely disappeared and we can conclude that the highest
differences between truth and PK-independent cube are indeed caused by young stars.

After creating data cubes from IllustrisTNG simulation data we were able to create
PK-independent cubes using the assumption in Formula [I.5 To evaluate the difference
between the truth and the PK-independent version of a data cube we defined different
metrics. We found a strong correlation between the metrics and the a-v correlation
coefficients of the truth. After evaluating all results up to this point, we chose to continue
this work with the SD metric because it distinguishes between redshift and blueshift and
also emphasizes the main absorption line, which is significant for this project.

So far, we have been working with very idealized simulation data. In the next section,
we will apply the same concepts to data that more closely resembles observational data.

23



2. Methodology

X2
°

X2
°

X2
°

Signed Difference Age > 1.5 Gyr

Hg 0 deg 2 Mg 0 deg 2 Fe 0 deg 2 Na 0 deg
15 15 15
10 10 10
5 5 5
< 0 < 0 <0
-5 -5 -5
-10 -10 -10
-15 -15 -15
-10 [ 10 20 2 -10 0 10 20 2 -10 [ 10 20 2 -10 [ 10 20
X1 X1 X1 X1
Hp 45 deg Mg 45 deg Fe 45 deg Na 45 deg
20 20 20
15 15 15
10 10 10
5 5 5
<0 < 0 <0
-5 -5 -5
-10 -10 -10
-15 -15 -15
-10 [ 10 20 2 -10 [ 10 20 2 -10 [ 10 20 2 -10 0 10 20
X1 X1 X1 X1
Hp 90 deg Mg 90 deg Fe 90 deg Na 90 deg
20 20 20
15 15 15
10 10 10
5 5 5
<0 < o0 <0
-5 -5 -5
-10 -10 -10
-15 -15 -15
o 0 10 0 0 [ 10 0 BT 0 10 0 0 [ 10 20
X1 X1 X1 X1

Figure 2.11.: SD for a filtered dataset with ages > 1.5 Gyr at three angles for four different
wavelength intervals. The galaxy features visible in the Hg panels of Figure
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2.4. Fitting IFU Cubes

We cannot directly observe the contents of a PK-independent cube, but we can fit the
spectral components of our truth cube using spectral analysis software, which would also
be used to fit observed spectra.

2.4. Fitting IFU Cubes

In the previous sections we have successfully generated mock data cubes from HlustrisTNG
simulation data and identified metrics to quantify the differences between the truth and
the PK-independent cube. Next, we want to determine if the same effects can be
observed when using a data cube generated by a spectral analysis code instead of the
PK-independent cube.

For this work we are using Penalized pixel-fitting (pPXF) Cappellari [2023|, which is a
commonly used spectral analysis code. Through full spectrum fitting, observed spectra
are matched with provided template spectra to infer the kinematics of stars and gas.
Cappellari [2017] To create a comparable data cube using pPXF we will only provide the
spectral component of the truth data cube. For fitting, we use the same MILES templates
as were used when the data cube was created with popkinmocks.

Since pPXF fits spectra using the assumption we would expect that our fitted data
cube (PPFX fit to truth) has the same properties as the PK-independent cube. After
fitting the truth with pPXF we will use the SD and correlation coeflicients to compare the
results.

2.4.1. Fitting Data

In this section we will describe our approach to fit the truth cube with pPXF and the
parameters used to get the best result.

At first we create the truth cube with exactly the same data and parameters as described
in section [2.2] From the truth we extract the MILES templates using popkinmocks, to
provide exactly the same templates to pPXF. We use only the spectral component of the
data cube for the fitting process.

Since we are working with simulation data, we are able to compare the output of the
fitting process with the original data and were able to try different approaches and
combinations of parameters to get the best fitting results. We found that changing the
resolution of the truth data cube did not have a significant impact on the fit and the
overall results. Regarding the pPXF parameters, changing the number of moments and
the fitting tolerance did not change the results significantly. The two parameters that
affected the quality of the fit the most, are the start values for the LOSVD, specifically the
velocity v and the velocity dispersion o. Varying those parameters lead to significantly
different results in the outer region of the galaxy. The central region of the galaxy was
not highly sensitive to v and o. Since pPXF fits each spaxel separately we found that
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2. Methodology

varying v and o for every spaxel gave the best result. We let pPXF fit each spaxel with
different combinations of starting positions and chose the best fit per spaxel using the
return parameter chi2.

Table shows the parameters used to create the best pPXF fit to the truth cube.

Parameter Value Dimension Description
templates arr(1215, 9, 6) 3D array of spectral templates:
(n_pixels temp, n_age, n_metal)
galaxy arr(1215) galaxy(n_pixels,): spectral data of one spaxel
noise arr(1215) noise(n_ pixels,), all pixels set to 1
velscale 80 velocity resolution
start arr(1, 1) start = [velStart, sigmaStart|:
start values for v and o
ftol le-4 fitting tolerance
goodpixels arr(1206) indices of good pixels in spectrum (n_ pixels,)
moments 4 number of Gaussian moments
Table 2.5.: pPXF parameters used with their respective values or dimensions that were

used in this work. We provided 3-dimensional templates with spectra per
age and metallicity. The array galaxy contains the spectral data to be fitted,
corresponding to one spaxel of the data cube. Since our data does not have
any noise, we provide the same value 1 for all pixels to the parameter noise.
The value of the velocity resolution velscale results from the popkinmocks
parameters nv and vrange (2000/25 = 80). The array start provides the
initial guesses for each moment (v,o,h3,h4,...). We provided one of the
combinations between velStart = [—250, —150, 0, 150, 250] and sigmaStart =
[70,125,180] for each run. Moments without provided values are set to 0.
ftol controls the convergence tolerance for the fitting procedure and is set to
a recommended value. With the array goodpixels we cut off artifacts in the
spectra from popkinmocks. We initially chose to model the LOSVD with 4
moments (v, o, h3, h4).

In Figure we see the resulting integrated spectrum of the pPXF fit to truth fitted
with the methods and parameters described above, compared to the integrated spectrum
of the truth. Similar to Figure 2.4] the two lines are not really distinguishable by eye,
which means that our fitting method worked well.

For a detailed comparison, Figure again shows the spectra around the Hpg line at
the positions [~11,0] and [11,0] (the same positions as in Figure 2.5). This time we
compare the pPXF fit to truth with the truth and for reference we see the PK-independent
spectrum from Figure [2.5] as a dotted line.
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Integrated Spectrum

2.4. Fitting IFU Cubes
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Figure 2.12.: Integrated spectra at a 90 degree (edge-on) angle of the truth and the pPXF
fit to truth (upper panel); the difference between the two in percent (lower
panel). This difference is again very small and the spectra in the upper
panel are almost indistinguishable by eye, which means the data was fitted
well with pPXF.
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Figure 2.13.: Zoom into the spectra in the interval around Hg at two positions [—11, 0]
and [11,0]. The galaxy data is at a 90 degree angle. The lines are now
distinguishable and we can see the shift between the different spectra.
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2. Methodology

From the spectra in Figure 2.12) and Figure [2.13] we can infer that our fitting method is
working reasonably well and the resulting pPXF fit to truth is a close fit.

To further investigate these results, we can take a look specifically at the velocities and o
values which were fitted by pPXF. We plot the light weighted mean velocities of the truth
data cube, the velocity of the pPXF fit to truth and their difference in Figure We
plot the o values respectively.
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Figure 2.14.: Light weighted velocity and o of truth in the left panels, velocity and o
of the pPXF fit to truth in the middle panels and the respective differences
in the right panels. The residuals in the velocity are close to the velocity
resolution of 80.

Figure shows differences in the velocity between the truth and the pPXF fit to truth,
with values being close to the velocity resolution of 80. The velocity amplitudes in the
pPXF fit seem to be overestimated, while there is a big region in the area of the disk with
low sigma compared to the truth.

Even though there are differences in the velocities and o, they are consistent with expected
level of accuracy. Based on our analysis so far, the spectra of the truth and the pPXF fit
to the truth are similar enough to assume that the fit is adequate. To double-check this
result, we will apply the same pPXF fit as described in Table to the PK-independent
cube.
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2.4.2. PPXF Fit to PK-Independent

2.4. Fitting IFU Cubes

If we apply the same pPXF fitting method to the PK-independent cube instead of the
truth, we would expect zero residuals since the assumption from Formula had already
been taken into account in the data. Thus it should not make a difference if pPXF applies
the same assumption again while fitting the data. We generate the SD for the obtained
fits and plot the results in Figure [2.15]
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Figure 2.15.: SD for pPXF fit to PK-independent and PK-independent at three angles for
four different wavelength intervals. The strong features of the galaxy are not
visible in this version. There are visible residuals on the outside of the center,
which have opposite signs compared to the SD for the PK-independent cube

in Figure
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2. Methodology

Figure 2.15] as expected, shows no strong galaxy features and lower SD values compared
to Figure Outside of the galaxy center, there are some residuals, which show opposite
signs compared to the same regions in Figure 2.7 and Figure 2.11] Maybe the applied
fourth-order Gauss-Hermite model is not well-suited for these regions.

After analyzing the quality of our fitting method with pPXF, we will now apply the SD
to the pPXF fit to truth to investigate whether we can draw conclusions from the pPXF
residuals regarding the assumption in Formula [I.5]
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3. Results

After fitting the true data cube with pPXF, we can see that the fitted integrated spectrum
is in close agreement with the integrated spectrum of the true data cube. To analyze
the fit in more detail, we will examine the residuals by looking at the SD, as well as
calculating correlation coefficients and standard deviations. This will allow us to assess
whether the residuals reveal any information or contain systematic trends related to the
underlying galaxy properties.

3.1. Signed Difference SD

In the first step, we will examine the pPXF fit based on the parameters described in Table
2.5] In Figure [3.1] we plot the SD for the pPXF fit to truth at three angles (face-on, 45
deg and edge-on) and with the intervals we defined in Figure The SD at the galaxy
features is less significant than in the PK-independent version shown in Figure and in
the outer parts of the galaxy some signs are switched when comparing the two versions.

We want to investigate which moments are responsible for the different results in the SD
when comparing the PK-independent cube created with popkinmocks and the pPXF fit
to truth. To do this, we will fit our data again using different options for the moments
parameter.

In pPXF, we have the option to either let pPXF fit all required Gaussian moments or provide
fixed values for certain moments to the function. We execute the pPXF fit to truth again
but provide the values for v and o (from the truth data cube) for every spaxel. This
means that pPXF adopts the provided values for v and ¢ and only fits the moments h3
and h4. We will refer to this version as pPXF fixed fit to truth, or pPXF fixed fit in short.

In another version of the pPXF fit, we exclude h3 and h4 and only let pPXF fit two moments,
v and o, to see if there is a significant difference between the two fits. We will call this
version pPXF fit to truth 2 moments or pPXF fit 2M for short.

After creating different versions of the pPXF fit, we will take a look at the correlation

between the SD and the a-v correlation coefficients to investigate if the different options
for the moments in the pPXF fit have an effect on the correlations.
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Figure 3.1.: SD for pPXF fit to truth at three angles for four different wavelength intervals.
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We can clearly see the galaxy features in the Hg panels. If we compare this
result to the SD for the PK-independent cube in Figure we see that the
features are fainter for the pPXF fit to truth. We also see that the sign of the

SD in the outer part of the galaxy is switched compared to Figure

3.2. Correlation Coefficients

In this step we want to compare the correlation coefficients for four different data cube
versions. In Figure 3.2 we plot the correlations between the a-v correlation coefficients
(x-axes) and the SD (y-axes) around four different absorption features (columns). The
top row of Figure shows the SD of the truth - PK-independent (i.e. repeating the
middle row in Figure . It represents the strong correlation we would expect between
the SD of the truth - a datacube which uses the assumption [I.5] and the a-v correlation

coeflicients.
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3. Results

Rows 2-4 of [3.2]show the correlations of pPXF fit residuals for the different fit configurations
described above. The second row shows the correlation coefficients when v and o are
fixed. We can see that the same overall trend is present, but the correlation is weaker
and the points show noticeably more scatter. Even though pPXF fit only the moments
h3 and h4, there is a significant change in the correlation. In the third row we plot the
correlation coefficients when pPXF fits only v and ¢ (h3 and h4 are excluded). We see
a reversal in the correlation direction, with the coefficients switching from positive to
negative while the correlation strength remains similar to the second row. The last row
presents the correlation coefficients for the pPXF fit of the four Gaussian moments v, o,
h3 and h4. We can see that the distributions are slightly more distorted compared to the
third row, with a small reduction in correlation strength.

We obtain significant correlation coefficients for all versions of the pPXF fit, but notably,
Figure [3.2 shows that the correlation direction shifts when pPXF fits v and o.

So far, the results presented correspond to one galaxy in our sample (SubhaloID 440407).
Table [B.T] lists the strength of the correlations between the SD of pPXF fit residuals and
the respective correlation coefficients for the full galaxy subsample. The corresponding
correlation coefficient plots for the remaining galaxy sample are presented in Appendix

ATl

| Truth - PK-Ind. | Truth - pPXF Fixed Fit | Truth - pPXF Fit 2M | Truth - pPXF Fit

Subhalo | Hs Mg Fe Na| Hy Mg Fe Na| Hy Mg Fe Na| Hg Mg Fe Na

440407 | 0.76 096 098 096|062 043 051 0.55|-046 -0.68 -0.70 -0.63|-0.33 -0.67 -0.65 -0.59
469487 | 040 0.84 088 0.87]0.05 0.10 020 0.21]|-026 -0.16 -0.12 -0.09|-0.26 -0.18 -0.15 -0.11
416713 | 0.76 0.85 0.86 0.82]0.70 -0.16 -0.19 -0.24| 0.57 -0.48 -0.54 -0.63 | 0.61 -0.50 -0.54 -0.63
493433 | 0.66 0.86 090 0.85|047 -0.04 -0.02 -0.01| 0.20 -0.33 -0.34 -0.31| 0.29 -0.35 -0.32 -0.30
342447 | 0.37 0.77 080 0.75]023 026 033 0.36|-032 -043 -043 -0.38|-0.25 -0.38 -0.37 -0.33

Table 3.1.: Correlation coefficients for the chosen galaxy sample at a 90 deg angle (edge-
on). The correlation coefficients are high for the Truth - PK-Ind. version for
all galaxies but this does not reflect in the fitted versions.

Based on the first group of columns in Table which represents the PK-independent
data cube, we would expect similarly high correlation coefficients throughout the whole
galaxy sample. However Table shows that this is not the case. As pPXF is allowed to
fit more kinematic moments, the magnitudes of the correlations vary considerably.

Only for galaxy 440407 the sign of the correlation appears to switch between the fit with
fixed v and ¢ and the version where pPXF fits these moments. Nonetheless, the correlation
coefficients vary significantly between the two fitting versions for the remaining galaxy
sample.

Galaxy 469487, with an even component distribution comparable to galaxy 440407
shows significantly lower correlation coefficients. The only galaxy that shows a stronger
correlation besides 440407 is galaxy 416713 with a dominant bulge component. The
galaxies with dominant thick disk and thin disk (493433 and 342447) show moderate
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3.3. Standard Deviation

magnitudes of correlation coefficients, but none of them is close to the results from the
respective PK-independent data cubes.

Since pPXF tries to fit the data to the truth as close as possible according to the methods
and templates available, this might result in a different outcome of the fitted data
compared to the calculated PK-independent data. If we go back to Figure we can
see that calculating the PK-independent spectra made the lines slightly flatter whereas
the pPXF fit made the lines slightly deeper. This might be enough to result in significant
changes in the correlations.

After investigating the correlations between the SD and the a-v correlation coefficients
we proceed to analyze the standard deviation of the same values.

3.3. Standard Deviation

In this step we will calculate the standard deviation of the SD and the a-v correlation
coefficients for all spaxels to see how the values vary in each of the galaxies. A high
standard deviation would indicate that the values are more variable across the galaxy
and vice versa. We plot the resulting standard deviations in Figure|3.3
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Figure 3.3.: Standard deviation of SD vs. standard deviation of a-v correlation coefficient
for the whole galaxy sample. The data sets are at a 90 degree angle and we
calculate the values for four different wavelength intervals.
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3. Results

First, we take a look at the standard deviation of the a-v correlation coefficient. Among
the galaxies with one dominant component, the bulge-dominated galaxy 416713 has
the lowest standard deviation, the thick disk galaxy 493433 lies in the middle, and the
highest standard deviation is observed for the thin disk galaxy 342447. This indicates that
the galaxies with younger stars have a higher standard deviation of the a-v correlation
coefficient.

From Figure [3:3] we can also see that the standard deviations for the two galaxies with
evenly spaced components lie at opposite ends. This suggests that galaxy 469487 is
dynamically cold compared to galaxy 440407, which explains the different results in the
correlation coefficients shown in Table B.1]

If we look at the standard deviation of the SD we see that the Hg interval results in the
highest values and galaxy 469487 again has the lowest values.

Unfortunately our small dataset does not show a trend which could be used to predict
pPXF residuals, but it would be interesting to create this plot with a bigger dataset. In
the next Figure (3.4]), we want to see what the standard deviation looks like at different
angles.
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Figure 3.4.: Standard deviation of SD vs. standard deviation of a-v correlation coefficient
for galaxy 440407 at three inclinations and for four different wavelength
intervals.
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3.3. Standard Deviation

From Figure [3:4] we can clearly see that the higher the angle, the higher the standard
deviation. If we look at a galaxy edge-on, it results in more variation because there
are more ages and velocities within one spaxel, whereas face-on, the range of ages and
velocities is smaller within a single spaxel.

Since pPXF fits the data as closely to the true values as possible, the residuals expected
from using the assumption [1.5| are not produced by the fitting process in the same way as
in the calculated data cube. We have analyzed the correlations and standard deviations in
our sample to identify potential trends, but given the small number of galaxies analyzed,
the data is not sufficient to confirm any clear patterns.
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4. Discussion

In this section, we address the key questions that guided the work presented in this thesis.

4.1. Which Metric Should We Use?

We intended to define a metric which accentuates the differences between the spectra of
a PK-dependent and a PK-independent data cube. It should be easy to calculate and
should not require a lot of computational capacity. In section we described the three
metrics we specified: The Absolute Difference (AD), the Signed Difference (SD) and
the Gradient Signed Difference (GSD). Each of these metrics can depict the differences
between spectra, but only the SD and the GSD can distinguish between redshift and
blueshift.

We tested if our metrics correlate with the a-v correlation coefficients of the truth data
cube in section and found that overall, the SD has the highest correlation coefficients.
The GSD has similarly high correlaction coefficients and is slightly more complicated to
calculate, because it follows the gradient of the whole continuum instead of just the main
absorption line like the SD.

To obtain a detectable signal with a signal to noise ratio (S/N) of 100, we need to get
values of at least 1 %. Both metrics satisfy this condition with maximum values around
4.5 % for the SD compared to maximum values around 2.5 % for the GSD.

Even though the GSD seemed to be the more accurate metric, we chose the SD for this
work, because it results in the highest correlation coefficients and is easier to calculate.

4.2. What Is The Best Line To Look At?

The best absorption line to compare the truth and the PK-independent datacube is found
to be Hg, simply because it shows the highest difference values. As seen in Table
and Figure the other lines (Mg, Fe and Na) produce higher correlation coefficients
between the a-v correlation coefficients and the SD, which would make them better
candidates. However, the corresponding SD values rarely exceed the 1 % to make them
measurable with a S/N of 100.

As shown in Figure the young stars are responsible for the strong signal in hbeta.
This aligns with the expectation that when we look at single spaxels in which young and
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4. Discussion

old stellar populations are mixed together, a fit with the single-component model in pPXF
would necessarily lead to more inaccuracies. Furthermore, the result is consistent with
the trend of the Hg strength decreasing with increasing o, as discussed in [Kuntschner
et al. [2001].

4.3. How Does The Signal Change With Inclination Value?

Similar to how galaxies appear brighter if they are observed edge-on, the signal of the
residuals in our data is strongest when analyzing the data from an edge-on perspective.
In a visual observation this is due to the fact that more light sources are placed behind
each other along the line of sight. In our case there are more data points with different
ages and velocites along the line of sight which are flattened to a 2D spacial grid.

We presented this effect in Figure [3.4], where it is shown that the standard deviation of
the a-v correlation coefficient is lowest for the face-on data and highest for the edge-on
data. If we make the same plot for the bulge dominated galaxy we see that the a-v
correlation coefficient does not change significantly with different angles. Generally the
signal is highest if the data is analyzed at a 90 degree or edge-on angle.

4.4. Can We Find The Signal In Residuals Of PPXF Fits?

If we compare the Signed Difference of the PK-independent data cube in Figure and
of the pPXF fit in Figure we see that the values of the SD in the pPXF fit version are
smaller. Although we get some maximum SD values in the pPXF fit version that are close
to the maximum SD values of the PK-independent version, the values are overall not as
strong as expected and likely indistinguishable from noise in actual observations.

Although we found differences between the truth data cube and the pPXF fits, they do not
follow any systematic pattern which would allow to extract any applicable information. It
seems that pPXF gets very close to the true spectra by fitting every spaxel independently
and exhibits a flexible fitting behavior.

4.5. Robustness of Results

We adjusted the pPXF parameters to obtain the best possible fit, using the truth data
cube as a reference. We found that the pPXF parameters v and o had the most effect on
the quality of the fit, whereas changing the number of moments and the fitting tolerance
as well as changing the resolutions of the underlying truth data cubes did not cause
significant changes in the resulting fits. We obtained the fit closest to the truth by varying
v and o for every spaxel and choosing the best values. Even though comparing the fit to
the initial data can’t be done when using observation data, we had to assume the best
possible fit, to test if our method leads to measurable residuals in any use case.
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4.6. Limitations and Outlook

Applying the same data conversion process and pPXF fitting parameters to each galaxy in
our sample lead to consistent and comparable outcomes, allowing for a reliable analysis
across the dataset.

4.6. Limitations and Outlook

Since the TNG50 simulation data used in this work is free of noise, repeating the same
analysis with realistic noise would maybe provide more insight. Real observation data
would also contain inaccuracies due to the instruments used and environmental conditions.
Therefore the effects found by our method could potentially be smaller when applied to
actual IFU data.

As our approach is based solely on the MILES SSP models, and given the method’s strong
dependence on the underlying SSPs, it would be interesting to investigate how the choice
of SSP library affects the results.

Although no clear trend is observed in the standard deviations across our current sample
of five galaxies with varying component ratios, a larger sample might reveal such a
relationship. Exploring this in future work should therefore be considered.

In this work we only used single-component fitting methods. Multi-component fitting
methods are typically applied when velocity components are clearly separated in the
signal, but in our case, the components overlap. While we have not explored multi-
component fitting in this work, methods specifically designed to handle overlapping
velocity components could offer a great improvement for this process in general.

Since a 1 % deviation would be detectable in observational data with S/N = 100 and
we don’t don’t get interpretable results from pPXF residuals, it may be worth exploring
other methods better suited to extract information from the residuals of single-component
fitting methods, which use the assumption [1.5
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5. Conclusions

In this thesis, we investigated the effect of the simplification made by single-component
fitting methods, namely the asusumption that locally, kinematics and populations are
independent. We compared PK-dependent and PK-independent data cubes created from
simulation data, analyzed the residuals from data cubes fitted with pPXF, investigated the
influence of data quality and viewing angle and examined whether the residuals reveal
trends linked to galaxy properties.

We developed three metrics to highlight differences between PK-dependent and PK-
independent spectra: Absolute Difference (AD), Signed Difference (SD), and Gradient
Signed Difference (GSD). While all are able to show spectral differences, we selected the
Signed Difference (SD) as it provided the highest correlations with the truth data cube.

Among the absorption lines examined, Hpg is the most sensitive tracer of the differences
between the truth and the PK-independent data cubes. We showed that the strong signal
in Hg is caused by young stellar populations mixed together with older stellar populations.
For the same reason, the viewing angle plays an important role when it comes to the
strength of the signal. Edge-on orientation of the galaxy data increases the residual signal,
which reflects the diversity of stellar populations projected along the line of sight.

Despite using the simplifying assumption [I.5] the single-component pPXF fits produced
data cubes of reasonably high quality, with residuals being smaller than expected based on
the results of the PK-independent cubes created with popkinmocks. This indicates that
pPXF’s approach of spaxel-by-spaxel fitting is flexible enough to reproduce the original
spectra with high accuracy. Nonetheless our findings suggest, that it would be beneficial
to use multi-component fitting methods, especially when there is evidence of young stellar
populations.

Even though it is possible to find measurable residuals using data cubes obtained with
pPXF, we could not extract applicable information from these residuals because every
galaxy behaves differently. However, this finding may be limited by the size of our galaxy
sample.
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Figure A.2.: Galaxy 416713 (dominant bulge component): SD vs. a-v correlation 57
coeflicients at four different wavelength intervals and at a 90 deg
angle (edge-on) for the Kin. Ind. cube and three different fitting
combinations with pPXF.
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58 Figure A.3.: Galaxy 493433 (dominant thick disk component): SD wvs.
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correlation coefficients at four different wavelength intervals and at
a 90 deg angle (edge-on) for the Kin. Ind. cube and three different
fitting combinations with pPXF.
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Figure A.4.: Galaxy 342447 (dominant thin disk component): SD vs. a-v cor- 59
relation coefficients at four different wavelength intervals and at a
90 deg angle (edge-on) for the Kin. Ind. cube and three different
fitting combinations with pPXF.
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