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Abstract

Cosmological hydrodynamical simulations are powerful tools in the study of
galaxy formation and evolution. The newest suite of state-of-the-art simula-
tions like IllustrisTNG are pushing the boundaries of modern astrophysics.
At the same time, large observational surveys of galaxies in the nearby Uni-
verse have increased our understanding of what properties and scaling rela-
tions galaxies are expected to follow. Comparing observations and simula-
tions is not always straightforward, and the literature contains a multitude of
methods and varying results. In this work, various methods used to calculate
stellar and halo mass, characteristic size, velocities and color of IllustrisTNG
galaxies are studied and compared against each other. The scaling relations
related to these properties were also compared against observational data of
the local Universe from the SAMI galaxy survey. Different methods of mor-
phological classifications and their impacts upon the scaling relations were
also explored. It was found that the stellar mass and half-mass radius are
sensitively dependent upon galaxy size limit definitions, while velocity and
color estimates are not affected. The stellar-to-halo-mass relation of Illus-
trisTNG galaxies was found to be similar to observations for halo masses up
to 10123 My, but for larger halos the slope is steeper and depends heavily
on the stellar mass definition used. The size-mass relation shows excellent
agreement for the entire galaxy population, but has larger discrepancies when
separated into early and late type galaxies. The Tully-Fisher relation of Il-
lustrisTNG has a shallower slope than observations, while the values fall
within the observational uncertainties. The Faber-Jackson relation of Illus-
trisTNG and observations have similar slopes, but IllustrisTNG has a lower
zero-point. Finally, the color bimodality in IllustrisTNG is in good agree-
ment with observations, but the color-mass slope in IllustrisTNG is flatter
and more distinctly bimodal than the SAMI data indicates. Overall Illus-
trisTNG reproduces the observations of the local Universe well. It is however
very important to consider the method of galaxy morphology classification
and the way the properties are calculated, especially stellar mass and char-
acteristic size, because differences in estimates may vary significantly.
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1 Introduction

1.1 Motivation

The field of astrophysics is a relatively young field of study compared to most
other disciplines of science, but in many ways it is the most fundamental.
From the tiniest quantum fluctuations at the beginning of time, to the galaxy
clusters found in our present day Universe, astrophysicists have to cover a
range of magnitudes from the smallest particles discovered to the largest
structures in existence.

In this project, galaxies are the focus of study. Theories for how galaxies
formed and evolved have been proposed since they were first discovered, and
as new data and new understanding of physics emerge, new theories take
over for old ones. The model that has been established as the one currently
best able to explain observations of the Universe is the Lambda Cold Dark
matter (ACDM) model. In this model, the energy in the Universe is made
up of about 75 % dark energy (one theory is that this is the so-called vacuum
energy that is pushing the expansion of the Universe), 21 % dark matter and
about 4 % baryonic (visible) matter (Planck Collaboration et al. 2016).

There are many theories for what dark matter actually is (see e.g., Boveia and
Doglioni 2018), but what we do know is that cosmological models require the
presence of dark matter to reproduce the structures seen today. Dark matter
does not interact with any particles except through gravity. In the ACDM
model of our Universe, galaxies are located in the center of dark matter halos
(hereafter, halos), which extend much further than the actual visible galaxy.
Many of the properties of galaxies are linked to their host halo.

Hydrodynamical cosmological simulations have been around since the 1980s,
starting as dark matter only N-body simulations defined by a set of initial
conditions (Frenk et al. 1983). As computers became more powerful, and
physicists learned more about the complicated physics of galaxies, the sim-
ulations started to incorporate stars, gas and other baryonic components.
The resolution and size of simulations have increased tremendously. Now it
is possible to have mass resolutions that show the inner structure of galaxies
and at the same time have a simulation volume that is large enough to be

relevant on cosmological scales. In this respect, projects such as the Illus-
tris (Nelson et al. 2015) and EAGLE (Schaye et al. 2015) simulations have



pushed the boundaries of modern astrophysics. The Next Generation Illus-
tris project, IllustrisTNG!, is the new and improved version of the Illustris
simulation (Springel et al. 2018; Pillepich et al. 2017; Naiman et al. 2018;
Nelson et al. 2017; Marinacci et al. 2018). The first papers were published
in 2017, and the final data release was made publicly available in 2020. It
increases the resolution, size and amounts of physics included, to produce
the largest and most detailed simulated universe to date.

The use of the data from numerical simulations might seem straightforward,
but comparisons against observational data or other numerical simulations
require careful considerations (see e.g., Sande et al. 2018; Schaye et al. 2015;
Pillepich et al. 2017). There are many existing practices for how the data
is post-processed after the simulation is run, and the way that properties
are defined and calculated are important factors to consider. In this thesis,
the practice of using pre-calculated IllustrisTNG data from the SUBFIND
group catalogs is compared against several other methods of treating the data
during post-processing. Then the mock galaxy properties derived from the
MlustrisTNG simulation are compared against observational data, to study
its efficiency in simulating real galaxy properties.

1.2 The structure of this report

To start off, Section 2 explains the physics of the main galaxy property
relations that are covered in this report. It also contains a glossary with
explanation of notation and some astrophysical terms used throughout the
text. Section 3 details the methods used in this specific work, including
sample selection, property calculations and description of the observational
data sets that were used. The results are presented in Section 4 while Section
5 sums up what was learned from the project, discusses the results and looks
to the future for what further action this work can inspire.

Thttps:/ /www.tng-project.org/



2

Theory

Some of the astrophysical notation, terms and constants used in this paper
are presented here:

pc - Parsec, one parsec is approximately 3.26 lightyears which is equiv-
alent to about 30.9 x 102 km. Interstellar distances are often given in
parsec, distances within a galaxy in kiloparsec and distances between
galaxies in megaparsec.

My - Solar mass, the mass of our Sun or approximately 2 x 103°kg. In
astrophysics, masses are always given in units of solar masses.

G - The gravitational constant, 4.3 x 107% pc - M, - (km/s)?.

z - Redshift, a dimensionless measure of time where z = 0 denotes
the current time and z — oo as we move back in time towards the
beginning of the Universe. The redshift also gives the actual physical
frequency shift of light emitted from a source moving away from us in
an expanding Universe. It is therefore a measure of distance as well,
so galaxies with an observed higher redshift are situated further away
from us than a less redshifted galaxy.

Hy - The Hubble constant at present time H(z = 0), a cosmological
constant related to the expansion rate of the Universe. The best mea-
surements of today set the value of Hy to 67.8 km/s/Mpc (Planck Col-
laboration et al. 2016). Specifically, this means that at z = 0 a galaxy
located 1 Mpc away is receding from us at a velocity of 67.8km /s be-
cause of the expansion of the Universe.

h - The “little Hubble constant”, given by h = Hy/(100km/s/Mpc).
M, - The stellar mass of a given galaxy.

Mha1o - The total mass within a dark matter halo (including the bary-
onic components).

L - Luminosity. The luminosity of a galaxy is a measure of its total
radiated electromagnetic energy per unit time. The absolute magni-
tude (M) is related to the luminosity as M = —2.5log(L/Ls) + Mg,
with Lo and Mg being the solar luminosity and solar magnitude re-
spectively.



o 1, - Stellar half-mass radius. The radius within which half the stellar
mass of a galaxy is contained. Not a projected quantity.

e R, - Effective radius, also referred to as the half light radius or the
characteristic size of the galaxy. The radius within which half the
luminosity of a galaxy is emitted. R, is a projected quantity.

2.1 Galaxy formation

Our understanding of the formation and evolution of the Universe as a whole
is based on the cosmological principle, which states that matter is distributed
spatially isotropically and homogeneously across the Universe on large scales.
Of course, we would not have any structure formation if the matter was ac-
tually perfectly uniformly distributed in the very beginning of the Universe.
It is not completely clear how this initial deviation from homogeneity origi-
nated, but at very early times after the Big Bang, the Universe was so small
that quantum effects would have played a significant role. These tiny quan-
tum fluctuations may then have been responsible for the structure formation
we can observe today. Given that these initial density fluctuations in matter
are present, gravitational effects will then amplify the overdense regions of
space as matter is pulled together. If the Universe did not expand, these
instabilities in the density field would just keep growing, leading to catas-
trophic collapse. However, we know the Universe is expanding, and so the
effect is dampened significantly. As matter keeps being pulled in over time,
the overdense region might reach a “turn-around size” where the gravita-
tional pull is large enough to compensate for the expansion rate of space.
Then the matter will collapse towards the center. The exact process for col-
lapse is beyond the scope of this report, but it depends on the ratio of dark
matter to baryonic matter, and the properties of the dark matter itself.

2.1.1 Dark matter halos

Dark matter halos are the result of such initial overdense regions of dark
matter particles. Halos cover a huge range in magnitude of mass from lower
than 10° My, up to sizes of at least 10> M. In general, halos are ellipsoid
in shape. The spherically averaged density profile of halos, as predicted by
N-body simulations of dark matter in a ACDM Universe, is well described
by the Navarro-Frank-White profile (Navarro et al. 1996). This profile gives



us a halo density p that is proportional to the radius r as r~! for smaller
radii and 2 for large radii,

Perit B (1”/7“5)(1 + 7n/TS)2>

where puit = 3H:/87G is the critical density of the Universe, 4, is the char-
acteristic overdensity and rg is the scale radius where the slope changes from
r~! to r=3. Both d. and ry may vary for each halo.

p dc (1)

Halos grow hierarchically through mergers of smaller halos into larger halos.
A smaller halo that merges with a larger halo may survive as a separate
entity within the host halo and is then known as a subhalo.

One of the most interesting properties of a ACDM Universe is the halo mass
function, which gives the number density n of halos as a function of their
mass Mpao. In 1974, William H. Press and Paul Schechter proposed that the
halo mass function took the form:

dn p  dlog(c™1)
S — , 2
thalo ( ) M}?alo d 1Og(Mhalo) ( )

where 0 = o(R) is the variance of the field with a smoothing radius R, p is
the mean density of the Universe and f(o) is the multiplicity function (Press
and Schechter 1974).

As an example, Figure 1 shows the halo mass function found by Tinker et al.
(2008). In this work, they calculated the halo mass function at z = 0 based
on a set of cosmological simulations (colored points). The solid black lines
show the fit to the Schechter function for three different values of A, where
A is the overdensity within a radius Ra with respect to peis.

The mathematical details of this analytical solution to the mass function are
outside the scope of this work, but it is based on the assumption of spherical
collapse and depends on both cosmology and redshift. Until the end of the
century, numerical simulations tended to agree with the results presented
by Press and Schechter. However, newer and more complex numerical solu-
tions have shown that the Press-Schechter formalism tends to overestimate
the amount of smaller halos, while under-predicting the abundance of larger
halos.
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Figure 1: Halo mass function for three different overdensities, A = 200, 800, 3200
from top to bottom (points). The different points represent the different simula-
tions used. The solid black lines are best fits for each value of the overdensity A.
They are all three Schechter functions, with varying multiplicity functions to get
the best fit to their respective data points. Credit Tinker et al. (2008).
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2.1.2 Galaxies

Dark matter halos formed before baryonic matter could gather in densities
even close to that needed to form stars, as there is 6-7 times more dark
matter than baryonic matter. The dark matter halos created a gravitational
potential well which gave room for the primordial baryonic matter (ionized
hydrogen gas) to start collapsing.

As the density of the gas increases, temperature increases and halts the
collapse, but through several radiation cooling processes the gas is able to
collapse enough for fusion to start and stars to be born. Because of the
halos’ role as initial potential wells, the baryonic matter collapses in such a
way that the angular momentum of its initial components is transferred to
the galaxy as a whole, and the result is a rotating disk galaxy at the center
of the halo. This is the birth process of galaxies.

Galaxies are mainly composed of stars and hot gas, with a smaller contribu-
tion of stellar remnants, cold gas and dust. Hot gas is hydrogen gas that is
fully ionized and does not collapse into stars, while cold gas has a much lower
temperature and can contribute to star formation. Stellar remnants are the
compact objects left behind when a star reaches the end of its lifetime. These
are black holes, white dwarves and neutron stars.

There are at least two trillion galaxies in the observable Universe (Conselice
et al. 2016), with stellar masses ranging from less than 10° M, to more than
10'2 M. It has been found that a large fraction of galaxies are gravitationally
bound to each other in groups and clusters. Galaxy clusters are the largest
gravitationally bound systems in the Universe, and can span a distance of
several megaparsecs. They typically contain more than a hundred galaxies,
as well as large amounts of intergalactic gas. Galaxies in clusters serve an
important purpose to astrophysicists, as they essentially function as tracers
of the largest halos in the Universe.

As galaxies reside in the center of halos, they too follow a hierarchical growth
pattern where larger galaxies are created through the merger of smaller galax-
ies. All galaxies start off as disk galaxies, so galaxies that have an elliptical
component of stars and gas with pressure dominated random motions and
which extend in all directions from the center, are results of the merging of
galaxies. In galaxy clusters the density of galaxies is much higher than the
average of the Universe, so the likelihood of a galaxy merger is higher there.
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Therefore clusters contain a higher percentage of elliptical galaxies.

A very important property of the galaxy population is the galaxy luminosity
function, which gives the number density of galaxies as a function of their
luminosity. The luminosity of a galaxy is directly proportional to its stellar
mass, so the luminosity function also gives us the mass distribution of galax-
ies. Mathematically, the luminosity function is defined as ¢(L)dL, where
¢(L)dL is the number density of galaxies in the luminosity range L + dL/2.
In 1976 Paul Schechter proposed a fit to the luminosity function of galaxies
on the form

¢(L)dL = ¢*(L/L")" exp (=L/L")dL/L", (3)

where ¢* is a normalization, L* is the characteristic luminosity for that sam-
ple of galaxies (it will differ for instance for galaxies within a cluster compared
to isolated galaxies) and « is the slope of the power law where L < L* (P.
Schechter 1976). Figure 2 shows the luminosity function (points) as well as
the best fit for Equation 3 (solid line). The Schechter function is still a good
fit to this day, and is in excellent agreement for galaxies with L > L*. For
the low mass range of galaxies, the parameter a must be found, and this is
one of the challenges of astrophysicists that study galaxy properties.

2.1.3 The Stellar-to-Halo mass relation

The Stellar-to-Halo mass relation (hereafter, SHM relation) gives the stellar
mass of a galaxy as a function of its host halo mass. This is particularly
difficult to determine empirically, as it is not possible to directly measure the
dark matter halo mass.

One way of looking for this relation is through a method called abundance
matching. In abundance matching, the numerically found halo mass function
and the observationally found luminosity function are combined. This is done
using the simple assumption that the largest halo contains the largest galaxy,
the second largest halo contains the second largest galaxy and so on. By
mapping each galaxy to its corresponding halo in such a fashion, the shape
of the SHM relation can be found directly.

Using abundance matching, the SHM relation has been found to be well
described by a double power law with different slopes for the low-mass and

12
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Figure 2: The luminosity function at redshift 0 as presented in P. Schechter
(1976). The open circles correspond to observed galaxies in clusters, while the
filled in circles denote cD galaxies (giant ellipticals). The solid line shows the best
fit using Equation 3. Credit: P. Schechter (1976).
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high-mass end of the spectrum (Behroozi et al. 2013).

Other ways of studying the SHM relation could be through simulations which
include halo and stellar mass like IllustrisTNG, or inferring the halo mass
empirically by using the rotational curves of disk galaxies (see Section 2.2.2),
gravitational lensing or other observational methods (Kravtsov et al. 2018).

2.2 Galaxy evolution and classification

When telescopes became good enough to clearly distinguish gaxies in the sky,
it was apparent to astronomers that galaxies come in many different shapes
and sizes. The morphology of a galaxy is closely linked to other properties of
the galaxy and is therefore important for the classification of galaxies. Ed-
win Hubble classified galaxies on the basis of a spectrum (Hubble 1926), with
elliptical galaxies (galaxies that have a dominant spheroidal component) on
one end of the spectrum and spiral galaxies (galaxies with a prominent disk
component) on the other (Figure 3). The galaxy types were presented as a
sequence, so Hubble deemed it convenient to use the adjectives “early” and
“late” to describe the two extreme ends of the spectrum. He did consider
the fact that these words might be confusing because of their temporal con-
notations, but went ahead with using “early” and “late” as a proxy for “less
complex” and “more complex”, respectively. Indeed this turned out to be
confusing, as it is now established that galaxies actually evolve with time
along the sequence, starting out as late type disk galaxies and often ending
up as more massive early type ellipticals.

In the ACDM model, galaxies grow through merger events where two galaxies
collide. Mergers are classified into two types, major and minor mergers.
Major mergers are events where two galaxies of equal size collide and become
one, much larger, galaxy. Minor mergers happen when one of the galaxies is
significantly smaller than the other, and ends up as a satellite galaxy orbiting
the larger host galaxy. The satellite galaxy will slowly be accreted onto the
host galaxy, contributing to the total mass of the host. Simulations have
shown that a major merger between two disk galaxies produces an elliptical.
The Milky Way, which is a large (M, > 109 M) spiral galaxy with quite a
few small satellite galaxies has probably grown through many smaller minor
mergers, and thus kept its disky shape.

All galaxies are of course not a perfect fit to this binary model of early and late

14
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Figure 3: Chart from 1999 showing the original classifications of galaxy morphol-
ogy. Credit: ESA/Hubble

type galaxies. It is not always easy to distinguish between a disky elliptical
and a spiral with a large spheroidal component (bulge). Some galaxies are
also in the middle of a merging process. These can have very irregular shapes,
and so are hard to classify. Other galaxies are very small, so called dwarf
galaxies. These galaxies tend to have very little stellar mass compared to
dark matter, so they do not exhibit the properties of ellipticals, even though
they may be more elliptical in shape.

Galaxies were initially separated into the two main types (early and late) by
their shape, but as astronomers have studied these different galaxy categories,
it has become apparent that there are many other properties which also
serve to distinguish the two types. Table 1 gives a quick overview of the
main properties of early and late type galaxies, while the rest of this Section
describes them in more detail.

2.2.1 Elliptical galaxies

Elliptical (early type) galaxies are mainly pressure-dominated systems, mean-
ing that the motion of the stars is predominantly radial. The largest galaxies

15



Table 1: Galaxy properties by morphology type.

Early type Late type
Shape Spheroidal Disk
Color Red Blue
Velocity direction Radial Circular
Stellar population Older Younger
Star formation rate Low High
Mass More massive Less massive
Characteristic size Smaller Larger
Gas and dust Little More

in the Universe tend to be ellipticals, but they come in all sizes. The star
population of ellipticals is generally older than that of spirals, and there is
usually little to no star formation, so the galaxy grows only through mergers.
There is very little gas and dust in ellipticals, and they tend to emit more
light in the redder end of the electromagnetic spectrum. Early type galax-
ies are less common than late type galaxies, and are more usually found in
galaxy clusters.

2.2.2 Spiral galaxies

Sprial (late type) galaxies have a prominent disky component which orbits
around the galaxy’s center. Spiral galaxies have larger characteristic sizes
than elliptical galaxies of similar mass. The rotational velocity of the disk is
typically larger than the velocity dispersion of the galaxy’s bulge. The stars
in a spiral galaxy are usually younger than those in early types. There is a
lot of gas and dust present in spirals, giving rise to ongoing star formation.
Late type galaxies are bluer in color than early types. Field galaxies, which
are not, part of any galaxy cluster, are predominantly spirals.

The rotational velocities of the stars at different radii in the disk of spiral
galaxies can be measured observationally, and plotting the velocity as a func-
tion of radius gives us the velocity curve of the galaxy. Assuming the particles
move in circular orbits around the center of mass, the circular velocity V.
at a given radius r is given by the formula

Veire = VGM(< 1)/, (4)
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Figure 4: Rotation curves for several spiral galaxies (points). The velocities
are normalized with respect to each of the galaxies’ maximum velocity. Radial
distances are in units of the optical radius Ropt (the radius within which 83% of
the light is enclosed). The long-dashed line shows the expected Keplerian curve if
there was no dark matter. Credit: Zasov et al. (2017).

where M (< r) is the total mass within . If the mass in the galaxy was
solely made up of the gas and stars that we are able to detect optically, we
would expect the velocity curve to drop off as we get to the outer parts of the
galaxy. However, the observational data shows that the velocity curve does
not fall off towards the outer parts of the galaxy, but actually flattens out. An
example of this can be seen in Figure 4. There the rotation curves of several
spiral galaxies are shown, along with the curve showing the expected fall off of
velocity if there was no dark matter (long-dashed line). This perplexed early
astrophysicists, as the mass inside the outer radius must be much greater
than that which could be accounted for by the stars and gas in the galaxy.
An effort to solve this problem led to the theory of dark matter, and later to
the ACDM model.

2.2.3 Classifying galaxies

An important part of many studies of galaxy formation and evolution is
looking at and comparing the properties of the two main morphological types
of galaxies. In observations, a visual classification method is usually used,
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although it is intensively time-consuming for humans to inspect and classify
galaxies manually. An example of an effort to overcome this problem is the
Galaxy zoo?, a crowdsourcing project which uses large numbers of volunteers
as well as machine learning to classify galaxies. In simulations, other methods
have been devised for identifying early and late type galaxies as we have much
more available information about these mock galaxies. In many studies,
several classification methods are used in conjunction. Three of the most
common methods are presented here.

Early type galaxies have much less cold gas than late type galaxies, so a
simple division in the galaxy population based on the gas fraction (gas mass
divided by stellar mass) will be effective at roughly separating the two types.
Gas is not distributed evenly in galaxies however, so it is important to con-
sider the physical volume where the gas fraction is calculated. A large volume
will inevitably contain more hot (not star-forming) gas and potentially allow
for early type galaxies to be considered as late types. Late type galaxies
also have a wide range of gas fractions. The most massive spiral galax-
ies (M, > 10" M) can contain as little as 5% gas, while low-mass disks
(M, < 10%°Mg) can contain up to 80% (Mo et al. 2010). In Ferrero et al.
(2020) gas fraction was used as one of two criteria of morphological classi-
fication. Galaxies with a gas fraction of less than 0.1 were considered for
early types, while those with more were potential candidates for late type
classifications.

Another way of separating galaxies into the early and late type categories
is by using the specific star formation rate (sSFR). The sSFR of a galaxy
is the galaxy’s star formation rate divided by the stellar mass content of
the galaxy. As an example, a galaxy with a stellar mass of 101° M that
produces stars with a total mass 10° Mg, over a time-frame of 10° yr = 1 Gyr
has a sSFR of 107! Gyr™!, commonly expressed as log(sSFR[Gyr™!]) = —1.
Galaxies are tagged as “quenched” (early type) or “main-sequence” (late
type), where quenched galaxies have little to no star formation, while main-
sequence galaxies have a significant amount of star formation (Noeske et al.
2007). More formally, they are separated by how far from the ridge of the
star-formation main-sequence they are found. In a study using the data
from the IllustrisTNG simulation, Genel et al. (2017) defined the ridge of
the main-sequence as the mean of the sSFR for galaxies with mass 10° My, <

Zhttps://www.zooniverse.org/projects/zookeeper /galaxy-zoo
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M, < 10'%5 Mg, which gave a value of log(sSFR[Gyr~!]) = —0.94 for z = 0.
Galaxies are then considered “main sequence” if their sSFR are within 0.5
dex of this value. A simpler criteria for main-sequence galaxies is to drop the
upper bound and include all galaxies that have sSFR more than 0.5 below
the ridge. “Quenched” galaxies are defined as those with sSFR at least 1 dex
below the ridge.

It is also possible to classify the galaxies according to their structural prop-
erties. A common way of estimating a galaxy’s “diskyness” in simulations is
to use the rotational (K,.) to total (K) kinetic energy parameter ,os.

K _ Krot _ Zi\;l mz(]z,z/Rz)Q (5)
! K Efil mv; 7

where j,; is the z-component of the specific angular momentum (j =7 x 7),
m; is the mass, and R; is the projected radius of stellar particle 7 in the
xy-plane (perpendicular to the axis of rotation). This value indicates how
much of the kinetic energy of the galaxy is invested in the ordered rotation
about its axis. To calculate k., the axis of rotation must first be found. The
galaxy is then rotated such that the z-axis of the galaxy’s coordinate system
is pointed in the direction of the axis of rotation, and k.. is calculated. For
a perfect disk galaxy that is totally rotationally supported x,,; = 1, while
for a totally pressure supported system, k... would approach zero. In Sales
et al. (2012), galaxies were classified as early type if they had k.o < 0.5 and
late type for k.o > 0.7. This leads to a significant amount of ”intermediate
types”, but other works have simply made use of a single cut at x,,; = 0.6
(Ferrero et al. 2020). Figure 5 shows the face-on and edge on projection of
three rotated galaxies with similar stellar mass but varying values of k..
The higher the rotational to kinetic energy ratio, the more disk shaped the
galaxy is.

In the literature there exists a multitude of other methods used to sepa-
rate galaxy populations into early and late type galaxies. Results of spe-
cific galaxy types may therefore vary according to the morphology selection
method used.
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Figure 5: The stellar mass density projections of three different galaxies with
Krot = 0.70, 0.48 and 0.19, from top to bottom. They all have a stellar mass of
about 10'-?°M, The galaxies are shown both face on (right) and edge on (left).
Twice the half-mass radius (2 X ryy,) is shown for scale (orange solid line).
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2.3 Galaxy scaling relations

Galaxies have many physical properties which can be studied through ob-
servations, and which makes each galaxy unique. The focus in this report
will be on so-called scaling relations. These are relations between important
physical properties in galaxies, such as mass, size, velocity and color. We will
only be looking at these in the present time, z = 0, but the scaling relations
have been studied across redshifts and many are redshift-dependent.

2.3.1 The Tully-Fisher relation

There is a surprisingly good correlation between the luminosity L of a spiral
galaxy and the characteristic rotational speed of its disk V.., originally de-
scribed by Tully and Fisher (1977) to be on the form of a simple power law
with index a,

Lo Vi, (6)

This is known as the Tully-Fisher relation (TFR), and their results can be
seen in Figure 6, where the linear fit (solid line) to a sample of 18 galaxies
(dots and circles) are shown. a was found to be 3.7. Later work has found «
to lie between 3 and 4 (Lelli et al. 2019; Bloom et al. 2017). As stellar mass
is directly proportional to the luminosity, this gives us the ability to estimate
stellar mass from a simple measurement of the rotational velocity,

M, o Vigy. (7)
This relation is a great tool for estimating the distance to a galaxy, as the
predicted total luminosity can be compared to the apparent magnitude at
Earth. For numerical simulations, being able to reproduce the TFR is an
essential way to check if the model is reliable.

2.3.2 The Faber-Jackson relation

A similar relation exists for early type galaxies, and it was Faber and Jackson
(1976) that linked the velocity dispersion of the stars o, and the luminosity
of elliptical galaxies. In observations, the only components of the velocity
of a galaxy we can measure are the line-of-sight velocities (V). These are
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Figure 6: The original figure from the 1977 paper by R.B. Tully and J.R. Fisher,
showing the luminosity - velocity values (dots and circles) as well as the linear fit
(solid line) in the log-log plane. Credit: Tully and Fisher (1977)
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Figure 7: The original fit for the Faber-Jackson relation as presented in the 1976
paper. It shows the velocity dispersion as a function of the luminosity (dots), along
with a power law with index 4 (solid black line). Credit: (Faber and Jackson 1976)

calculated using the observed Doppler shift in the galactic spectrum. The
stellar velocity dispersion of a galaxy is then defined as the standard deviation
of the line-of sight velocities.

o= STy Q

The proposed relation between o, and L was on the form of a power law as
well,

Lo o], (9)
with a power law index 7 of approximately 4 as shown in Figure 7 where

the observationally measured luminosity - velocity values and the linear fit
to the data is shown.
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This is known as the Faber-Jackson relation (FJR). The scatter in the FJR
was larger than that found for the TFR however, and it was later found that
the velocity dispersion was dependent on the effective radius of the galaxy as
well as the luminosity. This dependency also took the form of a power law,
and so the velocity dispersion is more accurately predicted by the function

oo L°RY, (10)

where a and b are the power law indices. With the radius added into the
equation, the scatter became much less significant. Most ellipticals are found
on the same plane in o, R, L space. This became known as the Fundamental
Plane (Djorgovski and Davis 1987).

2.3.3 Color bimodality

Color, in astrophysics, is defined as the difference in magnitudes measured
for a galaxy by two different optical filters. A galaxy that is "blue” has a
larger amount of blue light than red. In general, galaxies are found to inhabit
one of two groups on a color-mass diagram, blue or red (see Figure 8). The
blue galaxies are most often late type galaxies, while the red ones are mainly
early types. There are many factors that contribute to the color of a galaxy,
like stellar age and metallicity as well as the amount of gas and dust the light
has passed through and its metallicity.
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Figure 8: Left-hand panel: The probability density of the g-i color for over
350 000 galaxies in the Sloan Digital Sky Survey. Right-hand panel: The color-
magnitude contour map for the same galaxies, clearly showing two distinct popu-
lations. Credit: Mo et al. (2010)

3 Method

3.1 IllustrisTNG

MustrisTNG is the follow-up project after the success of the Illustris simula-
tions. It is a huge project, built upon a cosmological magneto-hydrodynamical
simulation code with added physical processes on a subgrid level (Weinberger
et al. 2016). Adding physical processes like gas radiation, star formation, stel-
lar feedback through supernova explosions, supermassive black hole accretion
and magnetic fields is essential to model galaxy formation and evolution and
allows for a much better comparison to reality than dark matter-only simu-
lations. The data output from the simulations is extensive, and is not meant
to be analyzed all in one go, but rather through a series of analyses, each
targeting a specific scientific question.

Cosmological hydrodynamical simulations are used to predict the movements
and interactions between different types of particles in a cosmological box,
and follow these through time steps as the simulation progresses. In the
end, the simulation gives information about the final particle positions and
properties. The simulation does not know about halos, so the raw data
must be processed to extract information about separate halos and galaxies.
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To identify which particles belong together as one halo, their closeness has
to be examined, as well as their velocities to see if their kinetic energy is
enough to make them gravitationally unbound. Several different halo-finding
algorithms have been developed for this purpose, and in IllustrisTNG the
SUBFIND algorithm has been used.

SUBFIND is an algorithm presented in Springel et al. (2001) for identifying
halos and subhalos. It first defines parent halos with a Friends-Of-Friends
algorithm, which determines halos by the proximity of the particles only. It
then looks at the halo’s density fields and separates out subhalos. Finally
physically unbound particles (those with positive total energy) are removed.
Subhalos identified to reside inside a larger subhalo are counted as a separate
subhalo, and thus its particles are not part of the parent subhalo. The relative
mass of a parent subhalo compared to that of any subhalos contained within
it is usually such that the impact of removing the latter is minimal with
respect to any properties of the former.

3.1.1 The simulations

The lustrisTNG project includes 18 different simulations with varying reso-
lutions, spatial size, and included physics. There are three main simulations,
TNG300, TNG100, and TNG50, that differ in volume and resolution. The
details of these are summed up in Table 2. Each of the main simulations has
been run at three different resolution levels, which makes it possible to study
how the outcome is affected by changing only the resolution in a given sim-
ulation. TNG100 has a physical box volume of 110.72 Mpc?, and a baryonic
particle resolution of 1.4 x 108 M, while the TNG300 simulation has a vol-
ume of 302.6% Mpc? and a baryonic particle resolution of 1.1 x 10" M. The
newly released third simulation, TNG50, has a smaller volume of 51.72 Mpc?,
but with a much higher baryonic particle resolution of 8.5 x 10* M.

In this project, a large statistical sample of galaxies was needed, as well as
resolved structure of the inner part of the galaxies to calculate the different
properties, so the TNG100 simulation was the best choice with respect to
size and resolution. The TNG100-1 simulation data, which is the highest
available resolution for TNG100, has been used throughout the project and
will from now on be referred to as TNG only. A visual representation of parts
of the simulations can be seen in Figure 9. For its cosmology parameters
TNG uses the results from the Planck Collaboration, which are given by
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Table 2: The details for the three main TNG simulations. Npjs is the number
of dark matter particles. mpy and mpygryon are the mass of the dark matter and
baryonic particles, respectively.

Volume [Mpc®]  Npy mpuy [Mo]  Mparyon [Mo)
TNG50 51.73 21633 4.5 x 10° 8.5 x 104
TNG100 110.73 1820 7.5 x 108 1.4 x 106
TNG300 302.63 2500 5.9 x 107 1.1 x 107

Qp o = 0.6911, Q,, 9 = 0.3089, 2o = 0.0486, o5 = 0.8159, ny = 0.9667 and
h = 0.6774 (Planck Collaboration et al. 2016). Throughout this work we
adopt a standard flat ACDM cosmology with these parameters.

3.1.2 Data products

All the Hlustris-TNG data is publically available online at the TNG web-
page®. The data products that are available for each simulation are snap-
shots, group catalogs, and merger trees as well as some supplementary data
sets. There are five different particle types in the simulations, and each has
its properties stored as particle fields. These fields include information like
position, kinematic data, and chemical composition. For each different run
of the simulation, 100 snapshots are created, which are taken at specific red-
shifts. They include all the particles in the whole volume of the simulation,
with 20 of them including all the fields for each particle as well.

The group catalogs provide a convenient way to quickly access already cal-
culated properties of the different halos and subhalos instead of dealing with
all the particles in a snapshot. This saves a lot of time and effort but gives
the user less control over what can be analyzed. There is one group catalog
for each snapshot, and this includes two types of objects, Friends-of-Friends
(FoF) and SUBFIND. The FoF catalog contains all the halos, and the SUB-
FIND catalog contains all the subhalos and their associated galaxy (if there
is any) for each halo. Each subhalo has a parent halo, and the largest subhalo
in each halo is the central subhalo. The merger trees data products contain
the merger history of each subhalo.

This project makes use of the group catalogs and particles for the z = 0

3https://www.tng-project.org/data,/
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Figure 9: A composite image that illustrates the two simulations TNG100 and
TNG300. In the background is the dark matter distribution for the whole TNG300
volume. In the upper right is the stellar mass distribution across the entire TNG100
volume. The panels on the left show galaxy-galaxy interactions, while the panels
on the right show the stellar light projections of two z = 0 galaxies. Credit: TNG
Collaboration
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snapshot.

3.1.3 Sample reduction

The TNG documentation recommends filtering out all subhalos that are
flagged with the SubhaloFlag field, and so these were cut from the data.
They are most probably subhalos of non-cosmological origin, and so should
not be considered real galaxies.

For this project, only the central galaxies in each halo are selected to minimize
the environmental impact on galaxy properties. The FoF catalog contains
the index for the largest subhalo in each halo, so combining this information
with the SUBFIND catalog allows one to create a subset of the data that
contains only the central galaxies.

To make sure that the inner galaxy structures are sufficiently resolved, only
galaxies with total subhalo stellar mass greater than 10%5 M, are used, which
corresponds to about 3000 stellar particles.

3.2 Observational data

When possible, it is good practice to use the same observational data for
comparisons with the simulation data across several properties. Therefore,
the SAMI Galaxy Survey (Bryant et al. 2015) has been used throughout
this work. For the SHM relation however, it was not possible to use the
SAMI data set, so other works have been chosen to use for that comparison.
All the data sets and best fits used in comparing the results from TNG to
observations are described in this Section.

3.2.1 SAMI Galaxy Survey

The SAMI Galaxy Survey ? is a spectroscopic survey of a large sample
of galaxies in the nearby Universe (z < 0.113), conducted with the Syd-
ney—Australian Astronomical Observatory Multi-Object Integral Field Spec-
trograph (SAMI) which is mounted on the Anglo-Australian Telescope in
Australia. The survey was started in 2013, and ended in 2018. There have
been three major data releases, with the newest being the final Data Release

4https://sami-survey.org/
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Three (DR3) (Croom et al. 2021). DR3 includes data for all the 3068 galax-
ies which were observed. The data products available are IFS (Integral Field
Spectrograph) data cubes and 2D maps, as well as catalog data. The SAMI
Galaxy Survey targeted many galaxies that have already been cataloged in
the Sloan Digital Sky Survey (SDSS) (York et al. 2000) and were further
studied in the Galaxy And Mass Assembly survey (GAMA) (Driver et al.
2011). It has also focused on some cluster regions which are covered by the
SDSS DR or the VST ATLAS Survey (Shanks et al. 2013), and is further
described in Owers et al. (2017). Analyzing data cubes and 2D maps falls
outside the scope of this work, so catalog data is used where possible. Stellar
masses, magnitudes and sizes are all appropriated from the GAMA, SDSS or
ATLAS catalogs. The catalog data is publically available at the Australian
Astronomical Optics’ Data Central °.

3.2.2 Other data sets

For the SHM relation, best fit models from two different studies have been
used.

The first study, Kravtsov et al. (2018), employed a power law for the high
mass end and a sub power law for the low mass end, the same as in Behroozi
et al. (2013).

log(M.(Mhaio)) = € + log(M1) + g(log(Muaio/M1)) — g(0), (1)

(log(1 + exp(x)))”
1+ exp(10—=)

g(z) = —log(10** + 1) + o

Here M, is a characteristic halo mass, ¢ is the strength of the sub power
law, « is the power law slope for M., < M; and 7 is the power law index
for Mya, > M,. The best fit parameters were found to be M; = 11.35,
0 =439, o = —1.779, ¢ = —1.642 and vy = 0.547 (Kravtsov et al. 2018).
The stellar masses are calculated using a new method of analyzing the data
from the SDSS DRS8 (Ahn et al. 2012) while the halo masses are estimated
observationally using X-ray data as presented in Gonzalez et al. (2013).

The second one, Behroozi et al. (2019), uses abundance matching to find a
fit to the data by combining a double power-law with a Gaussian function.

Shttps://datacentral.org.au/
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log(M,(Myao)) = € + log(M;) + f(log(Myao/M1)), (12)
f(z) = —log(10°" + 10°") + 107 exp[—0.5(§)2].

M is a characteristic halo mass, ¢ is the width of Gaussian efficiency boost,
« is the power law slope for My, < Mi, § is the power law index for
Myao > M; and « is the strength of the Gaussian efficiency boost. The
best fit values for the parameters for central galaxies only are M; = 12.081,
0 =0.386, « = 1.957, ¢ = —1.435 and v = —1.065. The dark matter simula-
tion used was the Bolshoi-Planck dark matter simulation and the halos were
identified using the ROCKSTAR algorithm. Halo masses are peak histori-
cal masses. Observational data is taken from the Sloan Digital Sky Survey
(SDSS), the PRIsm MUltiobject Survey (PRIMUS), UltraVISTA, the Cos-
mic AssemblyNearinfrared Deep Extragalactic Legacy Survey (CANDELS),
and the FourStar Galaxy Evolution Survey (ZFOURGE).

In addition to the SAMI data for the Tully-Fisher relation, the best-fit from
the Calar Alto Legacy Integral Field Area Survey (CALIFA) presented in
Bekeraité et al. (2016), and converted to SAMI stellar masses in Bloom et al.
(2017), is included in the comparison to TNG data. This study was based
on 226 galaxies in the redshift range 0.005 < z < 0.03.

3.3 Calculating properties
3.3.1 Cosmologies and h-dependence

When making measurements of galaxy properties, some assumptions about
the underlying cosmology of the Universe must be made. One of these as-
sumptions is the value of the Hubble constant H,, more commonly repre-
sented by h, where h = Hy/(100km/s/Mpc). In addition to several other
cosmological parameters, this constant is used when running a cosmological
simulation. Astrophysical properties, both numerical and observational, are
presented in publications either with an h-dependence (leaving the user to
specify the cosmology) or without an h-dependence (by assuming a value for
h).

For IustrisTNG the explicit h-dependence of each property value is stated
clearly in the documentation. For the SAMI data catalog, no h-dependence is
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Table 3: The h-dependence and units for the galaxy properties used in this work.
For TNG, the dependency is given in the data documentation. The dependencies
for SAMI are the standard dependencies for observational data, as found in Table
2 in Croton (2013).

TNG SAMI
Stellar mass | Moh ™! Moh=?
Halo mass | Moh™! -
Size kpc h™1 kpch™1
Luminosity mag  mag +5log(h)
Velocity km/s km/s

explicitly stated in the documentation or data release papers, but the Hubble
constant used is given as h = 0.7.

Best practice dictates that to compare works with different assumed Hubble
constants, the h used in those specific works should be replaced with the
most recent value for h (Croton 2013). The values for galaxy properties will
then be comparable. In Table 3 the h-dependency of the galaxy properties
of TNG as well as the common h-dependencies for observational data like
SAMI is shown along with their corresponding units. In this work, all data
results are converted to the TNG cosmology, which uses the newest values
for the cosmological parameters.

3.3.2 Galaxy sizes

When observing galaxies with telescopes, contamination of the measurements
by surrounding sources as well as background radiation is always a problem
which must be compensated for. As such, when the images are processed,
aperture sizes have to be chosen with care for each identified galaxy. A larger
aperture will be sure to contain most of the light from the galaxy but might
overshoot by including surrounding light as well. However, choosing a too
small aperture will result in lost data, and as such a smaller apparent galaxy.
This is especially challenging when estimating the boundary of large elliptical
galaxies, which have extended stellar components with low surface brightness
(Kravtsov et al. 2018).

In simulations, we are not limited by hardware, attenuation and background
light. However, a cut-off point still needs to be determined, as galaxies are
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inherently continuous density distributions. SUBFIND does this for the dark
matter part of the simulation, separating out subhalos from larger halos. The
galaxy properties of that subhalo are then calculated using all the stellar and
gas particles bound to the subhalo and are saved to the SUBFIND group
catalog.

When comparing simulation data to observational data, there are many ways
to emulate the finite size of observed galaxies. Some of the most commonly
used methods are using a spherical volume of a set size for all galaxies, cal-
culating luminosities and selecting a cut-off point at the faint end, or using a
variable radius that is dependent on the host halo for each galaxy. In one of
the release papers for TNG, Pillepich et al. (2017) urges users of TNG data
to consider their choice of aperture size with caution and emphasise that all
definitions of properties must be stated clearly. They advocate the use of
a constant galaxy radius of some fixed aperture in physical kiloparsecs. In
this work, properties in TNG have been calculated within two different 3D
apertures as well as using all bound particles. The first of the two apertures
has a 3D radius of 0.15 X 1o, Where r9gg is the virial radius of the halo to
which the central subhalo is bound, and is used in works covering several
different cosmological simulations (Ferrero et al. 2020). The second aperture
is a simple 30 kpc aperture, which is commonly used to simulate the observa-
tional Petrosian aperture (Schaye et al. 2015). Several works have also used
the stellar mass within two times the SUBFIND stellar half mass radius, and
so those values are also compared against the other definitions.

Figure 10 and Figure 11 illustrate the effect of the galaxy size limits on two
different galaxies, a disk galaxy and a large elliptical galaxy. For the disk
galaxy, the order of the aperture sizes from smallest to largest are; two times
the half mass radius (solid line), 0.15 x 799 (dashed line) and 30 kpc (dotted
line). There is very little stellar mass outside the 0.15 X rggo radius, and so
there is little difference in the mass within the two outermost size limits, as
well as compared to the total stellar mass in the subhalo (as can be seen
in the right-hand panel). For the large elliptical galaxy however, the order
is completely different. There the 0.15 X rygg radius is more than twice as
large as the 30 kpc radius, and there is a substantial amount of stellar mass
between the two. Also, not even the 0.15 X rygg galaxy size is able to capture
all of the stellar mass in the subhalo. This goes to show that there is a large
difference between the commonly used galaxy size definitions.
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Figure 10: Left-hand panel: The stellar mass density projection of a MSUBF —
1010-6"M, late type galaxy. The orange lines represent three different galaxy size
definitions, 2 X ryy, (solid line), 30 kpc (dotted line) and 0.15 X 7999 (dashed line).
MSUBF is the total stellar mass of the subhalo, as identified by SUBFIND. Right-
hand panel: The cumulative stellar mass distribution, divided by the total stellar
mass bound to the subhalo, as a function of radius.
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Figure 11: Left-hand panel: The stellar mass density projection of a MSUBF —
1088 M, early type galaxy. The orange lines represent three different galaxy size
definitions, 2 x rSUBF (solid line), 30 kpc (dotted line) and 0.15 x 7200 (dashed
line). MSUBF is the total stellar mass of the subhalo, as identified by SUBFIND.
Right-hand panel: The cumulative stellar mass distribution, divided by the total
stellar mass bound to the subhalo, as a function of radius.
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3.3.3 Magnitude and colors

The absolute magnitude M is a measure of the total luminosity L of the
galaxy such that M = —2.5log(L/Ls) + Mg, where L is the solar lumi-
nosity and Mg, is the solar magnitude.

For the SUBFIND group catalog, the SubhaloStellarPhotometrics field
gives the magnitudes based on the summed up luminosities of all the stellar
particles in the subhalo. Eight bands are available, but here only the g- and
i-band are used. The g-i colors are then calculated by simply subtracting the
i-band magnitude from the g-band magnitude. The color is also computed
considering only particles within the 0.15 X 7999 and 30 kpc aperture.

3.3.4 Masses

Stellar mass estimates from observations depend on the stellar initial mass
function (IMF), which describe the spectral evolution of a population of
stars, and as such the relationship between luminosity and mass in a given
spectral band. SAMI and TNG both adopt a Chabrier (2003) IMF, and so
their stellar masses and magnitudes should be comparable without further
conversion.

In SUBFIND, masses for each particle type are calculated by summing up
all the masses of that particle type belonging to the subhalo. Values for
the mass within the stellar half-mass radius, two times the stellar half-mass
radius and the radius at which the maximum rotational velocity is found are
also available.

Using the particles, the stellar mass within 15 % of the virial radius (M }5r2%)
and the stellar mass within 30 kpc (M32%%P¢) were calculated. These corre-
spond to using a galaxy size limit of 0.15 X ry99 and 30 kpc. These stellar
mass definitions, along with the SUBFIND total stellar (MS5VBY) mass and
the SUBFIND stellar mass within two times the SUBFIND stellar half mass
radius (M?21m) are all definitions which are commonly used in works where
TNG data is employed (see e.g., Vazquez-Mata et al. 2020; Ferrero et al.
2020; Lu et al. 2020; Rodriguez et al. 2020).

For the SAMI data, the stellar masses are calculated by using the redshift,
the i-band magnitude and g-i color of each galaxy through the formula
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log(M,/Mg) = —0.4i + 0.4D — log(1.0 + z) + (1.2117 — 0.5893z)+

13
(0.7106 — 0.14672) x (g — 1), (13)
where D is the distance modulus and g and ¢ are the aperture-matched

observed-frame Milky Way-extinction-corrected apparent magnitudes (Bryant
et al. 2015).

3.3.5 Characteristic size

In observational data, galaxy sizes are always projected sizes, as they are
derived from 2D images. A common measure of the size of a galaxy is the
effective radius (R.), which is the radius within which half the light of the
galaxy is contained. This quantity depends on the analysis and quality of
the 2D profiles, which may not be able to include all the light in a galaxy
in the way that we can ensure for computer simulated data. The radius also
depends on which optical filter the measurements are made in, as different
filters will be receptive to light from different parts of the galaxy (Sande et al.
2018). In simulation data, characteristic sizes are more commonly given by
the 3D stellar half-mass radius (ry ), and so should not be compared directly
to observations which are projected sizes. The stellar half-mass radius is the
radius of a spherical volume within which half the stellar mass is found. This
value is generally higher than the half light (effective) radius for a given
mass up to M, < 10'%5Mg, as seen in Genel et al. (2017). A 2D half-mass
radius (Rp,) can be calculated by averaging the projected half-mass radius
of the galaxy in three different orthogonal directions. A computationally
less expensive method is to use the approximation R, = %re, where 71, is the
3D effective radius, which generally holds for a range of surface brightness
profiles observed in stellar systems (Wolf et al. 2010). Both 3D half-mass
radius and 2D projected half-mass radius were calculated for M™% and
M3%re The SUBFIND catalog provides stellar half-mass radius for MSYBF,

The SAMI catalog data has two different estimates for effective radius. The
first is based on Sérsic fits to SDSS and VST imaging data and is defined
as the semi-major axis half-light radius, measured in the r-band. The values
are given in units of arcsec which are then converted to a physical radius in
kpc. Then these semi-major axis radii are converted to circular radii using
the formula
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Rcirc = Rsm\/ (1 — 6), (14)

where R is the circular radius, Ry, is the semi-major axis effective radius
and € is the eccentricity which is also available for each galaxy.

The other effective radius available in the catalogs is the circularized effective
radius calculated from the SDSS and VST photometric data using the Multi
Gaussian Expansion (MGE) algorithm, the details of which can be found in
Croom et al. (2021). These values are on average slightly smaller than the
former definition, especially for early type galaxies.

3.3.6 Velocities

The characterisitc velocities of galaxies are usually given by the stellar ve-
locity dispersion (o) and rotational velocity (Vi) for early and late type
galaxies, respectively. This is because of the difference in the shape of the
two galaxy types. It makes more sense to talk about velocity dispersion in a
spheroidal pressure-dominated system and rotational velocity in a rotating
disk.

In the SUBFIND catalog, the field SubhaloV Max gives the maximum value
for the spherically averaged rotation curve of a given galaxy. As the rotational
curves are nearly flat for large enough radii, it should not be very important
at which specific radius the observational rotational velocity is measured, as
long as it is in the flat part of the curve. For observational data, the rotational
velocities are usually measured in the outer part of the galaxy. A common
place to measure is at 2.2 x R, which is the radius of maximum rotation
for an isothermal sphere. By using the particles it is possible to study the
rotational velocity at any radius, so it was calculated at 2.2 X ry, to see if
this made a difference in the overall trend compared to SubhaloV Max.

Rotational velocities were not available in SAMI catalog data, but an exten-
sive analysis of the 2D velocity maps in SAMI DR2 is found in Bloom et al.
(2017). They defined the rotational velocity as the velocity at 2.2 x R,, which
should be in the flat regime of the velocity curve, and coincide well with the
maximum velocity. Their best fit for the TFR was used in our comparison,

log(Vier) = 0.31 + 0.0092 x log(M,) — 0.93 & 0.1. (15)
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The velocity dispersion in the SUBFIND catalog is the 3D velocity dispersion
of all the particles over the entire subhalo, divided by v/3.

Assuming that velocity dispersion tends to fall off at larger radii, and the
galaxy has an ellipsoid shape, the angle at which the galaxy is viewed will
affect the observed velocity dispersion. To compensate for this when com-
paring simulations to observations, velocity dispersions in simulations may
be calculated in three different projections of the galaxy and averaged over
these.

1
o? = g(ai + 05 + 0?) (16)
This was done for the TNG particles, as well as calculating 3D velocity

dispersions of each particle type within the entire subhalo, 0.15 X 799, 30 kpc
and 10 kpc.

In SAMI catalog data, the given velocity dispersion is averaged within an
aperture with radius equal to the effective radius of each galaxy. Both Sersic
and MGE values are available, but the Sersic fits were chosen as a quick
comparison to MGE data showed that there was no real difference between
the two.

3.4 Galaxy morphology classifications

Galaxy morphology is, as stated in the previous Section, a spectrum ranging
from disks to ellipticals to irregular shapes. It is therefore an impossible task
to make an exact division between early and late type galaxies. However, it
is still useful to see if the different galaxy types are present in the simulation,
and to try to compare their properties to those from observations. In this
analysis, a subselection of each galaxy sample (TNG mock galaxies and SAMI
observed galaxies) is labeled as “early type” and another as “late type”.
The remaining galaxies are “intermediate type”, and are included in results
where all galaxies are analyzed. In the case that only early or late types are
analyzed, this is stated clearly to avoid confusion. The galaxy classification
selection process for TNG and SAMI are described in this subsection.

Starting off with the same subset of 7303 TNG subhalos, we get different
results for which galaxies are classified as early and late type galaxies, based
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on the classification method as well as the volume in which the relevant
properties are measured. The details are presented in Table 4. The selection
process using the sSFR with —1.44 < log (sSFR[Gyr™!]) being late type
and log (sSFR[Gyr™']) < —1.94 being early type gives very similar results
whether the star formation rate and stellar mass is calculated within 30 kpc,
0.15 X 1999 or the entire subhalo. These findings agree well with Schaye et al.
(2015), which found the effect of a 30 kpc aperture to be negligible for star
formation rates compared to that of the whole subhalo. They do however
find stellar mass to be affected, with smaller galaxy apertures giving smaller
stellar masses for galaxies with mass M, > 10! Mg. This would result in a
slightly larger sSFR in the most massive galaxies when smaller aperture sizes
are used, potentially leading to fewer early type galaxies. However, the SFR
is already very small in these galaxies so the effect on the selection process
is minimal as seen in Table 4.

For the classification method using the criteria of late type galaxies having
a gas-to-stellar mass fraction fgs > 0.1 and early types having fe.s < 0.1
to separate the galaxies we get a much more profound difference by using
different apertures when calculating fgas. Especially for the values which are
available using the SUBFIND catalog only, there is a huge difference in the
selection. This is because there is a large difference in where the gas and
stellar particles are situated within the halo, with the majority of the gas
mass being found in the outer part of the galaxy where there are few stars.

Finally, by using the “diskyness” parameter k., to compare the galaxies,
a simple cut at k. = 0.6 gives a completely different result from the two
methods above. This cut results in a majority of early type galaxies, as
opposed to the two previously mentioned methods which gave a majority
of late type galaxies. In real life we know that smaller late type galaxies
dominate, so using only k.. does not yield the expected ratio. However,
combining this result with one of the two above should result in a subset
of galaxies which exhibit both the right amount of cold gas and the star
formation that goes with it, as well as the expected kinematic structure.

In the rest of this paper, TNG early type galaxies are those which, cal-
culated using the particles and an aperture of 30 kpc, have a sSFR of
log (sSFR[Gyr™!]) < —1.94 as well as kot < 0.6. TNG late types have a
sSFR of —1.44 < log (sSFR[Gyr™!]) as well as k.t > 0.6. This results in
1335 early type galaxies, 1453 late types and 4515 intermediate-types.
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Table 4: The number of early (E) and late (S) type galaxies in the sample of
7303 galaxies for different classification methods and volumes within the classifying
properties are calculated within. Values marked with * are available through the
SUBFIND catalog.

sSFR faas Krot SSF R+ Kot
E S E S E S E S
rpUBF - - 2493% 4811% - -
2 xrSUBF - 1847* 5456*

30 kpc 1493 5213 864 6439 5554 1749 1335 1453
15% rog0 | 1497 5212 817 6486 5582 1721 1342 1426
Subhalo | 1491* 5201*  80*  7224* - -

SAMI DR3 provides its users with a catalog of visual morphology classifica-
tions which members of their team have performed. It is relatively simple
with four galaxy types; ellipticals, SOs, early spirals and late spirals, as well
as an “unknown” category. This last category comprises only about 5% of
the sample. In this work, the galaxies are further separated into just two
categories, early and late type galaxies, where the former contains ellipticals
and SOs while the latter contains only late spirals. This gives a total of 1216
early types, 435 late types and 1415 intermediate types.
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4 Results

In this Section, the results of the analysis of the galaxy properties in TNG
are presented, along with comparisons to observational data.

4.1 Stellar-to-halo-mass relation

The first relation that is studied is the stellar-to-halo-mass relation. It is
one of the most fundamental relations that a cosmological hydrodynamical
simulation should reproduce, as it ensures that we have the right distribution
of halos and galaxies in our mock universe. This relation depends sensitively
on the stellar mass content in the galaxy sample, and as such on the stellar
mass definition used. The results for the fractional difference in stellar mass
measurements as a function of halo mass for different definitions of galaxy
radius are presented in Figure 12. The most obvious result is the significant
difference between MSYBY (red line) and M2M™ (purple diamonds), with the
latter being at least 20 % smaller for all halo masses. M™% (orange squares)
and M3%P¢ (green circles) are essentially indistinguishable from the AM/SUBF
values at halo masses below 102 M. For more massive galaxies there is an
increasingly large difference between the two as well as compared to MSUPF,
At the higher mass end (M, > 103 M), M™% is about 10-15 % smaller
than MBSUBF  Dr30kee i 12.40 % smaller while M2™™ is approximately 30 %
smaller.

In Figure 13 the SHM relation is shown for the different definitions of stellar
mass in TNG (M}2% is left out for readability) along with the best fits
from Behroozi et al. (2019) (pink dashed line) and Kravtsov et al. (2018)
(blue dashed line). The first uses abundance matching while the latter uses
empirically found stellar and halo masses for galaxy clusters and there is a
large difference between the two which will be discussed further in the next
Section. MZ™M™ deviates the most from the slope of the observational data,
neither matching the low or high mass end. M3%¢ and MSYPF match the
observations well at low halo masses, but then the latter becomes too steep
at halo masses of about 1023 M. The 30 kpc aperture measurements have
a slope that is more similar to observations. All the different definitions over-
estimate the stellar mass compared to Behroozi et al. (2019) observations for
the most massive halos with M., > 103 M. Kravtsov et al. (2018) values
are higher than TNG, but have a slope which is more similar to the TNG
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Figure 12: The fractional difference between the stellar mass of the galaxy using
different definitions of galaxy size and the total mass of all stellar particles bound
to the subhalo as identified by SUBFIND as a function of halo mass. Median
values with 25-75 percentile error bars are given for the stellar mass within a
radius of 0.15 x 709 (M50 orange squares), 30 kpc (M;?’Okpc, green circles)
twice the SUBFIND half mass radius (Mfrhm7 purple diamonds) and the entire

subhalo (MSVBF | red line).
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30 kpc aperture measurements. The values of MSUBF at M., > 1013° Mg
align with Kravtsov et al. (2018).

4.2 Characteristic size and velocities

After looking at the SHM relation, the next fundamental galaxy relations that
were studied are those relating to the structure and kinematics of the galaxies.
Firstly, the stellar mass-characteristic size relation (mass-size relation) gives
us an idea about the distribution of the stellar mass within the subhalo. The
relation is studied for the entire galaxy population as well as for early and
late type galaxies separately. Next, the velocity measurements of early and
late type galaxies as functions of stellar mass give insight into the total mass
distribution in the subhalos. Specifically the Tully-Fisher and Faber-Jackson
relation are studied and the TNG data are compared against observations.

4.2.1 Mass-size

The half-mass radius will of course be affected by the definition of stellar
mass, as it is defined as the radius within which half the stellar mass of the
galaxy is found. This can be seen in Figure 14, in which the stellar half-mass
radius ry,, and the projected half-mass radius Ry, are plotted for different
galaxy size definitions as a function of the subhalo stellar mass MSYBY. There
is a large scatter in this function, and the resulting trends lie within the 25-75
percentile of each other. However, it is still clear that there is a difference
in the slope of the relation for the M, > 10 My, regime. rPYBF (red line)

is larger than r{52% (orange line) by up to 0.1 dex (26 %) and larger than

0P (green line) by up to 0.2 dex (56 %) for the most massive galaxies.

It is also interesting to compare the two methods of calculating projected
2D half-mass radii. For the SUBFIND catalog the relation R, ~ 3/4 X 7, is
used to approximate the projected radius (see Section 3.3.5). When using
the particles, one can project the galaxies in three orthogonal directions and
calculate the average 2D half-mass radius. The results show that multiplying
by a factor of 3/4 is an excellent approximation to the projected stellar half-
mass radius (see dashed lines in Figure 14).

In Figure 15, the TNG projected half mass radii as a function of stellar
mass (using the 30 kpc aperture as well as all bound particles) for the entire
galaxy sample is compared against the data from the SAMI survey. The
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Figure 13: The SHM relation of TNG for three different mass definitions, the
stellar mass in the entire subhalo (MSYBF| red), within 30 kpc (MZ°5P¢, green)
and within twice the SUBFIND half mass radius (M2™"™, purple). The diamond
markers indicate median points and include error bars showing the 25-75 percentile.
The best fit from abundance matching from Behroozi et al. (2019) (pink dashed
line) and Kravtsov et al. (2018) (blue dashed line) are also shown for comparison.
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TNG simulation produces galaxies with half-mass radii that are larger by
about 0.1 dex (26 %) than the SAMI effective radii at lower stellar masses.
At high stellar masses RPUBY (light green line) is higher than that of the
fixed aperture of 30 kpc (dark green line) and is a better fit for the Sersic-
fit effective radius (light purple) observational data, while Ri?rlfpc is a better
fit for the R.mcr (dark purple) values. TNG galaxies also show a flat or
negative slope in the mass range 10%5 My, — 101%5 M, while the SAMI data
has a positive slope such that more massive galaxies have increasingly larger
radii across the mass spectrum.

The stellar mass-size relation for early and late type galaxies is shown in
Figure 16 and Figure 17, respectively. The left-hand panel of Figure 16 shows
early type galaxies with the less strict morphology selection (TNG galaxies
with log (sSFR[Gyr™!]) < —1.94 and SAMI elliptical and SO galaxies) while
the right-hand panel shows the more strict selection (TNG galaxies with
log (sSFR[Gyr™!]) < —1.94 as well as ko, < 0.6 and SAMI elliptical galaxies
only). Figure 17 similarly has two panels, with the left-hand panel being
the more relaxed criteria (TNG galaxies with log (sSFR[Gyr™!]) > —1.44
and SAMI early and late spiral galaxies) and the right being more restrictive
(TNG galaxies with log (sSFR[Gyr™!]) > —1.44 as well as K,y > 0.6 and
SAMI late spiral galaxies only). The half-mass radii for late type galaxies
are larger than for early types with similar mass, as expected. The relation
is sensitively dependent on the criteria used in morphology classifications. In
Figure 16 the SAMI early type galaxies show different behaviours for different
morphology classifications in the mass range 10%° < M, < 10'%5 M. Only
using the E galaxies results in a large scatter, but including the SO galaxies
smoothes out the curve. For TNG, the relation does not change significantly
based on whether or not the k. criteria is used. For late type galaxies
however (Figure 17) there is a big difference in TNG data. The galaxy sizes
of the least massive galaxies increase when the k., criteria is added. For
SAMI data the opposite happens when “early spirals” are included in the
late type category, the size goes down. This is expected, as more spherical
galaxies are smaller than disk-shaped galaxies. Thus, the SAMI “early + late
spirals” and the TNG log (sSFR[Gyr~!]) > —1.44 sample are the most similar
in the late type size-mass relation. For the early type size-mass relation, the
TNG morphology criteria does not matter, but the “elliptical + S0” SAMI
sample matches better the TNG data.
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Figure 14: The mass-size relation for three different galaxy size definitions in
TNG, the half-mass radius for the stellar mass in the entire subhalo (TEEIBF, red

15r200
m

line), the stellar mass within 15 % of the virial radius (r,.°"", orange line) and

within 30 kpc (rﬁ?ﬁfpc, green line). The half-mass radii are all plotted as functions
of the total SUBFIND stellar mass MSYBF. The 2D projected radius RS20 and
the estimated 2D projected radius 3/4 x r}ll?rfzoo are also shown as purple and green
dashed lines respectively. The 25-75 percentile error bars are shown for rlllffoo

only, as the scatter is similar for all definitions.
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Figure 15: The mass-size relation of the whole galaxy sample in both TNG and
SAMI, given by median values with corresponding 25-75 percentile error bars.
TNG values for 3/4 x TE}I{BF and Ri?ffpc are shown in light and dark green dashed
lines, respectively. SAMI values for the Sersic fit effective radius (Re sersic, light
purple solid line) and the MGE effective radius (RemcE, dark purple solid line)
are also shown.
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Figure 16: The mass-size relation of early type galaxies in both TNG and SAMI,
given by median values with corresponding 25-75 percentile error bars. TNG
values are shown in green dashed lines, while SAMI values are the purple solid
lines. The two panels show the effect of the morphology selection criteria. Left-
hand panel: TNG galaxies with log (sSFR[Gyr~—!]) < —1.94 and SAMI elliptical
and S0 galaxies. Right-hand panel: TNG galaxies with log (sSFR[Gyr—!]) < —1.94
as well as kot < 0.6 and SAMI elliptical galaxies.
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Figure 17: The size-mass relation of late type galaxies in both TNG and SAMI,
given by median values with corresponding 25-75 percentile error bars. TNG values
are shown in green dashed lines, while SAMI values are the purple solid lines. The
two panels show the effect of the morphology selection criteria. Left-hand panel:
TNG galaxies with log (sSFR[Gyr~!]) > —1.44 and SAMI early and late spiral
galaxies. Right-hand panel: TNG galaxies with log (sSFR[Gyr~!]) > —1.44 as
well as kpot > 0.6 and SAMI late spiral galaxies.
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4.2.2 Mass - rotational velocity

As the SUBFIND catalog value for rotational velocity is the maximum of the
spherically averaged rotation curve, it was interesting to see if the rotational
velocities are significantly smaller at specific radii where observational mea-
surements are made. To test this, the rotational velocity was calculated at a
radius of 2.2 X r,,. There was no noticable difference in the produced data.
At that distance the velocity curve is well into the flat regime caused by the
dark matter halo, and so this shows that the maximum rotational velocity is
a good proxy for the value of the flat part of the rotation curve.

In Figure 18 the Tully-Fisher relation is shown for TNG (green), along with
the best-fit from the SAMI data by Bloom et al. (2017) (purple dashed line)
and CALIFA data by Bekeraiteé et al. (2016) (red dashed line) who calculated
their velocities at 2.2 x R, and at the radius within which 83% of the light
is contained, respectively. Both measurements are within the flattened part
of the velocity curve, and so they should be comparable. The TNG data
is calculated using a galaxy size limit of 30 kpc and rotational velocities
measured at 2.2 x rﬁ?llfpc. The SAMI data has a steeper slope than the TNG
data, with the slopes being 0.31 and 0.25 respectively. The CALIFA study
has a slope of 0.27 4+0.13, but a lower zero point, and so the TNG results lie

between the CALIFA and SAMI fits for M, > 10'° M.

4.2.3 Mass - velocity dispersion

To investigate the difference between using the particles and the SUBFIND
catalog for velocity dispersion estimates, several aspects must be considered.
The only available SUBFIND velocity dispersion (¢5YBF) is the mass aver-
aged velocity dispersion of all particles that are bound to the subhalo. The
velocity dispersion measured observationally is either that of stars or that of
gas, so using this total velocity dispersion might not give comparable results.
In Figure 19 the contribution to o5VBF by stellar (yellow stars), gas (green
diamonds) and dark matter particles (blue circles) for all TNG galaxies is
presented. oSUBF is the mass averaged sum of these values, and is higher
than the baryonic (gas and stars) velocity dispersions because of the contri-
bution by the dark matter that makes up most of the mass in the subhalo.
Gas velocity dispersion is lower than ¢>VBF by more than 30 %, and reaches
45 % in the highest mass galaxies. The stellar velocity dispersion is closer
to oSUBF being less than 10 % smaller for all stellar masses with the largest
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Figure 18: The TFR for TNG (green dots). The median points (green diamonds)
for TNG are plotted with error bars, showing the 25-75 percentile. The TNG linear
fit is also provided (green solid line). To compare with observations, the best fit
for the SAMI data from Bloom et al. (2017) is shown (purple dashed line) along
with the best fit for the CALIFA survey from Bekeraité et al. (2016) (red dashed
line).
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differences being for the lowest and highest mass galaxies. For galaxies with
stellar mass M, ~ 10'°° M, it is similar to o5YBY¥. Looking further at the
stellar velocity dispersion in TNG, the effect of a limit on the galaxy size was
studied. This is because it might be assumed that velocity dispersion will fall
off in the outer parts of the galaxy, and be higher closer to the center. The
results show that there is little to no difference in velocity dispersion values
for all stellar particles within 0.15 X r999 or within 30 kpc compared to the
entire subhalo. Observational values are often averaged within R., so this
was also done for TNG, yielding slightly smaller velocities at the high mass
end compared to oVBF. The projection effect was also studied by calculating
the projected velocity dispersion in three orthogonal directions and compar-
ing it to scaling the 3D velocity dispersion by a factor of 1/v/3 (effectively
weighing each orthogonal direction similarly). The difference was negligible,
as expected for the elliptical early type galaxies.

The Faber-Jackson relation for early type galaxies is presented in Figure
20. Both the SUBFIND velocity dispersion o5UBF as a function of the total
stellar mass MSYBY and the stellar velocity dispersion averaged within the
half-mass radius using the 30 kpc aperture afglfﬁ(]\/[f()kpc) are shown. We
find lower velocity dispersion in TNG (green) compared to SAMI (purple),
by about 0.05 - 0.15 dex. It is tempting to contribute the discrepancy to the
difference in stellar mass, however by looking at the SHM relation in Figure
13 we see that the mass deviates from observations at around 10'* My, while
in Figure 20 the difference starts much earlier. Also, the mass is only off
from the observations by about 0.1-0.2 dex, but starting at 10'%-5 M, the
difference from SAMI in the Faber-Jackson relation is larger, up to 0.4 dex
at the highest masses.

4.3 Color bimodality

The final galaxy property which was studied is the color bimodality. Color
bimodality is an important feature of observed galaxies, and it has been
well documented to be present in TNG galaxies as well (Nelson et al. 2017).
Firstly, the sensitivity to aperture sizes of the g-i color measurements was
checked, and there was no apparent difference in the results. This is expected,
as the g-i color measures the color of the light that is coming from stars. The
larger galaxies, which are the most affected by a limiting aperture, are made
up of a similar population of old stars. The results presented in this Section
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Figure 19: Velocity dispersion plotted as function of mass for particles bound
to TNG subhalos as identified by SUBFIND. Median values with 25-75 percentile
error bars are shown for dark matter (blue circles), stellar particles (orange stars)
and gas cells (green diamonds).
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Figure 20: The FJ relation in early type galaxies for TNG (dark green points) and
SAMI (purple points). For TNG the stellar velocity dispersion averaged within the
half-mass radius after imposing a 30 kpc aperture limit on the galaxies, represented
by median points with 25-75 percentile error bars. Also included are the median
points and error bars for the SUBFIND catalog values using all the particles bound
to the subhalo (light green points). SAMI velocity dispersion is averaged within
the effective radius. The linear fit to TNG (SAMI) is shown as a solid dark green
(purple) line. median points with 25-75 percentile error bars
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are therefore those measured within the 30 kpc aperture, as those stellar
masses are closer to the observed values in the SHM relation. It is also
important to mention here that SAMI data contains satellite galaxies as well
as centrals, so they will be more affected by the environment than TNG
galaxies, and may contain more smaller red galaxies.

The color-mass diagram of the entire galaxy population with M, > 10%° M
for the two data sets is presented in Figure 21. The galaxies are colored
by their morphology classifications; late type (blue), early type (red) and
intermediate type (grey). The separation into two higher density regions
in the blue and red end of the spectrum is obvious for TNG. In SAMI, the
separation is more gradual. There is a clearly defined red group, but the blue
galaxies are much more spread out compared to TNG. Also, in observations
the galaxies tend to get more red as they increase in size, but this slope is
much shallower or even flat in TNG galaxies.

In Figure 22 the PDF for the g-i color in early and late type galaxies in
TNG (solid lines) and SAMI (dashed lines) are shown. The distribution and
location of the peaks are remarkably similar. There is a slight shift towards
bluer colors for the peaks in the populations of TNG by about 0.05-0.1 mag
compared to SAMI, reflecting the missing upwards trend in the color-mass
diagram. The two different types of late type galaxies in SAMI (early spiral
and late spiral) have very different color distributions. This is shown in the
Figure by adding the early spirals to the late type sample (long dashed blue
line), which moves the peak towards the red end of the spectrum. TNG
galaxies were not affected by changing the galaxy morphology classification
criteria.
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Figure 21: Color-mass diagram showing the TNG (left-hand panel) and SAMI
(right-hand panel) galaxy distribution for early type (red), late type (blue) and
intermediate type (grey) galaxies.

5 Discussions and conclusion

In this work the HlustrisTNG TNG100-1 simulation has been analyzed to
extract information about the statistics of galaxy properties. The properties
studied are stellar mass, halo mass, half-mass radius, velocities and color.
Several different methods of calculating these properties have been employed
and were compared against each other as well as against the SUBFIND group
catalog. Finally the TNG results were compared against the SAMI obser-
vational data as well as some auxiliary observational results to evaluate the
efficiency of TNG in reproducing galaxy properties.

5.1 Discussion and summary

It was found that TNG stellar mass estimates are highly dependent upon
the way that the galaxy size is defined. For the largest galaxies (Myao >
103°My,), stellar mass varies by as much as 40 % depending on the aperture
within which the mass is calculated. The reason for this is that we are
“cutting off” the continuous stellar particle distribution in the halo at the
chosen aperture radius. For large diffuse galaxies that can extend over 100
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Figure 22: The distribution of g-i color in TNG and SAMI. Kernel density
weighted PDF (with Gaussian kernels) are shown for TNG early and late types
(red and blue solid lines) as well as for SAMI (red and blue dashed lines). For
SAMI late type, two different morphology selections are shown. The short-dashed
line shows the PDF for the late spiral galaxies and the long-dashed lines show the
PDF for the early and late spirals.
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kpc from the center of the halo, the effect will be most pronounced, and this
is what we are indeed finding. A direct comparison of stellar masses found
in galaxies between TNG and other studies would therefore be significantly
affected by the choice of how stellar mass is defined, and this must be taken
into account when doing any kind of comparison.

The stellar-to-halo mass relation for TNG and two recent observational re-
sults, Behroozi et al. (2019) and Kravtsov et al. (2018) were then compared.
TNG shows excellent agreement for the SHM relation compared to Behroozi
et al. (2019) in the mass range 10°°M, < M, < 10''M,. However, in the
high mass range (M., > 10'?*Mg) TNG SHM relation has a steeper slope
than that found in observations. Kravtsov et al. (2018) suggest that works
like Behroozi et al. (2019) underestimate the stellar mass, and their results for
Mhyato > 10Mg, halos are more similar to TNG MSUBF . The slope of TNG
is still too steep however. These results reproduce the findings in Pillepich et
al. (2017), where the galaxy stellar mass function is studied and compared to
observational results. They show that there is an overabundance of massive
galaxies in the simulations, and that galaxy stellar mass definitions have a
large impact on the size of this mismatch. They also point out the intrinsic
difficulty in separating the main galaxy’s stellar mass from the inter-cluster
light of the largest halos, and advocate that this should not be attempted.
Stopping star formation in simulations is very difficult, and it requires a
fine balance between allowing smaller galaxies to grow while quenching the
star formation in the largest galaxies. There is therefore a good chance that
TNG massive galaxies have grown too large (as suggested by Vazquez-Mata
et al. 2020), but there is also a chance that observations are simply missing
the low surface brightness outer parts of massive elliptical galaxies (see e.g.,
D’Souza et al. 2015). The relation for the two observational studies is similar
in shape, but is shifted towards higher stellar masses (or similarly lower halo
masses) in the Kravtsov et al. (2018) study compared to that of Behroozi
et al. (2019). This indicates that there is still much work to be done for the
SHM relation to be established with a higher certainty. One suggestion to
mitigate the issue of large differences in stellar mass estimates is to not try
to actually measure the entire galaxy, but use a stellar mass measurement
within a fixed aperture in kiloparsecs (see e.g., Pillepich et al. 2017; Kravtsov
et al. 2018). That would be a clear definition, and should be possible to do
for both observational data and simulations. This would be an interesting
project for future research.
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The stellar half-mass radii were then estimated using the different stellar mass
definitions (based on different galaxy size assumptions). The results as shown
in Figure 14 show a divergence in half-mass radius around MSVBF = 101 M,,.
This is a consequence of the large difference in the stellar mass definitions.
Both 3D and projected radius were calculated, and it was found that scaling
the 3D radius by a factor of 3/4 as proposed by Wolf et al. (2010) is an excel-
lent approximation to the average calculated projected radius. The size-mass
relation of TNG is almost flat at masses below 10!%®° M. This tells us that
TNG galaxies become more dense as they grow in size, until they reach the
characteristic stellar mass M, = 10'%5 M, where they start to expand with
increasing mass. This trend is much less profound in the observational SAMI
data, which has a positive slope across the mass spectrum. It is important to
note that there is a large scatter in both observation and simulation results as
well as uncertainties which are not accounted for in this study. TNG galaxies
in this flat regime have larger median effective radii than SAMI galaxies by
about 0.1 dex (26 %), but have a 25-75 % spread of + 0.1 dex. Keeping this
in mind, the similarity in the effective radius - stellar mass relation between
SAMI and TNG is remarkable.

There is however a larger difference between observations and simulations
when looking at early and late type galaxies separately. It was also found
that this relation is sensitively dependent on the selection criteria for mor-
phology classification, both for TNG and SAMI. The most strict criteria,
which should give a “cleaner” sample of only very elliptical and very disky
galaxies, are the ones that diverge the most when comparing observations
and simulation. This is most profound when looking at the strict criteria
for late type galaxies, where TNG galaxies are ~ 0.2 dex (58 %) smaller for
M, ~ 10'*°°M, compared to SAMI.

A very important point to remember when considering these results is that
they depend on the comparison between half-mass radius and half-light
radius, which would be the same if the mass-to-light ratio was constant
throughout the stellar mass profile of each galaxy. This does not appear
to be the case, as it has been found that luminosity-weighted characteristic
sizes are larger for late type galaxies (Sande et al. 2018). They attribute
this to the bulge part of a galaxy, which is redder and thus weighted less in
the r-band than the bluer disk in the outer parts of the galaxies. A better
comparison would then be to calculate the half-light radius for TNG galaxies.
This was done in Genel et al. (2017), where they found that R, are similar
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to Rum up to the characteristic stellar mass of M, = 10'%5My, where R,
converges with the 3D half-mass radius ry, (see Figure 14).

Rotational velocity was also studied, and has no dependency on radius be-
yond 2.2 X rp,, as expected. The Tully-Fisher relation of TNG late type
galaxie have similar values as observations while exhibiting a slightly shal-
lower slope. As the late type galaxies in the TNG sample generally do not
exceed M, = 10" Mg, we do not see any difference in the TFR for stellar
mass definitions M2 or MSUBF compared to M2%P¢. Using the stellar
mass measurement within 2 x r8UB¥ would decrease the slope further, mak-
ing for an even worse fit to the observational data. The SAMI fit is based on
a sample of galaxies which span a larger stellar mass range than the TNG
galaxies studied here, from 10™® Mg — 105 M. The observed TFR extends
across the entire mass range though, with a higher scatter at low stellar
masses, so it is still comparable to the TNG data which only spans a range
of about 10%° Mg, — 10 M.

Next, the different particle’s contribution to the total velocity dispersion in
the subhalos were looked at, showing that gas particles have significantly
lower velocities than stars and dark matter. The dark matter velocity dis-
persion is similar to the total velocity dispersion for the entire mass range of
subhalos, while the stellar velocity dispersion was lower for both the small-
est and the largest galaxies, with a maximum for galaxies with stellar mass
of about 10'%5Mg. The stellar velocity dispersion has little dependency on
galaxy aperture size down to at least rf;?jfp ¢, and projection effects are mini-
mal. TNG galaxies have a similar slope in the Faber-Jackson relation com-
pared to observations, but have a lower zero point by about 0.1 dex. From
this, it would seem that velocity dispersions in TNG are lower than those
seen in observations at redshift z = 0. Based on the above analysis, it does
not seem like this can be attributed to projection effects or the size of the
volume within which the velocity dispersion is calculated, but rather the ve-
locities of the simulated stellar particles are in general lower than that which
is observed in the stars of real elliptical galaxies. This is in agreement with
the results of Sande et al. (2018), as they find simulated velocity dispersions
to be lower than in observations.

Finally, TNG produces a distinctly bimodal galaxy color distribution in the
g-i color, as already determined by Nelson et al. (2017). The color distribu-
tion of the subhalos was not affected by any of the studied aperture sizes.
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Compared to SAMI observations the color distribution may be too binary as
the gradual increase in redness with increasing stellar mass which is found
in the observations is missing in the simulation data. This is also mentioned
by Nelson et al. (2017), who interestingly suggests that this is due to their
choice of a 30 kpc aperture which excludes parts of the larger galaxies. This
turns out to not be the case as mentioned earlier. Their other suggested
solution was that there is a discrepancy in the relatively simple TNG dust
modeling, which then seems to be plausible. TNG galaxies are also slightly
bluer than the SAMI galaxies, reflecting the missing reddening with stellar
mass within the two galaxy populations. It was also found that TNG early
and late type galaxies kept their color bimodality regardless of morphology
selection criteria, while SAMI late type galaxies changed significantly when
using the less strict criteria of late type galaxies by including so-called “early
spirals” in the sample. This furthers the importance of paying attention to
the galaxy classification methods.

To summarise, the main findings are as follows.

e Of the properties studied here, the SUBFIND values are fine to use
for rotational velocity and color. The SUBFIND velocity dispersion
measurement should not be used as a proxy for gas velocity dispersion,
and is not a very precise estimate for stellar velocity dispersion either.
SUBFIND values should be used with caution for stellar mass and half-
mass radius for halos with a mass larger than 103M,.

e Projected half-mass radii can be calculated using the excellent approx-
imate relation R, =~ 3/4 X r.. Projection effects on velocity dispersion
measurements for early type galaxies are neglible.

e Galaxy stellar mass is heavily dependent on aperture size in both sim-
ulations and observations for stellar masses above 101!My,. When com-
paring the two, it is beneficial to use the same definition of stellar mass.

e Galaxy morphology classification should be treated carefully when com-
paring sizes and color. Specifically it was found that using a “strict”
classification method (using both specific star formation rate and rota-
tional to total kinetic energy ratio for TNG galaxies and only the most
elliptical and most late type spirals for SAMI) gave better agreement
in the color bimodality, but a worse agreement in the size-mass relation
compared to a “less strict” method (using only specific star formation
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rate for TNG galaxies and including a broader range of early and late
types in SAMI).

e Comparing TNG scaling relations to observations, the TNG SHM re-
lation slope is similar to observations for halo masses up to 10'23M,
where it becomes steeper. The size-mass relation is in excellent agree-
ment for the entire galaxy population, but shows differences when sep-
arated into early and late type galaxies. The TFR of TNG have a
shallower slope than observations, but values fall within the uncertain-
ties. The FJR of TNG and observations have similar slopes, but TNG
has a lower zero-point. The color bimodality in TNG is in good agree-
ment with observations, although the slope in the relation seems too
flat. All in all, the scaling relations of TNG exhibit the expected trends
found in observational data, despite some discrepancies which do not
seem to be related to the way in which the properties are calculated.

5.2 Reflection and way forward

The newest set of cosmological hydrodynamical simulations like TNG are so
good at recreating the structures and properties of the Universe at cosmo-
logical scales that comparisons against observations are becoming more and
more relevant and useful. This also means that observational and numerical
astrophysicists must become even better at doing these kinds of comparisons
in a fair and meaningful way. Efforts are being made in this direction, and
especially Sande et al. (2018) stands out as going to great lengths in repro-
ducing the observational methods of calculating size and kinematic properties
for the three different simulations they study. They do not however mention
much about stellar mass measurements, and so a study similar to this on sev-
eral other properties like stellar mass and color would be a great contribution
towards this goal.

Explicitly stating all definitions and methods used in a scientific work is ex-
tremely important for it to be relevant in the greater scope of astrophysics
research. As cosmological simulations essentially are “black boxes” to out-
side users, the way that the data is post-processed and interpreted is non-
trivial in every sense, especially when comparing against observational data.
Standards are quite different in the observational and numerical sections of
astrophysics, so it can be hard to make meaningful comparisons (especially
as someone new to the field). Developing a standard method of calculating

63



properties and comparing them would be a step in the direction of making
it easier to navigate the increasingly large amount of research done in the
field of galaxy formation and evolution. In this age of digital revolution,
huge amounts of data are acquired each year, from the development of bet-
ter observational instruments, the emergence of new ways of analyzing old
data, and from numerical experiments like IllustrisTNG. This means that
new research is constantly being published, and it is hard to keep up with
the inflow of information. That only makes it even more important to make
sure that our works are easily reproducible and that all methods and defini-
tions are unambiguously defined, preferably accompanied by a reflection on
the impact of those choices. This will lead to more clarity, and eventually to
a much more comparable set of works published in the future.
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