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ABSTRACT OF THE DISSERTATION

Relic Galaxy Analogies in N-body Simulations: Exploring Viable Definitions for Relicness
By
Hasitha Eranda Pituwala Kankanamge
Doctor of Philosophy in Physics
University of California, Irvine, 2023

Professor David Buote, Chair

This thesis demonstrates the potential of the cosmological hydrodynamical simulation Illus-
trisTNG 300-1 to investigate and to provide fresh insights into the search for massive relic
galaxies that are believed to skip the second phase of the two-phase formation process for
massive ETGs. We present an analysis of the stellar mass and size of massive early-type
galaxies (ETGs) in the TNG300-1 at redshifts z = 0 and z = 2, using simulation particle
level data. We implemented a dust attenuation process via a semi-analytical approach for
star light, and we derive the stellar mass-size relation. We find that the derived median
mass-size relation is in good agreement with the observations (within 10% of the predictions

from Sloan Digital Sky Server).

We developed methods to define the relicness of massive compact galaxies physically by
constraining dark matter and stellar mass after redshift 2, and examine the stellar and dark
matter properties of the selected relics. We find that constraining dark matter mass within a
proper length of 100 kpc is better suited than virial radii to quantify the passiveness of dark
matter mass growth. We have also demonstrated that the relicness defined physically corrob-
orates the definition based on compactness that has been used in observations. Additionally,
we have demonstrated that the dark matter halo concentration of the selected relics shows a

positive correlation with relicness (i.e., passiveness). We also explored various methods that

x1



have been used in observations, to define relicness using compactness of galaxies. We find
that massive relics with low virial mass (Mg < 10'3M,) have a higher dark matter halo

concentration (coqp), i.e., above the ACDM ¢g99 — Mago relationship.

Motivated by the massive relic galaxy Mrk 1216 which has an extremely high dark matter
halo concentration, we have presented our analysis of dark matter halo concentrations (cago
and cg500) in TNG300. We have verified the expected ca9p — Mago relation for halos with mass
1012M, < Moy < 3 x 1013 M, and for the first time we have presented the power law fit for
Ca500 — Mosgp for simulated halos in this mass range. We verify that both concentrations follow
a log-normal distribution with similar scatter for a given mass bin. Furthermore, we have
been able to find a few halos with extremely high concentrations (i.e., positive outliers with
above 5o from the ACDM c¢909 — Mag relationship). We investigate the gas and interactions
with the local environment of these halos and find that all these halos do not have any gas

and have shown many interactions (i.e., flybys) with other subhalos since redshift 2.
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Chapter 1

Introduction

1.1 Massive Galaxy Formation

Galaxies are collections of matter on vast scales that have captivated the human imagination
for centuries. They have also served as powerful testing grounds for astrophysical theories.
Indeed, understanding how galaxies form and evolve has been a persistent and fundamental
challenge in the field of astrophysics for many decades. Galaxy formation remains a key as-
trophysical problem since it is a complex process with many variables determining numerous
processes that galaxies experience in their lifetime (for a review see Benson et al. [10], also

see the two books by Mo et al. [122] and Cimatti et al. [29]).

In the ACDM model, the matter power spectrum, which describes the correlation of density
fluctuations with the spatial scale, is larger on small scales [149, 150]. This means that the
density perturbation amplitude in the early universe is larger on smaller scales. Therefore,
smaller structures are the first structures to undergo gravitational collapse to form halos (in
general, the collapse is described by the top-hat spherical collapse model [67, 68]). Subse-

quently, larger structures form by merging smaller halos. This process is called “hierarchical



clustering” or “bottom-up growth” [223]. The baryons relax and cool to form cold gas and

stars.

1.1.1 Two-Phase Galaxy Formation

It is established that the evolution of massive early-type galaxies (ETGs) may be broadly
described by two distinct phases [147, 61]. In the first phase, which ends by a redshift
z ~ 2 — 3, the stellar mass of the galaxy increased mainly by gas collapsing within the
dark matter halo to form “in situ” stars [47]. This early rapid star formation, also called
“cold-flow-driven” star formation [45], forms in situ stars near the galaxy center. The central
region of these galaxies (i.e. within an effective radius) is highly dense compared to local
ETGs [38, 211]. These compact (R, < 2 kpc) and massive (M, > 10" M) galaxies observed

at z = 2, which are the finished product of Phase-1 evolution, are called “red nuggets” [40].

The history of cosmic star formation rates suggests that the mechanism of Phase-1 mass
accretion peaked somewhere between z = 2 and z = 1.5 [110]. Although Phase-1 is expected
to be terminated by the redshift z ~ 2, it was observed that the median size for a given stellar
mass and stellar masses has increased from the redshift z ~ 2 to z = 0 [213]. Initially, it
was unclear whether it is due to size growth in individual galaxies or due to progenitor bias,
which is the addition of newly quenched galaxies to the already quenched galaxy population
[57]. Currently, there is a great deal of evidence to suggest that the massive galaxies typically
continue to grow in stellar mass and size [1, 144]. Although it has been observed that the
sizes of ETGs at z = 0 are roughly 2.6-6 times larger than their counterpart galaxies at
z ~ 2 [199, 28, 18], the same trend has not been observed for the stellar masses of ETGs,
which show only a factor ~ 2 growth since z ~ 2. It is widely accepted that the stellar mass

growth after z ~ 2 is mainly due to a build-up in the outer shells of the galaxies [216].

This slower outer growth signifies the beginning of the second phase, which is driven by



“dry” minor mergers (see Section 1.1.2 for the definition) [141, 8, 78|, while in situ star
formation can only contribute ~ 20% of the stellar mass growth since z ~ 2 [209, 102, 216].
Although on average one major merger can occur since z ~ 3 [112, 114], minor dry mergers
are more frequent than dry major [86] and major mergers generally [34]. In Section 1.1.2 we

discuss the influence of minor dry mergers and other interactions with the environment.

1.1.2 Galaxy Interaction with the Environment

The environment around a galaxy has a profound effect on its evolution. On the basis of the

type of interaction with its environment, this evolution may be divided into a few categories.

1. Mergers and harassment
2. Tidal stripping

3. Ram pressure stripping

Interactions between distinct galaxies (i.e. for which neither galaxy is a subhalo of the other)
could mainly occur via harassment [123] or mergers. Galaxy harassment is a process that
heats up a particular galaxy through a high-speed, close encounter with another galaxy.
This “heating up” of the perturbed galaxy increases the kinetic energy of its constituent
particles (stars, gas, and dark matter), causing them to be less gravitationally bound, and
therefore making the galaxy vulnerable to disruption by more disturbances resulting from

further encounters. The effects of harassment are more pronounced in low-mass galaxies [24].

Galaxy mergers are mainly categorized into two groups on the basis of the relative stellar
masses of the interacting pair. Major mergers occur when the two galaxies have similar
stellar masses, and as such are conventionally defined when the ratio of the stellar masses is

greater than 1/3. Minor mergers are said to occur for lower mass ratios with a lower limit of

3



1/10 typically considered. In addition to the classification based on stellar masses, the mass
fraction of cold gas is used to designate the mergers as wet or dry mergers. As its names
suggest, a “dry merger” does not contain much cold gas in the progenitor compared to a
“wet merger”. Typically the line of demarcation drawn between the two types of mergers
is for a cold gas fraction of 0.15 in the progenitor; i.e., a cold gas fraction greater than 0.15
represents a wet merger. Mergers have a greater impact on the growth of stellar mass and
size at lower redshift (z < 1) compared to earlier times (z > 2) [116]. Major wet mergers
add stellar mass to the ETG without significantly affecting the size [46], while minor dry
mergers increase the size of the ETG without adding much stellar mass [132, 175, 73] for
z < 1. These properties of wet and dry mergers are well established from observations
[144, 231, 72|, and theoretical simulations have also shown that major mergers do not cause

significant size growth compared to dry minor mergers [146, 8].

In addition to stellar mass and size, mergers induce changes in a variety of galaxy properties
for z < 2. Hilz et al. [73] showed that the dark matter fraction within the radius containing
half of the stellar mass increases more by minor mergers than by major mergers. Another
property that get affected is metalicity profiles. Although recent dry mergers do not sig-
nificantly affect the metallicity gradient, they are likely to flatten the metallicity profiles
and enrich the metallicity [88, 48, 228]. Other properties, in general, that are significantly
affected are stellar kinematics, including angular momentum [37, 152, 229] and kinematic

misalignment [229], and the surface density profile [6, 73].

Another way in which two galaxies may interact occurs when one of the galaxies is embedded
within the other galaxy; i.e., the halo of one of the galaxies is a subhalo, or satellite, of the
other “host” galaxy. Dynamical friction causes the orbit of the satellite galaxy to decay and
fall toward the center of the host halo where tidal stripping is more efficient. Such tidal
stripping removes matter at larger radii from the satellite’s halo owing to the large-scale

tidal gravitational field of the host halo [16]. Studies of tidal stripping using hydrodynamical



cosmological simulations [181] have shown that the dark matter halo of the satellite always
gets stripped more than its stellar matter; e.g., when a subhalo gets closer than 1.5 X Ry,
(Ryir is the virial radius of the host halo), it could lose up to 80% of its dark matter halo

143).

Another way of interaction with the environment is when a galaxy infalls into a cluster
causing a pressure, which is called ram pressure stripping [68], which might remove gas from
the galaxy. This can drop the star formation rate to almost zero, but galaxies experiencing a
mild ram pressure show an increase in star formation [193]. K. Yun et al. [230] showed that
at z < 0.6, 30% of the satellite galaxies (M, > 10%% M) with a massive host (Mg > 10*3

M) shows ram stripped gas in the Illustris-TNG100 simulation.

1.2 Relic Galaxies

Although the great majority of ETGs at low redshift are expected to have experienced
at least one major merger during their evolution, a small portion of the population has
managed to avoid them. For massive ETGs (i.e., with stellar mass M, ~ 10 M) it is
expected that ~ 1% — 10% of the population have not experienced a major merger since
z ~ 2 [75]. Since minor mergers are more common than major mergers, as shown, e.g.,
by the fact that the minor-merger pair fraction over the redshift range 0 < z < 3 is at
least twice the major-merger fraction between z ~ 2 and z = 0 for massive galaxies > 10!
My, [104, 34], and as just noted it is already rare for a massive galaxy not to experience a
major merger, it is therefore even rarer that a galaxy does not undergo any kind of merger.
However, owing to the stochastic nature of mergers, some red nuggets avoid their second
phase of evolution so that, at low redshift, they are referred to as “relic galaxies” or “naked
red nuggets”. The extreme rarity of relic galaxies is testified by their low number densities

found by observations [206, 185, 58, 173] and simulations [162].



The first confirmed relic galaxy observed was NGC 1277 [208] followed by Mrk 1216 and
PGC 032873 [58]. Currently, there are many more candidates for relics [183, 226, 58, 185,
103]. These confirmed relics are ultra compact, which is believed to be extremely limiting
the second phase of evolution. Due to scatter or differences in initial conditions (such as
environment at z = 2) and the path taken by the evolution of a red nugget, a spectrum of

relicness is introduced.

Relicness overall depicts where a relic resides in its evolutionary track. Initially, more extreme
conditions were used to define relics that are later called extreme relics, but later many studies
started using more relaxed conditions. The core of the definition to identify a relic is based on
the limits used to define compactness. Since we expect these relics to not undergo the second
phase, it is generally expected that the relic has an effective radius similar to the effective
radius predicted from the size-stellar mass median relation at z = 2. For example, many
picked an effective radius (Reg < 2 kpc) to define compact galaxies assuming the size-mass
relation at z = 2 for massive ETGs. But some work has shown that during 1 < 2z < 2, ETGs
become larger when moving to a denser environment [23, 35|, questioning the adaptation
of Reg = 2 kpc while some other groups [79, 83] have shown that there is no correlation
between R.g and environmental density. The compactness criteria for the classification vary
213, 39, 153, 63]. On top of compactness criteria, some works have used additional criteria
to classify relics. For example, de Arriba et al. [153] use stellar age. Since simulations
provide the merger history and direct access to mass distributions at each snapshot, stellar
and dark matter mass evolution from z = 2 to z = 0 and other properties are being used
as metrics to define relicness [153, 59]. Due to the ambiguity in the definition of relicness,
properties derived from relics could vary. Almost all of the observed relics show a larger
velocity dispersion [184], low SFR [117]. Mrk 1216 and PGC 032873 show high dark matter

concentrations [21] which begs the question: do relics have high concentrations?

Many decades ago, using N-body simulations, it was shown that under the Cold Dark Matter



(CDM) model, spherically averaged density profiles of relaxed halos who have come to an
equilibrium are universal [134, 135]. This radial profile of the spherically averaged density
(p) is modeled by Navarro-Frenk-White (NFW) profile (see Section 5) In this model, at
scale radius (r,) the logarithmic slope of the density becomes —2. Using this radius, the
concentration is quantified as ca = ra/rs for r < ra. ca depends on several factors such
as halo mass, assembly time, environment, redshift. Wechsler et al. [220] showed that halos
formed earlier have higher concentrations. Also, they showed, on average, halos which did
not undergo a major merger since z = 2 have higher concentration than the total population.
Furthermore, Ragagnin et al. [163] observed that fossil groups have high concentrations. Do
these relics like Mrk 1216 have high concentrations due to their isolated environment or are

they due to not undergoing mergers?

Furthermore, 15 local compact galaxies were identified that are suspected to resemble relics
in the Yildirim al. [226] study, host extremely large supermassive galaxies [226]. Cohn et
al. [31] discuss the potential reason for the different properties of the galaxy UGC 2698
black hole mass (Mpp). They show that Mgy of UGC 2698 are consistent with the three
relationships, bulge luminosity (Mpn — Lbulge), stellar velocity dispersion (Mpy — 04), and
bulge mass (Mpy — Myulge) While Mrk 1216, NGC 1277, and NGC 1271 which are also part
of that catalog, shows a larger Mgy compared to the predictions by both bulge luminosity
(Mpn — Lpuge) and bulge mass Mgy — Myuyge. They argue that UGC 2698 may have had
a recent merger, which makes its Mgy agree with those scaling relations. Does that mean
that relic galaxies have over-massive Mgy compared to predictions from Mgy — Liuge and

Mgy — Lpass? It is not yet well explored whether the relics follow this property or not.

What kind of role does the galaxy environment play for the survival of those red nuggets is
not clear yet. The first confirmed relic NGC 1277 resides in the highly dense Perseus cluster,
which questions do relics prefer a dense environment? Later some observations [5, 17] and

in simulations [194, 153] claimed that compact quiescent galaxies and relics are significantly



more likely to be found in dense environments, arguing that massive relic galaxies prefer
dense environments, arguing that having a cluster in the neighborhood could protect cluster
core members from mergers. But using a small sample of massive compact galaxies in Illustris
and tracking their evolution from z = 2 to z = 0, S. Wellons et al. [221] argued that isolated
galaxies at z = 2 experience little merger activity compared to the dense environment. In
addition, Tortora et al. [202] claimed that the effect of the environment is mild. Later, it
has been observed that some other relics such as Mrk 1216 and PGC 32872 reside in isolated
environments [58]. This leads to the claim that the evolution of red nuggets in a dense

environment might be different from that in a low dense environment [180].

1.3 Summary

The purpose of this thesis is to explore and study relic galaxies formed in the TNG300-1
hydrodynamical cosmological simulation and to compare them with candidate relic galaxies
identified from observations. We develop metrics to define relic galaxies physically and
examine whether they have the key stellar properties such as stellar mass-size and age as
seen in the observations. We also explore what physical properties correlate with relicness
(represents where a relic galaxy reside in the evolutionary track of a relic). Conversely, we
use the stellar properties to define relic galaxies as used in observations and examine to what
extent they match the physically motivated definitions of relic galaxies. We next examine
the connection between high halo concentrations and relicness and explore the formation
channels responsible for producing high-concentration relics and high-concentration halos
generally. Finally, we also consider the connection between relicness, high concentration, gas

fraction, and black hole mass.

In Chapter 2, we state the importance of exploring the mass-size relation in order to study

relic galaxies mass-size relation. We derive the halo median stellar mass-size relation for ETGs



in TNG300 simulation. To have an accurate and robust comparison with observations, we
implemented a dust model. We explore the changes needed to adapt (e.g., aperture, galactic
center) in order to have a realistic comparison with the observations. We show that the
size-mass relation for the simulation halos agrees well with the observed size-mass relation
at both z = 2 and z = 0. Finally we explore dependence of galaxy stellar mass-size on other
factors such as the used filter and aperture, which both showed the trend we see in the data

from the observations.

In Chapter 3, we search for candidate relics in the TNG300 simulation. We start with the
most basic definition using stellar mass and dark matter evolution from z = 2 to z = 0 and
explore how relaxing the definition for relic changes the filtered sample. We explore what
the best estimators are to define relicness. We show that out of overdensity based and fixed
apertures, a 100 kpc aperture around the halo center is the best suited metric to define
relic galaxies. Finally, we investigate the correlation between dark matter concentration and
relicness and show that overall relic galaxy candidates show concentrations above the median

concentration-halo mass relation with some large outliers.

In Chapter 4, we examine various criteria in the literature to define relic galaxies and compare
the results. We show that the definition used by Trujillo [206] is marginally better than other
methods since its predictions match the physical criteria of stellar/DM fractions and stellar
age better. Hence we use the Trujillo definition to select relics and categorize them into two
categories, ultra-compact and compact. Then we analyze their stellar and dark matter mass
evolution from z = 2 to z = 0. The analysis shows that 85% of the ultra compact relics agree
with the relic definition used in Chapter 3. Our analysis of their dark matter profile reveals
some key characteristics, such as a slightly higher dark matter concentration (ca09, Co500), less

dense environment at z = 0.

In Chapter 5, we compute dark matter concentrations for roughly 40,000 halos at z = 0.

We assume an NFW profile and follow the method in Yangyao et al. [27]. Our 200 — Mago



median relation is in good agreement with Dutton et al. [53].
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Chapter 2

Stellar Mass-Size Relation of
Early-type Galaxies in TING300

simulation

2.1 Introduction

As we discussed in Section 1.1.1, massive ETGs are believed to evolve through two broad
phases. In particular, the second phase associated with the buildup of an extended stellar
envelope proceeding slowly after the formation of the red nugget may be effectively probed
by studying the redshift evolution of the stellar masses and sizes of ETGs. The stellar mass-
size relation is perhaps the most fundamental and accessible way to define a relic galaxy,
closely followed by an estimate of the stellar age and star formation history. Owing to its
importance for our study of relic galaxies, we briefly review how well simulations of galaxy
formation reproduce the observed mass-size relation for ETGs, describe our approach for

computing it from a cosmological N-body hydro-dynamical simulation of galaxy formation,
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and, finally, compare our results to previous work, with an emphasis on the most massive

ETGs.

2.1.1 Definition

We offer a more exact definition of the elements comprising the mass-size relationship and
examine the common methods employed to measure these components. Initially, we examine
the stellar mass (M, ), which is commonly associated with the overall mass of a galaxy or a
close approximation thereof. It has been derived from observations employing various meth-
ods that employ one or a combination of techniques such as photometry, stellar dynamics,
X-ray emission, and gravitational lensing measurements. In all cases, it is the stellar light
(i.e., luminosity) that is measured and the stellar mass that is derived from it, in the vast
majority of cases, by assuming the mass-to-light ratio (M, /L)' to be constant over the entire
galaxy (some evidence for radial M, /L variations is discussed later in the section). Total
stellar luminosity is determined by measuring the amount of light within a certain spatial
aperture and making corrections to estimate the amount of light outside of that aperture.
These corrections typically assume a simple model of the spatial light profile, most commonly

a Sersic model [174, see below]

The primary method to determine the stellar mass of a galaxy is through modeling of the
spectral energy distribution (SED). An SED is the distribution of the flux radiated by all stars
as a function of the wavelength of the emitted light (the process of creating an SED is built
upon the work done by Tinsley [198], Spinrad et al. [186], and Faber [56]). The fundamental
assumption of this method is that the emitted star light can be expressed as a summation
of “simple” stellar populations — SSP (defined as “an ideal case of an ensemble of coeval
stars all born in an instantaneous burst of star formation and with the same metallicity”

[29]). The stellar mass of a galaxy is typically obtained by multiplying the luminosity by the

!The ratio between the stellar luminosity (in some band) and mass.
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value of M, /L obtained by fitting the SSP model to the observed SED. This technique has
the great advantage of typically requiring only short telescope exposures in a small number
of bands (or even just a single band) with the result that such telescope data are widely
available in public archives and also very often with magnitudes published in the literature.
In general, SED fitting yields stellar masses with constraints of roughly 0.2-0.3 dex!, but,

with the addition of near-infrared bands, this method can produce even better constraints

33, 131].

Although this method is frequently used in the community, it suffers from having a number
of poorly constrained assumptions and models, the most important of which are the initial
mass function (IMF), star formation histories (SFH), and abundances of heavier elements
(metallicity). For example, there are many empirical functions that are used to describe the
SFH (e.g., delta-function, exponential, constant) that are not always easily distinguished and
with parameters that are only weakly constrained. Using cosmological simulations of galaxy
formation considering all galaxy types with masses between 4.4 x 10"My, — 1.4 x 102M,
Lower et al. [105] showed that differences in SFH models may result in variations in the

stellar mass as large as 0.4 dex inferred from SED fitting.

Perhaps an even larger source of systematic error for SED models is the assumed model for
the IMF [93, 26], which describes the number of stars as a function of the initial mass a star
possesses when it first appears on the main sequence. The IMFs are empirical functions that
do not derive from a well-understood fundamental theory of star formation. Consequently,
it is unclear whether any of these simple functions can be universally applied to all stellar
populations [203]. With these uncertainties in IMFs, the stellar mass estimates could vary
largely even by as much as an order of magnitude for extremely dim dwarf galaxies [155,

171, 13], but only by about a factor of two (0.3 dex) for massive relic galaxies [226].

An alternative way to interpret M, /L is by fitting the gravitational mass profile, which

LOrder-of-magnitude; i.e., in base-10 logarithm
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is done through multiple methods, most commonly by using stellar dynamics, but also by
strong gravitational lensing and even through hydrostatic equilibrium analysis of the hot, X-
ray emitting gas. The advantages and disadvantages of each of the probes used to measure the

gravitational mass profile vary in terms of their spatial coverage and systematic uncertainties.

One effective approach to mitigate such drawbacks has been to integrate stellar dynamics
with gravitational lensing to exploit the detailed spatial information in the gravitating mass
profile provided by stellar dynamics with the precise and robust value of the total enclosed
gravitating mass measured at the location of the Einstein radius provided by strong grav-
itational lensing. The stellar mass profile obtained from this method is fitted along with
the other mass components to the total mass profile, typically by assuming that M, /L is
constant with radius. Building upon the foundation laid by Treu et al. [204, 205], where they
demonstrate a successful disentanglement of the stellar and dark matter mass distributions,
the stellar masses of several ETGs have been measured [90] and are in good agreement with
photometric stellar mass estimates [66]. Although this method is promising, its application
is limited only to those relatively rare systems that show measurable strong gravitational

lensing features.

Constraints of similar quality, both in statistical precision and agreement with SSP models,
have been obtained for the stellar masses for a small number of massive elliptical galaxies
and galaxy groups via hydrostatic equilibrium analysis of extended, luminous X-ray emitting
gas (e.g., Humphrey et al. [80], Gastaldello et al. [64], Buote [20]). A key advantage of this
method is that it provides a useful probe of the mass profile much farther out into the halo,

in many cases yielding precise constraints out to a radius of ~ Rasno’.

Despite producing accurate measurements, this method is limited to nearby ETGs (i.e.,
within distances of about 100 Mpc). The main reason for the limitation is that for distant

luminous X-ray halos (even extending out to Ras09) they do not produce good enough X-ray

! Rosgo is defined based on the spherically averaged density. See Chapter 5 for more details.
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data with current telescopes, due to their inadequate spatial resolution (even for Chandral,
the sensitivity is far too low to allow galaxies to be studied at large distances). In addition
to that, an additional source of systematic error arises from an uncertain contribution to
the support of the X-ray plasma from non-thermal pressure, which is expected to be better
constrained with data from microcalorimeter observations on future telescopes (XRISM?,
ATHENA?). (Courteau et al. [36] provide a more detailed review of different methods for

estimating the stellar mass of a galaxy)

The next ingredient in the mass-size relationship we are going to examine is the “size” of the
galaxy. While the size of an object may seem definitive, in the case of galaxies, where there is
no definite boundary, the definition of the size becomes arbitrary. Since the very beginning
of extragalactic observations, it has been observed that the surface brightness profiles of
galaxies do not die out sharply with radius [166], consequently making it very difficult to
define the edges of the galaxy precisely. The absence of a clear boundary can lead to the
adaptation of a variety of definitions for the size. The definition of size commonly used in
the community is based on the total luminosity and its surface brightness profile. Since there
is ambiguity in defining the boundary, it is typically assumed that the light profile follows a

specific function that allows extrapolation to infer the total luminosity.

The most popular choice for luminosity-based size is the radial distance containing half of
the total light (luminosity in a chosen wavelength) of the galaxy (i.e., effective radius Reg).
The selection of the fraction of one-half is completely arbitrary as any other fraction could be
chosen, but, the mass evolution of the galaxy may not affect all radii equally. For example, as
suggested by Miller et al. [121] and Mosleh et al. [125], choosing a radius that contains 20%
of the total luminosity (Rsg) is more closely related to in situ star formation, while similarly

defined radius Rgg is more sensitive to the accretion process that occurs in the outer regions

https://chandra.harvard.edu/
’https://heasarc.gsfc.nasa.gov/docs/xrism/
3https://www.the-athena-x-ray-observatory.eu/en
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of a galaxy. Therefore, due to its sensitivity to both phases in 2-phase galaxy evolution, R.g

is generally more appropriate for the study of the galaxy mass-size relation and its evolution.

The typical approach to estimate Reg is to fit the surface brightness profile with a “Sersic”
model [174]. The surface brightness at a radius R from the center of the galaxy (I(R)) is

given by,

I(R) = I(Ru) exp{—bn

() )

where R.g is the effective radius, n is called the “Sersic index” and, the coefficient b, is
chosen so that the R.g encloses the half of the total luminosity. This results b, to not have an
analytical expression therefore an approximation has to be used. One of the approximations

is given by the formula 2.2 (adapted from Ciotti et al. [30] and MacArthur et al. [107]).

2n —0.324 if n > 0.36

0.01945 — 0.8902n + 10.95n% — 19.67n® + 13.43n* if n < 0.36

One of the many reasons for the popularity of the Sersic fit is that it produces sizes that
are generally less prone to varying image quality [69]. In addition to that, inferred sizes are
barely affected by the depth of the images [210]. Although it is the most commonly used
technique to estimate the size, some ETGs have displayed surface brightness profiles that
deviate from the Sersic fit, possibly due to having internal structures [91, 77]. Dayari et
al. [41] demonstrated that fitting multi-component (i.e., have internal structures) compact
ellipticals with a single Sersic model (given by Equation 2.1) biases the inferred Reg larger

by 10% — 20%.
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An alternative approach to define the galaxy size is directly utilizing the stellar mass profile.
The most widely adapted metric in this method is the half-stellar mass radius (Ryy); the
radius that encloses half of the total stellar mass of the galaxy. It has been observed that Ry,
is smaller than R.g for a given stellar mass, and the difference could be even greater than
25% [196, 195, 12]. Their work has suggested that M, /L of local ETGs is radial dependent
due to the variation in stellar population spatial distribution in the galaxies (i.e., the center is
redder and outskirts are bluer). Although stellar mass-based radius does capture the physical
processes in galaxies really well, it is computationally expensive and especially difficult to

infer for high redshift galaxies.

Once the mass and size are estimated, there are two main ways to interpret the galaxy mass-
size relation. Typically it is modeled as a power-law (in the form as in Equation 2.3) which

provides a good broad description to the observations.

Rg=A (M*)B (2.3)

where M, is the arbitrarily chosen pivot mass, and A and B are the normalization constant
and the slope, respectively. As we discussed in Chapter 1, the mass-size relation depends on
the redshift; therefore, it is important to fit for a chosen redshift bin. The assumption that
a power law fits well may not be valid for the whole mass range. We discuss the issues or
concerns with the fitting procedure for obtaining a mass-size relation in Subsection 2.1.3).
The other frequently used interpretation is the median size for stellar mass bins. In the
following section, we will explore the historical development of the mass-size relationship of

ETGs and how it gain insight into the process of galaxy formation.
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2.1.2 Historical Background

The galaxy stellar mass-size relation has been in the spotlight in extragalactic astrophysics
for decades, hoping it would clear up some unresolved questions at that time regarding
galaxy formation (i.e., Are local ETGs remnants of major mergers of local disk galaxies? or
they grow as described in 2-phase galaxy formation?). One of the first works to characterize
the mass-size relation using a large local galaxy sample was done by Shen et al. [176] where
they used a sample of 140,000 local galaxies (z < 0.3) from the Sloan Digital Sky Survey
(SDSS). In addition to noting that the mass-size relationship for ETGs is steeper than that
of LTGs, their results showed a log-normal distribution for R.g for a given M,. One of their
major revelations was that the observed scatter in the R.g — M, relation for ETGs does not

corroborate ETGs being remnants of present-day major mergers of disk galaxies.

Earlier, mainly due to the limitations of ground-based telescopes, it was hard to obtain
a large enough sample of galaxies or/and accurate size estimations at larger redshifts to
have a reliable mass-size relation. Following the introduction of space telescopes and the
improvement of ground-based telescopes, ETGs have been reported to have significantly
smaller sizes at z ~ 1.5 [38, 207]. Buitrago et al. [18] analyzed 82 massive galaxies (M, >
10" M) and confirmed that ETGs at z ~ 2.3 are roughly 4 times smaller than their local
counterparts. Furthermore, they even argued that it is likely that the size growth halts
beyond z ~ 3. This has led to a great deal of debate in the field as to what causes the
size growth of ETGs with time. A variety of explanations have been suggested to explain
the observed mass-size evolution. Here, we categorize the proposed explanations based on

whether its physical or systematic.

1. Modeling bias

e Overestimation of stellar masses and/or underestimation of sizes.
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2. Accurate estimation of masses and sizes

e progenitor bias
e major merging
e minor merging

e Intrinsic expansion (due to internal processes such as quasar feedback)

First, it caught the attention of the community that masses are overestimated and/or the
sizes are underestimated. Van Dokkum [215] proposed that the stellar masses could be
overestimated at higher redshifts due to an incorrectly assumed IMF. As mentioned in Section
2.1.1, when the stellar masses are derived from a SED fitting, IMF is an ingredient of the
stellar population synthesis models. Generally, the same IMF (e.g., Kroupa [93], Chabrier
[26]) is used in mass modeling for both local and higher redshifts. Van Dokkum [215]
proposed a different “bottom-light”! IMF for higher redshifts and conveyed that it lowers
the previously inferred stellar masses. To test this hypothesis, Van Der Wel et al. [214]
adapted a different definition to estimate the stellar mass that does not depend on an IMF.
They used stellar velocity dispersion to derive a dynamical mass (Mgy,) that ended up
producing a mass-size relation (Mgy, — Reg) similar to what has previously been observed,

contradicting the hypothesis of overestimation in stellar masses caused by a different IMF.

The other side of the modeling bias is the underestimation of sizes. One of the potential
candidates to explain was that ETGs may have strong radial gradients in M, /L (i.e., M,/L
strongly depends on the radial distance) which introduce a bias towards smaller Rez. The
analysis by Hopkins et al. [76] revealed that this type of M, /L alone cannot produce the
observed mass-size evolution. As near-infrared spectroscopy and telescopes have advanced,

evidence has been mounting that ETG growth is not solely due to modeling bias [142, 211].

lhaving a deficit of low mass stars
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After accepting that the observed growth of ETGs is not just modeling bias, the first can-
didate considered for the explanation was a statistical effect called “progenitor bias” (see
Chapter 1). Bezanson et al. [14] showed that progenitor bias is not sufficient to explain this
difference in mass-size relations in earlier redshifts. Furthermore, they explored the feasi-
bility of the last three explanations in the list above. They used simple models to quantify
the change in mass size for major mergers and minor mergers. The model they used for
intrinsic expansion is motivated by the ability of a quasi-stellar object (QSO) to blow out a
large amount of mass, resulting in a reduction in galaxy mass-size. Their general predictions
for each model are shown in Figure 2.1. Their analysis concludes that the major mergers
are in worst agreement with the observed local galaxy mass-size while the minor merger
and intrinsic expansion by QSO are remarkably well in agreement. Additionally, they show
that the intrinsic expansion model slightly underpredicts the central densities of elliptical

galaxies.

The most promising explanation, which is minor merger-driven evolution, analytically pre-
dicts a larger growth in the effective radius (AR.q) compared to the growth in the stellar
mass (M,). It is roughly followed by AR.g oc M2 [14, 75]. This prediction based on the
conservation of binding energy was tested using N-body simulations [132] and provided more
support for minor mergers that are responsible for evolving high redshift ETGs into local

counterparts.
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Figure 2.1: Open symbols are local galaxies, solid circles are high redshift compact galaxies
from Kriek [92]. Light grey points are nearby galaxies with masses < 101 M | i.e., lower
than the high z compact galaxies. Arrows begin at mean values of high redshift sample
and show predictions from simple models for the evolution of the compact galaxies: blue
arrows shows the direction of evolution due to equal-mass mergers, green arrows for minor
mergers and red arrows for the expansion model. (Figure from Bezanson et al. [14]. (QAAS.
Reproduced with permission.)
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2.1.3 Recent Developments

Over the last decade, the landscape of observational astronomy has experienced notable
progress, characterized by the deployment of numerous large-scale surveys. One of them
is the “Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey” (CANDELS)
which was carried out with near-infrared WFC3 and optical ACS camera on board the
Hubble Space Telescope [89]. Ome of the biggest analysis of the galaxy stellar mass-size
relation up to z = 3 is done by Van Der Wel et al. [213] (hereafter Vanl4). Figure 2.2
shows M, — Reg, the median mass size for a sample of more than 30,000 galaxies in redshifts
0 < z < 3. Their work further corroborates previous findings about the ETG evolution; i.e.,
grows physically in size with time (see Figure 2.2), the mass size follows a power law at all

redshifts considered 0 < z < 3.

Apart from those observations, their analysis reveals many more interesting properties of the
mass-size relation. First, the median mass-size relation seems to flatten below 2 x 10! M
(some other work has also shown this property for masses below 3 x 100 M, [81, 172, 136]).
Hyde et al. [81] investigated the cause of this curvature and argued that it was not caused
by contamination at M, = 3 x 101%M, or the effect of the aperture. This means that for
the whole mass range, a double power-law in order is required to fit Reg to M,. Second,
Rei dependence on wavelength, which was previously observed by Barbara et al. [94] and
later corroborated by [84, 85]. Their results indicate that the mean effective radius for ETGs
decreases with wavelength. Kelvin et al. [84] argued that for local ETGs it could be mainly

due to low levels of unresolved dust or the effects of AGN feedback in the core of the galaxy.

With the development of computational power, more advanced tools and robust methods
have been introduced to extract galaxy sizes. For example, two-dimensional (2D) algorithms
to implement a Sersic fit have been used in the last couple of decades with the employment

of software such as GALFIT [151] and GIM2D [177]. Although R.s extracted using these
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different software are in reasonably good agreement, the GIM2D results are systematically
biased toward higher Sersic indices, which can lead to systematic misclassification of the

galaxy sample [70]. This happens if the Sersic index is used to distinguish ETGs from LTGs.

Despite the abundance of galaxy surveys that investigate the mass-size relationship and the
deployment of more robust techniques to infer masses and sizes, there are still unresolved
questions and issues. For example, there is little agreement on how the environment around
galaxies affects the mass-size relation. Maria et al. [25] claimed that ETGs in less dense
environments are 3.5% larger than their counterparts in highly dense environments. They
argued that at earlier redshifts (z > 1) galaxies in highly dense regions could have gone
through a faster growth than the galaxies in under-dense regions. However, in lower red-
shifts (2 < 1), growth may have slowed in overdense regions, while in low-density regions,
growth may have maintained or even increased. On the other hand, Moein et al. [126]
demonstrated that R.g of medium mass quiescent galaxies ! in voids are 10 — 25% smaller
than their counterparts in groups and clusters. Yoon et al. [227] observed that local massive
ETGs? are 20 — 40% larger in R.s in dense environments compared to their counterparts
in underdense environments. Their argument is that massive galaxies residing in a dense
environment undergo more major and minor mergers than their counterparts in underdense
environments, resulting in larger galaxies in highly dense environments. They also observed
that there is negligible environmental dependence on the environment density for galaxies

with 101070, < M, < 1012)M,,.

However, there are some studies [111, 133] that oppose this claim, in which they found
no dependence on the environment for z < 0.3. In general, these studies suggest that the
dependence on the environment depends on the range M,. This disagreement with some
other work could be due to a small sample size [227] or/and definition of environment [7]

or/and due to the biases introduced in sample selection methods [172].

098 Mg < M, < 102 M,
20.1 < z < 0.2 and M, > 101120,
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Another issue is that mass-size analysis often has a variety of statistical effects that vary
from study to study. For example, sample bias can be caused by having fewer massive
ETGs!. One way to avoid such bias is to weight the sample according to the number density
of each mass bin (weight o 1/(number density)) [213]. Another example is the uncertainty
in galaxy classification (i.e., categorization into ETGs and LTGs). In general, the u — r
vs. T — z color-color diagram is used to classify galaxies (see Chapter 2.2.3). Although most
galaxies separated well into two types by a boundary, some galaxies are in the region between
two types [74]. Van der Wel et al. [213] employed a probability of misclassification in their

Bayesian fitting to reduce the impact of misclassification.

2.1.4 Implementation in Cosmological Simulations

Upon the development of more accurate hydrodynamical simulations which include baryonic
physics, a new platform emerged to explore the galaxy mass-size relationship. In simulations,
you have access to data in phase space for all the stellar particles up to the boundary of the
halo identified by the halo finder algorithm. Therefore, it opens up an opportunity to adapt
different definitions for galaxy mass and size. There are two main approaches to extract
Reg. The first approach is to generate images that resemble optical images obtained from
observations and then follow the procedure to extract a half-light radius by fitting a Sersic fit
as done in observations. Only a few studies have employed this method [169, 148, 43]. The
other approach is to use the stellar particle distribution straightforwardly. Some studies use
light distribution to fit a 1 dimensional Sersic fit to extract the effective radius [224] while
others have used nonparametrical (without using any fit for the surface brightness profile)
half-light radius [65, 167] or half stellar mass radius [62, 219, 118, 165]. There are slight

variations in the definitions adapted in these works, which are explained in Table 2.1.

IThis is also theoretically predicted by the halo mass function [161], which predicts that low-mass galaxies
are more abundant than high-mass galaxies for a given redshift
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Do cosmological simulations produce a comparable mass-size relationship? Overall, they
agree with the observations regarding the trend, but values for the fitted parameters or
median size values could be different from the observations. Figure 2.3 shows the median
sizes (Req) for different stellar mass bins and the difference between them could be due to
the difference in the methods used to extract R.g. For example, Genel et al. [65] used a
circularized projected half-light radius for the simulation TNG100-1 [115] and their median
sizes of ETGs for mass bins > 10!%%M,, are roughly 2 kpc larger than the Vanl4 at z = 0.
For the EAGLE simulation, Graaf et al. [43] showed that their R derived from the 2-D
Sersic fit is typically 0.1-0.5 dex larger than Ry,,. More interestingly, their results showed
that Ry, of quiescent galaxies agree more with observations from GAMA [98] than with Reg.
They argue that it is merely a coincidence. Regarding the 1-D Sersic fit, it has shown that
Reg has roughly a maximum deviation of 2 kpc from the observations at higher stellar masses
[224] (the power law fit has been done for galaxies with M, > 9 x 10'°M,, and compared to

the observational results by Hyde et al. [82]).
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Figure 2.3: Median stellar mass-size for latest cosmological simulations in the literature
compared with Vanl and Dash (data from Mowla et al. [128]). Left (right) panel is for
redshift (2). TNG300 [167] and TNG100 [65] r-band half-light radius projected on z-axis.
Eagle [62] and shows half stellar mass radius. Dashed (solid) lines represents data from
simulations (observations). In the right hand panel both observational data are for the
redshift bin 1.75 < 2z < 2.
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Bridging observations and simulation results for comparison is not straightforward. One of
the major differences in simulations is that massive ETGs have stellar particle data up to
several hundreds of kpc as opposed to observations where you are limited by the light profile,
which dies out at a short distance (in the highest resolution light curve available for Mrk
1216, the light curve extends to a radial distance of roughly 35 kpc [225]). This leads to an
addition of a structure (named “intracluster light” (ICL)) to the light profile that exists at
a large radial distance in simulations. ICL around a central galaxy of a galaxy cluster was
first noticed by Zwicky [232]. It has shown that at low redshifts, ICL have a characteristic
radius almost independent of the mass and because of its low brightness it does not capture
observationally in most galaxies [197]. Therefore, including the ICL in simulations leads to

an overestimation of the mass and size of the halos.

A further difficulty is to incorporate the impact of dust on the stellar radiation in these simu-
lations. Xu et al. [224] showed that dust-corrected luminosities produce a galaxy luminosity
function closer to the observations compared to raw luminosities without dust correction in
the simulation Illustris-1. Only a handful of studies have implemented dust modeling for
simulations data (e.g., for the simulations Hlustris-1, TNG100-1, TNG50-1 [169] and for EA-
GLE [43]). In addition to that, simulations having different physics models could contribute
to producing the mass-size relationship different from the observations. For example, using
the FIRE-2 zoom simulation, Parsotan et al. [148] showed that the lack of active galactic

nuclei (AGN) feedback results in an underestimate of galaxy sizes at redshift z < 2.
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Table 2.1: Different definitions used in simulations to define galaxy size and stel-
lar mass. The columns contain the name of the simulation, then method which
describes whether it used a parametric (P) or non-parametric (NP) method and
effective radii derived using light or mass profile, dimension whether stellar mass
or light is projected on a plane (2-D) or not (3-D), and final column describes if a
radial cut is implemented or not.

Simulation Method Dimension  Description

TNG300-1 NP-L 2-D all particles considered

[lustris-1 P-L 2-D all particles considered

TNG100-1 NP.L 2D particles W1th1n 2x stellar half-
mass radius

EAGLE:Ref- . s

L100N1504 NP-M 3-D particles within 100 kpc

Magneticum . :

Pathfinder NP-M 3-D all particles considered
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This chapter is organized as follows. Section 2.2 gives an overview and structure of the
TNG300 simulation and the method we implemented to derive the mass-size relationship for
ETGs in TNG300. In section 2.3 we analyze our mass-size relationship results and compare

them with other studies in the literature. Finally, Section 2.4 provides our conclusions.

2.2 Simulating ETGs with TNG300

In present-day there are a lot of hydrodynamical simulations, yet each has a trade-off balance
between resolution and the size of the simulation box, i.e., while high-resolution simulations
have fewer halos (e.g., TNG50), larger simulations have low resolution (e.g., Magneticum).
On the contrary, high-resolution simulations have fewer halos. The comparison between
different hydrodynamical simulations is shown in Table 2.2. To obtain a larger sample size
of halos (i.e., having a larger number of ETGs will result in a higher chance of identifying
a larger number of massive relics) while avoiding low-resolution effects, we choose Illustris
TNG 300 [137]. As we have demonstrated in Table 2.1, to our knowledge, no one has studied
so far the mass-size relation robustly for TNG300 but only half-stellar mass radii. Therefore,
we chose TNG300 as our laboratory to examine the mass-size relationship and search for

relic galaxies.

Table 2.2: Properties of different hydrodynamical simulations. The columns contain the
name of the simulation, minimum value of softening length of gas particles, the box size at
z = 0, and the total number of halos at z = 0.

Simulation €gas (kpe) Lyox (Mpc) N,
Mlustris TNG300-1 0.37 205 14485709
[ustris-1 0.7 1.94 4366546
Mlustris TNG100-1 0.18 75 4371211
[lustris TNG50-1 0.07 35 5688113
Magneticum Box0/mr 14.76 3968 329648

2 The number of halos with Mgy > 12 x 1013 M.

30



2.2.1 TNG300

TNG300 simulation has 3 versions with distinct resolutions. We consider the highest resolu-
tion (TNG300-1). We use publicly available! raw data from the hydrodynamical cosmological
simulation TNG300-1 [139] (hereafter referred to as TNG300). It uses the quasi-Lagrangian
code AREPO [187] to solve coupled dynamical equations of dark matter and gas. They start

from the initial conditions for the universe from Planck 2015 observations [158].

The galaxy formation model of this simulation includes magnetohydrodynamics, isotropic
galactic winds (an improved version of older simulations), and modified black hole-driven
kinetic feedback [157]. It assumes a Chabrier initial mass function [26, 218] for the stellar
evolution model. The star formation column density (ny) threshold for gas to form stars
is ~ 0.1 cm™3 and the pressurization of the multiphase ISM is treated as in the Springel &

Hernquist model [188].

The simulation physics runs in a periodic cube of 304 cMpc (in comoving units), and a
total of 100 snapshots spanning redshifts z = 20 to z = 0 are publicly available. For each
snapshot there are 4 types of resolution elements (particles): gas, dark matter, stellar and
stellar wind, and black holes. Dark matter is simulated using N-body methods to follow
the pure gravitational dynamics of dark matter particles. The behavior of dark matter
particles is determined by a combination of the collisionless Boltzmann equation and the
Poisson equation, which keeps the mass of the particles constant throughout the simulation.
A softening length is imposed for the gravitational interactions in order to prevent close
encounters. For dark matter, stellar and wind particles are fixed at a comoving value of 1.48
kpc until z = 1 and after that the value of 1.48 kpc up to z = 0. The gas particles have
adaptive gravitational softening (egas = 2.5 7cen), Where 7 is the radius calculated assuming

the Voronoi gas cell? is a sphere. The mass resolution is set to 1.1 x 107 M, for baryons and

https://www.tng-project.org/data/
2Constructed through a Voronoi tessellation of space

31


https://www.tng-project.org/data/

1.1 x 107 M, for dark matter.

In the simulations, the standard Friends of Friends (FoF) [42] and SUBFIND [190] algorithms
are used to identify group structures. FoF algorithm runs only on DM particles and uses a
linking length! b = 0.2. FoF-grouped structures are referred to as “halos”. The boundary
of a halo has some fuzziness that depends on the number of particles it has [124]. More et
al. [124] showed that the boundary does not correspond to a specific density threshold, but
to a range of densities around a critical value. For the adapted link length (b = 0.2), the

critical density is 81.62 times the mean matter density.

The structures inside these halos are classified using a modified version of the original SUB-
FIND algorithm [49] which is named the “subhalo”. A subhalo has at least 20 particles of
any type gravitationally bound together. The most massive subhalo of a halo at a given

Y

snapshot is called the “primary” subhalo. The primary subhalo may change to secondary if

there is a more massive subhalo identified by the SUBFIND algorithm inside the host halo.

The particle with the least gravitational potential in a halo (subhalo)is considered to be the
center of the halo (subhalo). The primary subhalo and its parent halo share the same center.
For a given snapshot half-stellar mass (Rpy,) is the 3-D radius that encloses half of the stellar

mass? (M,).

! Any particle that finds another particle within a distance b is linked to it to form a structural group.
2Stellar mass includes all the stellar particles that belong to the subhalo.
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PartType{0,1,4,5} - each separately

Subfind 0
Subfind 1

Subfind Nsuh,n -2
SUbﬁ nd Nsuh,n -1

Subfind 0
Subfind 1

file.0.hdf5

file.1.hdf5

Subfind Nsub,1 -1
‘Inner fuzz": particles in a FoF

which are not in any subhalo

Subfind 0
Subfind 1

Subfind Nsuh,nhﬂ -1

file.{N.-1}.hdf5

‘outer fuzz": particles which
are outside all FoF halos

Figure 2.4: The organization of particles data for a snapshot for each particle type. Particle
order is set by a global sort of the following fields in this order: FoF group number, Subfind
subhalo number, binding energy. Each particle for a given particle type is assigned to
halo/subhalo and labeled according this structure in TNG300 simulation (Figure from Nelson
et al. [139)]).
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2.2.2 Halo Selection

All selected subhalos are identified by the Subfind algorithm and the data is available publicly.
The first step in selecting ETGs is based on Myy! (which is publicly available). We are
mainly motivated by the isolated relic galaxy Mrk 1216; therefore, we chose only primary
subhalos to avoid environmental interactions such as tidal effects, flybys, and ram pressure
to some extent (this criterion alone will not remove ETGs suffered with flybys and other
tidal effects, but it will remove a significant amount of those interactions). The conditions

for the selections are as follows.
° 1012M@ S M200 S 5 X 1013M®.

e Primary subhalo at z =0 and 2z = 2.

e Subhalo flag = 1.

Mo is the total mass within Regg where Ragg encloses 200X p.. (For more details see Sectionb).

Publicly available My, has been calculated considering all types of particles.

The subhalo flag indicates whether the subhalo has a cosmological origin or not. Not all
objects recognized by the Subfind considered to be “galaxies”. Some subhalos may not have
collapsed as a result of the structure formation process. The subhalo flag = 1 indicates
that the subhalo structure has collapsed from the galaxy formation model and has enough

baryonic mass.

2.2.3 ETGs

In this section, we discuss how we categorized the sample into the two types of galaxy based

on star formation. We then compare two methods and choose the best method to classify

LAl particle types (i.e., gas,stellar,dark matter,black holes) is being considered to calculate Magg
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galaxies based on their star formation.

There are two main types: Early-type galaxy (ETG) and late-type galaxy (LTG) based on
stellar activity. There are many classifiers with different parameters used for identification

[213]. Mainly based on specific star formation rates (sSFR) or UV J magnitudes.

First, we use UVJ magnitudes to classify galaxies using U —V vs V' — J plane. We use
publicly available dust-corrected UV J magnitudes [138, 51| to classify galaxies into ETGs
and LTGs. Each magnitude is calculated only considering luminosities of stellar particles
within 30 kpc from the subhalo center. We use the following conditions used by Muzzin et

al. [130] to classify ETGs,

U—V—08(V—J)—c>0
U—V—-13>0 (2:4)

1.6+J—-V >0

where ¢ = 0.69 for 2 < 0.5 and ¢ = 0.49 for 1 < z < 2.5.

In Figure 2.5, we show that the two categories ETG and LTG. The top (bottom) panel
shows galaxies at redshift 0 (2). At z = 2 all galaxies are classified as ETGs. For the same

classification, Figure 2.6 shows the number of subhalos in each stellar mass bin. Red (Blue)

represents the ETGs (LTGs).

35



2.25 A

1.75
> 1.50
1.25
1.00
0.75 1

0.50

1.8
174
> 16
1.5
1.4+

1.3

Early-type

Late-type

Early-type

0.4

1.2

14

1.6

12.0

11.8

11.6

11.4

11.2

r11.0

r10.8

r10.4

log10 M3,[Mo]

Figure 2.5: ETG and LTG classification based on U — V vs V — J plane. The color bar
represents the log of stellar mass within 30 kpc from the galactic center. The top (bottom)
panel shows galaxies at redshift 0 (2). Dust corrected U, V', J stellar magnitudes are taken
from publicly available UVJ magnitudes [138, 51]. Each dot represents primary subhalos
we selected from the simulation TNG300. Dashed lines represent the boundary dividing the
sample into LTGs and ETGs according to the conditions 2.4.
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Figure 2.6: Stellar mass number distribution of the sample subhalos. Red (Blue) represents
the ETGs (LTGs). Left (right) plot is for redshift 0 (2). Stellar mass is the total stellar mass
within 30 kpc from the galactic center.

Next, we adapt the classification criteria used by Genel et al. [65] which they used in the
simulation TNG100-1. We identify ETGs as subhalos for stellar masses 10°My < M,3p <
10" M, with a specific star formation rate! (sSFR), log;o(sSFR)[Gyr™!] < —1.94 for z = 0
and log,,(sSFR)[Gyr™!] < —1.94 for z = 2. We used publicly available sSFR data [51]

calculated only considering stellar particles within 30 kpc of the subhalo center.

To compare with the UV J method, we plot subhalos classified in Figure 2.7. Red (blue)
dots represent ETGs (LTGs). At redshift 2, both methods agree well with each other, but
for z = 0, there is some disagreement. Steinhardt et al. [192] demonstrated that in UV.J
classification, some galaxies with large sSFR can be incorrectly classified as ETG and Sanchez
et al. [50] showed that actual ETGs can be labeled as LTG. The figure 2.7 shows this trend,
which implies that the sSFR-based method is more accurate. Furthermore, the method used

in Xu et al. [224], where they pick the best fit from the Sersic and de Vaucouleurs [44]

1Only considering stellar particles within 30 kpc from the subhalo center.
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profiles, is a bit arbitrarily and sensitive to the radial bins used for the fit. Additionally,
not all ETGs have a light profile that follows a perfect 1-D Sersic fit (see Section 2.1.1).
Therefore, since the simulation provides star formation rates with good time resolution, we

adapt the latter definition to classify the subhalos based on the star formation activity.
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Figure 2.7: ETG and LTG classification based on specific star formation rates (sSFR). Red
(Blue) dots represents ETGs (LTGs). The top (bottom) panel shows galaxies at redshift 0
(2). We used publicly available sSFR data [51]. Each dot represents primary subhalos we
selected from the simulation TNG300. Dashed lines represent the boundary dividing the
sample into LTGs and ETGs according to the conditions 2.4.
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2.2.4 Dust Modeling

To model the dust attenuation, we followed the procedure in Xu et al. [224]. We only

consider the gas and stellar particles within 3Ry, from the subhalo center(from the Sub-

find algorithm) to calculate the average neutral hydrogen column-density ({(Ny;)). First, we

consider a mesh grid 100 x 100 in the x-y plane that spans from —3Ry,, — +3 Ry, centered

around the subhalo center. We use publicly available data for gas particles inside the grid.

For each cell (i,j) we calculate a mean neutral hydrogen density (NI({Z J )> using the pysph

library [164] in python to scatter the fractional hydrogen cold masses of each gas cell onto

the mesh cell (7,7). We assume that gas particles can be approximated by a density profile

related to the SPH kernel W (r, re¢py) that is given by

1-6g+6¢° 0<q<j
8
W(r,rspu) = —3 2(1 — ¢)3 l<g<i
SPH

where ¢ =

r
TSPH

Then the mean neutral hydrogen density((/N }}J )>) is given by,

. oI\ * k lmax
(NGDY = 2% 0.76 (—) (m—) W (r, rspu) dz
0

where m* is the total mass of the k-th gas particle inside the mesh grid cell (i, 7).

H my

(2.5)

(2.6)

We consider both dust attenuation from absorption and scattering. The optical depth from
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absorption (77),

o A 7 S <N(%J)>
(lvj) — _>\ _g ﬁ H
Ta <AV) (Z ) 2 S T 10tiem (2.7)
Zo ©

where Z, is the gas metallicity of the galaxy, (ﬁ—é) is the solar-neighborhood extinction
Zo

curve. B = —0.5, s = 1.35 for A < 2000 A and s = 1.6 for A > 2000A. Z, = 0.2

Taking into account isotropic and forward only scattering, the total optical depth (T(i’j)) for

the cell (4, 7) is given by

700 = /T — a7 4 (1 — hy)(1 — wy )78 (2.8)

where w) is the albedo and h, is the weighing factors for the isotropic scattering.

hy =1 — 0.516¢(ly=33112%2/017) (2.9)

and,

wy = —0.48y + 2.41 (2.10)

where y = log(A). For a star particle in cell (7, j) we interpolate optical depth (7) by using
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the 7(+7) of the 4 neighboring cells. Dust corrected luminosity(Leq) is given by,

Leia 1 —exp(—71)
= 2.11
Lo T (2.11)

L.y is the luminosity derived from the publicly available stellar magnitudes which are cal-
culated according to the model in Vogelsberger et al. [218]. Dust effects are not considered

for these magnitudes.

2.2.5 Method to Compute Stellar Masses and Sizes

Since TNG300 provides the luminosities of all the stellar particles that belong to a halo,
there is the luxury to infer the half-light radius accurately without modeling the light profile
(unlike in observation where the boundary of the galaxy cannot be observed clearly. See more
the discussion in Section 2.1.1). Since nonparametric methods produce robust enough Reg
and to avoid complications occurring when the Sersic model is employed for multi-structural
ETGs [127], we chose the half-light radius as the size estimator of a halo. Therefore, we
followed the first half of the procedure in Xu et al. [224] to define the galaxy size, but we did
not follow their method of using the Sersic fit. Here, we explain the procedure for computing

the half-light radius.

SUBFIND center was chosen as the initial point. Then calculate new light centeroids (Xe¢

= ., Yy.) for an aperture 3Ry, from the initial center,
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where, L; is the dust-corrected luminosity of the i th gas particle, and X; is the appropriate

coordinate of the i th gas particle in the periodic box.

In order to calculate half-light radius, we assume that the 2-D surface brightness profile
follows a series of elliptical isophotes with a constant axis ratio (b/a) and orientation angle

(¢). We evaluate b/a and ¢ using equations 2.13 at a distance of 3Ry, from the centeroid

(Xc).
Li( X — Xo)?
Mxixi = il )
2 Li (2.13)
Mo = 2 LilXi = Xa) (X — Xoj) '
XiXj Zl LZ
The axis ratio (b/a) is given by,
L Mot My, — (Moo + M,,)? + 402,
(b/a)” = : (2.14)
Mg+ My + [ (Mo + M, )2 + 402,
The orientation angle is given by the following.
2M
=05 tan™' [ ——2%— 2.15
¢ o (MII - Myy) ( )

In order to avoid ICL, a 30 kpc radial cut-off is introduced as done in other work [224, 43].
Here, we chose 30 kpc from the galactic center, as used in the paper [224]. Hence the total
luminosity (Liot) is the sum of luminosities of the stars within a radius of 30 kpc. Finally,
using Lo, we calculate the circularized half-light radius (Reg) which corresponds to the

isophote enclosing a luminosity of 0.5 L.
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2.2.6 Mass—Size Relation

Figure 2.8 shows the median size-stellar mass relationship for ETGs at redshift=0. We
explore the best estimator for galaxy size by comparing it with the observations. The dashed
(solid) lines represent data from observation(derived results from the simulation data). The
teal color represents half-light radius for raw luminosities and without the 30 kpc radial
cut-off. That means that it captures all the stellar particles that belong to the halo. The red
color line is half-stellar mass radius with a 30 kpc radial cutoff. The yellow line shows the
circularized half-light radius for dust-corrected luminosities and the 30 kpc radial cut-off.
All the light-based radii are for filter r luminosities. Green, black, and blue dashed lines
show data from Vanl4 [213], Sloan Digital SkyServer Data Release 7 [120], and DASH [128]

respectively.

By fitting a power law for subhalo M, — R.g, we compare the subhalo size-mass relationship
with observations [213, 128](Figure 2.9). We used the best estimator the effective radii (Reg)
for galaxy size which includes dust correction. Red line is the minimum chi-squared best
fit created by using the Scipy regression package [217] in Python. For this fit we did not
include complex statistical methods to remove outliers or sample bias from having less halos

in massive mass bins.

We also compute the median size-mass relation for redshift 2 (Figure 2.10) using a process
similar to that we used for z = 0. We explore the best estimator for galaxy size which is
closest to the observations. The dashed (solid) lines represent data from observation(derived
results from the simulation data). Since the observations Vanl4 [213] have a wider redshift
bin for z = 2, unlike the simulations, we include both redshift bins 1.75 < 2z < 2 and

2<2<25.
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Figure 2.8: Median mass-size relation at z = 0 for Early-type galaxies. Dashed (solid)
lines represents data from observation (derived results from the simulation data). Green
represents circularized half light radius for filter r with a 30 kpc cut-off. Green, black and
blue dashed lines shows data from Vanl4 et al. [213], Sloan Digital SkyServer Data Release
7 [120], and DASH [128] respectively.
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Figure 2.9: Effective radius (Reg)- stellar mass (M,) relation at z = 0 for Early-type galax-
ies. Dashed (solid) lines represents best power law fit for data from observations (TNG300
simualation). Blue and black dashed lines shows results from van der Wel et al. [213] and
DASH [128] respectively. Red line is a minimum chi squared fit created using Scipy regres-
sion package [217] in Python. The fit is done for halos with M, > 3 x 10°M,. M, is the
stellar mass within 30 kpc radius from the galactic center.
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Figure 2.10: Median size-mass relation at z = 2 for Early-type galaxies. Green represents
circularized half light radius for filter r with a 30 kpc cut-off. Black line shows half-light
semi-major axis derived from the galaxy profiles [120] analyzed for Sloan Digital SkyServer
Data Release 7.
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Effect of Dust Correction

We use the dust model discussed in Section 2.2.4 to implement the attenuation of stellar
light by dust. We explore how important the dust effect is and quantify its effect on galaxy
sizes. In Figure 2.11 we plot the median half-light radius for stellar luminosities with and
without dust correction. Both radii were inferred using elliptical isophotes centered at the
light center in x-y plane. Both calculations only include stellar particles within 30 kpc from
the light center. In Figure 2.12 we show the distribution of the ratio (%); dust-corrected

half-light radius to without dust-correction half-light radius.
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Figure 2.11: Comparison of dust corrected vs raw median mass-size relations at z = 0 for
Early-type galaxies. red (green) points show half-light radii with (without) dust correction.
Black line and brown line show median half-light semi-major axis from Vanl4 [120] and
DASH [128] respectively.
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Figure 2.12: Distribution of dust corrected (Rgus;) to raw (Ryay) half-light radius ratio at
z = 0 for Early-type galaxies. The blue solid histogram indicates the number distribution of
the ratio for 0.1 size bin.

Wave Length Dependence

Figure 2.13 shows the median size for 3 different filters compared to observations at redshift
2. The yellow, blue, and red lines represent median half-light radii for the filters; Buser’s
V', Buser’s K, and SDSS camera g filter, respectively. Half-light radii were calculated using
raw stellar luminosites of stellar particles within 30 kpc from the galactic center. The green
and black dashed lines show results from van der Wel et al. [213] for wavelength 5000A and
DASH [128] for Hg filter, respectively.
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Figure 2.13: Median half-light radii for filters Buser’s V', Buser’s K, and SDSS camera g
filter at redshift z = 2. Half-light radii were calculated using raw stellar luminosites of
stellar particles within 30 kpc from the galactic center. Green and black dashed lines shows
results from van der Wel et al. [213] for wavelength 5000 A and DASH [128] for H g filter

respectively.
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Aperture Dependence

Figure 2.14 shows how a cutoff from the galactic center affects galaxy sizes. Dashed (solid)
lines represent data from observations (derived results from the simulation data). The teal,
yellow, and red lines represent the median half-mass radii for apertures 100 kpc, 50 kpc,
and 30 kpc from the galactic center, respectively. The stellar mass (M*) is also defined as
the stellar mass within a radius according to the corresponding aperture from the galactic
center. Green represents the circularized half-light radius for filter r with a 30 kpc cutoff.
Green, black and blue dashed lines show data from van der Wel et al. [213], Sloan Digital

SkyServer Data Release 7 [120], and DASH [128] respectively.
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Figure 2.14: Median stellar half-mass radius at z = 0 for different apertures from the galactic
center. Dashed (solid) lines represents data from observations (derived results from the
simulation data). The teal, yellow, and red lines represent the median half-mass radii for
apertures 100 kpc, 50 kpc and 30 kpc from the galactic center, respectively. The stellar
mass (M,) is also defined as the stellar mass within a radius according to the corresponding
aperture from the galactic center. Green represents the circularized half-light radius for filter
r with a 30 kpc cutoff. Green, black and blue dashed lines show data from van der Wel et
al. [213], Sloan Digital SkyServer Data Release 7 [120], and DASH [128] respectively.

53



2.3 Discussion

This section demonstrates that ETGs grow in size from z = 2 to z = 0 for TNG300. This
has not been done robustly for TNG300 before, only using half-stellar mass radii [167]. In
Figure 2.8, we show that half-stellar mass (Ry30), half-light radius for raw stellar luminosities
and including all the stellar particles (Rjgnt) overestimate the sizes compared to the effective
radius (Req) which includes dust-corrected luminosities and 30 kpc cut-off from the galactic
center. Compared to observations, R.g performs better than the other estimators, which have
the closest deviation from both Vanl4 [213] and DASH [128]. Although the two observations
agree well for lower stellar mass, they show a larger deviation at massive mass bins. This
discrepancy in the observation is even seen at redshift 2 (Figure 2.10). This could be mainly
due to the difference in samples, since Vanl4 [213] has fewer galaxies (a factor of 3-4 less)

for M, > 10" M, compared to DASH [128].

As expected from the median size results, Figure 2.9 shows that our calculated R.g for
ETGs in TNG300 agree well with DASH [128] but deviates more from van der Wel et al.
[213] especially at higher stellar masses. This could be due to bias in the sample and the
different statistical procedures implemented in those studies. Also, the impact on the mass

evolution and soft length needed to be studied, as there could be an impact on the results.

Figure 2.11 shows that dust-corrected half-light radii are more consistent with the obser-
vations. The difference between with dust correction and without dust correction median
radii is smaller at lower stellar mass end and higher for larger stellar mass bins. This is
possibly due to the fact that massive ETGs have more gas, whereas a significant number
of less massive ETGs do not posses gas; i.e., larger portion of massive ETGs show a higher
dust attenuation compared to ETGs in lower stellar mass bins. Figure 2.12 illustrates the
importance of dust correction. Although the median of the ratio (Rgust/Rraw) 18 closer to one

(0.9), approximately 10% of the ETGs at z = 0 show at least 25% effect by dust correction.
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The median effective radii of ETGs decrease with wavelength according to the figure2.13.
Filter g has the smallest wavelength while K has the highest wavelength out of those 3 filters.
Hence, when filter g shows the largest half-radius and filter K the smallest, our results follow
the trend expected by Barbera et al. [95, 213]. van der Wel et al. [213] measured a redshift
and stellar mass-dependent negative slope for log(Reg) —log(A) which implies that the longer

the wavelength, the smaller the measured galaxy size.

Our simulation results show (Figure 2.14) the importance of having a radial cut. Since
simulations grasp all the particles which are identified by the Subfind algorithm, which can
be extended to several hundreds of kpc, light curves in observations are not sensitive to that
kind of radius. Hence, subhalos in simulations capture ICL which overestimate the galaxy
size and stellar mass. We show that 30 kpc cut-off is the best estimator out of 100 kpc, 50
kpc cut-offs, which agrees with the observations. This discrepancy between R,,3 and other
half-stellar mass radii is not clearly visible for lower mass bins but is clearly visible for mass

bins above 10 M,

2.4 Conclusion

We explored how to bridge simulation halo properties with observations. We found that
the best estimator (closest to Vanl4) for stellar mass is M3, which imposes a 30 kpc radial
cut-off from the halo light center. The best size estimator is the dust corrected half-light
radius (Req) where we used 30 kpc cut-off and elliptical isophotes to derive. The half-stellar

mass radius overestimates the galaxy size at both redshifts z = 0 and z = 2.

By deriving half-light radii and stellar mass for TNG300-1 hydrodynamic simulation, we
derive the median galaxy size-stellar mass relationship for redshift z = 0 (Figure 2.8) and

z = 2 (Figure 2.10). At both z = 2 and z = 0, the median size for a stellar mass bin
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increases with the stellar mass, as expected. The median sizes for a given mass bin increase
from z = 2 to z = 0. This shows that the increase in galaxy size-mass relationship is not
due to the prognitor bias but to the physical growth in galaxies. Dust correction plays a
vital role in estimating reliable half-light radii. Although for less massive ETGs, the median
of the dust corrected Rsq is only around 5% lower than the raw Rjyy, massive ETGs show a

difference over 15% between two types of radii.

Using raw stellar magnitudes for three different filter bands (g, V, K), we show that the halo
stellar structure depends on the wavelength. We find that half-light radius has a negative
correlation with the wavelength. We show that massive ETGs stellar mass profile extend
beyond 100 kpc from the center, hence capturing possibly ICL. The discrepancy between

half-stellar mass radii Rym100 and Rymso increases with stellar mass.

In summary, we derive the stellar mass-size relationship for ETGs in the simulation TNG300.
We explore the factors that are sensitive to the mass-size relationship and compare them
with what is observed in the literature. Our best estimated median mass-size relationship
agrees well with the trend expected from the observed data. This gives us the opportunity

to look for relics candidates using the mass-size relationship in the next chapters.

2.4.1 Future Prospects

One potential effect that we did not consider that might affect the results is “halo-subhalo
switching”. Halo-Subhalo switching occurs when a massive halo/subhalo comes closer to
the halo/subhalo of interest. As we discussed previously, the primary subhalo is the most
massive subhalo in a halo, but when a more massive subhalo comes closer to the first subhalo,
the Subfind algorithm may identify the new subhalo as the primary subhalo. In this process,
the change of identification may cause the coordinates to change even by 1000 kpc. Overall,

this should not greatly change the statistics. For more details, see the Appendix A.
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Another path that needed to be explored was including satellite subhalos to the sample. As
we mentioned before, to avoid chaotic effects (to some extent), such as tidal stripping, we
chose only primary subhalos. Including the secondary subhalos will significantly increase
the sample size, but it may introduce bias effects from having more tidally affected subhalos
(Rodriguez et al. [167] showed that satellites in TNG300 are roughly 30% smaller than the

primary subhalos due to mainly tidal stripping).

Apart from exploring different samples, there is more to investigate on inferred sizes of ETGs.
We have only employed a nonparamtric method to infer sizes, but Sersic fitting is feasible
for TNG300 data. To our knowledge, no one has so far studied how the multi-component
Sersic fits would affect the mass-size relation in hydrodynamical simulations. For example,
although ETGs are less structured compared to spiral galaxies, Huang et al. [77] proposed
that local ellipticals generally contain three structural components; therefore, the majority of
ellipticals are not well described by a single-component Sersic fit but by a three-component
Sersic fit. Other work including Meert et al. [119] and Msoleh et al. [127] supports for multi-
component Sersic fit over single-component. In fact, Msoleh et al. [127] showed for ETGs
nonparametric and two-component Sersic fits yield the most robust estimations of effective
radius, while single Sersic fits often overestimate the effective radius. We can try to find and

answer “is there a better suited radius to investigate the formation of ETGs?”.

I hope that I would have the opportunity to investigate these issues/find answers, not just

in TNG300, but also in upcoming simulations (e.g., MilleniumTNG') in the future.

!The successor of IllustrisTNG which is almost 15 times larger than TNG300.
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Chapter 3

Physically Defined Massive Relic

Galaxies in TNG300 Simulation

3.1 Introduction

As we mentioned in Chapter 1, massive galaxies go through a two-phase evolution where
the latter phase is dominated by minor dry mergers. Because of its stochastic nature, some
of these galaxies do not go through a merger between z ~ 2 and z = 0; called relics.
With the development of simulations and availability of their merger trees, it is possible to
define relic galaxies physically. Using this opportunity, we briefly review the previous work
done on defining relics physically, and then describe how we develop criteria to define relic
galaxies physically in the hydrodynamical simulation TNG300. Then we examine whether
they produce the key stellar properties expected of massive relic galaxies, and finally analyze

how relicness is correlated with dark matter properties.
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3.1.1 Approach from Observations

In the observational approach, a relic galaxy is usually defined on the basis of compactness
(see Chapter 4). Using extreme compactness as a classifier, studies are able to select the
galaxies at the extreme end of the relicness. Imposing extreme compactness criteria (i.e.,
R < 2kpc) may lose some of the relic candidates not just due to capturing the extreme
end of the relicness spectrum, but also some massive relics in general might have larger
radii depending on some other factor (e.g., environment). There exists substantial evidence
indicating that there could be two possible evolutionary paths from red nuggets to relics [12];
i.e., relics residing in dense or isolated environments, displaying different average effective
radii from each other. However, since the massive relics galaxies are expected to avoid the
second phase of the galaxy formation, it is expected to have a size (i.e., effective radius)

similar to the size predicted from M, — R.g at z = 2.

3.1.2 Utilizing Simulations

The halos in N-body simulations grow hierarchically bottom-up, starting from smaller halos
and later making clusters. In this picture, halos/subhalos grow mainly either internally (i.e.,
formation of in-situ stars) or via mergers. With the development of larger N-body simulations
and later improving their mass and time resolutions, the need for tracking of halo’s growth
and assembly history was created. A set of semi-analytical models was introduced to dictate
the set of conditions that determines how the subhalos grow with the snapshots. For each
subhalo, the semi-analytical model produces a tree structure, starting with the trunk at
an early snapshot and then branching out with time [96]. The initial development was
centered around Monte Carlo merging trees, drawing from the foundation of the extended
Press-Schechter formalism [97]. These types of merger trees do not produce a mass function

for halos, which is well in agreement with the mass function taken directly from N-body
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simulations [11]. Furthermore, these trees did not predict the expected merger rates [182].

Later, with the development of higher resolution N-body simulations, more accurate merger
trees were built directly from the simulations. Modern hydrodynamical simulations have
merger trees built at the subhalo level. There are several different merger tree algorithms
being used, and they use different particle types and merit functions to identify progenitors
and descendants [191]. In our TNG300 simulation, the merger trees are built using Sublink
[168]. In general, the predictions by the merger trees in TNG300 agree well with the ob-
servations. For example, galaxy—galaxy merger rate and its redshift dependence for halos
with M, > 101°M,. But for descendant massive galaxies with M, > 10'°M, galaxy-galaxy

merger rate becomes steeper with the redshift, while observational studies [141, 113] show

approximately a constant or decreasing evolution.

With the availability of merger trees, hydrodynamical simulations provide the opportunity
to track the mass-assemble history of a halo. This allows us to use dark-matter and stellar
properties as a constraint to filter out mergers and other external interactions with the halo.
There is only a handful of work [154, 60] on finding relics in simulations. de Arriba et al.
[154] analyzed the old Millenium simulation and used only two conditions; i.e., 1) the halo
must be formed by z ~ 2, 2) the stellar mass at z ~ 2 is greater than 90% of the stellar mass
at z = 0. They identified a halo is formed by z ~ 2, if the halo is identified by the halo finder
algorithm at z ~ 2. This seems to be a very relaxed criterion for quantifying the formation
time, despite that the point at which a halo can be definitively considered to have formed
lacks a definition that is consensus among all [101]. The most widely accepted definition of
formation time is the point at which the main branch of the halo has accumulated half of its
mass at z = 0 [96, 99]. However, this definition can lead to significantly different formation

times [200].

The other work exploring relics in N-body simulations has been done by Flores-Freitas et

al. [60]. They used compactness criteria motivated by observations not solely based on the
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history of halo mass assembly. They identified 5 candidates for relic galaxies, but 3 of
them show central-satellite switching [9] close to z ~ 0, which occurs when a more massive
halo/subhalo gets closer to the selected subhalo. This may affect the outer regions of the
selected subhalo, hence may not be truly a relic; i.e., tidal effects at outer regions of the

halo.

There is a clear requirement for further in-depth research on relic galaxies in N-body simu-
lations, as there are only a few studies on this topic in simulations and none in modern large
simulations. Additionally, there are questions about the physical definition of relic galaxies
that have not been well explored. What are the ingredients for the definition of relicness?

How relicness correlates with dark matter properties (especially dark mater concentration:

C200) .

3.2 Simulating ETGs with TNG300

We use publicly available raw data for the hydrodynamical cosmological simulation TNG300-
1 [139] (which is referred to here as TNG300). It uses the quasi-Lagrangian code AREPO
[187] to solve coupled dynamical equations of dark matter and gas. They start from the

initial conditions for the universe from Planck 2015 observations [158].

The galaxy formation model of this simulation includes magnetohydrodynamics, isotropic
galactic winds improved from older simulations, and modified black hole driven kinetic feed-
back [157]. It assumes a Chabrier initial mass function [26, 218] for the stellar evolution
model. The star formation column density (ng) threshold for gas to form stars is ~ 0.1 cm ™3
and pressurization of the multiphase ISM is treated as in Springel & Hernquist model [188].

The merger trees are built using SubLink [9] and Lhalo algorithms [189].

The simulation physics runs in a periodic cube of 304 cMpc and a total of 100 snapshots
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spanning redshifts z = 20 to z = 0 are available publicly. Publicly available raw data has
4 particle types: gas, dark matter, stellar and wind, and black holes. For the gravitational
interaction between themselves and others, there is a softening length imposed. For DM,
stellar and wind particles are fixed at a comoving value of 1.48 ckpc until z = 1 and after
that 1.48 kpc value up to z = 0. The gas particles have an adaptive gravitational softening
(€gas = 2.5 Tcen), Where req is the radius calculated assuming the Voronoi gas cell is a sphere.

Mass resolution is set to 1.1 x 107 My, for baryons and 1.1 x 107 M, for dark matter.

3.2.1 Halo selection

All selected subhalos are identified by the SUBFIND algorithm, and the data are publicly
available. Motivated by the relic galaxy Mrk 1216 which is a massive compact galaxy (Magg >
102 My,), we choose My accordingly for the selection at z = 0. Although, in the two-phase
galaxy formation picture, it is not precisely defined at which redshift the second phase started
dominating the first phase (around z ~ 1.5 — 2), we choose only z = 2 (we explore other
redshifts for halo formation time. see the APPENDIX B). We used the LHalo merger tree
to find the progenitor (at z = 2) of the subhalos at z = 0. Summarizes the selection criteria

is

1012M@ < M200 <5 X 1011M®.

Primary subhalo at z =0 and z = z; for ¢ = 1,2 where z; = 1.5, 2.

Subhalo flag = 1.

ETG at z = 0 (based on the definition using sSFR. see Section 2.2.3).

The subhalo flag indicates whether the subhalo has a cosmological origin or not. Not all

objects recognized by the SUBFIND could be considered as galaxies. Some subhalos may
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not have collapsed as a result of the structure formation process. The subhalo flag = 1
indicates that the subhalo structure has collapsed from the galaxy formation model and has

enough baryonic mass.

3.2.2 Method to compute Stellar properties

We use the calculated stellar mass (M, ) as we explained in Chapter 2.1.1, where we imposed a
cutoff of 30 kpc from the subhalo center (coordinates of the particle with the least potential
identified by SUBFIND). Similarly, we use the same projected half-light radii with dust

correction and 30 kpc cut-off from the light center in x-y plane (see Chapter 2.2.5).

To estimate the age of the stellar population of a subhalo, we use the median of mass-
weighted stellar age. We use spherical radial bins measured from the subhalo center. Radial
bins are evenly spaced from 0.05kpc — 30 kpe with a bin size of 0.2kpc. We use publicly
available “stellar formation time”! to find the scale factor when the stellar cell was born.
Then we use the astropy package [4, 3, 2] to calculate the look-back time for each stellar

particle in the radial bins under the assumption of Planck 2015 ACDM cosmology.

3.2.3 Method to Compute Dark Matter Properties

We employ two distinct methods to define dark matter mass within an aperture around the
subhalo center; arbitrary proper length scale and aperture based on a spherical overdensity.
Each method is applied at two different redshifts; i.e., redshift 0 and 2. The first method
uses a fixed radius (R) as an aperture. In this method, we define the dark matter mass of the
halo as the total mass of dark matter particles within R from the subhalo center (assigned

by the SUBFIND algorithm). The chosen values for radius (R) are: {30kpc, 50 kpc, 100 kpc,

https://www.tng-project.org/data/downloads/TNG300-1/
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120 kpe, 150 kpe, 200 kpe }.

The other method we employed to define dark matter mass of the halo is using a radius
based on spherical overdensity which is the standard way to define the boundary of a halo.
Such a radius is defined as the radius that encloses a sphere having a chosen average dark
matter density. We selected a range of different values for the average density (payy) which
is a factor of the critical density (p.) of the universe at each redshift (i.e., z = 2 and 0);
i.e., pave/pe = { 200, 500, 2500 }. We use the astropy (a Python package) to calculate p.
for Planck 2015 ACDM cosmology. This way of defining the halo mass is commonly used in
astrophysics, while each factor of p. (i.e., 200, 500, 2500) is more or less sensitive to different
physical processes (e.g., larger radii are more sensitive to tidal effects while smaller radii are

not).

Next, we compute dark matter concentrations assuming halos follow Navarro-Frenk-White
(NFW) profile (for more details see Chapter 5.1). The radial profile of the spherically

averaged density (p(r)) is given by ,

(r) = e
P = i)+ rjr)?

(3.1)

where § is an arbitrary number?, r, is called the scale radius which is assigned to the radius
where the logarithmic slope of the density becomes —2. First, we computed cyqg for all halos
within that mass range. All halos dark matter profiles are fitted for the NFW profile. To

calculate cypp we use the following algorithm, which we adopted from Chen et al. [27].

1. Take equally space radial 20 bins in log space from the halo center to 7y

2. for an assumed cyq, using the equation calculate expected Mygo for a NFW profile for

2for ca00 calculation, § = 200
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radial bin “’, (MNW)

3. Find the 99 minimizing the x? given by,

20

_ AJNFW72
VO =3 32)

where M; and N; are the total dark matter mass from the particle data and the number

of dark matter particles in the radial bin %’ respectively.

where f(c) =In(1+c¢) — 52

The x? function includes the number of particles in each bin in order to avoid bias towards
mass bins with low particle number resolutions; i.e., in general, the number of particles
becomes less for larger log-mass bins, therefore the contribution from such bins becomes
less. Our cgoo-Mago relation is in good agreement with other work in the literature. (see

Section 5.2)

3.3 Defining Relicness - Standard Method

In this section, we first define the relicness based on dark matter and stellar mass change
since z = 2, adopting a 100 kpc fixed aperture to define dark matter mass (Mgmn100). As we
have discussed in Section 3.2.3, there are numerous ways to define dark matter mass, but
we choose a 100 kpc aperture for three main reasons. First, since we adopt a fixed aperture

30 kpc to define stellar mass, it is motivated to select a fixed aperture to define dark matter
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mass. Second, since very large radii (e.g., similar to virial radius) are are heavily affected by
mergers/flybys, therefore, a mid-range radius has a balanced effect. Third, dark matter mass
within an aperture based on overdensity follows a pseudo-evolution since the critical density
of the universe decreases with time (i.e., in the ACDM model, p. at z = 2 is roughly 9 times
of p. at z =0 ) in contrast to mass within a fixed radius does not have such evolution. We
explore the best estimators to constrain dark matter and stellar mass evolution. Then we

look for the best estimator to capture the lack of dark matter evolution in relics since 2.

3.3.1 Definition

The definition we use in this section is primarily motivated by the previous work by Arriba et
al. [153] two-phase galaxy formation paradigm for massive ETGs. We add an extra criteria;
i.e., constraining evolution of the DM mass after z = 2, since phase 2 stellar accretion
should be accompanied by DM accretion, since typically galaxies reside inside DM halos.

The criteria we used to define massive relic galaxies are as follows.

1. M, > 10“M@ at z = 0.
2. M, at z =2 is at least 90% of M, at z = 0.

3. Mamioo at z = 2 is at least 90% of Mamioo at z = 0.

The selection of 90% as the limit for both stellar and dark matter mass evolution is somewhat
arbitrary. We first select 90% as used by Arriba et al. [153], but in Section 3.3.3 we explore

how properties of relic galaxies depend on the fraction of mass that was used to constrain.

The stellar mass and effective radii for the sample are displayed in Figure 3.1. Both the
stellar mass and the effective radii were inferred using a 30 kpc radial cut as described in

Section 2.2.5. To demonstrate how relic galaxies are compact compared to non-relics, we
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have added the medians of the two samples (i.e., relics and non-relics) in the plot. As shown
in Figure 3.1, relics are roughly 1.7 times more compact than the non-relics. There are only

a few ultracompact relic galaxies (a number of 12), and some of the relics show a higher Reg.
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Figure 3.1: Effective radius (Reg) and stellar mass (M,) for ETGs with M, > 10" M, at
z = 0. Each red and grey dot represents relics and non-relics respectively. Solid blue and
dotted blue lines represent the median effective radius of the relics and non relics sample
respectively. The green line shows the constraint widely used in the studies [201, 17] to
define ultra-compact massive galaxies.

In Figure 3.2 and Figure 3.3, we show stellar mass vs median stellar age and specific
star formation rate (sSFR) respectively. As expected from the two-phase galaxy forma-
tion paradigm, the relics have an older stellar population. Notice that in Figure 3.3, it
depicts that the majority of the relics almost do not have star-forming activities within a
30 kpc radius in the last 1 billion years. The specific star formation rates are adopted from
Donnari et al. [51] which has only considered stellar particles within 30 kpc of the subhalo

center for the calculation.
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Figure 3.2: Median stellar Age and stellar mass (M,) for ETGs with M, > 10" M, at
z = 0. Each red and grey dot represents relic and nonrelic galaxy respectively. Solid blue
and dotted blue lines represent the median effective radius of the relics and non relics sample
respectively.
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Figure 3.3: Specific star formation rate (sSFR) and stellar mass (M, ) for ETGs with M, >
10" M, at z = 0. Each red and grey dot represents relic and nonrelic galaxy respectively.
The blue line shows the median of sSFR for the relics.

3.3.2 Varying Dark Matter and Stellar Mass Constraints

The compactness of the selected relic sample is correlated with the physically defined relicness
as shown in Figure 3.4. In Figure 3.4, we plot the median effective radius of the relic sample
for each value that constrains the dark matter change and the stellar mass change (hereafter
“M, passiveness”) after z = 2. Each color represents a different fractional value for the
constraint that limits stellar mass evolution. For example, the relic sample shown by blue
dots only has galaxies with at least 95% of the stellar mass of z = 0, has assembled by
z = 2. As illustrated in the figure, the larger the M, passiveness, the more compact it
becomes. Another important characteristic that the figure shows is how dark matter and
stellar mass evolution are correlated. It shows that the higher the M, passiveness, the more

Mg passiveness becomes (see Figure 3.6).
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Figure 3.4: (Bottom panel) Median effective radius (Reg) of the relics for each relic criteria.
Each dot represents the median R.g of the sample which is consistent of ETGs selected by
imposing constraints on dark matter and stellar mass evolution since z = 2. Different colors
corresponds to different constraints on stellar mass evolution and for each sample of relics,
the minimum stellar mass ratio M?=2 /M= is mentioned in the legend. (Top panel) number

of ETGs in each relic sample.
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3.3.3 Dark Matter and Stellar Mass Coupling

In the ACDM model, dark matter interacts with matter (i.e., gas and stellar particles in
TNG300) via gravity; therefore, it is expected that dark matter profile is correlated with
stellar mass profile. In Figure 3.5, we plot the fractions of dark matter mass and stellar
mass at z = 2 with respect to their corresponding mass at z = 0. It shows a large positive
correlation between the dark matter and the stellar mass as predicted form the theory,
although there is considerable scatter. Interestingly, there are some ETGs that lose either

stellar mass or dark matter mass or both after the redshift z = 2.

The statistics ( median, quartiles and quartile range) of the fraction of dark matter evolution
for each constraint in the fraction of stellar mass evolution are plotted in Figure 3.6. These
statistics demonstrate that stellar mass and dark matter mass are affected similarly in the
evolution of massive compact galaxies. Also it shows that the scatter in fraction of dark

matter evolution decreases as the constraint for the stellar mass evolution becomes heavier.

As we notice that there are relics that demonstrates mass loss between 0 < z < 2 (i.e., mass
loss is reflected by stellar and dm fractions of evolution > 1) in both Figure 3.5 and Figure
3.6, we wanted to investigate the impact on the statistics of these relics with mass loss. Do
they lose the mass due to a physical process ( merger or tidal stripping) or is it just due to

a numerical issue ( misidentification of particles identified by the halo finder)?
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Figure 3.5: Fractions of dark matter mass and stellar mass at z = 2 with respect to their
corresponding mass at z = 0. Stellar mass and dark matter mass is measured within 30 kpc
and 100 kpc respectively from the subhalo center. The number of galaxies in each stellar
and dark matter fraction bin is displayed respectively by two histograms that surrounds the
main plot.
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Figure 3.6: Statistics of the fraction of dark matter evolution for each constraint in the
fraction of stellar mass evolution. The red line in the middle of each box represents the
median of each relic sample. The edges of the box plot represents the two quartiles; Q1
(bottom edge) and Q3 (top edge). The whiskers extend from the box by 1.5x the inter-
quartile range. The black dots outside the whiskers can be called as outliers, that have a
deviation of more than 90% from the median value.

We categorize the massive ETGs that undergo a mass loss after z = 2, into three sets based
on the nature of the mass loss, as shown in Figure 3.7. All three sets are selected by choosing
ETGs with at least 5% increase in mass in a selected type of mass; i.e., 1) dark matter mass
within a radial distance of 30 kpc (blue circle), 2) dark mass within a radial distance of 100
kpc (pink circle), 3) stellar mass within a radial distance of 30 kpc (green circle). The number

in each region indicates the number of ETGs that belong only to the region considered. We
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explored the mass profile of a few selected ETGs in each region (see APPENDIX), all the
mass profiles we investigated do not show any abnormalities in the profile ( smooth dark

matter and stellar mass profiles at both z = 2 and z = 0).

Mmoo M,
e 24

28 20

217

Mimszo

Figure 3.7: Number of relics with mass loss after z = 2. The Venn diagram shows different
sets that are categorized based on the nature of the mass loss. Purple and green represent
the galaxies that lost dark matter mass and stellar mass respectively, within 30 kpc after
z = 2. Orange relates to the set of galaxies that lost dark matter mass within 100 kpc after
z =2

3.4 Other Methods to Define Relicness

3.4.1 Selecting Dark Matter Mass

We explore how the aperture affects the relic properties of the sample. As explained in detail
in Section 3.2.3, we adopt two definitions for the aperture, one with a fixed radial aperture
around the subhalo center and second with an aperture enclosing a sphere having an average

density of a chosen multiplier of the critical density of the universe.

First, we demonstrate how the median effective radius of selected relic samples behaves
when the definition of relicness is varied with the cut-off value and the aperture used to

define the dark matter mass. Figure 3.8 shows that smaller apertures ( 30 kpc and 50 kpc)
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are not sensitive to imposing higher constraints on dark matter mass evolution. It shows
that the apertures 100 kpc and 120 kpc demonstrate the highest sensitivity to the variation
of relicness definitions. To demonstrate how each criterion changes when there is no criterion
imposed regarding stellar mass evolution, we have included the median R.g for relics with

fraction of stellar mass evolution at least 10% (shown in color black).

Similarly, in Figure 3.9 we demonstrate how the selection of different radius based on over-
densities affects the compactness of the relic sample. The fraction of dark matter evolution
within Rasoo ( Maso) is the most sensitive criterion to change in relicness. Due to the small
sample size of relics, there is some artificial variations for higher dark matter mass fractions

(~ 50%) related to the definitions of relicness using Msqo and Mago.
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Figure 3.8: (Bottom panel) Median effective radius (Reg) of the relics as a function of
relicness criteria that are defined using the evolution of dark matter within a fixed aperture.
Each dot represents the median R.g of the sample which is consistent of ETGs selected by
imposing constraints on dark matter and stellar mass evolution since z = 2. Each radius
chosen to define the dark matter mass is displayed by a unique shape. The minimum of the
fraction of dark matter mass (within a radius “r”) evolution (MZ=%(< r)/MZ=%(< r)) that
used to define relicness, is shown in the x-axis. Blue and red data represents relics selected
with a constraint of 10% and 90% in fraction of stellar mass evolution. (Top panel) number
of halos in each relic sample.
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that used to define relicness, is shown in the x-axis. Blue and red data represents relics se-
lected with a constraint of 10% and 90% in fraction of stellar mass evolution. (Top panel)
number of halos in each relic sample.
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3.4.2 Using Stellar Age to Define Relicness

In this section, we explore the feasibility of using the median stellar mass age as a criterion
to define relicness, instead of using stellar mass evolution (used in the previous section). We
keep M2,/ M3i9,, as the metric to constrain dark matter mass as dark matter mass within
a radius of 100 kpc has shown that it is the best metric that captures the compactness of

relics. All the median stellar ages are calculated as explained in Section 3.2.2.

The correlation of the median stellar age with MZ=7,,/MZ=),, is shown in Figure 3.10. As
expected, stellar age and dark matter mass evolution are positively correlated. Although for
the widely used relicness definition which uses the constraint 90% on M2,/ MZ-9,,, some
relics show median ages younger than 9 Gyr. In Figure 3.11, we show how defining relics
based on the median stellar age, change the compactness of the relics ( median effective

radius). Although constraining the sample to a median stellar age of 12 Gyr shows the most

compact relic sample, it only captures a few relics (roughly 10).
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3.5 Dark Matter Concentration Correlation with Re-

licness

In this section we explore how the dark matter concentration (cg09 and cas09) is related to
relic galaxies that are selected by physical properties ( constraining the evolution of stellar

and dark matter mass). cooo and cas00 are calculated following the procedure in Section 3.2.3.

Since dark matter concentration is negatively correlated with dark matter mass, we calcu-
lated the median dark matter concentration of mass bins that are evenly spaced in log space.
In figure 3.12, we demonstrate the median ooy of each relic sample. It is shown that cegg of
the relic population is positively correlated with the relicness scale, except for the highest
mass bin (shown in pink), which is due to having a smaller sample size. A similar trend is

shown for co500 as shown in Figure 3.13.

In Figure 3.14, we plot Mg versus copp and compare with the predictions from the ACDM
relation for relaxed halos from Dutton et al. [53]. Relics (red points) have been selected
following the definition in Section 3.3.1. From the figure, it is not evident that the relics
have a higher concentration, as the relics are scattered around the ACDM relation for relaxed
halos from Dutton et al. [53], although halos at the low mass end (< 10 M) show a larger

postive deviation from the ACDM relation.

In Figure 3.15, we plot Mays0g versus cas00 and compare with the predictions from the
ca500Mas00 for relaxed halos derived in Section 5.2.2. Relics (red points) have been selected
following the definition in Section 3.3.1. Similarly to the case of cygg, it is not evident that
the relics have a higher concentration, as the relics are scattered around the ACDM relation
for relaxed halos from Dutton et al. [53] except halos at the low mass end (< 3 x 10 M)

weighted toward having more positive outliers.
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3.6 Discussion

This section quantifies the “relicness”, a metric that dictates how passive an ETG has
evolved, using different physical criteria. The relic definition motivated by previous work
shows promising results, as the median effective radius for relics is almost twice that for
non-relics (in Figure 3.1). But the median for relics is roughly 3.5 kpc because a significant
number of relics have R.g greater than 4 kpc. Also, there are only a few relics that can
be categorized as ultra compact galaxies. This could be primarily due to the fact that
inferred effective radii are higher than the median effective radii predicted by M, — Reg from
observations (see Chapter 2.2.6). Overall, the relics selected by this definition agree well
with the observed relics, as Figure 3.3 and Figure 3.2 show an old population (age greater

than 10 Gyr) of stars in the relics.

As illustrated in Figure 3.6, the evolution of dark matter and stellar mass is coupled. Con-
straining stellar mass evolution constrains dark matter evolution, although it is not a perfect
correlation primarily due to the the difference in the apertures. As shown in Figure 3.5, there
is a larger scatter in change in dark matter mass for a given stellar mass change. We believe
this is because dark matter mass is measured within a larger radius (100 kpc); therefore, the

dark matter mass is affected more by the environmental effects (e.g., tidal stripping, flybys).

Overall, dark matter concentrations of the relic sample gets larger with more constraint in
dark matter evolution, therefore perhaps reflecting an isolated evolution. However, Figure
3.14 shows that the relics do not show a large deviation from the ACDM relation for relaxed
halos. Also, it is important to note that we did not confirm that the relics are relaxed.

Perhaps, only considering relaxed halos might impact the statistics of the relic sample.
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3.7 Conclusion

We develop criteria to define relic galaxies physically in TNG300 and examine whether they
produce the key stellar properties of massive relic galaxies. We showed that just constraining
dark matter and stellar mass evolution since z = 2 is enough to produce a relic sample that

mimics the observed properties of compact galaxies.

By analyzing compactness of the relic samples selected from various relicness definitions (
evolution of dark matter mass within fixed and overdensity-based radii and median stellar
age), we showed that constraining the evolution of the dark matter within a radius of 100
kpe (M372,,/M329,,) combined with constraining the stellar mass evolution (MZ?=2/MZ?=0%) is
the best metric to define relicness. Finally, we found that the relics selected by the definition
in Section 3.3.1 ( MZ=3,0/Miz000 and M7=2 /M7= > 90%), do not show a high dark matter

concentration except for the lower mass end.
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Chapter 4

Selecting Samples of Massive Relics
Candidates Based on Compactness in

TING300 Simulation

4.1 Introduction

It is generally accepted that massive ETGs were created through a two-phase process; where
phase 1 which produces a compact galaxy (i.e., “red nugget”) takes place at early times
(z 2 2) followed by the dry merger-driven phase 2 (see Section 1.1.1 for more details).
Studying the end of Phase 1 is of great importance, which will shed light on galaxy formation
theories; e.g., it will help to obtain a deeper understanding of the processes that drive the
growth and transformation of the earliest galaxies. Although the red nuggets provide ideal
testing grounds to study the end of Phase 1, unfortunately it is not possible because they
are located too far away to obtain detailed full mass mapping (it is only possible within the

effective radius). An alternative approach is to study local analogs of red nuggets that are
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believed to have not gone through the second-phase evolution; i.e., “relics” [208].

Owing to its importance for our study of relic galaxies, we briefly review how the search for
relicness has developed since the first identified relic, describe the process to look for relics
following the methods/definitions in the observations and compare with physically defined
relics (as in Chapter 3), and finally investigate whether relics show a higher dark matter halo

concentration as observed in Mrk 1216.

4.1.1 Historical Development

The first identified massive relic is NGC 1277 [208], which showed a very old stellar population
(2 10 Gyr) and an effective radius that follows the stellar mass-size relationship for z ~ 2.
They postulated that this is a passively evolved analogue of massive ETGs at z ~ 2. This
was not a coincidence for a single galaxy showing such properties, as later there were other
similar observations. For example, Yildirim et al. [226] identified 16 local compact ETGs
(including NGC 1277) with such characteristics, from the Hobby-Eberly Telescope Massive
Galaxy Survey [212] which was initiated to obtain spatially resolved spectroscopic data of a
large number of galaxies with the ultimate goal of measuring the dynamical mass of their

supermassive black holes.

Following the development of telescopes and emergence of larger surveys, many more relics
were identified (e.g., Buitrago et al. [17] identified 4 relics in the survey “Galaxy and Mass
Assembly”, Spiniello et al. [185] identified 10 relics at redshifts 0.17 < z < 0.39 in the survey
“The INvestigating Stellar Population In RElics” and Lisiecki et al. [103] identified 77 relics
in the survey VIMOS!). Nevertheless, the exact definition of a relic galaxy is debatable due
to the various criteria for compactness and the lack of consensus on whether to include age

limit on stellar populations. Therefore, it is harder to compare directly the relic samples

INot exactly local red nuggets (relics) since they are at a higher redshift 0.5 < z < 1.
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from different studies.

The adoption of various definitions to define relics leads to the idea of “degree of relic”
(hereafter we call it “relicness”) [58]. Relicness is a measure of how passive an ETG in
their evolutionary path; i.e., high relicness means that they are extremely passive (ultra
compact and, in some definitions, have an extremely old stellar population). With this
idea, the relics are categorized into two groups [185]; i.e., extreme relics and relics. The
present state of knowledge does not encompass the physical origin of the relicness; e.g., it
is debatable whether it is related to the local environment around the relic (isolated versus

dense environments) [58; 179].

One of the most interesting properties that have been observed related to the extreme relic
Mrk 1216 is that it has an extremely large dark matter halo concentration [22]. There have
been only few studies on the dark matter profiles of relics and even fewer on dark matter
concentrations. Therefore, there are many unanswered questions; e.g., do other extreme
relics show high dark mater concentrations? Does dark-matter evolution follow the stellar

evolution in these relics?

With the development of hydrodynamical simulations, where they are equipped with merger
trees that can trace the growth history of halos, it has created a great opportunity to study
relics. Nevertheless, only a handful of studies have investigated relics in cosmological simu-
lations, following the definitions of relicness used in observations. For example, Wellons et
al. [222] and Wellons et al. [221] studied the evolutionary paths of massive compact galaxies
from z = 2 in the simulation Illustris (the older version of TNG300). Their main focus was
to identify the effect of the environment on massive ETGs that maintained their compact-
ness from z = 2 to z = 0. One major concern of the two studies is that they do not have
a large number of ETGs in their sample, since Illustris is a smaller box and therefore does
not produce ETGs with M, > 101 M, (the maximum sample size of massive ETGs out of

these two studies is 35 ETGs). Also, they do not focus on dark matter properties of relics
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or consider the idea of relicness in their studies.

Another study that focuses on relics in simulations is done by Flores-Freitas et al. [59], where
they use the simulation TNG50 (higher resolution than TNG300 but smaller box size). They
used a ranking system to quantify the degree of relicness and used multiple distinct systems
to define the relicness. All their systems for the definitions include multiple criteria similar to
criteria used in observations; e.g., a maximum size (stellar half-mass radius < 4 kpc or based
on stellar mass-size relationship), and age of the stellar population. They identified five relic
analogues, but including the most extreme relic, three of them lost dark matter after z = 2.
They propose that it could possibly be due to tidal effects from galaxy flybys'. Therefore, it
leads to questioning whether they are truly relics ( i.e., where there is no tidal effects from
close flybys or infalls). Also, this study suffers from having a small ETG sample because
TNGH0 has a box size of approximately 50 Mpc at z = 0. To the best of our knowledge, so
far no one has studied massive relics and their degree of relicness in a large hydrodynamical
simulation. Additionally, there is no study exploring the dark matter profiles (especially

dark matter halo concentration) of a large relic population.

This chapter is organized as follows. Section 4.2 describes the method used to select ETGs
for the study in TNG300. In section 4.3 we compare three different relic definitions from the
literature and select the best definition. Next, in Section 4.4, we analyze the dark matter
halo concentrations of the selected relics. Finally, Section 4.5 and Section 4.6 provides our

discussion and conclusions respectively.

"'When two independent galaxy halos come into contact with each other (interpenetrate) without merging,
it is known as a flyby. See Sinha et al. [178] for more details.
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4.2 Sample Selection

Although the stellar masses of massive relics are observed to be approximately 10''M,
there is a variety of mass cuts adopted in different studies (see Table 4.1). We chose ETGs
at z = 0 with stellar mass' (M,) > 5 x 10 M, to illustrate mass and size values for a
larger sample. To minimize the artificial effects of subhalo switching, we selected subhalos,
which are identified as the primary subhalo of a halo at both redshift 2 and 0. Since we are
motivated by Mrk 1216, we impose subhalo’s Mgy to be in between 102 M, and 5 x 103

M, This gives us a total of 8554 ETGs.

4.3 Different Definitions for Relics

4.3.1 Definitions

Table 4.1 shows the three different definitions we compare and the extreme relic (ultra
compact) definition used in three different studies. All definitions (except the definition for
ultra compact relics) impose a stellar mass-dependent effective radius cut-off (column Reg
constraint). Damanjov et al. [39] do not apply a cut in stellar mass or age of the stellar
population. Although Van der Wel et al. [213] use a cutoff for M, (i.e., stellar mass above
7.2 x 10'°My), they do not restrict the age of the stellar population. Trujillo et al. [206]
impose constraints on both M, and the stellar population. In Figure 4.1, we show the three

different criteria used to constrain R.g in each definition.

1Stellar mass within 30 kpc from the subfind center

93



Table 4.1: Definitions used in the literature to define massive relic galaxies.

M, constraint Stellar Age

Study Reg constraint (kpc) (M, ) (Cyr)
Damanjov Regr/ (M, /1010)9-568 < 5 55 None None
Van der Wel Rer/(M,/10M1)07 < 2.5 7.2 x 1010 None
Trujillo Reg/(M,/1011)056 < 2,72 8 x 1010 10
Trujillo ultra com- Rup < 2 3 % 1010 10
pact
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Figure 4.1: Galaxy mass-size constraint for each definition of relics.
red lines show the Reg constraints for the definitions Damjanov [39], Van [213], and Trujillo
et al. [206] respectively. The vertical dashed lines represents the mass constraints used in
the appropriate definitions and they are color coded appropriately. ETGs (grey dots) above
each line is considered a relic (for Trujillo and Van, it also requires ETGs to be to the right

of the appropriate dashed line).
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4.3.2 Performance of Different Definitions

It is ambiguous to quantify how well each definition performs in TNG300 without analyzing
the merger history of each and every relic they produce. Analyzing merger history for a large
sample is computationally expensive. Nevertheless, it is expected that these relics should
not have changed their dark matter and stellar masses after redshift z ~ 2. Therefore, we
use the fraction of dark matter mass and stellar mass evolution since z = 2 (similar to
Chapter 3) of the relic samples selected by each definition and compare their statistics (e.g.,
median, quartiles)!. Finally, we chose the best definition based on how well they constrain
the dark matter mass and stellar mass evolution (i.e., highest median of stellar and dark

matter masses fractions of evolution).

'We are not using mean and standard deviation since the the distributions are far from gaussian.
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Figure 4.2: The blue and grey color shows the fractional evolution of stellar mass and dark
matter mass respectively. The solid lines represents the medians. The boxes top and bottom
represents the 75% and 25% quartiles respectively. The whiskers extends to 90% of the
fractional mass evolution. The outliers (above or below 90% of the median) are indicated as
dots. The number of relics produced by each definition is mentioned at the bottom of each
box plot.

96



Figure 4.2 shows the box plots for the fractional evolution of dark matter and stellar masses
predicted by each definition. Dark matter mass is measured within a 100 kpc aperture and
stellar mass is within 30 kpc radial distance from the galactic center. Trujillo definition shows
the largest median for both dark matter and stellar masses and its dark matter fractional
evolution is marginally higher than the other two methods. Therefore, we select Trujillo’s

definition for the analysis in the following section.

4.4 Dark Matter Concentration of the Relics

We investigate dark matter halo concentration (cq9) of the relics that follows the Trujillo
definition. c999 and Mygg are calculated as described in Section 3.2.3. Figure 4.3 shows
ca00 and Msgy values of the whole sample (selected in Section 4.2 with the addition of extra
constraint on stellar mass following Turjillo’s deifnition; i.e., M, > 8 x 10°My). ¢y for
all the relics is overall higher than the non-relics and ACDM relation for relaxed halos from

Dutton et al. [53] (hereafter referred as cgpo from ACDM).
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Figure 4.3: Msgy — co90 for the whole sample. Blue squares and red triangles represent
relic and extreme relics selected following the Trujillo’s definition. The black line shows the

ACDM relation for relaxed halos from Dutton et al. [53].
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Figure 4.4: Fractional dark matter and stellar masses evolution values for the relics. The
color map shows the cyg. Triangles represents extreme relics while dots represents relics
that are not ultra compact.
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4.5 Discussion

This chapter demonstrated how relic galaxies are defined by integrating the idea of “degree of
relicness” in the observations and how well it predicts relics in the hydrodynamical simulation
TNG300. In the comparison of three different methods in Section 4.3, as Figure 4.2 shows the
predictions from Trujillo’s definition are not largely different from the other two definitions,
as the other two also constrain the stellar mass and dark matter evolution since z = 2.
Although all three definitions constrain dark matter and stellar mass evolution, there are
few ETGs (~ 5% of the relics) that show dark matter and/or stellar mass evolution. These
relics should be analyzed individually to determine whether the mass loss is due to a physical
process (e.g., tidal effects from flybys) or numerical issue (e.g., miss classification of particles

related to the halo by the halo finder).

Figure 4.3 shows that the relic sample selected by Trujillo’s definition shows a moderately
higher cy99 than the non-relics. The difference is not significant. Assuming the log scatter
of 200 (0e200) = 0.1 ( scatter in ACDM Msgg — g9 from Dutton et al. [53]), the total relic
sample showed a median of 0.380.999 above from ACDM ¢y relation. Extreme relics (ultra
compact) showed a little larger cogg (0.610.000 above from ACDM ¢y relation). Although
these relics are compared with cogg for relaxed halos in the ACDM model, the relics are not

tested for whether they are relaxed or not. Due to this, the results could be slightly altered.

Figure 4.4 compares the Trujillo’s relic definition with physical properties (i.e., evolution of
dark matter and stellar masses since z = 2). The fraction of relics that fits the physical
definition used in Sec 3.3.1 (i.e., at z = 2, at least 90% of the dark matter and stellar masses
have assembled), is roughly 1/3. Additionally, more than half (57%) of extreme relics will
be classified as relics from the physical definition. Also, the figure demonstrates a higher
900 for the relics, but there is not enough evidence to propose a correlation between ¢y and

relicness (both methods, which are defined following Trujillo and definition using physical
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properties).

4.6 Conclusion

We present the relic analogues in the hydrodynamical simulation TNG300 that was selected
following three different definitions used in observational studies, that is based on compact-
ness. We show that the definition used by Trujillo et al. [206], which uses an additional
constraint on stellar population’s age, is slightly suited for the simulations than the other

two.

Relicness defined based on compactness does not follow the definition based on dark matter
and stellar mass evolution (used in Section 3.3.1) completely; i.e., only one third of the
relics identifed by the compactness criteria are classified by the latter definition. We find a
higher dark matter halo concentration but it is not a significant increase (0.38 ge00) from
the ACDM c909 — Magp relationship. For extreme relics (ultra compact), this difference is
a bit higher (0.61 0.900). Overall, extreme relics show a more constrained dark matter and

stellar mass evolution since z = 2, but a larger sample of relics is needed.
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Chapter 5

Highly Concentrated Dark Matter

Halos in the TNG300 Simulation

5.1 Introduction

As we presented in Section 1.1, it is widely accepted that each galaxy is formed within a
dark matter halo. The growth of the galaxies and dark matter halos are closely intertwined,
therefore, study of the growth history of dark matter halo may serve as a valuable tool to
investigate the two-phase galaxy formation. In search of massive relic galaxies, looking for
halos that are formed early and went through an isolation growth will serve as an impor-
tant method distinct from the two other methods we employed in Chapter 3 and Chapter
4. The dark matter halo concentration (e.g., cso) is possibly one of the best estimators
that is related to the halo formation history and environment around galaxies. Motivated
primarily by the estimation of extremely high dark matter halo concentration (cspg) of the
massive relic Mrk 1216, we briefly review how well the simulations can be used to com-

pute the concentrations, describe the method we adopted to compute the concentrations
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for the hydrodynamical cosmological simulation TNG300, and finally investigate the proper-
ties including stellar mass-size, gas fractions, and environmental effects for extremely highly

concentrated halos.

5.1.1 Dark Matter Halo Density Profile

Following the spherical collapse model, it is predicted that the initial matter overdensities
collapse to form a system that reaches an equilibrium state that satisfies the virial theorem,
through violent relaxation!. This virialized structure is called dark matter “halo” and for an
EdS cosmology?, it is shown that the dark matter halo can be characterized by an overdensity
(p); p = 178 by, [32] where p,, is the mean matter density of the universe (since in an EdS

universe p,, is the same as the critical density p,., in general p. is used to define overdensity).

Virialized dark matter halos do not have a well-defined boundary, leading to numerous
ways to define the mass and the size of the halo. The most common method is to use the
“virial radius” (Ra), defined as the radius of a sphere that encloses a spherically averaged
overdensity of A.p., where A, is the critical overdensity for virialization. Although in an
EdS universe A, ~ 178 throughout the whole time, but, in the ACDM universe where dark
energy becomes dominant at later times, A. drops. Therefore, typically a fixed value (A) is
used for the overdensity that is greater than A.; e.g., A = 200 (most frequently used), 500,

2500. Following the definition of R, virial mass (Ma) is given by

4
Mp = %Apcr?’A (5.1)

Tt is a collisionless relaxation where orbital energies are redistributed in a strongly-time varying gravi-
tational potential (see Lynden-Bell [106] for more details).

2Einstein-de Sitter cosmology defines the universe as flat, matter dominated without the cosmological
constant.
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Few decades ago, using N-body simulations, Navarro, Frenk, & White [134, 135] showed
that the spherically averaged density profile of relaxed halos can be modeled by a two-free

parameter function (that is, the NFW model);

5pc7"it

p(r) = I ) (L+ /) (5.2)

where 7, is called the scale radius which is assigned to the radius where the logarithmic
slope of the density becomes -2. r, is related to the concentration of the halo, therefore,
it is used to define the concentration (ca) within a virialized region of the halo (r < Ra);
ca = Ra/rs. Due to the popularity of overdensity 200 (A = 200), it is more common to
use co9 to quantify concentration. Although in some cases it is more useful to use other
estimators; e.g., cos0p is frequently used in studies that use X-ray emitting gas to map the
halo mass profile of local massive ETGs. Because X-ray observations typically capture data

only up to a smaller radius ~ Raso (e.g., Mrk 1216 [22]).

Halo concentration is a vital characteristic of a halo, that depends on various properties of
the halo and the environment. The most primary property initially found by Navarro et al.
[134], is its mass dependence ( Magp); i.€., ¢agp is anticorrelated with Mgy (we discuss in detail
in Section 5.1.2). Additionally, Bullock et al. [19] found some interesting characteristics of
median ¢, for a given halo mass'; 1) Redshift dependence; inversely proportional to (1 +

z), 2) Environment dependence: greater for halos in dense environment.

Halos interact with their environment constantly and some times it can lead them out of their
virial equilibrium which are being called “unrelaxed” halos. There are few different metrics
adapted by different studies to classify these two categories, with overlapping conditions [109]

and some imposing more constrains [140] and we will discuss in the section It has shown

'For halos in the mass ( M) range 101t — 101 h=1 M.
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that unrelaxed halos don’t follow NFW well compared to relaxed halos [208].

5.1.2 Concentration Dependence on Mass

There is overwhelming evidence for a negatively correlated median halo concentration - mass
relationship at a given redshift [19, 52, 53, 163] and usually the relationship is fitted as a
power-law. In general, most studies explore the median relation cogg — Magg, but there are
few studies conducted on ¢y — My, [19, 53] and ca500 — Maso [163]. From here on, we choose
Co00 — Moo as the median dark matter halo mass - concentration relationship, unless it is

specified.

One of the largest studies on this relation is conducted by Dutton et al. [53], where they
have studied more than 90 000 halos at z = 0 using 12 N-body simulations. Therefore,
it is popular to use their results as the expected relation in ACDM model. In this study,
it was confirmed that for a given Mo, cooo follows a log-normal distribution that has a
scatter (0jg. ~ 0.1) about the median. Bullock et al. [19] argued that the physical origin
of the scatter is for various reasons including, due to the complicated formation histories of
the halos (i.e., interactions with other halos and tidal stripping that halos go through) and
the local environmental effects. The environmental dependence can affect c¢; in numerous
ways. First, in general, halos in a dense environment typically collapse earlier (because
the universe was denser), resulting in a larger c;. Second, halos that reside in a dense
environment are likely to experience extreme collapse histories and frequent merger events.
Third, tidal stripping may lead to higher a c,;, in halos, as it may cause steepening of their

outer density profile [145].
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5.1.3 Observations

There are a variety of methods to estimate cogg in observations. The two most popular
methods utilize X-ray emitting gas and gravitational lensing separately. The first method,
X-ray observations, hydrostatic equilibrium analysis of the hot gas is employed to estimate
the concentration. Although this method produces reliable results, for a massive local ETG,
its temperature profile is limited to a smaller radius (e.g., ~ Ras00), therefore, typically for
2500 18 calculated and then its extrapolated to Ragg to estimate cogo (under the assumption

that the halo density profile follows the NF'W profile up to Ragg).

Few galaxies with extremely high dark matter halo concentrations (i.e., ca00 > 5000 ) have
been observed including NGC 6482 [20], NGC 1600 [170], Mrk 1216 [22]. While the first
two are considered to be fossil groups (isolated elliptical galaxy surrounded by an extended
bright X-ray halo [159]), Mrk 1216 is identified as a massive relic galaxy. Since fossil groups
have an early formation time, it is expected to have concentrations that are positive outliers
in the concentration - mass relation. It is currently uncertain if massive relics are positive
outliers in concentration. In Chapter 3 and Chapter 4, we presented evidence that the
massive relic population in TNG300 does not show a large positive cop9. In this chapter we

explore whether extremely highly concentrated halos can be identified as massive relics.

This chapter is organized as follows. Section 5.1.2 presents the method we implemented
to derive the concentration-mass relationship for halos in TNG300, Section 5.3 we analyze
properties of concentration outliers and search for galaxies similar to Mrk1216, Section 5.4

provides our discussion and finally Section 5.5 provides our conclusions.
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5.2 Dark Matter Concentration - Mass Relation in

TNG300

5.2.1 Sample Selection

All selected subhalos are identified by the SUBFIND algorithm, and the data are publicly
available. Motivated by the relic galaxy Mrk 1216 which is a massive compact galaxy (Magg >
10*2My,), we choose the My accordingly for the selection at z = 0. The summary of the

selection criteria is

° 1012M@ < M200 <3 x 1013M@.
e Primary subhalo at z = 0

e Subhalo flag =1

The subhalo flag indicates whether the subhalo has a cosmological origin or not. Not all
objects recognized by the SUBFIND (see Section 2.2.1) could be considered as galaxies. Some
subhalos may not have collapsed as a result of the structure formation process. The subhalo
flag = 1 indicates that the subhalo structure has collapsed from the galaxy formation model

and has enough baryonic mass. This produces a sample of 31060 halos (hereafter sample A).
We also choose a subsample of relaxed halos. Relaxation of a halo is determined by two

criteria that depend on the following metrics (following Neto et al. [140]),

e Center of mass displacement (dcas): deas is defined as the offset between the center
of mass (coordinates X.,) of the halo and the subhalo center (coordinates X.); i.e.,

dCM = ’Xcm - ch|/R200-
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e Substructure mass fraction (fs;): The dark matter mass fraction in resolved subhalos
(except the primary subhalo) whose centers (the minimum gravitational potential) lie

.. . . N, .
inside a sphere of radius Rago; i.€., foup = ;0 MY, [ Mogo.

The relaxation criterion for a halo is dey < 0.07 and fg,, < 0.1 (the same as in Neto et al.

[140]). This resulted in 17124 relaxed halos (hereafter sample R).

5.2.2 Method to compute cp

First, we calculate ca (oversendity A = 200, 2500) for all halos within that mass range. All
halos dark matter profiles are fitted for the NFW profile. Following the work of Chen et al.

[27], we calculate ca using the following algorithm.

1. Take equally space radial 20 bins in log-space from the halo center to ra

2. for an assumed ca, using the equation calculate expected Ma for the NFW profile for

the radial bin i, (MNW)

3. Find the ca minimizing the x? given by,

20

[]\4z _ MNFW]2

X*(c) = (5.3)

i=1
where M; and N; are the total dark matter mass and the number of dark matter

particles in the radial bin i, respectively.

/ (07“/ 7"200)

M<< ’T‘):MQOO f(c)

(5.4)

where f(c) =In(1 +¢) — 152
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5.2.3 Concentration - Mass relation

We compare the power law fits (i.e., cogp = AME,)for all the halos in the sample and
relaxed halos in Figure 5.1. In the left plot, our fit (purple line) agrees well with the ACDM
relation (maximum deviation of 15% from ACDM). Following a similar process, we fit a
power law for cas09 — Maseo (used Rasoo which is inferred directly using the mass profile; i.e.,
not using inferred r990) for the same two samples; i.e., all and relaxed halos and it is shown
in Figure 5.2. To our knowledge, there are no studies in the literature that have calculated
the o500 — Masoo relation (Ragagnin et al. [163] has derived, but for galaxy clusters with
mass Mgy > 10*My). For both relationships, the scatter around the median mass for a
mass bin of size 0.2 dex is 0.1 and does not vary much with mass (in the range; 0.10-0.14).

At least for cogg, this agrees well with the scatter shown in the ACDM relation.
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Figure 5.1: ¢y and Mago for all the halos (left) and relaxed halos (right) in the TNG300.
The dashed black line is the cg09 — Magg relation for relaxed halos adopted from Dutton et al.
[54]. Each dashed line other than black indicates the positive deviation from the Dutton’s
relation. The number of halos in each Mgy and cg09 bin is displayed, respectively, by two
histograms that surround each main plot.
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Figure 5.2: ¢a500 and Moasgo for all the halos (left) and relaxed halos (right) in the TNG300.
The black line represents the power-law fit we obtained for each sample. Each dashed line
indicates the positive deviation from the co500 — Masop relation (black line) that we obtained.
The number of halos in each Mas09 and co509 bin is displayed, respectively, by two histograms
that surround each main plot.
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5.3 Highly concentrated dark matter halos

5.3.1 Comparison of cy509 with coq

In this section, we select halos that are positive outliers; i.e., at least 20.ao above the median
ACDM relation. In Figure 5.3, we plot the co509 in terms of the deviation from the median
ACDM relation for the ¢y outliers. Although there are more outliers in ca509 (325 halos)
than in ceg0 (191 halos), o9 is more spread, reaching over 5o, while o509 is more concentrated

in a smaller range of deviations.

Those two figures illustrate that it is not trivial to assume that if a density profile of a halo
follows the NFW profile for » < Ra500, the validity of the NFW profile can be extended to
the outer region. For a selected o.a less than 3, it has a significant scatter, although for co500
outliers the scatter is significantly larger than for cyp. We present Figure 5.3 as a control
plot to illustrate the scatter for halos near (within 0.005 oc209) the ACDM relation. It shows

that there is a significant scatter in cy5099 for halos that follows cogg — Mogg relation.
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Figure 5.3: 0.500 values for o909 outliers in the simulation TNG300. Black dashed line
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Te200) in the simulation TNG300. Red dashed line represents co509 = 0.

5.3.2 Evolution of Masses

We used the method used in Section 3.3.1 to analyze the evolution of dark matter and
stellar mass since z = 2. We only considered outliers that are above 2.50.o and separated
the outliers into four bins. We plot the fraction of evolution in dark matter and stellar
masses for both co500 and cogg outliers in Figure 5.2 and Figure 5.1 respectively. In both
figures, halos at the highest end of the concentration range (above 3.750 500 Or 50¢200) show
a more constrained evolution of dark matter and stellar mass since z = 2. All of them show
dm fractions above 1; i.e., dark matter mass has lost after z = 2. Only 1 of the halo shows

a loss in stellar mass after z = 2.

The upper middle range (3—3.5 0.200) has most of the halos exhibiting fractional dark matter
mass evolution above 1 (70% of the halos in the range), while only a few halos have fractional

stellar mass evolution above 1. The smallest outliers shown (e.g., between 2.5-3 02500 and
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0e200) have a very flat distribution in stellar fraction between 0 — 1.2. The dm fraction is
more concentrated at large values between 0.7 — 1.05 though there are some that extend

down to 0.3 and up to about 1.4.
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Figure 5.6: Fraction of dark matter and stellar mass evolution for outliers (> 2.50.9500) in
Cas00 — Mas00 TNG300. Halos in the region at the top right corner bounded by the dashed
lines, can be identified as relics according to the definition used in Section 3.3.1. N is the
number of halos in each o500 bin.
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Figure 5.7: Fraction of dark matter and stellar mass evolution for outliers (> 2.50.909) in
Ca00 — Msgo TNG300. Halos in the region at the top right corner bounded by the dashed
lines, can be identified as relics according to the definition used in Section 3.3.1. N is the
number of halos in each ¢y bin.

5.3.3 Gas Properties

First, we noticed an interesting property that the largest outliers in cggg (i.€., > 50e00) do
not show any trace of gas' at z = 0. In Figure 5.8, we plot the fraction of halos with a gas
mass fraction within Ro509 of the halo, greater than 0.001, with respect to the total number
of outliers more than the appropriate value. For example, the fraction at the first red data
point = (Number of outliers with gas and at least 2.50.900)/(Number of outliers with at
least 2.50.000). The gas mass considered for the calculation, is within Ras09 radius from
the subhalo center. We also notice that it produces the same result for the hot gas-mass
fraction. Our results suggest that high-concentration halos tend to loose mass, although a

larger sample of relics is needed to quantify and confirm such a relation.

!Note: Gas includes both hot and cold components.
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Then, we separate the gas mass into two components by the temperature (i.e., hot and
cold). The temperature of a gas particle is calculated under the assumption of a perfect
monoatomic gas (see APPENDIX D for the method we used to calculate the temperature).
We defined hot gas as gas particles with a temperature(T) > 10° K. Figure 5.9 shows the hot
gas mass fractions within Raso9 from the subhalo center and halo dark matter concentration

(in terms of scatter (oa) in the ca — Ma relation).
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Figure 5.8: Fractions of halos (number of halos with gas/number of halos in the ca interval)
in TNG300, with gas (hot + cold gas) and ca (for A = 200, 2500) in terms of scatter (cx)
in ca — Ma relation. We used opee = 0.1 dex for both A = 200, 2500. The fraction is
calculated respect to the sample of halos with ca > o outliers; e.g., the fraction at the first
red data point = (Number of outliers with gas and at least 2.5 0.900)/(Number of outliers
with at least 2.5 0.900). All gas considered are within Ry509 radius from the subhalo center.
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Figure 5.9: Hot gas fraction within a radius of Ras0p and ca (for A = 200, 2500) in terms
of scatter (oa) in cao — M relation. The black solid line represents the gas fraction for Mrk
1216. The dashed line are at fraction values 0.03 and 0.01 which we use to select halos with
gas fractions similar to Mrk 1216, for our analysis in the following section.
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5.3.4 Environmental Effects

We explore the interaction between the selected halos (outliers > 2.50.900 ) and its neigh-
bourhood. We define the neighborhood as the space inside a cube of size 500 kpc! where the
halo center (subfind center) is located at the center of the cube. Then we look for any flybys
or tidal stripping by looking at the growth history of each halo and if there is any subhalo
(at least with a total mass of 0.1 x Mj(z) where M(z) is the total mass of the selected

outlier halo at redshift z) that moves inside the neighborhood from redshifts z = 2 to z = 0.

We find an interesting property in the extreme outliers in cogg (i.€., 00 = Hoe200; @ total of
5 halos), that all showed many flybys after = = 0. They all have had a subhalo at least 0.5

times massive as the outlier halo within 100 kpc from the center.

5.3.5 Mrk 1216 Analogues

After a rigorous analysis on mass profiles, growth history, and isolated growth of the con-
centration outliers, we select a few halos that have properties closest to the relic galaxy Mrk
1216. In Table 5.1 ,we present properties for a couple of selected outliers in cy509 that mimic
some properties of Mrk 1216. We have included the best-fit values for oo (row 3), statistical
error (1o), and the value for the strong possibility of adiabatic contraction (AC). Even un-
der the possibility of strong AC, Mrk 1216 is over 40 outlier. But with the combination of
statistical error and the systematic error (i.e., adiabatic contraction), co500 lowers down to

3.50.9500 outlier, which is in the range of outliers we found in the TNG300 that are similar

to Mrk 1216.

We consider subhalo 1225888 as the closest analogue for Mrk 1216 as it matches the gas and

stellar mass closely to Mrk 1216. Also, it does not show a large stellar mass and dark matter

IThe selection of 500 kpc is somewhat arbitrary. A larger value (e.g., 1 Mpc) can be chosen but it will
increase the computational time significantly.
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growth after z = 2.

Table 5.1: Properties for Mrk 1216 analogues

M, Moo Mdm._y Ms_y A8€

Id 02500(0200) (1010M®) (1012M@) ng2500 Mdm.—g Mro—p (Gyr)
1754066 :())2611) 5.3 1.32 0.086 0.89 054 95

3.02
1225888 (2.63) 10.39 7.27 0.017 1.22 081 118
Mrk a
1216 5.7 (5.8) 13 1.32 0.028 - - 12.8
Stat. 5.17
error (5.2)
Strong  4.45
AC (4.5)

* Enclosed total mass (BH+stars+gas+DM) [22].
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Figure 5.10: Growth history and star formation rates (SFR) history for the subhalo 1225888.
(Bottom panel) The values for star formation rates are publicly available [51, 156]. SFR is
calculated by taking the time-averaged stellar mass (within a given aperture) that was created
within 200 Myr from the considered snapshots. Each color in the bottom panel indicates the
aperture used to measure the stellar masses for the SFR calculation. (Top panel) Number
of neighbors indicates the total number of neighbors the outlier halo has had since z = 2.
The mass indicated by different colors represent dark matter (dm), stellar mass (stel), black
hole (bh), gas respectively. All the masses include all the particles that are identified by the
halo finder.
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Figure 5.11: Growth history and star formation history for the subhalo 1754066. (bottom
panel) The values for star formation rates are publicly available [51, 156]. SFR is calculated
by taking the time averaged stellar mass (within a given aperture) that was created within
200 Myr from the considered snapshots. Each color in the bottom panel indicates the
aperture used to measure the stellar masses for the SFR calculation. (top panel) Number
of neighbors indicates the total number of neighbours the outlier halo had since z = 2. The
mass indicated by different colors represent dark matter (dm), stellar mass (stel), black hole
(bh), gas respectively. All the masses includes all the particles that are identified by the halo
finder.
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5.4 Discussion

This chapter demonstrates the dark matter concentration and mass relation for primary
subhalos in TNG300 simulation. For the power law fit, we considered relaxed halos, which
were determined by the definition explained in Section 5.2.2. We did not impose the third
criterion (i.e., virial ratio) for relaxed halos that has been used in Neto et al. [140], because
it was mentioned in the work by Bhattacharya et al. [15], that it will not significantly change
the relaxed halo sample. In the literaure in some occations, mean (e.g., Maccio et al. [108])
or median cgp9 — Mago has been derived (e.g., Bhattacharya et al.[15]) which are in consistent

with the Dutton et al. result.

We assumed a NFW profile for calculating ca but not all the halos follow the NFW profile.
Einasto profile [55] is an alternative which has shown a steeper concentration - mass relation
[53].  Although Einasto profile is more robust (more degrees of freedom) than NFW, it

introduces numerical complications which make it computationally expensive.

As displayed in Figure 5.7 and Figure 5.6, most of the high ca seem to be the result of flybys.
In a flyby, two galaxies come really closer (within ~ 100 kpc for these halos) and their dark
matter halos (since they reach out to larger radial distances) interact with each other. As
shown in APPENDIX C, such flybys strip off the outer DM (and gas) leaving a steeper (i.e.,

more concentrated) profile.

There are a variety of methods to compute ca including density profile fit (e.g., Dutton
et al. [53]), using the maximum circular velocity (Vju..) of the halo (e.g., Klypin et al.
[87]). The V4 and density profile methods produce similar concentrations except for higher
redshifts and especially higher masses [160, 53], where the V.., method produces higher
concentrations. It is expected because any deviations from a NF'W profile are expected to
cause the scatter in Vmax to increase [53]. We compare only with the V},,, method, and

the results are consistent.
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There are only 5 halos with halo concentrations above 50 of the ACDM relation. A low
number such as this is expected since there are only ~ 30000 halos in the selected mass
range. To have a more rigorous analysis on extremely high concentrated halos, a larger halo

sample is needed; i.e., hydrodynamical simulation with a larger box.

5.5 Conclusions

We have explored the dark matter halo concentration - mass relationship for halos within
the mass (May) range 1012M,, — 3 x 103 M, and it is consistent with the median ACDM
(relationship in Dutton et al. [53]). To our knowledge, for the first time we have presented
the median co509 — Masoo relationship. Both cggg and cos09 show a log-normal distribution for
a given mass and have the same scatter (log., = 0.1). Our results indicated that it is not
trivial to assume that if a density profile of a halo follows the NFW profile for » < Ra509,

the validity of the NFW profile can be extended to the outer region (i.e., Rag)-

By calculating gas fraction for the halo dark matter concentration outliers of concentration
- mass relation, we have displayed that as concentration gets higher in the outliers sample
fewer halos show gas. Extremely high-concentrated halos show no trace of gas at redshift
0. Additionally, they show many interactions with other subhalos since redshift 2. Taken
together, these observations suggest that the tidal effects of flybys and gas stripping may
produce extremely concentrated halos, although we believe that a larger sample is needed
to confirm this hypothesis. These halos might be classified as relics following the physically
motivated relicness definition (as in Section 3.3.1), but they all show signs of tidal effects

from galaxy flybys, and therefore, they have not gone through passive, isolated evolution.

After going through mass assembly history and interaction with neighboring halos, we have

shown that hot gas fractions similar to Mrk 1216, are to be found for less extreme outliers.
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Chapter 6

Conclusions

6.1 Summary

This thesis has demonstrated the potential of cosmological simulations to investigate and
to provide fresh insights into the theory of galaxy formation and search for massive relic
galaxies. First, we derive the galaxy mass-size relation for early-type galaxies (ETGs) and
compare it with observations. Then, we explore and compare two distinct approaches to
searching for relic galaxies in the simulation TNG300. Finally, to our understanding, for the
first time, we investigate halos of galaxies on the massive galaxy scale, which are positive
outliers from the ACDM dark matter halo concentration- mass relationship. In closing this

section, we summarize the key findings as follows.

e In Chapter 2, we derived the median mass-size relationship at two redshifts z = 0 and
z = 2 using multiple estimators for size including the half stellar mass radius and the
half light radius, for ETGs with My between 102 M, and 5 x 10 M. Our derived
median mass-size relation for z = 0, which adopted the half-light radius estimated for

the dust corrected brightness profile, is in good agreement with observations (within
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10% of SDSS predictions and 15% of Vanl4). By showing the existence of massive
ETGs that show a difference over 15% between dust-corrected and raw half-light radius,

we corroborate the importance of employing dust effects on star light.

Contrary to the popular application of overdensity-based radius, we showed an aperture
of 100 kpc from the halo center is best suited to quantify the passiveness of dark
matter mass growth of halos. We have shown that the relicness defined physically
corroborates the definition based on compactness that has been used in observations.
Although we have presented some evidence that the relicness of ETGs defined by
physical criteria is positively correlated with dark matter halo concentration (cqn), we
did not find conclusive evidence to suggest that the concentration of halos with Msg
above 1013 M, show a higher concentration than the predicted value from the ACDM

Cap0 — Mogo relation.

Having a number of ways of defining the compactness of massive relic galaxies in the lit-
erature, we have shown that the definition adopted by Trujillo et al. [206] is marginally
better than the other two definitions we compared with (the median of the fraction of
stellar mass at z = 2 to z = 0 is 5% larger than Van [213] and 20% larger than Daman-
jov [39]). Interestingly, we have found that the massive relics (M, > 10 M) selected
from Trujillo’s definition show a higher dark matter halo concentration especially for
low mass halos (Myy < 10'®M,). However, we did not find any extreme outliers of

concentration similar to Mrk 1216 in the relic sample.

The derived cg99 — Mg relationship for halos with mass 10*2My < Moy < 5 x 1013 M,
is in good agreement with the relation derived by Dutton et al. [53]. To our knowledge,
for the first time we have presented the median co500— Masgp relationship for the galaxies
in a simulation (Ragagnin et al. [163] has derived, but for galaxy clusters with mass
Moog > 1014M@). We have shown that positive outliers in co509 are not necessarily

outliers in cy9 implying that halo dark matter profiles may deviate from the NFW
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profile at larger radii. Extremely high-concentrated halos did not show any gas at
redshift 0. Furthermore, they showed many interactions with other subhalos after
redshift 2. They also showed growth in dark matter mass within 100 kpc from the
center after z = 2. Combining these observations we have concluded that the extremely
high concentration halos in TNG300 have been affected by the tidal effects from flybys,
although we believe that a larger sample is needed to confirm this hypothesis as we have
only found a handful of high positive outliers in TNG300. In addition, we have shown
that some of these halos might be classified as relics following the physically motivated
relicness definition (as in Section 3.3.1), but they all show signs of tidal effects from

galaxy flybys; therefore, they have not gone through passive, isolated evolution.

We have explored the dark matter halo concentration - mass relationship for halos
within the mass (Mog) range 1012 M, —3 x 103 M, and it is consistent with the median
ACDM (relationship in Dutton et al. [53]). Both cogo and o500 show a log-normal
distribution for a given mass and have the same scatter (log., = 0.1). Our results
indicated that it is not trivial to assume that if a density profile of a halo follows the
NFW profile for r < Ras09, the validity of the NFW profile can be extended to the outer
region (i.e., Ran). By calculating gas fraction for the halo dark matter concentration
outliers of concentration - mass relation, we have displayed that as concentration gets
higher in the outliers sample fewer halos show gas. Extremely high-concentrated halos
show no trace of gas at redshift 0. Additionally, they show many interactions with
other subhalos since redshift 2. Taken together, these observations suggest that the
tidal effects of flybys and gas stripping may produce extremely concentrated halos,

although we believe that a larger sample is needed to confirm this hypothesis.
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6.2 Future Prospects

This thesis has provided an initial exploration into areas that have either been scarcely
investigated or completely overlooked. To our knowledge, no one has studied massive relic
galaxies in cosmological simulations that are isolated similarly to the relic compact galaxy
Mrk 1216. Since the few relics we found do not have gas, we have to ask “Do any relic galaxies
in simulations have a particularly high concentration of dark matter and gas fraction, such
as Mrk 12167” As shown in Figure 5.8, the number of galaxies of high concentration with gas
tends to drop with concentration. Clearly, a detailed study of a larger sample of halos would
provide better statistics and test this claim regarding the loss of gas in high concentration

galaxies. Do all extremely high concentration halo show tidal effects in their outer shells?

As computational power advances, simulations larger than TNG300 have been developed
with a level of resolution comparable to that of TNG300. One of the most promising simula-
tions that has finished its run last year is the simulation “MilleniumTNG” [71]. It is almost
15 times larger than TNG300 in volume. The data will be accessible to the scientific com-
munity in 2024. In addition, there is already publicly available hydrodynamical simulation
Magneticum Pathfinder Box 2b/hr that has a box size of ~ 1000 Mpc. These simulations
will provide a great test ground for the search for halos with extremely high concentrations

and will answer those questions.

Another path that needed to be explored is the effect of including satellite subhalos in
the sample. This may make the sample large enough to produce more extremely high
concentration halos, but it may introduce bias effects by having more tidally affected subhalos
(Rodriguez et al. [167] showed that satellites in TNG300 are roughly 30% smaller than

primary subhalos due mainly to tidal stripping).

The effect of local environment on the halo concentration and mass - size relationship need

to be explored. We have explored the environmental effects on high concentration halos in
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Section 5.3.5 where we defined the environment as a cubic space with a size of 500 kpc. This
definition is somewhat arbitrary and there are numerous ways (see Muldrew et al. [129] for
a review) to define the environment including, the distant to the nth nearest neighbor (n =

3,4, 5..) and aperture based similar to we adapted (e.g., a sphere with a radius of 1 Mpc).

Another important property of relics that we have not investigated is their black hole masses.
One interesting property of the local massive ETGs in the work by Yildirim et al. [226] is
that a couple of galaxies (e.g., NGC 1277, Mrk 1216) that are believed to be relics have
extremely massive black holes. Although the black hole masses of these ETGs are consistent
with the black hole mass - stellar dispersion (Mpy — 0, relation, they are overmassive relative
to the black hole mass - bulge luminosity (Mpy — Lpw) and black hole mass - bulge mass
(Mpy — Myy) scaling relations [31]. Do the relic galaxies or dark matter halo concentration
outliers show a similar trend? A direct evaluation would be difficult as it has shown by Li
et al. [100] that hydrodynamical simulations similar to TNG300 (e.g., TNG100) produce a

Mpn — o, with a noticeable deviation from the observed Mpy — 0.

As we have only employed a nonparammetric method to infer sizes, there are other methods
that are worth exploring including Sersic fitting. To our knowledge, no one has studied
how the multicomponent Sersic fits would affect the mass-size relation in hydrodynamical
simulations. For example, although ETGs are less structured compared to spiral galaxies,
Huang et al. [77] proposed that local ellipticals generally contain three structural components;
therefore, the majority of ellipticals are not well described by a single-component Sersic
fit but by a three-component Sersic fit. Is there a better suited radius to investigate the
formation of ETGs other than a half-light radius fitted from a single component Sersic

profile or nonparametric method?”.

I hope these questions will find solutions with the upcoming and existing cosmological sim-

ulations.
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