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Abstract

Galaxy clusters are massive, gravitationally bound objects composed of a large pop-
ulation of galaxies. Each of these galaxies occupies a dark matter halo and collectively
the cluster has its own extended halo. Cluster halos can be described by many structural
properties including their mass, concentration, shape, spin, and asymmetry. These prop-
erties, among others, can be used as proxies to constrain cosmology. The issue with galaxy
clusters is that they are still assembling at the present-day. These clusters primarily grow
through mergers, where smaller systems coalesce to form larger ones. If the mass ratio
between the two merging components is sufficiently large (i.e. 3:1 or below), this is known
as a major merger. The effect of major mergers is to significantly redistribute the matter
distribution in the host system. This leads to pronounced fluctuations in the cluster’s
structural properties during the merger, making measurements of these properties hard to
interpret. Therefore, accurately predicting how cluster properties vary during mergers is
important in order to use them as a cosmological tool.

In this thesis, we use simulations to study how the structure of remnant systems evolves
during mergers. These simulations consider the merger of two isolated components, each
represented by truncated Navarro-Frenk-White (NFW) profiles. We find that mergers pro-
duce oscillations in structural parameters for both the overall remnant and the host system.
For example, the host halo’s concentration experiences one of two types of responses to
the satellite’s motion depending primarily on the pericentric passage distance of the orbit.
Given the simulation results, we present a semi-analytic model for the evolution of structure
in remnant systems due to isolated, binary mergers. The model consists of two components,
a treatment for the orbital evolution of the satellite and a prescription for changes in the
host halo’s potential. This second component is often neglected when modeling satellite
orbits in minor mergers. Interestingly, we find that adding a host halo response model has
little impact on the orbital evolution of the satellite and its mass loss. In contrast, this
model must be incorporated in order to accurately predict how the remnant’s structure
changes after the satellite first passes pericentre. While our model generally works well
at replicating the median concentration for the first two orbits, it is unable to recreate
any of the remnant’s anisotropy properties (i.e. shape, spin, and asymmetry). Overall,
our results provide a framework for analyzing the response of cluster halo properties to
mergers in more realistic scenarios.
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Chapter 1

Introduction

1.1 �CDM and Dark Matter Halos

To date, the prevailing theory is that the Universe follows a Lambda Cold Dark Matter
(�CDM) cosmological model, a parameterization of the Big Bang cosmological model in
which the Universe is spatially 
at and consists of three major constituents: radiation,
matter, and dark energy (Ostriker & Steinhardt, 1995; Carroll, 2001; Spergel et al., 2007).
The radiation component is composed of photons and neutrinos, and contributes the least
to the total energy density. The matter component is split between two types: ordinary
matter (baryons and leptons) and cold dark matter. In this context,cold indicates the
matter is non-relativistic, moving slowly compared to the speed of light, whiledark means
the matter weakly interacts with ordinary matter and electromagnetic radiation. The
largest component is dark energy, a uniform vacuum energy density with negative pressure
(Copeland et al., 2006). It is widely considered to be a cosmological constant, denoted
by �, causing the accelerated expansion of the Universe. While the �CDM model has its
discrepancies (see e.g. Bullock & Boylan-Kolchin, 2017; Perivolaropoulos & Skara, 2022,
for reviews), it successfully explains many observed features of the Universe including the
abundances of light elements (Cyburt et al., 2016), the large-scale structure (Reid et al.,
2010), and the acceleration of cosmic expansion (Astier et al., 2006).

Recent analysis of the cosmic microwave background (CMB) observed by the Planck
satellite place constraints on the present-day density of each component (Planck Collabo-
ration et al., 2020). Analysis of the shape of the CMB power spectrum constrains the late
Universe densities to be: a radiation density 

 = 5:4� 10� 5, a baryon density 
 b = 0:049,
a matter density 
 m = 0:315, and a dark energy density 
� = 0:684. Here, these are
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de�ned in terms of dimensionless density parameters,


 i =
� i

� crit
(1.1)

where � i is the physical density of thei th component, � crit = 3H 2
0=(8�G ) is the critical

density of the Universe (Mo et al., 2010), andG = 4:498 � 10� 15 Mpc3=(Gyr2M � ) is
Newton's constant. Both of these quantities are measured at the present time. The critical
density describes the required density of the Universe for it to stop expanding in the case
of zero cosmological constant. It depends on the Hubble constant,H0, which quanti�es the
expansion rate of the Universe. This parameter itself is often written in a dimensionless
form as well,h = H0=(100 km s� 1 Mpc� 1).

Evidence supporting the existence of dark matter has increased substantially over the
last century. The earliest of this comes from observations of the Coma cluster by Zwicky
(Zwicky, 1933). His �ndings suggested that there needed to be 20 times more mass present
than inferred from the distribution of visible stars and gas in order to keep the cluster
dynamically stable given its large velocity dispersion. Almost 40 years later, Rubin &
Ford (1970) would eventually establish that a signi�cant component of dark material was
required in order to explain why the rotation speeds in the outskirts of galaxies were
far higher than could be accounted for by the visible matter alone. In the modern day,
the best evidence for dark matter relates to the CMB power spectrum, where the ratio
of the second to third acoustic peaks constrains the ratio of the baryonic to non-baryonic
matter (Mo et al., 2010). As discussed above, the most recent CMB measurements (Planck
Collaboration et al., 2020) suggest there is� 5:4 times more dark matter than baryonic
matter in the Universe.

In the early Universe, the dark matter distribution (and the overall matter distribution)
was homogeneous with only small 
uctuations about the average density (Carroll, 2001).
The growth of structure then comes from the gravitational collapse of regions around these
density 
uctuations. This occurs hierarchically, where the smallest objects form �rst and
grow through mergers. Suppose the density perturbation of a region of space is de�ned as
� = ( � � �� )=�� , where �� is the average density. Then, overdense regions of space (� > 0) will
collapse to form structure, while underdense regions of space (� < 0) will become largely
void of matter. If the 
uctuations are small (� � 1), linear perturbation theory can be
used to describe their growth (see e.g. Peacock, 1999; Mo et al., 2010). Only structures on
the largest of scales fall into this regime.

On small scales (� > 1), the growth of structure is highly non-linear and requires nu-
merical simulations to predict. Qualitatively, the results of these simulations demonstrate
that dark matter clusters into sheets and �laments. Between these structures are voids,

2



Figure 1.1: Large-scale structure of the Universe at the present day depicted through its
dark matter distribution, based on the Millennium Simulation (Springel et al., 2006). The
scale bar illustrates a length scale of 125 Mpc=h.

largely empty space originating from the expansion of underdense regions. The points
where �laments intersect are known as nodes, and dark matter halos correspond to the
higher density, roughly spherical regions in the nodes. Within larger halos, smaller sub-
halos may exist as they merge from the surrounding �laments. Overall, the underlying
structure of the Universe is known as the cosmic web (Bond et al., 1996). Fig. 1.1 depicts
a snapshot of the Universe at the present-day from a dark-matter-only simulation (Springel
et al., 2006), illustrating the cosmic web. Simulations including baryons �nd the same gen-
eral structure (see e.g. EAGLE in Schaye et al. 2014, IllustrisTNG in Vogelsberger et al.
2014, and FLAMINGOs in Schaye et al. 2023).
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In the non-linear regime, the nature of structure formation is complex and cannot be
determined analytically. However, simple analytic models for the formation of dark matter
halos have been proposed. One of these is the spherical collapse model introduced by Gunn
& Gott (1972). Consider a small positive spherical perturbation of density� = �� (1 + � )
at time t in an otherwise homogeneous Einstein-de Sitter Universe (i.e. no curvature,

 m = 1, 
 � = 0). Of this mass, consider a shell of radiusr encompassing a massM i . We
are assuming the mass enclosed by the shell remains constant as its radius evolves. The
equation of motion of the shell is then,

d2r
dt2

= �
GM i

r 2
(1.2)

which can be integrated once to �nd,

�
dr
dt

� 2

=
2GM i

r
� " (1.3)

where " describes the speci�c energy of the shell. For the case" > 0 corresponding to a
shell that expands to some maximum radius, the solution todr=dt can be expressed in
parametric form,

r (� ) =
GM i

"
[1 � cos(� )] t(� ) =

GM i

"3=2
[� � sin(� )] (1.4)

wherer (t0) = 0. From these equations, we can see that the shell reaches a maximum radius
at � = � , denoted byr ta = r (t ta ) (the turnaround radius). The shell then fully collapses
back at � = 2� (tcol = 2t ta ). However, this calculation assumes the shells of mass do not
cross each other as they recollapse. Rather than fully collapsing, the overdensity instead
mixes and relaxes until it reaches virial equilibrium atr vir . Using the virial theorem (see
e.g. Binney & Tremaine, 2008, Eq. 4.248), we �ndr vir = r ta=2 given that the kinetic
energy is zero at the turnaround radius. During this time, the Universe expands and the
background density decreases. This process can be described by the solution to Eq. 1.3
when " = 0,

�r =
1
2

(GM i )
1=3 (6t)2=3 (1.5)

Putting everything together, the density contrast of a virialized halo relative to the back-
ground is,

� vir �
� vir

��
=

[�r (tcol)]
3

r 3
vir

=
1
8

(12� )2 � 178 (1.6)
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Therefore, the model states that overdense regions of space will collapse into virialized
objects with a characteristic overdensity of roughly 178. Note that this calculation can
be done for more realistic cosmologies (see e.g. Bryan & Norman, 1998). In practice, a
commonly used de�nition for the virial radius of dark matter halos is the radius within
which the mean density is 200 times the critical density of the Universe (White, 2001).

The spherical collapse model allows for the outer boundary of dark matter halos to be
de�ned. The matter within this boundary is stable and has broken away from the cosmic
expansion. Through cosmological simulations, dark matter halos were found to have a
matter density which is well described by the two parameter Navarro-Frenk-White (NFW)
pro�le (Navarro et al., 1996, 1997),

� NFW (r ) =
� 0r 3

s

r (r + r s)
2 (1.7)

where� 0 is the characteristic density of the pro�le andr s is the scale radius corresponding
to the point where the logarithmic slope isd ln(� )=dln(r ) = � 2. Qualitatively, the scale
radius characterizes the transition point between the inner halo (� / r � 1) and the outer
halo (� / r � 3). The NFW pro�le is a spherically symmetric distribution, where the
enclosed mass, potential, and gradient in these quantities are related to the density by
(Binney & Tremaine, 2008),

M (< r ) = 4 �
Z r

0
� (r 0)r 02dr0 dM (< r )

dr
= 4�� (r )r 2 (1.8)

�( r ) = �
Z 1

r

GM (< r 0)
r 02

dr0 d�( r )
dr

=
GM (< r )

r 2
(1.9)

The pro�le is also universal in that the pro�les of dark matter halos follow the same
shape regardless of their mass, formation time, or the speci�c cosmology. More recent
work has suggested re�nements to the NFW pro�le (see e.g. Moore et al., 1998; Navarro
et al., 2010), implying halos are better approximated by the three parameter Einasto pro�le
(Einasto, 1965). Regardless, the NFW pro�le successfully describes the general structure
of halos found in simulations and is still the most commonly used halo pro�le today.

Finally, note that on large scales, distance and time are usually expressed in terms of
redshift, z. This quantity refers to the relative change in the wavelength of light due to
the Doppler e�ect. Cosmic expansion causes objects to recede faster the further away they
are. As a result, light emitted by these objects appears redder. Redshift is related to the
cosmological epoch that light is emitted since it takes a �nite amount of time to reach an
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observer. The formula to calculate redshift is quite simple,a / 1=(1 + z), where a is the
scale factor relating distances in physical units to comoving units (i.e. units that grow with
the expansion of the Universe). This expression becomes an equality ifa(t0) � 1. At the
present time, z = 0, and it increases when observing more distant objects corresponding
to earlier epochs.

1.2 Galaxy Clusters and Their Properties

Galaxy groups and clusters are among the largest gravitationally bound structures in the
Universe. These objects contain tens to thousands of galaxies and have total masses
between 1013 � 1015M � . Their sizes are typically between 0:5 � 2:5 Mpc in radius with a
wide range of velocity dispersions (i.e.� 300� 1000 km/s). Clusters themselves correspond
roughly to halos and their overall structure can be represented by one. However, they also
consist of substructures (or subhalos) that each occupy their own dark matter halos. The
galaxies that are found within clusters trace the underlying substructure.

Galaxy clusters primarily form through the accretion of groups and individual galaxies.
These galaxies themselves are built from free gas that has cooled and condensed in the
potential wells supplied by the dark matter halos (Blumenthal et al., 1984). There are
three main components to galaxy clusters: (1) stellar material in and around galaxies,
(2) hot X-ray emitting gas in the intracluster medium (ICM), and (3) dark matter. The
stellar-to-gas mass fraction in clusters ranges from 0:05 � 0:2, decreasing as total mass
increases (Kravtsov & Borgani, 2012). Moreover, the ratio of stellar mass to total mass
is roughly 1% on cluster scales, and this increases to about 3% on group scales (see e.g.
Leauthaud et al., 2012, Fig. 16). Thus, the vast majority of the mass in clusters is in the
form of dark matter.

The properties of galaxy clusters can be studied through cosmological simulations. At
any given time, these simulations output snapshots consisting of the 3D positions and
velocities of the particles used to represent the matter in the Universe. However, the
snapshots do not indicate which set of particles belong to which structures. Some technique
must be employed to group particles together. To identify galaxy clusters, one of two
approaches are mainly used, the Friends of Friends (FoF) algorithm (Huchra & Geller,
1982; More et al., 2011) or the Spherical Overdensity (SO) algorithm (Lacey & Cole,
1994). The former links together particles within some distance, while the latter attempts
to detect regions of particles with a density above some chosen threshold. A detailed
comparison between the methods, and others, is presented in Knebe et al. (2011).
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A basic property of galaxy clusters is their mass. This is typically de�ned as the mass
of all particles within the virial radius, M vir = M (< r vir ). A related property is the
concentration of a cluster's halo which quanti�es the size of its central core relative to
its outer envelope. For an NFW halo, concentration is de�ned asc = r vir =rs (Navarro
et al., 1996). There exists a relationship between concentration and mass known as the
concentration-mass (c� M ) relation after averaging over many systems (see e.g. Wechsler
et al., 2002; Macci�o et al., 2008; Klypin et al., 2011; Ludlow et al., 2012; Dutton & Macci�o,
2014; S�anchez-Conde & Prada, 2014; Groener et al., 2016; Biviano et al., 2017; Shan
et al., 2017; Diemer & Joyce, 2019). At �xed redshift and cosmology, it is more or less
a power law with negative slope, meaning more massive halos have lower concentrations.
At �xed halo mass, concentration generally decreases with increasing redshift although
there is a lot of scatter at any particular redshift. In the absence of any physical process,
halo concentration will evolve through pseudo-evolution: as the Universe expands, the
background density decreases leading to growth in the virial radius and thus an increase
in concentration. This process is largely responsible for the present-day growth of halos on
galaxy scales (Diemer et al., 2013).

Other spatial properties of cluster halos include their shape and spin. The shapes of
halos are generally described by ellipsoids which are characterized by the lengths of their
axes. On cluster-scales, the objects are more prolate (cigar-shaped) than oblate (disk-
shaped) with typical values for their axis ratios in the range 0:5 � 0:7 (Jing & Suto, 2002;
Allgood et al., 2006). The spin of halos quanti�es their bulk rotation. These objects often
have little spin (i.e. values in the range 0:03� 0:05) with more massive halos spinning more
slowly (Bett et al., 2007). More information on calculating these quantities in simulations
can be found in Section 2.3. Clusters are also described by temporal properties. These
parameters usually attempt to summarize how material in the halo built up. For example,
z50 is a measure for the age of a halo given by its half-mass assembly time, while
 gives
the mass accretion rate. Exact de�nitions of these and other cluster halo properties can
be found in Haggar et al. (2024).

Observational surveys detect clusters through one of four modalities. Each method
probes a di�erent source in the cluster. As a result, they can be combined to produce a
full map of the system (see e.g. the Bullet Cluster in Section 1.3).

1. Optical: The luminous matter of galaxies in a cluster is detected through optical and
infrared imaging. The galaxies provide a sampling of the underlying matter distri-
bution, which allows for estimates of its density pro�le and concentration. However,
foreground and background interlopers (i.e. galaxies that are not a part of the cluster)
can impact estimates of these quantities, particularly for galaxies with imprecisely
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measured redshifts. Thus, membership corrections are used to minimize their in
u-
ence (see e.g. Castignani & Benoist, 2016; van der Burg et al., 2020).

2. Gravitational Lensing: The overall matter distribution of clusters, the majority of
which is dark matter, can be mapped using gravitational lensing. As light from
distant sources travels towards an observer, it can be de
ected if there exists a massive
object along its path. The lensing e�ect on the source is then related to the mass
distribution of foreground system (Bartelmann, 2010). The main advantage of this
technique is that it is the only one that measures the dark matter mass directly.

3. X-ray Emission: The hot gas in the ICM (at temperatures 107 � 108 K) is detected
at X-ray wavelengths. This emission is characterized by thermal bremsstrahlung. As
free electrons in the gas are decelerated by ions, the lost energy is converted into
radiation. The X-ray spectrum of clusters can be used to constrain their total mass
through models of the gas density and temperature (see e.g. Vikhlinin et al., 2006),
and assuming hydrostatic equilibrium (i.e. the internal pressure of the gas balances
its self-gravity).

4. Sunyaev-Zel'dovich (SZ) E�ect: The hot gas in the ICM can also be detected at mil-
limeter wavelengths through the thermal SZ e�ect (Sunyaev & Zeldovich, 1972). In
short, this is an inverse Compton scattering process where low energy CMB photons
are de
ected by high energy electrons in the ICM gas producing distortions in the
CMB spectrum at the positions of clusters. Since the SZ e�ect is redshift indepen-
dent, it is a useful probe for high redshift clusters. Furthermore, it can be used to
directly measure the enclosed gas mass along the line of sight (Myers et al., 1997).
On the other hand, the SZ signal can be contaminated by radio or infrared sources
(Sehgal et al., 2010).

When we observe the structure of a cluster, it is projected into the plane of the sky.
Any measurement of their properties is integrated along the line-of-sight. Moreover, we
only observe the cluster at a single moment in time. This is di�erent from simulations
where we have access to the full 3D distribution of the particles and their time evolution.
Thus, simulation based quantities are not directly comparable to real observations. To
reconcile this, 3D spatial properties can be projected into the plane of the sky to obtain
2D equivalents suitable for observing data (see e.g. Coe, 2010; Coe et al., 2012). However,
some of these properties are sensitive to projection e�ects. For example, halo concentration
depends on the viewing angle. Concentration would be overestimated for clusters with
large subhalos along the line-of-sight if their actual 3D position indicates they are much
further from the cluster's centre, as in the case of a recent merger. In contrast, temporal
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properties cannot be measured at all since they require knowledge of the cluster's growth
history. Instead, they are inferred from other properties. For instance, halo age is strongly
correlated with concentration (Wechsler et al., 2002). Thus, measurements of concentration
can be turned into predictions for age.

Recent and upcoming surveys will improve the statistics of cluster properties. By
modality, these missions and surveys include but are not limited to:Euclid (Sartoris et al.,
2016) andUNIONS (Chambers et al., 2020) in the optical,LSST (LSST Dark Energy
Science Collaboration et al., 2021) andRoman (Akeson et al., 2019) through lensing,
eROSITA (Merloni et al., 2012) andXRISM (XRISM Science Team, 2020) in the X-ray,
and CMB-S4 (Abazajian et al., 2019) andCCAT (CCAT-Prime Collaboration et al., 2023)
through the SZ e�ect. This new data will be composed of large samples of clusters with
su�cient signal-to-noise to measure structural properties (see e.g.Euclid). Furthermore,
detailed multi-modal studies of low redshift systems will be available (see e.g.CLASH
in Postman et al. 2012 andCHEX-MATE in CHEX-MATE Collaboration et al. 2021)
providing a pathway to study interactions between the di�erent components of clusters.

1.3 Mergers

Dark matter halos primarily grow through repeated hierarchical merging. The results
of cosmological simulations have shown these mergers mainly follow radial orbits with a
median apocentre-to-pericentre ratio of approximately 5� 6 (Ghigna et al., 1998; van den
Bosch et al., 1999). Analytic expressions have been developed to estimate the rate at which
mergers occur as a function of halo mass, mass ratio, and redshift (see e.g. Lacey & Cole,
1993; Sheth & Tormen, 2002; Zhang et al., 2008). In addition,N -body simulations have
led to the development of a universal �tting formula for the merger rate (Fakhouri & Ma,
2008). As stated, the merger rate depends on the mass ratio between the two merging
halos. For instance, suppose a satellite halo of massM s = 2:5 � 1013M � merged with a
larger central halo at the present-day. Accounting for e�ects on the satellite's dynamics,
the typical orbital period is � 6 Gyr, corresponding to a redshift change of �z � 0:62
assumingPlanck-18 cosmology. Considering the Fakhouri & Ma (2008) merger rate, the
number of mergers following this scenario is roughly 1:2 per halo for a 3:1 mass ratio and
7:5 per halo for a 10:1 mass ratio. Thus, more unequal mergers are much more common.

An example of two galaxy clusters colliding is the well-known Bullet Cluster shown in
Fig. 1.2. Here we have a composite image with the galaxies in the optical, the ICM gas in
pink, and the matter distribution inferred from gravitational lensing in blue. During the
merger, the cluster on the right passed through the larger cluster on the left. While the
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Figure 1.2: Composite image of the Bullet Cluster located atz = 0:296 (Clowe et al.,
2004). The pink clumps are hot gas from the intracluster medium which consists of the
majority of the visible matter in the cluster. The blue regions are a map of the mass
inferred from gravitational lensing. Credit: X-ray: NASA/CXC/CfA/Markevitch et al.
(2004); Optical: NASA/ST-ScI; Magellan/U.Arizona/Clowe et al. (2006); Lensing Map:
NASA/STScI; ESO WFI; Magellan/U.Arizona/Clowe et al. (2006).

galaxies of each cluster passed through one another without a�ect, the ICM gas, which en-
compasses a majority of the visible matter, collided, dragged, and separated from the bulk
of the mass in the cluster. The bulk material is traced through gravitational lensing and is
concentrated in the two lobes centred on each group of galaxies. This result demonstrates
most of the matter in the cluster is collisionless (i.e. non-baryonic dark matter) since it
did not shock with the gas during the encounter.
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In the literature, mergers are often classi�ed as one of two types, minor or major,
depending on the mass ratio of the two systems. However, the exact threshold used to
separate the two categories is not universal. The most widely used classi�cation de�nes
major mergers as systems with a mass ratio smaller than 3:1 (see e.g. Cox et al., 2008;
Hopkins et al., 2009; Wang et al., 2020, 2023). For example, the Bullet Cluster, which is
thought to be � 10:1 merger (Brada�c et al., 2006; Mastropietro & Burkert, 2008), would be
a minor merger with this de�nition. Rather than separate mergers based on some speci�c
threshold, a better criteria would be to examine the perturbation caused by the satellite
on the more massive system in which they sink. In minor mergers, the host halo remains
largely una�ected during the encounter, while the satellite evolves through a combination
of e�ects.

1. Dynamical Friction : This refers to the systematic loss of energy and angular mo-
mentum as the satellite moves through a distribution of background particles (Chan-
drasekhar, 1943). Energy is transferred from the satellite to the random motions
of the background particles that make up the host halo through gravitational in-
teractions. The net e�ect is to create a wake of higher density behind the satellite,
leading to a drag force that slows it and thus causes its orbit to shrink. However, this
e�ect is only expected to be signi�cant for satellites with masses larger than a few
percent of the host halo's mass (Mo et al., 2010). Dynamical friction results in mass
segregation, where more massive satellites reside closer to the centre of the host.

2. Tidal Mass Loss: This refers to the loss of material from the outer regions of satellites
due to tidal forces in a steady or slowly varying gravitational �eld (King, 1962). The
satellite is stretched along the line towards the centre of the host halo due to the
gradient in the gravitational �eld. Material that is stripped o� the satellite either
unbinds from the system or is incorporated into the host halo. Haggar et al. (2022)
�nd that during group mergers with large clusters, 50% of group members are lost
by the �rst pericentre indicating rapid mass loss. Ultimately, the fate of the satellite
depends on the mass ratio of the merger. Satellites rapidly disrupt completely in
major mergers, whereas they can survive for many orbits in minor mergers.

3. Tidal Heating: This refers to heating in the inner regions of satellites due to tidal
shocks (Gnedin & Ostriker, 1999; Taylor & Babul, 2001). These shocks result from
a gravitational �eld that varies rapidly compared to the typical orbital period of
the particles in the satellite. In clusters, encounters between the satellite and other
substructures, as well as interactions with the host halo during pericentric passages,
will induce gravitational shocks (Pe~narrubia & Benson, 2005). Tidal heating adds
energy to satellites, modifying their internal structure and accelerating mass loss.
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Figure 1.3: Response of concentration (left-top), scale radius (left-bottom), and halo spar-
sity (right) due to major mergers in cosmological simulations. Each curve depicts the me-
dian response for a sample of systems selected to merge at the same epoch. The timescale
in these plots is shown in units of dynamical time, with the merger time as a reference.
This �gure was adapted from Wang et al. (2020) and Richardson & Corasaniti (2022).

Thus, the e�ect of minor mergers is to introduce small, bound substructures (or sub-
halos) into the host system. On the other hand, major mergers are disruptive events that
signi�cantly redistribute the matter distribution in the parent system. The long-term ef-
fects of major mergers on the spatial structural properties of halos has been studied in
Drakos et al. (2019a,b). Major mergers also cause short-term, transitory e�ects on the
combined system (i.e. the host and satellite) as illustrated in Fig. 1.3. This plot shows
the median response of concentration, scale radius, and halo sparsity (i.e. the virial mass
ratio at two di�erent � vir ) due to major mergers in cosmological simulations. To remove
the e�ect of merger phase, the timescale is given in units of dynamical time, the time re-
quired to cross an equilibrium dynamical system (see e.g. Wang et al., 2020, Eq. 5). These
studies �nd that major mergers produce oscillations in structural parameters caused by
the orbital evolution of the satellite. The response itself is short-lived and only lasts 1� 2
orbits. This behaviour is not limited to spherically symmetric quantities as other studies
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have demonstrated a similar response in halo anisotropy properties (i.e. shape, spin, and
asymmetry) (see e.g. Power et al., 2011; Wang et al., 2023). These results as discussed in
more detail in Section 5.2.

1.4 Motivation

Forthcoming surveys of clusters will lead to large samples of structural property measure-
ments that can be used as proxies to constrain cosmology. For example, the cluster mass
function, which describes the number of clusters found at a particular redshift with a
particular mass, depends on a combination of cosmological parameters: 
m , the matter
density and � 8, the root mean squared of the density �eld at the present-day smoothed to
a scale of 8 Mpc=h (see e.g. Press & Schechter, 1974; Tinker et al., 2008; Allen et al., 2011).
The parameters 
m and � 8 are degenerate when constrained through low redshift probes
since the same set of structures can be created through one of two modes, more early power
(low 
 m , high � 8) or more late growth (high 
 m , low � 8). Due to this degeneracy, a related
parameter called the structure growth parameter,S8 � � 8

p

 m=0:3, which quanti�es the

amount of clustering in the Universe, is commonly used instead.

Currently, there exists tension between the value ofS8 inferred from measurements
of the CMB and through late Universe probes of the matter density �eld (see Abdalla
et al., 2022; Perivolaropoulos & Skara, 2022, for reviews). This is demonstrated in the left-
hand panel of Fig. 1.4. The larger contours show cosmological constraints obtained from
KiDS-450 (de Jong et al., 2013) 3x2pt weak lensing analysis (i.e. a combination of galaxy
clustering, galaxy-galaxy lensing, and cosmic shear as described in Joudaki et al., 2017)
made at low redshift, while the small contours depict early Universe CMB constraints.
This plot illustrates a 3� tension between the two measurements. Using cluster structural
properties has been proposed as a means to break this degeneracy (Amoura et al., 2021,
2023). In particular, cluster age seems to vary perpendicular to the contours (see the right-
hand panel of Fig. 1.4). While age itself is not directly observable, it can be related to
other parameters such as concentration or asymmetry. Thus, measurements of median age
could dramatically improve cosmological constraints made at low redshifts. Beyond testing
cosmology, clusters are used to study galaxy formation and evolution, and its dependence
on environment (see e.g. Moore et al., 1996; Kau�mann et al., 2004; Peng et al., 2010).

The issue with galaxy clusters is they are still assembling at the present-day. As a result,
a large fraction of them are expected to be disturbed or irregular (see De Luca et al., 2021,
Section 5.5 for a summary). This follows from the merger rate being high. As discussed
in Section 1.3, on cluster scales, 1.2 major mergers per halo and 7.5 minor mergers per
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Figure 1.4: Left: Con�dence contours for the cosmological parameters 
m and � 8 derived
from low redshift weak gravitational lensing observations adapted from Joudaki et al.
(2017). Right: Medianz50 for present-day halos at cluster masses as a function of 
m and
� 8 adapted from Amoura et al. (2021).

halo are expected to occur within the �rst orbit of a satellite. The e�ect of mergers is to
produce oscillations in the structural features. This behaviour is observed regardless of the
type of merger as even more minor ones can create disturbances in the underlying potential
(Wang et al., 2020). These oscillations will smooth out when examining median quantities
(see e.g. Amoura et al., 2021, Fig. 10 for the concentration-age relation), but there will
be intrinsic scatter in the median caused by mergers. As a result, if concentration is used
as a proxy for age, this scatter will be passed onto the median age, which in turn would
propagate to the cosmological parameter measurements, enlarging the constraints.

In addition, the dynamical state of clusters (i.e. whether or not it is dynamically
relaxed) has consequences for their mass estimates. Cluster masses measured from X-
ray imaging are often biased low for unrelaxed clusters due to assumptions of hydrostatic
equilibrium (see e.g. Nagai et al., 2007; Mahdavi et al., 2013; Hoekstra et al., 2015). Several
other properties, including those related to the ICM, are also a�ected (see Haggar et al.,
2024, for a review). Thus, we need to accurately access cluster dynamical states in order
to use them as a cosmological tool.

This thesis presents a semi-analytic model for the evolution of structure in remnant
systems due to mergers. The model functions by tracking the motion of a satellite halo as
it undergoes a merger with a central halo. It includes a prescription for how the material
in the central halo responds as the satellite passes through it. We are interested in pre-
dicting changes to the structural properties of individual systems during mergers as well
as modeling their median behaviour in a large sample. Many models of satellite evolution
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and mass loss have been proposed previously (see e.g. Taylor & Babul, 2001; Hashimoto
et al., 2003; Hayashi et al., 2003; Zentner & Bullock, 2003; Pe~narrubia & Benson, 2005;
Fujii et al., 2006; Fellhauer & Lin, 2007; Pe~narrubia et al., 2010; Drakos et al., 2017, 2020),
but all of these were applied to minor mergers (i.e. the satellite mass� the host mass)
and assumed the host halo was static. Ultimately, we want to study the impact of a dy-
namic central halo on satellite orbits and determine how mergers a�ect the statistics of
the remnant structural parameters. On top of this, we want to identify if any remnant
properties can constrain the dynamical state of the system or its merger phase. Because if
we can model mergers e�ectively, we should be able to better control the scatter in median
relations, like the concentration-age relation, and better predict 
m amd � 8.

To construct and test our model, we performN -body simulations of the merger of
two isolated halos, represented by collisionless particles using truncated NFW pro�les, to
study the evolution of the total mass distribution. We consider isolated simulations in
order to investigate the impact of mergers at increased resolution without incorporating
additional complicating factors associated with halo growth. Our basic setup involves
choosing a �xed, cluster-scale satellite mass and selecting cosmologically motivated values
for the mass ratio, orbital energy, and angular momentum as the initial conditions. The
merger starts at the present-day and the system is evolved for several pericentric passages.
Finally, note that all calculations are done in code units, but we convert to physical units
in this thesis for convenience.

1.5 Outline of the Thesis

The main goal of this thesis is to develop a model for the structural evolution of dark mat-
ter halos in major mergers with a particular emphasis on replicating the median evolution.
First in Chapter 2, we describe the initial conditions for the set of simulations used to tune
and evaluate our proposed model. The speci�c subset of simulations shown in the thesis is
given in Section 2.4. All parameters measured for the satellite, central halo, and remnant
system are outlined as well. Next in Chapter 3, we introduce the orbital evolution model
used to trace the satellite's position and quantify its mass loss. Moreover, we train a ma-
chine learning model to predict the model parameters, and evaluate its functionality. Then
in Chapter 4, we propose a semi-analytic model to capture how the central halo responds
to the motion of the satellite as it merges. We explore the implications of incorporating
this process on modeling the satellite's trajectory and the remnant system's properties.
Finally in Chapter 5, we summarize the main �ndings, suggest potential applications, and
detail next steps.
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Chapter 2

Simulations

2.1 N -body Codes

N -body simulations are commonly used in astronomy to study the gravitational interac-
tions within an extended mass distribution, such as a galaxy or cluster, via a discrete
set of points. These simulations provide a method to directly study the structure of a
system through the evolution of its particle distribution. The primary component of the
simulations are the particles which represent some physical quantity. In our case, particles
represent dark matter in the halos, and they are given a set mass. For exact codes, the
particles' masses, positions, and velocities are directly used to numerically integrate the
equations of motion of the system to determine their subsequent motion. Since this in-
volves computing mutual gravitational forces, at a minimum this requiresN 2 calculations.
Thus, the computational resources used to run anN -body simulation grow quickly with
the number of particles.

Directly integrating the equations of motion can be extremely computationally expen-
sive. Therefore, methods that approximate these calculations are instead employed. Two
such schemes that are commonly used are tree and mesh methods (Bode et al., 2000). In
both schemes, the simulation volume is split into a grid of cubic cells. Tree methods only
consider individual particle-particle interactions between particles in nearby cells. Each
distant cell is treated as a single particle located at the center of the cell with a total mass
equal to the sum of the masses of all particles in the cell. On the other hand, mesh methods
determine the density of the particles in each cell from the particle positions. Typically, the
cell size is adaptively set where smaller cells are required in denser parts of the simulation.
This gives a sample of the density �eld. The potential of the grid, and thus the force �eld,
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is then calculated in Fourier space using the Fast Fourier Transform, drastically speeding
up calculations. Both methods reduce the number of computations toN log(N ) or better,
a great improvement over the naive approach, at the cost of accuracy.

In this work, our dark matter halo merger simulations were performed usingGADGET-2,
a cosmologicalN -body simulator (Springel, 2005). The code can be used to study isolated
systems or cosmological simulations where space expands. This program is massively
parallel allowing calculations for each simulation to be spread over many processors. The
code makes use of a hybrid approach for calculating particle-particle forces, a tree method
for short-range forces and a mesh method for long-range ones. Additional physical processes
such as gas dynamics or radiative cooling can be included in the simulations as well. These
baryonic processes were not incorporated in our case since our simulations are dark-matter-
only.

The code uses spline softening for particle interactions below some threshold separa-
tion. This prevents force calculations from diverging when particles come too close to one
another. For a softening length," , at zero separation the potential is given byGMp=" as for
a Plummer model (Springel et al., 2001). The gravitational potential is exactly Newtonian
at particle separations larger than 2:8". The softening length selected for our simulations
follows that proposed by van Kampen (2000)," = 0:5rh N � 1=3, whererh is the half-mass
radius and N is the number of particles in a halo. The value of" was calculated for each
halo in the system, and the minimum value was used.

2.2 Initial Conditions

To run a simulation, one must start with initial conditions. The initial conditions for our
simulations were generated using three primary parameters: (1) the mass ratio between the
halos, (2) the radial-to-total velocity ratio, and (3) the total-to-virial velocity ratio. The
mass ratio is related to how the particles in each halo were created, while the latter two
parameters trace the energy and angular momentum of the system. All three parameters
are used to place the satellite on its orbit. Each simulation consists of the merger of two
isolated, spherically symmetric systems that are modeled by truncated NFW pro�les at
the present-day,z = 0. The particles in the simulations were dark-matter-only. In total
there were729 simulations, resulting in a sampling of nine per parameter (i.e. 93 = 729).

Note that the simulations shown in this thesis all have a standard naming convention
to re
ect the initial conditions of the merger. For example, a simulation may be labeled
\ � 1� 2� 2T1", where � describes the mass ratio,� the relative energy,� the circularity, and
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T the type of central halo response (of which there were two). For the orbital parameters,
the number immediately following the parameter represents a qualitative measure of its
value. These numbers are integers and can vary from 1 to 4 for� and 1 to 3 for � and � .
Low numbers indicate a small value for the orbital parameter, while the opposite is true for
higher numbers. Thus, a simulation labeled \� 1� 2� 2T1" has a low mass ratio, a medium
relative energy, a medium circularity, and a type 1 central halo response. For more details,
refer to Section 2.4.

2.2.1 Generating Halos

The positions and velocities of the particles in the halos follow truncated NFW (or NFWT)
pro�les. The particles themselves were generated using the codeICICLE (Drakos et al.,
2017). To create the particles, the code samples the radial position of each particle from
the target mass distribution. Random angles are assigned to give each particle its full
3D coordinates. Next, the total energy of each particle is sampled using the distribution
function. In the case of a spherical, isotropic, and self-gravitating system, the distribution
function can be written in terms of the total energy and related to the target density pro�le
(see Binney & Tremaine, 2008, Section 4.3). Then, the potential energy of each particle is
calculated using their positions given the target mass distribution. The total and potential
energies set the kinetic energy of each particle, and thus their velocities. Similar to position,
a random direction is assigned to the velocity. Finally, the code truncates the particles to
a truncation radius, r t , by iteratively removing any particles that are not self-bound and
are outsider t (see Section 2.3.1 for the de�nition of self-bound particles).

We need to consider truncated NFW pro�les for a few reasons. First, the mass of the
standard NFW pro�le diverges at large radii, so it cannot be represented by a �nite number
of particles. In addition, the standard NFW pro�le is not stable in isolated simulations.
If we were to evolve an isolated halo with an NFW pro�le, individual particle-particle
interactions would lead to deformation of the halo away from the initial structure, most
noticeably in the halo's centre where the pro�le is densest. Using a truncated NFW pro�le
overcomes this issue as they are very stable long-term (Drakos et al., 2017).

An approximate analytic description for the NFWT pro�le that yields a good �t to the
truncation procedure performed byICICLE is given by Drakos et al. (2022),

� (r ) =
e� q=yd

[1 + ( q=yd)]a
� NFW (r ) (2.1)

whereq = r=r e is the radius normalized by an e�ective radius,re, the truncation scaleyd

roughly corresponds to the radius where the pro�le starts truncating exponentially, and
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