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Chapter 1

Introduction

Whenever astrophysicists face problems regarding the large scale structure of our universe (LSS),
the main challenge that raises is the limitation of the instruments used to measure, even more when
used to observe at high redshifts, where observations get biased due to low luminosity galaxies
for which the current resolution of the instruments is not enough. This is where cosmological
simulations come in handy, these simulations require the application of the whole theory on which
our whole understanding of the universe is based, this implies that if a simulation is correctly
constructed we can predict the observations and if these match our predictions then the theory is
confirmed. Cosmological simulations duplicate the universe into a box that has the same conditions
and interactions between particles, this box will allow us to study multiple interactions present in
the intergalactic medium.

There are two main benefits that simulations have over the observations, in the first place the
3-dimensional detail the they give us. When observing the universe, astronomers get to see a 2D
image and have to employ different tricks to interpret the differences present in the line of sight,
with simulations we can study a controlled box which we can study from any angle required. The
second and most important advantage is the ability to study the time evolution of specific objects.
When observing deep fields, it is impossible to study the time evolution of the objects due to the
large time-scales on which the processes involving significant changes in structures and properties
take place, cosmological simulations give us the ability to follow objects such as dark matter halos
in time. The latter fact is important for this particular project, because the long term goal is
to study a certain environmental effect that might be causing a specific galaxy morphology, one
possibility for studying this phenomenon is to follow these galaxies through time to confirm that
these morphologies can be caused by this effect, without time evolution it is not possible to identify
the cause.

1.1 Environments and Their Effects on Galaxies

The LSS of the universe can be divided in substructures called environments that present different
morphologies and densities, the latter property is responsible for multiple effects caused on the
galaxies that conform each environment. There are 6 environments in the LSS, voids, walls,
filaments, groups, cluster and super-clusters, ordered by increasing density, they are shown in
figure 1.1, walls are not shown because they are hard to identify, even more in a 2D image. Walls



are pseudo plane structures that form all the other structures except for voids which they limit,
two intersecting walls form a filament, within the filaments there are groups, intersecting filaments
form clusters and a collection of clusters is called a super cluster. Voids are regions where matter
has been almost completely stripped by the other structures due to gravitational effects and they
are therefore the least dense environments.

el

W

Super-clusters  Clusters Groups Filaments Voids

Figure 1.1: LSS of the universe identifying the substructures present.

These definitions are often times ambiguous and mainly serve the purpose of a qualitative
description of the LSS, it is more useful for scientific goals to talk about environments in terms
of density, which is strongly correlated to the effects the environment have on galaxies. These
effects also depend on the galaxy mass, which is the most fundamental property of galaxies,
it is correlated with all the other galaxy properties, therefore a good way to understand the
effect environments have on galaxies is to study the effect they have on galaxy mass, Peng et al.
2010[4] show how environmental density affect galaxy properties by studying galaxy star formation
rate(SFR) at different masses and environmental densities, they found that galaxies with high
stellar mass(greater than 10! M) are not affected by environmental effects and keep their low
SFR no matter the environmental density. Whereas for low stellar mass(dwarf) galaxies(under
10" M), at a fixed mass their SFR depends on the environmental density, this means that low
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mass galaxies are susceptible to being affected by environmental effects.

Since environmental effects depend on the density of the environment, higher density environ-
ments are more likely to have an effect on galaxies. There are multiple environmental effects that
a galaxy can go through, some of them are:

e Tidal Encounters: Galaxies encountering each other produces a tidal force between them.

Tidal Stripping: The effect of loosing mass due to tidal encounters.

Galaxy Mergers: Collisions of galaxies that end up in one resulting galaxy:.
e Gas Accretion: Accretion of environmental gas.

e RAM Pressure Stripping: Loss of gas due to a pressure proportional to velocity and envi-
ronmental density.

Of all these effects, RAM pressure stripping is the one of interest for this study, the reasons for
this interest will be discussed on section 1.2.

1.2 RAM Pressure Stripping in Void Walls

As discussed by Gunn & Gott 1972[1], ram pressure stripping is the pressure that the interstellar
material of a galaxy feels due to the relative velocity v, between the galaxy and the environmental
gas surrounding the galaxy. This pressure is proportional to the environment gas density p. and
is determined by equation (1.1).

P, ~ pov? (1.1)

Whether the galaxy is effectively stripped, depends also on the binding of the interstellar gas to
the galaxy, this is why typically on spiral galaxies the gas is stripped from the outer regions of
the galactic disk where the gas is more weakly bound due to the separation from the center of the
galaxy and the reduced thickness of the disk at higher radii.

Ram pressure stripping not only changes the morphology of the galaxy, it also affects it’s
properties due to the loss of most if not all of the galaxy’s gas, this loss(B. Vulcani et al. 2022[10])
has observational implications, the main one is the tail of gas left behind the galaxy path which
in galaxies undergoing ram pressure stripping have been called “jellyfish galaxies” (Figure 1.2) due
to their morphologies.



Figure 1.2: Spiral galaxy ESO 137-001, example of a galaxy experiencing ram pressure stripping
presenting a “jellyfish” morphology. Image taken from NASA’s website https://images.nasa.
gov/details-GSFC_20171208_Archive_e001178

As mentioned on section 1.1, the impact of environmental effects on galaxies depend on the
environmental density, in the case of RAM pressure stripping this is also true. Higher density
environments such as clusters present galaxy velocities of around vy, ~ 1000 km/s, these envi-
ronments can be treated as static so v, > vy, this velocity yields a high RAM pressure that can
very effectively strip dwarf galaxies. For the case of less dense environments such as void walls,
the environment gas is falling in the same direction and velocity as the galaxies, this means that
for these galaxies the velocity v, = 0 and therefore RAM pressure stripping is not expected to
happen in these cases and it is often not studied. This doesn’t mean that RAM pressure stripping
can’t occur on low density environments, B. B. Thompson et al. 2022[8] studied environmental
gas accretion in low density environments such as voids and void walls, they classified two types of
halos present in these two environments, the fast flow halos and the slow flow halos which satisfy
the following conditions:

Fast flow : v, > 1.5 X vg

Slow flow : v, < 0.5 X Vg

Where v, is the velocity from equation (1.1), and v, is the escape velocity of the halos. They
found that slow flow dominated the halo population in every environment of the voids and were
present even inside the void walls, whereas fast flow halos represented only 12% of the total, and
they were concentrated within 1.0 Mpc ~A~! from the walls. In order for these halos to be fast flow,
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the only way is for them to have passed the void wall after falling towards it and be opposed to the
infalling gas form the other side of the wall as can be appreciated by the orange arrows in figure
1.3, this means these halos have velocities of v, = 2vy, and since v, is squared in equation (1.1),
at sufficiently large vgq it might be possible to compensate the low density of the environment p,
and have RAM pressure stripping occur to these galaxies and present jellyfish morphologies.

Motion In The Wall Frame Of Reference

2.5 e

0-5 ' T T T T T T
-0.75 -0.5 -0.25 0.0 0.25 0.5 0.75 1.0
~1
Gas Motion X [Mpc h ]
Halo Motion< - —_— _
—_— 1073 1074

ng >3 x 107° [H/cc]

Figure 1.3: Section of a void wall with it’s gas density shown in green and the infalling gas shown
with grey arrows proportional to the falling velocity. The whole plot is in the reference frame of
the wall. The red dots are four halos with their respective velocities in orange arrows which have
passed through the wall and came out from the other side and currently oppose the gas velocity.
Plot taken from B. B. Thompson et al. 2022[8].



1.3 Simulations

The long term goal of this study is to simulate the evolution with time of individual fast flow halos
coming out of void walls which are jellyfish galaxy candidates, and confirm if it is possible for RAM
pressure stripping to occur in these halos. To achieve this, it is important to first understand how
to run cosmological zoom simulations which have high resolution in specific regions.

As mentioned in section 1.2, B. B. Thompson et al. 2022[8] studied gas accretion in cosmo-
logical voids, for this they used two codes to run their cosmological simulations, the Multi-Scale
Initial Conditions(MUSIC; Hahn & Abel[3]) software package to set the initial conditions, and the
adaptive mesh refinement(AMR) code Ramses(R. Teyssier[7]) to evolve the initial conditions up
to redshift z = 0, in their simulations,the focus was to increase the resolution(zoom) on the whole
void to inspect the environment without focusing on the specific halos, this limits the individual
properties that can be studied.

To run a cosmological zoom simulation, it is important to understand the goal of the simulation
because it is not possible to run high resolutions in the whole box due to the intensive computing
power and time required. If we want to increase resolution, the region in which the resolution is
increased must be smaller to compensate, this last fact is convenient for this study, since we want
to study small regions the resolution can be increased much more. The common method used to
run zoom simulations is to first run a non zoom simulation to identify the regions of interest and
then run the simulation again but increasing the resolution in those regions.

The purpose of the present work is to understand how cosmological simulations work and are
set up in order to increase the resolution in specific regions of interest of the cosmological box, with
the motivation of eventually running simulations focused on individual DM halos in void walls.
The second goal of this work is to learn how to use tools for the analysis of cosmological simulation
to be able to do science after running them.

This work is structured as follows. In chapter 2, the way both MUSIC and RAMSES work is
discussed and also the methodology to run them for non zoom and zoom cosmological simulations.
At the end of the same chapter the tools for the simulation analysis are briefly mentioned. In
chapter 3, I talk about the simulations run to understand how the codes work, and discuss if those
simulations were correctly run. Finally in chapter 4, I present the conclusion and the plans for the
future.



Chapter 2

Simulation Software Packages

This section will be dedicated to understanding the methodology to run cosmological zoom and
non zoom simulations using MUSIC[3] and RAMSES[7], plus the mention of the tools required to
analyze the resulting simulations.

The first step to run a cosmological simulation is to set the initial conditions, in this case this
is done using the Multi-Scale Initial Conditions code(MUSIC). This software package sets a box
with a defined number of particles which may or may not have the same mass depending of the
refinement, and also may be baryons, DM particles or both, this particles are the set with an
initial perturbation. Once the initial conditions are ready, they can be used to run simulations
on various codes but the one selected for this study is the adaptive mesh refinement(AMR) code
called RAMSES, which receives the initial conditions and evolves them from a certain redshift up
to z = 0. Finally, the outputs are analyzed using AHF, which identifies the DM halos from each
RAMSES output. In sections 2.1, 2.2 of this chapter, each code will be described individually, and
the tools to analyze cosmological simulations will be presented in section 2.3.

2.1 MUSIC

The starting point from which cosmological simulations run are the initial conditions, these are
the set of positions and velocities of the particles that constitute our cosmological box that is
then evolved. Setting these initial conditions(ICs) is not a trivial task at all, MUSIC handles the
complex cosmology behind the set up to allow the users to generate their own ICs by giving the
program an input file containing the desired parameters, all these parameters were studied from
the MUSIC user’s guide[2].

As the name suggests, MUSIC allows for Multi-Scale ICs, this means that it sets the initial
conditions for different levels of mass refinement for the particles used, in order to do this without
having problems of high mass particles interacting strongly with low mass particles, it has to
gradually decrease the mass of the particles by levels. This feature is particularly useful for zoom
simulations since the goal is to have high resolution in specific regions without having to compute
the whole box with high resolution. Together with this last fact, MUSIC centers the region of
interest using periodic boundary conditions(which will be discussed on section 2.2), this allows us
to run simulations without zoom to identify a region of interest and then feed MUSIC this region to
increase its resolution and account for the shift to the center to then run more simulations changing
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the focus region but keeping almost the same cosmological box. Note that it is impossible to keep
the exact same box as changing the particle masses may lead to slightly different final positions of
DM halos or even generate multiple halos from one at low resolution.

Once the ICs are ready, an output file will be generated, which is then used to evolve the
cosmological box using other code, in this case RAMSES. In the following subsection, the input
file parameters used to set the ICs are discussed.

2.1.1 Input file

The input file that MUSIC receives contains 5 sections, setup, cosmology, output, random and
poisson, of these 5 sections only the first 3 were modified and studied for this project. In this
section the relevant parameters used for this projects will be discussed.

[Setup]

The setup section is where the general parameters to set the box and the refinement, an example
of this section is the following.

[setup]

boxlength = 100
zstart =50
region = ellipsoid
levelmin =7
levelmax =12
padding =38
overlap =4
baryons = no
region_point_file = /pth
region_point_shift = 5H, —bH1, —48
region_point_levelmin =7

It is worth noting that these are not all the parameters that can be used for the setup section, but
they are the most relevant ones for the context of this project.

The first parameter sets up the length of the sides of the box in comoving Mpc/h, it is important
to set the boxlength big enough for the cosmological principle to hold. Zstart fixes the initial
redshift at which the simulation starts, this parameter should be set big enough for LSS to form.
Then there are the region parameters, these allow the user to select the region of interest by entering
a file path which contains the position of the particles that are to be refined, specifying the previous
coordinate shift and the minimum level of the particles, this generates a region as close to a 3D
ellipse as possible surrounding the particles. This last tool is really useful in the context of this
project because it helps increasing the resolution of individual halos without sacrificing computer
processing power in regions that are not of interest. Finally there are the level parameters, these



determine the number of particles, each level has a number of particles determined by

Npart = 23L

Where L is the level, the factor 3 accounts for the three dimensions. This section is where the
zoom simulation is mainly configured, it is possible to use the same value for levelmin and levelmax,
doing this would lead to a non zoom simulation with the same particle mass throughout the entire
box. In order to do a zoom simulation, it is necessary to have levelmax > levelmin 41, this means
having regions where the number of particles is increased by a factor of 23, and the particle mass
is decreased by a factor of 272 for each increased level.

As mentioned at the beginning of this section, the refinement has to be gradual if one is to refine
from a level L to a level greater than L + 1. This is done by MUSIC using the parameter padding,
this parameter gradually increases the resolution from levelmin up to levelmax by assigning Np.dding
grid cells in for each level between levelmin and levelmax.

Level 71 Mmpan = 4.77 x 107" M,
Level 8: mpat = 5.96 x 10~8M,,
Level 91 mpa = 7.45 x 107°M;,
Level 10 : mpae = 9.31 x 107 1°M,,
Level 11: mpy = 1.16 x 1071°M,
Level 12: mp = 1.46 x 107 *M,

Figure 2.1: Initial conditions set in a box at redshift z = 50, where it is possible to apreciate the
increase in resolution from level 7 up to level 12 using padding. On the legend, the masses of the
particles at each level is specified in solar masses M.

Figure 2.1 shows how the mass refinement occurs at different levels for the initial conditions,
figure 2.2 is a zoom for level 11 where the 8 grid cells conforming this level can be appreciated.
In the same figure it is also possible to see the perturbations in the positions of the particles. It
is worth noting that for each level, the padding has the same number of grids, but the padding



regions are bigger at lower levels because there are less particles and therefore the size of those

grids is bigger.
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Figure 2.2: Zoom in levels 12, 11 and 10 at redshift z = 0 keeping the same color coding as in
figure 2.1 to appreciate the padding between levels. The upper left corner are the particles at level
12, the lower right corner are the particles at level 10. On the left panel the three levels appear to
show the different layer, on the right panel only particles at level 11 are shown.

[Cosmology]|

As the name suggests, the cosmology section is where the cosmology of the box at redshift zstart
is defined, as shown on the following example.

[cosmology]

Omega_m =0.28
Omega_L =0.72
Omega_b = 0.045
HO = 70.0

Here, the first three parameters define the matter, cosmological constant and baryon densities
respectively, HO is the Hubble parameter at redshift zero in km/s/Mpc.

[Output]

Finally there is the output section, where the user defines the format required. There are multiple
formats for many different cosmological simulation codes that require ICs, for the case of RAMSES,
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the format used is “grafic2”. In this section we also tell MUSIC the filename to store the output, for
each level of refinment, MUSIC stores a file containing the positions and velocities of the particles.

2.2 RAMSES

Once the ICs are set, we are left with a box full of perturbed particles as shown in figure 2.1. By
some method we need these particles to evolve with time to form the LSS as we know it, there are
multiple codes that receive ICs and evolve them in time, but the one studied in the present work
is RAMSES|7], which is an adaptive mesh refinement(AMR) code. The way RAMSES works and
is set up, as well as it’s output will be discussed in this section.

When attempting to evolve the ICs of the cosmological box, the problem that raises is the
way in which gravitational interactions occur in each time step. Recall from section 2.1 that the
number of particles in the box depends on the level of refinement and number of dimensions by
23l this means that the average order of magnitude for the number of particles in a box is ~ 10,
to compute the gravitational force exerted on each particle by the others at each time step would
require enormous amounts of time. This is why people have came up with multiple solutions to
this problem, one of them is the one used by RAMSES, which is the particle mesh(PM) method.

The PM method consists on setting a 3D Cartesian grid structure in the box containing the
particles, naturally the particles will end up inside the cells of the grid. Then each cell of the
grid is treated as a cubical shaped cloud of uniform density corresponding to the masses of the
particles inside each cell, this method is called Cloud-in-Cell(CIC). Once the density distribution
is computed for the whole mesh, RAMSES calculates the spatial solution for the Poisson equation
to obtain the gravitational potential. The final step is to apply this potential to each particle
depending on the cell it is occupying in order to compute the particle acceleration, then to advance
in time step, RAMSES calculates the particle’s new velocity and position.

The mesh employed in RAMSES is not a static mesh, if that were the case, particles would
agglomerate in single cells causing to treat multiple particles as one cell of homogeneous den-
sity, which defeats the purpose of having previously refined the masses with MUSIC by reducing
the resolution at which the particles interact. This is why RAMSES uses adaptive mesh refine-
ment(AMR), which means it also has levels of refinement that reduce the size of the cells of the
grid. The way AMR works is shown in figure 2.3, which is a 2D representation of a RAMSES grid,
initially the particles form a uniform distribution with perturbations(ICs) in a), once the CIC
method is applied, the particles are shifted to their new positions in b). At this stage RAMSES
verifies the number of particles in each cell, if it’s greater than the parameter m_refine(discussed
in section 2.2.1), then RAMSES increases the level of the cell by dividing it in 24" cells, in the
case of figure 2.3 the m_refine was considered to be 20 so no cells are refined in b). After checking
the m_refine, RAMSES once again applies the CIC method to shift the particles to their new
positions shown in ¢) and checks the refinement, since at this point there are cells with more than
20 particles, it increases the level for those cells as shown in d) where the corresponding cells are
divided in red. Once this is done, the particles are shifted with the CIC method again, this process
keeps on repeating until the normalized scale factor reaches a = 1 and the simulation ends, it is
worth noting that there is a maximum level at which RAMSES refines the cells, this value will be
discussed in section 2.2.1.
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Figure 2.3: 2D representation of RAMSES AMR grid, a), b), ¢) and d) show the evolution of the
grid containing the particles, and how the grid cells are divided due to the refinement.

Figure 2.3 represents the importance of the refinement in the resolution of the simulation,
as seen in d), the refined cells are clearly not homogeneous and therefore treating them as an
homogeneous density cloud would result in missing information of the gravitational potential in
those regions.

One question that naturally comes up when looking at figure 2.3 is what happens to the particles
on the borders of the box. If there are no cells at one side and a whole box of cells at the other,
particles would tend to fall to the center of the box completely loosing the homogeneity of the
cosmological box. The solution to this problem is the use of periodic boundary conditions which
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mean that the box we are running our simulation in is interacting with itself on the edges, as is
better illustrated in figure 2.4, the particles on an arbitrary “left” side feel the interactions with
the corresponding “right” side. MUSIC(2.1) also takes advantage of periodic boundary conditions
to center the zoomed region by shifting the particles in the ICs. The cosmological principle still
has to hold in the box so the size of it has to be big enough which is why the bozlength(discussed
in section 2.1.1) is tipically set around 100 Mpc/h, this fact together with periodic boundary
conditions ensures the homogeneity of the cosmological box.
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Figure 2.4: Ilustration for the periodic boundary conditions. Image taken from F. Taslimi 2013[6].

So far I have discussed the way RAMSES treats the particles from the initial conditions, in
section 2.2.1 I will discuss how this is implemented with the input file by the user to run a non
zoom and a zoom simulation.

2.2.1 Input File

RAMSES receives an input file containing the instructions to run the cosmological simulation, this
file contains 9 sections which are:

e Global Parameters e Output Parameters e Physical Parameters
e AMR Grid e Boundary Conditions e Poisson Solver
e Initial Conditions e Hydrodynamics solver e Refinement Strategy

Not all this sections were modified for the purpose of the present work, for the case of Hydro-
dynamics Solver and Physical Solver, the parameters involved control the hydrodynamical aspect
of the simulation which involve baryons, the simulations ran so far contain only DM particles,
therefore this parameters are not to be discussed now but will be relevant for the long term goal
of this project when studying gas stripping of dwarf galaxies. The most relevant sections and
parameters will now be discussed.
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Global Parameters (& RUN_PARAMS)

This is where the parameters parameters for the global control of the simulation are set. An
important parameter to mention is nrestart, it takes integer values which tell RAMSES the number
of output from which it has to start the simulation. This parameter is really useful because the
user can choose the regions where the refinement should reach higher levels, nrestart is used when
for whatever reason the simulation stops before finishing, then it is possible to continue from the
last output generated. nmrestart also could in principle allow the user to follow the region refining
it as it evolves and restarting the simulation every time the refinement region is modified instead
of having to refine the whole region from start to end positions.

AMR Grid (&AMR_PARAMS)

In this section, the global parameters of the AMR grid are set, these include the levels of refinement
and the number of grids. The specific parameters for the AMR grid are set in the refinement
strategy section.

The first relevant parameter for this section is levelmin, it takes an integer and it defines
the base(coarse) grid for the whole simulation containing 2'¢v'™in octs. Octs are the unit of the
Cartesian grid for RAMSES][7], the code recognizes one oct as 2%™ cells, it is implemented that
way due to the type of data structure that RAMSES uses to manage the whole grid. The second
parameter is levelmazx, which defines the maximum level of refinement that the grid reaches, as
was discussed for figure 2.3, it is important for this parameter to be large enough for the resolution
no to be lost in the regions where there is a greater number of particles. If levelmin=levelmax we
are left with a regular and static Cartesian grid.

Initial Conditions (&INIT_PARAMS)

Here the ICs generated from MUSIC are given to RAMSES through the initfile(#) parameter, it
receives a path for each MUSIC level of refinment ICs file, the value replaced in # is the number
of the file, in the case of no zoom from MUSIC this value is set to 1, but it takes as many files as
MUSIC generates. It is possible to tell RAMSES the initial value of the redshift, but for MUSIC
ICs it is not necessary since RAMSES reads it from the ICs files.

Output Parameters (&OUTPUT_PARAMS)

Every time RAMSES advances one time step it could generate an output(commonly called snap-
shots), if that were the case we would end up having too many outputs, this might be useful for
some other studies such as generating DM halo merger trees. For this case that many outputs are
not needed, with the output params we can tell RAMSES at which values of the normalized scale
factor a to generate outputs with the parameter aout, and how many outputs are required with
noutput. Also there is the foutput that tells RAMSES the frecuency on which it should generate
outputs, if this is set to 1 then it will generate 1 output for each time step. Other useful parameter
of this section is aend, which tells RAMSES at what value of a it should end the simulation, this
parameter could be useful to “pause” the simulation to change the refinement region to follow
objects of interest.
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Refinement Strategy (&REFINE_PARAMS))

In this section the specific refinement parameters of the grid are set. The most important parameter
of this section is m_refine, as discussed for figure 2.3, this parameters defines the number of DM
particles at which the cell is divided in 29™ cells, for the case of simulations containing baryons
this parameter is the mass inside a cell at which it is refined. It is important to note that this
parameter is not necessarily fixed for every level, one can use a certain value for each level to refine
higher levels with more or less particles. The second important aspect of the refinement parameters
is the position, shape and size of the region to be refined, this is done by the parameters z_refine,
y_refine and z_refine that set the center of the refinement region at every level of the grid, and
r_refine, a_refine and b_refine that determine the size and shape of the refinement region. These
last parameters are useful to refine specific regions such as individual halos, and follow them at
each snapshot changing the refinement center.

As has been discussed in this section, RAMSES treats the cosmological box as a dynamic grid
containing particles, that refines the sizes of the cells based on the number of particles or mass
that each cell contains. Even though the most important aspect to increase the resolution in a
region of the cosmological box is decreasing the mass of the particles using MUSIC ICs, it is also
essential for zoom simulations, to correctly account for the distribution of those particles for them
to correctly interact with each other and form the LSS, therefore it is important to set up carefully
the AMR from RAMSES to have a representative cosmological simulation. The only way of doing
this is by running many zoom simulations and keeping track of the amount of grids at each level of
refinement, if there seems to be too many grids at the highest level then the levelmazr parameter
from RAMSES should be increased. It is important to get the levelmaz right in zoom simulations,
because otherwise the resolution would be lost in the region of interest. On the other hand, if
levelmaz is too high, the simulation can take an unnecessarily long amount of time to run.

In the case of a non zoom simulation, it is a matter of setting one level for the ICs and then let
RAMSES refine the grid from the same level up to about double the levels of the initial grid and
increase the levelmax if necessary. Since the non zoom simulation will not be deeply studied and
it’s purpose is to identify regions of interest, it is not crucial to get the refinement level exactly
right.
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2.3 Tools to Analyze Cosmological Simulations

After the simulations are done running, we are left with the RAMSES outputs, at this stage they
are no ready to get plots because they are in binary format, this is why RAMSES comes with
utility codes. The one used in the present work is part2list, which takes each RAMSES output
and converts it in a list containing the properties of each particle in the cosmological box.

The properties obtained with this program are part2list are positions, velocities, masses and
IDs. The IDs of the particles are essential for the purpose of this project because they allow us
to follow individual particles through the different snapshots, which means that we can know at
a = 1 which particles will form specific halos. This helps when defining the region that will be
refined both in MUSIC and in RAMSES to run the zoom simulations focused on individual halos.

The second tool for analysis is AHF(Amiga’s Halo Finder)[5], which as it’s name suggest, is
a tool that identifies DM halos in cosmological simulations and for each snapshot finds the halos,
calculates their properties and returns a table containing all the halos found. It does this by receiv-
ing the RAMSES outputs in a format called “gadget”, the RAMSES outputs have to be converted
to this format before giving it to AHF, this is done with a program called ramses2gadget that
comes with AHF. For the purpose of this work, as the method for finding halos doesn’t need to be
modified for zoom simulations, AHF was used as a black box.

Once the information of the halos is obtained, an important theoretical analysis tool is the
halo mass function, which is a histogram of the masses of the halos present in a simulation. The
halo mass function plot allows to study the resolution of the cosmological simulation by giving the
minimum mass halos present in the simulation, if the resolution is higher, then the masses of the
particles are smaller and therefore smaller mass halos can be formed.

The last tool used for analysis is TOPCAT, which is a software for data analysis that can
manage tables containing large amounts of rows and allows the user to plot, match tables and
obtain subsets of data really fast and easily. With TOPCAT, one can visualize 3D plots of the
positions of the particles to identify the regions of interest in the cosmological box, match tables
based on particle IDs to follow individual halos in different snapshots, alter the tables to obtain
subsets for specific positions to get an input file for MUSIC and plot halo mass functions.
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Chapter 3

Simulations Run

After learning the way cosmological simulations work, two dark matter only simulations were run
setting ICs with MUSIC and evolving them with RAMSES. The first simulation ran was a non
zoom simulation, this was useful to get started and more familiarized with employing the codes,
besides having an initial cosmological box to zoom in. The next step was to run a zoom simulation
in that same box zooming in a big region, in both cases, the parameters used were the same as
the ones ran by B. B. Thompson et al. 2022[8|, therefore the first zoom was made in a void
environment. In sections 3.1 and 3.2, the results from the non zoom and the zoom simulations
respectively, will be presented and discussed.

3.1 Non Zoom Simulation

The non zoom simulation was ran using a boxlength of 100 Mpc/h, and with a starting redshift
zstart = 50, as this is a DM only simulation the baryons are turned off, these last three parameters
will remain the same for the zoom simulation. Since this is a non zoom simulation the levelmin
parameter has to be equal to levelmazx, the level for this simulation was chosen to be levelmin= 7,
which means that MUSIC sets 22! particles in the box initially. Onces the ICs are ready, the file
generated is given to ramses, where the levelmin of the grid matches the value of MUSIC’s levelmin,
and the maximum level of refinemtn of the grid is set to levelmax= 15, the particle refinement for
the grid is set to be m_refine= 9% 8.0, which means that for 9 levels of refinment from levelmin, the
cells will refine when there are 8 DM particles inside them, the amount of levels can be set higher
than the difference between levelmin and levelmaxr and RAMSES will ignore the refinment at levels
that it doesn’t reach. The output parameter for this simulation was aout=0.1,0.25,0.5,0.75, 1.0,
meaning that for each value of the normalized scale factor, an output was generated. Besides those
outputs, RAMSES also generates an output containing the initial conditions at a= 0.01.

After running the simulation, obtaining the table with part2list, finding the halos with AHF
and plotting the results using TOPCAT, 6 cosmological boxes were obtained, these are shown in
figure 3.1. The cosmological boxes from figure 3.1 are presented in an X — Y plane, for the Z
coordinate, a sub-sample of each box was taken with Z = 0.540.1, so we are seeing “slices” of the
boxes at the center, note that the output generated by RAMSES creates boxes whose coordinates
are normalized, which is why the values of X,Y and Z go from 0 to 1.

17



Figure 3.1: Cross section of the cosmological boxes at the coordinate Z = 0.5£0.1, the six density
plots present show the evolution from a = 0.01 up to a = 1.0.
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As the plots from figure 3.1 are density plots, the darker regions represent higher number
density of DM particles, therefore it is possible to appreciate the LSS forming as a increases. For
the first plot shown at a = 0.01, an almost uniform grid is presented from the ICs with some darker
areas that show how MUSIC creates overdense regions when setting the ICs. As the box evolves,
the LSS clearly forms, and by a = 0.75 it is possible to qualitatively see that the LSS has been
almost completely formed. This last fact is backed by the halo mass function plotted in figure 3.2,
from this plot we can see that by a = 0.75 almost all the final halos have already formed and only
a few higher mass halos are missing.

10 2x10%  5x10% 109 2x10Y G5x10% 10" 2«10
Mg M.

Figure 3.2: Halo mass function for the non zoom simulations at @ = 1.0 in red and a = 0.75 in
blue.

On the same line, we can plot the halo mass functions for the other values of a compared to
a = 1.0 and obtain the plot from figure 3.3, where halo formation is clearly shown by first having
low mass halos at a = 0.25, then increase the low mass halo numbers and start seeing higher mass
halos by a = 0.5, which is exactly what is expected to happen. The first two snapshots are not
plotted because at these values of a, AHF didn’t recognize halos formed.

These last two plots were expected to present these behaviors in halo formation at low resolu-
tion, which is why we can say that the non zoom simulation was correctly run and it can now be
used for a zoom simulation.
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Figure 3.3: Halo mass function for the non zoom simulations at ¢ = 1.0 in red, a = 0.5 in green
and a = 0.25 in blue.
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3.2 Zoom Simulation

For the zoom simulation, almost the same parameters as for the non zoom were used except for the
levelmazx which was set to 10 with a padding of 8, this results in a box of ICs containing 20353222
particles, which is around ten times the number of particles from the non zoom simulation. Then
the RAMSES run uses the files generated with refinement from levelmin= 7 to levelmar= 16 and
m_refine= 30 * 8.0.
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Figure 3.4: Cross section of the cosmological boxes at the coordinate Z = 0.5+0.1, the two density
plots present show the non zoom simulation in the left, and the zoom simulation in the right, both
at a = 1.0.

When comparing both the zoom and the non zoom simulations at @ = 1.0 in figure 3.4, one
can see clearly the zoom region where the number density of DM particles is higher than the rest
of the box. To have an idea of refinement in a zoom simulation, in this box the refined region has
a radius of refinement of 0.25 in units of the cosmological box, and this region contains 90% of the
particles of the whole box, in other words only 10% of the particles in the box are level 7 mass
particles. This also has implications in the halo mass function plot, since there are more particles
with lower mass, it is possible to resolve lower mass halos that in the non zoom simulation would
have been impossible to see since the masses of the particles themselves were higher than some of
the halos formed in the zoom simulation. This last fact is clearly seen when comparing the halo
mass functions of the non zoom and zoom simulations as shown in figure 3.5, where lower mass
halos that doesn’t exist in the non zoom simulation have formed in the zoomed one, this is a clear
sign of the increased resolution in the zoom simulation. For future simulations to follow jelly fish
candidates, the resolutions will be even higher, meaning that the halo mass functions will show
halos of even lower masses.
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Figure 3.5: Halo mass function for the zoom simulation in red and non zoom simulation in blue.

The halo mass function is also plotted for the different values of a for the zoom simulation in
figure 3.6, where the plots for a = 0.25, a = 0.5 and a = 0.75 were compared to the final a = 1.0,
here we see that at lower a the low mass halos have higher number density than the final low mass
halos, this differs from what is seen in figure 3.3 because we are looking at much lower masses.
Comparing for masses of 10'2 which is the lowest value in the non zoom simulation, the behavior
of the halo mass function is the same for both simulations. Moreover, the low mass halos decrease
in number when increasing a because they merge into other halos, leading to an increase in the
high mass halos at a = 1.0.

The halo mass function plots show that lower mass halos are resolved for an increased resolution
of the cosmological simulations as was expected. This means that the zoom has been succesfully
done to the cosmological box, therefore it is now possible to run zoom simulations on more specific
regions of the box.
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Figure 3.6: Halo mass function for the zoom simulation, comparing a = 1.0 in red, with a = 0.25,
a = 0.5 and a = 0.75 all in blue.
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Chapter 4

Conclusion

After studying, understanding, running and analyzing a non zoom and a zoom cosmological sim-
ulation, it has been verified by the halo mass functions that both simulations were run effectively
and that the resolution was correctly increased, meaning that the zoom was accomplished and
understood using the tools discussed in section 2.3.

Future Plans

The following step is to run DM zoom simulations focused on specific fast flow halos crossing void
walls as discussed in chapter 1. Once those zooms are accomplished, it follows to understand how
to run simulations with baryons and the RAMSES hydrodynamics solver turned on. After this,
the more scientific long term goal motivated in section 1, is to run the simulations focused on
the jelly fish candidates with gas and DM present to confirm if it is possible for RAM pressure
stripping to occur near void walls, and form jelly fish galaxies.
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