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Jenő Gubicza Sándor Katz

Professor, DSc Professor, DSc

Head of the Doctoral School Program Leader

Supervisor:

Dr. László Dobos

Eötvös Loránd University, Faculty of Science, Department of Physics of Complex Systems

Consultants:

Dr. István Csabai

Eötvös Loránd University, Faculty of Science, Department of Physics of Complex Systems

Dr. István Szapudi

University of Hawaii, Institute for Astronomy

Budapest, 2020





3

Introduction

The standard model of the modern cosmology is the ΛCDM model. This model postulates

the homogeneous and isotropic expansion, and its total energy density is dominated by the

cosmological constant (Λ) and the Cold Dark Matter (CDM). Large number of observations

and measurements were confirmed this model. The postulated homogeneity and isotropy in the

metric is only statistically fulfilled in the real Universe.

The distribution of the galaxies in large scales is inhomogeneous: large voids, filaments

and clusters can be observed in the Universe at scales between 1 and 100 megaparsecs [9; 10].

The large scale structure of the Universe as we see today, is formed from the small density

fluctuations by gravitational instabilities. These early fluctuations can bee seen in the Cosmic

Microwave Background (CMB) at z ' 1089 redshift [13].

A fundamental challenge in modern cosmology is accurately determining the parameters of

the standard cosmological model. The expansion history of the Universe is clearly influencing

the evolution of the large scale structure, so it is possible to fit the parameters of a given cos-

mological model by statistically analyzing these structures. The evolution of the structure can

be studied with perturbation theory, but it is limited to the largest scales, or earlier times. The

N -body method is a long-established computational technique that is used to follow the growth

of cosmological structures through gravitational instability in the non-linear regimes. The ear-

lier simulations were done in the last quarter of the 20th century [18]. Nowadays, the significant

advances in the informatics made possible to run simulations with trillion dark matter particles

[15]. Virtually all current state-of-the-art simulations, are using periodic boundary conditions to

approximate the infinite volume outside the simulation box. These assumptions are a matter of

convenience and contradict fundamental observations.

Although the large scale structure can be used to fit the cosmological parameters, it can

cause systematic errors in many other measurements: the foreground structures can alter the

fluctuations in the CMB temperature through the integrated Sachs–Wolfe and weak gravita-

tional lensing effects. The large scale density field can also cause systematic errors in the mea-

sured Hubble-diagrams [6; 12]. Therefore, cosmological simulations have become increasingly
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important in many observational programs to estimate measurement errors.

The H0 Hubble constant is a base parameter in many cosmological models, and it describes

the actual velocity of the expansion. There are two main groups of experiments to determine the

value of this constant: one group using local observations, the other based on the distant CMB

measurements. The local methods are measuring directly the Hubble constant by comparing the

distances and redshifts of low-redshift galaxies [16]. Using the cosmic microwave background

observations, the expansion rate can be estimated at z = 1089, and using the ΛCDM framework,

it is possible the to extrapolate its present day value [14]. Large improvements in observational

accuracy revealed a significant gap between the current day Hubble values determined by these

independent methods. [7]. This so-called Hubble-tension can be resolved in two different ways:

either the measurements contain some unknown systematic error, or the ΛCDM model can not

extrapolate well enough the expansion rate from the CMB observations. If the latter is proven,

the alternative cosmological models should be examined to see if any of them can resolve the

apparent contradiction.

The cosmological backreaction models are attempting to explain the phenomenon of dark

energy as an effective description of the inhomogeneous expansion caused by the large-scale

structure in the framework of general relativity [5]. Large fraction of the community thinks the

backreaction effect is negligible [8; 11].

Results

The dissertation presents my research in the areas described above. Its main focus is the

cosmological N -body simulations, the effects of large scale structure on measurements of the

Hubble-constant, and the examination of the Hubble-tension with numerical simulations. My

thesis statements are presented below:

1. I have developed a new type of N-body simulation algorithm, that is free from the periodic

boundary condition, and rotation invariant. The name of this method is Steoreographically

Projected Simulations (StePS), and it is capable of simulating infinite universes through

mapping the infinite spatial extent of the universe onto a compact manifold. Specifically,
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the algorithm uses stereographic projection onto the surface of a four dimensional sphere.

The discretization of this surface leads to a systematic multi-resolution simulation with

unprecedented dynamic range for given computational resources [3]

2. I have implemented the algorithm in statement 1. in C++ language, and I have parallelized

with MPI-OpenMP-CUDA hybrid method [1]. Since the StePS algorithm uses a small

number of particles for high dynamic ranges, this program uses direct force calculation.

The new code can run in multiple general-purpose graphics processing unit (GPGPU)

with high parallelisation efficiency. The algorithm and the code are published, and freely

available in https://github.com/eltevo/StePS.

3. I have developed and implemented two independent methods for initial condition (IC)

generation for the simulation method shown in statement 1. [3; 1]. The first method uses

existing periodic initial conditions and snapshots, and compactifies them. The second

method is based on the generalized ideas used in periodic initial condition generators.

4. I have repeated the original Millennium Run[17] with the programs and methods I have

shown in statements 2. and 3. The StePS version of this simulation only had high reso-

lution at the center. I have demonstrated that my algorithms and my implementations are

correct, and with them I can reproduce any periodic simulation within the StePS frame-

work [1].

5. I have demonstrated, how one can use the methods shown in statements 1. and 3. to es-

timate the effects of the large scale structures on the supernova Ia measurements. With

StePS simulations, it is very easy to generate redshift cones with the same fundamental

geometry and topology that the observations have. I got back the results of the earlier

periodic studies, that the apparent Hubble-tension cannot be resolved by large scale fluc-

tuations that are consistent with the ΛCDM cosmology [4].

6. I proposed a non-perturbative, multi-scale statistical approach to study strong backreac-

tion based on the general relativistic separate universe conjecture [2]. The name of the

method is Average Expansion Rate Approximation (AvERA), and it estimates the expan-

sion rate as the volume average of local expansion rates. I have made a simulation program

https://github.com/eltevo/StePS
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based on this method, and showed that the accelerating expansion is indeed possible in

this backreaction model, and it can mimic the ΛCDM expansion history.

7. I have shown, that some of the AvERA simulations, run by the method described in state-

ment 6., can resolve the Hubble-tension [2]. In these simulations, the expansion rate in

the early times was consistent with the cosmic microwave background measurements,

and the distance modulus calculated from the late time evolution was consistent with the

supernova observations. With this, I have demonstrated, that an alternative cosmological

model with a similar expansion history to ΛCDM can resolve the Hubble-tension.
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