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Introduction

High mass stars �nish their life in a cataclysmic event in a supernova explosion. The

energy released in this process is so large that for a time the star shines brighter than

the galaxy it inhabits. The heavy elements which form the planets and needed for

life as we know it are created in supernova explosions. Part of the immense energy

released in the process is consumed by the creation of an extremely dense object. The

extremely high pressure and temperature during the explosion compress the core of

the star even more and creates an extremely dense astrophysical object called compact

star.

Extremely dense nuclear matter can exist in compact stars in a stable state because

of the strong gravitational �elds which holds these objects together. General relativity

is needed for the correct physical description of such strong gravitational �elds and

at the same time the description of the dense matter present in these objects requires

nuclear physics. This creates a unique situation for the study of gravity and nuclear

matter under extreme conditions. It is not possible to study the cold dense nuclear

matter of compacts stars on Earth, even modern particle accelerators can not even

produce such a high density of matter. Astrophysical observation of neutron stars

provides a unique window on this extremely state of nuclear matter.

Quantum chronodynamics (QCD), the modern theory of nuclear interactions, is

very successful in explaining high energy nuclear physics phenomena. However numer-

ical solutions of QCD using lattice quantum �eld theory are still challenging under the

conditions present in neutron stars. There are still no �rst principle calculation results

regarding the cold dense matter of neutron stars. This means that phenomenology

based e�ective theories still play an important role in the study of the matter of

neutron stars. These models are constrained by our knowledge of the properties of

nuclear matter under conditions present in Earth-based experiments and they are

also constrained by the observational data of neutron stars. This means that these

e�ective theories potentially can be used to gain information about the properties of

nuclear matter from astrophysical observations of neutron stars and vice versa.

The rapidly developing astrophysical measurements provide more and more ac-

curate measurements of the properties of neutron stars which place even stronger

constraints on the e�ective models of neutron star matter. The NICER X-ray tele-

scope started it's mission in 2017 onboard of the ISS space station. One of the main

tasks of the project is to collect data about compact astrophysical objects like neutron

stars. Another large projects which aims to study compact astrophysical objects the

Athena X-ray telescope is in the design stage. Neutron star mergers are among the

most important gravitational wave sources and detecting them is one of the main goals

of the LIGO�VIRGO collaboration. The properties of dense matter can be inferred

from the observed gravitational waves as it was proven by the study of GW170817

the �rst gravitational wave originated from neutron stars. The above mentioned sci-
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enti�c projects pose challenge for the theoretical modelling of dense nuclear matter as

the correct interpretation and processing of the more-and-more accurate observations

require increasingly sophisticated models.

Objectives

In my PhD research I used �eld theory methods to model the cold dense nuclear

matter of neutron stars. The study of the extremely dense matter of neutron stars is

a multidisciplinary area between nuclear physics and astrophysics.

At the present no �rst principle based calculation methods are available for the

determination of the properties of the dense nuclear matter present in neutron stars.

The reason for this is twofold: the lattice �eld calculations of QCD are very chal-

lenging at high density due to the sign problem, and it is not yet possible to solve

QCD exactly with non-perturbative methods. The inner properties of neutron stars

can not be derived from �rst principles because of the reasons mentions above so

in astrophysics sophisticated e�ective models are used to describe the evolution and

inner structure of compact stars. There have been a signi�cant developments in the

study of cold dense nuclear matter in the recent years. The discovery of gravity

waves coming form neutron star mergers (GW170817) opened the way before multi-

messenger astrophysics. This is a new way to probe the nuclear matter of neutron

stars which poses new challenges in nuclear physics. The e�ective models has to agree

with modern nuclear physics measurements and calculations and increasingly more

precise astrophysical observations at the same time. Besides this it is expected that

these e�ective models are physically well motivated and at least in principle they can

be derived from the underlying QCD.

My PhD research focused on the masquarade problem: di�erent microscopic nu-

clear physics models predict neutron stars with very similar macroscopic observable

parameters. This phenomena makes the model selection and the extracting of nuclear

physics information from neutron star data challenging. I approached this topic from

two main directions. First I studied how calculating the same model with di�erent

methods (mean�eld, one loop correction, FRG) in�uence the parameters of neutron

stars. In the second part of my work I concentrated on how the most fundamental

observable parameters of neutron stars depend on microscopic properties of nuclear

matter within a family of models.

I summarized the results of my research centered around the masquarade problem

in 5 thesis points.
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Methodology

Corresponding to Janus-face nature of neutron stars I conducted my study on two

main paths. In the �rst part of my PhD thesis I studied how including quantum

�uctuations in nuclear models a�ect neutron star observables. I used the Functional

Renormalization Group (FRG) method to estimate the e�ect of quantum �uctua-

tions within a speci�c model. To complete this task I proposed a new method to

solve fermionic renormalization equations at �nite chemical potential and at zero

temperature. This was needed because at zero temperature the Fermi �Dirac distri-

bution in the equations becomes a step function which is not contiouns so the usual

methods to solve di�erential equations can not be used directly.

I applied the proposed method to a Yukawa-type demonstrative model, where the

nuclear matter is modelled by introducing a fermionic and bosonic degree of freedom.

I used local potential approximation (LPA) to describe the self interaction of the

bosonic �eld and I used the FRG method to follow the evolution of the e�ective

potential as quantum �uctuations are taken into account at di�erent scales.

I calculated the parameters of the neutron stars using the Tolman �Oppenheimer �

Volkov (TOV) equations. These equations describe static objects in spherically sym-

metric space time which is a valid approximation for neutron stars even in the case

of rapidly rotating pulsars. These equations are solved by my own computer code

which was validated by models from the literature and the numerical stability of the

solutions was checked in every case.

In the second part of the dissertation I approached the connection between neu-

tron star observables and nuclear parameters from a phenomenological point of view.

I used an extended version of the σ-ω model also called the extended Walecka-model.

I studied how microscopic parameters of nuclear matter in�uence the observable prop-

erties of possible neutron star con�gurations in the mean �eld approximation. I wrote

a program with automatized model �tting so I was able to follow how changing the

values of the nuclear parameters changes the equation of state and the solution of the

TOV equations.

I summarized my research in the following �ve thesis points.
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Results

I I proposed a general method for the solution of the fermionic functional

renormalization equations using local potential approximation at �nite

chemical potential and at zero temperature. The parameter was sepa-

rated into two regions determined by the Fermi�Dirac distribution func-

tion. There are two FRG equations valid in each region which were solved

separately using the fact that ad the border of the regions the two solutions

has to be the same [1, 2].

II I applied the method described in the previous point in the case of a

Yukawa-type model with one fermionic and one bosonic degree of free-

dom. I calculated the FRG equations corresponding to the model and I

calculated the running of the e�ective action and it's couplings at �nite

chemical potential. I calculated the phase diagram of the model at zero

temperature and �nite chemical potential. I compared these results with

one loop and mean �eld calculations. I concluded that to describe the

observable quantities of neutron stars to a su�cient precision high order

calculations are needed [2].

III I calculated the e�ect of quantum �uctuations on the equation of state

corresponding to the above mentioned Yukawa model and I compared the

results to one loop and mean �eld calculations. I used the renormalization

condition that the running couplings take the same values as in the mean

�eld case at very high and very low densities. I solved the TOV equations

in these three cases and I calculated the M -R diagram for the possible

neutron star con�gurations. I also compared these results to other models

from the literature [3, 4].

IV I studied the e�ect of quantum �uctuations on the compactness of neu-

tron stars which can be determined from gravity wave measurements and

pulsar timing observations. The uncertainty in the case of the three ap-

proximations mentioned above is around of 5 %. I compared this results

to the accuracy of modern astrophysical measurements and I concluded

that it is close to the detection limit. I showed that the largest corrections

arise in the case of maximal mass and maximal radius neutron stars [5].

V I calculated the equation of state corresponding to the extended σ-ω model

assuming β-equilibrium. I used di�erent parametrizations of the model

and I compared the results to calculations corresponding to symmetric

nuclear matter. I concluded that it is a good approximation to assume,

that the mass and radius of the maximal mass and maximal radius neu-

tron stars depend linearly on the nucleon e�ective mass the compression
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modulus and the asymmetry energy. I showed that the maximum star

mass is one order of magnitude more sensitive to the value of the nucleon

e�ective mass than to the other two parameters. Considering the current

accuracy of the measurements this means that it is enough to consider

the nucleon e�ective mass during the determination of the maximum neu-

tron star mass. I showed how neutron star observations can be used to

determine the value of the nuclear e�ective mass [6].

Scientometry

I presented my PhD research for the international scienti�c community at several

places and times. I am a co-author of 9 scienti�c papers and 2 science public outreach

papers. The cumulative impact factor of the publications is 20.691 one of the papers is

published in a journal ranked D1 other 2 in journals ranked Q1 and another 2 appeared

in journals ranked Q2. The number of independent citations is 32. I presented my

results in 23 conference talks and 8 posters.

5



Publications Related to the PhD Thesis

[1] Pósfay, P., Barnaföldi, G. G., and Jakovác, A. �FRG Approach to Nuclear Mat-

ter in Extreme Conditions�. In: PoS EPS-HEP2015 (2015), p. 369.

[2] Barnaföldi, G. G., Jakovac, A., and Posfay, P. �Harmonic expansion of the e�ec-

tive potential in a functional renormalization group at �nite chemical potential�.

In: Phys. Rev. D95.2 (2017), p. 025004. (Impact Factor: 3,9).

[3] Pósfay, P., Barnafoldi, G. G., and Jakovác, A. �E�ect of quantum �uctuations in

the high-energy cold nuclear equation of state and in compact star observables�.

In: Phys. Rev. C97.2 (2018), p. 025803. (Impact Factor: 3,82).

[4] Barnaföldi, G. G., Jakovác, A., and Pósfay, P. �An Application of Functional

Renormalization Group Method for Superdense Nuclear Matter�. In: J. Phys.

Conf. Ser. 779.1 (2017), p. 012048.

[5] Pósfay, P., Barnaföldi, G. G., and Jakovác, A. �The e�ect of quantum �uctu-

ations in compact star observables�. In: Publ. Astron. Soc. Austral. 35 (2018),

p. 19. (Impact Factor: 4,095).

[6] Pósfay, P., Barnaföldi, G. G., and Jakovác, A. �Estimating the variation of

neutron star observables by symmetric dense nuclear matter properties�. In:

Universe 5.6 (2019), p. 153. (Impact Factor: 2,165).

Further Publications

[E1] Karsai, S. et al. �Correspondence of Many-�avor Limit and Kaluza-Klein Degrees

of Freedom in the Description of Compact Stars�. In: Acta Phys. Polon. Supp.

10 (2017), p. 827

[E2] Barnaföldi, G. G. et al. �Testing a possible way of geometrization of the strong

interaction by a Kaluza�Klein star�. In: Int. J. Mod. Phys. A31.28 and 29

(2016), p. 1645031. (Impact Factor: 1,799)

[E3] Jakovác, A., Patkós, A., and Pósfay, P. �Non-Gaussian �xed points in fermionic

�eld theories without auxiliary Bose-�elds�. In: Eur. Phys. J. C75.1 (2015),

p. 2. (Impact Factor: 4,912)

Public Outreach Publications in Hungarian

[M1] Karsai, S. et al. �Neutroncsillagok � a világegyetem legnagyobb atommagjai �

in Hungarian (Neutron stars - the largest nuclei of the universe)�. In: Nukleon

VIII. 185. (2015)

6



[M2] Pósfay, P., Barnafoldi, G. G., and Jakovác, A. �A neutroncsillagok extrém

anyagának vizsgálata új térelméleti módszerekkel � in Hungarian (The study

of the extreme matter of neutron stars with new �eld-theory methods)�. In:

Fizikai Szemle (2017)

7


