View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by Washington University St. Louis: Open Scholarship

Washington University in St. Louis

Washington University Open Scholarship

All Theses and Dissertations (ETDs)

Summer 9-1-2014

Neutron Star Models in Alternative Theories of
Gravity

Dimitrios Manolidis
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/etd

Recommended Citation

Manolidis, Dimitrios, "Neutron Star Models in Alternative Theories of Gravity" (2014). All Theses and Dissertations (ETDs). 1322.
https://openscholarship.wustl.edu/etd/1322

This Dissertation is brought to you for free and open access by Washington University Open Scholarship. It has been accepted for inclusion in All
Theses and Dissertations (ETDs) by an authorized administrator of Washington University Open Scholarship. For more information, please contact

digital@wumail.wustl.edu.


https://core.ac.uk/display/233206579?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://openscholarship.wustl.edu?utm_source=openscholarship.wustl.edu%2Fetd%2F1322&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/etd?utm_source=openscholarship.wustl.edu%2Fetd%2F1322&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/etd?utm_source=openscholarship.wustl.edu%2Fetd%2F1322&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/etd/1322?utm_source=openscholarship.wustl.edu%2Fetd%2F1322&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digital@wumail.wustl.edu

WASHINGTON UNIVERSITY IN ST. LOUIS

Department of Physics

Dissertation Examination Committee:
Clifford M. Will, Chair
Mark G. Alford
Ramanath Cowsik
Francesc Ferrer
Renato Feres
Henric Krawczynski

Neutron Star Models in Alternative Theories of Gravity
by

Dimitrios Manolidis

A dissertation presented to the
Graduate School of Arts and Sciences
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

August 2014

Saint Louis, Missouri



(©Copyright 2014
by
Dimitrios Manolidis



Contents

List of Figures

List of Tables

Notation
Acknowledgements
Abstract
1 Introduction
1.1 Gravity and General Relativity . . . . . . . .. ... ... .
1.2 Alternative theories of gravity . . . . . . . . . ... ... L.
1.2.1 Scalar Tensor theories . . . . . . . . . . ... .. ... ... .....
1.2.2  f(R) theories of gravity . . . . . . . . .. ... ..
1.3 Neutron stars . . . . . . . . . .
1.3.1 Equation of state . . . . . .. ...
2 Theoretical framework
2.1 Scalar tensor theories . . . . . . . . . ...
2.1.1 Field equations . . . . . .. ...
2.1.2 Einstein frame . . . . . . ... oo
2.1.3  Sensitivities . . . . ...
2.1.4  Slowly rotating star . . . . . .. ... oL
2.1.5 Matching conditions . . . . . . ..o
2.1.6 Equation of state . . . . . . .. ..o
2.2 f(R)theories . . . . . . . . .
2.2.1 Field equations . . . . . . . . . ...
2.2.2 JPS formulation vs Scalar Tensor formulation . . . . . ... ... ..
2.2.3 Structure equations in the JPS formulation . . . . . .. ... ... ..

Numerical method and results

3.1 Scalar tensor theories . . . . . . . . ...
3.1.1 Numerical integration. . . . . . . .. .. ... 0oL
3.1.2 Equations used for numerical analysis . . . . . . ... ... ... ...
3.1.3 Results. . . . . .
3.1.4 Discussion . . . . . . . ..

i

iv

vii

viii

ix

xi

28
28
29
31
32
36
37
40
41
42
45
47



3.2 f(R)theories . . . . . . ...
3.2.1 Equations used for numerical analysis
322 Results. . . . ..

3.2.3 Discussion
Bibliography
Appendices

A f(R) Potentials

Al Mirandaetal . . . . ...
A.2 Starobinsky . . . ...
A3 Tsujikawa . . . . .o

1l



List of Figures

2.1

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

The potential of the Starobinsky model vs the Ricci scalar for different values
of the parameter A\ . . . . . . . . ...

Total mass M dependance on step size Ar. We start with a large value for
the step size A7 = 1072 and we decrease it in discrete steps. The green box
denotes the range of values used in the code, 107 < A7 < 2 x 107°. The
mass value clearly converges for decreasing step size. . . . . . . .. ... ..
EOS 1II: Density profile for p, = 4 x 1017 kg/m3 . . . . .. ... ... . ...
EOS II: Density profile for p, =1 x 10® kg/m? . . ... ... ... ... ..
EOS II: Density profile for p, = 2.27 x 108 kg/m?® . . . . . . ... ... ...
EOS II: Density profile for p, = 1 x 10 kg/m3 . . . . .. ... ... .. ..
EOS I: Mass of the star M /Mg vs star radius Rinkm . . . ... ... ...
EOS II: Mass of the star M /Mg, vs star radius Rinkm . . . ... ... ...
Mass of the star M /M vs star radius Rinkm . . .. ... ... ... ...
Mass of the star M /M, vs central density p. in kg/m® . . . . ... ... ..
Sensitivity ay vs total mass m /Mg for different values of the parameter /3 .
Sensitivity s4 vs total mass ma /Mg for different values of the parameter f.
In the high density limit the sensitivities become positive, and approach the
0.5 limit which corresponds to the sensitivity of a black hole. . . . . . . . ..
Coupling constant a4 vs total mass m4 /M, with A(p) = exp(—3¢?)

EOS II: Total mass m4/Mg vs star radius R in km for different values of the
parameter S . . . . . ...
EOS AP4: First coupling constant a4 vs the total mass of the star m4 in
solar masses for ag = 1072 . . . . L
EOS ENG: First coupling constant a4 vs the total mass of the star m4 in
solar masses for ag = 1072 . . . . L
EOS MPA1: First coupling constant a4 vs the total mass of the star m4 in
solar masses for ag = 1072 . . . . L
EOS MS1: First coupling constant a4 vs the total mass of the star my, in
solar masses for ag = 1072 . . . . .
EOS MPA1: Second coupling constant 54 vs the total mass of the star m 4 in
solar masses for ag = 1072 . . . . .
EOS MS1: Moment of inertia sensitivity angéA vs the total mass of the star
my in solar masses for g = 1072 . . . . L. L
EOS AP4: Moment of inertia vs the total mass of the star m 4 in solar masses
for cy = 1073 . . L

v



3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

3.36

3.37

3.38

Al

EOS MS1: Sensitivities and moment of inertia vs the total mass of the star

my in solar masses for g = 107° . . . . L 68
EOS MS1: Sensitivities and moment of inertia vs the total mass of the star
my in solar masses for g = 1072 . . . L L 69

Radial component of the metric g, for the Miranda model with o = 1.2,
po =5 x 10"R;/G and Ry ~ 1.405Ry. The first sharp peak corresponds to
the radius of the star, while the second peak corresponds to the cosmological

horizon. . . . . . L 73
Scalar curvature R for the Miranda model with o = 1.2, py = 5 x 10"R; /G
and Ry ~ 1AOSRy . - . o o o o 74

Radial component of the metric g, for the Starobinsky model with A = 1.56,
po = 10°R;/(167G) and Ry ~ 1.984R,. The first sharp peak corresponds to
the radius of the star, while the second peak corresponds to the cosmological

horizon. . . . . . .. 75
Scalar curvature R for the Starobinsky model with A = 1.56, py = 10°R; /(167 G)
and Rl ~ 1984R0 ................................. 76
Scalar curvature R for the Starobinsky model with A = 1.56, po = 10'°R, /(167G)
and R1 ~ 1984R0 ................................. 76

Radial component of the metric g, for the Starobinsky model with A = 1.2,
po = 10°R;/(167G) and Ry ~ 1.984Ry. The sharp peak corresponds to the

radius of the star. . . . . . . . . ... 7
Scalar curvature R for the Starobinsky model with A = 1.2, py = 10°R, /(167G)
and R1 ~ 198430 ................................. 78
The scalar curvature R vs the radius of the star for the Starobinsky model
with A = 1.56, Ry ~ 1.984 and py = 2.98 x 10%kg/m® . . . . . ... ... .. 78
The scalar curvature R vs the radius of the star for the Starobinsky model
with A = 1.56, Ry = 0 and pg = 2.98 x 10"8kg/m® . . . . . . ... ... ... 79
The percentage difference of the total mass of the star vs v for the Starobinsky
model with A = 1.56 and Ry =~ 1.984 . . . ... .. ... .. ... ... ... 80
The percentage difference of the radius of the star vs v for the Starobinsky
model with A =1.56 and Ry ~ 1.984 . . . . . ... ... ... ... ..., 80
The percentage difference of the total mass of the star vs v for the Starobinsky
model with A\ =1.56and By =0. . . . .. ... .. 81
The percentage difference of the radius of the star vs v for the Starobinsky
model with A =1.56 and Ry =0 . . . . .. ... ... 81
The total mass of the star vs the central density for the Starobinsky model
withA=12and R; =0.. . . . . . . . ... .. 82
The total mass of the star vs the radius of the star for the Starobinsky model
with A=12and Ry =0. . . . . . . . . e 83

EOS II: The total mass of the star vs the radius of the star for the Starobinsky
model with A = 1.2 and Ry = 0, with the corresponding densities shown.
Models with p. > 2.2 x 10®kg/m? have p. > p./3. . . . . . . . .. .. .. .. 84

The potential of the Miranda et al model vs the Ricci scalar for different values
of the parameter A . . . . . . . ..o 94



A2

A3

The potential of the Starobinsky model vs the Ricci scalar for different values
of the parameter X\ . . . . . . . . . ...
The potential of the Tsujikawa model vs the Ricci scalar for different values
of the parameter A . . . . . .. .o

vi



List of Tables

3.1 EOS parameters . . . . . . . ..

vil



Notation

Throughout this thesis, geometric units G = ¢ = 1 is assumed unless specified otherwise.

The metric signature is (—, +, +, +). Greek letters stand for spacetime indexes, while Latin

letters stand for spatial indexes only. Einstein summation is assumed throughout the thesis.

When referring to Jordan and Einstein frames, tilde variables correspond to the Einstein

frame, while un-tilde variables correspond to Jordan frame. We define the following;:

Symbol
of —

Oxh — JH
\=e

O=0,=¢"V,V,
G

Y

Guv

T =g"1,,

Description

Partial derivative
Covariant derivative
D’ Alembertian
Gravitational constant
V8rG

Metric tensor
Determinant of g,
Ricci tensor

Ricci scalar or scalar curvature
Stress-energy tensor

Trace of stress-energy tensor
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ABSTRACT OF THE DISSERTATION
Neutron Star Models in Alternative Theories of Gravity
by
Dimitrios Manolidis
Doctor of Philosophy in Physics
Washington University in St. Louis, 2014

Professor Clifford M. Will, Chair

We study the structure of neutron stars in a broad class of alternative theories of gravity.
In particular, we focus on Scalar-Tensor theories and f(R) theories of gravity. We construct
static and slowly rotating numerical star models for a set of equations of state, including a
polytropic model and more realistic equations of state motivated by nuclear physics. Ob-
servable quantities such as masses, radii, etc are calculated for a set of parameters of the
theories.

Specifically for Scalar-Tensor theories, we also calculate the sensitivities of the mass and
moment of inertia of the models to variations in the asymptotic value of the scalar field
at infinity. These quantities enter post-Newtonian equations of motion and gravitational
waveforms of two body systems that are used for gravitational-wave parameter estimation,
in order to test these theories against observations.

The construction of numerical models of neutron stars in f(R) theories of gravity has
been difficult in the past. Using a new formalism by Jaime, Patino and Salgado we were
able to construct models with high interior pressure, namely p. > p./3, both for constant
density models and models with a polytropic equation of state. Thus, we have shown that

x1



earlier objections to f(R) theories on the basis of the inability to construct viable neutron

star models are unfounded.
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Chapter 1

Introduction

1.1 Gravity and General Relativity

Sir Isaac Newton was the first to propose a mathematical description of the laws of gravity, in
1687. Newton’s theory remained as the widely accepted theory of gravity until the beginning
of the 20th century. In 1915, Albert Einstein introduced his theory of General Relativity.
It was a revolutionary theory that changed the way physicists think about gravity. Today,
General Relativity is considered a well established theory that is studied as a standard
textbook subject [47], [31], [58].

Unlike Newtonian gravity, where gravity is described as a force from a distance, in General
Relativity gravity arises from curvature in geometry. It is the curvature that affects the the
motion of particles in spacetime. On the other hand, massive bodies and energy sources
cause the spacetime to curve. To study the curvature we employ a mathematical description
of the squared length of an infinitesimal displacement in an arbitrary direction. This squared

length, or “line element”, is given by
ds* = g, dz"dz” (1.1)

where x# are the coordinates describing the spacetime and g, is the metric tensor. The



1.1 Gravity and General Relativity

metric tensor is one of the fundamental quantities in General Relativity. Given the metric
tensor the geometry of the spacetime can be fully described. If the geometry of the spacetime
is known, the motion of test particles can be predicted.

The equations that we use to derive the elements of the metric tensor are called Einstein

field equations and they are given by

G = 811, (1.2)

The right hand side of the equation is called the stress-energy tensor and it describes the
mass-energy part of the equation. It is a measurement of the flux of the 4-momentum
through a surface in a direction of one of the spacetime coordinates. More specifically the
component 7% is the energy density. The component 7 is the flux of energy across a
surface of constant x’. The component T is the i component of the momentum density.
Finally, 7% is the flux of i-th component of momentum across a surface whose normal is in
the j direction. The stress energy tensor is symmetric like the metric tensor. The elements
of the stress-energy tensor depend on the system under study. As an example, the stress

energy tensor of a perfect fluid is given by

" = (p + p)uu” + pg"”. (1.3)

We will use this stress energy tensor repeatedly in this thesis.

The left hand side of the equation is called the Einstein tensor G, and it describes the
geometric part of the equation. It is a function of the metric tensor. More specifically, the
Einstein tensor depends on the Riemann tensor, which is a measurement of the curvature of

the spacetime. The Riemann tensor is given by

O;J’lw = Faﬁvvu - Faﬂmv + FQWIWBV - Fawrvﬂu (1.4)
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where '3 are the Christoffel symbols, given by

(63 1 (0%
%, = 59 “(Gusr + Gy — Gvm)- (1.5)

The contracted Riemann tensor is called Ricci tensor

Ry = 0,0, (16)
and the contracted Ricci tensor is called the Ricci scalar, or scalar curvature
R=R". (1.7)
Finally the Einstein tensor is given by
G = Ry — %gwR (1.8)

The local conservation of energy and momentum implies that stress-energy tensor satisfies

the equation

T, =T, 4+ DF T 4 T, T =0, (1.9)

where a semicolon denotes a covariant derivative. One the other hand, using the Bianchi
identity

Rumﬁ;v + RuVﬁv;a + Ruwa;ﬁ =0, (1'10)

we can show that

G" =0, (1.11)

which is compatible with the local conservation of energy.



1.2 Alternative theories of gravity

1.2 Alternative theories of gravity

Even though General Relativity has passed all the local experimental tests, the strong field
regime still remains mostly unexplored. In addition, a unification of General Relativity with
the other three interactions has not been possible. In order to address these issues, physicists
search for alternatives to General Relativity. Numerous theories have been presented to this
date. Some of these theories were shown to be non-viable since their predictions did not
agree with the new and more accurate experimental results. There exist, however, several
viable theories today that pass the experimental tests, yet their predictions differ from those
of General Relativity in the strong field regime. In this thesis we will focus on two types of

alternative theories of gravity. Scalar Tensor theories and f(R) theories of gravity.

1.2.1 Scalar Tensor theories

One of the most well studied attempts to modify General Relativity is the class of Scalar
Tensor theories of gravity. The existence of the scalar field was initially motivated from
Kaluza-Klein theories and later from superstring and super-gravity theories, which all give
rise to scalar fields coupled to matter. The first scalar tensor theory was introduced by
Fierz[27], Jordan[35], Brans and Dicke[9], so we will refer to it as FJBD theory. The theory
introduces a dynamical scalar filed ¢ in addition to the metric g,,, which is the central part
of General Relativity. The action of the FJBD theory reads as follows

1
S = 5.7 d*zv/—g (qu + %g””%gb,y) + Sy (1.12)

where S}, is the matter part of the action. The matter action contains the variables of non-
gravitational fields, and the metric, but does not contain the scalar field. The theory contains
one arbitrary parameter w which value is to be constrained by local gravity experiments.

The theory reduces to General Relativity in the limit w — oo. Later on, Bergmann[7],

4



1.2 Alternative theories of gravity

Wagoner[69] and Nordvedt[52] generalized the theory, where the free parameter w becomes
a free function w(¢) of the scalar field ¢, and the scalar field can have an arbitrary potential.

Thus, the action of the generalized theory is

= _/d4 [¢R+ Ef) 9" G b + 20M(P) | + Sur (1.13)

where A\(¢) is another free function which plays a role similar to that of the cosmological
constant in General Relativity. Since the function w(¢) is arbitrary, the action describes a
class of Scalar Tensor theories. In order to choose a specific theory to work with, we need
to choose a specific function for w(g).

The field equations of the theory can be obtained by varying the action with respect to
the tensor field g, and the scalar field ¢ [70]

1 2 1 1
RW/ - Eg;wR - )\(Qs)g/w - /; T ¢2 (¢ Mb v 5 g#u¢7/\¢7>\> + g_ﬁ(qb;,ul/ o gMVD¢) (1'14)
A w(@) 1 ¢
Uo + - ¢ AP’ dqb (7) + ém [R + 2%(@»‘@))} 0. (1.15)
The equation for the scalar field ¢ can be rewritten as
20%d\/dp — 20M(¢) 1 ( _aw )
Rp 2L s (T - S0 (1.16)

;where T}, = 2(—g)"1/28S3, /59" is the stress energy tensor and T = T, . The asymptotic
value of the scalar field ¢g, in the weak field limit, is related to the gravitational constant G.

In geometrized units,

_ [4 + 2w(¢o)

3+ 2w(¢o)] %o (L17)

Like every other theory of gravity, Scalar Tensor theories need to be experimentally tested

to determine their viability. In order to test the theory a very powerful tool is used, called
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the Parametrized Post-Newtonian (PPN) Formalism [70]. This is done by firstly assuming
that the matter in the solar system can be modeled as a perfect fluid. Then we express
the metric as a series of potentials whose source is the various matter variables. We replace
the coefficients of the terms in the metric by arbitrary parameters. By choosing specific
values for the parameters of this metric we obtain the Post-Newtonian metric of a particular
theory of gravity. The most general case of this metric, under certain assumptions for the
Post-Newtonian functionals contains ten parameters v, 3, &, a1, as, as, (i, (o, (3 and (4.

The metric reads

goo = —1+2U —2BU% — 26dy + (2y + 2 + a3 + (G — 26)P,
+2(3y =284+ 1+ G+ &Py + (1 + (3)P3
+2(37 + 3¢ — 2Py — (1 —28)A

1 1
901'25( ’Y~|—3+a1—a2+C1—2§)W—§(1+a2_61+25)m

General Relativity corresponds to thecase y = =1landé =g = =a3 =G = (o =

(3 = 0. The PPN parameters of Scalar Tensor theories are

_1—|—w

773 +w
B=1+w(3+2w) 2(4+2w)!

f=an=m=a3=0=0=03=0 (1.19)

where w = w(¢p) and W' = ‘;—z(qﬁo), where ¢ is the value of the scalar field far from the solar
system.
The PPN Formalism can be used now to test the theory against the experimental findings

of solar system experiments. The most important of these experiments are
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e The deflection of light around the Sun. The deflection angle of a light ray passing

near the Sun is given by [71]

59:1(1+7)4M@1+COS¢

1.
5 T (1.20)

where M, is the mass of the Sun, d is the distance at which the ray passes the Sun and
¢ is the angle between the Earth-Sun line and the incoming direction of the photon.
Using very-long-baseline radio interferometry the best result for this technique yields
a value for gamma [39]

—1=(=16+15)x107* 1.21
v

e The Shapiro time delay. Radar signals that travel past the Sun and return back to
Earth experience a time delay, as first pointed out by Irwin Shapiro. The time delay

is given by the formula [71]

1 d?
ot = 5(1 +74) (240 —In— | pus, (1.22)
r

where d is the distance of closest approach of the ray in solar radii, and r is the
distance of the object receiving the signal from the Sun, in astronomical units. The
most stringiest bound on the value of gamma comes from the Doppler tracking of the

Cassini spacecraft in 2003 [8] which yields the result

y—1=(21423) x 107" (1.23)

e The perihelion shift of Mercury. The advance of the perihelion of Mercury has
been measured to be 43 arcseconds per century. The theoretical value taking into

account both relativistic PPN contributions and the solar quadrupole moment is given
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by [71]

. 1 J
@::42ﬂ98<§(2+-27—-ﬂ)+{3x104Hf7), (1.24)

where J, = (2.2 £ 0.1) x 1077 [45], [3] is the quadrupole moment. Comparing the

theoretical value to the experimental one we get
|2y —B—1]<3x107% (1.25)
which combined with the Cassini result gives a bound on /5 [26], [68]

B—1=(-41+78)x107". (1.26)

The bound on the PPN parameter v can be translated to a bound on the parameter w of

the FJBD theory according to the equation (1.19)
w > 400000. (1.27)

The action of scalar tensor theory can be re-written in such a way that it looks sim-
ilar to that of General Relativity. This non-metric representation is called the ”Einstein
frame” while the regular metric representation is called the ”Jordan frame”. The metric is

conformally transformed to a new metric variable that is coupled to the scalar field [24],[16]

Guv — Qm/ - Q2(¢)gull (128)

Because of this, g,, is no longer the physically measured metric; nevertheless it is a useful

variable for representing this class of theories. The scalar curvature transforms as

~ LI€2



1.2 Alternative theories of gravity

The determinant of g,, transforms as

V=i =0~y (1.30)

We now use the transformation
dp = % 2w(¢)+3% (1.31)
() = ¢ (1.32)

Substituting the previous equations into the action (1.13) for A(¢) = 0 we get

1 ~ | D ~ Uy
S = 52 /d4x\/—g [R — 29" gowgo’,,] (1.33)

where ¢ is the new scalar field. This is the action in the Einstein frame. Following the

notation of Damour and Esposito-Farese [17] we define some useful parameters

Ap) = Q7! (1.34)
_dlnA(p) 1
Blp) = d(jlf;o) (1.36)

The field equations in the Einstein frame, derived from the action (1.33) are
¥ ~ 2 (7 [
R, =2¢"0,p0,0 + r° (T, — §Tgw, (1.37)

Ogp = —=-a(e)T (1.38)
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where TW = 2(§)" /2654 /0g" is the stress energy tensor and T’ = TM“. We can now define

the PPN parameters in the Einstein frame

262
—1=— 0 1.
! 1+ a2 (1.39)
1~ a2
—1=f—2 1.4

where g = @(p) and By = B(po) are the asymptotic values of the parameters & and 3 far
from the source. As we will see later on, the Einstein frame is routinely used in numerical

simulations since the field equations have a simpler form preferred for numerical analysis.

1.2.2  f(R) theories of gravity

The second type of alternative theories of gravity that we study in this thesis is f(R) theories
of gravity. Such theories have existed since the 1960’s. But during the last two decades
these theories have grown in interest in an attempt to explain the accelerated expansion of
the universe. Nowadays f(R) theories are well established, and are considered a potential
dynamical alternative to Dark Energy [20],[60]. Depending on the choice of f(R), such
theories can retain many of the successful features of General Relativity at solar-system and
astrophysical scales, while introducing dramatically different features at cosmological scales.

The Einstein-Hilbert action

1
S =— d4x\/—gR+/d4x£M(gW,1/1M), (1.41)

T oR2

is modified to
1
T 2K2

S /d4x\/—_gf(R) +/d4x£M(gW,sz), (1.42)

where % = 87G and Sy = [ d*xLy (g, ¥ar) is the matter part of the action, which depends

10



1.2 Alternative theories of gravity

on the metric g,, and the matter fields ;.
We can obtain the field equations by varying the action with respect to the metric g,

as follows

1
Fr(B) Ry = 5 (R)gur = ViV fr(R) + 9,0 fr(R) = KTy, (1.43)
where fr(R) = f'(R) is the first derivative of f with respect to R and

2 0Ly
Tpp = ——— 1.44
N e (144

It has been shown that the left hand side of equation (1.43) is divergence free, which implies

™" = 0. (1.45)

v

We can easily see that substituting f(R) = R, fr(R) = 1 recovers the well known field

equations of General Relativity. The trace of equation (1.43) is
frR+30fr — 2f(R) = &°T (1.46)

When the stress energy tensor 7' = 0, the Ricci scalar R is no longer necessarily zero.
If there exists a point where the Ricci scalar is constant and 7}, = 0, equation (1.43)

becomes

frR—2f(R)=0 (1.47)

The root of equation (1.47) is R = C' and the maximally symmetric solution is de Sitter. If
C = 0 the maximally symmetric solution is the Minkowski spacetime.
We can also rewrite the field equations in the Einstein equations form
1 K2

Guw =Ry — gl =
fr

; (T + L), (1.49)

11



1.2 Alternative theories of gravity

where

Teff — 1 (f(R) — RJfr
e 8rG 2

+ V,uvufR - g#l/DfR> . (149>

The simplest model that was first introduced was f(R) = R + aR? [62] but it does not
strongly affect large scale cosmological behavior. Once the acceleration of the expansion of
the universe was well established, additional models were proposed in order to explain the
said acceleration. One of the first choices to attempt to account for cosmological acceleration

was [10],[11],[12],[51]
f(R)=R—u'/R, (1.50)

but it was then shown that the model suffered from instabilities [22]. One can show that the
field equation with first order corrections for the curvature contains a term with a very large
coefficient. The characteristic time of the instability is ~ 10726 sec, so the instability grows
very fast and reaches high values. This motivated the derivation of the conditions required
for a viable f(R) theory.

A viable f(R) theory must satisfy both cosmological observations and local gravity con-
straints. Amendola et al. [2] derived the conditions for a cosmologically viable f(R) theory.
The sequence of the cosmological eras dominated by radiation, then by matter, and finally
by acceleration, must be preserved in such a theory. Starting with a spatially flat Friedmann-

Lematre-Robertson-Walker spacetime, we consider the metric
ds® = —dt* + a(t)dx* (1.51)

The Ricci scalar becomes

R=6(2H*+ H), (1.52)

where H = a/a is the Hubble parameter. The stress energy tensor is that of a perfect fluid

12



1.2 Alternative theories of gravity

T" = (—pa,pa, P, Pur)- Considering non-relativistic equation for matter and radiation

fpm + 3Hpy =0

oy +4Hp, =0

the field equations (1.43) become
3frH? = (frR = f(R))/2 = 3H fr.+ K*(pm + pr)

—2fpH = fr— Hfg+ &*(pm +4/3p,)

We define the following variables

_ fR _f R KPr
L1 = 77 5 T2

Hfn 27 6H2fn "~ 6H2 ™ T 3HZf,

plus the density parameters

KPm

m= e = 1= %1 — Ty — 23— T4, & =24, Qpp =121+ 22+ 73
3H?fr

We derive the following system of equations

%z—l—xg—?;xg—i-xf—xlxg—i—m
% _ s To(2w3 — 4 — 1)

% = —x;f?’ — 2w3(x3 — 2)

% = —2T3%4 + T124

13
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(1.55)

(1.56)

(1.57)

(1.58)

(1.59)
(1.60)
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1.2 Alternative theories of gravity

where N = Ina is the number of e-foldings and

dln fr Rfrr
pu— pu— ]_-

"TUmR T fa (1.63)

din f(R)  Rfn
= = 1.64
dln R f(R) (1.64)

Finally, the effective equation of state of the system is

Wesp = —1 — 2H /(3H?) (1.65)

An analysis of the above dynamical system reveals that the critical points (ignoring radiation,

dx;

x4 = 0), namely the points where the derivatives 93t

all become zero, are

P1: (21, 29, 23) = (0, —1,2), Q,, =0, Wepp = —1
P2 (21, 29,23) = (—1,0,0), Q= 2, Wepr =1/3
P3: (21, 29,23) = (1,0,0), Q. =0, Wepr =1/3
P4 (21,29, 23) = (—4,5,0), Q, =0, Wepr =1/3
P5: (21,72, 23) = (1imm» —2(1114;1)27 21(1++4Z)),
7+ 10
F6: (@1@2,m) = (2£1+_2Z>’ m11_+4;nm> - ;n?im l(;g)m) )

2 — bm — 6m?
We =
T 73m(1 + 2m)

(1.66)

The point P5 can be identified as the matter-dominated epoch, for m close to zero. Points P;
or Py can either be identified as the later accelerated epoch. The stability of the above fixed
points is analyzed by considering only time-dependent linear perturbations around them.

The trajectories that start from the saddle matter point Ps and then approach the stable

14



1.2 Alternative theories of gravity

points P; or Py can be considered viable. The stability analysis reveals that m needs to

satisfy the condition

0<m<1 (1.67)

Finally, we end up with two classes of models that are cosmologically viable.

Class A: Models that connect P; (r ~1,m ~ +40) to P, (r=2,0<m < 1)

Class B: Models that connect Ps (r ~ 1,m ~ 40) to P; (m =r1,(v/31)/2 <m < 1).
According to the above analysis the models f(R) = R+ aR" and f(R) = R — u*/R are
non-viable.

The models should also satisfy local gravity constraints. This is done by considering

spherically symmetrical linear perturbations in a flat background metric [50],[53],[25],[60]
ds® = —[1 4 2U(r)|dt* + a(t)[1 + 2®(r)]dr? + r?dQ? (1.68)
We write the Ricci scalar as
R(t, 7’) = Ro(t) + Rl(T) (169)

where Ry is the background curvature and R; is the perturbation to this background. We
assume that the matter source has mass density p(r) and negligible pressure. The trace

equation (1.46) now becomes

2 2 _ Kp
\V4 R1 — mle = —?)fRR(RO) (170)
where
it — $(R0) = frnl(Fo) W)

3frr(Ro)

Since 0 < m(Ry) < 1 as it was shown earlier (1.67), this means that m} > 0. Assuming the
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1.2 Alternative theories of gravity

the field is light, mr < 1, yields the solution

KM

Ri=—M~
! 127TfRR(RQ)T

, myr L 1 (1.72)

where M is the total mass of the source. Using this assumption, we can solve the linearized

field equations for the PPN potentials ¥ (r) and ®(r),

kM,
U)o~y ——— > 1.73
(r) 67 fr(Ro)r (1.73)
kM,
O(r) ~ ————. 1.74
") = Ton ful R e
According to this solution we can calculate the Post-Newtonian parameter -
O(r) 1
= — o~ — 1.
T 2 (175)

This violates the strict experimental bound on the parameter |y — 1| < 2.3 x 107° which
comes from the Cassini solar experiment. This would mean the non-viability of f(R) theories.
Fortunately, usually the condition mr < 1 is not satisfied. This is because of the chameleon
mechanism [36],[37]. The effective mass of the scalar m; depends on the density of the
surroundings. When the matter density is high, the field also has a high effective mass,
while in a low density cosmological environment the field acquires a light mass. In addition

to these constraints, a viable model should satisfy [63]

frr(R) >0, (1.76)

which is needed to avoid tachyonic instabilities like the one appearing in model (1.50) and

fr(R) >0, (1.77)
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1.2 Alternative theories of gravity

which guarantees the absence of ghost fields.

There exist now several viable models that satisfy both cosmological and local gravity

constraints.

e The Hu and Sawicki model [33]

R.(R/R.)*"
. R(R/R)

N/ SEES

with n, u, R. > 0.

e The Starobinsky model [63]

f(R):R_HRc

R\ "
1= (14 %)

with n, u, R. > 0.

e The Tsujikawa model [66]

f(R) = R — pR.tanh(R/R..)

with p, R, > 0.

e Recently, Miranda et al. [46] proposed another model

F(R) = R —aR.In(1 + R/R.)

This is done by noting that the previous models can be seen as special cases of

= fo- [+ (£)])

then taking the limit p — oo.
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1.3 Neutron stars

All the above models satisfy the conditions (1.76), (1.77) and they show the correct behavior
preserving the sequence of the cosmological eras, as it was described earlier on. These are

the models that we are going to use later in our analysis in chapter 2.

1.3 Neutron stars

Neutron stars were first proposed by Baade and Zwicky in 1934. The idea was that there
exist stars of very high density and small radius. In 1939, Oppenheimer and Volkoff con-
structed general relativistic models for such objects, assuming that the stars are composed
of degenerate free neutrons at high densities. After these ideas were proposed physicists
turned their attention to other fields of physics and neutron stars were mostly forgotten.
The discovery of pulsars excited new interest for neutron stars. In 1967 a new radio tele-
scope in Cambridge detected a radio source with a very precise period [32]. It was almost
immediately proposed by Gold [29] that a highly rotating magnetized neutron star was the
source of the radio signal. Soon after, the pulsar located in the Crab Nebula was discovered
[57], which confirmed the proposition of Gold and in addition indicated that neutron stars
are the remnants of supernovae explosions. In the following years new models were proposed
for the structure and the evolution of neutron stars and the theoretical aspects of neutron
stars, were extensively studied. Also, new, powerful radio telescopes helped in the continuous
discovery of new pulsars and to this date about 2300 pulsars have been discovered.

Today the theoretical framework for neutron stars is well established. Neutron stars
are believed to be the remnants of supernovae explosions. Their masses range from one to
three solar masses, while the observed range is from about 1 solar mass to just over 2 solar
masses, and their radii range roughly from 8 km to 16 km. The gravitational binding energy
of neutron stars is 2 ~ 0.2, much larger than that of normal stars. The spin periods of

R

neutron stars can be as low as a few milliseconds and they can have magnetic fields that
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1.3 Neutron stars

reach values of 102 G [43]. Thus, neutron stars are highly rotating relativistic stars and
only fully relativistic models should be considered in order to study their properties. The
fully relativistic equations that describe a neutron star either in General Relativity or in
other metric theories of gravity are a system of non linear differential equations. Analytical
solutions to such a system of equations are almost impossible to find, so we need to resort
to numerical methods to solve the equations. A large number of numerical models with
different numerical techniques have been developed in order to solve the field equations with
high accuracy.

The internal structure of a neutron star remains unknown. The density of the matter
in the center of a neutron star can exceed values of 10 gecm ™. The domain of such high
densities is still unexplored, mostly because it is still not possible to test experimentally.
However, various nuclear physics models have been proposed. The most prominent models
suggest that the outer crust of a neutron star is composed of a lattice of iron *°Fe. At
densities higher than ~ 10" gcm™3 the nuclei become more neutron rich because of electron

capture. The inner crust which starts at densities ~ 10t gem ™3

is mainly composed of free
neutrons. These neutrons can be found in a superfluid phase, and some models suggest that
certain phases of non-spherical nuclei are present at the bottom of the inner crust, that are
called pasta phases [13]. Beyond densities of ~ 10 gem™ we have the core of the neutron
star. It is the goal of nuclear physics to find an equation of state that describes the matter
of the neutron star entirely, as we will see later on.

The macroscopic properties of neutron stars are measured by observing pulsar radios
sources. As we already mentioned, it is well established that pulsars are highly magnetized
rotating neutron stars. There are two different types of pulsars. The regular pulsars with
periods P ~ 0.5 s that increase with rates P ~ 1071 s/s and the millisecond pulsars with

periods 1.4 ms < P < 30 ms that increase with rates P ~ 107 s/s. Models of binary

systems show that millisecond pulsars have been spun up to such high speeds by accretion of
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1.3 Neutron stars

matter from an orbiting companion. The lifetime of regular pulsars is, as estimated crudely
by P/ P ~ 107 yr while the millisecond pulsars have lifetimes close to the age of the Universe
7 = 13.7 Gyr. Using samples of a region near our solar system we can estimate the total
number of regular and millisecond pulsars in our galaxy. Regular pulsars have a surface
density of 156 4 31 pulsars kpc™? which corresponds to about 160,000 pulsars in our galaxy,
while millisecond pulsars have a surface density of 38 & 16 pulsars kpc™2 which corresponds
to about 40,000 millisecond pulsars in our galaxy [43].

Of the neutron stars that can be observed, the most important ones are those found in
compact binary star systems. Compact binary systems are the best tools to test General
Relativity and other theories of gravity. The most interesting compact binaries are the ones
containing a neutron star which is a radio pulsar, since the the orbital parameters of the

system can be measured from pulsar timing observations. We define the following parameters

[55]:
is the total mass of the system and
m1Mmso
= 1.84
H= g (1.84)

is the reduced mass of the system. Also,

mims
= (1.85)
is the symmetric mass ratio and
M = n3/2M _ M3/5M2/3 (186)

is the chirp mass. The post-Keplerian parameters of the system such as the orbital period’s

derivative P,, the advance of the periaston w, the gravitational redshift v, the range of the
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Shapiro delay r and the angle of inclination i are given in General Reletivity by [43]

P, —5/3
w=3 (2—> (T M)?3(1 — &)~} (1.87)
m
P 1/3
y=c¢ (2—b) T2 M= my(my + 2m,) (1.88)
m
P _ _% E —5/3 T5/3m m M—4/3 1 _|_ EQQ + 3_764 (1 o €2>_7/2 (1 89)
’ 5 \ 2w © TR 24 96 '
P —2/3
sini = z (Q—b) T, P M3 my ! (1.90)
T
r="Toms (1.91)

where e is the eccentricity, T, = GM/c® = 4.925490947 us and x = asini is the projected
semi-major axis. Measurements of these relativistic effects in a variety of binary pulsar
systems have shown excellent agreement with general relativity, including the existence of
gravitational radiation, whose emission leads to the decrease of orbital period [72].

We can now compute the gravitational waveforms emitted by a binary system of such
compact objects, in various theories of gravity. More specifically, in General Relativity the

waveform polarization modes are given by [40], [55]

2uM

ht = —M—(l + cos? i) cos 20 (1.92)
Dr
ApuM

= — gr cos i sin 2P (1.93)

where D is the distance to the source, r is the orbital separation and & is the orbital phase.
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On the other hand, in FJBD theory they are given by [14]

ht =— ( — —§> 2MwG(l + cos? i) cos 20 (1.94)
Dr

apuM
B> (1——5) MG s isin 20 (1.95)
T

plus a scalar amplitude (often called a “spin-0” or breathing amplitude), given by

= —25 (GM) (s1 — sg)sinicos P, (1.96)
r
where
E=— (1.97)
24w )
and
G=1 —5(514—82 —28182>. (198)

The quantities s; and s, are called the ”sensitivities” of the two inspiraling bodies. These
quantities measure the sensitivity of the mass of each body to variations in the value of
the external scalar field, which controls the gravitational binding energy of each body. This
difference in the waveforms should be measurable by the next generation gravitational wave
detectors which means that we should be able to constrain the value of the parameter w of
the FJBD theory. The same analysis can be applied to constrain the parameters of other
theories of gravity.

The simplest model one can choose to describe a neutron star is that of a static, spherically
symmetric star. In General Relativity, the metric of the spacetime of such a star is given by
47

ds? = —e**at? 4 22 dr? 1 240> (1.99)
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where

dQ? = df* + sin® Od¢°. (1.100)

The two functions ®(r) and A(r) are to be determined by solving the field equations. The
next equation that needs to be defined is the stress-energy tensor of the matter inside the
star. We can model the matter of the star as a perfect fluid, to a very good accuracy. The

stress energy tensor of a perfect fluid is
™ = [p(r) + p(r)juv” + p(r) " (1.101)

where u* is the 4-velocity of the fluid and p(r) and p(r) are the density and the pressure of
the fluid respectively. The final equation that needs to be provided is the relation between
the density p(r) and the pressure p(r). This is called the equation of state (EoS). The true
equation of state of a neutron star remains unknown. Several nuclear physics motivated
models for the equation of state have been proposed as we will see later on this chapter.

We now have all the necessary equations to proceed in our solution. Here it is convenient
to rewrite the function A(r) as

et = (1 ~ 2m—m)_1 (1.102)

r

where m(r) is a new function that plays the role of the mass, as will be obvious from our

solution. Starting with the ;; component of the Einstein equations, we find

d
d—T = 47r2p(r) (1.103)

Integrating this from the center of the star to its radius » = R will give us the total mass of
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the star. Now, using the ,, component of the Einstein equations we find

e _ m + 4mr3p

—_— 1.104
dr  r(r—2m) ( )
Finally, using the energy-momentum conservation equation 7"7, = 0 we have
dp dd
— =— — 1.105
Dot (1.105)
Substituting equation (1.105) in equation (1.104) we get the final expression
d; 473

dr r(r—2m)

This is the TOV equation, discovered by Tolman [65] and independently by Oppenheimer
and Volkoff [54] in 1939 and describes the structure of a static, spherically symmetric star in
General Relativity. In order to solve the equation, one needs to provide initial conditions for
the quantities m(r), p(r) and ®(r) at the center of the star, in addition to an EoS. One then
integrates the equation outwards until the pressure vanishes, which denotes the surface of the
star. The TOV equation guarantees that the pressure will decrease monotonically as long as
p > 0and p > 0. In the case of a constant density star the equation has an analytic solution.
For a more realistic EoS the equation can only be solved by using numerical methods. This is
the basic scheme that we use to construct models of neutron stars in this thesis, but modified
for alternative theories of gravity, as we will see in chapter 2.

The previous analysis is done for static stars, but as we already discussed, real neutron
stars rotate rapidly. Thus, we need to extend our analysis to include rotation. The metric

that describes the spacetime of a rotating star is stationary and axisymmetric. The most
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general form for the line element of such a metric is

dSQ = ggodt2 + 2901dtd¢ + gudng + ggg(d$2)2 + gggdZEQde'S + g33(d$3)2. (1107)

By exploiting the freedom to choose coordinates, we can rewrite the line element in a more

commonly used form

ds® = —e*dt* + €2w(d¢ — wdt)? + e*(dr? + r*d6?) (1.108)

where we usually set

eV =rsinfBe". (1.109)

The functions p, v, w, ¥ and B depend only on r and #. Hartle [30] rewrote the metric
in a different form and by only keeping first order terms in the the angular velocity of
the star ) he derived a formalism to numerically treat slowly rotating neutron stars. This
slow rotation formalism is able to describe most regular and millisecond pulsars, but fails
to describe rapidly rotating stars near the mass-shedding limit. Since then, a lot more
complicated numerical schemes have been proposed. For a review of numerical schemes of

rapidly rotating relativistic stars see [64].

1.3.1 Equation of state

The true equation of state for the matter inside a neutron star remains unknown. One
wishes to determine the EoS of ~ 10°7 baryons, which corresponds to about one solar mass.
The state of the lowest energy of such high numbers of baryons corresponds to multiple 5¢Fe
nuclei, since this is the nucleus with the largest (negative) binding energy per unit mass.
In addition, relativistic electrons combine with protons to form neutrons by inverse beta

decay. As the density increases, the neutron to proton ratio becomes higher until a critical
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value is reached, which is called “neutron drip”, because the neutrons start escaping from
the nucleus and become free. If we keep increasing the density the baryons form a neutron
gas, whose quantum degeneracy provides the pressure of the system.

The EoS for densities below the neutron drip density is well understood [59]. One starts
with the EoS of an ideal Fermi gas of electrons, which for the limiting cases can be written
as

P = Kp, (1.110)

where, for non-relativistic neutrons, py < 10¢gem™3 T' =5/3,

32/374/3 B2 1.0036 x 103
K = E 5558 573 cgs (1.111)
MMy [le He

for extremely relativistic neutrons, py > 10°gem ™3, T’ = 4/3,

33723 he 1.2435 x 10*°
K= E 3 45 = 73 cgs (1.112)
M e He

where m,, is the atomic mass unit and . is the mean molecular weight per electron. As we
move into a higher density region, certain corrections need to be applied if a more realistic
EoS is to be obtained. The most important corrections are due to electrostatic interactions

and inverse beta decay. We can write the total energy density as

e =nyM(A, Z) + €. () + en(n) (1.113)

where, ny, n., n, are the number densities of nuclei, electrons and neutrons respectively.
The function M (A, Z) is the energy of the nucleus and it is given by a semi-empirical formula.
The energy of free electrons, €. and the energy of free neutrons ¢, are known functions of
the Fermi momentum from Statistical Mechanics. Here, the rest energy of the electrons is

included in M (A, Z) so the remainder is denoted by .. When below the neutron drip, the
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free neutron energy can be set to zero. Then, one finds the values of A and Z that minimize
the energy of the nucleus and solves for the Fermi momentum. This determines the density
p = ¢/c* and the pressure P.

For densities above the neutron drip, the EoS is not well known. At such high densities the
nuclei merge in a sea of baryons. Latimer et al [42] summarize the different approaches used
to describe the EoS above the neutron drip. The first approach is non-relativistic potential
models. Here, the potential of the Hamiltonian is fitted to nucleon-nucleon scattering data.
The short-range correlations are treated by a variational method. The second approach
involves field-theoretical models. The Lagrangian has both baryon and meson degrees of
freedom and starting with a mean field approximation additional effects such as vacuum
fluctuations are later taken into account. This approach sacrifices the connection to nucleon-
nucleon scattering data. The third approach is the relativistic Dirac-Brueckner-Hartree-
Fock approach. Here, the self-energy of a nucleon is assumed to be the sum of two large
potentials. The first potential is an attractive scalar potential and the second is a repulsive
vector potential. Then, the nucleon-nucleon potential is calculated by the use of the nucleon
spinors that are solution of the Dirac equation. The nucleon self-energy is calculated in the
Brueckner-Hartree-Fock approximation. As we will see in Chapter 2, for our calculation, we

selected equations of state from all 3 approaches.
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Chapter 2

Theoretical framework

In this chapter we establish the structure equations for a neutron star in both Scalar Tensor
theories and f(R) theories of gravity. This is done by solving the field equations under certain
assumptions about the spacetime inside the star. In the case of Scalar Tensor theories, we
define the ’sensitivities’ of a neutron star, which are to be calculated numerically. We also
provide the boundary conditions for our set of equations; these turn out to be rather subtle
in the case of f(R) theories. Finally, we discuss the various equations of state for the matter
in the neutron stars, which are used when we solve the equations numerically. At the end,
all the necessary equations for numerically analysis will be established and we will be ready

to proceed with our numerical treatment.

2.1 Scalar tensor theories

We start our study with Scalar Tensor theories of gravity. First, we derive the structure
equations for FJBD theory in the Jordan, frame the convention representation of these
theories as “metric” theories of gravity. This is done to outline the necessary steps required
to derive the structure equations, even though this particular set of equations will not be

used for numerical analysis. Then, we show the structure equations in the Einstein frame,
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where the representation of the equation is better suited to numerical analysis. This is done
for both a static and a slowly rotating metric. The matching of the interior metric of the
neutron star, which is calculated numerically, to the exterior metric, which is known in closed
form, provides a set of equations for all the physical quantities of the star. Also, a subset
of the equations of state discussed at the end of this section is used in our analysis of f(R)

theories.

2.1.1 Field equations

We derive now the structure equations for a static spherically symmetric star in the Jordan
frame for the FJBD theory. The process is similar to the one described in Chapter 1 for the
case of General Relativity. We start with the field equations. The field equations for FJBD

theory are a special case of the equations (1.14) and (1.16) with w’ = X = 0 [70].

1 8T w 1 A 1
R, — §gu”R = ETMV + E(Cb,uﬁb,u - §9uu¢,A¢’ )+ a(ﬁb,u;v — 9uw10) (2.1)
1 87T
D — 7‘1‘ — —— (+/— M — 22
¢ ¢ s \/_—g( g¢ ),M 3 + 2w ( )
The metric describing the spacetime is a static, spherically symmetric metric
2 20(r) 742 2A(r) 742 2 1092 27 2m(r) -
ds® = —e=7"dt” + e dt” 4 rodS)”, et =(1- (2.3)
r

where ¢(r) and m(r) are the metric functions to be determined, and the coordinate r is
interpreted as the proper circumference/27 of a circle of fixed r and t. We model the matter

inside the star as a perfect fluid. The stress-energy tensor of the fluid is given by

™ = (p+ p)u*u” + pg"” (2.4)
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We now express the field equations under the previous assumptions. The equations take the

form
dm p o we? 2m 3p—p
dm g2 [0 900 (2N L p=p 25
ar {qﬁ T 16702 ( r ) (2w + 3) (2:5)
dd 1 drrdp  Qrwr? 2m
. — ~ R 2.6
dr  r(r—2m) {m—i— o 4¢? < r >] (26)
877 (3p — p)
ot b N = 2.7
Prr + 9, ( - ) (r — 2m)(2w + 3) 27
Using the energy-momentum conservation equation 7" ’;, = (0 we have
dp dd
o il P
y (p+p) (2.8)
We substitute equation (2.7) into equation (2.8) to get
d 4rr® 2 wr? 2
dp __ _(ptp) [ 4mrp  Gowr” (1 2m (2.9)
dr r(r —2m) o) 40?2 T

Finally, substituting the first two equations (2.5)) and (2.6) into the third one (2.7) we get

b = (TW¢,2T 2(2mr3(p—p) —¢r + mqb)) b+ 4r(3p — p)(ro,. — 2¢)

B (2m — r)p(2w + 3)

202 (2m —r)ro (2.10)

Equations (2.5), (2.9) and (2.10) are the desired set of equations to be used for numerical
analysis. An equation of state will be required as well for the set of equations to be complete.

We also define here the total baryon number

o\ ~/2
N = / 4rnr? (1——) dr (2.11)

where r = R is the surface of the star and n the baryon density. It has been found, this set
of equations is not ideal for numerical analysis. The set of equations obtained in the Einstein

frame is more suitable for numerical analysis.
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2.1 Scalar tensor theories

2.1.2 Einstein frame

In this section we formulate the equations in the Einstein frame and also generalize from
FJBD theory to the full range of scalar-tensor theories. As we have already seen in chapter
1, the Einstein frame is a non-metric representation of the Scalar Tensor theory, where
the action is put in a form that resembles that of General Relativity. The field equations
derived from the action (1.33) are given by equations (1.37) and (1.38). Also, the conformal
transformation between the Einstein frame and the Jordan frame is described by equations
(1.34), (1.35) and (1.36). Again, we use a static and spherically symmetric metric, given by
(2.3). Finally the matter is assumed to be a perfect fluid with the stress energy tensor (2.4).
Now, expressing the field equations under the above assumptions we obtain the following set

of equations [18§]

M = %2r2A4(90)p - %r(r — 2M )yp? (2.12)
Vo= K2 % +ry? 4 T(TQ_—]%M) (2.13)
¢ =9 (2.14)
¢ = S oo - + ot -] - 2Dy (215
R e e o] I

(2.17)

where primed quantities denote a differentation with respect to r. We have defined the auxil-
iary field ¢ = ¢’ in order to recast the equations as a set of first-order differential equations,
which lend themselves naturally to numerical integration schemes. We have defined here

M (r) = m(r) and v(r) = 2®(r) to follow the notation of Damour and Esposito-Farese [18].
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2.1 Scalar tensor theories

We also find it useful to define the baryonic mass M(r), given by integrating

7,,2

Vv1—-2M/r

M’ = drmynA®(p) (2.18)

from the center of the star to a chosen value of 7.
The choice of the coupling function A(p) defines a specific theory. FJBD theory corre-
sponds to the coupling function

A(p) = €% (2.19)

with & = &g, a constant, which corresponds to w(¢) = const. As we will see later, other
choices give more interesting theories, with results that are significantly different from Gen-
eral Relativity.

In order to have a complete set of equations, ready for numerical analysis, we also need
to provide the boundary conditions for our system of equations, as well as an equation
of state, which relates the pressure and density inside the star. However, first we turn
our attention to some quantities called ’sensitivities’ of the neutron star, which we wish to

calculate numerically.

2.1.3 Sensitivities

In Scalar Tensor theories, the scalar field ¢ produces an external influence on the structure
of a compact body. The scalar field is directly related to the value of gravitational constant
G, as we saw in (1.17).Thus, the mass of each body can be regarded as a function of InG.
Now, we can expand the field ¢ in a series, around its asymptotic value ¢y in the weak field

limit [70]. So the field is given by
¢ = o+ Ao (2.20)
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and the mass of a compact body A is given by

ma(¢) =ma(lnG) (2.21)
o (), () o (%) 229
We define the quantities
s4= — (aal?n”g‘)g (2.24)
Sy =— (8;112—2;‘)0 (2.25)
(2.26)

These are called the sensitivities of the compact body A, since they characterize the sensi-

tivity of its mass to changes in GG or in ¢. Then, we can write

ma(@) = ma[l + s4(Ad/do) — %(3:4 — 4+ s4)(Ad/0)? + O(Ad/ o)) (2.27)

Since the mass of the body depends on the sensitivities s,, these quantities enter all the
post-Newtonian equations of motion for gravitationally self-bound bodies, as well as in the
gravitational waveform, and in formulae for gravitational radiation reaction. See for example
. In order to do calculations we need to be provided with the value of the sensitivities be-
forehand. So, we need an independent method of calculating the sensitivities of the compact
bodies.

In a first approximation the sensitivity s ~ [gravitational binding energy]/[mass|. That

means the value of s for a body like Earth is sq ~ 10719, for the Sun it is s ~ 107 and for
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2.1 Scalar tensor theories

a white dwarf it is syyp ~ 1073, Since these values are several orders of magnitude smaller
than unity, they can be ignored in many calculations. On exception is the Earth-Moon
system, where the effect of these sensitivities in scalar-tensor theory has led to a strong test
of such theories using lunar laser ranging. However, for neutron stars, the sensitivities are of
order of unity [44], so an explicit calculation is required. Assuming an EOS for the neutron
star of the form p = p(p), we can uniquely determine a model by fixing the asymptotic value
of G (or ¢), asymptotically flat conditions on the metric, and the central density p.. We

need to compute the sensitivity s holding the baryon number fixed. It can be shown that

B dlnmY\  (Jdlnm . Jlnm Oln N (2.28)
TG/, \oma), T \oun),\ouG ), ‘

In this thesis we will also use the following sensitivities

) Olnm
4= (aln¢>0 (2.29)

o 93a
§y = (alnqb)o (2.30)

It can be shown that the two different sensitivities are related by

. 2wy
AT oA (1 "By 2w0)(()4 ¥ 2w0)> (231)

In the case of FJBD theory, w’ = 0, so the two sensitivities are equal, $4 = s4.
In the Einstein frame we use equivalent quantities that play the role of sensitivities. Here,

we follow the definitions of Damour and Esposito-Farese [17]. We define

8lnﬁ1A
= 2.32
aA Do (2:32)
GaA
= — 2.
Ba= 5 (2.33)
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Here m 4 is the mass of the star in the Einstein frame. We need to note that the mass in the

Jordan frame and the mass in the Einstein frame are not the same, but they are related by

iy = A(p)ma (2.34)

Using the definitions (1.34), (1.35) and (1.36) we can relate the Jordan frame sensitivities

to the Einstein frame sensitivities. We can show that

. a— oy

a po 2.35

y 20 ( )
1 3

§ = —— - = 2.

s R (BA &aA) (2.36)

Here, following Damour and Esposito-Farese [17] we show a rough estimate of the sensitivity
of a neutron star, using data from General Relativity. First, we define the fractional binding
energy of a neutron star

f==r=>0 (2.37)

cq=—2 = 25, (2.38)

Keeping the EoS fixed, f depends only on the combination G*/?m. It then can be shown

that
0
Cp = 3 <%)Am,4 (239)

The fractional binding energy f, for most analytic equations of state, depends linearly on

the total baryonic mass. This leads to a simple relation between c4 and my,

Cp = k‘mA (240)
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where the slope k depends on EoS. Damour and Esposito-Farese found that an average value
for the slope was k = 0.21M_". This gives, for a typical mass of my4 = 1.4 M, a value

s4 = 0.147.

2.1.4 Slowly rotating star

We will now derive the structure equations for a slowly rotating neutron star in Scalar Tensor
theory. We will only use the Einstein frame equations. Again, here we follow Damour
and Esposito-Farese [19]. We have already established the field equations (1.37), (1.38) in
a previous section. The metric describing the spacetime, as given by Hartle [30], is the

following

ds? = ="M dt? + e dr? + r2d6? + r? sin® 0 (dp + [w(r, 0) — Q)dt)*. (2.41)

Here, we only keep first order terms in angular velocity = u®/u’, so the non-diagonal
components of the metric tensor all vanish except g;4. The stress-energy tensor describing

the perfect fluid is

Tm/ - (lO + p)uuuu + PGuv (242)

Solving the equations, under these assumptions, we derive the structure equations, which

are the same as with the static case, with two additional equations for the quantity w and
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its derivative. The final set of equations is the following

M/

K2 9 q4s v~ 1 2
ST ANP)p + 5r(r = 2M)y

2
r?At(p)p 2M

o r—2M Tyt r(r—2M)
(8

2 rAd 2(r— M
L Al ~30) 4 1~ P~ ik

k2 2 AYo)p 1 M

—(p+p) {5 Tl §?"¢2 + " — 20 + o)y
w

2 2 4
A (=4 %)

+ (1/127‘— 4—1) w
r

(2.43)
(2.44)
(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

Because we are working to first order in rotation, the equations for w and its derivative

decouple from the other equations. Again, we need to include the quantity M (r), the radial

distribution of the baryonic mass, given by (2.18).

2.1.5 Matching conditions

In both cases of static, or slowly rotating metric, the numerical integration can continue

after the surface of the star, where the pressure becomes zero. However, the solution for the

outer region of the star where 7),, = 0, is already known in closed form. We can match the

inner solution to the outer solution by using the correct boundary conditions. The metric
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for the outer solution is [17],[15]

ds? = —e’dt? + e V[d€? + M (d6? + sin® 0d?)] (2.51)

et =€ —a (2.52)
K

& (1 B Z) (2.53)

@(r) = o+ gln (1 - g) (2.54)

where a, b and d are integration constants satisfying the relation a?—b* = 4d? and d is another

constant. These coordinates are related to the Schwarzschild coordinates used earlier by

(a—b)/2a
r=¢ (1 - g) (2.55)

o — (1 - %) (1 + a£b>_2. (2.56)

The parameters a, b and d can be expressed in terms of the total mass m 4 and the coupling

constant a4 from (2.33).

b=2-m (2.57)
b

—=(1+a})"" (2.58)
d 1

2 _Z 2.

b 2OéA ( 59)

Now, it has been shown that using the previous equations, all the physical quantities of the

star can be expressed in terms of the values of the metric components and their derivatives

38



2.1 Scalar tensor theories

at the surface of the star [19]. We define

R=r,
215

CYA = ;
VS

Q=1+ oz124)1/2

Q2 = (1 2M5)1/2
2= -
Q1

b= — 2 tanh (0L
=0 " 1+ 2(Rv)—

We then have

2M.
/ — R s S
Ve = ROt R ongy
205
ap = ,
I/S
r .
Yo = Ps — éaAVs
1
ma = 51/;]%2@ ez
my = MS

Specifically for the slowly rotating case, we have some additional quantities

1 N
JA = EW;R4Q2€_%VS

3J ; 4 N
Q:ws—g—“{eys _1_’_&61’3

2 1 1
% + e2"* cosh (§Q1ﬁ5)1 }

I.=22
A7
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(2.60)

(2.61)
(2.62)
(2.63)
(2.64)

(2.65)

(2.66)
(2.67)

(2.68)
(2.69)

(2.70)

(2.71)

(2.72)

(2.73)



2.1 Scalar tensor theories

Finally, to be able to solve the equations numerically, we need to provide the initial
conditions in the center of the star. The point » = 0 is difficult to be treated by the code
since 1/r terms appear in some expressions. Thus, we set the initial conditions at a point
very close to the origin, » = Ar, which usually is equal to the step size of our numerical
integration. We achieve this by Taylor expanding our quantities around r = 0. This yields

[19]

M(Ar) =0 (2.74)
V(AF) =0 (2.75)
P(Ar) = . (2.76)
p(Ar) = pe (2.77)
v(ar) = T ar A (go)ale) (pe — 3 (2.78)

M(Ar) =0 (2.79)

Again, for the slowly rotating case we also need

w(Ar)=1 (2.80)

(A7) = 10 Ar A (o)D) (e + o) (2.81)

2.1.6 Equation of state

As we have already discussed, in order to have a complete set of equations for numerical
analysis, an EoS needs to be provided. Since the true EoS for the matter inside a neutron star
is not known, we will have to use approximation for our EoS. The most common approximate

EoS that is used widely in numerical analysis is a polytropic EoS. The EoS is defined by the

40



2.2 f(R) theories

equations
Kmyng [ n r
- — 2.82
p=myn S0 (n) (2.82)
r

n
p = Kmyng (—) (2.83)

no

These two equations represent a two parameter family of equations of state for different
values of K and I'. The values are chosen by fitting the parameters to more realistic nuclear
physics models for the EoS. The constants of the equation of state are given values my; =
1.66 x 10727 kg and ng = 0.1 fm ™ throughout this dissertation. This EoS is also used in the
case of f(R) theories.

Specifically for the slow rotation case, which is the most realistic, we want to use a
realistic EoS as well. The equations of state we use can be found in Lattimer and Prakash
[41]. We choose four of the equations of state studied by Lattimer and Prakash, namely AP4
[1], ENG [23], MPA1 [49] and MS1 [48]. Here we use the same notation as Lattimer and
Prakash. These equations of state cover all three different methods discussed in section 1.3.1.
More specifically, AP4 uses the variational method, MS1 uses the field theoretical method,
while MPA1 and ENG use the Brueckner-Hartree-Fock method. The equations of state are
in tabulated form. An interpolation algorithm is used to create a continuous function of the

data table, which is then used to express the density p as a function of the pressure p.

2.2 f(R) theories

In this section we describe different approaches in the derivation of the structure equations
of a neutron star in f(R) theories of gravity. Since the construction of neutron star models
in f(R) theories has proven to be difficult so far, we want to demonstrate that this is mainly
due to the theoretical approach used and not a pathology of the theory itself. We argue that

a new approach by Jaime, Patino and Salgado (JPS) [34] is free of some of the difficulties
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2.2 f(R) theories

previous groups had in the construction of neutron star models. At the end we derive the
structure equations using the JPS approach, following the same procedure as with Scalar
Tensor theories. This study is part of a project with Emanuele Berti, Paolo Pani and Vitor

Cardoso.

2.2.1 Field equations

We show here the different approaches that have been used to obtain the field equation used
to produce relativistic star models in f(R) theories of gravity. The first approach was used
by Kobayashi and Maeda (KM) [38], and later on by Upadhye and Hu (UH) [67]. This
approach exploits the fact that f(R) theory can actually be put in a Scalar Tensor theory

form. We start with the action

S =5 [ PV + OB =01+ [ Lulgunin) (280

where f is an arbitrary function of y, subject to the constraint that f,, # 0, and x is an

auxiliary field. We vary the action with respect to y. This gives

foo(X)(R=x) =0 (2.85)

Thus, for a non-zero second derivative of f(y), it must be that
x=R (2.86)
This shows that the action (2.84) is equivalent to the action (1.42). We define

¢ = fx(X) (2.87)
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so the action becomes

S:/ﬁ%wiik%¢R—Uwﬂ+/ﬁ%£M@M¢ML (2.88)

where

_ x@)p— F(x(#))

2K2

U(9) (2.89)

We can easily see that this action is equivalent to 1.13 for w(¢) = 0. The field equations

derived from the action (2.88) are

1
OR, — §f9;w - V.V, + g0 = “2T#w (2.90)

_dVRT () _ R dViu(9)

The derivatives of the potential are
1
Vim(0) = 5 (2f = ¢R) , (2.92)
1
Vim(9) = 3 (g - R) , (2.93)

where ¢ = frr(R).
Since the field equations can be put in a Scalar Tensor theory form, we can also confor-
mally transform the equations to the Einstein frame. This is the approach by Babichev and

Langlois [5],[6], hereafter BL. They define

3
g,uu = 9729/11/ (295)
02 = fp=eV2/3 (2.96)
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so the action becomes

| R 1 _
Sg = /d4$ —g 2—/€2 - §(V<,0)2 - VBL(QD) + Smat [QQQWJU} (2-97)
where
Rfr—f
2.
VBL<¢) 2K2f12% ( 98)
is the scalar potential. Varying the action the obtain the field equations
G = 12 { QT + Dyipyp — 22 0¢)2
pnv — R v + u(;o v P 9 [VBL + ( ¢) ] (299)

AVt dVe,  dQ
Op=—BL =""22_ Q37 2.1
°= 0 i dv (2.100)

The derivatives of the potential are

2 2f — R
VeL(®) =1/ 35 2L T 272 I (2.101)
" o 1 RfRR B 4ffRR
VeL(v) = 5 o {1 S I (2.102)

Jaime, Patino and Salgado, hereafter JPS, proposed a new approach [34]. In this case

the equation (1.43) is rewritten as

fRG,U,V - fRRvquR - fRRR(vuR)(VVR)

1
+ G §(RfR — f)+ freOR + frrr(VR)?| = £°T), (2.103)
where (VR)? = ¢"(V,R)(V,R). The trace of (2.103) is

UR

= BfRR [HQT — 3fRRR(VR)2 —f- 2f - RfR} (2104)
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Combining the two equations we get

1
G = - [frRV . VLR + frrr(V,.R)(V,R)+

f

—% (Rfn+ f +2kT) + KT, (2.105)

avys K frRR dVips
OR = —88 = T— VR)? + 2.106
dR 3frr frr (VE) dR ( )

where
2 _

dVies _ 2] — Rfr (2.107)

dR 3frr

2.2.2 JPS formulation vs Scalar Tensor formulation

We discuss here the past difficulties encountered in the numerical integration of the field
equations of f(R) for neutron stars. We also show how some of these difficulties can be
avoided by using the JPS formalism.

At first KM claimed that neutron stars cannot be constructed in f(R) theories because
singularities occur in the interior of the neutron star. UH and BL showed that these singular-
ities are a product of numerical instabilities and not a physical property of the theory itself.
Using different numerical schemes UH and BL were able to construct numerical models of
relativistic star in f(R) theories.

Nevertheless, the problem of numerical instabilities in the interior of the star remains,
making the integration of the field equations very difficult. The problem arises because the
potentials by KM, UH and BL have finite values at the points in the interior where the
Ricci scalar R becomes very large, which means that the solution can access the region of
very large R using only finite amount of “potential energy”. Let us consider the Starobinsky
model (1.79). Inside the neutron star the curvature is much higher than the cosmological
value R.,

R> R.. (2.108)
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We expand the function f in this limit

Rc 2n
F(R) ~ R — puR. + puR, (E) ,R> R, (2.109)

It can be shown that the potentials of both the KM and UH formalism and the BL formalism,

approach a constant value in this limit
V(¢) — const R, (2.110)

while the derivatives of the potentials diverge. The same argument can be applied to the
other f(R) models. The energy density that is required to reach this singularity is on the
order of the central density of the star. Although this means that the singularity would be
accessible in the interior of the star, the chameleon mechanism, whereby the effective mass
of the scalar field (related to the second derivative of the potential) become large in the
interior of the star, prevents this from happening, as discussed by UH. Unfortunately, the
chameleon mechanism makes the numerical integration even more difficult.

On the other hand, JPS use a different potential, namely

The derivative of this potential vanishes when the derivative (2.107) vanishes, since frr > 0.
This corresponds to a de Sitter solution with R = R; = const. This potential, in the high
curvature limit, for the Starobinsky model becomes

2n+4
Vips(R) = R? (Rﬁ) (2.112)

which shows that the potential becomes infinite when R — oo. This guarantees that the

singularity cannot be accessed in the interior of the star.
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Another issue with mapping f(R) theories to Scalar Tensor theories, is that the scalar
field potential might be multi-valued. This is true for example for the Starobinsky model.
It is claimed that the numerical calculations will follow the minimum value of the potential
and this multi-valueness of the potential does not pose a problem. However, calculations
done using a multi-valued potential, especially close enough to a singular point where the
potential is discontinuous are less trustworthy and we should try to avoid such potentials if

possible. The JPS potential is not multi-valued and does not contain any singular points.

2.2.3 Structure equations in the JPS formulation

We derive now the structure equations describing a neutron star for a static spherically

symmetric spacetime. We follow the notation of JPS [34]. The metric is given by

ds® = —B(r)dt* + A(r)dr® + r*dQ? (2.113)

Here we follow the JPS notation. The field equations then yield

/! / A/ B/ 2 /
R’ = fom [A(K*T +2f — Rfr) — 3frrrR?] + (ﬁ 55 ;) R (2.114)
= A {2fr(1 = A) = 24r°K*T"
7’(2fR -+ T’R,fRR) t
2 / 2
+ A?T(Rf}z T f 4 2w) + TR {A—WzRfR — f+KT)
Ir 3
— KAP(T, +T7) +2(1 — A) fr + 2rR frr] } (2.115)
r B 2 . 2 _ _ /
= BT TR T [Ar?(f — Rfg + 2r°T",) + 2(A — 1) fr — 4R’ frg) (2.116)
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1 R
{KQTQQ ~ 5 (Rfr+ f+2:°T) + mfRR}
B A B rB" (A B
Ty [2 (z—§> M <z+§>] (2.117)

Equations (2.116) and (2.117) are not independent and we can choose either one for our

calculations. Also, using the conservation of the stress-energy tensor for a perfect fluid
T = (p+p)u'u” + pgh” we get
,__(pt+p)B

_wrpE 2.11
5B (2.118)

The system of equations (2.114) - (2.117) and (2.118) is the set of structure equations for
a static spherically symmetric relativistic star. In order for the set to be complete we also
need to provide an EoS. The same polytropic EoS described in section 2.1.6 is used. The
parameters chosen are shown in table 3.1.

The JPS field equations can be solved analytically in vacuum, far away from the star

where one obtains the asymptotic solution

7,2

B@Q::A—%r)zl.—Awfg- (2.119)

R = Ry = const cAepr = % (2.120)

This is a de Sitter solution, where the asymptotic value of the Ricci scalar plays the role
of the cosmological constant. This corresponds to the point where the first derivative of
the potential, as defined in (2.111), becomes zero. This means that the local minima of
the potential play the role of the asymptotic value of the Ricci scalar. The behavior of the
potential for a certain f(R) model strongly depends on the parameters of the model. As
an example, the number of minima of the Starobinsky model depends on the value of the
parameter A for n = 1. As we can see in Fig. 2.1, there is a critical value A = 8/4/27, below

which the potential has only one minimum. We discuss the behavior of the potentials of

48



2.2 f(R) theories

various f(R) models, more extensively in chapter 3.

1.0
=18

0.8/ _A=8/V/27
=12

V(R)

o 12 s a

Figure 2.1: The potential of the Starobinsky model vs the Ricci scalar for different values of
the parameter A

Finally, to be able to integrate the equation numerically, we need to provide a set of
initial conditions at the center of the star. The integration starts at some r = Ar, very close

to the origin. We expand the quantities A(r), p(r), R(r) in Taylor series around the origin

A(Ar) = A(0) + AlATTJ +O(rt) (2.121)
p(Ar) = p(0) + plATTQ +O(r") (2.122)
R(Ar) = R(0) + RlATTQ +0O(rh) (2.123)
R'(Ar) = Ry Ar + O(r?) (2.124)

with the choice, A(0) = B(0) = 1. We plug in the expansion in the structure equations and
solve for Ay, p1, Ry. The full expressions for the initial conditions for all the models used

can be found in appendix A.
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Chapter 3

Numerical method and results

3.1 Scalar tensor theories

3.1.1 Numerical integration

The numerical method used to solve the structure equations presented in chapter 2 is called
the shooting method. This is a widely used method for systems of differential equations with
the boundary conditions defined at two different points. For a more extensive discussion of
the shooting method please refer to [56]. Here we give the basic principles of the method
and we discuss further a few details specific to our code.

The first step is to write the set of the structure equation as a system of first order
ODEs in the form yi(z) = fi(x,y;,y;), where y; are the dependent variables and z is the
independent variable. The systems (2.12) - (2.18) and (2.43) - (2.49) are already in this
form with r being the independent variable, while M, v, ¢, 1, p, M, w, @ are the dependent
variables. In numerical work it is desirable to use dimensionless variables, and therefore all
variables will need to be re-scaled as we discuss in the next section. Furthermore, we need
to provide boundary conditions at the two boundary points. In our case all the boundary

conditions are defined at the first boundary » = 0, except for the scalar field, which is defined
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at infinity ¢(00) = ¢o. Choosing the EoS and central density at the center of the star, p,.
defines a specific model.

Next, we integrate the equations, starting from the center of the star, where we have
provided the initial conditions (2.74) - (2.81). The value for the scalar field at the center of
the star is initally a guess. The real value will be obtained after the boundary conditions
at the second point are met. The numerical integration is done by using a Runge-Kutta
method. In each step of the code, the integration progresses by one step size Ar. The values
of the dependent variables are calculated using the values of the previous step. The process
is repeated until the second boundary is reached, where the stopping condition is met. In
this case this is the surface of the star where the pressure becomes zero, p = 0.

When the boundary has been reached, several quantities are calculated using equations
(2.60) - (2.73). One of the quantities is the scalar field ¢ at the surface. The required value
of the scalar field at infinity — the required boundary condition — can be linked to the value
at the surface using equation (2.68). The difference of the value of the field at the surface
obtained by the numerical integration and the value obtained from the asymptotic boundary
condition is calculated. If the difference is greater than some tolerance of the code, the
process starts over. The difference is used to obtain a better guess for the central value of
the scalar field. This process is repeated iteratively, until the difference between the two
surface values of the scalar field is below the tolerance, where we can declare that the final
boundary conditions has been met.

At this point all the relevant quantities of the star are calculated and recorded, and this
constitutes one star model that corresponds to some initial central density. This process also
yields the value of the first sensitivity in the Einstein frame «4. This is because there is a
straightforward relation to calculate ay from the quantities at the surface of the star (2.67).
Unfortunately, no such relation exists for the second sensitivity 54. In order to calculate the

second sensitivity, we calculate models around the initial star model that differ by Ap. and
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numerically calculate the derivative (a;_;) , by using a five-point formula
0
— 2h) + 8 h)—8f(x —h —2h
f/(J?) — f($+ )+ f($+ ) f(:L‘ )—l—f(:L‘ ) +O(h4) (31)

12h

In this case f(z 4+ h) = alpe + Ape, o+ Agpg) and h = Apg = ©o2 — o1 The same formula
is used for the moment of inertia sensitivity as well. This, though has to be done keeping
the baryonic mass constant. This means that the value of the baryonic mass M of the first
model becomes an additional boundary condition at the surface of the star for the next
four models. Thus, for the next four models the process is repeated iteratively until both
conditions are met.

Finally, when all the quantities, including the sensitivities, have been calculated a new
central density is chosen. The process as described above is repeated, to obtain a second
neutron star model. This is repeated until a range of central densities that includes both
stable and unstable branches of the M vs R diagram is covered. The step size for the density
between two models might be different, but the total number of models is ~ 200 for all EoSs.

In order to test the good behavior and the convergence of the code, several tests were
done. One example is monitoring the total mass of the star for decreasing values of the step

size Ar. The results are shown in figure 3.1.

3.1.2 Equations used for numerical analysis

In this section we analyze the equations used in the numerical code. Unit-less variables are
preferred for numerical analysis. Also, dealing with number that differ by several orders of

magnitude in the same calculation introduces more numerical error. Thus, starting with the
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Figure 3.1: Total mass M dependance on step size Ar. We start with a large value for the
step size A7 = 1072 and we decrease it in discrete steps. The green box denotes the range

of values used in the code, 1076 < A7 < 2 x 107°.

decreasing step size.

23

The mass value clearly converges for



3.1 Scalar tensor theories

static spacetime case, we use the following re-scaling for our variables

r=rof (3.2)
M = roM (3.3)
p = pop (3.4)
p = pop (3.5)

while the rest of the variables remain the same. We choose py = p. in almost every model,

s0 p. = 1. Under this re-scaling the EoS becomes

~

. p ~1/T
=—+A 3.6
P=p AP (3.6)

mpno

where A = )
(Kmpno)/Tps /T

We obtain the initial condition for p. = p(0) by solving numeri-

cally the algebraic equation

~

De ~1/T
A =1 3.7
Pe 1 ap) (37)

When using more realistic equations of state, as described in section 2.1.6, the values of
density and pressure are just divided by the initial value of density, p.. We re-write the
structure equations using the re-scaled variables. We notice that the form of all the terms of
the equations remains the same, while the original variables change to “hatted” ones, other
than that some terms are multiplied by a p.rg coefficient. By setting p.rg = 1 the form of
the equations remains exactly the same, but all the original variables have been replaced
with the re-scaled ones.

The initial conditions are also re-scaled in the same manner. The initial guess for the
value of the scaler field at the origin, ¢., is set to be of the same order of magnitude as
the value at infinity, since tests of the code reveal that the value of the scalar field does not

change significantly. This reduces the number of steps required to reach the desired value at
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3.1 Scalar tensor theories

infinity. The structure equations are then integrated outwards, until the value of the pressure
is lower than some threshold value, usually set to be p(R) < 107°. The re-scaled matching
equations with the exterior metric are used to calculate the physical quantities of the star.
The value for the scalar field at infinity is set either to zero or to some value which is lower
than the allowed value from Solar System experiments. Specifically for the “spontaneous
scalarization” case we set ¢y < 4.3 x 1072 to follow Damour and Esposito-Farese [18].
When the integration is over and the value of the scalar field at infinity has been reached
within tolerance, the re-scaled variables are changed back to the original variables. In addi-

tion we change to SI units, from geometric units where G = ¢ = 1.

3.1.3 Results

In this section we present the numerical results obtained with our code. We start with the
FJBD case for a static metric. A polytropic EoS is used. The value of the parameter coupling
constant is chosen to be 1072 < & < 10™*. The models shown here have a = 1073 so they
are very close to those obtained in General Relativity. The parameters of the equation of

state that we use are shown in Table 3.1.

r K

EOS I 2.00 0.1
EOSII | 2.34 | 0.0195
EOS III | 2.46 | 0.00936

Table 3.1: EOS parameters

These are the same parameters used by Damour and Esposito-Farese [18]. More specifically,
EOS 1I is fitted to the equation of state II of [21] and EOS III is fitted to the equation of
state A of [4].

About 200 models were integrated as we increased the value of the central density. The

lowest value for the central density was around p. = 10°kg/m?® while the highest value was
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chosen to be about p, = 10%'kg/m3. The step size for the central density varies, depending on
the value of the central density itself, as well as the behavior of the models. For example, we
choose a smaller step size around the maximum mass of the star. The density and pressure
profile of certain models obtained using EoS II is shown in Figures 3.2 - 3.5. As we can see,
the trace of the energy momentum tensor 7' = 3p — p becomes negative when the central
density is higher than a certain value. This value is about p. = 2.27 x 10'®kg/m? for EoS II.
The derivative of the scalar field at the center of the star also changes sign when the trace

T changes sign (see (2.78)).

Figure 3.2: EOS II: Density profile for p. = 4 x 10'7 kg/m?
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Figure 3.4: EOS II: Density profile for p. = 2.27 x 10'® kg/m?
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Figure 3.5: EOS II: Density profile for p, =1 x 10" kg/m?

All these models can be used to create a M vs R diagram for a specific choice for the EoS.
These diagrams are shown in figures 3.6 - 3.9. As in General Relativity, all the models have
a maximum total mass and the along that sequence with larger central density are expected

to be unstable.

o8



3.1 Scalar tensor theories

3.5 T T T T T
EOS| ——

pe=10" kg/m®

Pec= 3x10"7 kg/m3

P = 4x10"® kg/m®

pe=10"" kg/m®

pe = 5x10"% kg/m®

05 pe = 2x10"® kg/m®

0 I : 2I5 3IO 3:5 40
R (km)

Figure 3.6: EOS I: Mass of the star M /Mg, vs star radius R in km

2 ' ' ' ' ' EOS II
pe = 2x10"® kg/m?
1.8 —
16| pe = 1x10" kg/m® |
14 -
_ 20 3
12l pe = 2.4x10%" kg/m oo oxio!7 kg/m3 |
M 1 .
0.8 - 4
0.6 - 4
pe =2.5x10"7 kg/m®
04 —
0.2 | -
pe = 1x10"7 kg/m®
0 1 1 1 1
7 8 9 10 11 12 13 14

R (km)
Figure 3.7: EOS II: Mass of the star M /Mg, vs star radius R in km
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Figure 3.9: Mass of the star M /Mg vs central density p. in kg/m?
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Now we are moving on to ”spontaneous scalarization” models [18], [19] were the coupling

function takes the form

Alp) = 2P (3.8)

Here the value of the derivative of the coupling constant is negative and is given different
values while the value the scalar field at infinity is taken to be ¢y = 4.3 x 1072, This makes
the PPN parameters |y — 1] ~ 1.3 x 1073 and |8 — 1| ~ 4 x 1073 for 5 = —6. These values

are chosen to follow Damour and Esposito-Farese [18], even though the bounds on these

parameters are stricter today (see (1.23), (1.26)). We show here the “sensitivity” in the

Einstein frame a4 as well as in the Jordan frame s4. We also show the M vs R diagram

where the effects of ”spontaneous scalarization” become obvious. These results completely

agree with Damour and Esposito-Farese.
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Figure 3.10: Sensitivity a4 vs total mass m /M for different values of the parameter /3
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Figure 3.11: Sensitivity s4 vs total mass ma /M, for different values of the parameter 3.
In the high density limit the sensitivities become positive, and approach the 0.5 limit which
corresponds to the sensitivity of a black hole.
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Figure 3.12: Coupling constant a4 vs total mass m4 /M with A(p) = exp(—3p?)
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Figure 3.13: EOS II: Total mass ma /Mg vs star radius R in km for different values of the
parameter

Finally, we present here models for the slow rotation case (Fig. 3.14 - 3.22). This is the
most realistic case. In addition to rotation, realistic equations of state are used, as described
in section 2.1.6. The Einstein frame first “sensitivity” a4, second “sensitivity” B4, as well as
the moment of inertia sensitivity are shown here, for various values of the coupling constant

ap. Also the moment of inertia itself is shown in figure 3.20 .
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Figure 3.14: EOS AP4: First coupling constant a4 vs the total mass of the star m4 in solar
masses for oy = 1073
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Figure 3.15: EOS ENG: First coupling constant a4 vs the total mass of the star my4 in solar
masses for oy = 1073
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Figure 3.16: EOS MPA1: First coupling constant a4 vs the total mass of the star my4 in
solar masses for ag = 1073
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Figure 3.17: EOS MS1: First coupling constant a4 vs the total mass of the star m, in solar
masses for oy = 1073
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Figure 3.18: EOS MPA1: Second coupling constant 54 vs the total mass of the star m4 in
solar masses for ag = 1073
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Figure 3.19: EOS MS1: Moment of inertia sensitivity ag;f)“ vs the total mass of the star m 4

in solar masses for ag = 1073
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Figure 3.20: EOS AP4: Moment of inertia vs the total mass of the star my4 in solar masses
for ap = 1073

3.1.4 Discussion

We have calculated models of neutron star in Scalar Tensor theories of gravity. A wide range
of parameters of these models was studied. The main goal of our study was to calculate
the sensitivities of realistic neutron star models. Initially we calculated static models in the
FJBD theory. A low value for the parameter ag ~ 107, or a high value for the parameter
w ~ 500,000 in the Jordan frame respectively, was used for these models. These are used as
test models to confirm the we can reproduce results of prior works. The M vs R diagrams
show no significant changes from General Relativity for very high values of w. Then, we
calculated static models for the “spontaneous scalarization” case. These models have already
been studied by Damour and Esposito-Farese [18] and we were able to completely reproduce
their results. In addition, we calculated the Jordan frame sensitivities for these models, which

Damour and Esposito-Farese had not done. We notice that the Jordan frame sensitivities
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Figure 3.21: EOS MS1: Sensitivities and moment of inertia vs the total mass of the star my4
in solar masses for ag = 107°
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Figure 3.22: EOS MS1: Sensitivities and moment of inertia vs the total mass of the star my4
in solar masses for oy = 1072
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become negative in the “spontaneous scalarization” case, which never happens in FJBD
theory. Finally, slow ration models with a realistic equation of state were produced. Here, a
wide range for the values of the coupling constant &, was used and both the first, second and
moment of inertia sensitivities are calculated. The form of the sensitivities as a function of
the mass of the star in the Einstein frame remains the same, while the magnitude depends on
the value of . The sensitivity a4 approaches the value of ¢ in the low central density limit.
On the other hand, the value of the Jordan frame sensitivities asymptotically approaches
0 in the low central density limit and it asymptotically approaches 0.5 in the high density
limit, for all models. The value 0.5 corresponds to the sensitivity of a black hole.

This study is part of a greater project with Michael Horbatsch, Emanuele Berti and Justin
Alsing. The final goal of the project is to calculate the energy fluxes of binary systems in
Scalar Tensor theories. In order to do that, the calculation of sensitivities for the allowed
range of both parameter &y and Bg is required. For the most stringiest bounds on these
parameters see [28]. Finally, this data can be used by future studies of compact binaries
in Scalar Tensor theories, since the sensitivities are present in the equations of motion of

compact binaries.

3.2 f(R) theories

The same numerical method is used for f(R) theories of gravity as Scalar Tensor theories.
The initial conditions are defined at the origin, except for the Ricci scalar which is defined
infinitely far away from the star, or at the cosmological horizon for de Sitter models. The
cosmological horizon corresponds to the the point where the g, component of the de Sitter
metric (2.119) becomes infinite. The boundary value of the Ricci scalar R, is defined as the
minimum of the JPS potential V;pg(R) (2.111). The system (2.114) - (2.117) is already in the

form y.(z) = fi(x,y;,y;) where the dependent variables are A, B, R, p and the independent
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variable is r. These equations are re-scaled as we will see in the following section. The
integration proceeds until the pressure becomes vanishingly small, at which point we define
the radius of the star. The integration continues, with the pressure set to zero until we
reach a radius very close to the cosmological horizon » = rg. Notice that since we know the

asymptotic value for the Ricci scalar we can know the value for the cosmological horizon,

b \/% _ \/;;21 (3.9)

Then, we check the difference of the value for R; found with the code against the desired
asymptotic value of the Ricci scalar. The difference is used to change the initial guess for the
Ricci scalar and the process is repeated. After several iterations the desired value is reached
and the computation stops after the physical quantities of the star have been calculated. As
we will see, picking the initial condition for R can be problematic, since the code crashes if
the value differs significantly from the real solution. Before that though, we need to discuss

the re-scaled equations that are actually used in the code.

3.2.1 Equations used for numerical analysis

Following the same procedure as in section 3.1.2 we use re-scaled dimensionless variables.

We use the following re-scaling

r = rof (3.10)
R= RyR (3.11)
p = pop (3.12)
P = pop (3.13)
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where we set pg = p., corresponding to the central value. This re-scaling leaves the structure

equations unchanged except for some coefficients of Ryrg and poré. We set

Rorg =1 (3.14)

porg = C (3.15)

so the equations are unchanged except for a factor of C'. The parameter C' controls the ratio
of the matter density inside the neutron star and the cosmological matter density py. We
define

PA
v =— 3.16
" (3.16)

Assuming a typical value for the central density of a neutron star is p. = 107 kg/m? and the
density that corresponds to the cosmological constant is py ~ 10720 kg/m?® makes v ~ 1074,
Such a large difference in the two scales is extremely hard to handle numerically, so larger
values must be used. In our code, the lowest value that is used is v = 5 x 107!, Since

pp = # from (2.120) it follows that

_ R
0_327TGC

(3.17)

where R, = R(7y) is the value of the Ricci scalar that we will seek as a boundary condition

at the cosmological horizon.

3.2.2 Results

We firstly present results for constant density stars, like the ones used by JPS. Various
choices of the model of the f(R) theory and the parameters of the chosen model were used.
Unlike JPS, we are able to produce models with p > p/3. We show here the re-scaled Ricci

scalar R/R, and the radial component of the metric g, for different choices of the central
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pressure. We notice that for models where a non-zero value for the Ricci scalar has been
selected as the boundary condition, there exists a cosmological horizon, as expected. This
is obvious in our figures since the g,.. component of the metric becomes infinite when the
cosmological horizon is reached (Fig. 3.23, 3.25). We also notice, that the value of the Ricci
scalar at the origin increases with central pressure, until some value very close to p. = p./3,
and then it decreases again. The Ricci scalar becomes negative for Starobinsky models with
no cosmological horizon, R(co) = 0, as we can see in figure 3.29. The values of the models

presented here are chosen so we can show that our models are in complete agreement with

JPS.
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Figure 3.23: Radial component of the metric g,, for the Miranda model with o = 1.2,
po="5x10"R;/G and R; ~ 1.405R,. The first sharp peak corresponds to the radius of the
star, while the second peak corresponds to the cosmological horizon.

Next we check the dependance of the the models on the value of the cosmological density.
As we explained this value is inversely proportional to the parameter C' used in our code.

By changing the constant C' we obtain the mass and the radius of the star for different
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Figure 3.24: Scalar curvature R for the Miranda model with o = 1.2, py = 5 x 10"R; /G and
Ry ~ 1.405R,

values of v, keeping the central density constant. Firstly, we use the Starobinsky model with

A = 1.56. The potential has two minima for this value, Rip ~ 1.984 and Ryy = 0. The first

Ry
4 )

corresponds to a de Sitter solution with a cosmological constant A = while the second
one corresponds to an asymptotically flat solution.

The two cases give considerably different values for the mass and the radius of the star for
any value of v in the range 107 > v > 5x 107!, The mass for the first case is M ~ 1.739M,
and the radius is r ~ 9.578 km, while for the second case the mass is M ~ 1.909M, and the
radius is r ~ 11.09 km for a central density p. = 2.98 x 10'¥kg/m?. The scalar curvature as a

function of the radius is also completely different for the two cases. We plot the percentage

difference for the first case, Ry ~ 1.984 (Fig. 3.32)
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Treal
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Figure 3.25: Radial component of the metric g, for the Starobinsky model with A = 1.56,

po = 10°R, /(167G) and Ry ~ 1.984Ry. The first sharp peak corresponds to the radius of
the star, while the second peak corresponds to the cosmological horizon.
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Figure 3.28: Radial component of the metric g, for the Starobinsky model with A = 1.2,

po = 10°R;/(167G) and Ry ~ 1.984R,. The sharp peak corresponds to the radius of the
star.

7



3.2 f(R) theories

-0.01

-0.02

-0.03

-0.04

R/R,

-0.05

-0.06

-0.07

Figure 3.29: Scalar curvature R for the Starobinsky model with A = 1.2, py = 10°R, /(167G
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25 T T T T T

245 | E

235 - B

225 —
U
22 —
215 g

21 | E

2.05 - E

1 95 1 1 1 1 1
10 1074 102 10° 102 10*
r (km)

Figure 3.30: The scalar curvature R vs the radius of the star for the Starobinsky model with
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Figure 3.31: The scalar curvature R vs the radius of the star for the Starobinsky model with
A =156, Ry =0 and py = 2.98 x 10%¥kg/m?

for values of mass and radius compared to the value x,., obtained with the smallest v,
which should be the most realistic one. For comparison, we plot the percentage difference
of the mass and the radius for the asymptotically flat Ry = 0 case (Fig. 3.34). In this
case A = 0 so v = 0. The constant C is changed in the same manner as the previous
case. In this case the constant C' corresponds only to a re-scaling of the equations according
to (3.15). The difference in the values is due to numerical errors. We can see that the
percentage differences for the two cases (de Sitter and asymptotically flat case), especially
for the radius, are comparable. Thus, we can conclude that the mass and radius remain
more or less constant for different values of v but only for the same value of R at infinity. If
we choose a different minimum for the potential, the mass and the radius change significantly.

Finally, we present results obtained by using a polytropic EoS. The parameters of the
EoS are the same as in table 3.1. Using the same steps as in section 3.1.3 we are able to

create M vs R diagrams for different values of the parameters of the f(R) models. Unlike
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Figure 3.32: The percentage difference of the total mass of the star vs v for the Starobinsky
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model with A = 1.56 and R; ~ 1.984

80



3.2 f(R) theories

Mass perc. diff. (%)

Figure 3.34: The percentage difference of the total mass of the star vs v for the Starobinsky
model with A = 1.56 and Ry =0
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3.2 f(R) theories

the Scalar Tensor theory case, where about 200 models were used for each diagram, this
number is significantly lower here, due to the difficulty of integrating the models, especially
in the case of a cosmological horizon. The code is very sensitive to the initial guess for the
initial condition of the Ricci scalar. If the initial guess is not close enough to the real value,
which is obtained after several iterations using the shooting method, the code will quickly
crash. This means that the process cannot be easily automated, since the initial guess needs

to be carefully chosen for each individual model.
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Figure 3.36: The total mass of the star vs the central density for the Starobinsky model with
A=12and Ry =0.

3.2.3 Discussion

We have shown that numerical models of neutron stars can be constructed by using the JPS
formalism and a polytropic EoS. Two main points can be made about our models compared

with the already existing models by UH, KM, BL and JPS. First, we were able to construct
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Figure 3.37: The total mass of the star vs the radius of the star for the Starobinsky model
with A = 1.2 and Ry = 0.

models with high interior pressure, namely p. > p./3, both for the constant density and
the polytropic EoS case. BL had claimed that instabilities would make it impossible for
models with p. > p./3 to be constructed, while UH claimed they could construct them but
it was numerically challenging. JPS also did not show any models where p. > p./3 but we
see no reason that they would not be able to construct them. In General Relativity as in
Scalar Tensor theories of gravity, star models with arbitrarily high pressure exist, so we see
no a priori reason why they wouldn’t exist in f(R) theory. With our results we show that
constructing models with p. > p./3 is no more challenging than models with p. > p./3 if
a better theoretical approach is used, namely the JPS method. Thus, we have shown that
earlier objections to f(R) theories on the basis of the inability to construct viable neutron
star models are unfounded.

Another point is that our numerical models are more realistic of those of BL and JPS. JPS

were trying to illustrate their new approach, so they only constructed unrealistic constant
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3.2 f(R) theories

density models. Even though BL used a polytropic EoS, as we discussed, they found it
challenging to construct models with a realistic cosmological density. The values for v they
used were in the range of 107% < v < 1072. The realistic value for v is of order ~ 10743,
Constructing models with such a huge difference between the two scales, the density inside
the star and the cosmological density, is numerically challenging even in General Relativity.
However, we should strive to construct models with a value as realistic as possible. This
is because, in a de Sitter space the cosmological horizon, determined by the value of A,
needs to be far away enough for us to be able to extract realistic quantities such as the
mass of the star. We have demonstrated that we can construct models with a value of v as
small as 5 x 107, where the cosmological horizon is more than 1000 times larger than the
radius of the star. Even though this is still very unrealistic, it is a significant improvement
on previous results. In addition we also demonstrated that, just because the value of the
cosmological density is so small, one can not naively set this to zero for practical reasons,
since this corresponds to a different scalar curvature and yields very different results.
These results help strengthen the argument of the existence of neutron stars in f(R)
theories. We have demonstrated that using the JPS method we can produce polytropic EoS
models of neutron stars for all the viable f(R) models. Since there exists a method free of
the difficulties previous researchers had encountered, we can employ this method to produce
more realistic neutron star models, like the ones that already exist for General Relativity.
The next immediate step would be to use more realistic EoSs like the ones used in the Scalar
Tensor theory case we discussed earlier. Furthermore, another step is to construct models
using a slow rotation metric, again like the one used in the Scalar Tensor case. Finally, when
results for these cases have been obtained and the argument of the existence of neutron stars
in f(R) theories has been settled, numerical models of neutron star mergers can be studied
along with gravitational radiation in f(R) theories. Such studies are necessary to be able to

determine the viability of f(R) theories when results of the new generation of gravitational
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3.2 f(R) theories

wave detectors are available.
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Appendix A

f(R) Potentials

We provide here useful expressions for the various models used in our f(R) theory models.

The function f(x) is shown, where x = R/R,.. This is related to f(R) as

F(R) = Rf (2) (A1)
dn o dm
S f(R) = R f(2) (42

Then, the potential V' (x) is shown, as defined by JPS, along with its derivative. Finally, the
coefficients of Taylor expansion of the quantities A, p, R are shown, as defined in equations

(2.121) - (2.123).

A.1 Miranda et al

The function is given by

f(z) =2 —aln(l+2) (A.3)
The potential is given by
V(z) = é(m(ﬁa + ) — 202z 4 3) log(z + 1)) (A4)
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A.2 Starobinsky

dv 1 ar
— == — 2l 1 A5
5 3<x+1 alog(z + )—i—x) (A.5)
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Figure A.1: The potential of the Miranda et al model vs the Ricci scalar for different values
of the parameter A

The Taylor expansion coefficients are

~ A8mpo(z + 1) + Rex(—a+ 2z + 2) — aR(x + 1) In(x + 1) + 327po(z + 1) (A6)
B 12(—a+z+1) ’

A

(o + po)[—167(z + 1)(Tpo + 6p0) + Rex(—3a + 2z 4 2) + aR(x + 1) In(x + 1)]

= 40(—a+2+1)
(A7)
R - R.(z + 1)[24mpo(z + 1) + Reax(a +x + 1) — 2aR.(x + 1) log(x + 1) — 8mpy(x + 1)]
b 15
(A.8)
A.2 Starobinsky
The function is given by
fla)y=2—A[1—(1+2*)7" (A.9)
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A.2 Starobinsky

The potential is given by

_ 6A(2® + 1) tan ! (x) + 2 (=6 + 2® — 4\a® + x)
V(z) = S (A.10)

(A.11)

V'(R)

Figure A.2: The potential of the Starobinsky model vs the Ricci scalar for different values
of the parameter A

The Taylor expansion coefficients are

487po (22 +1)° + Rexr [2 (@2 + 1) — Az (22 + 3)} + 32mp0 (22 + 1)
A= 5 (A.12)
12 [(22 + 1)° — 2)z]

(po + po) {1127Tpo (22 4+1)° — Rex [/\:1:' (22 —5) +2 (2 + 1)2} + 967 po (22 + 1)2}

e 10 [(22 + 1)° — 2\a]
(A.13)

R.(z* + 1) {247Tp0 (z2+1)> + R.x [(mz +1)° - 2)\x3] — 8mpg (2% + 1)2}
= 14
By 30\ (322 — 1) (A.14)
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A.8 Tsujikawa

A.3 Tsujikawa

The function is given by
f(z) =2 — ptanhx (A.15)

The potential is given by
(A.16)

1
V(z) = 6 (2* + 2ux tanh z — 6 In(cosh z))

(A.17)

V'(R)

Figure A.3: The potential of the Tsujikawa model vs the Ricci scalar for different values of

the parameter A

The Taylor expansion coefficients are

4, _ 1 (tanh = + = sech?z) — 22(247Tpo +16mp0 + Rex) (A.18)
12 (psech’s — 1)
_ (po+ po) (1127po + 967py — pRic tanhx + 3pReasech’s — 2R.x) (A.19)
b1 = 40 (psech’z — 1) |
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_ R.cothz[cosh(2x)(24npy — 87py + Rex) + 24mpy — 8mpg + 2uRex — 2p R, sinh(2x) + R.x]

! 604

(A.20)
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