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ABSTRACT

If subconstituent particles, generically called preons, exist beyond the Standard Model of parti-
cle physics (SM), then stable cosmic compact objects,preon stars, with a density of 1030 kg/m3

and above, can exist. This M.Sc. thesis is about finding ways to detect these preon stars, either
directly or indirectly. Their eventual observation would be a direct confirmation of particles
beyond the SM of today. This indirect detection can even be accomplished way above the
energy scale of the soon-to-be started finished Large HadronCollider (LHC), and in a more
inexpensive way. Means of detecting preon stars as they collide with the Earth are discussed,
mainly by seismic detection and gravitational effects. Theanalysis shows that the chances of a
typical preon star colliding with the Earth are less than onein the lifetime of the solar system.
Therefore detection of preon stars by means of seismic wavesseems remote. The impact fre-
quency is however strongly dependent on the preon star mass and size. It should, however, be
possible to detect preon stars by means of their induced gravitational perturbations in the solar
system, mainly beyond the orbit of Neptune, though it requires more detailed investigation.
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PREFACE

It has been a pleasure to work with this highly interesting project. It is fun to work with some-
thing as new as these preon stars. Personally I believe in theidea that quarks are not the smallest
constituents of matter. If one gazes up in the skies on the stars, there are a number of different
kinds of stellar bodies. Among these are star remnants made up of these “fundamental” con-
stituents, e.g. white dwarfs (atoms), neutron stars (neutrons) and quark stars (quarks). Then
why could not preon stars exist? If smaller, even more “fundamental”, constituents (preons)
exist, preon stars seem destined to exist. Also, the preon star model has quite recently attracted
attention from some very esteemed journals and magazines (Physical Review Focus, Nature
News and New Scientist-cover story), which has been very exciting and inspiring.

My year as a Research Trainee (RT) has been worthwhile for me.I had the opportunity to
work with others, in a group where everyone had varying projects from the institutions they
were affiliated to. I got many contacts and all shared their knowledge with each other. The
postgraduate (forskarförberedande) courses and projects I took part in, besides my research
project, have given me an insight into how scientists work. The stipend granted by RT has also
been a nice plus. A trip was also financed by RT, and this year wewent to the USA (first to the
city of New York and later to the state of Florida). Among the things we did and experienced,
the most spectacular event was the night-time launch of the space shuttle Endeavour headed
for the International Space Station (ISS).

Finally I wish to thank all companions from RT who made this year something to remember.
My supervisor Johan Hansson (who, togheter with Fredrik Sandin, is the “inventor” of preon
stars) has been there whenever I had trouble and came up with ideas. I also wish to thank my
girlfriend Malin and our son Jakob, born in the beginning of the RT year, who have made me
very happy.

This document was created with LATEX 2εusing the template for Masters theses on
http://www.csee.ltu.se/∼johanc/teaching.php.
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CHAPTER 1

Background and Introduction

1.1 What is a Preon Star?

During the time of this project, the question “What are preonstars?” has frequently been
asked. The short answer is that preon stars are extremely dense cosmic compact objects, with
a mass comparable to the Earth and with a size roughly like a tennis ball. For a more accurate
description, two topics need to be explained;preonsandcompact objects. Since my project
is about finding ways to detect preon stars, I will also brieflytell about the discoveries of the
other kinds of compact objects.

1.1.1 Preons

Humanity has during the course of history wondered about thenature of matter. In the age
of Classical Antiquity the general public believed in the teaching of the elements (earth, air,
water and fire), while some few Greeks believed in the teaching of a smallest particle, the
atom. The molecule was discovered in 1811 and labeled after the French word “molécule”,
which means “extremely small particle”. The atom was discovered in 1905 and labeled by the
Greek word “atom” which means “indivisible”. Soon after thediscovery of the atom, scientists
discovered that the atom is divisible after all; it is made upof even smaller subconstituents.
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2 BACKGROUND AND INTRODUCTION

These subconstituents most people recognize today; proton1 , neutron2 and electron3. Several
people also guessed that protons and neutrons in themselveshave subconstituents known as
quarks, which in turn where discovered in 1968.

Today the Standard Model (SM) of particle physics (see appendix B) is a theoretical descrip-
tion of the presently known particles and the interactions between them. The SM describes
most of the experimental data at present. It consists of six types of leptons (electrons, muons,
tauons and their neutrinos), three types of force-mediating particles (photons, gluons and weak
bosons) and six different types of quarks. The quarks also come in three different “colours”,
which is the name of the strong charge, and all particles alsohave associated antiparticles. This
gives a total of 52 different particles [2]. A phenomenon that cannot satisfactorily be explained
today is that heavier quarks and leptons quickly decay to their “ground level”. Also, gravitation
is not at all included in the SM. In total there are over twentyfree parameters in the SM that
cannot be predicted but must be fitted to experimental data. It is completely unknown why the
particles in the SM arrange in repeating “generations”, identical apart from the masses. In the
past, that phenomenon has been a hint at a deeper more fundamental level of constituents.

Haim Harari is an Israeli scientist who contributed in foreseeing the charm quark in 1975 [3].
Historically it has always, so far, been the case that when humanity thought they had found
the smallest particles, something hidden at an even smallerlevel has been revealed. Harari
thought that there must be subconstituents for quarks and leptons since he could not believe
that nature’s fundamental building blocks would be as many as in the SM. He then constructed
the Rishon model in 1979 [4], as subconstituent model for quarks and leptons. The goal was
to collect all particles of matter into as few fundamental objects as possible. Today there are
various ways of trying to resolve the problems that occur in the SM. The most common way
today is to try to find a supersymmetric theory (e.g. string theory) for all particles and their
interactions. This has not yet succeeded. Another way is more in line with Harari [4] and
how history actually have played out, i.e. that quarks, leptons and weak bosons are composite
particles [5] made up of hypothetical pre-quarks,preons. This new level of subconstituents,
can be seen in Fig. 1.1.

According to Harari [4], the similarities observed betweenquarks and leptons indicate that
there exists a common underlying structure for both. The quantized electric charge is but one
indication for this. This claim is strengthened by the fact that the hydrogen atom is electrically
neutral, which would be a consequence if quarks and leptons have common subconstituents.
A related empirical fact, which could be explained by a successful scheme, is the vanishing
sum of electric charges of quarks and leptons in each “generation”, e.g νe,e−,u,d. In latter

1Ernest Rutherford is credited for the discovery of the proton in 1919.
2James Chadwick won the nobel prize in 1935 “for the discoveryof the neutron” in 1932 [1].
3J.J. Thomson won the Nobel Prize for his discovery of the elecron in 1897. The electron is regarded to be the

first elementary particle ever detected [1].



1.1. WHAT IS A PREON STAR? 3
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(Preon)

Figure 1.1: Illustration of smaller and smaller subconstituents and the time line of their discovery.

generations quarks and leptons appear with larger masses, but otherwise as “carbon copies” of
previous generations. This makes it compelling to imagine higher generation quarks and lep-
tons as some sort of excitations. Any possible substructuremay only be observed at extremely
short distances and correspondingly large energies. The known evidence for “point-like” be-
havior of leptons and quarks indicates that such substructure must correspond to distances well
below 10−18m. Finally, if quarks and leptons are “made” of the same subconstituents, baryon
and lepton number violations may be possible.

The possibility that relevant preon dynamics is different from what we have seen so far, should
not be excluded. Thus, it would be premature to insist that gauge theories sufficiently could
model all the interactions between the new hypothetical subconstituents, some dynamics at
such short distances may be radically different and involvesome entirely new principles. The
more fundamental building blocks of quarks and leptons are sometimes assigned different
colours. However, Harari [4] suggests that the colour may begenerated through combinations
of subconstituents, and perhaps should not be attributed tothe building blocks themselves. He
also suggested that at least some of the present gauge bosonsact only on composite states and
are therefore not fundamental.

Besides the Rishon model forpreons, several other models have been proposed throughout the
years. The Rishon model is one of the simplest, having electric charge as its starting point. The
model contains two particles, Rishons, where the T rishon have mass and charge13e, while the
V rishon is neutral with little or no mass. They have spin, colour charge and combine in triplets
or rishon-antirishon pairs4 [4]. The Haplon model is a “minimally” designed model with two
different preons. It tries to explain as many unresolved issues in the SM as possible, without
adding new ones [5]. A third model is Preon-Trinity, developed by Dugne, Fredriksson and
Hansson [6, 7]. It is based on three different preons and explains quarks, leptons and bosons.

4In the Rishon model of elementary particles, the electron isa TTT, the neutrino VVV, the down quark TVV
and the up quark TTV triplet.



4 BACKGROUND AND INTRODUCTION

One way to detect preons might be with the use of the Large Hadron5 Collider (LHC), hopefully
opening this summer (2008). The LHC is a gigantic particle accelerator located near Geneva,
100 m underground. It will be used to study the smallest distancesever, and will probably
reveal many things unknown today. There are many theories asto what will result from these
collisions. One desperately sought-after particle is the Higgs particle which gives particles
in the SM their masses. The Higgs is the main missing piece of the SM-patchwork. For
decades the SM has served as a means of understanding the fundamental laws of nature, but far
from everything in it is understood. It is believed that onlyexperimental data using the higher
energies reached by the LHC can push our knowledge forward [8]. But many astronomers and
astrophysicists do not fully agree. In space, there alreadyexist naturally occuring “test-labs”
which can be observed by means of astronomy. Everything we, energywise, can build here on
Earth already is “out there”. By gazing out into space we can reach an understanding of the
laws of physics, if we know what to look for. In 1666 Sir Isaac Newton saw an apple fall to the
ground at his Woolsthorpe home, then looked up and saw the moon. The apple provoked him to
wonder if the motion of both apple and moon was governed by thesame force. His discovery
created the first detailed link between the heavens and the Earth [9]. Future astronomical
discoveries may reveal the existence of preons, and even things not dreamed about at present.

1.1.2 Compact objects

Collapsing stars

The other subject that needs explanation iscompact objects, which is a “dead” celestial body.
Stars like our sun are “alive” - they shine as they have giant fusion reactors in their core. The
structure of the sun can be seen in Fig. 1.2. The energy the Sunradiates is created in the core
by four hydrogen atoms fusing to helium according to

41
1H +2e− →4

2 He+2νe+6γ, (1.1)

with a release of energy

∆Ef usion=
(

4×1.007825u−4.002603u
)(

931MeV/u
)

= 26.7MeV, (1.2)

whereE is the energy,u the atomic mass unit,νe the electron neutrinos andγ represents
photons. The total fusion in the core makes the sun shine witha total luminosity of6 L⊙ =

3.846×1026 W.

5A hadron is any strongly interacting composite subatomic particle. All known hadrons are composed of
quarks and gluons. The most well-known examples of the hadrons are the proton and the neutron.

6Where a unit has⊙ written in the subscript, it refers to the value for our Sun, e.g. 1.0×solar mass= 1.0M⊙ =

1.9891×1030 kg.
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Figure 1.2: Illustration of the structure of the sun. The composition and size of the core determines the
size and temperatures of the other layers in any star.

The Sun nears the end of its “lifetime” in∼4.6 billion years and will by then have fused all
the hydrogen in its core. Left is a helium core, but the core temperature is still not hot enough
to start a helium fusion reaction. When there is no hydrogen fuel left in the core, fusion dies
out which makes the core unstable against the surrounding gravitational pressure and it starts
to shrink. As the core shrinks it is heated and the temperature becomes high enough to heat
up a thin shell of hydrogen around the core. The hydrogen shell starts to “burn” (fuse) and the
helium core grows. With this additional heat generation from the shell the Sun’s outer layers
grow, but at the same time the surface of the Sun cools, since it gets farther away from the hot
core7. The Sun is by now a red giant star, with a surface temperatureof ∼3500 degrees and
with a radius that is∼100 times larger than today.

The helium core continues to shrink until the temperature reaches∼100 million degrees. By
now the core is hot enough for helium fusion and conversion tocarbon (C) and oxygen (O).
The core cannot expand as much as required to compensate for this additional high energy gen-
eration caused by the helium burning. The temperature continues to be very high and helium
burning increases. This fusion creates enormous amounts ofenergy and ahelium flashoccurs
some hours after the helium burning began. The core explodes, its temperature drops and the
core contracts again which leads to another heating. When the helium burns the reactions are
controlled since the explosion lowered the density around the core. The Sun lives on in its

7During the 4.5672 billion years since becoming a main-sequence star, theSun’s Luminosity has increased
nearly 48% (from 0.677L⊙) while the radius has increased 15% from an initial value of 0.869R⊙.
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red giant phase, distinct layers form and a carbon/oxygen core is created. When the helium in
the core is completely transformed into carbon, oxygen, etc, the core again begins to contract
and is thereby again heated. In the Sun the temperature of∼600 million degrees required for
carbon fusion is never reached. The outer layers of the sun will eventually “blow off” and leave
behind the hot naked core and at the same time create a planetary nebula8 , which is a glowing
shell of gas and plasma illuminated by the core, making it resemble a planet. The only thing
left by the sun is the core that by now is a 10 000km largewhite dwarf, with a mean density
of ρwd = 106 g/cm3. Thewhite dwarf will cool as neither fusion nor gravitational collapse is
available to generate energy, and thereby eventually become a black dwarf9 .

The Sun has by now become a cosmiccompact object. Besideswhite dwarfs, there also exist
other types of cosmic compact objects. For bigger stars thanthe Sun (& 8M⊙) where the core
exceeds& 1.4M⊙ even the carbon core will start to “burn”. This eventually, when an iron
core is formed, causes an even bigger explosion than a heliumflash, asupernova. Such huge
energies are released that the supernova explosion briefly shines brighter than all the stars in
a whole galaxy combined! Left is only the core, aneutron star(including quark and hybrid
stars) 20km large with a mean density ofρns = 1015→17 g/cm3. Besides these two different
types of compact objects (degenerate stars) ablack holecould be created in the supernova of
an even larger star (& 18M⊙, core mass& 3.0M⊙). As the “volume” for a black hole is zero, it
theoretically (classically) has a densityρBH = ∞ [10].

Degeneracy in matter

Electromagnetic forces hold up ordinary matter, planets, comets and the like. The electro-
magnetic forces constrains the electrons to occupy orbitals (energy levels) around nuclei. This
results in chemical bonds and allows ordinary matter like water or rock to exist. These ordi-
nary objects do not compress very much when additional mass is added to them. Thus when
we put some rocks on a pile of rocks, the pile grows larger. Eventually a point is reached where
the central pressure is so large that all matter is ionized. When this happens, the electrons are
torn from their nuclei and can move freely and no chemical bonds exist to hold up the object.
Jupiter is almost at this point in its center. If much more mass is added to Jupiter the increase
of pressure is smaller than the increase of gravity, and so the radius will decrease with increas-
ing mass. Jupiter will actually shrink when more mass is added [11]. The free electrons in
the center have become degenerate (they are piled in the lowest energy states available). Elec-
trons are fermions and two electrons cannot occupy the same state, thus the electrons occupy
a wide range of low energy states. Compressing the mass forces this range to widen, creating
a quantum mechanical force of electron degeneracy pressurewhich prevents the center from

8Planetary nebulae are important objects in astronomy, since they play a crucial role in the chemical evolution
of the galaxy. They contain heavy elements, other than hydrogen and helium, and other products of nucleosyn-
thesis.

9Because of the high temperature, pressure and composition (carbon) of a white dwarf, it is believed that when
it has become a black dwarf, the whole star is a giant diamond(!), big as the Earth, floating through space.
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collapsing (see Fig. 1.3). If more mass is added, more and more of the object becomes degen-
erate, and a white dwarf contains mainly degenerate matter in the form of carbon and oxygen
nuclei surrounded by degenerate electrons.

M < 1.4M⊙
Gravity

White dwarf
The electron cloud is compressed
and the electrons prevent further
collapse. Protons and neutrons
can still move around.

Stronger gravity→ more compact

1.4M⊙ < M < 3M⊙

Gravity

Neutron star
Electrons and protons
combines into neutrons,
and becomes compressed.
Neutrons prevent further
collapse.

M > 3M⊙

Gravity

Black hole
Gravity wins!
Nothing prevents
collapse.

Figure 1.3: Illustration of how the degenerate matter in compact stars evolve when more mass is added
to the core, thus creating a stronger gravitational pressure. When the pressure is sufficiently high, the
degenerate matter in the core collapses into its subconstituents. What happens when the pressure from
the degenerate mass is overcome by gravity is yet unknown. The classical view is that a black hole is
formed by the collapse, since there are no degenerate subconstituents below quarks according to the
SM. Figure courtesy of Nick Strobel /www.astronomynotes.com .

White dwarfs form from the cores of main sequence stars like our Sun as previously explained.
If more mass is added to the white dwarf, it will shrink and thecentral density becomes even
larger, with higher degenerate electron energies. As more mass is added, the white dwarf ap-
proaches its theoretical upper limit of mass, called the Chandrasekhar limit (1.4M⊙). This limit
is discussed further in Sec. 1.2.1, page 12. If white dwarf matter is additionally compressed by
increased gravity caused by additional mass above the Chandrasekhar limit (Fig. 1.4(a)), free
electrons will be forced to combine with nuclei, changing the protons to neutrons by inverse
beta decay. The electrons can no longer support the pressureof gravity and the core collapses
(see Fig. 1.3). As the density increases to a point where matter is comparable to the density

http://www.astronomynotes.com
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(a) (b)

Figure 1.4: a) shows a white dwarf accreting mass from its companion binarystar. The electrons in
the atoms cannot withstand the pressure of gravity when too much mass is accreted. It collapses and
creates a neutron/quark star ,depicted inb). When more mass is added to the star the neutrons become
more tightly packed. It is believed that the core consists ofdegenerate quarks. Figurea): Courtesy of
David A. Hardy /www.astroart.org/STFC and Figureb): Courtesy of NASA

of an atomic nucleus (∼ 4×1017 kg/m3), the collapse continues until instead the neutrons be-
come degenerate. By now the matter is mostly neutrons, with some electrons and protons – a
neutron star.

Neutrons are fermions, just like electrons, and therefore provide neutron degeneracy pressure
(which is much higher than for electrons) to support the neutron star against collapse. There are
also repulsive neutron-neutron nuclear interactions which provides additional pressure. There
is a limiting mass for neutron stars, just like the limit for awhite dwarf, where these forces are
no longer sufficient to prevent the star from gravitational collapse. The forces in dense matter
are not fully understood, but the mass limit is believed to lie between 2→ 3M⊙ [10]. What
happens after this limit is reached is not fully clear. The detailed composition inside a neutron
star is still unknown, and there are many “exotic” possibilities for the nature of their interior.
It could consist of hyperons, superconducting quark-gluonplasma, or crystalline phases of
quarks. Consequently the name “neutron star” is a presumably a misnomer, at least for its
core. There are some different classes of neutron star models, traditional neutron stars, hybrid
stars (nuclear matter shell and a quark matter core) and quark/strange stars [12], two of them
are shown in Fig. 1.4(b).

The classical view of what happens next is that when more massis added, a point of instability
is reached; the neutron forces can no longer counterbalancethe pressure caused by gravity.
According to the SM, there is no further degeneracy pressureequilibrium and an indefinite

http://www.astroart.org/STFC
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gravitational collapse occurs. The classical escape velocity

ve =

√

2GM
R

(1.3)

is already for a neutron star∼ 1
3 the speed of light and reaches the velocity of light as a black

hole is formed. No matter or light can now possibly escape. All light is trapped within the so-
called event horizon and thus a black hole looks truly black10. According to general relativity,
the collapse will create a singularity of zero volume. Quantum gravity might avoid a true
singularity perhaps resulting in a spatial size of roughly the Planck length [10].

1.1.3 Preon Stars

As we have seen, there are three classical kinds of compact objects considered in astrophysics;
white dwarfs, neutron stars and black holes. The physical properties of different subcon-
stituents support them from contracting further. For the first two the fermionic pressure of
the constituent particles support them, electrons in whitedwarfs and neutrons in neutron stars.
For black holes the degeneracy pressure is overcome by gravity and the object collapses in-
definitely (or at least to the Planck density). The differentkinds of degenerate compact stars
are directly derived from the properties of gravity. According to the traditional model of cos-
mic compact object degeneracy, the densest stars will collapse (to form a black hole) when its
gravitation is strong enough to surpass the opposing pressure from quarks.

In 2004 Johan Hansson and Fredrik Sandin came up with a completely new and unorthodox
idea. They realized that if there are more fundamental (subconstituent) building blocks than
leptons and/or quarks, gravity in a compact star more dense than a neutron/quark star would
have enough pressure to “pulverize” the quarks into their subconstituent pre-quarks,preons.
Thus, if preons exist, anew, yet undiscovered kind of cosmic compact object could exist,
composed of this stable degenerate subconstituent;preon stars [14]. Since the constituents of
a preon star (PS) are smaller than quarks and leptons, the density of a PS widely surpasses that
of a neutron star. Typical numbers for preon stars give a sizeof 10 cm and a central density
of ρps = 1027 g/cm3. The new order of cosmic compact objects, in increasing density, would
now be; white dwarfs, neutron stars, preon stars and black holes (Table 1). The mass and size
of preon stars depend on the compositeness energy scale. If the heaviest quark (the top) is the
most weakly bound composite particle, in terms of preons, the estimate for the mass is

mps≈ 2×1024kg

(

TeV
Λ

)3/2

(1.4)

10A black hole could theoretically be seen by means of detecting the extremely faint Hawking radiation [13]
caused by the black hole. Also, it can indirectly be detectede.g. by the extreme hot gases it creates due to tidal
friction beforeit swallows them.
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and for the radius

rps≈ 3×10−3m

(

TeV
Λ

)3/2

, (1.5)

whereΛ is the compositeness energy scale [12].

Compact object Density (kg/m3) Radius (m) Mass (kg)
White dwarf 109 5×106 5×1029

Neutron star 1018 104 2.8×1030

Preon star 1030 5×10−2 6×1024

Black hole ∞ Planck radius ∞

Table 1: Table of the different compact star’s average density, size and mass.

From stability analyses the maximum limits for PS’s areMmax≈ 102M⊕ andRmax≈ 1 m (the
symbol⊕ refers to units compared to our Earth, i.e. 1.0×earth mass= 1.0M⊕ = 5.9736×
1024 kg). It is obvious that preon stars are extremely small astrophysical objects, which could
have remained unnoticed up to this day.

If PS’s exists and are as small as 10−1 → 10−4 m (i.e. if Λ is large), it is plausible that primor-
dial PS’s, or “preon nuggets”, formed in the early universe.The abundance of preon nuggets is
not constrained by the normal nucleosynthesis constraintsin the hot Big Bang model. Neither
are they susceptible to Hawking radiation that rapidly evaporates very small primordial black
holes, making it possible for arbitrary small preon nuggetsto survive to this day. They can
thereby serve to explain the mysterious dark matter needed in many astrophysical and cosmo-
logical contexts11 [12, 14]. Articles published about PS’s can be found in appendix A.

If there is a deeper layer of subconstituent particles beneath quarks and electrons, preon stars
could also indirectly help uncover it. If PS’s are detected,it would be direct evidence that
(at least) one deeper layer of even more fundamental particles exists (discussed in Sec. 1.1.1,
page 4). This would provide alternative means for constraining and testing different preon
models in addition to direct tests performed at particle accelerators such as the LHC and the
ILC (International Linear Collider).

11Dark matter is a hypothetical form of matter that does not emit, absorb or reflect enough electromagnetic
radiation to be observed directly. According to observations of structures of galaxies and also the universe at
large, dark matter accounts for the vast majority of mass in the observable universe. It is predominantly needed to
explain the rotational curves of galaxies, the dynamics of galaxy clusters, and the cosmological observations.
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1.2 Detection of interstellar compact objects

1.2.1 Detection of White Dwarfs

In 1838 Friedrich Wilhelm Bessel used the technique of stellar parallax to find the distance
to the star 61 Cygni. Following this first successful measurement of a stellar distance, Bessel
applied the method on another likely candidate called Sirius, the brightest appearing star in the
sky. Sirius’s brilliance in the night sky is due in part to itsproximity to Earth (8.61 ly). As
Bessel followed the star’s path, he found that Sirius deviated slightly from a straight line. After
ten years of precise observations he concluded in 1844 that Sirius actually is a binary system.
He was unable to detect the companion of the brighter star butdeduced that its orbital period
was about 50 years (49.9 years as measured today). In 1862 Alvan Graham Clark used a 18-
inch refractor telescope to observe Sirius, and discoveredthe companion, Sirius B, a thousand
times less luminous than Sirius A.

He estimated the masses of Sirius A and Sirius B to be

Figure 1.5: Image of Sirius A and B taken
by the Hubble Space Telescope. The
white dwarf Sirius B can be seen as a dot
to the lower left of the much brighter Sir-
ius A. (Courtesy of NASA and ESA.)

of the order of 2.3M⊙ and 1.0M⊙ (the modern value
for Sirius B is 1.53M⊙). 50 years later spectroscopists
had developed the tools to measure the surface tem-
peratures of stars. Due to the faint appearance of Sir-
ius B, the astronomers believed it to be cool and red.
Surprise came when Walter Adams at Mt. Wilson ob-
servatory in 1915 discovered that it was a hot, blue-
white star that emits much of its energy in the ultravio-
let spectrum (surface temperature of Sirius B is 27 000
K compared to Sirius A’s 9910 K).12 By using Stefan-
Boltzmann’s law

Lstar = 4πR2
starσT4

star (1.6)

whereσ is the Stefan-Boltzmann constant,Lstar the lu-
minosity of the star,Rstar its radius andTstar the sur-
face temperature, the size of Sirius B can be deduced
as 5.5×106 m≈ 0.008R⊙. This means Sirius B is con-
fined within a volume smaller than Earth, meaning it
has an immense density. The gravity of Sirius B re-

veals itself in the hydrogen spectrum by producing broad absorption lines. Sirius B is obvi-
ously not a normal star, but awhite dwarf, the remnant of a normal-sized star. The Sirius binary
system is depicted in Fig. 1.5.

12Our Sun’s surface temperature has a present day value of 5777K.
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A theoretical upper limit on the mass of a white dwarfs was derived in 1931 by Subrahmanyan
Chandrasekhar, called the Chandrasekhar limit . This limitcan be attained by setting the central
pressure equal to the electron degeneracy pressure and assuming constant density, the relation
of the radius and mass of the white dwarf is

Rwd ≈
(18π)2/3

10
~

2

GmeM
1/3
wd

(

(Z
A

) 1
mH

)5/3

, (1.7)

whereme is the electron mass,mH the hydrogen atom mass,Mwd the mass of the white dwarf,
G is the gravitational constant and Z and A are the number of protons and nucleons (protons
+ neutrons). For a 1.0M⊙ carbon-oxygen white dwarf, the estimated radius becomesR≈
2.9 ·106 m. Eq. 1.7 leads to the important implication that

MwdR3
wd = constant, (1.8)

or MwdVwd = constant. The volume of a white dwarf is inversely proportional to its mass, so
more massive white dwarfs are actually smaller! This mass-volume relation is a result of the
star deriving its support from electron degeneracy pressure and thus should hold for all types of
degenerate stars. The electrons must be more closely “packed” to generate a larger degeneracy
pressure, required to support a more massive star. This relation implies that the mean density
ρwd ∝ M2

wd. An approximate value for the maximum white dwarf mass (Chandrasekhar limit)
may be obtained by taking the electron degeneracy pressure with Z/A = 0.5 (for a carbon-
oxygen white dwarf) and a constant density, giving

MCh≈
3
√

2π
8

(

~c
G

)3/2
(

(Z
A

) 1
mH

)2

= 1.44M⊙ (1.9)

as the maximum possible mass. No white dwarf has been found with a mass that exceeds the
Chandrasekhar limit ofMCh ≈ 1.44M⊙ [10].

In 1983, 52 years after his calculated prediction, Subrahmanyan Chandrasekhar received the
Nobel prize “for his theoretical studies of the physical processes of importance to the structure
and evolution of the stars” [1].

1.2.2 Detection of Neutron Stars

Two years after the discovery of the neutron in 1932 by James Chadwick, the Swiss astro-
physicist Fritz Zwicky and the German astronomer Walter Baade of Mount Wilson observatory
proposed the existence of neutron stars13. They also coined the termsupernovaand suggested

13In 1955 this was awarded the Royal Astronomical Society’s gold medal (Bruce medal).
http://www.phys-astro.sonoma.edu/BruceMedalists/Baade/index.html

http://www.phys-astro.sonoma.edu/BruceMedalists/Baade/index.html
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that “supernovae represent the transitions from ordinary stars into neutron stars, which in their
final stages consist of extremely packed neutrons.” [10]
Neutrons stars form when the degenerate core of an aging supergiant star exceeds the Chan-
drasekhar limit and collapses. Therefore, a typical neutron star should have a mass of 1.4M⊙

14

with gravity and neutron degeneracy pressure in equilibrium. The Newtonian mass-radius re-
lation is

Rns≈
(18π)2/3

10
~

2

GmeM
1/3
ns

(

1
mH

)8/3

. (1.10)

For Mns = 1.4M⊙ this results in a value of 4400 m, too small by a factor of∼2, compared to
the modern radius of∼10 km. There are many uncertainties involved in the construction of a
model neutron star, and additionally general relativisticeffects cannot be ignored.

This incredibly compact stellar remnant would have an average density ofρns ≈ 6.65· 1017

kg/m3, even greater than the density of a typical atomic nucleus15 , ρnuc≈ 2.3×1017 kg/m3,
due to the additional compactifying effect of gravity.

The pull of gravity at the surface of a neutron star is extreme. A typical 1.4M⊙ neutron star with
a radius of 10kmwould at its “surface” give a gravitational acceleration ofg= 1.86·1012 m/s2,
190 billion times larger than on Earth. An object dropped from a height of 1 meter would reach
the star’s surface at a speed of 1.93·106 m/s (0.64% of the speed of light).

Jocelyn Bell and her Ph.D. thesis adviser Anthony Hewish were using a radio telescope con-
sisting of 2048 dipole antennas to study the scintillation (“flickering”) that can be observed
when radio waves from distant sources known as quasars pass through the solar wind. In 1967
(35 years after the proposal of neutron stars) Bell was puzzled as she found a repeating signal
occuring every 23 hours and 56 minutes. To better resolve thesignal, she used a faster recorder
and discovered that the signal consisted of a series of regularly spaced radio pulses 1.337s
apart. Such a precise celestial clock was unheard of and Belland Hewish considered the pos-
sibility that these signals might come from an extraterrestrial civilization. When she found
another similar signal coming from a different part of the sky, they concluded it unlikely that
two different alien civilizations would use the same unusual technique to signal. The discovery
of thesepulsarswas announced and several more were quickly found by other observatories.16

Hewish, Bell and their co-authors suggested, in the paper announcing their discovery, that an
oscillating neutron star might be involved. But the American astronomer Thomas Gold quickly
argued instead that pulsars are rapidly rotating neutron stars. There are three ways of obtaining
rapid regular pulses in astronomy: 1. Binary stars, 2. Pulsating stars and 3. Rotating stars.

14A 1.4M⊙ neutron star would roughly consist of 1.4M⊙/mn ≈ 1057 neutrons.
15In a sense, the neutrons in a neutron star are “touching” eachother. At the density of a neutron star, all of

Earth’s inhabitants could be compressed into a cube of 1.5 cm, roughly the size of a sugar cube.
16Today over 1500 pulsars are known and are designated by a “PSR” prefix (Pulsating Source of Radio).
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Figure 1.6: This picture shows a time sequence for the pulsarin the Crab nebula. Both the nebula
and its central pulsar were created by a supernova explosionin the year 1054 A.D. Each slide repre-
sents approximately one millisecond in the period of the pulsar. The brighter, primary pulse is visible
in the first column: the weaker, broader inter-pulse can be seen in the second column. Courtesy of
N.A.Sharp/NOAO/AURA/NSF.

From a process of elimination the conclusion was that the pulsars are rapidly rotating neutron
stars. This result was strengthened by the discovery in 1968of pulsars associated with the Vela
and Crab supernovae remnants.17 In addition the Crab pulsar18 has a very short pulse period of
only 0.0333 s (rotates∼30 times per second). The Vela and Crab pulsars do not only produce
radio bursts, but also pulse in other regions of the electromagnetic spectrum ranging from radio
to gamma rays. This includes visible flashes as shown in Fig. 1.6. No white dwarf could rotate
this fast without disintegrating, which strengthened the identification of pulsars with neutron
stars. Since 1982 even millisecond pulsars (and faster) have been discovered [10].

17Today dozens of pulsars are known to be associated with supernova remnants.
18The Crab supernova is the first supernova on record. It was observed by Arab and Chinese astronomers in

1054 A.D.
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1.2.3 Detection of Preon Stars

Some methods for detection of PS’s have been proposed in [15]. Gravitational lensing is one
method based on relativistic properties of space itself. When a PS passes somewhere in be-
tween an observer and a gamma-ray source the light from the source is slightly perturbed and
a diffraction pattern appears, which the observer can measure. Binary systems of PS’s would
also emit gravitational waves that could be detected with instruments here on Earth. Another
method for detection proposed in [15] is to measure the seismic waves that are generated by
passages through the Earth or moon by tiny cosmic compact objects. E.T. Herrin, D.C. Rosen-
baum and V.L. Tepliz [16] have investigated this method for detection of hypothetical Strange
Quark Nuggets (SQN), Ch. 1.3.

Another article written by J. Hansson [17] points out that besides the compact objects in Table
1 there could be even more “layers” of fundamental constituents, and hence cosmic compact
objects. In addition to the “next layer” constituents that make up a PS (preons) they could in
turn consist of another layer of subconstituents, pre-preons. The pre-preons could then in turn
be constituted by pre-prepreons etc, possibly all the way down to the Planck length-scale. If
this is the case there would be pre-preon stars, pre-prepreon stars etc. This could also make
the forming of black holes more difficult, or even impossible. The Swedish astronomer, E.
Zackrisson and some of his colleagues have published two papers about the search for cold
dark matter candidates, including PS’s, using gravitational microlensing [18, 19]. Possible
detection of PS’s via other gravitational means are discussed in chapter 3.

1.3 Nuclearite detection

According to De Rujula and Glashow [20], there is a possibility that nuclear matter consisting
of up, down and strange quarks in roughly equal proportions may be less massive than ordinary
nuclear matter of the same quark number consisting of protons and neutrons (triplets of non-
strange quarks). These nuggets of strange quark matter may be stable for almost any baryon
number. They use the term “nuclearite” to describe such strange quark nuggets (SQN) in
collision with Earth. Ordinary quark matter (a purely hypothetical form of matter in which
the constituent up and down quarks and gluons are not confinedwithin individual nucleons)
evidently has a higher energy density, for otherwise nucleiwould decay into quark matter.
Strange quark matter (consisting of equal numbers of up, down and strange quarks) differs
energetically from ordinary quark matter in two ways: strange quarks are considerably heavier
than ordinary quarks, and the Pauli exclusion principle acts as to make strange quark matter
more stable than ordinary quark matter. SQN’s traveling at galactic velocities are protected
by their electron “atmosphere” and coulomb repulsion from direct nuclear interactions with
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the atoms they may hit (this is also true for SQN’s which may have come to rest in matter).
The principal mechanical energy loss for a SQN passing through matter should thus be that of
atomic collisions. Whenever a nugget traverses a medium it displaces all the matter in its path
by elastic or quasi-elastic collisions with the ambient atoms of the medium. For a nugget the
rate of energy loss is

dEn

dx
= −Anρv2

n, (1.11)

whereAn is the effective cross-sectional area of the nugget,vn is the nugget velocity andρ is
the density of the medium. The velocity decreases exponentially with distance according to

vn(L) = vn(0)e−
An
Mn

R L

0
ρdx

, (1.12)

whereMn is the mass of the nugget and the cross-sectional area is

An = π
( 3Mn

4πρn

)
2
3
, (1.13)

whereρn is the mean density of the nugget.

The topic of SQN detection as they hit the Earth was further analyzed by Herrin, Rosenbaum,
Teplitz, and other colleagues [16, 21, 22, 23]. In [16] Herrin, Rosenbaum, Teplitz assumes
a spherical earth with uniform densityρ⊕ and a uniform speed of sound in the earthvs⊕ =

10 km/s. Dispersion, reflections and refractions are neglected in their calculations for a first
approximation. No signal attenuations other than geometric spreading were considered. The
best “class 1” geological stations were those capable of detecting seismic signals carrying the
energy from an explosion of 1 kiloton of TNT in which 1% of the energy release is into 1Hz
seismic waves, at a distance of 5000km. This corresponds to a capability to detect ground
motion of 0.5→ 1.0 nm, a signal strength ofS1 ≃ 0.133erg/cm2s= 13.3 ·10−9 kg/s3.

A multiton-sized SQN would have dimensions of tens of microns, comparable to the size of
red blood cell. As it passes through the Earth it breaks inter- and intramolecular bonds, like a
stone dropped in water, producing a seismic signal. The rateof seismic energy production (Eg)
is given by

dEg

dt
= fgAnρv3

n, (1.14)

whereρ is the nominal Earth density. The velocity of the nuggets aretaken from the virial
velocity,v≃ 250km/s, with respect to the galactic center of mass.fg is the fraction of nugget
energy loss that results in seismic waves rather than other dissipation such as heat or breaking
rock. Underground nuclear explosions have anfg of about 0.01, chemical ones about 0.02.
The small size of the nugget, which enhances coherence, depresses random motion, and yields
a high ratio of surface area to energy-generating volume. This implies thatfg might be larger
for the SQN case. A 5% (fg = 0.05) coupling to seismic waves for nuggets was assumed [21].
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Nugget passage through Earth gives a much different set of signals than an earthquake or a
nuclear explosion [20]. The latter are point events with time of signal receipt at a station
proportional to the distance from the site of the event. SQN passage is a line event with time
of signal receipt proportional to the distance from the line. To determine the location of a point
event requires determining six variables which can be takenas an entry point time, latitude and
longitude, plus velocity magnitude and direction. Given signals from six stations it should be
possible to solve for a “best fit” nugget line. However there would, in any search, be significant
background from “random” station reports. Seismic stations report a number of signals that are
never “associated” to earthquakes. Thus a minimum (convincing) requirement for detection of
a nugget would appear to be detection of its signal by seven stations [22]. Signals that pass
through the Earth’s core are quite complex due to refractions and reflections at the boundaries,
and hence they where not considered for the study. The geometry and arrival timing for a
hypothetical linear source is shown in Fig.1.7. The fact that the Earth’s core is roughly half an
Earth radius implies that about 75% of randomly oriented linear sources will not pass through
the core [21].

The data was collected from the U.S. Geological

1

2
3

4

5

Figure 1.7: Difference between point and line
events. The large circle represents the Earth’s
crust, and the small one the Earth’s core. An
earthquake or comet impact would at the en-
try point give signal arrival times t1 < t2 < t3,
and no signal from4 and 5. A SQN would
give t4 < t2 < t1 < t3 < t5 [21][22].

Survey between 1981 through 1993. Approximately
8000 stations are included in the data-base which
includes over 9 million separate reports, about 6
million of which have been previously associated
with epicentral locations and more than 3 million
of which remain unassociated. The last four years
of the data were specifically studied [21].

Over 70% of the surface of the Earth is covered
with water and seismic detectors cover∼40% of
the surface that is land, with relatively few detec-
tors in the southern hemisphere. Since the signals
from SQN’s passage is so weak, detection relies
mostly on the “class one” stations. Entry points
in the southern hemisphere is suppressed because
there are fewer class-one stations there. In addi-
tion, stations in the U.S. are linked electronically and only report seismic events that can be
associated with point sources [22]. De Rujula and Glashow [20] has pointed out that the key to
nugget detection is the difference between the pattern of arrival times expected from a nugget
and that expected from a point event. This difference is illustrated in Fig.1.7. It is thus expected
that the nugget’s seismic signals should be found among unassociated events [22].





CHAPTER 2

Preon star detection by Seismic
Waves

2.1 Nugget abundance

Since collected data of seismic signals detected without associated point sources over four
years already exist [22], this information can be used to estimate the quantity of preon stars
hitting the Earth. The magnitude of the signals from the seismic stations as used by Herrin et
al. [22] was calculated for different sizes of strange quarknuggets (SQN) making a passage
through Earth. In their calculations they took into accountthe cross-sectional area of the SQN
and assumed a 5% fraction of nugget energy loss, converted todetectable seismic waves (not
the energy converted to heat or light etc.). The conversion to seismic is shown in Table 1. This
table represents 120 000 events, and only SQN with sufficientmass to generate a large enough
seismic signal to reach at least seven different seismic signals is taken into account. Reports of
signals within a one-hour margin from large earthquakes have also been removed.

There is a bound on the number of nuggets in nearby space that depends on the nugget size
distribution [16]. If the nuggets are small, the number of passages through the Earth will be
large, but maybe not able to leave detectable signals. If thenuggets are large, fewer nuggets are
needed to make up the galactic dark matter (DM). They will generate more detectable signals,
but the abundance will be small. To estimate the amount of nuggets an abundance function
n(m) is needed, the number of nuggets of massmper unit volume. Also, the probability,p(m),
for detection of a nugget of massm incident from a random direction is needed. Then we have

19



20 PREON STAR DETECTION BYSEISMIC WAVES

SQN mass Number of events Fraction SQN mass Number of events Fraction
(103 kg) (103 kg)

0.063 9 0.000 39.811 11 613 0.097
0.100 26 0.000 63.096 10 180 0.085
0.158 69 0.001 100.000 8 747 0.073
0.251 200 0.002 158.489 7 027 0.059
0.398 513 0.004 251.189 5 459 0.046
0.631 1 043 0.009 398.107 3 988 0.033
1.000 2 031 0.017 630.958 2 879 0.024
1.585 3 449 0.029 1 000.001 2 101 0.018
2.512 5 345 0.045 1 584.894 1 486 0.012
3.981 7 462 0.062 2 511.888 1 006 0.008
6.310 9 281 0.078 3 981.075 659 0.006

10.000 10 678 0.089 6 309.580 475 0.004
15.849 11 612 0.097 10 000.011 267 0.002
25.119 11 936 0.100

Table 1: Statistical distribution of detectable SQN massesfor 120 000 random events.

for the number of nuggets that should statistically be detected in timeT

N = πR2
⊕vT

Z mmax

mmin

p(m)
dn(m)

dm
dm, (2.1)

whereR⊕ is the radius of the Earth,vn the galactic virial velocity (∼ 250km/s) and whereT
will be taken as the 4-year period over which the data was collected. The nuggets are assumed
to range in possible mass betweenmmax andmmin with dn

drn
= Kr−κ

n wherern is the nugget
radius andκ gives the statistical distribution in terms of nugget radius. A high κ leads to
an abundance of smaller nuggets, while a smallκ shifts the peak towards larger nuggets. A
distribution for the theoretical number of SQN detections within the mass detection interval
from Table 1 can be seen in Fig. 2.1(b).K is a normalization constant for the local density of
dark matter (ρdm = 5×10−25g/cm3)1, where

dn
dm

= Km− κ+2
3 (2.2)

and

K =
4−κ

3 ρdm

m
4−κ

3
max−m

4−κ
3

min

. (2.3)

1Note that ALL the dark matter in the solar system vicinity is assumed to be made up of SQN, or in our case,
preon stars/nuggets.
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If ρdm is all in SQN’s of massm, the number of detections are,

dN
dt

=
ρdm

m
vπR2

⊕p(m). (2.4)

The analytic probability function of detection,p(m), needs to be specified. To do this, the data
from Table 1, page 20, was curve fitted using a cubic spline interpolation. This results in the
probability distribution function as a function of SQN massas plotted in Fig. 2.1(a).
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Figure 2.1:(a) shows SQN detection probability distribution dependent onSQN mass.(b) shows number
of SQN’s detections per year dependent onκ and the probability function seen in (a). Whenρdm is all in
SQN’s of the same mass m, figure(c) and (d) shows the number of SQN’s detections and total number
of SQN’s hitting the Earth (not all SQN’s are detected) respectively.

With the variables and functions known for Eq. 2.1, the number of nuggets that would have
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statistically been detected in the 4-year period can now be analytically (re-)evaluated within the
given mass range seen in Table 1. The mass distribution ofκ = 3 gives the expected number
of nuggets detected to beN = 3.0, κ = 4 givesN = 10.6 andκ = 5 givesN = 15.8. SQN
with sizes (masses) that lie outside the range calculated from the seismic signals in Table 1
will not be detected. To calculate how many nuggets, outsidethe mass limit above, that will be
detected, the probability function,p(m), is extrapolated. To do that, we impose the condition
that as the SQN mass nears zero, the probability that they aredetected tends to zero. When
the SQN mass goes toward infinity, the probability of detection must also be zero. A table of
how many SQN that could have been detected in the 4 years of seismic data for different mass
distributions, e.g. forκ = 4 in Table 2, can be computed. Fig. 2.1(c) shows the number of
SQN detections ifρdm is all in SQN’s of the same massm, and Fig. 2.1(d) shows the number
of SQN’s hitting the Earth.

10.6 8.7 7.3 6.3 5.5
9.0 7.6 6.5 5.7 5.0
7.9 6.8 5.9 5.2 4.7
7.1 6.2 5.4 4.8 4.4
6.4 5.7 5.1 4.5 4.1

Table 2: Number of SQN detections evaluated from Eq. 2.1 forκ = 4. mmax starts at10 000×103 kg
and increases with a factor of 10 in the first column, while mmin starting at63kg decreases in the first
row by a factor of 10.

2.2 Application to Preon Stars

We can now use the framework set up to simply adapt the calculations to preon stars. An
estimate for how many preon stars (nuggets) that should havebeendetected during the 4 years
of data can be done by comparing the masses for SQN’s and PS’s,assuming that the nuggets
are PS’s instead of SQN’s. Because it is the cross-sectionalarea of the nuggets that causes the
strengths in the seismic signals, this translation is straightforward.

The relations between area, density and mass for the conversion can be expressed as

Aps

Asqn
=

r2
ps

r2
sqn

=

(

ρsqn

ρps

)2/3

=

(

msqn

mps

)2/3

. (2.5)
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The density in Eq. 2.5 is expressed as (assuming uniform sphere, average density)

ρ =
m
V

=
m

4π
3 r3

, (2.6)

or

r =

(

m
4π
3 ρ

)1/3

. (2.7)

2.3 Equations for Strange Quark Nuggets and Preon Stars

2.3.1 Equations for Strange Quark Nuggets

The equation for the strange quark matter density is given by

ρsqn= B×9.28×105 g/cm3, (2.8)

where the so-called bag constantB can be varied betweenB1/4 ≈ 120MeV → 210MeV. The
value of SQN density given by De Rujula and Glashow in [20], isρsqn = 3.6×1014 g/cm3.
This is achieved forB1/4 ≈ 140MeV. For values ofB1/4 less than 154.5 MeV, strange quark
matter becomes strongly bound [24].

2.3.2 Equations for Preon Stars

In the preon star model by Hansson and Sandin [14][15], the PScentral density is estimated to
be at least of the order 1023g/cm3. In [15], the equations for PS density, mass and radius are
expressed as

ρps≈
mt

4
3π
(

~c
Λ
)3 ≃ 9.5×1027g/cm3

(

Λ
TeV

)3

, (2.9)

Mps≈
3
32

√

6 ~3c9

G3Λ3mt
≃ 2×1024kg

(

TeV
Λ

)3/2

(2.10)

and

rps≈
1
4

√

6 ~3c5

GΛ3mt
≃ 3×10−3m

(

TeV
Λ

)3/2

. (2.11)
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mt is the mass of the top quark,~c/Λ its “size” andΛ is the subconstituent energy scale.
Λ is bounded from below at∼ 1 TeV as no compositeness of quarks have been yet seen in
accelerators.

A mass-radius for the maximum-mass PS (before instability sets in) is obtained from Eqs. 2.10
and 2.11, giving

rps≈
8
3

MpsG

c2 ⇒ Mps≈
3
8

rpsc2

G
. (2.12)

The density of PS becomes with dependency of mass or radius

ρps≈
27

2048π
c6

G3m2
ps

≈
3

32π
c2

Gr2
ps

. (2.13)

As an example, Eq. 2.13 givesρps≈ 2.9×1029kg/m3 when the mass of the PS is 6×1024 kg.

2.4 Aspects of seismic detection - results

With the collected data and equations used for SQN detectionby means of seismic waves, the
theoretical number of PS detections can be computed. Since PS’s are much more dense, and
hence weighs more for a given radius than SQN, it is expected that the number of possible
detections during the four-year period will be lower than for SQN.

The translation to PS’s are made with Eq. 2.1 and Table 1 as basis. For SQN’s the units
used are: Time in years (yr), Length in centimetres (cm) and Mass in metric tonnes (tonne);
the Earth radiusR⊕ = 6.37814× 108 cm, the Galactic virial velocity (nugget speed)vn =

7.884×1014 cm/year(250m/s), the Dark Matter density in our galactic neighbourhoodρdm=

5.0×10−31 tonne/cm3, the Time over which the sampled data are collectedT = 4 years, the
statistical distribution of nugget size taken asκ = 3, and the value for the “normal” Bag-
constant are a constantB = 140MeV4 and the compositeness energy scale isΛ = 1000GeV.
These values result in Table 3, where the upper left square represents the number of detections
in a distribution where all SQN’s are in the mass range 63→ 10 000.011kg as in the orig-
inal calculations [22]. The additional columns to the rightgive the number of detections as
the maximum mass of SQN’s is increased by successive factorsof 10, and the additional rows
correspond to the minimal mass of SQN’s decreased in steps bya factor of 10.

The correction from SQN’s to PS’s is now used to produce new tables with detection probabil-
ities for PS’s. The correction parameters depend on the assumptions made, and are used with
the given masses to produce Table 3.
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3.0 1.4 0.6 0.3 0.1
3.0 1.4 0.6 0.3 0.1
3.0 1.4 0.6 0.3 0.1
3.0 1.4 0.6 0.3 0.1
2.9 1.4 0.6 0.3 0.1

Table 3: Number of SQN detections expected from Eq. 2.1 forκ = 3 as mmax and mmin vary. The top
row has mmin = 63 kg, which corresponds to the lowest value in Table 1. Each succeeding row below
decrease mmin by a factor of 10. Similarly, column 1 has mmax= 10 000×103 kg, the highest value in
Table 1, and each succeeding column to the right has mmax increased by a factor of 10.

The correctional factor for the equal mass case depends on the equations used for computing
density and radius. When the density from Eq. 2.9 is used as anaverage and Eq. 2.5 as
a uniform sphere to compare density or radius against the SQNdensities and radii (always
treated as a uniform sphere with constant density), the correction factor becomes (with PS’s
and SQN’s having equal mass)

CF(PS-constantρ) =
r2

ps

r2
sqn

=

(

ρsqn

ρps

)3/2

≈ 1.1209×10−9, (2.14)

which results in Table 4(a). The result in Eq. 2.14 is whenΛ = 1TeV, which becomes 1.1209×
10−7 whenΛ = 0.1 TeV and 1.1209×10−11 whenΛ = 10TeV.

To compute the correction factor comparing SQN mass and PS mass, the radii for the given
SQN mass must first be calculated with Eq. 2.7, from which the PS mass is computed.
If a uniform sphere is assumed for the PS mass, the correctionfactor is the same as in Eq. 2.14.
When the PS mass in computed using Eq. 2.12 the correction factor becomes

CF(PS m-r relation) =
msqn

mps
=

8
3

Gm2/3

c2

(4π
3

ρsqn

)1/3
≈ m2/32.2629×10−19. (2.15)

Eq. 2.15 is inserted into Eq. 2.1, which result in Table 4(b)

The results presented in Tables 4(a) and 4(b) indicate that detection of PS’s by seismic waves
seems unrealistic.
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(a) Theoretical preon star detection rate per year for preonstars with uniform density correction (Eq.
2.14), with respect to SQN.

3.36×10−9 1.55×10−9 0.71×10−9 0.33×10−9 0.15×10−9

3.34×10−9 1.54×10−9 0.71×10−9 0.33×10−9 0.15×10−9

3.32×10−9 1.54×10−9 0.71×10−9 0.33×10−9 0.15×10−9

3.31×10−9 1.54×10−9 0.71×10−9 0.33×10−9 0.15×10−9

3.31×10−9 1.54×10−9 0.71×10−9 0.33×10−9 0.15×10−9

(b) Theoretical preon star detection rate per year for preonstars with mass-radii relation correction (Eq.
2.15), with respect to SQN.

3.31×10−18 1.53×10−18 0.73×10−18 0.23×10−18 0.09×10−18

3.28×10−18 1.52×10−18 0.73×10−18 0.23×10−18 0.09×10−18

3.26×10−18 1.52×10−18 0.73×10−18 0.23×10−18 0.09×10−18

3.25×10−18 1.52×10−18 0.73×10−18 0.23×10−18 0.09×10−18

3.25×10−18 1.52×10−18 0.73×10−18 0.23×10−18 0.09×10−18

Table 4: Number of theoretical preon star (PS) detections per year expected from Eq. 2.1 for strange
quark nuggets (SQN) corrected for PS’s with different correction factors for(a), and (b). The first
column starts at SQN mass mmax = 10 000× 103 kg (r ≈ 18.8 µm) and increases with a factor of 10,
while the first row starts at mmin = 63kg (r≈ 3.47µm) and decreases by a factor of 10.



CHAPTER 3

Tidal Forces and Redshift

3.1 Gravitational and tidal forces in the solar system

Consider the force on a test massm located somewhere in space at a distancer from another
massM. The force onm due toM is

F = G
Mm
r2 , (3.1)

whereG is the gravitational constant. Fig. 3.1 shows the strength of the gravitational force on
a test mass in the vicinity of a PS, neutron star, white dwarf and the Sun.

The rate of change of the gravitational force in the radial direction (the gradient) is

dF =
(dF

dr

)

dr = −2G
Mm
r3 dr. (3.2)

This “tidal force” decreases more rapidly with distance than does the magnitude of gravity
itself. This means that the closer the test massm is to M the more pronounced1 the effect is.
Fig. 3.2 depicts how an orbital may slow down a body in space due to tidal forces, and at the
same time increase its orbital distance. In a two-body system, the rotation period for the two
bodies may eventually stabilize so that they always have thesame side facing each other (as
the Moon already does towards Earth, or Mercury to the Sun) [10].

1The tidal bulges caused by the Moon (also depending on local coastal features) occur every 24 hours and
53 minutes. There are also tidal bulges of the solid Earth, only 10 cm in height. The Earth is∼ 81 times more
massive than the Moon. This causes a∼ 20m tidal deformation of the Moon’s surface.

27
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Figure 3.1: (a) shows the gravitational force depending on distance due to the different stars (MWD =

0.7M⊙, MNS= 1.4M⊙ and Mps = 1.0M⊕), from their “surface” and beyond. The relative magnitude of
gravitational acceleration on a test subject (in g:s at the “surfaces”) is for; The Sun (103), white dwarf
(106), neutron star (1013), preon star (1019),

M1

M2
m1 m2

dr r

(a) (b)

Figure 3.2: (a) shows the tidal forces between two test masses. The tidal force arises because of the
varying values for M2:s gravitational attraction at different locations insideM1. The upper image in(b)
shows the tidal bulges created due to the tidal forces from M2. In the lower image in(b), the bodies are a
rotational and orbital system, causing the tidal bulges to lean. The tidal effect pulls “backward” on the
nearer bulge and thus slows the rotation speed. At the same time, the bulge pulls on M2, accelerating it
into a wider orbit.

3.2 Preon Stars causing gravitational perturbations?

• Could a preon star (PS) theoretically be detected by means ofgravitational tides? If a PS
were to pass near Earth, some out-of-the-ordinary tides mayoccur. Fig. 3.3 shows the
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force with which a PS would affect our tides as compared to theMoon. It can be seen
that if a PS is close to Earth, the tides could be increased up to a million times. However,
if the PS is only making a distant flyby the tides would not become monstrous. This
topic obviously needs further investigation:

Relative
tidal
effect of
PS/Moon
(log10)

Relative
tidal
effect of
PS/Moon
(log10)

Distance from
the Earth core (log10 m)

Mass of PS (log10 kg)

Distance
from the
Earth core
(log10 m)

Mass of PS (log10 kg)

Figure 3.3: Comparison of tidal effects from a PS relative tothe Moon (mean distance= 384 400km
and mass= 7.2×1021 kg) using Eq. 3.2. The PS has a mass range of10−5 → 1M⊕ and with an assumed
distance from Earth ranging between106 → 1010 m. It shows that a PS could cause a substantial tidal
effect, depending on the mass of the PS.

• Can PS’s cause perturbations of the orbits of planets or moons? May PS’s disturb the
asteroid field or comets in the Oort cloud, and can the perturbations be enough for some
of the objects to be plunged out of their orbit, thus creatingpotential Earth-crossing
comets/asteroids?

• Can PS’s constitute some of the unseen mass of the asteroid belt? According to Krasinsky
[25] the estimated total mass of the asteroid belt is(18±2)×10−10M⊙, while only a total
of (5±1)×10−10M⊙ has been observed.

• Can a PS be caught by planets into orbit around a planet (like some moons around the
gas giants)? Are there already orbital PS’s in our solar system? If so, can PS’s have
caused the “wrong” rotation that some planets and moons display? Does any planet have
an unexplained acceleration or deceleration of their rotational period?

• Can PS’s affect star formation, acting like “seeds”?

Grøn and Soleng published a paper [26] on the experimental limits to the density of dark matter
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in the solar system. Most likely, they claim, dark matter is amixture of several components,
such as weakly interacting particles, black holes, brown dwarfs, neutron stars, etc. They think
it is particularly important to compare the densities of dark matter inferred from large scale
dynamics with experimental limits from local tests. If darkmatter is bound in the galaxy but
unbound in the solar system, the resulting tidal forces induce an anisotropy in the gravitational
background of the solar system. A possible influence of dark matter on the Earth-Moon system
has been considered. They found that dark matter in the solarsystem would increase the
perihelion precession of the planets. They also claim that if dark matter exist in the form of
ordinary matter, orbital perturbations (especially by Jupiter), would be expected to clean the
inner parts of the solar system of any weakly interacting dark matter. Cosmological constraints
from inflationary models and cosmic nucleosynthesis, strongly suggest that a large part of dark
matter is non-baryonic (matter not made up by protons or neutrons, i.e. some “exotic” unknown
kind).

Dark matter may behave rather differently from ordinary matter and no stone
should be left unturned in the search for the mass which seemsto make up most of
the universe we inhabit.

Øyvind Grøn

Another paper [27] uses a set of flyby data from Voyager 2 Neptune data, to improve the
previous bounds on the amount of dark matter trapped in a spherically symmetric distribution
around the Sun. The basic idea was to compare the effective solar mass felt by the inner planets
to the effective solar masses felt by Uranus and Neptune. A statistically significant difference
between the measured mass value and theM⊙ value would constitute detection of spherically
symmetric non-luminous matter. They came to the conclusionthat the limit of dark matter in
orbit around the Sun in a spherically symmetric distribution interior to Uranus is6 1

6M⊕, and
inside the orbit of Neptune it is less than an Earth mass.

Krisher has done some work to detect dark matter in our solar system [28, 29]. The gravita-
tional field of an unseen distribution of matter could measurably perturb the orbits of the known
planets. Well-observed comets, like the Halley comet, can also be used to detect gravitational
perturbations. A deep space probe can be used to determine the motion with good accuracy by
measuring the Doppler shift of radio transmissions to and from the spacecraft [28]. A space
mission equipped with a stable frequency standard could be used to measure the gravitational
redshift produced by unseen mass. By differentiating between the measured frequency of a
signal transmitted directly from the spacecraft and one-half that of a transponded signal, non-
gravitational errors in the Doppler shift can be removed to first order in the velocity. The grav-
itational redshift could then be tested with a sensitivity that is limited mainly by the stability of
the on-board standard [29]. Dark matter could be trapped into bound solar orbits, provided that
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excess kinetic energy could be removed. Certain unconventional candidates that are dense and
massive enough could pass completely through the Sun or a planet and lose enough energy to
become bound into orbit (possible candidates are primordial black holes, strange quark nuggets
(SQN’s) or PS’s). In the inner solar system, gravitational scattering by Jupiter and the inner
planets is expected to prevent concentration of weakly interacting particles above background
levels due to a process of gravitational diffusion. PS’s, SQN’s or primordial black holes could
become trapped in the solar system either in the formation ofthe solar system, or by making a
flyby in later stages, but astrophysical constrains and cosmological production would seem to
limit anticipated abundances severely. It has been suggested that there could be populations of
other bodies than planets, asteroids and periodic comets inthe outer solar system, that could
be left from early stages of solar system formation. The outermost region between 104 → 105

AU, the Oort cloud, contains mass (comets and planetesimals) in total of 10→ 103M⊕. Start-
ing just beyond the orbit of Neptune, the Kuiper belt of comets could contain a mass of roughly
0.3M⊕. These two sources of comets are the most promising places tofind substantial amounts
of material persisting in bound orbits for up to the age of thesolar system [28].

From the above papers the following reflections can be made;

• PS’s could theoretically be caught into orbit around a planet or the Sun.

• PS’s could constitute some of the mass in the Asteroid belt, Kuiper belt and the Oort
cloud. Such dense objects could very well be causing observable perturbations in these
regions.

• The upper bound for dark matter in the “inner” solar system (inside the orbit of Uranus)
is only 1

6M⊕. This makes the probability of finding large PS’s inside thisorbit sparse.
The search for bound PS’s would be best suited if it were to focus on finding them in the
outer solar system (Neptune and beyond).

• The ideas of T. P. Krisher [28, 29] to search for DM by looking for gravitational pertur-
bations of asteroids or radio-signal redshift, are well suited for finding PS’s inside our
solar system.

3.3 Redshift

In 1842 Christian Doppler showed that as a source of sound moves through a medium (such
as air), the wavelength is compressed in the forward direction and expanded in the backward
direction. This change in wavelength caused by motion of either the source or the observer is
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calledDoppler shift. The equation of doppler shift is

λo−λe

λe
=

vr

vs
(3.3)

whereλo is the observed wavelength,λe the emitted wavelength,vr the radial velocity toward
or away from the observer andvs the speed of wave propagation in the medium. Eq. 3.3 is
nonrelativistic and hence not correct in the case of high velocities. The relativistic doppler shift
for radial motion is

λo = λe

√

1−vr/c
1+vr/c

. (3.4)

When a star or galaxy is observed moving away from (or towards) Earth, the wavelength of
the light received is shifted toward longer (or shorter) wavelengths. If the source of light is
moving away, thenλo > λe we get “redshift”. Longer wavelengths decreases the frequency of
the photons and make the light “redder”. Similarly if the source of light is moving toward the
observer,λo < λe, and there is a shift to shorter wavelength, ablueshift. Shorter wavelengths
increases the frequency of the photons and make the light appear “bluer”. Most objects in
the universe outside the Milky Way galaxy moves away from us,due to the expansion of the
universe, and thus redshifts are commonly measured by astronomers. The redshift parameterz
is used to describe the relative change in wavelength, defined as

z≡
λo−λe

λe
=

∆λ
λe

, (3.5)

and for radial motion,

z=

√

1+vr/c
1−vr/c

. (3.6)

Objects that are vastly distant from us, such as quasars, have large apparent recessional speeds
due to the overall expansion of the universe. This is due to the expansion of space itself, which
elongates the wavelength of light, rather than being due to the motion of the object through
space. This is called cosmological redshift2 . The rate of expansion is changing in response to
all of the matter and energy in the universe, and for this reason, it is easier to quote the redshift
(z) rather than an actual distance determination (which is dependent on the cosmological model
used). The Sloan Digital Sky Survey has cataloged 46420 quasars (believed to be the first
created galaxies) [10]. Some of them have a very high redshift, z > 4, with the highest yet
observed atz≈ 7.6, belonging to the lensed galaxy A1689-zD1 [30].

2In the late 1990s astronomers were forced to recognize that the universe is not only expanding. The rate the
universe expands is in fact accelerating. The physical cause of this is unknown, but it is referred to asdark energy,
which induces a negative pressure in Einstein’s gravitational field equation.
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Gravitational redshift
If a beam of light (photons) were to travel up from a gravitational potential it would lose energy
as energy is needed to overcome gravity. When a photon loses energy, its frequency decreases
and the wavelength gets longer, causing a redshift. This phenomenon is calledgravitational
redshift. The general relativistic equation for redshift due to a non-rotating, spherically sym-
metric mass, is

z=
1

√

1− rs
r

−1, (3.7)

where

rs =
2GM

c2 (3.8)

is the “Schwarzschild radius”3. Herer is the coordinate radius andM the mass of the object
[10].

3.4 Gravitational redshift produced by Preon Stars

The gravitational redshift of a PS is expected to be higher than that of a neutron star. The
highest value for a neutron star isz6 0.863 [31] so the maximal redshift of a PS should be
higher than this. A simple approximation with Eqs. 2.10 and 2.11 (Eq. 4 and 5 from the article
“Observational legacy of preon stars: Probing new physics beyond the LHC” [15]) givesz≈ 9.
This redshift value is above the observed redshift of the most distant quasars. Could there be a
connection between some quasars and PS’s?

The astronomer Halton Arp discusses in some articles the topic of “the redshift Controversy”,
some quasars seem to be in physical contact with an ordinary galaxy, but this should be im-
possible if the redshift of the quasar is a direct measurement of distance [32, 33]. Arp points
out that it is possible that the whole ensemble of quasars might be much closer to the observer
than their redshifts conventionally would place them. Thisis what the observations seem to
require in galaxy/quasar associations. S. Klose [34] suggests that it could be that a cloud of
dust/gas blocks galaxies and thus alter the redshift for either the galaxy or the quasar. In [32]
Arp lists some unexplained observations and interpret their consequences. He also states that
warm matter weighs more than cold, which is true according toEinstein’s equationE = mc2.
If the centers of galaxies are hot, then it could be a tentative explanation for dark matter.

The gravitational redshift for PS’s needs to be more precisely calculated as it strongly depends

3For any massive object, there is a minimum limit on the radiusfor which escape is possible, called the
Schwarzschild-radius. When this limit of radii is reached for the massive object, the escape velocity becomes
greater than the velocity of light, hence becoming completely black, a “black hole”. Since light is the maximum
velocity any object can have, escape out from within the Schwarzschild-radius is impossible.
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on the ratioM/R. If Eq. 2.10 and 2.11 are used for the mass/radius relationship the redshift
(Eq. 3.7) for a PS becomes constant

z=
1

√

1− 2GM
Rc2

−1 =
1

√

1− 2×3
8

Gc2

Gc2

−1 = 1.

This really can not be the case, as the redshift should vary depending on the mass and radius
of the PS. From the first article about PS’s [14] the mass and the radius equations are

M =
16πBR3

3c2 (3.9)

and

R=
3c2

16
√

πGB
, (3.10)

giving
M
R

=
16πBR2

3c2 =
3c2

16G
, (3.11)

from which the redshift,z, again can be deduced as a constant

z=
1

√

5/8
= 0.265.

In Horvath’s article “Constraints on superdense preon stars and their formation scenarios” [35],
there are also equations for the mass and radius of PS’s. These equations are for the maximum
mass and corresponding minimum radius of a spherically symmetric model:

Mmax= 2.16×102 1
√

Λ
105 TeV m−3

f

M⊕ (3.12)

and

Rmin = 8.5×102 1
√

Λ
105 TeV m−3

f

cm. (3.13)

HereΛ is proportional to the energy density needed to fit the electron mass in the bag-model,
andmf the elementary fermionic mass. Integration of the Tolman-Oppenheimer-Volkoff (TOV)
equation4 allows a maximum mass-minimum radius relation, both scaling asΛ−1/2, which
reads

Mmax

M⊕
= 0.22

Rmin

cm
. (3.14)

4The TOV equation is used in general relativity for static, spherically symmetric perfect fluid models, e.g.
models for compact stars.
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Another constraint is that the stars cannot become black holes, which when accounted for gives
a shift inΛ, resulting in an increase of the maximum mass. For a causal equation of state, the
boundary seperating compact stars from black holes is

Mmax

M⊕
= 0.83

Rmin

cm
. (3.15)

Eqs. 3.12 and 3.13 yieldsz= 0.095 with Eq. 3.14, andz= 0.64 with Eq. 3.15 (the large differ-
ence is due to the sensitivity of theM/R relation when calculating redshift). These relations are
however below the redshift expected from a PS, as compared with the much less dense neutron
stars.

The mass according to above relations are lineary dependenton the radius (M ∝ R). However,
they give only the maximum mass configuration, i.e. the end-point of the stability “spiral”
before the object becomesunstable. For any stable degenerate compact object, one expects
roughly the relation (from Eq. 1.8)

MR3 ≈ constant,

as smaller degenerate compact objects are more massive, thus giving the mass-radius relation

M
R

≈
constant

R4 . (3.16)

3.4.1 Realistic mass-radius relation

In the paper “Compact stars made of fermionic dark matter”, by Narain, Schaffner-Bielich
and Mishustin [36], there are numerical derivations for generic compact stars. In this paper,
they explicitly cover the compact objects white dwarfs, neutron stars and quark stars. Besides
quarks, there are other fermions e.g. in the form of non-massless (but very light) neutrinos.
New types of fermions predicted in extensions of the standard model (SM) of fundamental
particles and interactions include supersymmetric particles (appendix B); the neutralino, the
gravitino and the axino, which also are some of the candidates for dark matter. The authors in
[36] speculate about compact stars made out of exotic fermions, stabilised by the degeneracy
pressure in the same way as in the case of neutron stars and white dwarfs. In their calculations,
general relativity is included for a consistent description as in the case of neutron and preon
stars. The following equations is derived:

M′R′β = constant (3.17)

whereM′ andR′ are the dimensionless mass and radius, solutions to the dimensionless TOV
equations

dp′

dr′
= −

M′ρ′

r ′2

(

1+
p′

ρ′

)(

1+
4πr ′3p′

M′

)(

1−
2M′

r ′

)−1
(3.18)
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and
dM′

dr′
= 4πr ′2ρ′. (3.19)

along with the dimensionless equation of state given in parametric form by

ρ ≡ m4
f ρ

′ (3.20)

and
p≡ m4

f p′. (3.21)

Heremf is the fermionic mass.

One starts with the dimensionless central pressure or energy density, then solves the TOV
equations from the center of the star to the surface where thepressure becomes zero. The
corresponding radial distance defines the radius of the compact star. Their analysis givesβ =

3.0001≈ 3 and the constant= 90.97≈ 91 , giving

M′R′3 ≈ 91. (3.22)

The dimensionful equations are:

M = 1.632M⊙×M′
(1 GeV

mf

)2
kg (3.23)

and

R= 2410×R′
(1 GeV

mf

)2
m (3.24)

whereM andR is the mass and radius for the degenerate compact object andmf is the relevant
fermion mass.

The maximum mass and minimum radius of a fermion star are alsodeduced forM′
max= 0.384

andR′
min = 3.367, giving

Mmax= 0.627M⊙×
(1 GeV

mf

)2
kg (3.25)

and

Rmin = 8115×
(1 GeV

mf

)2
m. (3.26)

The above relations can be used to calculate extremal massesand radii of different fermion
stars, e.g.mf = 939.6 MeV = neutron with Eq. 3.25 and 3.26 yields a neutron star with
Mmax= 0.710M⊙ andRmin = 9.192km.
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Fermion mass Mmax(M⊙) Rmin (m) Object
10−2 eV 1022 1026 gravitino star

1 eV 1018 1022 neutrino star
1 keV 1012 1016 axino star(warm dark matter)

10 keV 1010 1014 sterile neutrino star
0.5−1 GeV 1 106 white dwarf

1 GeV 1 10·103 neutron star
100 GeV 20(M⊕) 1 neutralino star (cold dark matter)

1 TeV 0.209(M⊕) 8 ·10−3 preon star

Table 1: The top seven rows are maximum masses Mmax and radii Rmin, using Eq. 3.25 and 3.26, for
various cold compact stars made of a free Fermi gas. The lowest row is an extension using the same
calculations, forpreon stars, for the lowest expected subconstituent-scale,Λ = 1 TeV .

Compact stars built out of other fermions were also considered. Fermions such as neutralinos,
axinos and gravitinos are predicted by the supersymmetric extensions of the standard model.
From their assumptions for these particles Table 1 was constructed5. A compact star made of
non-interacting neutralinos would have a maximum mass of about 10−4 solar masses (30M⊕)
with a radius of one meter. Warm dark matter, fermions with mass in thekeV range, can form
compact objects with galactic masses and radii of about one light year. It has been proposed that
sterile neutrinos with a mass ofmf ∼ 50keV may explain the dark massive object at the center
of our Galaxy [37, 38], as an alternative to the orthodox supermassive black hole. Compact
stars made of dark matter interacting with a scalar field has also been proposed. Interestingly,
if we take the gravitino mass to be of the order of 10−2 eV then the corresponding gravitino
star has mass and radius comparable to the observable universe. The masses and sizes in Table
1 are similar to the free-streaming mass and scales which areof importance for gravitational
structure formation.

The mass-radius relation can now be derived from Eqs. 3.22, 3.23 and 3.24, resulting in

M =
4.1349×10114

R3m8
f

kg (3.27)

and

R=
1.6051×1038

M1/3m8/3
f

m, (3.28)

giving

MR3 = constant=
4.1349×10114

m8
f

kgm3 (3.29)

5While the “exotic” stars constructed in Table 1 are constructed from supersymmetric extensions, the PS model
is based upon the subconstituent theory for quarks (pre-quarks = preons).
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wheremf is in eV.

Mmax andRmin depending onmf is seen in Figs. 3.4(a) and 3.4(b) respectively, alongside the
mass and radii from the first article about PS [14] and from thenumerical equations (Eq. 3.25).
For mf = 0.1 TeV andmf = 1 TeV, whereR is dependent on mass as in Eq. 3.28, is seen in
Figs. 3.4(c) and 3.4(d) respectively. For values ofM between 10−3M⊕ and 102M⊕, along with
the minimum radii from Eq. 3.26 (varies only withmf ) and the Schwarzschild-limit Eq. 3.8.
To show that the solutions do not enter the “black-hole regime” we include the Schwarzschild
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Figure 3.4: Figure(a) shows the maximum mass from the first article about PS [14] andfrom the
computed numerical equations (Eq. 3.25). Figure(b) shows the same for the minimum radius (Eq.
3.26). (c) and (d) shows the radius as a function of mass (Eq. 3.28) with mf = 0.1TeV and1.0 TeV
respectively. The dotted straight lines are the minimum radii a PS can have according to Eq. 3.26. The
dashed lines represent the Schwarzschild-radius. If the radius goes below this limit the object lies in the
black hole regime.
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radius, Eq. 3.8,

rs =
2GM

c2

is superimposed in the plots. This limit is reached for Eqs. 3.16 and 3.29 when

2MG
Rc2 =

2×G×4.134926493×10114

R4m8
f c

2
→ 1. (3.30)

Eq. 3.30 implies that the limit is reached as

R= ∞ → 4

√

2×G×4.134926493×10114

m8
f c

2
= 8.852×103

(1 GeV
mf

)2
m, (3.31)

which is similar to Eq. 3.26, originally given in [36].

3.4.2 Redshift from numerical computations

In Fig. 3.5 the mass-radius relation depending onR andmf can be seen. WhenR→ Rs (the
Schwarzschild limit) the redshiftz→ ∞. Figs. 3.5(c) and 3.5(d) gives the redshift depending
on R andmf . Only values for radii below which getsM/R into the black-hole regime are
displayed. For higher values the redshift goes to infinity and no light at all can escape, which
is the case for a black hole.

Another phenomenon proposed by Davidson and Efinger in theirpaper “Gravity-induced elec-
tric polarization near the Schwarzschild limit” [39], is that strong gravitational fields, such as
those encountered in collapsed stellar objects, may produce observable effects arising directly
from the gravitational mass of electric charges. This couldbe a new, possibly observable,
aspect of the properties of PS’s.
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Figure 3.5: In (a) the mass-radius relation Eq. 3.16 for mf = 0.1 TeV with varying radius is seen.
Above the Schwarzschild limit line is the black-hole regimeand when M/R is below the Schwarzschild
limit the solution is OK. In(b) the same applies, only mf is 1 TeV . Figure(c) shows the redshift (z)
value depending on radius with mf = 0.1 TeV, using Eq. 3.7 and 3.16.(d) likewise, with mf = 1 TeV.
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Discussion

The results from the computations show that there seems not to be much chance of detecting
preon stars (PS) by means of looking for epilinear earthquakes. Perhaps the numbers can be
raised somewhat if a better mass-radius relation is applied. However, since the number of
detections for SQN’s are only∼ 1 per year, combined with the fact that the density of preon
stars are many orders of magnitude higher than for SQN’s, it means that the frequency of
detectable PS’s hitting the Earth will be very small. An alternative equation for a mass-radius
relation presented in Ch. 3.4.1 (withmf = 1 TeV as the fermion mass) used with Eq. 2.4 from
Ch. 2, result in Fig. 4.1, where a distribution of number of PS’s passing within a few chosen
orbits around the Earth and the Sun can be seen.

If nuggets that bores through the Earth generates less seismic energy than the assumed 5%
of the kinetic energy loss, as in [16], larger nuggets would be required to generate the same
amount of seismic activity. The phenomenon proposed by Davidson and Efinger in [39], that
strong gravitational fields produce observable effects arising directly from the gravitational
mass of electric charges, may be applied to PS’s, which are extremely dense and hence have
very intense gravitational fields, as seen in Ch. 3. This could be a new interesting, possibly
observable, aspect of the PS’s properties.

If a PS were to make a passage through the Sun or through a planet, it may lose enough
momentum to be captured into orbit around it. There may also be another reason for energy
loss in the vicinity of a stellar object so that an orbit is possible. Depending on where the PS
comes from, the orientation of the orbit may vary. If a preon star enters orbit around a planet
or a moon, there may be long-time consequences, such as a tiltof the axis, or a speed-up or
slow-down of the rotational speed of the planet or moon. There are some cases within the
solar system where the rotational axes are yet to be explained, such as the tilt of the axis for
Uranus, or the reverse rotation of Venus. PS’s could constitute some of the mass in the Asteroid
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Figure 4.1: A distribution of PS’s hitting the Earth and passing within the Moon’s orbit around the
Earth, Earth’s orbit around the Sun, Neptunes orbit around the Sun and a light year from the Sun, using
the mass-radius relation from Eqs. 3.16 and 3.29. The numberdepends on the radii (from Rmin →
R= 1 m) of the PS’s and if all dark matter is in PS’s of a uniform size. As with the nature of compact
objects, the mass increases when the PS gets smaller, and thus require more of the dark matter density
distribution, lowering the number of PS’s. If the PS’s are ofthe size of footballs there are approximately
one PS passing every thousand years within one light-year from the Sun, and if they have a radii of1 m
there are approximately 25 PS’s passing every thousand years within one light-year from the Sun.

belt, Kuiper belt and the Oort cloud (only 10% of the mass in the Asteroid belt [25] has been
observed) which could be causing observable perturbationsin these regions. Since the bound
for dark matter in the solar system within the orbit of Uranusis only 1

6M⊕, the probability of
finding “large” bound PS within this orbit is quite slim, but it is still possible if they are much
smaller, i.e. ifΛ ≫ 1 TeV. However, the search for PS’s may be more fruitful if it is extended
to the outer regions of the solar system (Neptune and beyond)where the bound of dark matter
is higher (over 1M⊕ within the orbit of Neptune, and more is expected farther out). Means for
detection can be by observing perturbations, acceleratingor decelerating rotational speeds of
planets or moons, gravitational perturbations of asteroids or radio-signal redshifts from probes.
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Further suggested projects for preon stars - future work

1. Theoretically calculated signatures for gravitational radiation in binary systems, which
potentially can be observed with future and existing gravitational wave detectors.
If preon stars exist they will sometimes form binary systems. These should emit a unique
signal in gravitational radiation. In comparison with two colliding black holes, a binary
system of preon stars would in the end of its lifetime emit a much shorter and sharper
peak in gravitational waves. If the system is close enough inthe milky way, the sensitivity
limit for existing gravitational wave detectors would makeit possible to observe it. The
theory used to calculate detailed predictions (observational signals) is a standard result
from the general theory of relativity, what seperates it from traditional analyses is the
slight mass and size of the objects.

2. Theoretical investigation of the mechanism which producespreon stars in the early uni-
verse.
For preon stars to constitute the dark matter in the universethey must have been created
in vast quantities shortly after the Big Bang. This subproject aims at investigating if it
is possible, with consideration of what is known today aboutthe expansion of the early
universe, density fluctuations and presumed details of the preons, which requires detailed
numerical simulations.

3. Theoretical investigation of possible production of preonstars from the collapse of mas-
sive stars, especially the so-called Population III-stars.
It is not theoretically excluded that preon stars (with typical masses comparable to the
earth’s) can be created from the collapse of giant stars (with masses up to a thousand
solar masses). This subproject aims at determining if it is possible, considering nonsy-
metric collapse, strong turbulence, shockwaves and extremely strong magnetic fields. If
possible, then preon stars can be a link to the, yet unobserved, first generation of stars
in the Universe, the so-called Population III-stars. If that is the case there can also be a
close connection between some gamma-ray bursts and the creation of preon stars.

4. Continued, more detailed investigations of astrophysicalconsequences of preon stars.
So far, potential connections between preon stars and dark matter, UHE cosmic radia-
tion, spectral lines in gamma-ray bursts (by means of gravitational femtolensing) and
population III-stars have been proposed. There is without doubt more potential astro-
physical connections that remain to be discovered. Also thealready proposed effects
need to be investigated in more detail. One first step to go “beyond” preon stars has also
been proposed in “A hierarchy of cosmic compact objects: without black holes” [17].

5. Closer studies on how preon stars interact with “normal” matter. Further studies of con-
sequences and possible findings of preon star passage through Earth.
If Preon stars exist and hit the Earth, some yet physically unknown interactions may oc-
cur. If preon stars behave as strange quark nuggets, light may be emitted as black body
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radiation from the preon star as it passes through the atmosphere or through water [20].
To detect ancient passages, there may be evidence of nugget passage in fossils.

6. Theoretical investigation of the influence of preon stars ingravitational structure forma-
tion in the universe.
If preon stars are created shortly after the Big Bang, their presence may be involved in
the formation of galaxies, stars, and, especially, even smaller structures, giving more
power to a “bottom-up” scenario of structure formation.

7. Theoretical investigation of possible phenomenon occuring in the vicinity of preon stars
arising due to their strong gravitational fields.
If preon stars exist and are close to the Schwarzschild-limit, the strong gravitational
fields produced may cause yet unknown phenomenon that can be investigated. In [39]
it is proposed that strong gravitational fields produce observable effects arising directly
from the gravitational mass of electric charges. This, and other possible effects produced
by space itself around preon stars, may end up in (possibly observable) new aspects of
preon stars.



APPENDIX A

Published Articles about Preon
Stars

Scientific articles

• Original proposal (submitted 8 June 2004)
Preon stars: a new class of cosmic compact objects
J. Hansson, F. Sandin, Physics Letters B616 (2005), pp 1-7
http://arxiv.org/abs/astro-ph/0410417

• Compact stars in the standard model - and beyond
F. Sandin, The European Physical Journal C40 (2005), pp 15-22
http://arxiv.org/abs/astro-ph/0410407

• The observational legacy of preon stars - probing new physics beyond the CERN LHC
J. Hansson, F. Sandin, Physical Review D76 (2007), 125006
http://arxiv.org/abs/astro-ph/0701768

• Articles above included in Fredrik Sandin’s Ph.D. thesis
Exotic Phases of Matter in Compact Stars
Doctoral thesis / 2007:05, Luleå University of Technology
http://epubl.ltu.se/1402-1544/2007/05/index.html

• Constraints on superdense preon stars and their formation scenarios
J. E. Horvath, Astrophysics and Space Science vol. 307 (2007), pp 419-422
http://arxiv.org/abs/astro-ph/0702288

• A hierarchy of cosmic compact objects: without black holes

45

http://arxiv.org/abs/astro-ph/0410417
http://arxiv.org/abs/astro-ph/0410407
http://arxiv.org/abs/astro-ph/0701768
http://epubl.ltu.se/1402-1544/2007/05/index.html
http://arxiv.org/abs/astro-ph/0702288


46 APPENDIX A

J. Hansson, Acta Physica Polonica B38 (2007), pp 91-100
http://arxiv.org/abs/astro-ph/0603342

• High-redshift microlensing and the spatial distribution of dark matter in the form of
MACHOs
E. Zackrisson, T. Riehm, Astronomy and Astrophysics, vol. 475 (2007), pp 453-465
http://arxiv.org/abs/0709.1571

• An analytical model of surface mass densities of cold dark matter haloes - with an appli-
cation to MACHO microlensing optical depths
E. Zackrisson, Monthly Notices of the Royal Astronomical Society, vol. 383 (2008), pp
720-728
http://arxiv.org/abs/0710.4029

Popular scientific articles

• Micro stars may manage to avoid black-hole fate
New Scientist, vol. 3427, November 2004
http://space.newscientist.com/article/mg18424722.300-microstars-may-manage-to-avoid-
blackhole-fate.html

• Superkompakta preonstjärnor
Teknik och vetenskap, Nr. 5, 2004

• Stor som en kula men tyngre än jorden
Forskning och framsteg, Nr. 7, oktober 2005, pp 40-43
http://fof.se/?id=05740

• Preonstjärnor
Populär astronomi, Nr. 4, december 2005
http://www.astro.su.se/sas/popast/Templates/2005-4preonstjarnor.pdf

• Nuggets of new physics
Physical review focus, 2007-10-14
http://focus.aps.org/story/v20/st18# author

• Splitting the quark
Nature news, 2007-11-30
http://www.nature.com/news/2007/071130/full/news.2007.292.html

• Preon stars, Windows to a hidden layer of reality / Density’schild
New Scientist (cover story), vol. 2643, February 2008, pp 16-22

http://arxiv.org/abs/astro-ph/0603342
http://arxiv.org/abs/0709.1571
http://arxiv.org/abs/0710.4029
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APPENDIX B

The Standard Model of
Fundamental Particles

The figures below show the structure of the standard model (SM) of fundamental particles and
interactions. Courtesy of CPEP (Contemporary Physics Education Project, CPEPweb.org).

(a)
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