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Dust in the wind

I close my eyes, only for a moment, and the moment’s gone
All my dreams, pass before my eyes, a curiosity
Dust in the wind, all they are is dust in the wind.
Same old song, just a drop of water in an endless sea
All we do, crumbles to the ground, though we refuse to see

Dust in the wind, all we are is dust in the wind

Don’t hang on, nothing lasts forever but the earth and sky
It slips away, and all your money won’t another minute buy.

Dust in the wind, all we are is dust in the wind
Dust in the wind, everything is dust in the wind.

- Kansas
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Abstract

This doctoral thesis treats two subjects.
The first subject is the impact of early dust on the cosmic microwave background (CMB). The

dust that is studied comes from the first generation of stars, which were hot and short-lived, ending
their lives as giant supernovæ. In the supernova explosions, heavy elements, produced through the
fusion in the stars, were ejected into the interstellar medium. These heavy elements condensed to
form dust, which can absorb and thus perturb the CMB radiation. The dust contribution to this
radiation is calculated and found negligible. However, since the dust is produced within structures
(like galaxy clusters), it will have a spatial correlation that could be used to detect it. This correlation
is calculated with relevant assumptions. The planned Planck satellite might detect and thus confirm
this correlation.

The second subject is heavy neutrinos and their impact on the diffuse gamma ray background.
Neutrinos heavier than MZ/2 ∼ 45 GeV are not excluded by particle physics data. Stable neutrinos
heavier than this might contribute to the cosmic gamma ray background through annihilation in
distant galaxies. They can also contribute to the dark matter content of the universe. The evolution
of the heavy neutrino density in the universe is calculated as a function of the neutrino mass, MN .
The subsequent gamma ray spectrum from annihilation of distant neutrinos-antineutrinos (from 0 <
z < 5) is also calculated. The evolution of the heavy neutrino density in the universe is calculated
numerically. In order to obtain the enhancement due to structure formation in the universe, the
distribution of N is approximated to be proportional to that of dark matter in the GalICS model. The
calculated gamma ray spectrum is compared to the measured EGRET data. A conservative exclusion
region for the heavy neutrino mass is 100 to 200 GeV, both from EGRET data and our re-evalutation
of the Kamiokande data. The heavy neutrino contribution to dark matter is found to be at most 15%.

Finally, heavy neutrinos are considered within the context of a preon model for composite leptons
and quarks, where such particles are natural. The consequences of these are discussed, with emphasis
on existing data from the particle accelerator LEP at CERN. A numerical method for optimizing
variable cuts in particle physics is also included in the thesis.

Keywords: Dust – CMB – Reionization – Power spectrum – Heavy leptons – Gamma rays –
Preons
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

In this chapter, the background to and motivation for this thesis are explained. The research objec-
tives and research questions are then stated and, finally, a guide to the thesis is presented.

1.1 Background and motivation

The universe is a wonderful place, ranging from smaller than an atom to larger than a galaxy, with
complex humans, beautiful flowers, powerful stars, and vast amounts of empty space. But where
does it all come from? How did all this diversity come to be?

The universe is generally believed to have started out in the big bang – an immense concentration
of energy, expanding and thus diluting. Different particles were created, such as neutrons, protons
and electrons, then ions and atoms. A long pause followed during which matter assembled through
gravity to form large-scale structures such as stars and galaxies. And in the galaxies, around the
stars, planetary systems assembled, which can host life.

But how can we know all this? The truth is that we do not. However, we do have several pieces
of indirect evidence. The single most important observation is the so-called cosmic microwave
background radiation (CMB for short). This radiation was emitted when the universe was merely
400,000 years old and can be thought of as a kind of photograph taken of the universe at this time.
Amazing! Furthermore, this radiation is present everywhere in the universe and has a very charac-
teristic spectrum. The discovery of the CMB single-handedly convinced the scientific community of
the validity of the big bang model.

In order to measure the CMB accurately, we must know what it has passed through; our solar
system, our galaxy, other galaxies, further and further away until the first generation of stars. Very
little is known about these first stars. One plausible hypothesis states that they had very intense and
violent lives. This would mean that they finished as supernovæ – giant explosions – thus spreading
their contents in space. These left-overs are called star dust, and due to its abundant production and
wide spread it clouds the CMB somewhat. It is like looking at the sun through a thin mist.

From my background in particle physics I was also interested in finding out more about the
consequences of exotic particles (heavy neutrinos in particular) within the context of astrophysics,
cosmology and particle physics. There are three families of particles known today, but there are
strong reasons to believe that this is not the whole picture. A fourth family seems like a natural
extension, and this was the subject of my Master’s thesis in Montréal (Elfgren 2002b). In a particle
detector, these neutrinos would need to be very short-lived to be distinguishable from ordinary neu-
trinos. In astrophysics, the reverse is true. Only very long-lived neutrinos would leave a trace today,
through annihilations of neutrino-antineutrino pairs, resulting in energetic gamma rays.

1



Another interesting explanation for the three generations is that they have a substructure – con-

sisting of particles known as preons. These preons have recently gained momentum in the context

of astrophysics because of preon stars, a new type of hypothetical astrophysical objects (Ball 2007).

These compact stars were proposed by my co-workers Fredrik Sandin and Johan Hansson (Sandin

and Hansson 2007). Earlier, a particular preon model was invented by Dugne, Fredriksson and

Hansson (2002) and it turns out to be particularly suitable for studying heavy neutrinos.

1.2 Objectives

The objectives of my research have been to investigate

• the imprint of early dust on the CMB and

• the implications and possible origin of hypothetical heavy neutrinos.

1.3 Research questions

In order to meet the objectives, seven research questions have been formulated and they form the

core of the research presented in this thesis. The answers to the questions are derived in the appended

publications and summarized in chapter 6 in the thesis. The research questions are as follows:

1.3.1 Imprint of dust on the CMB

1. How did the dust density evolve in the early universe?

This question is discussed in Paper I.

2. What is the spectrum of the thermal emission of dust from population III stars?

This question is discussed in Paper I.

3. What was the spatial distribution of the dust from population III stars?

This question is discussed in Paper II.

1.3.2 Implications and possible origin of hypothetical heavy neutrinos

4. How does the neutrino density evolve with time?

This question is discussed in Paper III.

5. How large is the clumping enhancement for the neutrino-antineutrino signal?

This question is discussed in Paper III.

6. How much would heavy neutrinos contribute to the diffuse gamma ray background?

This question is discussed in Paper III.

7. How would composite leptons and quarks reveal themselves in existing data?

This question is discussed in Paper IV.

2



CHAPTER 1. INTRODUCTION

1.3.3 Cut optimization

While doing research in particle physics (Elfgren 2002b), within the CERN OPAL collaboration,
I invented a method of cut optimization. Such cuts are traditionally found by hand, while I use
a Monte Carlo method to optimize them. This greatly improves the signal-over-background ratio
obtained. While this method was developed in the context of particle physics, it can be just as useful
in astrophysics, at least in the case of a weak signal with several variables describing the same object.
The method is presented in a short letter, paper V.

1.4 Thesis guide

In chapter 2, the early history of the universe is outlined, from the big bang until the formation of
the first galaxies. This part of the thesis is intended as an introduction for the general public and is
thus rather elementary.

In chapter 3 follows some basics of cosmology and the more technical parts of the early universe.
Some general relativity and thermodynamics are treated as an introduction to Paper III. This chapter
should be understandable for physicists in general.

In chapter 4, the CMB with its properties and its different foregrounds is described in some detail.
This is also rather technical, but mostly descriptive. Some knowledge of astrophysics is required to
fully understand this chapter.

In chapter 5, I present a brief introduction that is useful for the understanding of some of the
particulars of the five appended papers. This includes a description of our general knowledge of
dust and some concepts of dark matter. There is also a discussion about possible extensions of
the standard model of particle physics (which is outlined in appendix B), like heavy neutrinos and
fermion constituents.

In appendix A a short introduction to cosmology is provided along with some common for-
mulæ. For further details on symbols, constants, and abbreviations, see appendix C. Unless other-
wise stated, I use natural units so that c = � = kb = 1. Technical words that appear slanted are
explained in the glossary in the same appendix.
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CHAPTER 2. HISTORY OF THE UNIVERSE

Chapter 2

History of the universe

Our understanding of the evolution of the universe is far from complete, but the picture is getting
clearer by the day with the advent of new detectors and new experimental and theoretical results.
We have entered an era of high-precision cosmology, where conjectures are replaced by detailed
measurements, and slowly a “standard model” of cosmology is emerging. There are still many
question marks and much to explore, but the main picture seems pretty clear by now. This section
contains a description of the evolution of the universe as we understand it today, illustrated by table
2.1. These results are fairly robust unless otherwise specified. This description of the evolution of the
universe is called Λ-Cold Dark Matter (or ΛCDM for short) and has recently become predominant
due to good experimental support. In this chapter, the evolution of this ΛCDM universe is described.
Some of the technical details of this model are explored in chapter 3.

2.1 The big bang

The universe started out some 14 billion years ago by being extremely dense and hot. Note, however,
that we do not know what happened at the actual beginning, but we can extrapolate the current
expansion of the universe back towards that time, t = 0. According to recent measurements, Spergel
et al. (2007), this was 13.73+0.16

−0.15 billion years ago.

Contrary to common belief, there was no “explosion”, but merely a rapid expansion of the fabric
of the universe, like the rubber of a balloon stretches when you inflate it. The expansion of the
universe still continues today and there is no indication that the expansion has a center. In an infinite
universe, the big bang occurred everywhere at once. How we can conceive an infinite energy density
at t = 0, or for that matter an infinite universe, is a philosophical question. Physicists generally
content themselves with starting the exploration a fraction of time after t = 0.

During this first (and extremely brief) period of the universe, all forces are believed to have been
just one and the same. However, as the universe cooled off, the forces separated into the electric,
magnetic, gravitational, and the weak and strong nuclear force. An analogy with this separation
would be the melting of ice cubes in a glass, being separate objects below freezing but melting into
one homogeneous water mass at higher temperatures.

Note that this unification of forces is a theory without direct experimental support. Fortunately,
the subsequent evolution of the universe does not hinge on this unification.
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Table 2.1: History of the universe.
Time after BB Events Illustration

?∼ 10−43 s • Unification of forces?

� 10−34 s • Inflation
• Exponential expansion

� 10−10 s • Radiation domination
• Protons and neutrons are stable
• Antimatter disappears

� 102 s •Matter domination
• Hydrogen becomes stable
• Nucleosynthesis

� 3 × 105 yrs • Decoupling of matter
• Transparent universe
• The CMB is released

∼ 109 yrs • Structure formation
• The first stars and galaxies
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2.2 Inflation

When the universe was roughly 10−34 seconds old, a period of intensive expansion occurred and the
universe became ∼ 1050 times bigger in a fraction of a second. This expansion is called inflation.

This theory has some more experimental support than that of the unification of forces. In fact,
it was introduced to alleviate three serious deficits of the big bang theory: the horizon, the flatness
and the monopole problem. Here comes a brief explanation of them. For more detail, I suggest the
book by Peacock (1998). The horizon problem stems from the measured correlation between parts
of the universe that never have been in contact (due to the finite speed of light). The flatness problem
is that the universe can be measured to be nearly flat, as far as we can see, and this is unlikely
from a theoretical point of view. The monopole problem is about the absence of so-called magnetic
monopoles, which are theoretically predicted as a consequence of the unification of forces.

Furthermore, inflation also provides natural seeds for star and galaxy formation, through the
growth of tiny quantum fluctuations into macroscopic fluctuations.

Although inflation has many attractive features, it is not yet a complete theory because many of
the details still do not work out right in realistic calculations without assumptions that are poorly
justified. Probably, most cosmologists today believe inflation to be correct at least in its outlines, but
further investigation will be required to establish whether this is indeed so.

2.3 Radiation dominated era

After approximately 10−10 seconds the inflation period was at an end. The subsequent epoch is
called the radiation dominated era in which the principal component of the universe was radiation –
photons.

During this era, the antimatter disappeared from the universe through contact with matter, which
resulted in annihilation. However, due to a slight excess of matter over antimatter, the antimatter
was all consumed and only the excess of ordinary matter remained.

The universe had also become cool enough to allow protons and neutrons to form and become
stable. Before this time, the quarks and gluons possibly co-existed in some sort of plasma. The
protons are nothing but ionized hydrogen, which was the first type of atoms to form.

This early formation of particles touches upon the subject of particle physics, in which the author
has a particular interest. For more information about other possible types of particles, see section
5.3 and also Elfgren (2002a,b).

2.4 Matter dominated era

Around one minute after the big bang, the radiation had lost enough energy density due to the
expansion to allow matter to start dominating. This, in turn, means that the expansion rate of the
universe changed.

During the matter dominated era, the thermal energy became low enough to allow the ionized
hydrogen atoms to capture and keep electrons, thus forming the first neutral atoms. Furthermore,
protons and neutrons started to fuse to form helium and other heavier elements. This process is called
the big bang nucleosynthesis (BBN) but did last for only about three minutes (Alpher, Herman and
Gamow 1948). After that time, the density and the temperature of the universe dropped below
what is required for nuclear fusion (neutron capture). The brevity of BBN is important because it
prevented elements heavier than beryllium from forming, while allowing unburned light elements,
such as deuterium, to exist. The result of the BBN is that the universe contains 75% hydrogen,
25% helium, 1% deuterium and small amounts of lithium and beryllium. This predicted distribution
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corresponds very well to the measured abundances. For more detail on the BBN, see, e. g., Burles
et al. (2001).

The matter dominated era extended until the dark energy took over after roughly five billion
years. The nature of this dark energy is not well known. It has negative pressure, so it is not ordinary
matter. The experimental reasons to believe in dark energy are the observations of the CMB (Spergel
et al. 2007) and supernovæ type Ia (Perlmutter et al. 1999).

2.5 Decoupling of matter

When the temperature of the universe dropped below T ∼ 0.25 eV ∼ 3000 K the photons no longer
had enough energy to ionize or excite the atoms. This means that the photons could neither loose,
nor gain energy. Thus, the universe became transparent and the photons kept their energy indefi-
nitely (unless otherwise perturbed). These photons constitue the CMB and their properties will be
described in more detail in chapter 4.

In order to estimate this transition temperature, one can calculate the temperature at which there
is one exciting photon per proton. For a photon to excite a hydrogen atom, it needs at least E =
10.2 eV, which corresponds to a transition from the ground state to the first excited state. This means
that one requires:

np = nγ(Eγ > 10.2 eV) = nγ · 1
e10.2 eV/kBT − 1

, (2.1)

where np and nγ are the number densities of protons and photons respectively, kB is Boltzmann’s
constant and T is the temperature of the photons. Using nγ ∼ 109 np, the temperature can be
calculated to T ≈ 5700 K. If a more detailed calculation is made, the temperature is found to be
approximately 3000 K, which corresponds to t ≈ 400, 000 years after the big bang (and a redshift,
z ∼ 1100). As the universe expands, this temperature decreases as 1/a, where a = 1/(1 + z) is
the expansion factor. Since the universe has expanded by a factor of 1100 since decoupling, the
temperature of the CMB has now dropped to 2.725 K (Mather et al. 1999).

This transition did not happen at one single time, but rather took something like 50,000 years
(Δz ≈ 100).

2.6 Structure formation

After the decoupling, the universe went through a period called the dark ages, which lasted until the
onset of star formation about a billion years later. During this epoch the only thing that happened is
that the CMB propagated and the matter slowly contracted due to gravity. Regions in space with an
initial over-density (created by the inflation) attracted more matter, and eventually the matter density
became high enough to sustain fusion, and thus the first generation of stars formed.

During the dark ages, dark matter played a key roll in shepherding matter into dense regions,
thus allowing star formation. The dark matter is described briefly in section 5.2.

2.7 The first generation of stars

The first stars are called population III stars (see, e. g., Shioya et al. 2002) due to properties that
are rather different from those of the stars today (see, e. g., Gahm 1990). The first stars were born
in loosely bound gravitational structures defined by high baryon densities and a surrounding dark
matter halo.

The source material of these stars is the matter that was created during the big bang nucleosyn-
thesis, see section 2.4. This means that there is basically only hydrogen and helium in these stars.
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As time passed by, the source material for new stars had more and more heavy elements since those
were produced by the stars. The mass fraction of elements heavier than helium is called metallicity.

It is also believed that these first stars would have been rather heavy, see Cen (2003) and Fang
and Cen (2004). The mass of the stars is characterized by the initial mass function (IMF). With a
low metallicity and a high mass, the stars are short-lived and hot (Shioya et al. 2002). If the stars
were not heavy, they would live longer and take more time to produce dust, thereby delaying the
reionization to an improbable period. No population III stars have been observed.

2.8 Reionization

From decoupling until the reionization, the universe was made up of neutral atoms (along with
photons, dark matter and dark energy). Today, however, the universe is largly ionized and it has
been so for that last couple of billion years. The transition between the neutral and the ionized
universe is called the reionization period. A recent review of this can be found in Choudhury and
Ferrara (2006). For a more complete picture, involving star formation, reionization, and chemical
evolution, see Daigne et al. (2004).

At the onset of the first generation of stars, energetic photons were produced. This happened
when z ∼ 10 and thus the CMB temperature was only TCMB ∼ 30 K, while the star temperature
could be over 80,000 K (Shioya et al. 2002). At this temperature, the maximum emitted energy was
at Eγ ∼ 21 eV, which was more than enough to ionize hydrogen (EH,ion = 13.61 eV).

The reionization process can be divided into three phases. In the pre-overlap phase, bulbs around
stars were ionized, and slowly expanded into the neutral intergalactic medium (IGM). This effect was
partly cancelled due to the natural tendency of hydrogen to capture an electron, thereby returning to
a neutral state. In the overlap phase, the ionized regions started to overlap and subsequently ionize
the whole of the IGM, except some high-density regions. At this stage the universe became largly
transparent to ultraviolet (UV) radiation. In the post-overlap phase, in which we still are today, the
ionization fronts propagates into the neutral high density regions, while recombination tends to resist
this effect.

In the presence of free electrons, photons scatter through a process known as Thomson scattering.
However, as the universe expands, the density of free electrons decreases, and so will the scattering
frequency. In the period during and after reionization, but before significant expansion had occurred
to sufficiently lower the electron density, the light that composes the CMB experienced observable
Thomson scattering. This is characterized by the opacity, τe, which is defined through

e−τe = probability of a photon to pass without being scattered. (2.2)

The effect of the reionization on the properties of the CMB is important and will be discussed in
more detail in section 4.3.
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Chapter 3

Cosmology

3.1 Introduction

Modern cosmology is based on two cornerstones: that the universe is homogeneous and isotropic.
Together they are called the cosmological principle. By homogeneous we mean that, on a very large
scale, the universe is the same everywhere. By isotropic we mean that there is no special direction
in the universe. Obviously, what we see when we look out at the nearby universe is something far
from homogeneous. There is the sun and the moon and further away the galactic center with a much
higher star density, and then there is a vast expanse of void until the next galaxy, the Andromeda
galaxy. The nearby universe is not isotropic either – if you try staring into the sun, the effect will be
quite different from staring at a distant star. And further out, in the direction of the the Andromeda
galaxy, there is light that can be seen with the naked eye while in other directions the sky is black.
This means that the universe, locally, is both inhomogenous and anisotropic.

However, as we expand our view to look, not at our solar system, our galaxy or even our galaxy
cluster, the universe looks more and more homogeneous and isotropic, as can be seen in figure 3.1.
There are, however, those who challenge the cosmological principle, e. g., Barrett and Clarkson
(2000), who claim that a class of inhomogeneous perfect fluid cosmologies could also be a possible
alternative. Another possibility would be a different geometry of the universe. In Campanelli et al.
(2006), an ellipsoidal universe is proposed as a solution to the quadrupole problem of the WMAP-
data. This quadrupole can also be explained by a huge void (Martı́nez-González et al. 2006; Inoue
and Silk 2007) with a diameter of ∼ 1× 109 light years. A hole of this size is difficult to accomodate
within the standard cosmology.

3.2 General relativity

This section is rather mathematical and requires some knowledge of tensor analysis. A classical
overview of general relativity and tensor analysis can be found in Misner et al. (1973). We recall
that when two indices are found in an equation, summation is implicitely assumed, xμxμ =

∑
μ xμxμ,

and greek indices (μ, ν, α, β,...) go from 0 to 3 and roman indices (i, j, k,...) go from 1 to 3. The
coordinates are xμ = (t, �x) = (t, x, y, z).

3.2.1 The equivalence principle

The equivalence principle says that the gravitational effects are identical to those experienced through
acceleration.
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Figure 3.1: Distribution of galaxies within ∼ 2 × 109 light years. On these scales the universe
looks rather homogeneous and isotropic, as postulated by the cosmological principle. The radial
axis represents distance from the earth in terms of redshift (z = 0 − 0.15), and the angular axis
represents the projected angular distribution (anti-clockwise from 21h − 04h and 10h − 15h). Each
dot is a galaxy. The figure is from Colless et al. (2001).

The weak equivalence principle states that in any gravitational field a freely falling observer
experiences no gravitational effect, except tidal forces in the case of non-uniform gravitational fields.
The spacetime is described by the Minkowski metric, see below.

The strong equivalence principle postulates that all the laws of physics take the same form in a
freely falling frame in a gravitational field as they would in the absence of gravity.

3.2.2 The metric

In special relativity, the metric is given by

gμν =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (3.1)

which is called the Minkowski metric.
Mathematically, the metric is a covariant, second-rank, symmetric tensor in space time. It can

be thought of as a local measure of length in non-euclidian space. Both the measure, called the line
element,

ds2 = gμνdxμdxν (3.2)

and the metric tensor, gμν, are often referred to as ’the metric’ in relativity.
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If the cosmological principle (homogeneous and isotropic) holds, the metric can be written as

gμν =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0
0 −a2(t)/(1 − kr2) 0 0
0 0 −a2(t)r2 0
0 0 0 −a2(t)r2 sin2 θ

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (3.3)

and the line element as

ds2 = dt2 − a2(t)
(

dr2

1 − kr2 + r2dθ2 + r2 sin2 θdφ2
)
. (3.4)

Here, the parameter a(t) represents the global scaling of the universe, t is the time, and r, θ and φ
are the coordinates in a spherical coordinate system. The geometry of the universe is given by k and
if k > 0 the universe is open, if k < 0 it is closed and if k = 0 it is flat. Today, the evidence points
towards k = 0.

We also notice that there are several other useful metrics in general relativity. For black holes,
for example, there is the stationary Schwarzschild metrics and the rotating Kerr metric. For rotating
fluid bodies, the Wahlqvist metric is appropriate even though it can not be smoothly joined to an
exterior asymptotically flat vacuum region (Bradley et al. 2000).

3.2.3 The Einstein equations

The full Einstein equations, including a cosmological constant, are

Rμν − 1
2

gμνR − Λgμν = 8πGNTμν, (3.5)

where Newton’s constant of gravitation is GN = 6.6742(10) × 10−11 m3/kg·s2 and the other terms
will be described below, from right to left.

The stress-energy tensor, Tμν, describes the density and flux of energy and momentum in space-
time, generalizing the stress tensor of newtonian physics. If there are many particles, the stress-
energy tensor can be treated as a fluid. For a perfect fluid with pressure p, density ρ and velocity
uμ,

T μν = (p + ρ)uμuν − pgμν (3.6)
T μν;ν ≡ ∂νT μν + ΓνναT

αμ = 0. (3.7)

The metric, gμν, captures the geometric and causal structure of spacetime, and it is used to define
distance, volume, curvature, angle, future and past. The metric was introduced earlier in section
3.2.2.

The cosmological constant, Λ, is a rather mysterious entity. There is nothing in the derivation of
the Einstein field equation that excludes a term proportional to the metric gμν. Einstein introduced
the cosmological constant in order to stop the universe from collapsing under the force of gravity,
since the universe, at this time, was believed to be static. After the discovery by Edwin Hubble that
there was a relationship between redshift and distance, thus indicating at dynamic universe, Einstein
declared this formulation to be his “biggest blunder”. However, cosmic acceleration (Perlmutter
et al. 1999) along with the results of the Wilkinson microwave anisotropy Probe, WMAP (Spergel
et al. 2003, 2007) has renewed the interest in a cosmological constant. Physically, it can be seen as
a negative pressure, but its actual origin is still unknown. There are, however, also other possible
causes for the observed data, like a local void (Alexander et al. 2007).
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The Ricci scalar, R, is the contraction of the Ricci tensor,

R = gμνRμν. (3.8)

The Ricci tensor, Rμν, is a symmetrical 4-dimensional tensor. It can be calculated from the Riemann
tensor, Rαμβν:

Rμν = gαβRαμβν. (3.9)

The Riemann tensor, which has only 20 independent terms due to symmetries, is defined as

Rαμβν = gαγR
γ
μβν = gαγ

[
Γ
γ
μν,β − Γγμβ,ν + ΓγσβΓσνμ − ΓγσνΓσβμ

]
, (3.10)

where the (non-tensor) Christoffel symbols (also known as affine connections) Γαμν are defined from
the metric as

Γαμν =
1
2

gαβ
(
∂gνβ
∂xμ
+
∂gμβ
∂xν
− ∂gνμ
∂xβ

)
(3.11)

3.3 Standard cosmology

The observational foundations for the standard model of cosmology are the expansion of the universe
(Hubble 1929; Jackson 2007), the fossil record of light elements (Alpher, Bethe and Gamow 1948;
Gamow 1948; Coc et al. 2004) that formed during the first minutes after the big bang, and the
remnant of the intense thermal radiation field, the CMB (Penzias and Wilson 1965; Boggess et al.
1992; Fixsen et al. 1994; Dwek et al. 1998) that was released when the universe became transparent
to radiation around 400,000 years after the big bang (see chapter 4). Among the early proponents of
the standard cosmology were Efstathiou et al. (1990).

A homogeneous and isotropic universe with radiation, matter and vacuum energy is called a
Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) universe. The four diagonal terms of the left hand
side of the Einstein equations can be evaulated for a homogeneous and isotropic universe (with the
metric in equation (3.3))

00 : 3
( ȧ
a

)2
+

3k
a2 − Λ (3.12)

ii :
(
2

ä
a
+

( ȧ
a

)2
+

k
a2 − Λ

)
gii (3.13)

for the components 00, 11, 22 and 33. Along with the right hand side of the Einstein equations (the
stress-energy tensor for a perfect fluid, equation (3.7)), the resulting relations can be calculated.
They are known as the Friedmann equations:( ȧ

a

)2
=

8πGN

3
ρtot (3.14)

2
ä
a
+

( ȧ
a

)2
+

k
a2 = −8πGN p. (3.15)

Here
ρtot = ρr + ρm + ρk + ρΛ, (3.16)

with ρm being the matter density, ρr the radiation density, ρk = −k/a2 · 3/8πGN , and ρΛ = Λ/8πGN

being the vacuum energy density caused by the cosmological constant.
We also note that by using the second Friedmann equation along with the vanishing covariant

divergence T μν;μ = 0 it can be shown that

d
dt

(ρa3) = −p
d
dt

a3. (3.17)
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The equation of state for radiation is p = ρ/3, for matter p = 0 and for the cosmological constant
p = −ρ. This gives the relation beween ρtot and a:

ρtot = ρ
∗
r0

(a0

a

)4
+ ρm0

(a0

a

)3
+ ρk0

(a0

a

)2
+ ρΛ, (3.18)

where the zeroes indicate present-day values. Note that the radiation density has to be modified,
ρ∗r0 = ρr0 · g∗(a)/g∗(a0), due to the reheating by particles falling out of equilibrium. This is treated
in section 3.4.2. The densities can now be recast in relation to the critical density, ρc =

3H0
8πGN

:

Ω =
ρtot

ρc
= Ωr

g∗(a)
g∗(a0)

(a0

a

)4
+ Ωm

(a0

a

)3
+ Ωk

(a0

a

)2
+ ΩΛ. (3.19)

The expansion rate of the universe, ȧ/a =
√
ρtot · 8πGN/3, is known as the Hubble parameter. In

terms of the relative energy density of the universe, the Hubble parameter can be written as

H ≡ ȧ
a
= H0

√
Ω, (3.20)

where H0 is the present day value of the Hubble parameter.

3.4 Thermodynamics of the early universe

The physics of the early universe is treated in great detail in the book by Kolb and Turner (1990)
from which much of the material in this section is derived.

3.4.1 Thermal equilibrium

In the early universe (but after inflation), when the reaction rates Γ ∼ nσ|v| for particle-antiparticle
annihilation were still much higher than the expansion of the universe, H(t) = ȧ/a, particles were in
thermal equilibrium.

If the forces between the particles are weak and short-ranged, their distribution can be approxi-
mated by an ideal homogeneous gas. In such a gas, a particle with mass m and chemical potential μ
at a temperature T has a number density given by

n =
gs

(2π)3

∫
f (�p)d3|�p|, (3.21)

where E2 = m2 + |�p|2 and the occupancy function, f (�p), for a species in kinetic equilibrium is given
by

f (�p) =
1

e(E−μ)/T ± 1
. (3.22)

The plus sign applies for fermions, which obey Fermi-Dirac statistics, and the minus sign applies for
bosons, which follow Bose-Einstein statistics. The number of internal degrees of freedom (= spin
states), gs is 2 for most particles, though not for left-handed neutrinos, which have only one spin
state and therefore gs = 1.

In the relativistic limit, T � m, the integral can be evaluated if T � μ:
nbosons = gs(ζ(3)/π2)T 3 (3.23)

n f ermions = nbosons · 3/4, (3.24)

where ζ is the Riemann zeta function and ζ(3) ≈ 1.2020569032.
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In the non-relativistic limit, m � T , the integral is the same for bosons and fermions:

n = gs

(mT
2π

)3/2

e−(m−μ)/T . (3.25)

If a particle possesses a conserved charge, it may have an equilibrium chemical potential with a
corresponding charge density. Astronomical observations indicate that the cosmological densities of
all charges that can be measured are very small. Hence, we will assume that μ = 0 in the following
treatment.

3.4.2 Radiation

Photons are relativistic bosons and as such they have a number density of nγ = (2ζ(3)/π2) · T 3. The
radiation density,

ρ =
gs

(2π)3

∫
E(�p) f (�p)d3|�p|, (3.26)

can be calculated for a relativistic particle with μ 	 T and the result is

ρ = gs(π2/30) · T 4. (3.27)

Since the photon number density is not conserved (⇒ μγ = 0) this expression is therefore also valid
for photons. However, in the early universe there are several particles that are in thermal equilibrium
with the photons, thus contributing to the total radiation energy density

ρR =
π2

30
g∗(T )T 4, (3.28)

where g∗ is the number of degrees of freedom of all particles in thermal equilibrium with the photons.
This is the reason for the modification of equation (3.19). The number of relativistic degrees of
freedom can be calculated as

g∗ =
∑

i=bosons

gi

(Ti

T

)
+

7
8

∑
i= f ermions

gi

(Ti

T

)
, (3.29)

where gi is the internal degrees of freedom of the particle (gs above), and Ti is the temperature of
the particle (which can be different from the photon temperature T ). The factor 7/8 acounts for
the difference between Bose and Fermi statistics. Unfortunately, the actual values of the Ti and the
transitions are not trivial to calculate and we therefore refer the reader to Coleman and Roos (2003)
for this calculation. The resulting g∗(T ) is shown in figure 3.2. In much the same manner, the number
of relativistic degrees of freedom for the entropy, g∗S , can be found. The entropy is

s =
2π2

45
g∗S (T )T 3. (3.30)

And since it can be shown that the total entropy S = g∗S T 3a3 is constant, the relation between
photon temperature and expansion becomes

T
T0
= g−1/3

∗S
a0

a
. (3.31)

This equation can then be used in conjunction with equations (3.19) and (3.20) to calculate the
evolution of the universe as a function of temperature.
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Figure 3.2: The number of relativistic degrees of freedom as a function of temperature (in GeV).
The figure is from Coleman and Roos (2003).

The relation between time and temperature can now be calculated1 as

H =
ȧ
a
=

d
dt

⎛⎜⎜⎜⎜⎜⎝ T0a0

Tg1/3
∗S

⎞⎟⎟⎟⎟⎟⎠ Tg1/3
∗S

T0a0
=

d
dt

⎛⎜⎜⎜⎜⎜⎝ 1

Tg1/3
∗S

⎞⎟⎟⎟⎟⎟⎠Tg1/3
∗S =

−dg∗S /dt
3g∗S

+
−dT/dt

T

=
−dg∗S /dT

3g∗S
dT
dt
+
−dT/dt

T
= −dT

dt

(
dg∗S /dT

3g∗S
+

1
T

)
, (3.32)

and we finally arrive at

dt
dT
= − 1

H(T )

(
dg∗S /dT

3g∗S
+

1
T

)
= − 1

H(T )

⎛⎜⎜⎜⎜⎜⎝d(ln(g1/3
∗S )

dT
+

1
T

⎞⎟⎟⎟⎟⎟⎠ , (3.33)

where dg∗S /dT can be obtained from figure 3.2.

3.5 Decoupling

The Boltzmann (transport) equation describes the statistical distribution of particles in a fluid (= a
plasma, gas or liquid). The Boltzmann equation is used to study how a fluid transports physical
quantities such as heat and charge, and thus to derive transport properties such as electrical conduc-
tivity, Hall conductivity, viscosity, and thermal conductivity. The Boltzmann equation is an equation
for the time evolution of the distribution (in fact density) function f (x, p, t) in one-particle phase
space. It is particularly useful when the system is not in thermodynamic equilibrium, such as when
the reaction rates, Γ, fall below the expansion rate of the universe, H.

In Hamiltonian mechanics, the Boltzmann equation can be written on the general form

L̂( f ) = C( f ), (3.34)

where the Liouville operator, L̂, describes the evolution of a phase space volume and C is the colli-
sion operator. In general relativity, the Liouville operator can be written as

L̂ = pμ∂xμ − Γμαβpαpβ∂xμ. (3.35)

1 Since I have not seen this calculation before, I derive it in more detail than the previous parts of this chapter.
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For the Robertson-Walker metric (homogeneous and isotropic), the Liouville operator is

L̂ = E
d f
dt
− ȧ

a
|�p|2 d f

dE
. (3.36)

Using equation (3.21) with a time dependent f = f (E, t) and integrating by parts we obtain

ṅ + 3Hn =
gs

(2π)3

∫
C( f )

d3|�p|
E
. (3.37)

The complete expression for the integral on the right hand side is rather lenghty, involving all the
interactions between the particle of interest and all other particles with which it interacts, as well as
the corresponding matrix elements and phase space factors. This expression is given by Kolb and
Turner (1990).

Using several (reasonable) assumptions, a simplified expresstion can be obtained for the evolu-
tion of the number density n of a particle:

ṅ + 3Hn = − 〈σA|v|〉 (n2 − n2
eq), (3.38)

where 〈σA|v|〉 is the sum of the thermally averaged cross sections times velocity. The assumptions
are:

• No Bose condensation or Fermi degeneracy

• The particle is stable

• No asymmetry between the particle and its antiparticle

• All particles with which the particle interacts have a thermal distribution with zero chemical
potential

• The evolution is done in the co-moving frame

Now the number density of the particle can be described in terms of the temperature

dn
dT
= − dt

dT

[
3H(T )n(T ) + 〈σA|v|〉

(
n(T )2 − neq(T )2

)]
. (3.39)

Here dt/dT is given by equation (3.33) and the equilibrium number density neq is

neq = gs

(mT
2π

)3/2

e−m/T (3.40)

for a non-relativistic particle with mass m, zero chemical potential and gs internal degrees of freedom
at a temperature T .
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Chapter 4

The cosmic microwave background

As described in section 2.5 the cosmic microwave background (CMB) is simply radiation – light –
with a blackbody spectrum of temperature TCMB = 2.725 K (presently).

There are several aspects of the CMB that make it a most important cosmological tool. Back
in 1992, the English physicist Stephen Hawking said that the COBE results on the CMB were “the
greatest discovery of the century, if not of all times”. It is currently the only experimental tool that
allows us to probe anything further away than distant quasars, which are ∼ 12.7 billion light years
away. The reionization was at its end by then and the first star generation had also passed, as well
as the first structures in the universe. But the CMB has passed all this and been slightly affected by
these events, which have left imprints in the spectral and spatial signature of the CMB.

Looking at the CMB, we see the universe largely as it was in its infancy, when it was merely
400,000 years old (and we can even see some traces from beyond that time).

From the CMB we can determine the age of the universe and its expansion rate; how much of the
total energy content that is made out of ordinary matter (baryons), dark matter and dark energy; what
the matter distribution was 400,000 years after the big bang and also, approximately, the subsequent
formation of structures, such as clusters of galaxies.

The CMB was first discovered by Penzias and Wilson (1965) and the first precision measure-
ments were done by COBE (Boggess et al. 1992; Fixsen et al. 1994; Dwek et al. 1998), and later
improved by WMAP (Spergel et al. 2003, 2007).

The CMB has an almost perfect blackbody spectrum. There are, however, small perturbations in
the spectrum, called anisotropies. These have characteristic length scales that correspond to angular
scales for the measurements, and depend on what causes the anisotropy.

The anisotropies can be divided into two categories; primary and secondary. The primary anisot-
ropies occur at, or just before, decoupling, while the secondary anisotropies occur after this event.
For a more exhaustive treatment of these anisotropies, the reader is referred to Tegmark (1996).

The measured brightness can be divided into several components:

B(r̂, ν) = BCMB + BS Z + Bdust + Bf ree− f ree + ..., (4.1)

where BCMB is the intensity of the initial blackbody spectrum plus the primary anisotropies, BS Z is
the intensity due to the Sunyaev-Zel’dovich effect, Bdust is due to the dust contribution and Bf ree− f ree

is the intensity due to the thermal bremsstrahlung from within our galaxy. In sections 4.2 and 4.3
we will return to these and other effects and foregrounds and describe them in more detail. Now the
CMB-part can be Taylor-expanded around its blackbody temperature:

T (r̂) = T0 + ΔTCMB(r̂). (4.2)
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This gives

BCMB(r̂, ν) ≈ BT0 (ν) + ΔTCMB(r̂)
dB(ν)

dT

∣∣∣∣∣
T=T0

. (4.3)

The quantity to be measured by the Planck satellite and many other instruments is only the relative
excess over BT0 , i. e.,

B − BT0

T0(dB/dT )T0

=
ΔTCMB

T0
+

BCMB + BS Z + Bdust + Bf ree− f ree + ...

T0(dB/dT )T0

≡ ΔTCMB(ν) + ΔTS Z(ν, r̂) + ΔTdust(ν, r̂) + ...
T0

. (4.4)

The measured anisotropies consist of the ΔTX(ν, r̂)/T0 terms in the expression above.

4.1 Primary anisotropies

The primary anisotropies can be divided into three main categories: gravitational, adiabatic and
doppler. Other anisotropies, like topological defects, could also exist, but these are not considered
to be very important and are beyond the scope of this introduction. The gravitational and adiabatic
terms are combined on large angular scales (� 1 degree) and are then called the Sachs-Wolf effect
(Sachs and Wolfe 1967).

Furthermore, since the decoupling is not instantaneous, what we observe is a weighted average
over the thickness of the decoupling surface (also called the last scattering surface, LSS). This means
that primary anisotropies smaller than this thickness (⇔ θ ∼ 0.1◦) are washed out.

Another effect is the so-called Silk damping (Silk 1968a), which means that small matter pertur-
bations do not survive. The reason for this damping is the fact that in small structures the photons
have time to diffuse out of the dense region (and drag the baryons with them) before the end of
decoupling. The typical mass scale of this effect is 1011 M�, the mass of an ordinary galaxy.

4.1.1 Gravitational anisotropies

As the CMB photons climb out of a gravitational potential, they are redshifted by gravity. In terms
of an equivalent temperature this is given by

ΔT
T
= −ΔΦe, (4.5)

where ΔΦe is the gravitational potential in excess of the background.

4.1.2 Adiabatic anisotropies

In a gravitational potential the number of photons is expected to be larger than normal and their
temperature higher. At large angular scales (� 1 degree), the induced anisotropies are

ΔT
T
=

2
3
ΔΦe, (4.6)

but on small scales this is no longer the case due to acoustic oscillations.
This means that the Sachs-Wolf effect, which on large scales is the gravitational term plus the

adiabatic term, can be written as
ΔT
T
= −1

3
ΔΦe, (4.7)
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i. e., the photons are effectively redshifted by the gravitational potential. By measuring the size of
these anisotropies and their relative strength one can estimate the matter distribution at the time of
decoupling.

4.1.3 Doppler anisotropies

Due to local movement of the plasma at the time of decoupling, there is a kinetic doppler shift

ΔT
T
= �v(�r) · r̂, (4.8)

where �v(�r) is the local velocity vector of the plasma at the point �r. This effect generally occurs at
rather small scales compared to the Sachs-Wolf effect.

4.2 Secondary anisotropies

The secondary anisotropies are effects that changed the CMB photons between decoupling and now.
They can be divided into three types; gravitational effects, local ionization and global ionization.
These will be described one by one below.

4.2.1 Gravitational effects

There are three types of gravitational effects on the CMB; the early and the late integrated Sachs-
Wolf effects (Sachs and Wolfe 1967), the Rees-Sciama effect (Rees and Sciama 1968) and gravita-
tional lensing.

The integrated Sachs-Wolf (ISW) effect comes into action when there is a change in a gravita-
tional potential as a function of time:

ΔT
T
=

∫
ΔΦ̇

(
�r(t), t

)
, (4.9)

where ΔΦ̇ is the time derivative of the gravitational potential in excess of the background potential.
The early ISW effect is due to the photon contribution to the gravitational potential. Since the

photon energy decreases with time, this induces an integrated Sachs-Wolf effect.
The late ISW effect comes from the dark energy term that will become more and more important

as time passes. This increase in energy also leads to an integrated Sachs-Wolf effect.
The Rees-Sciama effect is also called local ISW. It consists of galaxy clusters and other structures

that evolve during the passage of the photons.
Gravitational lensing is an ISW effect perpendicular to the line of sight, affecting the angular

distribution of the CMB and smearing it somewhat.

4.2.2 Local reionization

The local reionization effect occurs when the reionization affects the CMB through the presence
of ionized gas through which the CMB photons must pass. This effect comes about when ener-
getic electrons hit the photons and transfer energy to them, a phenomenon known as inverse Comp-
ton scattering. The impact on the CMB of the inverse Compton scattering is called the Sunyaev-
Zel’dovich (SZ) effect (Sunyaev and Zel’dovich 1970, 1980; Rephaeli 1995). There are two types of
the Sunyaev-Zel’dovich effect, thermal and kinetic, see figure 4.1.

21



0 100 200 300 400 500
ν [GHz]

-0.1

-0.05

0

0.05

0.1

0.15

0.2

ΔI
 [

M
Jy

/s
r]

0.0005Bν(TCMB)

Thermal SZE

Kinetic SZE

Figure 4.1: Illustration of the thermal and kinetic Sunyaev-Zel’dovich effect (SZE). The graph shows
the intensity (in units of MJy/sr = MWm−2Hz−1sr−1) as a function of frequency (in GHz). The
thermal SZ effect increases the photons frequencies, through thermal excitation. The kinetic SZ
effect decreases the intensity of the photons in this case because the gas cloud is moving away from
us. For comparison, the shape of a blackbody spectrum with T = TCMB is also shown.

The thermal SZ effect is due to energetic free electrons and will have the effect of shifting the
CMB spectrum towards higher frequencies since each photon subject to the inverse Compton scat-
tering gains energy, but not in any particular direction.

The kinetic SZ effect is due to the global motion of a galaxy cluster or other large structures.
Since there is a favored direction (in the direction of the velocity of the cluster), this causes a doppler
shift of the CMB spectrum.

4.2.3 Global reionization

There are three types of global reionization: suppression of small scales, new doppler effect and the
Vishniac effect.

The suppression of small scales is due to the fact that the photons that scatter during reionization
loose their original direction. The amplitude of this effect depends on the time when the reioniza-
tion occurred, the later time the higher amplitude, see figure 4.2. It also depends on the degree of
reionization, in other words, on the optical depth. In fact, this effect suppresses all scales smaller
than

θ ≤
√
Ω0

zi
, (4.10)

whereΩ0 is the total relative energy density of the universe, and zi is the redshift at reionization. The
suppression of the power spectrum on these scales is e−2τ, where τ is the opacity.

The new doppler effect is due to local velocity and density perturbations, and the Vishniac effect
is caused by electrons falling in gravitational potential wells, but it is only active on scales θ ∼ 0.02◦
and even then it is quite feeble.
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Figure 4.2: Illustration of the suppression of small scales due to the reionization. If photons scat-

ter at reionization, they could come from anywhere within the lightcone projection at z = 1000.

Through the finite speed of light, we know that they can not have come from anywhere outside of

this projection, which corresponds to an angle
√

Ω0/zi.

4.3 Foregrounds

Foregrounds are light sources in the universe emitting in the same frequency range as the CMB.

There are three basic types of foregrounds; extragalactic, galactic and local.

4.3.1 Extragalactic foregrounds

The extragalactic foregrounds are point sources having an origin outside our galaxy. A point source

has a very small angular extension. However, their total integrated effect can still be considerable.

There are point sources that are active mostly in the radio domain, like, e. g., radio galaxies, but

there are also sources active mostly in the infrared (IR) domain, like dusty galaxies.

As is shown in Paper II, there is also a kind of continuous IR source all over the sky with a bias

for mass concentrations – the emission from the early dust.

4.3.2 Galactic foregrounds

The galactic foregrounds are all diffuse, meaning that they have a certain angular extension. The

principal galactic foregrounds are emission from dust, free-free emission and synchrotron radiation.

The angular correlations, described in section 4.4, of these foregrounds are all roughly ∝ θ3.

The dust in our galaxy has been shown to have a Planck spectrum of temperature ∼ 17 K,

Boulanger et al. (1996).

The free-free emission comes from free electrons that are accelerated, thus emitting thermal

bremsstrahlung. The free-free emission is almost independent of frequency.

The synchrotron radiation is due to acceleration of plasmas and is a sort of global bremsstrahlung.

The synchrotron radiation is most effective for frequencies below 70 GHz.

4.3.3 Local foregrounds

Local foregrounds are perturbations from the solar system, like the planets, the moon, the sun,

the atmosphere and instrumental noise. The solar system perturbations are well known, and the

instrumental noise is instrument specific.
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4.4 Power spectrum

In the previous section we saw that the measured anisotropies can be separated into several compo-
nents, equation (4.4), each anisotropy with its specific spectral and spatial signature. In this section
we will explore the power spectrum, which is a powerful tool to quantify the spatial signature of the
signal.

The spatial signature is often expressed in terms of the Legendre spherical harmonics

ΔTX(�r, ν) =
∞∑
�=0

�∑
m=−�

Y�m(�r)aX
�m(ν), (4.11)

where the spherical harmonics Y�m are the basis functions and a�m are their components. In order to
determine correlations on different angular scales, the correlation functions are used:

CX
� (ν) =

1
2� + 1

�∑
m=−�

〈∣∣∣aX
�m(ν)

∣∣∣〉 . (4.12)

This is also called the (angular) power spectrum. In the case of isotropic fluctuations the above
equation simplifies to 〈a�m(ν)∗a�′m′ (ν)〉 = δ��′δmm′C�. In order to convert from � to θ a good rule of
thumb is θ ≈ 180◦/�.

It is customary to plot the quantity �(�+1)C�/2π in units of μK2, cf figure 4.3. The reason for this
choice is that it enables the root-mean-square (rms) of the temperature variations to become visually
apparent: 〈

ΔT (ν)2
〉
=

∞∑
�=0

(
2� + 1

4π

)
≈
∫ ∞

1

(
�(� + 1)

2π

)
C�d(ln �), (4.13)

where one has used l(2�+1)
4π ≈ �(�+1)

2π for � � 1. This means that in order to estimate the (rms)2 of
the anisotropies in the range �1 < � < �2 one needs to take only the rms height of the curve times
ln(�2/�1).

4.4.1 Acoustic oscillations

Prior to decoupling, the matter and the photons were tightly coupled and effectively formed a baryon-
photon fluid. Because of the density perturbations, this fluid started to oscillate. These oscillations
are called acoustic (Silk 1967, 1968a,b). Each mode in those give rise to a correlation at a given
angular scale in the power spectrum. The acoustic oscillations are a natural consequence of inflation
and thus serves to corroborate the inflation theory.

4.4.2 Simulations of the cosmic microwave background

A program named CMB-fast, developed at Harvard, is used to estimate the CMB from theory (see,
e. g., Seljak and Zaldarriaga 1996). The program is versatile, allowing the user to test different
scenarios with different types of cosmologies and see what the expected power spectrum would
be. Figure 4.4 shows the different components of the CMB and how they are affected by some
cosmological parameters.

24



CHAPTER 4. THE COSMIC MICROWAVE BACKGROUND

Figure 4.3: The power spectrum as measured by WMAP, CBI and ACBAR. The x-axis shows the
inverse angular scale and the y-axis the correlation on that scale. The dots are data points, and the
curve is the theoretical. Reprinted from Spergel et al. (2007).

Figure 4.4: The power spectrum as calculated by CMB-fast. Reprinted from Tegmark (1996), orig-
inally from Hu (1995). The contribution from different types of anisotropies (see sections 4.1 and
4.2) is shown. The x-axis shows the inverse angular scale, log �, and the y-axis the correlation on that
scale, �(� + 1)C�. We see the characteristic plateau of the Sachs-Wolf effect at large angles (small �
values) and the acoustic oscillations at small angles (large � values). We can also see the impact of
different cosmological parameters on the power spectrum.
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Chapter 5

Introduction to the papers

This chapter is included in order to give the reader some background information that may be useful

for the understanding of the particularities of the appended papers. Section 5.1 describes the dust,

with its properties and production/desctruction mechanisms. Section 5.2 introduces dark matter,

which is important for Paper II. Since the topic of heavy neutrinos (section 5.3) and preons (section

5.4) are more controversial than dust and dark matter, a motivation is provided for these subjects, as

well as an introduction.

5.1 Dust

The abundance of dust in the universe can be calculated by estimating its production and destruction

rate. These figures are not well known even for the nearby universe and even less so for the early

universe. In this section the properties of this early dust are briefly discussed along with some general

properties of the nearby dust. The section is included as a complement to Paper I, where the specifics

of early dust are used. For a more complete review of dust in general, see Draine (2003).

5.1.1 Production

In section 2.4 the formation of light elements through the nucleosynthesis was treated, but most of

the terrestrial material is made of heavier elements. The only known sources of such heavy elements

are supernovæ. During its life, a star fuses hydrogen into helium and then into carbon, nitrogen

and other heavy elements. If the star finishes as a supernova, these elements are released into the

interstellar medium (ISM), and then serve to form new planets and stars.

On their way out, many of these elements are ionized by the surrounding plasma. When the ions

meet they tend to form ionic bonds, and in this way tiny crystals are formed. These form what we

call cosmic dust.

For an overview of dust production in the early universe, the reader is referred to Todini and

Ferrara (2001).

5.1.2 Properties

The composition of interstellar dust grains is still largely unknown. Meteorites provide us with gen-

uine specimens of interstellar grains for examination. However, these are subject to severe selection

effects, and can not be considered representative of interstellar grains. Our only direct information
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about the composition of interstellar dust comes from spectral features of extinction, scattering, or
emission.

By means of spectral measurements and stellar nucleosynthesis it is found that dust grains are
composed mainly of elements like silicon, oxygen, nitrogen, carbon and iron. Dust grains are formed
of molecules like CO, SiO2, Al2O3, Fe, Fe3O4, MgSiO3, Mg2SiO4 and amorphous carbon. These
grains form at different temperatures. CO form at ∼ 2500 K (Fischer 2003), amorphous carbon at
∼ 1800 K, Al2O3 at ∼ 1600 K and the other grain types at ∼ 1100 K (Todini and Ferrara 2001).

The polarization of starlight was discovered more than 50 years ago, and was immediately recog-
nized as being due to aligned dust grains. Two separate alignments are involved: (1) alignment of the
grains’ principal axis of largest moment of inertia with its angular momentum J, and (2) alignment
of J, with the galactic magnetic field.

Woosley and Weaver (1995) calculate the chemical composition of different types of super-
novæ with masses of 11 − 40 M� and metallicities Z/Z� = 0, 10−4, 0.01, 0.1 and 1. Galactic dust is
found mostly in nebulæ, where it is an important factor in the star formation process.

5.1.3 Destruction

The destruction of dust particles is not very well understood, due to the fact that the dust is found
in a variety of environments of rather complex nature. In this section, some important mechanisms
for dust destruction are touched upon. Their exact impact, especially at the time of the early dust,
remains unclear (Draine 1990).

There are a number of phenomena that destroy dust (or rather erode it into negligible pieces). The
destruction mechanisms include sputtering and grain-grain collisions in interstellar shocks, sublima-
tion during supernova radiation pulses, sputtering and sublimation regions with ionized hydrogen,
photodesorption by UV light and sputtering by cosmic rays. A classic paper on dust destruction is
Draine and Salpeter (1979).

This plethora of processes makes it difficult to calculate the life time of the dust. For a hot ionized
medium the life time can be estimated to 108 years, in a cold neutral medium to 109 years and in a
molecular cloud to 1010 years (Draine 1990). The actual environment of the dust from the first stars
is largely unknown. What we do know, however, is that the universe was denser at that time than
it is today, but also less clumped. There were no real galaxies, and in the beginning no ionized gas
either.

5.2 Dark matter

Dark matter (DM) is not very well understood, but there are several properties that are known. There
is also a multitude of particles that could possibly constitute this mysterious DM. It has not yet been
directly seen, neither in astronomical telescopes, nor in particle accelerators. A review on DM can
be found in Bergström (2000) and more recently in Bertone et al. (2005).

The DM was originally conceived to explain the velocities of stars in galaxies as a function
of their distance from the center. For each of the stellar, galactic, and galaxy cluster/supercluster
observation the basic principle is as follows. If we measure velocities in a certain region, there
has to be enough mass present for gravity to stop all the objects flying apart. When such velocity
measurements are made on large scales, it turns out that the amount of inferred mass is much higher
than can be explained by the luminous matter we can observe. Hence we infer that there is DM in
the universe.

The DM concept can also explain the gravity required for the creation of large-scale structures
that we see in the universe today. This is mentioned in section 2.6.
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DM candidates usually fall into two broad categories, with the second category being further
sub-divided:

• Baryonic

• Non-Baryonic

– Hot dark matter (HDM)

– Cold dark matter (CDM),

depending on their respective masses and speeds. CDM candidates travel at slow speeds (hence
“cold”) or have little pressure, while HDM candidates move rapidly (hence “hot”). The CDM is
currently the most likely candidate to be the dominant component of DM.

Since the DM has yet eluded detection, it is supposed that it only interacts very weakly with
ordinary matter. This means that simulations of the structure evolution of the universe can be greatly
simplified. Since we know that the gravitationally dominant form of matter in the early universe was
DM, and its only interaction is gravitation, the equations of evolution are rather simple to solve. This
means that huge simulations can be made, including millions of DM particles and covering hundreds
of Mpc (mega parsecs). In simulations covering a significant part of the universe, each “particle”
weighs in the order of 1010 solar masses.

5.3 Heavy neutrinos

5.3.1 Background

Ever since the discovery of the three families/generations of light leptons and quarks some striking
similarites have intrigued physicists:

• Similarity between families

• Similar group structure of leptons and quarks

• Mass hierarchy

• Equal charge

The standard model of particle physics (Glashow 1961; Weinberg 1967; Salam 1968) postulates
three families of leptons and quarks. However, there is no underlying theory predicting these families
to be three or predicting the number to be the same for leptons and for quarks.1 So far, it is only
an experimental fact. Thus, a priori, there is no reason why this number should be restricted to
three. In fact, the situation is rather the opposite: there is theoretical justification for more than three
generations of leptons/quarks (cf. section 5.3.2).

Within the lepton family there is nothing to distinguish an electron from a muon or a tau, except
their mass and life times. Furthermore, the symmetry of the group structure of leptons and quarks
(cf. table 5.1) is a remarkable coincidence.

In the past, symmetries of this kind have been recognized as a sign of substructure. Also the
remarkable mass distribution in figure 5.1 is an argument for either a substructure of fermions or
for a classification as a representation of a larger group. If a substructure exists, then excited states
ought to exist. If there is a larger group it might very well contain heavy leptons. A priori, there is
no relation between heavy and excited leptons.

1 In fact, in order for the standard model to be anomaly-free, the sum of the charge of all fermions must be zero, though
this does not necessarily imply an equal number of leptons and quarks.
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Table 5.1: The three families/generations of leptons (electrons, e, and electron neutrinos, νe; muons,
μ, and muon neutrinos, νμ; taus, τ, and tau neutrinos, ντ ) and quarks (up, u; down, d; charm, c;
strange, s; top, t; and bottom, b) . The quarks d′, s′, b′ are the weakly interacting mixed states of the
mass eigenstates d, s, b. The indices L and R refer to left- and right-handed particles (for left-handed
particles the spin is antiparallel with the direction of the particle, i. e., the spin points “backwards”).

Leptons:
(
νe
e

)
L
, eR

(
νμ
μ

)
L
, μR

(
ντ
τ

)
L
, τR

Quarks:
(

u
d′

)
L
, uR, dR

(
c
s′

)
L
, cR, sR

(
t
b′

)
L
, tR, bR

The hierarchy of the masses suggests the possibility of a fourth, even heavier, generation of
leptons. Its mass would be of the order of 100 GeV, which could be within the reach of the CERN
LEP accelerator, where the sensitivity reaches up to M ∼ 200 GeV in single production and up to
M ∼ 100 GeV in double production. The corresponding neutrino mass would, in principle, also
have to be large (� MZ/2) in order to be in accord with the measured invisible width of the Z.

Besides the arguments in favor of heavy and excited fermions there are also several problems
with the standard model.

• The standard model has more than 20 free parameters, which have to be determined experi-
mentally (three lepton masses, six quark masses, W+,W−,Z0 and Higgs boson masses, three
coupling constants, four quark mixing angles, in addition to the masses and mixing angles of
the neutrinos).

• The form of the Higgs potential is somewhat arbitrary. The Higgs particle has not yet been
found and the stability of its mass against radiative corrections is fine-tuned.

• The nature and origin of the CP violation is introduced ad hoc as a complex phase in the CKM
matrix.

5.3.2 Heavy fermions

Several theories predict the existence of new, heavy fermions. These extensions of the standard
model generally have a mass scale at which a certain symmetry is restored. If we can obtain accel-
erator energies reaching this mass scale, we can directly probe the validity of the theory. However,
these energies are generally far too high (M ∼ 1012 TeV) to be reached by present accelerators
(E ∼ 1 TeV).

The most ambitious of the theories is the superstring theory (M ∼ 1016 TeV), aiming at unifying
all the known forces: electromagnetic, weak, strong and gravitational. It is currently the only viable
theory to do so. The grand unified theories (unifications at M ∼ 1015 TeV) attempt all the above,
except that they do not include gravity. Supersymmetry, which basically is a way of explaining the
mass hierarchy discussed above, is an integral part of both the Superstring theory and most of the
grand unified theories.

A characteristic property of these extended models is that they predict a zoo of new particles,
which have to be detected in order to be validated. The experimental advantage is that they offer
some concrete predictions.
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Figure 5.1: The mass hierarchy of the three fermion generations

The grand unified groups have fermion representations that contain the standard model quarks
and leptons but often also additional fermions. The wide range of masses of the fermions suggests
that some new leptons could have masses of about 100 GeV. There are three popular unifying groups,
S U(5), S O(10) and E6. The latter two contain new fermions. The group S O(10) (Robinett and Ros-
ner 1982; Barger et al. 1982) contains a right-handed Majorana neutrino and it is one of the simplest
groups in which the standard model could be conveniently embedded (S U(5) is the simplest). Ma-
jorana neutrinos are their own antiparticles. The exceptional group E6 (Hewett and Rizzo 1989)
contains several singlet neutrinos as well as new charged leptons and quarks, and it is an acceptable
four-dimensional field theoretical limit of superstring theory. There have also been several other
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propositions for heavy fermions, like in Tommasini et al. (1995).
There are four phenomenologically different types of heavy leptons (compare with table 5.1):

• Sequential

A fourth generation of fermions with the same basic properties as the other three.(
N
L±

)
L

; L±R(
U
D

)
L

; UR,DR

• Mirror

Doublets have right chirality and singlets have left (opposite of the standard model).(
N
L±

)
R

; L±L(
U
D

)
R

; UL,DL

Mirror fermions occur in many extensions of the standard model trying to restore the left-right
symmetry (Maalampi and Roos 1990) at the scale of the electroweak symmetry breaking.

• Vectorial

Both the right and left chirality are doublets.(
N
L±

)
L

;
(

N
L±

)
R(

U
D

)
L

;
(

U
D

)
R

Vector fermions occur, e. g., in the group E6.

• Singlet

Both the right and left chirality are singlets.
L±L , L±R ; NL, NR

UL, DR ; UR, DL
Singlet fermions are found both in E6 and in S O(10).

In our Paper IV the focus is on sequential heavy leptons, also called fourth generation leptons.
These new leptons are of the same character as the ones already known.

5.4 Preons

5.4.1 The standard model vs preons

The standard model (SM) of quarks and leptons serves as a background against which one might
study new physics. One example is the speculations about the existence of heavy neutrinos, like in
the previous chapter. A heavy neutrino would, however, make it quite logical to speculate also about
new heavy charged leptons, as well as new heavy quarks, and maybe also new (super)heavy gauge
bosons for the weak interaction.

Would such particles exist they might easily be included in a new version of the SM. The problem
is rather that one might then doubt that quarks and leptons are truly fundamental. Why would nature
be complicated enough to have more fundamental particles, when even the present 12 might seem
too many? Such ideas call for a substructure of leptons and quarks in terms of preons.
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Such preons are the subject of the fourth paper in this thesis, and I will therefore give a short
introduction to preons here, as well as discuss why they might be needed. I will, in fact, argue that
they are in a sense predicted by the SM.

To be more precise, I will discuss the following aspects of the SM and argue that they can all be
qualitatively explained as a consequence of a preon substructure:

• There are many “fundamental” particles, arranged in a pattern (of three families)

• Almost all quarks and leptons are unstable

• There are many quantum numbers that are not understood from first principles

• Some quarks, leptons and gauge bosons mix/oscillate in a quantum-mechanical sense, but with
no known reason

• The heavy vector bosons are massive and unstable, unlike other force particles (the photon
and the gluon)

• There is a mixing of Z0 with the photon, “explained” by the Higgs mechanism

The discussion will be rather general, although the fourth paper deals with a particular preon model
(Dugne et al. 2002), discussed in the next subchapter.

5.4.2 A brief history of preon models

Preon models have their origin in the mid-1970s, and many preon, or “subquark”, models developed
between 1972 and the early 1980. Earlier Pati and Salam (1974) had tried to unify leptons and quarks
by defining leptons as the “fourth color”, with quarks having the normal three colors. In the early
days Pati, Salam and Strathdee (1975) were instrumental for the development of preon models, and
so were Japanese workers, like Terazawa (1980).

A comprehensive list of early references is given in Pati et al. (1981), as well as in the book by
D’Souza and Kalman (1992).

From the subsequent development in the late 1970s and early 1980s, two models appear as
particularly simple and elegant, namely the “rishon” model by Harari (1979) and Shupe (1979), and
the “haplon” model by Fritzsch and Mandelbaum (1981).

In the rishon model there are only two preons, or rishons, T and V , and their anti-rishons. The
T has charge +e/3, while V is neutral. Then the electron is T̄ T̄ T̄ and the neutrino is VVV . The
u quark is TTV and the d quark is T̄ V̄V̄ . The ū and the d̄ are constructed in the same way from
the corresponding anti-rishons. An interesting feature is that quark color can be seen as an ordering
of the T s and Vs of quarks, such that, e.g., TTV , TVT and VTT corresponding to u quarks with
different colors. Hence only two rishons are needed to construct the four particles of the first family
of quarks and leptons. Heavier families are supposed to be simple excitations of the first family,
say radial ones. The gauge bosons γ, W and Z are assumed to be composite too, namely six-rishon
states.

In the haplon model there are three preons, but with quite different properties. Two of them, α
and β, have spin 1/2 and charges +e/2 and −e/2, while another two, x and y, have spin 1/2 and
charges e/6 and e/2. Only x carries quark color and exists merely in quarks. Hence, u = (αx),
d = (βx), e− = (βy) and νe = (αy). The heavy gauge bosons W and Z0 are simple states of one α or
β together with one of their anti-haplons ᾱ or β̄, in total spin 1. The authors mention that the weak
interaction is not fundamental, and that the γ − Z mixing in the “unified” electroweak interaction
is similar to the γ − ρ “mixing” of the so-called Vector Dominance Model for gamma interaction
with hadrons and nuclei. Also in the haplon model, the two heavier families are considered to be
excitations of the first one.
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Table 5.2: A “supersymmetric” scheme of spin-1/2 preons and spin-0 anti-dipreons.

charge +e/3 −2e/3 +e/3
spin-1/2 preons α β δ

spin-0 (anti-)dipreons (β̄δ̄) (ᾱδ̄) (ᾱβ̄)

Table 5.3: The composite states in the preon-trinity model; leptons with one preon and one dipreon,
quarks with one preon and one anti-dipreon, and heavy vector bosons with one preon and one an-
tipreon.

(βδ) (αδ) (αβ) (β̄δ̄) (ᾱδ̄) (ᾱβ̄) ᾱ β̄ δ̄

α νe μ+ ντ u s c Z0,Z′ W+ Z∗ α
β e− ν̄μ τ− d X b W− Z′,Z0 W ′− β
δ νκ1 κ+ νκ2 h g t Z̄∗ W ′+ Z′′,Z′ δ

So the conclusion is that the rishon model has few different preons (two), while the haplon model
has more preons, but fewer inside quarks and leptons (two).

These two models, and the original quark model (Gell-Mann 1964; Zweig 1964), inspired Dugne
et al. (2002) to a model for all quarks and leptons. With three preons inside each, the minimal
number of different preons is three. This would predict many new quarks and leptons. However,
it is prescribed that preons bind each other pairwise into spin-0 “dipreons”, and that quarks are
preon–antidipreon combinations, while leptons are preon–dipreons. Heavy vector bosons are preon–
antipreon states. There are only three different dipreons allowed by the Pauli principle. The preons
and dipreons are given in table 5.2, and the composite states are shown in table 5.3.

This model is the most detailed one on the preon market, and hence suitable for analyzing such
entities as the decay modes of the predicted new and heavy leptons and quarks. Such a study is
the main ingredient of Paper IV. Many other details are discussed in the original paper Dugne et al.
(2002).

Finally it should be mentioned that Hansson and Sandin (2005) and Sandin and Hansson (2007)
recently analyzed the possibility of “preon stars”, i. e., bodies in space consisting of preons only, and
weighing, typically, about an earth mass.

Below we give more specific arguments why preons should exist, as “predicted” by some unex-
plained properties of the standard model.

5.4.3 Some general arguments

History tells that “there is always a deeper layer of compositeness”. Earlier layers have normally
been suggested and/or discovered when the model in fashion became too complex, or when there
were too many different models for the “fundamental” particles. Nevertheless, compositeness has
never been a main trend of high-energy research. Rather, a majority of theorists has regarded the
“current” elementary particles as the fundamental ones.

The first theories of compositeness have, normally, faded away after some time, if not supported
by observations. Examples are the quark model by Gell-Mann (1964); Zweig (1964) and the early
preon models by Harari (1979) and Shupe (1979) (“rishons”) and by Fritzsch and Mandelbaum
(1981) (“haplons”).

The quark model gained a wider acceptance only after the pioneering deep-inelastic scattering
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data of the late 1960s and the early 1970s, and their interpretation in terms of partons. There are no
such supporting data for preons, and the interest in the first preon models was therefore gone a long
ago, except among some enthusiasts.

Compositeness still appears as a word now and then in experimental work, but mostly in searches
for deviations from the SM predictions in events with large transferred momenta. The lack of signals
are normally quoted as a minimal preon energy scale of a few TeV (Yao et al. 2006).

Still, it is logically impossible to prove, by theoretical or experimental means, that a certain entity
is not composite. This makes a preon model doubtful as a true theory, in the popperian sense, unless
it has some precise predictions that can be tested in experiment.

Now I will go through a few arguments that build on ad hoc features in the SM, similar to earlier
findings on a less fundamental level, and where the solutions turned out to be compositeness.

5.4.4 There are too many quarks and leptons

The most common argument in favour of preons (D’Souza and Kalman 1992) is that there are too
many quarks and leptons to be understood from first principles. There is no obvious logical reason
why there would be (at least) twelve fundamental particles. The case for preons is strengthened by
the fact that these particles fall into a nice pattern of three “families”.

Throughout history, the finding of “too many” fundamental particles preceded the discovery of
yet smaller and fewer building blocks. Examples are:

• The existence of too many elements was explained by atoms with electrons and nuclei

• The existence of isotopes was explained by nuclei with protons and neutrons

• The existence of hundreds of hadrons was explained by just three quarks, with a flavour S U(3)
symmetry

A first guess is therefore that the many quarks and leptons reflect a preon substructure, and that
the pattern of three families comes from the existence of three preons, with a preon-flavour S U(3)
symmetry. It is noteworthy that the early preon models did not, in general, provide a more rational
explanation of the quarks and leptons of those days. Typically, four different preons were used to
explain the existence of the four particles of the lightest quark/lepton family, while the heavier ones
were not properly understood. A good preon model should hence explain all quarks and leptons.

5.4.5 Unstable fundamental particles?

Most quarks and leptons are unstable, decaying into lighter ones, and there is a logical problem
with unstable fundamental particles: How can the most fundamental objects decay into equally
fundamental objects? This logical problem is rarely addressed in the literature.

Throughout history all decays of “fundamental” particles have mirrored their compositeness.
Examples are:

• The decays of atoms were found to come from the decays of their nuclei,

• which are caused by the decays of their nucleons,

• which are caused by the decays of their quarks.

Where will these explanations end? Not until we find a level with stable constituents. A preon
model must therefore either have absolutely stable preons, or rely on yet composite preons (“pre-
preons”). If preons are stable, all quark and lepton decays are just a regrouping of preons into
systems with lighter quarks and leptons. This limits the number of preon models. The pioneering
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preon models did not have this property. The heavier two families remained unexplained, or were
seen as internal excitations of the lightest one.

Summing up, one can predict the existence of three absolutely stable preons. This makes net
preon flavour a conserved quantity. A by-product is that if two quarks or leptons would have identical
net preon flavours, they will (must) mix into new mass eigenstates. This would be equivalent to, e. g.,
η/η′-mixing in the quark model. Hence such a preon model provides a possibility to understand the
various mixings of quarks, neutrinos and weak isospin eigenstates in the SM. These will be discussed
later.

5.4.6 Ad hoc quantum numbers

The SM contains a few quantum numbers that have been put in by hand, without a deeper under-
standing, and just in order to describe that some quark and lepton quantities are conserved or partially
conserved.

These are quantum numbers that either seem absolutely conserved, such as baryon number, or
are known to be conserved only in some reactions, e. g., weak isospin. Lepton numbers form a
grey-zone. They seemed to be absolutely conserved until quite recently, when neutrino oscillations
were discovered.

History again gives some clues. A long time ago, the “isotopic numbers” were understood only
after the discovery of the neutron and the compositeness of atomic nuclei. In the 1950s hadronic
isospin and strangeness/hypercharge were introduced to describe the observed approximate symme-
tries of hadronic decays and interactions. These three quantum numbers turned out to come from
three quark flavours.

Since the number three appears also in the SM, one might guess that lepton number conservation
has to do with preon number conservation, i. e., preon-flavour S U(3) symmetry. The disturbing
neutrino oscillations/mixings can then be understood if two or more neutrinos have identical net
preon flavour. This will be discussed in the next section. The connection between weak isospin and
the number of preons is not as obvious, but will also be discussed below.

5.4.7 Mixings of fundamental particles?

The SM prescribes that certain quarks, leptons and gauge bosons mix into new eigenstates before
decaying or influencing other particles. Whenever simular situations have appeared in the past, the
solution turns out to be in terms of compositeness.

A classical example is that different isotopes, created in nuclear reactions, mix in certain propor-
tions in nature, and are inseparable in normal chemical reactions. Chemical isotope mixing hence
has its root in the compositeness of atomic nuclei.

A more modern case is the mixing/oscillation of the two neutral kaons K0 and K̄0 into the mass
eigenstates KL and KS . This has to do with quark reactions inside kaons, i. e., with the compositeness
of hadrons.

Both cases are examples of what happens when virtually different states have identical net quan-
tum numbers relative the particular interaction used to “detect” them. I will now discuss three similar
mixings of “fundamental” particles in the SM, and their possible compositeness.

The Cabibbo mixing of d and s

The d and s quarks might mix into the weak-interaction (“mass”) eigenstates d′ and s′ because they
have identical net preon contents. The problem is to arrange this in detail. One possibility is that
the two quarks have identical preon contents, although with some internal differences between the
detailed preon wave functions, e. g., with two different internal spin structures. The other one is to
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Figure 5.2: One way for two composite quarks to mix quantum-mechanically. A preon-antipreon
pair annihilates and turns into another pair.

focus on the word “net”, meaning that some preon flavours cancel inside either quark, e. g., because
they contain preon-antipreon pairs.

The first alternative fits the neutrino sector better (see below). Instead quarks might be a preon-
antipreon pair plus an additional preon. Consider a situation where the two quarks have the following
compositions: d = ββ̄δ̄ and d = αᾱδ̄, i. e., with the net flavour of the δ̄ preon. Hence the d and s
quarks that are produced subsequently mix into mass eigenstates before they decay, or take part in
a weak process. As an oscillation, the mixing can be illustrated with the Feynman-like diagram of
figure 5.2. A preon-antipreon pair inside annihilates and produces another pair, resulting in another
quark.

The intermediate system can be one or more photons, one or more gluons, or maybe new gauge
bosons (“hypergluons”), which are assumed to exist in some preon models.

It is not realistic that this phenomenon can explain all quark mixings of the so-called CKM
matrix (Cabibbo 1963; Kobayashi and Maskawa 1973). There is no third state made up of these
three preons that can oscillate in a similar way to a d or an s. The smaller CKM matrix elements
differ by an order of magnitude from the Cabibbo one, which means that the detailed mechanism for
other quarks might be different from the one of section 5.4.2. A more detailed discussion of quark
mixings can be found in Dugne et al. (2002).

The preon charges can easily be chosen as to fit the charge of the d and s quarks. Obviously, δ
must have charge +e/3, while the other two can be “anything”. It is wise to choose the charges +e/3
also for α and −2e/3 for β. This will be obvious from the discussion in the following subsection,
although it seems attractive on general grounds to adopt the three charges of the original flavour-
S U(3) quark model.

Neutrino mixing

If we choose preon charges as multiples of e/3, and if a quark contains three entities, it will be almost
necessary to make the charged leptons three-preon states. With the charges defined as above there
are just three ways to make neutrinos: αβδ, ααβ and δδβ.

There are several possible spin combinations if we want to build neutrinos. For simplicity, let
us assume that two unequal preons prefer to form a total spin-0 “dipreon” pair, in the same way
as quarks tend to form “diquarks” in many situations (Anselmino et al. 1993). The introduction of
spin-0 dipreons results in the following five neutrinos: ν1 = α(βδ)S=0, ν2 = β(αδ)S=0, ν3 = δ(βα)S=0.
ν4 = α(βα)S=0, ν5 = δ(βδ)S=0. Note the similarity with the five neutral baryons in the spin-1/2 nonet
(octet + singlet) of the original quark model.

It can be seen that the three neutrinos ν1, ν2 and ν3 indeed have identical net preon flavours,
and hence can mix/oscillate into three new mass eigenstates. Figure 5.3 shows the situation for
an oscillation between ν1 and ν2. At this stage (of the discussion) it is not possible to tell which
neutrinos that correspond to the different preon states. Three of the five states must naturally be
connected to the three known neutrinos, while the other two must have masses in excess of half the
Z0 mass.
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Figure 5.3: One way for two composite neutrinos to mix/oscillate. A preon oscillates in and out of
two different “dipreon” (spin-0) pairs.
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Figure 5.4: One way for two composite neutral vector bosons to mix. A preon-antipreon pair anni-
hilates and turns into another pair.

It can be observed that with these preons it is impossible to construct charged leptons that oscil-
late or mix in the same way. Neither can there be decays of the type μ→ eγ.

Electroweak mixing of W0 and B0

In many preon models (D’Souza and Kalman 1992) the weak gauge bosons are supposed to be
built up by preon-antipreon pairs in total spin 1. With the preons described earlier, it is tempting to
define W+ = (αβ̄) and W− = (βᾱ). The neutral sector is more complicated. There are five neutral
combinations of the three preons, and three of these have identical net preon numbers: αᾱ, ββ̄ and
δδ̄. They resemble the ρ0, ω and φ of the vector meson nonet, and are expected to mix. It seems as
if some combinations correspond to the two neutral weak-isospin eigenstates: W0 = (αᾱ − ββ̄)/√2
and B0 = (αᾱ + ββ̄)/

√
2. These two mix into two mass eigenstates, Z0 and Z′ (a new and even

heavier boson). The partner of the Z is not the photon, like in the SM, because the weak interaction
is not fundamental in models with composite Zs and Ws. There can hence not be an electroweak
unification (and no Higgs). It should be added that most preon models, but not all, lack a Higgs
mechanism.

The mixing of (αᾱ) with (ββ̄) can again can be illustrated in the fashion of a Feynman diagram,
as in figure 5.4.

The intermediate state must be neutral in both charge and colour, as well as have spin 1, i. e., it
could be one or more photons, two or three gluons, or a number of hypothetical “hypergluons”.

An interesting relation

The action in figure 5.2 and 5.4 takes place through similar preon subprocesses, as shown again in
figure 5.5.

If the mixing fraction of the (αᾱ) and (ββ̄) pairs depends only on the masses and/or electric
charges of α and β, and not on, e. g., the systems they are in, then one can show that there is a
relation between the Cabibbo and Weinberg angles (Dugne et al. 2002):

cos θW − sin θW =
√

2 sin θC . (5.1)

With sin2 θW = 0.23117 ± 0.00016 and sin θC = 0.2225 ± 0.0035 (Yao et al. 2006) the lhs =
0.396 ± 0.001 and the rhs = 0.315 ± 0.005. This is a fair agreement. In addition, if we simplify the
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Figure 5.5: The Weinberg mixing of W0 and B0, in the upper part of the figure, and the Cabibbo
mixing of d and s, in the lower part, come from the same basic preon processes, and are hence
related.

situation again and assume that all such mixings occur through one-photon intermediate states, then
the preon-antipreon pairs occur in proportion to their squared charges, and we expect:

sin θC = q2
α/(q

2
α + q2

β) = 1/5, (5.2)

which again is not far from reality.

Massive, charged and unstable weak gauge bosons

Most SM ingredients that lack a deeper understanding have to do with the fact that the weak interac-
tion has massive gauge bosons. The situation with massive and unstable “gauge bosons” is, however,
not new in high-energy physics. In nuclear physics it is often productive to regard the vector mesons,
ρ, ω, φ etc, as gauge bosons of the nuclear forces that keep nucleons in place. They are supposed to
close the gap between QCD and nuclear physics, by leaking colour-neutral quark-antiquark pairs be-
tween nucleons. It seems as if spin-1 particles are better than scalar ones in mimicing true (massless)
gauge bosons.

History therefore warns us that massive gauge bosons might not be fundamental, but some kind
of “neutral” leakage of more basic forces. Hence W and Z might well be false gauge bosons that
just leak the basic preon forces. This implies that there are nine different heavy vector bosons (if we
believe in preon-flavour S U(3)). Hence six very heavy ones have not yet been discovered. Five of
the bosons are neutral (Zs) and four charged (Ws). Three of the Zs have identical net preon flavour
and would mix, since they are built up by αᾱ, ββ̄ and δδ̄.

5.4.8 γ/Z mixing

Why does the Z0 seem to mix with the photon, in a way that is well described by the electroweak
sector of the SM and parametrized by the Weinberg angle?

This situation is not new. In the 1960s it was acknowledged that the photon sometimes behaves
like a hadron in interactions with nucleons. It was suggested that its wave function has a hadronic
component, consisting mainly of the ρ meson, but with some fraction also of more massive spin-1
mesons at higher Q2 values. This idea was named Vector Meson Dominance, VMD (Schildknecht
1972). It was developed in detail and used to describe a wealth of data. It is still a good model for
the behaviour of virtual photons in medium-Q2 reactions with hadrons. Hence a photon is believed
to couple via a ρ, like in figure 5.6, when interacting with a hadron.

At an early stage this was taken as a fact, and the origin of the coupling remained unknown for
a while. A physicist could then have come up with a radical idea: The photon and the ρ are one and
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Figure 5.6: The photon mixes with ρ according to the Vector Meson Dominance model.
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Figure 5.7: The γ/ρ mixing comes about because ρ is composite.

the same particle! This would open up for a new theory of electrostrong unification, where the γ/ρ
mixing is parametrized by an electrostrong mixing angle. The difference in mass between the two
particles could have been explained by an electrostrong Higgs boson, or rather a whole set of mixing
angles and Higgs bosons, because the photon couples also to other vector mesons in the VDM.

Why was this model never invented (except here)? Because soon after the invention of VMD,
the quark model came. Then it became evident that any spin-1 neutral meson couples to (“mixes”
with) the photon just because its quarks are electrically charged. At high-enough Q2 the photon sees
the constituents, instead of the (invisible) neutral hadron. The true explanation of the γ/ρ mixing is
hence compositeness, as illustrated by figure 5.7.

The conclusion for the Z0 is then obvious. It contains charged preons, and is hence doomed to
couple to a high-Q2 photon, as in figure 5.8.

Qualitatively, the electroweak formalism is very similar to the old parametrization of the VDM
model, i. e., the propagators in a Feynman-graph formalism look the same. The Z and Ws are just
very good at mimicing true gauge bosons. One can even understand why one and the same Weinberg
angle describes not only the γ/Z mixing in the SM but also the Z/Z′ mixing in a preon model. This
would come about if the preon-antipreon states inside the various Zs mix via virtual photons, rather
than gluons or hypergluons.

However, the electroweak and “electrostrong” situation differ quantitatively, since no heavier
(Z′) boson has been found, in the meaning of deviations from the SM predictions, e. g., at the CERN
LEP machine. But most searches for new gauge bosons are built on the assumption that they are just
heavier versions of the normal ones, with the same effect when they are exchanged, and with similar
decay modes (except for the higher masses). This need not be true if they are built of preons, which
means that experiments have so far missed them.

l +
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Z

Figure 5.8: The γ/Z mixing comes about because Z is composite.
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5.4.9 What next?

This discussion of crucial ad hoc features of the standard model has, step-by-step, led to strict and
rather detailed requirements of a hypothetical preon model for quarks, leptons and heavy vector
bosons. As one might guess, they are all in line with the “preon-trinity” model presented earlier by
Dugne, Fredriksson and Hansson (2002).

This is the reason that we have started a more detailed search for signatures of quarks with the
help of current data. Harari (1979) looks into the situation with data from the (closed) CERN LEP
accelerator. In future projects we will also take a closer look at data from production of top quarks.
At Fermilab there is not yet data enough to test the finer details of the model, so we would rather
wait for the CERN LHC to look for the expected new and heavy particles predicted by the model,
where the top is just one example.

Also, neutrino oscillations is on the list of possible future studies within this model.
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CHAPTER 6. DISCUSSION AND CONCLUSIONS

Chapter 6

Discussion and conclusions

The universe truly is a marvelous place, and it is astonishing how much we can learn about its
history and evolution just by observing some light that happens to reach the earth. The evolution of
the universe has been treated in chapter 2 in order to set the stage for the dust and heavy neutrinos
in the history of the universe.

6.1 Imprint of dust on the CMB

One of the things we might learn in the near future is the impact of dust from the first generation of
stars. Since the dust has a particular spatial and spectral signature it might be detected by the Planck
satellite, planned to be launched in 2008. This dust could help us to better understand two important
things in the universe: the cosmic microwave background (CMB) and the formation of structures,
like galaxies and stars in the early universe.

Chapter 2 dealt with two points pertaining particularly to dust: (1) The decoupling of matter
from radiation (section 3.5), leaving the universe with an omnipresent radiation with an imprint of
the properties of the universe when it was 400,000 years old; (2) The first generation of stars (section
2.7), which exploded as supernovæ and sprayed out heavy materials that condensed to form dust.

In chapter 4 followed a description of the properties and benefits of the CMB. The CMB radiation
contains a wealth of cosmological information, which can be extracted with the help of the power
spectrum (section 4.4).

Chapter 5 contained a description of our current knowledge of interstellar dust (section 5.1) and
gave an introduction to dark matter (section 5.2). Neither of these subjects is particularly well known
to us today, but there is a lot of circumstantial evidence helping us to understand the basics.

In my thesis I have sought to answer the following questions:

1. How did the dust density evolve in the early universe?

The amount of dust produced by the first generation of stars (population III stars) was esti-
mated in Paper I. Using the star formation model of Cen (2002), which explains the reion-
ization of the universe through star formation, the dust production is simply taken as being
proportional to this star formation rate. The results are then parametrized in terms of the
fraction of fusioned atoms that became interstellar dust, fd.

The dust destruction rate in the early universe is not well known. Therefore the results are
evaluated for three different dust life times, Δt = 0.1, 1 and 10 Giga years. The extrema are
not very realistic but they give a span of the possible dust destruction rates. The relative dust
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Figure 6.1: The co-moving relative dust density evolution Ωd = ρdust/ρc, for fd = 1. The minima at

z = 6 and 9 for Δt ≤ 0.1 Gyr is due to the fact that Δz = 1 is not a constant time interval.

density is of the order of ΩDust ∼ 10−6 for Δt = 0.1 Giga years and ΩDust ∼ 10−5 for Δt = 1

and 10 Giga years, see figure 6.1.

2. What is the spectrum of the thermal emission of dust from population III stars?

As was explored in Paper I, the dust from the first stars was heated by the CMB as well as

by the stars themselves. This means that the dust has a modified blackbody spectrum with a

temperature slightly above the CMB. The spectrum from this early dust as measured here on

earth is a blackbody spectrum with T = 2.725 K multiplied by the square of the frequency,

see figure 6.2. Unfortunately, this thermal dust emission is not high enough to be directly

detected.

3. What was the spatial distribution of the dust from population III stars?

In Paper II two different models were tested in order to study the dust distribution. The corre-

sponding power spectrum of the dust emission was then calculated and compared with sensi-

tivities of different detectors.

If the dust is supposed to follow a smoothed DM distribution, a rather low power spectrum is

found. A higher power spectrum is found if we assume that the dust simply is proportional to

the DM distribution in the universe, as calculated by the GalICS simulation program.

In figure 6.3 we see that for angular scales � ∼ 2000 there is a small region where the dust

could dominate over other sources of sub-millimeter emission, depending on fd and Δt as

stated above.

6.2 Implications and possible origin of hypothetical heavy neu-

trinos

The interest in heavy neutrinos has waned in the last decade or two since it was shown that they can

not be a dominant component of the DM of the universe (Mori et al. 1992). As we have shown in
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Figure 6.3: Comparison between dust power spectrum and Planck error limits at 353 GHz with
binning 500. The error limits (total noise) consist of two parts; the CMB cosmic variance, which
dominates for small � and the instrument noise, which dominates for high �.

our Paper III, though, this does not mean that they can not exist. If they exist, and if their mass is
right, they would produce a small bump in the gamma-ray spectrum at Eγ ∼ 1 GeV.

In order to evaluate the neutrino density evolution, we first need to study some cosmology and
thermodynamics in the early universe. This was treated in chapter 3 along with the decoupling of
non-relativistic particles from the radiation. The correct formulation for the evolution of the particle
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number density was derived, including the change in temperature due to freeze-out of (lighter) par-

ticles. This led to a somewhat higher estimation of the heavy neutrino number density than previous

results (e. g., Fargion et al. 1995).

4. How does the neutrino density evolve with time?

The neutrino density has been calculated in several papers in the past, most of them using the

freeze-out temperature and then solving the problem analytically. One of the last contributions

in this field is done by Fargion et al. (1995). In Paper III these results were first reproduced

without our being certain about their approximations, but we found essentially the same relic

neutrino density.

Then a numerical calculation was made of the evolution of the neutrino density with the re-

heating from entropy conservation properly taken into account. The resulting neutrino density

proved to be higher than the analytical result by a factor of ∼ 2, see figure 6.4. It can be seen

that the maximum value of the numerical simulation gives ΩN ≈ 0.04 for MN = 140 GeV

which is about 15% of the dark matter content (ΩDM = 0.24) of the universe (dotted line).
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Figure 6.4: The relic relative density of heavy neutrinos as a function of their mass (in GeV).

5. How large is the clumping enhancement for the neutrino-antineutrino signal?

Since the neutrino-antineutrino annihilation is proportional to the square of the neutrino den-

sity, structures with higher density, such as galactic clusters and galaxies, will have a positive

net effect on the annihilation rate.

This enhancement (the “clumping factor”) is estimated in Paper III, using a conservative DM

halo radius equal to the virial radius of the DM halo. The DM simulations are the same as in

Paper II.

The signal from neutrino-antineutrino annihilation is thereby enhanced by a factor of ∼ 30.

The clumping factor as a function of time can be seen in figure 6.5.

6. How much would heavy neutrinos contribute to the diffuse gamma-ray background?

The gamma-ray spectrum from distant neutrino-antineutrino annihilation is calculated in Pa-

per III. Using the neutrino density and the clumping factor, the gamma-ray spectrum near earth

was calculated.
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For neutrino masses of ∼ 100 − 200 GeV, the signal was found to surpass the diffuse gamma-
ray spectrum measured by the satellite-born EGRET telescope, see figure 6.6. If the neutrino
mass would be on the boundaries of this exclusion region, the heavy neutrinos would give a
small bump in the gamma-ray spectrum at ∼ 1 GeV, as can be seen in figure 6.7.
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Figure 6.6: Maximum cosmic gamma radiation from photons produced in NN̄-collisions as a func-
tion of neutrino mass (in GeV). The marked region is excluded since ΩN > ΩDM within. The data
are taken at the energy corresponding to the maxima in figure 6.7 with error bars.

7. How would composite leptons and quarks reveal themselves in existing data?

If the heavy leptons and quarks of the preon-trinity model exist, and if they are lighter than
the top quark, as indicated by the model, then several of them are expected to be produced
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Figure 6.7: Cosmic gamma radiation from photons produced in NN̄-collisions as a function of
photon energy for neutrino masses MN = 50, 70, 100, 140, 200, 500, 1000 GeV. The dotted line rep-
resents MN = 50 GeV and the dot-dashed MN = 1000 GeV. The solid lines are the masses in
between. The circles represent data from EGRET (Sreekumar et al. 1998), with error bar, as derived
for extragalactic sources.

at CERN LEP energies in e+e− annihilations. Most notably, a heavy neutrino is expected to
decay into a light neutrino and a photon, but also through other decay modes. We predict also
the decay modes of the heavy quarks of the model that we use. It is obvious in the model that
single-top production is forbidden in e+e− annihilations at LEP energies. Since the model has
no dynamics it is not possible to predict branching ratios and life times, only decay modes and
very approximate masses.

6.3 Conclusions

The objectives of this doctoral thesis, as presented in chapter 1, were to investigate (1) the imprint of
early dust on the CMB and (2) the implications and possible origin of hypothetical heavy neutrinos.
These objectives have now been accomplished by the answers to the research questions in sections
6.1.1 and 6.1.2 above. There is some imprint of the dust although it is small. Heavy neutrinos
might produce a gamma-ray signal under certain conditions. If they exist, they might be composite
particles.

48



CHAPTER 7. OUTLOOK

Chapter 7

Outlook

There are still numerous exciting problems to be solved in order to consolidate our understanding of
the universe, in particular, regarding early dust, heavy neutrinos and preons.

The impact of dust on the history of the universe is still an open question. It would be interesting
to see some detailed simulations of the evolution of the first galaxies, with dust production as well
as dust destruction taken into account. This dust has important implications for the spectra emitted
by these galaxies, which eventually could be detected. The Hubble ultra deep field (Beckwith et al.
2006) shows us the universe at an age of ∼ 0.7 − 2 billion years. Even more interesting is the
James Webb Space Telescope, the successor to the Hubble Space Telescope, which is planned to be
launched in 2013. It will be almost three times the size of Hubble and it has been designed to work
best at infrared wavelengths. This will allow it to study the very distant universe, looking for the first
stars and galaxies that ever emerged.

The true nature of DM is still an unresolved question. Heavy neutrinos can not constitute a
major part of the DM but they might contribute. The results of the GLAST satellite might give some
evidence of this.

The truth behind the symmetries in the SM can also be further explored, especially in prospect
of the CERN LHC that will come online in 2008. The preon model presented here have several
attractive features that can give measureable predictions. In the end of the next decade, there will
also be the International Linear Collider, for precision measurements at an initial energy of 500 GeV.

Another interesting path is to study the large scale structure of the universe. The “cold spot”
in the CMB gives evidence of that the universe might not be as isotropic and homogeneous as has
previously been presumed.

New instruments are continously being developed and our understanding of the universe is grow-
ing rapidly. All in all, the prospects of astrophysics are excellent in the future, and I look forward
to take part in the coming exploration of the conditions for mankind to survive and prosper in the
universe.
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APPENDIX A. COSMOLOGY REFERENCE

Appendix A

Cosmology reference

A.1 Basic introduction

This appendix contains some explanations for those not so familiar with cosmology but with some
knowledge of physics in general and also a short list of relevant equations. The symbols are ex-
plained in appendix C.

First, it is important to know that distance and time are used interchangeably. Since light moves
with a constant speed, c, we know that the distance traveled is c · t. So, if we say that something is
100 light years away we see it as it was 100 years ago.

Another important measure of distance is (cosmological) redshift, z. The relation between time,
t, and redshift, z, is given in section A.2 and is also plotted in figure A.1. Astronomers and astro-
physicists often mean distance when they speak about redshift, while cosmologists often mean time.
In fact, the definition of redshift is:

z =
λ0 − λe

λe
, (A.1)

where λ0 is the observed wavelength and λe is the emitted wavelength. The reason why λ0 � λe

is the expansion of the universe – the light waves also expand and thus their wavelength increases.
Consequently the redshift can also be expressed as z + 1 = 1/R, where R is the expansion of the
universe. Note that light emitted nearby will not have been subject to any expansion of the universe
and thus corresponds to z = 0.
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Figure A.1: Time versus redshift.
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A.2 Cosmological equations

Relation between temperature, T , expansion of the universe R and time since the big bang, t:

Radiation dominated universe:
T ∝ 1/R ∝ 1/t1/2. (A.2)

Matter dominated universe:
T ∝ 1/R ∝ 1/t2/3. (A.3)

Evolution of matter and radiation density:

Matter density:
ρM ∝ R−3. (A.4)

Radiation density:
ρR = σT 4/c2 ∝ R−4. (A.5)

General:

Time/redshift (for z < 1000):

dz
dt
= −H0

√
(1 + z)2(1 −Ωm + Ωm(1 + z)3). (A.6)

Measured angles:

π

�
≈ θ[rad] =

Dc

Lc
=

Dc

c · ∫ t0
ti

(1 + z)dt
=

Dc

c
∫ 0

z dz(1 + z) dt
dz

, (A.7)

where Dc denotes the co-moving distance and the other symbols are explained in appendix C.

Spectra:

Blackbody spectrum:

Bν =
2hν3

c2 (ehν/kBT − 1)−1. (A.8)

Conversion ν↔ λ:
f (ν)dν = f (λ)dλ, ∀ f . (A.9)
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APPENDIX B. PARTICLE PHYSICS

Appendix B

Particle physics

B.1 The standard model of particle physics

The standard model (SM) of particle physics (Glashow 1961; Weinberg 1967; Salam 1968) is both
one of the most successful theories of science and also one of the most frustrating. A theoretical
prediction of the so-called anomalous magnetic dipole moment of the electron has been verified
experimentally to more than 12 significant digits (Odom et al. 2006). This is unprecedented. At the
same time, there are 29 ad hoc parameters in the model. There is also a beautiful unification of the
electromagnetic and the weak force, but the force of gravity is not compatible.

In the SM there are twelve particles (six quarks and six leptons), five force carrying particles
and the Higgs boson. The SM has withstood every test to which it has been submitted to, except
one. The Higgs boson has not yet been detected. Groups at the Fermilab Tevatron accelerator search
frenetically and when the Large Hadron Collider, which is scheduled to be turned on in 2008, the
Higgs boson can not be missed. Eventually, it will be detected – if it exists.

The practical aim in particle physics is often to calculate the cross sections, life times and branch-
ing ratios for certain interactions in order to achieve a deeper understanding of the microcosmos.

B.2 Quantum field theory

Quantum field theory (QFT) is a quantum description of a field. It originated in the 1920s from
the problem of creating a quantum mechanical theory of the electromagnetic field. QFT started
with the Dirac equation (Dirac 1928), a single-particle equation obeying both relativity and quantum
mechanics:

(γμ∂μ + im)ψ = 0. (B.1)

Here

γ0 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (B.2)

and

γi =

(
0 σi

σi 0

)
, (B.3)

61



where the Pauli matrices are given by

σi =

(
0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)
. (B.4)

In the Dirac equation, γμ∂μ corresponds to
√

E2 − p2, which in special relativity is the invariant
mass, as is the case in the Dirac equation.

Adding a quantized electromagnetic field to this theory leads to the theory of quantum electro-
dynamics (QED). The Lagrangian of QED is

L = iψ̄γμ∂μψ − eψ̄γμAμψ − mψ̄ψ − 1
4

FμνFμν, (B.5)

where Aμ is the electromagnetic vector potential and Fμν = ∂μAν − ∂νAμ is the electromagnetic
field tensor. The first and third terms are the same as in the Dirac equation above. The second
term represents the coupling to the electromagnetic field and the fourth term the electromagnetic
self-coupling.

The actual calculations of cross sections are made using perturbation theory, which have a simple
pictorial representation as Feynman diagrams. In these diagrams, points where lines connect to other
lines are called interaction vertices, or vertices for short. There are three types of lines: incoming,
internal and external. Incoming lines represent the initial (noninteracting) state, outgoing lines the
final (noninteracting) state and internal lines connect two vertices. The probability of each final state
of an interaction is obtained by summing over all possible Feynman diagrams.

For a treatment of QFT, see the book by Peskin and Schroeder (1995).

B.3 Electroweak interactions

The electroweak theory is the part of the SM that treats the electromagnetic force and the weak force.
There are three basic types of weak interaction vertices. Quarks and leptons can emit or absorb a
Z boson. This is called a neutral current. A charged lepton can also emit or absorb a W boson and
convert into a corresponding neutrino. A quark with charge -1/3 can emit or absorb a W boson and
convert into a superposition of charge +2/3 quarks and conversely, a quark with charge +2/3 can
emit or absorb a W boson and convert into a superposition of charge -1/3 quarks. The interactions
involving the W boson are called charged current interactions.

The Lagrangian of the electroweak interaction has four parts:

L = Li +Lk +LH +LY . (B.6)

The first term,Li, is the electroweak interaction term corresponding to − 1
4 FμνFμν above. The second

term is the kinetic term corresponding to iψ̄γμ∂μψ− eψ̄γμAμψ−mψ̄ψ above. The third term accounts
for the Higgs particle and the fourth term is the Yukawa coupling, which couples the particle of
interest to the Higgs particle.

B.4 Heavy neutrinos

There are two normal types of heavy neutrinos, Majorana and Dirac. A Majorana neutrino is its own
antiparticle. A Dirac neutrino, on the other hand exists both as particle and antiparticle, N and N̄.
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The heavy neutrinos can annihilate into various other particles through Z0 exchange. For MN 	
MZ , the (virtual) Z0 then decays into two fermions, f f̄ , and the total cross sections for these pro-
cesses are (Kolb and Turner 1990)

〈σA|a|〉 =
G2

Fm2
N

2π

∑
f∈{mf<mN }

√
1 − (mf /mN)2(C2

Vf
+C2

Af
)(1 + (mf /mN)2/2) (B.7)

for a Dirac neutrino, and

〈σA|a|〉 =
G2

Fm2
N

2π

∑
f∈{m f<mN }

√
1 − (mf /mN)2

[
(C2

Vf
+C2

Af
)8β2

f /3 +C2
Ai

2(mf /mN)2
]

(B.8)

for a Majorana neutrino. Here GF = 1.166 × 10−5 GeV−2 is the Fermi constant, β f is the relative
velocity of fermion f and CV and CA are the neutral vector and axial vector couplings given in terms
of the weak isospin, I3, and the electric charge q of fermion f : CA = I3 and CV = I3 − 2q sin2 θW ,
where θW ≈ 0.24 is the Weinberg angle.

For neutrinos heavier than Z0 the expressions for the cross sections are more complicated, and
the possibilities will only be outlined here: σZ(NN̄ → f f̄ ), σH(NN̄ → f f̄ ), σ(NN̄ → H0H̄0) and
σ(NN̄ → W+W̄−). The index on σ denotes the interaction channel (H for Higgs particle and Z for
the Z0 boson). The complete expressions (for Dirac neutrinos) can be found in Enqvist et al. (1989).
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Appendix C

Explanations

C.1 Glossary

For further descriptions of astronomical terms, the interested reader is referred to http://factguru.com/.

Acoustic oscillations The oscillations due to density variations in the photon-baryon fluid prior to
decoupling.

Antimatter Antimatter is constituted of antiparticles.

Antiparticle An antiparticle is defined as having the opposite quantum numbers of the correspond-
ing particle, while it has the same mass.

Boson A particle with an integer-valued spin, in contrast to fermions, which have half-integer spin.
A photon is a boson, as are the other force carrying particles. Bosons obey Bose-Einstein
statistics, named after the Indian physicist Satyendra Nath Bose and Albert Einstein.

Baryonic matter “Ordinary matter” consisting of baryons, i. e., protons and neutrons.

Big bang The origin of the universe some 14 billion (= 109) years ago - see section 2.1.

Bremsstrahlung Radiation emitted due to acceleration of charged particles.

CMB Cosmic microwave background. The fossil radiation left from the decoupling of radiation
from matter, ∼ 400,000 years after the big bang. The CMB radiation has a blackbody spectrum
with a temperature of TCMB = 2.725 ± 0.002 K (Mather et al. 1999).

Dark energy Dark energy constitutes ∼ 70% of the total energy content of the universe today but
the exact nature of dark energy is unknown. It has a negative pressure and is represented by
the Λ-term in the Einstein equations (3.5).

Dark matter Exotic dark matter is believed to constitute ∼ 25% of the total energy of the universe.
Ordinary (baryonic) matter only constitutes ∼ 5% of the total energy of the universe. The
domination of dark matter is inferred from the rotations of galaxies and the evolution of large
scale structures (e. g., galaxy clusters) in the universe. Note, however, that ordinary matter
invisible to us is also dark matter. It is still an unsettled question what dark matter actually is.
For more information, see section 5.2.

Decoupling When the interaction rate of a particle is slower than the expansion of the universe,
Γ � H. For a more detailed treatment, see section 3.5.
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Decoupling (of photons) When there was not enough thermal energy to excite hydrogen, the en-
ergy of the photons did not change anymore and they continued virtually unhindered.

Dirac (particle) It has a distinct antiparticle, contrary to Majorana particles, which are identical to
their antiparticles.

Early ISW effect This is due to the fact that the photons contribute to the gravitational potential.
Since the photon energy decreases with time, this induces an integrated Sachs-Wolf effect.

Equilibrium, chemical The chemical activities or concentrations of the reactants and products have
no net change over time.

Equilibrium, local kinetic In this case only the gas particle velocities are given by thermodynamic
equilibrium.

Equilibrium, local thermodynamic In this case the excitation and ionization of the gas as well as
the particle velocities are all the same as in thermodynamic equilibrium, but the radiation field
is not.

Equilibrium, radiative The amount of energy radiated by a volume is the same as the amount
absorbed.

Equilibrium, thermodynamic With this kind of equilibrium in a volume all parameters including
all aspects of the radiation field are those given by the laws of thermodynamics.

Fermions Particle with a half-integer spin, in contrast to bosons, which have integer spin. Examples
of fermions: electrons, protons, quarks and neutrinos. Fermions obey Fermi-Dirac statistics,
named after the Italian physicist Enrico Fermi and the Brittish physicist Paul Dirac.

Foregrounds Other signals that (partly) hide the primordial CMB. Examples: Our galaxy and point
sources like nearby planets and distant galaxies and dust, cf section 4.3.

GalICS A computer program, developed at the Centre de Recherche Astronomique de Lyon, used
to simulate dark matter and the evolution of galaxies and their spectra.

Heavy neutrino Hypothetical neutrino with a substantial mass, higher than half the Z0 mass. It
appears in models with more than three generations (or families) of leptons. Some models
predict several different heavy neutrinos.

Higgs boson The particle in the standard model of particle physics that gives mass to the other
particles. It has not yet been found, see appendix B.

Integrated Sachs-Wolf effect (ISW) When a gravity potential changes over time. See section 4.2.

Late ISW effect This comes from the dark energy term that will become more and more important
as time passes. This increase in energy also leads to an integrated Sachs-Wolf effect.

Majorana (particle) It is its own antiparticle (Majorana 1937) contrary to a Dirac particle, which
has a distinct antiparticle.

Metallicity The mass proportion of elements heavier than helium, denoted Z. The sun has a metal-
licity of Z� ≈ 0.02 (Schaller et al. 1992).

Monte Carlo A Monte Carlo method is a computational algorithm that relies on repeated random
sampling.
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Optical depth, τ The probability of a photon passing through a medium without scattering is e−τ.

Planck A satellite that will be launched in 2008, planned to measure the CMB over the entire sky
with unprecedented precision. It is named after the German physicist Max Planck.

Population III stars The first generation of stars with extremely low metallicity and probably a
high mass and a short life.

Power spectrum A plot of the angular correlations of the measured CMB, cf section 4.4.

Preon Name of hypothetical constituents of leptons and quarks. Preon stands for “pre-quark”,
sometimes also called “subquark”. There are many different, more or less detailed, preon
models on the market.

Quantum numbers The numbers, which can be said to best describe the state of a particle. Exam-
ples: electric charge (Q), lepton number (L), baryon number (B), parity (P), spin (S ), isospin
(I), strangeness (S ), and charge conjugation (C).

Quasar Extremely distant and luminous astronomical objects, which are much smaller than a galaxy
and much more luminous. They are very young and very active galactic nuclei, most probably
centered around a gigantic black hole.

Redshift, z Used to measure distance from us to a distant light-source, far outside our own galaxy.
Equivalently, redshift measures time from now and backwards. Today the nearby universe has
z = 0. A billion years ago correspond to z ∼ 0.1, ten billion years ago to z ∼ 2, and thirteen
billion years ago to z ∼ 8. The redshift is due to the expansion of the universe. Contrary
to popular belief, this is not a doppler shift. Most galaxies move away from us, but this is
not caused by their redshifts. Instead, as a light wave travels through the fabric of space, the
universe expands and the light wave gets stretched and therefore redshifted. See also appendix
A.

Reionization This happened when the first generation of stars formed, emitting high energy photons
capable of ionizing the hydrogen and helium gas. The reionization lasted for some five billion
years.

Sachs-Wolf effect When a photon has to climb out of a gravitational well and thereby gets red-
shifted.

Silk damping Damping of density perturbations up to 1011M� prior to decoupling, due to photon
diffusion.

Sputtering Bombarding a target material with energetic (charged) atoms, which release atoms from
the target, thus eroding it.

Sublimation The change of a solid substance directly into a vapor without first passing through the
liquid state.

Sunyaev-Zel’dovich effect When an electron hits a photon and changes its energy. See section 4.2.

Supernova A gigantic stellar explosion in which the luminosity of the star suddenly increases as
much as a billion times. Most of its substance is blown off, leaving behind at least in some
cases, an extremely dense core, which may become a neutron star.
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C.2 Abbreviations

BBN Big Bang Nucleosynthesis
CDM Cold Dark Matter
CMB Cosmic Microwave Background
DM Dark Matter
GalICS Galaxies In Cosmological Simulations
HDM Hot Dark Matter
IGM InterGalactic Medium
ISM InterStellar Medium
ISW Integrated Sachs-Wolf effect
PAH Polycyclic Aromatic Hydrocarbon
SM Standard Model of particle physics
SN SuperNova
SZ Sunyaev-Zel’dovich effect
WMAP Wilkinson’s Microwave Anisotropy Probe

C.3 List of variables

a�m Component of Y�m.
a The expansion of the universe is ∝ a, see z.
B(r̂, ν) Measured intensity in W/m2 in direction r̂.
BX = BX(r̂, ν) Intensity of component X.
C� Angular correlation on scale �.
ΔΦ Gravitational potential excess over background.
ΔTX Anisotropy for component X.
Eγ Energy of photons.
fd Fraction of baryons in stars the end up as dust.
gμν Metric of the space-time.
g∗ Number of relativistic degrees of freedom.
gs Number of internal degrees of freedom.
H The Hubble parameter.
I Intensity
� Inverse angle scale, θ ≈ 180◦/�.
λ Wavelength.
MN Mass of heavy neutrino in GeV.
nγ Number density of photons.
np Number density of protons.
ΩX Relative density of X in comparison the the critical density.
�r Spatial coordinate vector.
ρc Critical energy density of the universe.
ρk Equivalent curvature density.
ρΛ Equivalent vacuum energy density.
ρm Matter density.
ρr Radiation density.
s Entropy.
σ Cross section.
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APPENDIX C. EXPLANATIONS

√〈
ΔT (ν)2〉 Root mean square of temperature differences.

θ Angle on the sky.
t Time in seconds.
T Temperature in Kelvin.
Tμν Stress-energy tensor.
�v Velocity vector.
ν Frequency in Hz.
Y�m(θ, φ) Basis functions of angular orbital momentum, called spherical harmonics.
z The redshift, which is dimensionless, is often used to describe time or length through

the intermediary of the expansion of the universe R. See also figure A.1.
zi Redshift of the reionization.

C.4 List of some cosmological constants

h0 0.72±0.03 Hubble’s relative constant (Spergel et al. 2003).

H0 = 100 · h0
km/s
Mpc 2.33×10−18 s−1 Hubble’s constant.

ρc =
3H2

0
8πG (0.97 ± 0.04) × 10−26 kg/m3 Critical density of the universe.

Ωtot = ρtot/ρc 1.02 ± 0.02 Total relative energy content of the universe
(Spergel et al. 2003).

Ωm = ρm/ρc (0.133 ± 0.006)/h2 Relative matter content of the universe
(Spergel et al. 2003).

Ωb = ρb/ρc (0.0226 ± 0.0008)/h2 Relative baryon content of the universe
(Spergel et al. 2003).

M� 1.99 × 1030 kg Mass of the sun.

C.5 List of some physical constants and units

The values of these constants are cited from (Mohr and Taylor 2000):
c 299,792,458 m/s Speed of light in vacuum, from Latin “celeritas” = speed.
G 6.6742(10) × 10−11 m3kg−1s−2 Newton’s constant of gravitation.
kB 1.3806505 × 10−23 J/K Boltzmann’s constant.
� 1.05457168(18) × 10−34 Js The reduced Planck constant (Dirac’s constant).

1 erg 10−7 J Unit energy in the cgs (centimeter-gram-second) system
of units, frequently used in astronomy.

1 eV 1.60217653(14) × 10−19 J Electron volt, energy.
1 pc 3.0856775807(4) × 1016 m A parsec is defined as the distance from the sun that

would result in a parallax of 1 second of arc as seen from
the earth.
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Paper I
Dust from reionization

The production of dust in the early universe is estimated from the number of stars needed to achieve
reionization. The spectral signature of the dust is calculated and compared to measurements. The
contribution from the dust layer to the Cosmic microwave background is found to be small.
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Abstract. The possibility that population III stars have reionized the Universe at redshifts greater than 6 has recently gained mo-
mentum with WMAP polarization results. Here we analyse the role of early dust produced by these stars and ejected into the in-
tergalactic medium. We show that this dust, heated by the radiation from the same population III stars, produces a submillimetre
excess. The electromagnetic spectrum of this excess could account for a significant fraction of the FIRAS (Far Infrared Absolute
Spectrophotometer) cosmic far infrared background above 700 micron. This spectrum, a primary anisotropy (ΔT ) spectrum
times the ν2 dust emissivity law, peaking in the submillimetre domain around 750 micron, is generic and does not depend on
other detailed dust properties. Arcminute–scale anisotropies, coming from inhomogeneities in this early dust, could be detected
by future submillimetre experiments such as Planck HFI.

Key words. cosmology: cosmic microwave background – cosmology: early Universe

1. Introduction

More accurate measurements of the cosmic microwave back-
ground (CMB) implies a need for a better understanding of
the different foregrounds. We study the impact of dust in the
very early universe 5 < z < 15. WMAP data on the CMB po-
larization, Kogut et al. (2003) provides a strong evidence for
a rather large Thomson opacity during the reionization of the
Universe: τe = 0.17 ± 0.04 (68% C.L.). Although the mech-
anism of producing such an opacity is not fully understood,
Cen (2002, 2003) has shown that early, massive population-III
(Pop III) stars could ionize the Universe within 5 < z < 15
(see Figs. 1 and 2). Adopting this hypothesis, we discuss the
role and observability of the dust that is produced by the
Pop III stars. As we can only conjecture about the physical
properties and the abundance of this early dust, we adopt a sim-
ple dust grain model with parameters deduced from the Milky
Way situation. The dust production is simply linked to the ion-
izing photon production by the stars through their thermal nu-
clear reactions. The low potential well of the small pre-galactic
halos allows the ejected dust to be widely spread in the inter-
galactic medium. The ionizing and visible photons from the
same Pop III stars heat this dust. There are no direct measure-
ments of this dust, but by means of other results the amount of
dust can be estimated. A similar study has been done for a later
epoch of the universe, in which data are more readily available,
Pei et al. (1999). We use a cosmology withΩtot = Ωm+ΩΛ = 1,
where Ωm = Ωb + ΩDM = 0.133/h2, Ωb = 0.0226/h2 and
h = 0.72 as advocated by WMAP, Spergel et al. (2003),
using WMAP data in combination with large scale structure

5 10 15 20
z

0.1

1

10

100

n γ

Variable prod.
Const. prod 8/z/n

b

Fig. 1. Total number of ionizing photons produced from Pop III stars
per baryon, cf. (Cen 2002, Fig. 14). The dotted line represents a
simplified model with a constant photon production, from z = 16,
of 8 per unit z per baryon. The results are similar.

observations (2dFGRS + Lyman α). Furthermore, since z � 1
the universe is matter-dominated. We relate all cosmological
parameters to their measurement today so that they have their
present-day values throughout our calculations.

We now proceed to compute the abundance and the tem-
perature of this dust. Consequences on the CMB distortions are
then to be discussed.
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1
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γ /d

z 
/ n

b

Fig. 2. Production rate of ionizing photons from Pop III stars per
baryon, dnγ

dz /nb. The odd form between each integer z is not physi-
cal but are due to the fact that the redshift z is a nonlinear function of
time.

2. Dust model

Here we assume the dust properties to be similar to what is
observed in our galaxy. For simplicity, we suppose spherical
dust grains with radius a = 0.1 μm and density ρg = 2.3 ×
103 kg/m3. The absorption cross section, σν, between photons
and dust can be written as

σν = Qνπa
2, (1)

where we parametrize the frequency dependency as

Qν =

⎧⎪⎪⎨⎪⎪⎩ Q0
a
ar

(
ν
νr

)βν
submm and infra red (IR),

1 visible and ultra violet (UV),
(2)

where νr, ar and Q0 are normalization constants. There is
only one independent constant which means that we can
fix ar = 0.1 μm. In (Desert et al. 1990, Fig. 3) the poorly
known knee wavelength, λr = c/νr was set to 100 μm. Here,
we choose 40 μm for simplicity, so that early dust radiates
mostly in the ν2 emissivity regime. Above the characteristic
frequency νr the spectral index β = 1, below β = 2. The exact
position of νr is not very important for our study because it is
mainly above the interesting wave-length region ∼0.3−3 mm
and it will not change the magnitude of the signal.

In the submm and far IR range, the spectral index is con-
stant, and with Q0 = 0.0088 the assumed opacity agrees well
with measurements by FIRAS on cirrus clouds in our galaxy,
cf. Boulanger et al. (1996); Fixsen et al. (1998); Lagache et al.
(1999). In the visible and UV region, the cross section is inde-
pendent of the frequency because λ < 2πa. In the submm re-
gion, the cross section is proportional to the mass of the grain.

In order to evaluate the significance of the dust during the
reionization, we calculate the amount of dust present in the uni-
verse at a given time. The co-moving relative dust density is
Ωd,0 = ρd(z)/((1 + z)3ρc), where ρd(z) is the dust density, z

is the red-shift, ρc =
3H2

0
8πG is the critical density (H0 and G

are Hubble’s and Newton’s constants, respectively). The co-
moving relative dust density as measured today evolves as:

dΩd,0

dz
= J+ − J−, (3)

where J+ and J− are the production and the destruction rate
respectively.

The Pop III stars produce enough photons for the reioniza-
tion while burning H and thus forming metals (Li and higher).
These metals are released in supernovae explosions at the end
of the stars short lives (∼1 Myr), whereafter they clump to-
gether to form dust, Nozawa et al. (2003). Knowing the produc-
tion rate of ionizing photons to be dnγ

dz /nb (Fig. 2), we can calcu-
late the total photon energy released from the Pop III stars. This
can be done by supposing that each photon has an effective en-
ergy of Eγ = cγ

∫ ∞
νion

dν hνBν(T∗)/
∫ ∞
νion

dν Bν(T∗), where hνion =

13.6 eV and Bν(T∗) is the spectrum of a star with tempera-
ture T∗. The energy of the non-ionizing photons is included
through cγ = utot/uν>νion (u is the energy from the star). A
Pop III star has T∗ ∼ 80 000 K (Shioya et al. 2002, p. 9) which
gives Eγ ≈ 36 eV. Note that for other reasonable star tem-
peratures, Eγ does not vary significantly, Eγ|60×103 K ≈ 36 eV
and Eγ|100×103 K ≈ 40 eV. Hence, the total Pop III photon en-

ergy production is Eγ
dnγ
dz /nb per baryon per unit z. For each

consumed nucleon, we assume that a nuclear energy of Er =

7 MeV is released as radiation, which means that the nucleon
consumption rate is Eγ

Er

dnγ
dz /nb nucleons per baryon per unit z.

If fd is the fraction of the consumed baryon mass that becomes
interstellar dust, (some of the metal atoms will remain with the
core after the SN explosion, some will stay in the close vicinity
of the SN and some will never clump together to form dust) the
co-moving dust production rate will be

J+ = fd
Eγ
Er
Ωb

dnγ
dz
/nb. (4)

A dust grain will eventually be destroyed, e.g. by collision,
by supernova shockwaves or by cosmic rays, see Draine &
Salpeter (1979) for further discussion. If a dust grain has a life-
time of Δt we can write the dust destruction rate as

J− =
Ωd,0(z)
Δt

dt
dz
≈ − Ωd,0(z)

ΔtH0Ω
1/2
m (1 + z)5/2

, (5)

where Ωm is the relative matter content today, because the uni-
verse is matter dominated for 5 < z < 15.

Solving Eq. (3) gives the dust density evolution

Ωd,0(z) =
∫ zi

z
J+(z′)

Y(z′)
Y(z)

dz′, (6)

where zi = 20 is the beginning of the dust formation (see Fig. 1)
and

Y(z) = exp

(
2
3

(1 + z)−3/2

Ω
1/2
m ΔtH0

)
· (7)

We note that the source term J+ is modulated by the destruction
term Y(z′)

Y(z) . The dust density is plotted in Fig. 3 where we note
a strong dependency on the dust lifetime. In local dust Δt ∼
100 Myr, Draine & Salpeter (1979). However, the uncertainty is
rather large, according to Draine (1990), Δt = 30 Myr−10 Gyr,
depending on the environment. Note, however, that the density
at the reionization red-shifts is much lower than in the interstel-
lar medium in the Milky Way which implies a rather long dust
life-time.
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Fig. 3. The co-moving relative dust density evolution Ωd,0 = ρdust/ρc,
for fd = 1. The minima at z = 6 and 9 for Δt ≤ 0.1 Gyr is due to the
fact that Δz = 1 is not a constant time interval.

3. Results and discussion

3.1. Metallicity

If we suppose that most of the metals were ejected as dust (not
as gas) the metallicity comes from the dust grains. The metal-
licity is directly obtained through the produced dust. By letting
Δt → ∞ (Δt = 10 Gyr is good enough) we find the metallicity:

Z
Z�
=
Ωd,0(Δt → ∞)

0.02 ·Ωb
≈ 1147 ·Ωd,0(Δt → ∞) (8)

or in absolute terms Z ≈ 22.9Ωd,0. At z = 5 we have Ωd,0 =

2.3 × 10−5 fd, which gives Z ≈ 5.2 × 10−4 fd = 0.026 fd Z�.
There are not much metallicity data available for z > 5.

Metal poor stars in our galaxy are one point of reference, ab-
sorption lines in the Lyα spectrum from quasars are another
one. The lowest metallicities found in stars in the Milky Way
are Z/Z� ∼ 0.01, Depagne et al. (2002). The Lyα forest sug-
gests (Songaila & Cowie 2002, Fig. 13) that Z/Z� ∼ 0.003
for z ∼ 4.5 assuming that [Fe/H] ≈ log(Z/Z�) as suggested by
(VandenBerg et al. 2000, page 432). This indicates that fd ∼
0.1. However, this might be lower than the actual value, cf.
(Pettini et al. 1997, Fig. 4).

In heavy stars, virtually all the helium is consumed, produc-
ing metals. For simplicity (and lack of data), we assume that all
the ejected metals clump to form dust, fd ≈ feject. This means
that fd will almost entirely depend on the dust ejection rate in
the supernova explosion. In Iwamoto et al. (1998) a detected
hypernova of mass M ∼ 14 M� seems to have feject >∼ 0.7.
Furthermore, according to a dust production model by Nozawa
et al. (2003), fd ≈ 0.2−0.3. At the same time, some of the
stars will become black holes, not ejecting any metals, Heger
& Woosley (2002), decreasing fd. Currently this decrease is
largely unknown.

In summary, the mass fraction of the produced metals in
the Pop III stars, having become interstellar dust, should be
around fd ∼ 0.1−0.3. In the following we use the more con-
servative fd = 0.1, in agreement with the Lyα forest measure-
ments, unless otherwise stated.

0.1 1 10
λ [mm]

10
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10
-4

10
-3

10
-2

τ

Δt = 10 Gyr
Δt = 1 Gyr
Δt = 0.1 Gyr

Fig. 4. Opacity τ with dust evolution taken into account.

3.2. Dust opacity

With our model for the dust density evolution, we want to cal-
culate the opacity of the dust, as seen by the CMB. This will
tell us how much the CMB spectrum is altered by the passage
through the dust.

The dust opacity is given by

τν = c
∫

dz
dt
dz
σνe nd(z) (9)

=
Q0c√
ΩmarH0

3
4
ρc

ρg

∫
dz

(
ν

νr

)βνe
Ωd,0(z)(1 + z)1/2+βνe , (10)

where ν (νe) is the observed (emitted) frequency and ν =
νe/(1 + z). The dust number density is nd(z) = (1 + z)3 ×
ρcΩd,0(z)/mg where mg =

4πa3

3 ρg is the grain mass. We see
(from τ ∝ Ωd,0) that τ is proportional to the parameter fd.

The resulting opacity can be seen in Fig. 4. We note that
the opacity is small, τ 	 1. The smooth knee is due to the
change of β at the redshifted νr, see Sect. 2, but this is not in
the spectral range of the CMB. The differential opacity dτ/dz
is plotted in Fig. 5 for λ = 1 mm. We see that with a short dust
lifetime, the dust differential opacity falls off almost immedi-
ately (in terms of z). However, for longer lifetimes, the early
dust could still play a certain role for z < 3. This could eventu-
ally contribute to dimming of distant objects. We also note the
impact of the expansion of the universe in decreasing the dust
density and thus the opacity. This is why the increase in Fig. 1,
at z ∼ 5, is not apparent in the opacity, Fig. 4. Furthermore,
the submillimetre effective dust opacity follows a ν2 emissivity
law.

3.3. Dust temperature

In order to deduce the equilibrium temperature of the dust, we
write the balance between the absorbed CMB, the absorbed
starlight and the emitted IR light from the dust:

Pd = P∗ + PCMB. (11)

The powers Pd and PCMB can be written as

PX = 4π
∫ ∞

0
dνe σνe Bνe(TX), (12)
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Fig. 5. The differential opacity dτ/dz at λ = 1 mm for different dust
lifetimes.

where Bν is a Planck blackbody spectrum and X = {CMB, d}.
In the wave-length range considered, the spectral index β = 2.
Supposing that β is constant, Eq. (11) can be solved for the dust
temperature analytically in the submm range:

T 4+β
d = T 4+β

∗eff + T 4+β
CMB, (13)

where the effective temperature is defined by

T 4+β
∗eff =

P∗
8π2hc−2(Q0 · (a3/ar)ν

−β
r )(kB/h)4+βCβ

(14)

and Cβ =
∫ ∞

0
dxx3+β/(ex − 1) = (β + 3)!

∑∞
k=1 k−(4+β), such

that C0 ≈ 6.494, C1 ≈ 24.89 and C2 ≈ 122.1.
However, in our calculations we use the exact Eqs. (11)

and (12), while Eq. (14) can be used as a cross-check.
The absorbed power density, P∗ from the radiation of

Pop III stars peaks in the UV-region and can be approxi-
mated by

P∗ = σUVu∗(z)c, (15)

where σUV is the dust-photon cross section in the UV region
and the energy density is

u∗(z) = fesc

∫ z

zi

dz′
dnγ
dz′

Eγ

(
1 + z
1 + z′

)4

, (16)

where fesc is the escape fraction of photons from the star halos.
We neglect the loss of photons due to the reionization itself.
Eγ 1+z

1+z′ is the effective energy of the photon emitted at z′ and
then redshifted to z. According to Cen (2003), fesc = 0.3 gives
an electron opacity τe ≈ 0.13 which is within one standard de-
viation of the results by WMAP. Hereafter, we adopt this value
of fesc.

The energy density of the ionizing photons are compared to
the CMB in Fig. 6. The star energy density is much less than
the CMB energy density at this epoch, and the curve resembles
the accumulated photons in Fig. 1. Hence, the dust temperature
closely follows the CMB temperature, see Fig. 7 and Eq. (12).
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Fig. 6. Energy density of ionizing photons compared to uCMB =

4σST 4
CMB/c, where σS is Stefan-Boltzmann’s constant.
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Fig. 7. The dust temperature is plotted against the CMB temperature
with the relative quatity (Td − TCMB)/TCMB.

3.4. Observed intensity

Now we proceed to compute the average intensity (monopole
term) of the submm and microwave background which is made
of the CMB and early dust emission. The simple radiative
transfer of the CMB through the uniform dust screen yields
the following observed intensity:

iν = e−τν
[
Bν(TCMB) +

∫ τν

0
eτe

Bνe (Td(z))

(1 + z)3
dτe

]
. (17)

From Figs. 4 and 7, we see that the opacity is small, (τ 	
1) and the dust temperature is only slightly higher than the
CMB temperature (Td >∼ TCMB). This gives the following for-
mula for the excess intensity relative to the unperturbed CMB:

Δiν ≡ iν − Bν(TCMB)

≈ TCMB
dBν
dT

∣∣∣∣∣
T=TCMB

∫ τν

0

Td(z) − TCMB(z)
TCMB(z)

dτe, (18)

where TCMB is the CMB temperature today. The integrant is
plotted in Fig. 7. We note that a new component is added to
the primary CMB spectrum. Equation (18) tells us that it has a
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Fig. 8. Comparison of the modeled intensity for the early dust emis-
sion in excess of the CMB with the observed FIRAS spectrum (dashed
red curve) of the cosmic far IR background as detailed by Lagache
et al. (1999).

specific spectrum which is the product of a 2.725 K blackbody
temperature fluctuation spectrum (like primary anisotropies)
and a ν2 power law (from dτe). This effect is mostly visible
in the submm range and has a minor contribution in the radio
domain.

In Fig. 8, the excess intensity is plotted along with the
extragalactic background measured by FIRAS, Puget et al.
(1996); Fixsen et al. (1998); Lagache et al. (1999). Depending
on the dust destruction rate (parametrized by the dust life-
time Δt), the computed early dust background can be an im-
portant part of the observed background from 400 μm up to
the mm wave-length. The exact position of λr will only slightly
displace the spectrum, leaving the magnitude unchanged. Most
of the far IR background can now be explained by a population
of z = 0 to z = 3 luminous IR galaxies, Gispert et al. (2000).
A fraction of the submillimetre part of this background could
arise from larger redshift dust emission as suggested by Fig. 8.

In order to check our results, we calculate the co-moving lu-
minosity density of the dust in the submm region and compare
it with (Gispert et al. 2000, Fig. 4). We find them compatible.

3.5. Discussion

Just like the Thomson scattering during reionization, early
dust will also tend to erase the primordial anisotropies in
the CMB. However, due to the much smaller dust opacity (com-
pare τd(1 mm) <∼ 10−3 and τe = 0.17), this effect will be
negligible.

The early dust will also introduce a new type of secondary
anisotropies with a typical size of a dark matter filament. Here,
we only estimate the order of magnitude of this effect. If the
co-moving size of the dark matter filament is L, the angu-
lar size is 3 · (L/5 Mpc) arcminutes at z = 10 which corre-
sponds to multipole number � ∼ 4000 · (L/5 Mpc). Fortunately,
this region in �-space does not contain any primordial fluctu-
ations because of the Silk damping. However, there are other
foregrounds in the same region, see Aghanim et al. (2000).

If we suppose a contrast of 10% in the dust intensity be-
tween dark matter filaments and the void, we obtain values
of ΔT/T ≈ 3 × 10−7 (for λ = 1 mm, fd = 0.1 and Δt = 1 Gyr).
These anisotropies, pending more accurate calculations, clearly
are in the range of expected arcminute secondary anisotropies
from other effects. They could be detected by Planck HFI (High
Frequency Instrument), Lamarre et al. (2003) and FIRAS-II
type of instrument, Fixsen & Mather (2002).

The results of these calculations depend only very weakly
on the precise dust model assumptions. We have also tried a
different (but similar) shape of the ionizing photon production,
Fig. 1, and found that the results do not vary significantly.

Very little is known about the universe during the reion-
ization epoch. Nevertheless, there are several parameters that
could be calculated more accurately.

The two most important parameters in the present model
are the dust lifetime, Δt and the mass fraction of the produced
metals that are ejected as interstellar dust, fd. The dust life-
time could be determined more precisely by making 3D sim-
ulations of the dust production in combination with structure
formation. The simulations would also give the inhomogeneous
dust density evolution. The result would be a better estimate of
the aforementioned secondary anisotropies caused by the vari-
ations in the dust opacity. A more refined dust grain model,
using e.g. a distribution of grain sizes would also be more real-
istic. If the dust is long-lived, it could also have a certain impact
on measurements in the optical and UV region. Finally, we note
that most of the results are proportional to the dust density and
thus to fd. To evaluate fd more precisely, we need a better un-
derstanding of the typical properties of the first generation of
stars, see Sect. 3.1, which is currently much debated.

4. Conclusions

We have shown that the radiation from early dust, produced and
heated by Pop III stars, contributes to the extragalactic submil-
limetre background within the limits set by FIRAS. It may not
be detected by the present generation of instruments but fu-
ture experiments such as Planck HFI and FIRAS-II should be
able to measure it, by using its specific predicted spectral signa-
ture. This high-redshift dust, contemporary to the reionization,
should show up as small-scale anisotropies when observed by
sensitive submillimetre instruments. These anisotropies are in
the same range as other small-scale anisotropy effects.
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Paper II
Dust distribution during reionization

The spatial distribution of the dust is estimated using simulations of dark matter density evolution.
Combining the calculated intensity from Paper I with this density and integrating along the line of
sight, the spatial signature of the dust is obtained. The distribution of the dust gives a detectable
signal.
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ABSTRACT

Context. The dust produced by the first generation of stars will be a foreground to cosmic microwave background.
Aims. In order to evaluate the effect of this early dust, we calculate the power spectrum of the dust emission anisotropies and compare
it with the sensitivity limit of the Planck satellite.
Methods. The spatial distribution of the dust is estimated through the distribution of dark matter.
Results. At small angular scales (� � 1000) the dust signal is found to be noticeable with the Planck detector for certain values
of dust lifetime and production rates. The dust signal is also compared to sensitivities of other instruments. The early dust emission
anisotropies are finally compared to those of local dust and they are found to be similar in magnitude at mm wavelengths.

Key words. cosmology: cosmic microwave background – cosmology: early Universe – infrared: general

1. Introduction

The importance of the cosmic microwave background (CMB)
as a cosmological tool has been demonstrated thoroughly dur-
ing the last few years. It has been used to evaluate the age, the
Hubble parameter, the baryon content, the flatness and the opti-
cal depth of the reionization of the universe (Bennett et al. 2003).
It has also been used to set upper limits on the non-Gaussianity
of the primary fluctuations (Komatsu et al. 2003), the Sunyaev-
Zeldovich fluctuations from the first stars (Oh et al. 2003), the
primordial magnetic fields (Subramanian et al. 2003), the spa-
tial curvature of the universe (Efstathiou 2003), the formation of
population III stars (Cen 2003), and the neutrino masses using
only WMAP data (Ichikawa et al. 2005) as well as combining
them with other data (Hannestad 2003). However, in order to in-
terpret the CMB signal correctly, its foregrounds must also be
well known.

In this paper we focus on one particular aspect of the fore-
ground of the CMB: the dust from the first generation of stars. It
is here assumed that dust was created during the reionization pe-
riod in the first generation of stars and was then ejected into the
intergalactic medium (IGM). The dust is heated by the ionizing
photons to a temperature slightly above TCMB. The net effect on
the CMB is a small monopole distortion of the CMB with a char-
acteristic electromagnetic spectrum close to the CMB primary
anisotropy (ΔT ) spectrum times the frequency squared. This ef-
fect was studied in Elfgren & Désert (2004).

Moreover, the dust also has a characteristic spatial distribu-
tion, which could be used to identify its signal. The distribution
gives rise to anisotropies in the dust emission, which can be mea-
sured with several current and future experiments. The objective
of this paper is to determine this spatial distribution and its re-
sulting anisotropies. Of particular interest is the Planck satel-
lite mission, but other instruments are also useful, like ALMA
(Wootten 2003), BLAST (Devlin 2001), BOLOCAM (LMT)

and (CSO) (Mauskopf et al. 2000), MAMBO (Greve et al. 2004),
SCUBA (Borys et al. 1999), and SCUBA2 (Audley et al. 2004).

The spatial distribution of the dust is estimated with the help
of GalICS (Galaxies In Cosmological Simulations) N-body sim-
ulations of dark matter (DM) (Hatton et al. 2003), which are
described in more detail in Sect. 2. The dust distribution is then
combined with the intensity of the dust emission, and this is inte-
grated along the line of sight. The resulting angular power spec-
trum is then computed as C� and compared with the detection
limits of Planck.

In the following, we assume a ΛCDM universe with Ωtot =
Ωm + ΩΛ = 1, where Ωm = Ωb + ΩDM = 0.133/h2, Ωb =
0.0226/h2, h = 0.72 and τe = 0.12, as advocated by WMAP
(Spergel et al. 2003), using WMAP data in combination with
other CMB datasets and large-scale structure observations (2dF-
GRS + Lyman α).

2. Dark matter simulation

The distribution of DM in the universe is calculated with the
GalICS program. The cosmological N-body simulation we refer
to throughout this paper is done with the parallel tree-code devel-
oped by Ninin (1999). The power spectrum is set in agreement
with Eke et al. (1996): σ8 = 0.88, and the DM-density field was
calculated from z = 35.59 to z = 0, outputting 100 snapshots
spaced logarithmically in the expansion factor.

The basic principle of the simulation is to randomly dis-
tribute a number of DM-particles N3 with mass MDM in a box
of size L3. Then, as time passes, the particles interact gravita-
tionally, clumping together and forming structures. When there
are at least 5 particles together, we call it a DM-clump. There are
supposed to be no forces present other than gravitation, and the
boundary conditions are assumed to be periodic.

In the simulation we set the side of the box of the simulation
to L = 100 h−1 Mpc and the number of particles to 2563, which

Article published by EDP Sciences and available at http://www.ata-journal.org or http://dx.doi.org/10.1051/0004-6361:20053151
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implies a particle mass of ∼ 5.51 × 109 h−1 M
�
. Furthermore,

for the simulation of DM, the cosmological parameters were
ΩΛ = 2/3, Ωm = 1/3 and h = 2/3. The simulation of the
DM was done before the results from WMAP were published,
which explains the difference between these parameters and the
values used elsewhere in this paper, as stated in the introduc-
tion. Fortunately, the temporal distribution of the dust is inde-
pendent of the value of h, which means that the impact of this
small discrepancy is not important. Between the assumed initial
dust formation at z ∼ 15 and the end of this epoch in the universe
at z ∼ 5, there are 51 snapshots. In each snapshot a friend-of-
friend algorithm was used to identify virialized groups of at least
5 DM-particles. For high resolutions, it is clear that the mass res-
olution is insufficient. Fortunately, the first 5-particle DM-clump
appears at z = 14.7, while the bulk of the luminosity contribu-
tion comes from z � 12.5. At z = 12.6 there are 19 clumps and at
z = 12.2 there are 45 clumps (and rapidly increasing in number)
so it should be statistically sufficient.

In order to make a correct large-scale prediction of the dis-
tribution of the DM and therefore the dust, the size of the box
would have to be of Hubble size, i.e., ∼3000 h−1 Mpc. However,
for a given simulation time, increasing the size of the box and
maintaining the same number of particles would mean that we
lose out in mass resolution, which is not acceptable if we want
to reproduce a fairly realistic scenario of the evolution of the
universe.

There is another way to achieve the desired size of the sim-
ulation without losing out in detail or making huge simulations.
This method is called MoMaF (Mock Map Facility) and is de-
scribed in detail in Blaizot et al. (2005). The basic principle is
to use the same box, but at different stages in time and thus a
cone of the line of sight can be established. In order to avoid
replication effects, the periodic box is randomly rotated for each
time-step. This means that there will be a loss of correlation
information on the edges of the box, since these parts will be
gravitationally disconnected from the adjacent box. Fortunately,
this loss will only be of the order of 10%, as shown in Blaizot
et al. (2005). For scales larger than the size of the box, there
is obviously no information whatsoever on correlation from the
simulation.

2.1. Validity of the simulation

GalICS is a hybrid model for hierarchical galaxy formation stud-
ies, combining the outputs of large cosmological N-body simu-
lations with simple, semi-analytic recipes to describe the fate
of the baryons within DM-halos. The simulations produce a de-
tailed merging tree for the DM-halos, including complete knowl-
edge of the statistical properties arising from the gravitational
forces.

The distribution of galaxies resulting from this GalICS sim-
ulation has been compared with the 2dS (Colless et al. 2001) and
the Sloan Digital Sky Survey (Szapudi et al. 2001) and found to
be realistic on the angular scales of 3′ � θ � 30′, see Blaizot
et al. (2006). The discrepancy in the spatial correlation function
for other values of θ can be explained by the limits of the nu-
merical simulation. Obviously, any information on scales larger
than the size of the box (∼45′) is not reliable. Fortunately, the
dust correlations increase at smaller angles, while the CMB and
many other signals decrease. This means that our lack of infor-
mation on angular scales θ > 45′ (� � 250) will not be im-
portant, as can be seen in Fig. 4. The model has also proven
to give reasonable results for Lyman break galaxies at z = 3

0 5 10 15 20
z

10
-34

10
-33

10
-32

10
-31

10
-30

10
-29

10
-28

dI
/d

z 
[W

m
-2

H
z-1

sr
-1

]

Δt = 10 Gyr
Δt = 1 Gyr
Δt = 0.1 Gyr

Fig. 1. Intensity contribution from the dust per time-step z integrated
over all frequencies. This model assumes that the fraction of metals
produced in stars that end up as dust is fd = 0.3. The mean dust lifetime
is a largly unknown parameter, and therefore three different values are
explored, Δt = 0.1, 1 and 10 Gyr.

(Blaizot et al. 2004). It is also possible to model active galactic
nuclei using the same model (Cattaneo et al. 2005).

Since it is possible to reproduce reasonable correlations from
semi-analytic modeling of galaxy formation within this simula-
tion at z = 0–3, we hereafter attempt to do so at higher z values,
when the early dust is produced.

3. Model

Since very little is known about the actual distribution of the dust
throughout the universe at this time, we simply assume that the
dust distribution follows the DM-distribution. We propose and
explore two different ways for the dust distribution to follow the
DM-distribution. The first is to let the dust be proportional to the
DM-clumps, the second is to make a hydrodynamical smoothing
of the DM-density field and set the dust density proportional to
this density. In both cases we assume that

ρdust(r, z) ∝ ρDM(r, z), (1)

where ρDM represents either the clump method or the smooth-
ing method density. The stars that produce the dust are proba-
bly formed close to gravitational hot-spots in the universe and
these spots are shaped by the DM. This means that the produc-
tion of dust can be well approximated by the DM distribution.
According to Venkatesan et al. (2006), the initial velocity of the
dust is in the order of 105 m s−1 and the DM-simulations give
halos with an escape velocity that is ve � 105 m s−1, given that
their mass is � 4.1 × 1010 M

�
. This means that most of the dust

will stay near the halo and we will therefore focus on the clump
method. The hydrodynamical smoothing case is included for ref-
erence only.

In order to estimate the measured intensity, we need to cal-
culate this distribution in terms of the intensity from the dust
emission. The early dust is optically thin, and its intensity as
a function of redshift has been calculated in Elfgren & Désert
(2004) and is shown in Fig. 1. This model assumes that the frac-
tion of metals produced in stars that end up as dust is fd = 0.3.
The mean dust lifetime is a largly unknown parameter and there-
fore three different values are explored, Δt = 0.1, 1, 10 Gyr.
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In our present model, we put the spatial distribution of the
dust intensity to

dI
dz

(r, z) =
dI(z)

dz
·

ρDM(r, z)
〈ρDM〉(z)

, (2)

where dI(z)/dz is the dust intensity at redshift z as measured at
z = 0 and 〈ρDM〉(z) is the mean DM-density at redshift z. The
MoMaF method (see Sect. 2) is then used to project the emitted
intensity from the dust on a 45′ × 45′ patch along the line of
sight. The contribution from each simulated box is added, and
the integrated dust intensity is calculated.

For z > 2.3, the time-steps are smaller than the size of the
box and each box overlaps with the next box along the line of
sight. However, for z < 2.3 the time-steps were simulated too
far apart and when we pile the boxes, there will be a small part
of the line of sight that will not be covered. Fortunately, this is
of little consequence since the dust intensity is low at this time,
and the gap is small. Each box (45′ × 45′) is divided into a grid
according to the resolution that we wish to test. For Planck this
means a grid that is 18× 18 pixels2, for SCUBA 45× 45 pixels2.

To check the normalization of the resulting intensity image,
we have calculated its

∑
dIx, y/N2

pix, where dIx, y is the observed

intensity on pixel (x, y) and N2
pix is the number of pixels2, and

found it to be equal to
∫

dI(z)dz to within a few per cent.

4. Results and discussion

As described above, the MoMaF technique produces an image
of the line of sight. This image represents the patch of the sky
covered by the box, 150 co-moving Mpc2, which translates to
∼ 45 arcmin2 at z = 14.7. In order to avoid artifacts at the
edges, the image is apodized, whereafter it is Fourier trans-
formed into frequency space Pk. In order to convert this spec-
trum into spherical-harmonics correlation functions we apply the
following transformation:

� = k2π/θ, (3)

C� = θ
2Ck, (4)

where θ is the size in radians of the analyzed box. These C� are
then calculated at a frequency ν = 353 GHz, which is one of the
nine Planck frequency channels. As found in Elfgren & Désert
(2004), the intensity is proportional to the frequency squared,
which means that the power spectrum from the dust at a fre-
quency ν is

C�(ν) = C�(353GHz) ·
(
ν

353GHz

)4
, (5)

where C� is given in terms of μK2
CMB. In order to estimate an

average power spectrum, 400 such images were generated and
the C� were averaged over these. For comparison, we also tried
to paste all these images together and calculate the C� for this
(180 × 180 pixels2) image. The result was similar to the average
C�. To validate our results, we also calculated the variance of the
images and compared them with

∑
�

2�+1
4π C�, and found them to

be compatible. The resulting power spectra can be seen in Fig. 2.
The lifetime of these dust particles is a largely unknown fac-
tor, and we plot three different lifetimes, 0.1, 1 and 10 Gyr (for
a more detailed discussion of dust lifetimes, see Draine 1990).
Furthermore, the dust intensity is proportional to the fraction of
the formed metals that actually end up as dust, which we have
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Fig. 2. Dust power spectrum in CMB thermodynamic units at 353 GHz
for a map 45′ × 45′ and Planck resolution 5′ for three different lifetimes
for the dust particles, 0.1, 1, and 10 Gyr, with a solid, dashed and dot-
ted line, respectively. The DM smoothing method for a dust lifetime of
1 Gyr is the dot-dot-dash line.

assumed to be fd = 0.3. This means that the dust power spec-
trum is

C�( fd) = C�( fd = 0.3) · ( fd/0.3)2. (6)

We note that there is only a small difference between dust life-
times of 10 Gyr and 1 Gyr, while the one at 0.1 Gyr is lower
by a factor of four. The lowest curve in the figure represents the
hydrodynamical smoothing method of distributing the dust for a
dust lifetime of 1 Gyr. Naturally, it is lower than the correspond-
ing C� for the clump method, since the DM-clumps are much
more grainy (especially early in history) than the smoothed DM
field. The power spectra of the two methods differ by a factor of
∼10 but they do not have exactly the same form.

The dust frequency spectrum is distinctly different from that
of other sources in the same frequency range. In Fig. 3, we
compare this spectrum with that of the primoridal CMB ΔT
anisotropies and that of galactic dust, T = 17 K (Boulanger et al.
1996). In order to focus on the forms of the spectra, we normal-
ize the three curves to one at ν = 353 GHz. In case of a weak
early dust signal, this frequency signature could help us identify
the signal by component separation spectral methods.

4.1. Detectability with Planck

The Planck satellite1, due for launch in 2007, will have an angu-
lar resolution of 30′−5′ and will cover the whole sky. The Planck
high frequency instrument (HFI) will measure the submillimeter
sky at ν = 100, 143, 217, 353, 545, and 857 GHz. We have cho-
sen ν = 353 GHz as our reference frequency. At higher frequen-
cies, the galactic dust will become more of a problem, and at
lower frequencies the CMB primary anisotropies will dominate.

In order to test the detectability of the dust with Planck, we
evaluate the sensitivity,

σ = σCMB
� + σinstr

� =

√
2

(2� + 1) fcutL
× (ECMB + Einstr) (7)

1 Homepage: http://www.rssd.esa.int/index.php?project=
Planck
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malized to unity at 353 GHz. We see that the early dust has a special
spectral signature.

Table 1. Parameters of the PLANCK HFI detector properties (The
Planck collaboration 2005).

Frequency [GHz] 100 143 217 353 545 857
FWHM [′] 9.5 7.1 5.0 5.0 5.0 5.0
sX [μK s1/2] 32.0 21.0 32.3 99.0 990 45 125

(Tegmark 1997) where fcut = 0.8 is the fraction of the sky used,
L is the bin-size, ECMB = �(� + 1)CCMB

�
/2π (Lambda web-site:

http://lambda.gsfc.nasa.gov1 March 2005) is the cosmic
variance. The instrument error is

Einstr = Cinstr
�

�(� + 1)
2π

= fsky
4πs2

X

tobs
· e�

2
·σ2

b
·

�(� + 1)
2π

, (8)

where fsky = 1 is the fraction of the sky covered, sX is the noise
[μK s1/2], tobs = 14 · 30 · 24 · 3600 s is the observation time
(14 months), and σb = FWHM/2.35 (FWHM is the full width
at half maximum of the beam in radians). For Planck, the values
of these parameters are given in Table 1.

The resulting errors for a binning of L = 500 along with
the dust power spectrum is plotted in Figs. 4–5. In Fig. 4, the
frequency ν = 353 GHz is fixed, while � is varied. We note that
� ∼ 1000 seems to be a good value to search for dust. At low �,
the error due to the cosmic variance dominates, whereas at high
� the instrument noise dominates.

In Fig. 5, the �multipole binning center is fixed, and we show
the electromagnetic spectrum of the primordial anisotropies and
the early dust emission. The fourth point from the left in the
figures corresponds to ν = 353 GHz and gives the best signal
over noise ratio. At low � the cosmic variance is important, at
high �, the instrument noise dominates.

Early dust may therefore produce a measurable disturbance
in the primordial anisotropy angular power spectrum at high
multipoles (in the Silk’s damping wing). Although the primary
contaminant to the CMB in the submillimeter domain is the in-
terstellar dust emission, this new component vindicates the use
of more than two frequencies to disentangle CMB anisotropies
from submillimeter foregrounds.

Component separation methods for the full range of Planck
frequencies should be able to disentangle the CMB anisotropies
from early dust, far-infrared background fluctuations, and galac-
tic dust emission. The Sunyaev-Zel’dovich (SZ) effect also rises
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Fig. 4. Comparison between dust power spectrum, the Planck error lim-
its and local dust (T = 17 K) at 353 GHz with binning 500. The er-
ror limits (total noise) consist of two parts; the CMB cosmic variance,
which dominates for small �, and the instrument noise, which dominates
for high �.

in the submillimeter range but the two central frequencies of the
dust, 217 and 353 GHz, can be used for its identification since
the SZ-effect drops more sharply at higher wave-lengths (the
SZ-effect is practically null at 217 GHz, quite different from the
early dust spectrum). The spectral shape of other foregrounds
can be found in Aghanim et al. (2000, Fig. 1) where we can also
see that the region around � ∼ 2000 is the most favorable for
dust detection.

4.2. Detectability with other instruments

There are several other instruments that might be used to de-
tect the early dust: ALMA (Wootten 2003), BLAST (Devlin
2001), BOLOCAM (LMT) and (CSO) (Mauskopf et al. 2000),
MAMBO (Greve et al. 2004), SCUBA (Borys et al. 1999), and
SCUBA2 (Audley et al. 2004).

Using Eqs. (7) and (8) we have estimated the sensibilities
of these detectors. The result is presented in Table 2. Since all
of these instruments operate on a small patch in the sky we use
fsky = fcut = 10 · FOV , where FOV is the field of view of the
instrument. The integration time was set to one hour and the
noise per second, sX, was calculated as sX = NEFD/

√

Ndet,
where Ndet is the number of detectors and NEFD is the noise
equivalent flux density. The error was evaluated at the multi-
pole moment � ∼ 1/FWHM (for BOLOCAM(LMT), � was
set to 20 000), and we used a bin-size of L = �. Note that

ALMA is an interferometer and thus Einstr = fsky
4πs2

X
tobs
·

�(�+1)
2π ·

Furthermore, the SCUBA2 array needs to be renormalized such
that NEFD = NEFD ×

√
Ndet/(FOV/(π/4 · (FWHM/60)2)).

The resulting sensitivities σinstr
�

can be compared with the dust
signal, as plotted in Fig. 6. As can be seen, BLAST, SCUBA
and MAMBO are unable to detect the dust signal. However,
BOLOCAM(LMT), ALMA, SCUBA2, and BOLOCAM(CSO)
have good chances of detecting the radiation from the first dust.
We also note that the curves are almost parabolic. In fact, for
1 000 � � � 100 000 the curves can be fitted within ∼10% as:

�(� + 1)CDust
� /2π ≈ 2.13 × 10−5

× �1.92, Δt = 10 Gyr,

�(� + 1)CDust
� /2π ≈ 1.37 × 10−5

× �1.95, Δt = 1 Gyr,

�(� + 1)CDust
� /2π ≈ 4.02 × 10−5

× �1.98, Δt = 0.1 Gyr, (9)
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Table 2. Sensitivities, σinstr
� , for different (current and future) detectors.

NEFD = noise equivalent flux density, ν is the operating instrument
frequency, Ndet = number of detectors, FWHM = full width at half max,
FOV = field of view in units of arcmin2, � = 1/FWHM, σinstr

� is the
instrument sensitivity in units of mK2

CMB. The instrument sensitivity was
calculated with Eqs. (7) and (8) using tobs = 1 h, fsky = fcut = 10 · FOV
and L = �.

Instrument NEFD ν Ndet FWHM FOV � σinstr
�[

mJy
√

Hz

]
[GHz] [′′] [′2] [103] [103 μK2]

SCUBA 75 353 37 13.8 4.2 14 161
SCUBA2 25 353 5120 14.5 50 14 1.8
MAMBO 45 250 117 10.7 13 19 50
BLAST 239 600 43 59 85 3.5 424
BOLOCAM
(CSO) 40 280 144 31 50 6.6 0.38
(LMT) 3 280 144 6 3.1 20 1.0
ALMA 1.5 353 1 13.8/2 0.085 24 8.0

in units of μK2
CMB. The dependency in �, which is slightly dif-

ferent from an uncorrelated noise �2 behavior, means that large-
scale correlations cannot be neglected. They mix differently at
different epochs, depending on the dust lifetime parameter.

5. Conclusions

It seems that it is possible to detect the dust from the first gen-
eration of stars with the Planck satellite on small angular scales
(� � 1000). However, the detectability depends on the actual dis-
tribution of dust in the early universe, and also, to a large extent,
on the dust lifetime.

The results are parametrized so that changing the frequency
and the fraction of produced metals that become dust is only
a matter of scaling the figures: C� ∝ (ν/353GHz)4 and C� ∝
( fd/0.3)2. The spectrum of the early dust is compared to that
of the primary CMB anisotropies, as well as that of the local
dust. The unique spectral signature of the early dust will help
in disentangling it from the CMB and the different foregrounds
(local dust and extragalactic far infrared background).
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Fig. 6. Dust power spectrum as a function of multipole moment, �, for
different dust lifetimes. Estimated detection limits for different instru-
ments are also included as small circles placed at � ∼ 1/FWHM.

The spatial signature of the early dust is found to have C� ≈
constant ≈ 10−5

−10−4 μK2
CMB depending on the dust lifetime,

Δt. Obviously, other signals that are correlated with the struc-
tures will also show a similar behavior in the power spectrum.
Notably, the near infrared background from primordial galaxies
could be correlated with the early dust.

The next generation of submillimeter instruments will be ad-
equate to measure these early dust anisotropies at very small an-
gular scales (� � 2000). Our estimation shows that BOLOCAM,
SCUBA2 and ALMA have a good prospect of finding the early
dust. However, for these instruments, more detailed simulations
are required in order to obtain a realistic DM and baryon distri-
bution. A DM simulation on a smaller box, maybe L = 50 h−1

for PLANCK and smaller still for ALMA, would improve the
results on the relevant angular scales, � � 1000. This also
means that the particles are smaller, giving a better level of de-
tail. Furthermore, the distribution of dust relative to the DM can
also be improved and it is even possible to include some semi-
analytical results from the galaxy simulations in GalICS.
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Paper III
Mass limits for heavy neutrinos

If fourth generation neutrinos exist and have a mass higher than 50 GeV they would produce a
gamma ray signal due to annihilation within dense parts of the universe. We show that if the neutrino
mass is ∼ 100 − 200 GeV, this signal would already have manifested itself in data, and thus such
masses can be excluded. We also show that in the edges of this region an eventual neutrino would
give a small bump in the gamma ray spectrum.
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ABSTRACT

Context. Neutrinos heavier than MZ/2 ∼ 45 GeV are not excluded by particle physics data. Stable neutrinos heavier than this might
contribute to the cosmic gamma ray background through annihilation in distant galaxies, as well as to the dark matter content of the
universe.
Aims. We calculate the evolution of the heavy neutrino density in the universe as a function of its mass, MN , and then the subsequent
gamma ray spectrum from annihilation of distant NN̄ (from 0 < z < 5).
Methods. The evolution of the heavy neutrino density in the universe is calculated numerically. To obtain the enhancement due to
structure formation in the universe, we approximate the distribution of N to be proportional to that of dark matter in the GalICS model.
The calculated gamma ray spectrum is compared to the measured EGRET data.
Results. A conservative exclusion region for the heavy neutrino mass is 100 to 200 GeV, both from EGRET data and our re-evalutation
of the Kamiokande data. The heavy neutrino contribution to dark matter is found to be at most 15%.

Key words. Elementary particles – Neutrinos – (Cosmology:) dark matter – Gamma rays: observations

1. Introduction

The motivation for a fourth generation neutrino comes from the
standard model of particle physics. In fact, there is nothing in the
standard model stating that there should be exactly three gener-
ations of leptons (or of quarks, for that matter).

The present limits on the mass of a fourth generation of neu-
trinos are only conclusive for MN � MZ/2 ≈ 46 GeV (Yao
et al. 2006, p. 35). This limit is obtained from measuring the
invisible width of the Z0-peak in LEP, which gives the number
of light neutrino species, as Nν = 2.9841 ± 0.0083 (The LEP
Collaborations 2001).

In Maltoni et al. (2000), a fourth generation of fermions is
found to be possible for MN ∼ 50 GeV, while heavier fermions
are shown to be unlikely. However, this constraint is only valid
when there is a mixing between the generations (Novikov et al.
2002); and since this is not necessarily true, we will not take it
for certain.

In the context of cosmology and astrophysics there are other
contraints. Light neutrinos, with MN � 1 MeV, are relativistic
when they decouple, whereas heavier neutrinos are not. The light
neutrinos must have

∑
mν � 46 eV in order for Ωνh2 < 1 to be

valid (Hannestad 2006b). For the dark matter (DM) content cal-
culated by Spergel et al. (2003), the bound is

∑
mν � 12 eV.

The number of light neutrino species are also constrained to
Nν = 4.2+1.2

−1.7 by the cosmic microwave background (CMB), large
scale structure (LSS), and type Ia supernova (SNI-a) observa-
tions at 95% confidence (Hannestad 2006a).

Neutrinos heavier than about 1 MeV, however, leave thermal
equilibirum before decoupling and therefore their number den-
sity drops dramatically, see for example Dolgov & Zeldovich
(1981). This will be discussed in more detail in Sect. 2.

The most important astrophysical bound on heavy neutrinos
comes from Kamiokande (Mori et al. 1992) and this will be con-
sidered separately in the end.

Send offprint requests to: Erik Elfgren, e-mail: elf@ludd.ltu.se

In Fargion et al. (1995), it is found that the mass range
60 � MN � 115 GeV is excluded by heavy neutrino annihilation
in the galactic halo. However, according to Dolgov (2002, p. 57)
this constraint is based on an exaggerated value of the density
enhancement in our galaxy. Other works constraining the heavy
neutrino mass include Fargion et al. (1998, 1999) and Belotsky
et al. (2004). There has also been a study of the gamma ray spec-
trum of dark matter (DM) in general (Ando et al. 2007).

For an exhaustive review of modern neutrino cosmology,
including current constraints on heavy neutrinos, see Dolgov
(2002). It is concluded that there are no convincing limits on
neutrinos in the mass range 50 � MN � 1000 GeV. A review of
some cosmological implications of neutrino masses and mixing
angles can be found in Kainulainen & Olive (2003).

In this paper we consider a stable fourth-generation heavy
neatrino with mass MN � 50 GeV possessing the standard weak
interaction. We assume that other particles of a fourth generation
are heavier and thus do not influence the calculations.

We assume a ΛCDM universe with Ωtot = Ωm + ΩΛ = 1,
where Ωm = Ωb + ΩDM = 0.135/h2, Ωb = 0.0226/h2 and h =
0.71 (Spergel et al. 2003), using WMAP data in combination
with other CMB datasets and large-scale structure observations
(2dFGRS + Lyman α). Throughout the article we use natural
units, so that the speed of light, Planck’s reduced constant and
Boltzmann’s constant equal unity, c = � = kB = 1.

If heavy neutrinos (MN � 50 GeV) exist, they were created
in the early universe. They were in thermal equilibrium in the
early stages of the hot big bang, but froze out relatively early.
After freeze-out, the annihilation of NN̄ continued at an ever
decreasing rate until today. Since those photons that were pro-
duced before the decoupling of photons are lost in the CMB,
only the subsequent NN̄ annihilations contribute to the photon
background as measured on earth.

The intensity of the photons from NN̄-annihilation is af-
fected by the number density of heavy neutrinos, nN , whose
mean density decreases as R−3, where R is the expansion fac-
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tor of the universe. However, in structures such as galaxies the
mean density will not change dramatically, and since the number
of such structures are growing with time, this will compensate
for the lower mean density. Note that the photons are also red-
shifted with a factor R due to their passage through space-time.
This also means that the closer annihilations will give photons
with higher energy than the farther ones.

2. Evolution of neutrino density

Let us recapitulate the results of Dolgov & Zeldovich (1981).
The cosmic evolution of the number density, nX , of a particle

X can, in general, be written as

ṅX = −n2
X 〈σv〉 − 3H(t)nX + ψ(t), (1)

where 〈σv〉 is the thermally averaged product of the mean ve-
locity and total annihilation cross section for the particle, and
H(t) = Ṙ/R is the Hubble constant. The term −3H(t)nX repre-
sents the expansion of the universe, and the production term is
ψ(t) = n2

Xeq 〈σv〉, where nXeq is the equilibrium concentration of
particle X.

If we write rX = nX/nγ, Eq. (1) can be expressed as

ṙX = − 〈σv〉 nγ(r2
X − r2

Xeq), (2)

where

rXeq ≈
{ 1 if θ ≡ T/mX > 1

(2π)−3/2

2·ζ(3)/π2 gsθ
−3/2e−1/θ if θ < 1. (3)

Here ζ(3) ≈ 1.2020569 is the Riemann zeta function, T is the
temperature, mX is the mass of particle X and gs is the number of
spin states. For photons and electrons, gs = 2, while for massless
left-handed neutrinos, gs = 1. For reference, (2π)−3/2

2·ζ(3)/π2 ≈ 1
4 .

The value of the relative equilibrium concentration, rXeq, is
derived from

rXeq ≡ n−1
γ neq =

1
2T 3ζ(3)/π2 ·

1
(2π)3

∫
4πp2dp
eE/T + 1

, (4)

where the expressions for nγ and neq were taken from Dolgov
(2002, Eq. 30).

According to Dolgov & Zeldovich (1981, Eq 2.9), freeze-
out (equilibrium destruction) occurs when the rate of change
of the equilibrium concentration due to the temperature de-
crease is higher than the reaction rates, which means that
2 〈σv〉 nγrXeqtT/m > 1. Until freeze-out, the relative parti-
cle density follows the equilibrium density closely: r f X ≈ rXeq.
Hence, the relative density at the moment of freeze-out is

r f X = (2 〈σv〉 nγt f θ f )−1 ≈ rXeq, (5)

where t f and θ f = T f /mX are the time and relative temperature
at freeze-out.

As the temperature decreases, the production term rXeq will
drop exponentionally, such that the relic concentration of X will
be more or less independent of rXeq. With this approximation
(rXeq = 0), Eq. 2 can be solved for t → ∞:

r0X ≈ 1
2 〈σv〉 nγt f · (1 + θ f )

=
1

2 〈σv〉 f nγ f
3.68·1018√

g∗(T f )
T−2

f (1 + θ f )
, (6)

where we have used tT 2 ≈ 3.677 × 1018/
√

g∗ (Dolgov 2002,
Eq. 37), with g∗(T f ) from Kolb & Turner (1990, p. 65) be-
ing the number of relativistic species in thermal contact with

the photons. Furthermore, nγ(t0) = 2T 3
0 ζ(3)/π2 ≈ 0.24T 3

0 is
the photon density today, where the photon temperature today
is T0 = 2.725 K (Mather et al. 1999). According to the stan-
dard model of particle physics, g∗ = 106.75 for T � 100 GeV
(g∗ ≈ 200 for supersymmetry models at yet higher tempera-
tures). If we assume that θ f 	 1 (which we will later show to be
reasonable), we obtain r0X ≈ r f Xθ f , which differs by a factor two
from the result of Dolgov & Zeldovich (1981, Eq. 2.11). This is
natural if they consider the density of nN+N̄ since our r0X is valid
for N and N̄ separately.

In order to take into account the increase in temperature due
to entropy conservation after freeze-out of particle X, we must
take( n0X

m−3

)
= r0X

43/11
g∗S (T f )

nγ(t0) ≈ 6.88 × 10−57

〈σv〉 f T f (1 + T f /mX)√g∗ f
. (7)

(In fact g−1/2
∗ f should be written g−1

∗S f · g1/2
∗ f but for T f > 0.1 GeV,

g∗S f = g∗ f .)
We now turn to the case of heavy neutrinos. Since we wish

to avoid the lenghty calculations of the cross sections of heavy
neutrinos (Enqvist et al. 1989), we use Fargion et al. (1995,
Fig. 1 and Eq. 4) and solve for 〈σv〉. We assume that they use
g∗ = g∗(T f ) ≈ g∗(MN/30), but the exact value does not change
the result in any significant way. The resulting 〈σv〉 is presented
in Fig. 1. The cross section drops from MN ∼ 45 GeV, where the
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Fig. 1. The cross section times the velocity (in m3/s) of heavy
neutrino annihilation NN̄ as a function of their mass (in GeV) at
freeze-out, T = T f .

Z0 resonance peaks until the W+W− annihilation channel starts
to dominate at MN � 100 GeV.

According to Fargion et al. (1995), the cross sections of
heavy neutrinos can be estimated using the annihilation chan-
nels

NN̄ → Z0 → f f̄ (8)
NN̄ → Z0 → W+W−. (9)

There are several other possible annihilation channels for NN̄ →
W+W−, like NN̄ → LL̄, H0H0, Z0Z0 → W+W− and also in-
terference between L and Z0, as well as between L and H0.
However, in the limit s → 4M2

N , which is valid for cosmolog-
ical heavy neutrinos, the dominant channel is through s-channel
NN̄ → Z0 (Enqvist et al. 1989, p. 656). Furthermore, the other
annihilation products, NN̄ → H0H0, Z0Z0, are suppressed with
respect to W+W−-production (Enqvist et al. 1989, p. 651, 656).
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Hence, the above estimation of the 〈σv〉 should be fairly accu-
rate. If anything, it is slightly underestimated.

Using Eqs. 5 and 3, we can solve for T f = θ f ·M. The result is
presented in Fig. 2. Note that although it looks like a straight line,

0 100 200 300 400 500 600 700 800 900 1000
MN [GeV]

0

10

20

30

40

T f [
G

eV
]

Fig. 2. The freeze-out temperature (in GeV≈ 1.16 × 1013 K) of
heavy neutrinos as a function of their mass (in GeV).

it really is slightly curved. We notice that T f /MN ∼ 1/30, which
shows our assumption MN � T f to be valid. This is also in
agreement with previous results, see e.g. Kolb & Turner (1990),
where a value of T f /MN ∼ 1/20 is quoted.

We now return to Eq. 7 and apply it to the case of a heavy
neutrino. We plot the resulting relative relic neutrino density as a
function of the mass MN in Fig. 3 using ΩN = 2MN · nN(T0)/ρc,
where ρc ≈ 9.47 × 10−27 kg/m3 is the critical density of the uni-
verse. The resulting heavy neutrino density is very similar to the
one obtained by Fargion et al. (1995, Fig. 1). The numerical sim-
ulation also shown in the figure will be the subject of the next
section.
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Fig. 3. The relic relative density of heavy neutrinos as a function
of their mass (in GeV).

3. Numerical simulation of the neutrino density

For comparison, we evaluate the evolution of the heavy neutrino
density numerically. Eq. 1 can be rewritten in terms of the tem-
perature, T :

dn
dT
= − dt

dT

[
3H(T )n(T ) + 〈σv〉

(
n(T )2 − neq(T )2

)]
, (10)

where

neq(T ) = reqnγ = 2T 3
( MN

2πT

)3/2

e−MN/T , (T < MN) (11)

and the relation between time and temperature is given by

dt
dT
=
−1

H(T )

(
1
T
+

dg∗S /dT
3g∗S

)
, (12)

Here the Hubble constant is H(T ) = H0
√
Ω(T ), where the total

relative energy density of the universe is

Ω(T ) = ΩR(T ) · R−4 + ΩM · R−3 + Ωk · R−2 + ΩΛ. (13)

The curvature term Ωk = 0 and the radiation density is

ΩR(T ) = ΩR
g∗(T )
g∗(T0)

(14)

due to the reheating as particles freeze out. The reheating also
means that R = g−1/3

∗S T0/T (Kolb & Turner 1990, p. 68). The
number of relativistic species still in thermal contact with the
photons, g∗S (T ), is given in Coleman & Roos (2003, Fig. 1). For
the critical region 0.15 < T < 0.30 GeV their Eqs. 8-9 have
been used to calculate dg∗S /dT . This updated value of g∗S (T ) is
needed to evaluate dg∗S /dT properly.

Using a fifth-order Runge-Kutta method with adaptive step-
size control, taken from Numerical Recipes (Press et al. 1992,
Ch. 16.2), we solve for n(T ) in Eq. 10 using the initial con-
dition ni = neq(Ti = MN/15), which is well within the re-
gion of thermal equilibrium for the heavy neutrinos. The result-
ing relative relic neutrino density is presented in Fig. 3, where
ΩN = 2MN · nN(T0)/ρc as before. We notice that the peak of the
curve is ΩN(MN = 140 GeV) ≈ 0.04, which would then account
for ∼15% of the dark matter content of the universe.

For comparison, we plot the number density of heavy neutri-
nos (in m−3) as a function of T for masses 50, 70, 90, 150, 500
and 1000 GeV in Fig. 4. As we can see, the transition between
thermal equilibirum density and completely decoupled neutrino
density is not sharp. This is one of the reasons for the differ-
ence between the analytical and the numerical relative density in
Fig. 3. Another reason for the difference is the inclusion of the
change in g∗S in the evaluation of dt/dT . The evolution of g∗S (T )
is the cause of the small ”knee” in Fig. 4 seen at T ∼ 0.2 GeV
(the reheating from the quark-hadron transition). Furthermore,
when electrons fall out of thermal equilibirum at T ∼ 1 MeV
there is another small knee, reducing again the heavy neutrino
density somewhat.

4. Dark matter simulations

In Sect. 3, we calculated the mean density of neutrinos in the
universe as a function of redshift and the mass of the heavy neu-
trinos. However, the neutrino annihilation rate, and thus the in-
tensity from their gamma spectrum, is proportional to the square
of the neutrino density. This means that inhomogeneities in the
universe will tend to enhance the gamma ray signal.
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Fig. 4. The number density of heavy neutrinos (in m−3) as a
function of T for masses 50, 70, 90, 150, 500 and 1000 GeV (in-
creasing from left to right in the upper right corner). The dashed
vertical lines represent the calculated value of T f in Fig. 2.
Below T = 0.01 GeV, the curves evolve as (T/T0)3 · g∗S .

In this section we describe how we calculate the inhomo-
geneities as a function of space and time, assuming only gravita-
tional interaction between the dark matter consisting of heavy
neutrinos and other DM particles. The clumping factor (also
known as the boost factor) can then be used to calculate the ac-
tual intensity

dI
dz
= C(z)

dI0

dz
, (15)

where dI0/dz is the intensity contribution from redshift slice dz
for a homogeneous universe and C(z) is the enhancement due to
the clumping at redshift z.

The clumping factor has been calculated in different settings
before, ranging from Berezinsky et al. (2006) for local cluster-
ing giving a clumping factor of ∼ 5 to Diemand et al. (2005) for
mini-halos giving a clumping factor of two orders of magnitude.
For a discussion about the accuracy of approximating the en-
hancement with a single clumping parameter, see Lavalle et al.
(2006), though they focus on antiprotons.

The spatial and temporal distribution of DM in the universe
is calculated with the GalICS program. The cosmological N-
body simulation that we are referring to throughout this paper is
done with the parallel tree-code developed by Ninin (1999). The
initial mass power spectrum is taken to be a scale-free (ns = 1)
one, evolved as predicted by Bardeen et al. (1986) and normal-
ized to the present-day abundance of rich clusters with σ8 = 0.88
(Eke et al. 1996). The DM density field was calculated from
z = 35.59 to z = 0, giving 100 ”snapshots”, spaced logarith-
mically in the expansion factor.

The basic principle of the simulations is to distribute a num-
ber of DM particles N3 with mass MDM in a box of size L3. Then,
as time passes, the particles interact gravitationally, clumping to-
gether and forming structures. When there are at least 20 parti-
cles together, it is considered to be a DM halo. It is supposed
to be no other forces present than gravitation, and the boundary
conditions are assumed to be periodic.

In the GalICS simulations the side of the box used was L =
100h−1 Mpc, and the number of particles was set to 2563, which
implies a particle mass of ∼ 5.51 × 109h−1M�. Furthermore, for
the simulation of DM, the cosmological parameters were set to
ΩΛ = 2/3, Ωm = 1/3 and h = 2/3. The simulations of the
DM were done before the results from WMAP were published,

which explains the difference between these parameters and the
values used elsewhere in this paper, as stated in the introduc-
tion. Nevertheless, the difference is only a couple of percent and
should not seriously alter the results.

Between the initial halo formation at z ∼ 11 and the cur-
rent epoch in the universe, there are 72 snapshots. In each snap-
shot a friend-of-friend algorithm was used to identify virialized
groups of at least 20 DM particles. For high resolutions, it is
clear that the mass resolution is insufficient. Fortunately, the first
20-particle DM clump appears at z = 11.2, while the bulk of the
clumping comes from z � 5, where the lack of resolution is no
longer a problem.

In order to make a correct large-scale prediction of the distri-
bution of the DM, the size of the box would have to be of Hubble
size, i.e., ∼ 3000h−1 Mpc. However, for a given simulation time,
increasing the size of the box and maintaining the same number
of particles would mean that we lose in mass resolution, which is
not acceptable if we want to reproduce a fairly realistic scenario
for the evolution of the universe.

We will make the approximation that our single box, at dif-
ferent time-steps, can represent the line of sight, and since we
are only interested in the general properties of the dark matter
clumping, this approximation should be acceptable.

4.1. Validity of simulation

GalICS is a hybrid model for hierarchical galaxy formation,
combining the outputs of large cosmological N-body simula-
tions with simple, semi-analytic recipes to describe the fate of
the baryons within DM halos. The simulations produce a de-
tailed merging tree for the DM halos, including complete knowl-
edge of the statistical properties arising from the gravitational
forces.

The distribution of galaxies resulting from this GalICS sim-
ulation has been compared with the 2dS (Colless et al. 2001) and
the Sloan Digital Sky Survey (Szapudi et al. 2001) and found to
be realistic on the angular scales of 3′ � θ � 30′, see Blaizot
et al. (2006). The discrepancy in the spatial correlation function
for other values of θ can be explained by the limits of the nu-
merical simulation. Obviously, any information on scales larger
than the size of the box (∼ 45’) is not reliable. The model has
also proven to give sensible results for Lyman break galaxies at
z = 3 (Blaizot et al. 2004). It is also possible to model active
galactic nuclei (Cattaneo et al. 2005).

Since it is possible to reproduce reasonable correlations from
semi-analytic modelling of galaxy formation within this simula-
tion at z = 0 − 3, we now attempt to do so also for somewhat
higher redshifts.

4.2. Clumping of dark matter

We proceed to calculate the clumping factor C(z). The inhomo-
geneities of the DM distribution can be calculated using the rel-
ative clumping of dark matter halos: ρ̄i = ρi/ρmean, where ρmean
is the mean density of the dark matter in the universe and ρi is
the mean density of DM halo i.

As matter contracts, the density increases, but since the
gamma ray emitting volume also decreases, the net effect is a
linear enhancement from the quadratic dependence on the den-
sity. This means that the DM halos will emit as:

Ihalos

I0
=

∑
i miρ̄i∑

i mi
·Chalo, (16)



Erik Elfgren and Sverker Fredriksson: Mass limits for heavy neutrinos 5

where I0 is the intensity for a homogeneous universe and the
summation is done over all DM halos and thus

∑
i mi = mhalos.

The factor Chalo accounts for the modification from the form
and properties of the halo itself. A simple conic DM distribu-
tion would give Chalo = 1.6. The more realistic distribution
ρ(r) = ρ0 · [(1 + r)(1 + r2)]−1, where r is the radial coordinate
relative to the halo radius, gives Chalo = 1.1. However, the ra-
diation from within the denser part of the halo will also be sub-
ject to more absorption, and so for the sake of simplicity we use
Chalo = 1. We notice that the average relative density over all the
halos in the simulation is fairly constant, 〈ρ̄i〉 ∼ 70 for z < 5.

Simultaneously, the DM background (the DM particles that
are not in halos) will decrease, both in density by a factor
(mtot − mhalos)/mtot and because of their decreasing fraction of
the total mass in the box mtot:

IDM−background

I0
=

(
mtot − mhalos

mtot

)2

. (17)

This means that the total clumping factor is

C =
Ihalos

I0
+

IDM−background

I0
=

∑
i miρ̄i

mtot
+

(
mtot − mhalos

mtot

)2

, (18)

where the first term starts as unity whereafter it decreases and
quickly becomes negligeable with respect to the second term,
which starts at zero, but then rapidly increases. The total clump-
ing is plotted in Fig. 5 along with the competing (nN/m−3)2 ef-
fect, as well as the product, all as a function of the redshift z. The
number density of heavy neutrinos in the figure is taken for the
mass MN = 150 GeV. We notice that the clumping enhancement
remains ∼ 30 for z < 1 and that the clumping is ∼ 1 for z > 5.
This is mainly due to the proportion of mass within the halos
compared to the total DM mass. The clumping enhancement lies
between the two extreme values by Berezinsky et al. (2006) and
Diemand et al. (2005) quoted above.

In fact, the clumping factor can be even higher if other halo
shapes are assumed with smaller radii (Ullio et al. 2002). The
densities in the halos considered in the present work have been
evaluated at the virial radius.

We also point out that before the reionization, at z � 5,
there is absorption from neutral hydrogen in the interstellar
medium (ISM), also known as the Gunn-Petersen effect (Gunn
& Peterson 1965). This means that photons from higher redshifts
will be highly attenuated. For z = 5.3, the emission drops by
roughly a factor of 10, and for z ∼ 6 the opacity is τe f f > 20
(Becker et al. 2001). Hence, any gamma ray signal prior to this
epoch would have been absorbed.

5. Photon distribution from NN̄-collisions

In order to evaluate the photon spectrum from NN̄-collisions we
use PYTHIA version 6.410 (Sjöstrand et al. 2006). According to
Enqvist et al. (1989, Eq. 13) the centre of mass energy squared
is E2

CM = 4M2
N + 6MNT f and T f ≈ MN/30 as estimated above.

We generate 100,000 NN̄ events for each mass MN =
50, 60, ..., 1000 GeV and calculate the photon spectrum and
mean photon multiplicity and energy. We assume that NN̄ colli-
sions at these energies and masses can be approximated by ντν̄τ
collisions at the same E2

CM . This is obviously not equivalent, but
NN̄ cannot be directly simulated in PYTHIA. Nevertheless, with
the approximations used in calculating 〈σv〉, the only difference
between ντν̄τ and NN̄ collisions (except in the cross section) is
the t-channel production of W+W− through τ. However, since
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Fig. 5. The clumping factor (C, dotted line) compared to the
competing effect of the decreasing heavy neutrino number den-
sity squared (n2

N , dashed line) for MN = 150 GeV and the prod-
uct of the two (solid line). Different neutrino masses scale as in
Fig. 4.

the heavy neutrinos are non-relativistic when they collide, the
two Ws will be produced back-to-back, which means that the
inclusion of the t-channel is unimportant.

In order to verify this, we study the difference in the pho-
ton spectrum for W decay at 0 and 90 degrees, and despite
an increasing difference between the two cases, even at MN =
1000 GeV, the difference is not strong enough to change our con-
clusions.

The resulting photon distribution is presented in Fig. 6. We
note that the photon energies peak at ECM/2, which is natu-
ral since the decaying particles can each have at most half of
the centre of mass energy. The curves continue to increase as
∝ E−1 as E decreases further. Note that the noise in the curves
for lower E is due to lacking statistics for these rare events, but
it does not affect the outcome of the calculations. We also calcu-
late the mean photon energy and find it to be Ēγ ≈ 0.21ECM for
all masses. The curve is normalized such that the integral over

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

E/ECM

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

dn
γ /d

E
 [

G
eV

-1
]

M = 50 GeV
M = 70, 90, 150, 500 GeV
M = 1000 GeV

Fig. 6. The relative energy distributions of photons from NN̄-
collisions for heavy neutrino masses MN = 50, 70, 90, 150, 500,
1000 GeV. ECM = 2MN is the centre of mass energy.

dnγ
dE is unity. The average number of photons, Nγ, produced for
an NN̄-collision is shown in Fig. 7. The sharp rise in the curve
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at MN ∼ 100 GeV is due to the jets from the emerging W+W−-
production.

0 200 400 600 800 1000
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35

40
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γ

Fig. 7. The average number of photons produced for an NN̄-
collision as a function of heavy neutrino mass MN in GeV.

6. Gamma ray spectrum

The NN̄-collisions from the reionization at zi ∼ 5 until today
give an integrated, somewhat redshifted, gamma spectrum for a
heavy neutrino with a given mass:

I =
∫ T0

Ti

C(T )
n2 〈σv〉

4π
Nγ

dnγ
dE

∣∣∣∣E T0
T

dt
dT

dT, (19)

where C(T ) is the clumping factor in Fig. 5 and dnγ
dE is the photon

distribution in Fig. 6. T0 = 2.725 K is the temperature of the
CMB today and Ti is the reionization temperature, which we set
to Ti = 5 · T0.

The resulting E2I is presented in Fig. 8. When we com-
pare the calculated heavy neutrino signal with data from EGRET
(Sreekumar et al. 1998), we see that only neutrino masses around
MN ∼ 100 or 200 GeV would be detectable, and then only as
a small bump in the data around Eγ ∼ 1 GeV. For interme-
diary neutrino masses, the signal would exceed the observed
gamma ray data. In Fig. 9, the peak intensity for the different
heavy neutrino masses is plotted, as well as EGRET data for
the corresponding energy with error bars. The data represent the
observed diffuse emission at high latitudes (|b| > 10 degrees),
where first the known point sources were removed and then the
diffuse emission in our galaxy was subtracted.

We have also compared the height of the curves, both with
and without clumping, and the integrated difference is roughly a
factor of 30.

7. Discussion and conclusions

The numerical calculation of the evolution of the heavy neu-
trino number density indicates that in the mass region 100 �
MN � 200, the cosmological neutrinos would give a cosmic ray
signal that exceeds the measurements by the EGRET telescope
(Sreekumar et al. 1998). Note that the clumping factor for these
limits is rather conservative. In Ullio et al. (2002), this factor is
much larger, which would also produce a stronger limit on the
heavy neutrino mass.
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Fig. 8. Cosmic gamma radiation from photons produced in NN̄-
collisions as a function of photon energy for neutrino masses
MN = 50, 70, 100, 140, 200, 500, 1000 GeV. The dotted line rep-
resents MN = 50 GeV and the dot-dashed MN = 1 TeV. The
solid lines are the masses in between. The circles represent data
from EGRET (Sreekumar et al. 1998), with error bar, as derived
for extragalactic sources.

50 100 150 200 250 300
MN [GeV]

0

0.5

1

1.5

2

2.5

3
E

2 I 
[G

eV
m

-2
s-1

sr
-1

]

EGRET data at max
Error bounds on EGRET
Max of E

2
I

Fig. 9. Maximum cosmic gamma radiation from photons pro-
duced in NN̄-collisions as a function of neutrino mass (in GeV).
The marked region is excluded since ΩN > ΩDM within. The
data are taken at the energy corresponding to the maximum in
Fig. 8. with error bars.

We can also compare our neutrino density with the results
from the Kamiokande collaboration (Mori et al. 1992). We scale
the neutrino signal in their Fig. 2 to ΩN/ΩDM , where we use
h0 = 0.71, Ωm = 0.2678 and Ωb = 0.044. This is shown in
Fig. 10, where we compare our numerical results for the relic
neutrino density to the observed muon flux in the Kamiokande
detector. This gives an exclusion region of 80 � MN � 400 GeV.
Our analytical results, which are comparable to the traditional
relic neutrino densities, is about a factor two lower, giving an
exclusion region of 90 � MN � 300 GeV. The model that gives
these limits (Gould 1987) is rather complicated and not verified
experimentally, so these results cannot be taken strictly. Note
also that in the three-year WMAP analysis (Spergel et al. 2007),
the value of ΩDM depends on which other data the WMAP data
are combined with. For WMAP+CFHTLS ΩDM can be as high
as 0.279 and for WMAP+CBI+VSA it can be as low as 0.155.
The higher of these possibilities would give an exclusion region
of 85 � MN � 350 GeV. The lower boundary value would give
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Fig. 10. Predicted signal from enhanced NN̄ annihilation in
the earth and the sun compared to the measured signal in
the Kamiokande. On the y-axis: the number of muons (per
100 m2year) produced by muon neutrinos resulting from heavy
neutrino collisions in the sun and the earth, as evaluated by Mori
et al. (1992), but scaled to ourΩN(MN). On the x-axis: the heavy
neutrino mass in GeV.

an exclusion region of 75 � MN � 500 GeV. A conservative
limit based on the Kamiokande data gives the exclusion region
100 � MN � 200 GeV.

If a heavy neutrino exists with a mass MN ∼ 100 GeV or
MN ∼ 200 GeV it would give a small bump in the data at Eγ ∼ 1
GeV. Currently the data points are too far apart and the error bars
too large to neither exclude nor confirm the eventual existence
of such a heavy neutrino. Most of this part of the gamma ray
spectrum is usually attributed to blazars, which have the right
spectral index, ∼ 2 (Mukherjee et al. 1997).

We note that there could be an enhancement in the signal due
to the higher DM densities within galaxies compared to the mean
density in the halos. On the other hand, from within galaxies
there will also be an attenuation due to neutral hydrogen, thus
reducing the enhancement. There will also be a certain degree of
extinction of the signal due to neutral hydrogen along the line of
sight, but even if we assume complete extinction above z = 4 the
resulting spectrum decreases with only about 20%.

We are also aware of the ongoing debate concerning the an-
tiprotons – whether or not the DM interpretation of the EGRET
gamma excess is compatible with antiproton measurements
(Bergström et al. 2006; de Boer et al. 2006). We note the argu-
ment by de Boer that antiprotons are sensitive to electromagnetic
fields, and hence their flux need not be directly related to that of
the photons, even if they too were produced by NN̄ annihilation.

In the advent of the Large Hadron Collider, we also point out
that there may be a possibility to detect the existence of a heavy
neutrino indirectly through the invisible Higgs boson decay into
heavy neutrinos (Belotsky et al. 2003).

It will of course be interesting to see the results of the gamma
ray large area space telescope (GLAST). It has a field of view
about twice as wide (more than 2.5 steradians), and sensitiv-
ity about 50 times that of EGRET at 100 MeV and even more
at higher energies. Its two-year limit for source detection in an
all-sky survey is 1.6 × 10−9 photons cm−2 s−1 (at energies >
100 MeV). It will be able to locate sources to positional accu-
racies of 30 arc seconds to 5 arc minutes. The precision of this
instrument could well be enough to detect a heavy neutrino sig-
nal in the form of a small bump at E ∼ 1 GeV in the gamma

spectrum, if a heavy neutrino with mass ∼100 or 200 GeV would
exist.

There are also some other possible consequences of heavy
neutrinos that may be worth investigating. The DM simula-
tions could be used to estimate the spatial correlations that the
gamma rays would have and to calculate a power spectrum for
the heavy neutrinos. This could be interesting at least for masses
MN ∼ 100 GeV and MN ∼ 200 GeV. The annihilation of the
heavy neutrinos could also help to explain the reionization of
the universe. Another possible interesting application of heavy
neutrinos would be the large look-back time they provide (Silk
& Stodolsky 2006), with a decoupling temperature of � 1013 K
(Enqvist et al. 1989).
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The “preon-trinity” model for the compositeness of leptons, quarks and heavy vector bosons pre-
dicts several new heavy leptons and quarks. Three of them can be produced in e+e− annihilations at
CERN LEP energies, since they can be created out of a system of three preons and their antipreons,
where three preons form a heavy lepton or quark, while the other three go into a normal lepton or
quark. In fact, these new particles are predicted to be lighter than the top quark, while the top
itself cannot be produced this way, due to its particular preon substructure. The empirical situation
is analyzed, and the most likely masses are estimated.

PACS numbers: 12.60.Rc, 13.35.Hb, 14.65.Ha

I. INTRODUCTION

New generations of leptons and quarks, as compared
with those prescribed by the so-called standard model
(SM), have been searched for at the three main high-
energy laboratories, i.e., CERN LEP, DESY HERA and
the Fermilab Tevatron. A general conclusion is that no
statistically significant signals have been found [1]. This
goes for both a fourth generation of leptons and quarks,
e.g., a b′ quark, and excited versions of the normal ones,
e.g., e∗ and ν∗. From an experimental point of view there
is not much difference between the two approaches. A
fourth generation is believed to mimic the normal three,
while excited leptons and quarks are believed to couple to
other particles exactly like the unexcited versions, except
for kinematic effects of the higher masses.

The existence of any of these would be a strong evi-
dence for a substructure of leptons and quarks in terms
of preons. Excitations are hard to imagine without an
inner structure of the excited object, and yet another
generation of leptons and quarks would also be difficult
to reconcile with the idea that they are all fundamental.

There are indeed already several phenomenological,
and logical, arguments in favour of a substructure of lep-
tons, quarks and heavy vector mesons in terms of pre-
ons [2–4]. It even seems as if the standard model it-
self contains several prophecies of preons [3] among its
many seemingly unrelated bits and pieces. The “preon-
trinity” model [5] was inspired by such arguments, as
well as by models for the three-quark structure of light
baryons [6, 7], by early preon models [2, 8–10] and by the
concept of diquarks [11].

The aim of this publication is to reanalyze the data
from, above all, the (closed) CERN LEP facility, in or-
der to look for signals of new leptons and quarks, as pre-
scribed by the preon-trinity model. As it turns out, some
of the criteria used in the existing experimental searches

∗Electronic address: elf@ltu.se
†Electronic address: sverker@ltu.se

TABLE I: The “supersymmetric” preon scheme.

charge +e/3 −2e/3 +e/3
spin-1/2 preons α β δ
spin-0 (anti-)dipreons (β̄δ̄) (ᾱδ̄) (ᾱβ̄)

are not valid in the model. Above all, the predicted new
leptons and quarks are not just heavier versions of the
old ones. They have their own unique features, which
should be confronted with the data.

II. THE MODEL

The main ingredients are that there exist three abso-
lutely stable species (flavours) of spin-1/2 preons, called
α, β and δ, with electric and colour charges, and that
these also tend to form tightly bound spin-0 dipreons.
Thanks to the choice of preon charges, inspired by the
ones of the original three-quark model, the scheme gets
an attractive supersymmetric balance between preons
and anti-dipreons, as summarised in Table I.

It is then prescribed that leptons are built up by one
preon and one dipreon. Quarks consist of one preon and
one anti-dipreon, and heavy vector bosons of one preon
and one antipreon. The results are shown in Table II.
There is an obvious SU(3) preon-flavour symmetry in
the scheme, just like with quark flavours in the first quark
model. The stability of preons means that the total preon
flavour is absolutely conserved, unlike the quark flavour
in the quark model.

One can make about a dozen observations about lep-
tons, quarks and heavy vector bosons. Most of these pro-
vide qualitative explanations of some seemingly disjunct
ingredients of the SM, e.g., the mixings of some quarks,
neutrinos and heavy vector bosons, and the (partial) con-
servation of three lepton numbers, all being consequences
of preon flavour conservation [5].

The most notable difference from the SM is the set of
new leptons, quarks and heavy vector bosons predicted
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TABLE II: Composite states in the preon model: leptons as a
preon and a dipreon, quarks as a preon and an anti-dipreon,
and heavy vector bosons as a preon and an antipreon.

(βδ) (αδ) (αβ) (β̄δ̄) (ᾱδ̄) (ᾱβ̄) ᾱ β̄ δ̄
α νe μ+ ντ u s c Z0/Z′ W+ Z∗

β e− ν̄μ τ− d X b W− Z′/Z0 W ′−

δ νκ1 κ+ νκ2 h k t Z̄∗ W ′+ Z′′/Z′

by the model. These contain a δ preon that does not
belong to a dipreon, and are to be found in the bottom
row of Table II, plus in the right-most column. They
must all have such high masses that they have escaped
discovery, except the t quark, which is most probably the
quark below b in Table II. This indicates that also the
other new quarks and leptons have masses in the region
100 − 200 GeV. There is a good chance that νκ1, κ, νκ2,
h and k (earlier called “g” [5]) are all lighter than the top
quark. It must be stressed though that the model is en-
tirely defined by this scheme, and has not (yet) been com-
plemented with a preon dynamics. Hence exact masses,
branching ratios and life-times of quarks and leptons can-
not be reproduced or predicted. However, experience
tells that lepton masses are lower than that of “corre-
sponding” quarks. In addition, there is a trend among
the known quarks of Table II that the masses increase
from left to right. All in all, one can therefore expect the
mass relations Mνκ1 < Mνκ2 < Mt, Mh < Mk < Mt, and
Mκ < Mk, which means that CERN LEP energies would
suffice for the reactions discussed in this study, and that
signs of compositeness might hence exist in old data.

In the following, only the relevance of the model to ex-
isting data from the CERN LEP facility will be discussed.
For other details of the model, such as the argument that
the odd X quark, with charge −4e/3, is not expected to
exist as a bound system, the reader is referred to Ref. [5].
General arguments that preons should exist are given in
Refs. [2, 3].

III. THE REACTIONS

Any system of a certain preon flavour and its anti-
flavour can be produced in e+e− annihilation, as long
as the energy suffices. As can be seen in Table II, there
are three new leptons/quarks that carry the same net
preon flavour as a lighter partner. These pairs are νκ2 =
δ(αβ) ↔ νe = α(βδ) ↔ ν̄μ = β(αδ), h = δ(β̄δ̄) ↔ c =
α(ᾱβ̄) and k = δ(ᾱδ̄) ↔ b = β(ᾱβ̄).

As long as the masses of these leptons and quarks are
not too high, e+e− annihilation can therefore result in
the production of the pairs νκ2ν̄e, νκ2νμ, hc̄ and kb̄:

e+e− → δ(αβ) + ᾱ(β̄δ̄) = νκ2 + ν̄e, (1)

e+e− → δ(αβ) + β̄(ᾱδ̄) = νκ2 + νμ, (2)

e+e− → δ(β̄δ̄) + ᾱ(αβ) = h + c̄, (3)

and

e+e− → δ(ᾱδ̄) + β̄(αβ) = k + b̄. (4)

(and the corresponding antiparticles). For the sake of
simplicity, reactions with additional particles in the final
state, e.g., photons, will not be discussed here. All final
particles will hence be assumed to come from hadronisa-
tion or decay of the quarks or leptons listed above.

It is notable that the top quark, t = δ(ᾱβ̄), has no such
partner, and hence there is no “single-top production” in
e+e− reactions.

Since e− = β(βδ), all processes of interest are transi-
tions from the original preon system β(βδ)β̄(β̄δ̄) to the
intermediate one αᾱββ̄δδ̄. This, in turn, can split up in
many different ways, among which are the four different
pairs listed above.

The transition

e+e− = β(βδ)β̄(β̄δ̄) → S∗ → αᾱββ̄δδ̄ (5)

can take place via a number of intermediate systems S∗.
Examples are one or more photons, a suitable combina-
tion of gluons (or “hypergluons”; the possible quantas of
a hypothetical preon interaction [2]), a preon-antipreon
pair (ββ̄, after the annihilation of (βδ)(β̄δ̄)) or a dipreon-
anti-dipreon pair ((βδ)(β̄δ̄), after the annihilation of ββ̄).

The latter should be less likely, because it seems as
if a dipreon always stays together, once it has been cre-
ated [5]. Hence the only new particles that can be pro-
duced from the annihilation of ββ̄ would be through
the creation of a δδ̄ pair. This would result in either
e+e− → νκ1ν̄κ1 or hh̄, with only superheavy final leptons
or quarks. They can occur only if Mκ1, Mh < ELEP /2,
where ELEP is the total LEP energy (≤ 209 GeV). In
that case they might be seen through the decay products
of the two neutrinos or quarks.

The model also allows for production processes like

e+e− → νe + νμ (6)

(but not of different charged leptons, like e+μ−). How-
ever, due to the neutrino helicities, this can happen only
for annihilation in a total spin-0 state. Therefore, this
final state cannot be produced in, e.g., Z0 decay, which
means that it cannot be restricted by the well-known
“three-generation” data from Z0 decay [1]. However, the
decay

Z0 → ν̄e + νκ2, (7)

should, in principle, be possible, and similarly for the
final states with quarks in reactions (3) & (4). They
have not been seen, so their masses must exceed MZ/2.

IV. ANALYZING THE CERN LEP DATA

We will start by discussing the νκ2 decay channels of in-
terest for an analysis of LEP data. It is important to keep
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in mind that lepton numbers are not exactly conserved
in our model, and that there is no fourth lepton number
connected to the predicted new leptons. The observed
lepton number conservation is in our model equivalent to
“dipreon number conservation”, i.e., the three usual lep-
ton numbers are conserved in leptonic processes only to
the extent that the tightly bound dipreons are left intact.
In normal leptonic decays and “low-energy” reactions
this must be the case, because all imaginable dipreon-
breaking processes violate energy conservation. However,
the heavy leptons must decay through a reshuffling of the
preons inside a dipreon, and would hence change the nor-
mal lepton numbers. An example is κ+ → μ+ + νe + ν̄τ ,
violating all three lepton numbers. In addition, the three
neutrinos on the diagonal of Table II might mix into
new mass eigenstates, since they have identical preon
net flavours. This is equivalent to neutrino oscillations,
which do not conserve lepton numbers. Lepton number
conservation might also be violated in normal leptonic
collisions, if the energy is high enough to break up ex-
isting dipreons. As argued in [5] we think that the en-
ergy scale for new preon processes is a few hundred GeV
rather than TeV (as the top quark seems to be an ex-
ample of a “superheavy” three-preon state). The “TeV
scale” often mentioned in discussions of compositeness is
rather the expected momentum-transfer scale for reveal-
ing substructure in deep-inelastic scattering of leptons
and quarks.

The most interesting decay channel for the lightest
heavy neutrino is

νκ2 → e−/μ+ + W+/−, (8)

followed by

W → q1q̄2, (9)

or in terms of preon processes:

δ(αβ) → β(βδ)/α(αδ) + (αβ̄)/(ᾱβ). (10)

The decay into two quark jets gives an opportunity
to find the invariant mass of the neutrino. The W is
most probably real if the neutrino mass is reasonably
well above the W mass. Hence one should restrict the
analysis to events where the estimated invariant mass of
the two hadron jets is close to the W mass. The main
background to this process is e+e− → W+W− followed
by one W → � + ν̄ and the other W → q1q̄2, where � is e
or μ.

The analysis hence requires a standard-model Monte
Carlo simulation, where one looks for an excess of events
within an interval of invariant masses around some value
below 175 GeV (the top mass). If such an excess is seen,
the “extra events” should have a few characteristics, typ-
ical for our model, but not for the standard-model back-
ground events:

• there would be a threshold effect at the total e+e−
energy

√
s = Mνκ2 , rather than at the W+W−

threshold.

• the charged lepton would always be back-to-back to
the W (i.e., the cms of the two hadron jets) in the
rest system of the νκ2. This, in turn, has a speed
given by kinematics only, i.e., by

√
s and Mνκ2 .

• at first sight it seems as if the νκ2 would decay as
willingly to an electron as to a muon in accordance
with, e.g., W decay. However, the situation is a
bit more complicated, since e− and μ+ (not μ−)
are on equal footing in our model. They have op-
posite dominant helicity components in the ultra-
relativistic limit. Although we do not know the
dynamics of the heavy-neutrino decay, we suspect
that its decay favours an outgoing charged lepton
with positive helicity, i.e., the μ+ (and μ− in ν̄κ2

decay). Intuitively, this seems in accordance with
the helicities of the decay W+ → μ+ + νμ.

These predictions are best investigated by the CERN
OPAL collaboration. It has so far published searches for,
among others, heavy neutral leptons at

√
s values up to

183 GeV [12–14]. A similar analysis at the highest LEP
energies is underway [15].

The main conclusion so far from OPAL is that no signs
of a heavy neutral lepton have been found at LEP ener-
gies up to 183 GeV. This result is summarised as 95% CL
lower mass limits for various channels (decay modes), the
values being typically around 90 GeV.

However, the OPAL analyzes contain some extra as-
sumptions, not necessarily valid for our model. For in-
stance, a new heavy neutrino is supposed to belong to
a new “fourth family”, and be produced toghether with
its own antineutrino. This is not the case in our model.
In the search for excited versions of the normal neutri-
nos it is supposed that the couplings are as prescribed by
the standard model. Any differences between a normal
neutrino and its excited partner is assumed to be due to
the different masses only. We therefore look forward to a
less model-dependent analysis of all available OPAL data
along the directions outlined above, including the most
recent ones beyond 200 GeV.

Next we consider the decay channel

νκ2 → e/μ + W, (11)

followed by

W → e/μ + νe/νμ. (12)

Now the invariant neutrino mass cannot be derived. The
only signal of a new neutrino would therefore be an excess
of events compared to what is expected from the standard
model in the channel

e+e− → �+1 �−2 + invisibles. (13)

Here also the ALEPH collaboration can contribute to
the analysis, although it focuses on W -pair production at
various LEP energies [16–20]. This means that there are
several experimental cuts in order to assure that each
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event produces a W -pair, which might naturally elimi-
nate alternative processes, such as the one we are inter-
ested in.

Looking at the totality of ALEPH data, for all W decay
modes, the ones taken at the lowest three LEP energies
[16–18] are consistent with a small “excess” of events in
some kinematic bins, but only on the 0.5σ to 1σ level.
The case is weakened by the fact that other bins show
similar “deficits” in comparison to Monte Carlo simula-
tions of the standard model, hinting at a mere statistical
effect. In addition, ALEPH does not find any relevant de-
viation from lepton universality, e.g., an excess of muons,
according to our speculation above that a heavy neutrino
would prefer muonic decays.

At the LEP energy of 189 GeV the ALEPH statistics is
much better, and the possible deviations from the stan-
dard model are even smaller, on the order of 0.2σ at the
most.

The only aspect of the ALEPH data that can give
some support to a closer analysis along our prediction
is the fact that there is a clearer excess of events in kine-
matic regions outside the (“acoplanarity”) cuts used to
define W -pair production, especially for LEP energies up
to 183 GeV. Obviously, these regions are expected to con-
tain events with other configurations than just a W pair,
but it is not clear to us why the simulations do not de-
scribe the data so well.

We now analyze the different neutrino decay mode

νκ2 → νe/νμ + γ(γ), (14)

or in terms of preon processes:

δ(αβ) → β(αδ)/α(βδ) + γ(γ). (15)

Hence the full events of interest are

e+e− → νν̄ + γ(γ). (16)

The signal is one or more high-energy gammas, and a
deviation in the production cross-section and the phase-
space distribution of gammas, as compared to expecta-
tions from the standard model.

Such studies have been made by the DELPHI collab-
oration [21–23], in events with just photons (plus “invis-
ibles”), and at LEP energies up to 189 GeV. Parts of
the DELPHI analysis focus on the possibility of a new
generation of heavy neutrinos.

The results are summarised as the distribution in
“missing mass” of the invisibles recoiling against the
gamma(s). The possible deviations of this distribution
from the standard-model expectation are presented as
upper production cross-section limits of a heavy “neutral
object”. However, this analysis is built on the idea that
the heavy neutrino is “stable”, and hence identical to
one of the outgoing neutrinos in the process given above.
Provided that its mass is fairly high, and that only high-
energy gammas are studied, the “missing mass” would
be a good measure of the neutrino mass. A theoretical

analysis of expected event rates for such a production of
a 50 GeV neutrino at LEP is presented in [26].

If we stay with the case of a highly unstable neutrino,
where the gammas come from its decay (and not from its
production), there is a simple relation, in the one-gamma
case, between the “missing mass” (MM) of the DELPHI
analysis and the mass (Mκ2) of νκ2. Assuming that its
decay products, γ and a light neutrino, are aligned along
its spin direction, we get:

Mνκ2 =
√

E2
LEP − MM2. (17)

There is no such simple relation for two-gamma decays,
since we do not know the dynamics behind the decay.
Intuitively, it seems likely that the “missing mass” dis-
tribution would anyway peak at the same value as for
the one-gamma decays, but there might also be a sec-
ond peak due to the fact that the gammas can radiate in
the same or in opposite directions in the νκ2 rest system.
The only data points that deviate by more than 1σ from
the standard-model result in [23] are at MM ≈ 135 GeV
in both the 2γ data and in parts of the one-gamma data
(from the HPC calorimeter). This value corresponds to
a νκ2 mass of around 140 GeV. There is also a similar
excess at MM ≈ 165 GeV in the 2γ data, possibly cor-
responding to a 110 GeV neutrino. However, a signal
would be smeared out, since the data are summarised
over several LEP energies. No significant excess is seen
in the one-gamma case when the data are summed from
all (three) DELPHI calorimeters.

The detailed analysis of “limits of compositeness” in
[23] is not of much value for judging our ideas, because
it is built entirely on predictions from a rather specific
preon model [27]. These model predictions rely, for in-
stance, on the existence of additional, composed bosons
with unknown (high) masses.

Finally, one might ask if the lightest of the superheavy
neutrinos, the νκ1, might be stable, and hence correspond
to the hypotherical “dark-matter” neutrino analyzed in
[28] and elsewhere. Since it is most probably the light-
est of the superheavy particles, it can perhaps be pair-
produced at LEP as νκ1ν̄κ1 (but it cannot be created
together with a light partner). However, there is no par-
ticular reason for a stable νκ1. All superheavy leptons
and quarks must decay through the break-up of their
dipreons. Otherwise the top quark would be stable, and
so would the heavy lepton κ. The νκ1 would indeed decay
to, for instance, an e− through the same preon processes
as for t → b, as can be seen in Table II.

A new, heavy quark can be studied in two different
ways. One can either look for an excess of events with a
high missing mass that recoils against the normal quark.
Or one can try to identify the decay products of the new
quark, and derive their invariant mass.

The first method should, in principle, be simpler than
the second one, since it takes only to identify a c or b
jet and measure its energy. Assuming that no other par-
ticles have been produced than a pair of one new and
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one normal quark, and that the mass of the latter can be
neglected, one gets the relation

Eq =
E2

LEP − M2

2ELEP
, (18)

between the mass M of the new quark and the energy
Eq of the recoiling normal quark. In practice, jet ener-
gies are measured, and the relation between the initial
quark energy and that of its final hadronic jet is not sim-
ple. In order to search for the h (or k), quark data are
needed for jets typical for c (or b) quarks. Unfortunately,
most LEP data on heavy flavours are taken at the Z0

peak. Superheavy quarks would give broad peaks in the
jet energy spectrum according to Eq. (18), on top of
the background, which would most probably come from
e+e− → W+W− followed by W → q1q̄2.

The second method, i.e., to look for decay products of
the heavy quark or lepton, is the conventional one. The
two quarks h and k do not decay like the t, and can-
not be discovered as a result of the search for single-top
production. However, k is identical to the hypotheti-
cal fourth-generation b′ quark, which has been searched
for in many experiments [1]. It decays like k → b + x,
through δ(δ̄ᾱ) → β(β̄ᾱ) + x, where x can be a γ, a Z0

or a gluon. According to [24] the bZ0 or cW channels
should dominate the decay of a “b′”, so one way to find
it would be to analyze the recoiling mass against a b and
a Z0 jet, or a c and a W jet. However, their analysis
is built on production of b′b̄′ pairs, unlike in our model.
And so is the recently published experimental search by
the DELPHI collaboration [25]. We instead suggest that
the analysis is remade for b′c̄ production, which would
require other kinematical cuts than in [25].

In conclusion, we argue that there might still be room
for signatures of composite quarks and leptons in the
CERN LEP data, provided that these are analyzed with
slightly different methods in comparison to what has been
done so far.
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thank the Max Planck Institut für Kernphysik, CERN
and Indiana University for hospitality and stimulating
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Paper V
Using Monte Carlo to optimize variable cuts

Optimization for finding signals of exotic particles are made by carefully choosing cuts on variables
in order to reduce the background while keeping the signal. A method is proposed for optimizing
these cuts by the use of cuts chosen with a Monte Carlo method.
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Using Monte Carlo to optimize variable cuts

Erik Elfgren

Abstract

A Monte Carlo method to optimize cuts on variables is presented and evaluated.
The method gives a much higher signal to noise ratio than does a manual choice of
cuts.

There are two important methods for refining a signal over background ratio:
likelihood analysis and cut-based analysis. Likelihood analysis has the advan-
tage of not discarding any potential signal. However, it is not as straightfor-
ward to evaluate its statistical significance compared to the cut-based analysis.
Cut-based analysis on the other hand, cuts away parts of the signal in order
to reduce the background evenmore.

Traditionally, variable-cuts have been sought with the help of good sense and
some experimentation.

In this letter I address an automatical method for searching for optimal cuts.
I have used only one simulated set of data, fairly large, and many different
backgrounds. The simulated data are heavy leptons with masses 100−200 GeV
done at center-of-mass energies of 183− 209 GeV to correspond to the OPAL
experiment at LEP.

The method is simple: Initially, determine which of the variables are most
relevant and what their ranges are. If possible, find some minimum cuts that
will leave the signal intact, while still reducing the background. This can sig-
nificantly reduce the time spent on each iteration below.

The cut optimization then has the following general algorithm:

(1) Choose a random variable and change the cut randomly with a value
between 0 and T ∗max, where T is initialized as Ti = 100% and max as
the maximum value of the variable.

(2) If this change leaves us with a higher S/
√

B-value, keep it, otherwise
discard it.
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(3) Decrease T and restart from the beginning

A problem with this method is that it might get stuck in a local minimum
somewhere. This can be remedied by storing the final cuts and the S/

√
B-

value and then reinitializing the process, iterating until a satisfying S/
√

B-
value is obtained. The method can be parametrized by ΔT , the change in T
per iteration, Ti, the initial value of T and Nit, the number of reinitializations.

Our test case is described in general in [1] and in particular in [2]. A short
resumé follows here. The signal we are looking for is e+e− → ν̄N → νlqq
and the main variables are the lepton energy El, the missing energy, Eν , the
invariant mass of l and ν, the invariant mass of the N (= q, q, l) and the
lepton type (l = e, μ or τ). Both the signal events and the background events
were subject to the full OPAL detector simulation [3] as well as some ba-
sic cuts to ensure a good quality [4]. The miminum cuts mentioned above
were set to El, Eν ≥ 5 GeV. The Monte Carlo generator EXOTIC [5] was
used to generate the e+e− → ν̄N signal. The following masses were sim-
ulated MN = 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200 GeV and for
each mass the energies E = 183, 189, 192, 196, 200, 202, 204, 205, 206, 207, 208
GeV for all MN < E. The total number of signal events surviving the initial
cuts were about 350 for each pair of (E, MN). A variety of MC generators was
used to study the multihadronic background from SM, see [2] and references
therein. The relevant backgrounds are qqγ (KK2f+PYTHIA 6.125), llqq, eeqq,
qqqq, eeττ (grc4f 2.1) and γγqq (HERWIG).

The traditional cut based analysis left us with some ∼ 5 − 15 signal events
and ∼ 5−10 background events, i. e., S/

√
B ∼ 5. On the other hand, the MC

based method often managed to completely remove the background, while still
preserving ∼ 50 signal events. There are several ways to improve the value of
S/

√
B but they all come at the cost of longer execution time. The different

improvements were:

• Use high Ti value
• Use smaller ΔT for each iteration
• Increase the number of iterations, N .
• Change more variables than one, before recomputing S/

√
B

For most of these improvements, the general behaviour was that

S√
B

∼ 5.1 × t0.37 (1)

where t is the time in seconds. The only exception was in increasing the number
of variables, which was not profitable. The S/

√
B is illustrated in Fig. 1. The

values have been averaged over ten different optimization runs. For the dot-

2



1 10 100 1000 10000
Time, t [s]

10

100

S/
B

1/
2

ΔT
N (Ti  = 20)
N (Ti  = 100)
Traditional method

Fig. 1. Comparison of changes in some parameters. The dot-dashed curve represents
changing ΔT , the dashed and solid curves represent changing Nit with two different
Ti = 20, 100 GeV and the dotted line is the approximate result of the traditional
cut based analysis.

dashed curve, the step ΔT is modified from 24−2−10 and divided by two each
time. The values of Ti = 20% and Nit = 2. We notice that the curve is levelling
out asymptotically. The solid and the dashed lines both have ΔT = 10 and
the number of iterations goes from Nit = 2 to 512, multiplied by two each
time. Furthermore, Ti = 20% for the dashed line and Ti = 100% for the solid
one.
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