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Dust
And dance as dust before the Sun,
And light of foot and unconfined,
Hurry from road to road, and run
About the errands of the wind.

And every mote, on earth or air,
Will speed and gleam, down later days,
And like a secret pilgrim fare
By eager and invisible ways,

Nor ever rest, nor ever lie,
Till, beyond thinking, out of view,
One mote of all the dust that’s I
Shall meet one atom that was you.

- Rupert Brooke (1887-1915)
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Abstract

This Licentiate thesis treats 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, end-
ing 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 Cosmic Microwave Background radiation. The
dust contribution to this radiation is calculated and found negligible. However, as the dust will be
produced within structures (like galaxy clusters), it will have a spatial correlation that could be used
to detect it. This correlation is calculated using relevant assumptions. The planned Planck satellite
is likely to be able to measure and thus confirm this correlation.

Keywords:Dust – CMB – Reionization – Power spectrum
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Papers

The following papers are appended to this Licentiate thesis:

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.
Published: Elfgren, Erik and D́esert, Frano̧is-Xavier, 2004, Astronomy and Astrophysics,425, 9-14.

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.
Elfgren, Erik, D́esert, Frano̧is-Xavier, Guiderdoni, Bruno, Submitted to Astronomy and Astro-
physics.
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Chapter 1

Introduction

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
300,000 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 supernovae – 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 will partly cloud the CMB. It is like looking at the Sun through a mist.

In this Licentiate thesis I try to assert the thickness, density and distribution of this dust layer,
thus evaluating its impact on the measurements of the CMB. As a corollary, certain properties of the
first generation of stars could also be obtained.

In the second chapter, the early history of the universe is outlined, from the Big Bang until the
formation of the first galaxies. In the third chapter the Cosmic Microwave Background with its
properties and its different foregrounds is described in some detail. In the fourth chapter, I present a
brief introduction that is useful for the understanding of some of the particulars of the two appended
papers. This includes a description of our general knowledge of dust and some concepts of dark
matter.

In appendixA a short introduction to cosmology is provided along with some common formulæ.
For further details on symbols, constants, and abbreviations, see AppendixB. Words which appear
slanted are explained in the Glossary in the same appendix.
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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.
This section contains a description of the evolution of the universe as we understand it today, as
illustrated by table2.1. These results are fairly robust unless otherwise specified. This description
of the evolution of the universe is calledΛ-Cold Dark Matter (orΛCDM for short) and has recently
become predominant due to good experimental support.

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 expan-
sion of the universe backtowardsthat time, which I callt0 = 0. According to recent measurements,
Spergel et al.(2003), this was 13.7±0.2 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 aftert = 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. However, the
subsequent evolution of the universe does not hinge on this unification.

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

3



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 Cosmic Microwave Background is released

∼ 109 yrs Structure formation
The first stars and galaxies

Table 2.1: History of the universe.
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the monopole problem. Here comes a brief explanation of them. For more detail, I suggestPeacock
(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 proved 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 following epoch is called
the radiation dominated era in which the principal component of the universe was radiation – pho-
tons.

During this era, theantimatter disappeared from the universe through contact with matter and
subsequent 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, seeElfgren
(2002a) andElfgren(2002b).

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
theBig Bang Nucleosynthesis (BBN) but did last for only about three minutes,Alpher et al.(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 corresponds very well with
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.
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2.5 Decoupling of Matter

When the temperature of the universe dropped belowT ∼ 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 indefinitely
(unless otherwise perturbed). These photons are called the Cosmic Microwave Background (CMB)
and their properties will be described in more detail in chapter3.

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

Np = Nγ(Eγ > 10.2 eV)= Nγ ·
1

e10.2 eV/kBT − 1
, (2.1)

whereNp andNγ are the number densities of protons and photons respectively,kB is Boltzmann’s
constant andT is the temperature of the photons. UsingNγ ∼ 109Np, the temperature can be
calculated toT ≈ 5700 K. If a more detailed calculation is made, the temperature is found to be
approximately 3000 K, which corresponds tot ≈ 300,000 years after the Big Bang (z ∼ 1100). As
the universe expands, this temperature decreases as 1/RwhereR is the expansion factor (= 1/(1+z)).
Since the universe has expanded by a factor of 1100 since decoupling, the temperature of the CMB
has now dropped to 2.725 K.

Obviously, this transition is not something that happened at one single time, but rather took
something like 50,000 years (∆z≈ 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 section4.2.

2.7 The First Generation of Stars

The first stars are called population III stars due to properties that are rather different from those
of the stars today. They are 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 section2.4. This means that there is basically only hydrogen and helium in these stars.
As time passed on, the source material for new stars had more and more heavy elements since the
heavy elements were produced by the stars. The mass fraction of elements heavier than helium is
calledmetallicity.

It is also believed that these first stars would have been rather heavy, seeCen(2003) andFang
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 will be 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.
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2.8 Reionization

From decoupling until the reionization, the universe was made up of neutral atoms (along with
photons, dark matter and dark energy).

At the onset of the first generation of stars, energetic photons were produced. This happened
whenz ∼ 10 and thus the CMB temperature was onlyTCMB ∼ 30 K, while the star temperature
could be over 80,000 K, seeShioya et al.(2002). At this temperature, the maximum emitted energy
was atEγ ∼ 21 eV, which was more than enough to ionize hydrogen (EH,ion = 13.61 eV). At the
end of the intensive star formation period some five billion years after the Big Bang the universe
slowly neutralized again, leaving us with a layer of ionized gas fromt ∼ 109 years – 5× 109 years
(z∼ 20–5).

The universe was ionized in bulbs around the stars, and these bulbs expanded and eventually
covered the entire universe. Due to this ionization the universe was no longer as transparent as it was
before. The free electrons scattered the photons through the Compton process and thereby changed
their energy and direction. The degree of change is characterized by the opacity,τe, which is defined
through

e−τe = probability of a photon to pass through the ionized layer 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 section3.3.
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Chapter 3

The Cosmic Microwave Background

As described in section2.5, the Cosmic Microwave Background (CMB) is simply radiation – light
– with a blackbody spectrum of temperatureTCMB = 2.725 K (presently).

There are several aspects of the CMB that makes it a most important cosmological tool. In the
words of Stephen Hawing “it is the discovery of the century, if not of all time”. 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 has been in its infancy, when it was merely
300,000 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 300,000 years after the Big Bang and also approximately the subsequent
formation of structure, such as clusters of galaxies.

The CMB has an almost perfect blackbody spectrum. There are, however, small perturbations
in the spectrum, calledanisotropies. These have characteristic length scales,which correspond to
angular scales for our measurements, and depend on what is causing 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 toTegmark(1996).

The measured brightness can be divided into several components:

B(r̂ , ν) = BCMB+ BS Z+ Bdust+ Bf ree− f ree+ ..., (3.1)

whereBCMB 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 andBf ree− f ree

is the intensity due to the thermalbremsstrahlung from within our galaxy. In section3.2and3.3we
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 + ∆TCMB(r̂), (3.2)

which gives

BCMB(r̂ , ν) ≈ BT0(ν) + ∆TCMB(r̂)
dB(ν)
dT

∣∣∣∣∣
T=T0

. (3.3)
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Figure 3.1: Illustration of Silk damping of an evolution of adiabatic perturbations in a cold dark
matter model. Left panel: perturbations of co-moving scale 10 Mpc (⇔ M ∼ 1014M�); right panel:
perturbations of co-moving scale 1 Mpc (⇔ M ∼ 1011M�). Reprinted fromPeacock(1998).

The quantity measured by Planck (in the future) and many other instruments is only the relative
excess overBT0, i. e. ,

B− BT0

T0(dB/dT)T0

=
∆TCMB

T0
+

BCMB+ BS Z+ Bdust+ Bf ree− f ree+ ...

T0(dB/dT)T0

≡
∆TCMB(ν) + ∆TS Z(ν, r̂) + ∆Tdust(ν, r̂) + ...

T0
. (3.4)

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

3.1 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,
seeSachs and Wolfe(1967).

Furthermore, since the decoupling is not instantaneous, what we observe will be 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◦) will be washed out.

Another effect is the so called Silk damping,Silk (1968), which means that small matter per-
turbations will not survive, see figure3.1. The reason for this damping is the fact that in small
structures the photons will have time to diffuse out of the dense region before the end of decoupling.
The typical mass scale of this effect is 1011M�, the mass of an ordinary galaxy.
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3.1.1 Gravitational Anisotropies

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

∆T
T

)
e

= −
∆Φe

c2
(3.5)

where∆Φe is the gravitational potential in excess of the background.

3.1.2 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 will be(

∆T
T

)
e

=
2
3
∆Φe

c2
, (3.6)

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

term, is (
∆T
T

)
e

= −
1
3
∆Φe

c2
, (3.7)

i. e. the photons are effectively redshifted by the gravitational potential. By measuring the size of
these anisotropies and their relative strength we can estimate the matter distribution at the time of
decoupling.

3.1.3 Doppler Anisotropies

Due to local movement of the plasma at the time of decoupling, there will be a kinetic Doppler shift(
∆T
T

)
e

=
~v(~r) · r̂

c
, (3.8)

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.

3.2 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.

3.2.1 Gravitational Effects

There are three types of gravitational effects that affect the CMB; the early and the late integrated
Sachs-Wolf effects, the Rees-Sciama effect and gravitational 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:

∆T
T
=

∫
∆Φ̇

(
~r(t), t

)
c2

, (3.9)
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Figure 3.2: Illustration of the thermal and kinetic Sunyaev-Zel’dovich Effect (SZE). The graphs
shows the intensity as a function of frequency. The thermal SZ effect increases the photons frequen-
cies, through thermal excitation. The kinetic SZ effect decreases the intensity of the photons in this
case because the gas cloud is moving from us.

where∆Φ̇ is the time derivative of the gravitational potential in excess of the background potential.
Theearly ISW effect is due to the fact that the photon contribution to the gravitational potential.

Since the photon energy decreases with time, this will induce an integrated Sachs-Wolf effect.
Thelate 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.

3.2.2 Local Reionization

The local reionization effect is when the reionization affects the CMB through the presence of ionized
gas through which the CMB photons must pass. This effect comes about when energetic electrons
hit the photons and transfer energy to the photons, and it is called inverse Compton scattering. The
impact on the CMB of the inverse Compton scattering is called the Sunyaev-Zel’dovich (SZ) effect,
Sunyaev and Zeldovich(1970), Sunyaev and Zeldovich(1980) andRephaeli(1995). There are two
types of the Sunyaev-Zel’dovich effect, thermal and kinetic, see figure3.2.

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 will gain 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 will cause a
Doppler shift of the CMB spectrum.

3.2.3 Global Reionization

There are three types of global reionization; suppression of small scales, new Doppler effect and the
Vishniac effect.
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Figure 3.3: 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 atz = 1000.
Through the finite speed of light, we know that they cannot have come from anywhere outside of
this projection, which corresponds to and angle

√
Ω0/zi .

The suppression of small scales comes from the fact that the photons scattering during reion-
ization loose their original direction. The amplitude of this effect depends on the time when the
reionization occurred, the later time the higher amplitude, see figure3.3. It also depends on the
degree of reionization, in other words, on theoptical depth. In fact, this effect suppress all scales
smaller than

θ ≤

√
Ω0

zi
, (3.10)

whereΩ0 is the total relative energy density of the universe andzi is theredshift at reionization. The
suppression of thepower spectrum on these scales ise−2τ.

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 scalesθ ∼ 0.02◦

and even then it is quite feeble.

3.3 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.

3.3.1 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 IR domain, like dusty galaxies.

As I have shown in my second paper, 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.

3.3.2 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, see section3.4, of these foregrounds are all roughly∝ θ3.
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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.

3.3.3 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.

3.4 Power spectrum

In the previous section we saw that the measured anisotropies can be separated into several compo-
nents, equation3.4, each anisotropy with its specific spectral and spatial signature. In this section
we will explore thepower 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

∆TX(~r , ν) =
∞∑
`=0

∑̀
m=−`

Ỳ m(~r)aX
`m(ν), (3.11)

where the spherical harmonicsỲ m are the basis functions anda`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)

∣∣∣〉 . (3.12)

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`. To convert from̀ to θ a good rule of thumb is
θ ≈ 180◦/`.

It is customary to plot the quantitỳ(` + 1)C`/2π in units ofµK2, cf figure3.4. The reason for
this choice is so that the root-mean-square (r.m.s.) of the temperature variations becomes visually
apparent: 〈

∆T(ν)2
〉
=

∞∑
`=0

(
2` + 1

4π

)
≈

∫ ∞

1

(
`(` + 1)

2π

)
C`d(ln `), (3.13)

where we have usedl(2`+1)
4π ≈

`(`+1)
2π for ` � 1. This means that in order to estimate the (r.m.s.)2 of

the anisotropies in the range`1 < ` < `2 we need to take only the r.m.s. height of the curve times
ln(`2/`1).

3.4.1 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. Each mode in these oscillations will 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.
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Figure 3.4: The power spectrum as measured by WMAP, CBI and ACBAR. On the x-axis, the
inverse angular scale, on the y-axis, the correlation on that scale. The dots are data points and the
curve is the theoretical curve.

3.4.2 Simulations of the CMB

A program named CMB-fast is used to estimate the CMB from theory. The program is versatile,
allowing the user to test different scenarios with different types of cosmologies and see what the
expected power spectrum would become. In figure3.5 we can see the different components of the
CMB and how they are affected by some cosmological parameters.
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Figure 3.5: The power spectrum as calculated by CMB-fast. Reprinted fromTegmark(1996). The
contribution from different types of anisotropies (see section3.1and3.2) is shown. On the x-axis is
the inverse angular scale, and on the y-axis the correlation on that scale. We see the characteristic
platau of the Sachs-Wolf effect at large angles and the acoustic oscillations at small angles. We can
also see the impact of different cosmological parameters on the power spectrum.
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Chapter 4

Short Introduction to the Papers

This chapter is included to give the reader some background information that may be useful for the
understanding of the particularities of the appended papers. Section4.1describes the dust, which is
the principal object of study in this thesis, and section4.2introduces dark matter, which is important
for Paper II.

4.1 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 of the nearby universe and even less so of 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 my first paper,
Elfgren and D́esert(2004), where the specifics of early dust are used. For a more complete review
of dust in general, seeDraine(2003).

4.1.1 Production

In section2.4 we treated the formation of light elements through the nucleosynthesis, but most of
the terrestrial material is made of heavier elements. The only known source of such heavy elements
aresupernovæ. During its life, a star fuses hydrogen into helium and then onto 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 produce new planets and stars.

On their way out, many of these elements are ionized. When the ions meet they tend to form
ionic bonds, and in this way tiny crystals are formed. These crystals form that we call cosmic dust.

For an overview of dust production in the early universe, the reader is referred toTodini and
Ferrara(2001).

4.1.2 Properties

The composition of interstellar dust grains is still largely unknown. While meteorites provide us
with genuine specimens of interstellar grains for examination, these are subject to severe selection
effects, and cannot be considered representative of interstellar grains. Our only direct information
about the composition of interstellar dust comes from spectral features of extinction, scattering, or
emission.

17



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 (Fischer2003), amorphous carbon at
≈ 1800 K, Al2O3 at≈ 1600 K and the other grain types at≈ 1100 K (Todini and Ferrara2001).

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
grain’s principal axis of largest moment of inertia with its angular momentumJ, and (2) alignment
of J with the galactic magnetic field.

As has been shown byWoosley and Weaver(1995), the chemical composition can be found of
different types of supernovæ with masses of 11-40 M� and metallicitiesZ/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.

4.1.3 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 complicated 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, seeDraine(1990).

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

This plethora of processes makes it difficult to calculate the lifetime of the dust. For a hot ionized
medium the lifetime 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 pretty much 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.

4.2 Dark Matter

Dark Matter (DM) is not very well understood but there are several properties that are known. There
are also a multitude of particles that could possibly constitute this mysterious DM. DM has not yet
been directly seen neither in astronomical telescopes, nor in particle accelerators.

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 ob-
servation the basic principle is as follows. If we measure velocities in some region, there has to be
enough mass present for gravity to stop all the objects flying apart. When such velocity measure-
ments are done on large scales, it turns out that the amount of inferred mass is much more than can
be explained by the luminous stuff. Hence we infer that there is DM in the Universe.

DM is also required in order to enable gravity to amplify the small fluctuations in the Cosmic
Microwave Background enough to form the large-scale structures that we see in the universe today,
as mentioned in section2.6.

DM candidates are usually split into two broad categories, with the second category being further
sub-divided:
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• Baryonic

• Non-Baryonic

– Hot Dark Matter (HDM) and

– 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”).

Since the DM has yet eluded detection, it is supposed that it will only interact 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 done including millions of DM particles and covering hundreds
of Mpc (mega parsecs). In simulations each “particle” weighs in the order of 1010 solar masses.
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Chapter 5

Summary and Outlook

5.1 Summary

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 fall on the surface of the Earth.

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 will have a particular spatial and spectral signature it could very well be
detected by the Planck satellite, planned to be launched in 2007.

This dust could help us better understand two important things in the universe, the Cosmic Mi-
crowave Background and the formation of structures like galaxies and stars in the early universe.

The evolution of the universe has been treated in chapter2 in order to set the stage for the place of
the dust in the history of the universe. The most important points were: (1) The decoupling of matter
from radiation (section2.5), leaving the universe with an omnipresent radiation with an imprint of
the properties of universe when it was 300,000 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 chapter3 follows a description of the properties and benefits of the Cosmic Microwave Back-
ground. This CMB radiation contains a wealth of cosmological information, which can be extracted
with the help of the power spectrum (section3.4).

Chapter4 contains a description of our current knowledge of interstellar dust (section4.1) and
gives an introduction to dark matter (section4.2). Neither of these subjects are particularly well
known to us today, but there is a lot of circumstantial evidence that helps us understand the basics.

In the first appended paper,Elfgren and D́esert(2004), a simple method is used to determine
the dust density as a function of time. The ambient radiation from the first generation of stars will
heat this dust and it will reemit a different spectrum. When this emission is integrated along the
line of sight through all the dust, a unique spectrum is obtained that could be measured here on
Earth. Unfortunately, the current generation of intruments is not capable of identifying the dust
signal merely by using the dust spectrum.

In the second paper,Elfgren et al.(to be published), the spatial distribution of dust is the object
of study. Since very little is known about this time in the history of the universe, a crude method
for the density distribution of the dust is used. The method simply consists of letting the dust be
proportional to the dark matter density, since dark matter is believed to have played a key-role in
the evolution of large-scale structures like galaxy clusters. Through computer simulations of the
evolution of dark matter, the distribution of the dust in space is thus obtained. The knowledge of the
spatial distribution is then compared to the sensitivity of the planned Planck satellite. The results are
promising but depend on model parameters like the lifetime of this early dust.
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The goals of this Licentiate thesis, as presented in the Introduction, have thus been satisfyingly
accomplished. The thickness, density and distribution of the dust from the first generation of stars
have been estimated, and the impact of this dust on the CMB measurements has been evaluated.

5.2 Outlook

There are still numerous exciting problems to be solved in order to consolidate our understanding of
the universe. In particular, 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 and destruction taken into account. This dust has important implications for the
spectra emitted by these galaxies, which eventually could be detected, for example with the Hubble
telescope. Hubble Ultra Deep Field observations have been carried out but are not yet published,
and these observations should show us the universe at an age of 0.3-0.7 billion years. This would
mean that we could even get a glimpse of the first generation of stars and find out some more direct
evidence of their properties.

Aside from the implications of dust in the early universe, gravitation is still a hot subject. Our
present understanding of what takes place with dynamics in the vicinity of a black hole is still poor,
and there are other aspects of gravitation that are not fully understood either.

Another interesting path is to study the large scale structure of the universe. There are some tan-
talizing evidence that the universe might not be as isotropic and homogeneous as has been previously
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 exploration of the universe.
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Appendix A

Cosmology

A.1 Basic Introduction

This appendix contains some explanations for those not so familiar with cosmology but with some
knowledge of physics in general. The symbols are explained in appendixB.

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 travelled will bec· t. So, if we say that something
is 100 light years away this means that 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 sectionA.2 and is also plotted in figureA.1. Astronomers and astro-
physicists often mean distance when they speak about redshift, cosmologists often mean time.

In fact, the definition of redshift is:

z=
λ0 − λe

λe
(A.1)

whereλ0 is the observed wavelength andλe is the emitted wavelength. The reason whyλ0 , λe

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

A.2 Cosmological Equations

Relation between temperature,T, expansion of the universeRand 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 = σT4/c2 ∝ R−4. (A.5)

General:

Time/redshift (forz< 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)

whereDc denotes the co-moving distance and the other symbols are explained in appendixB.
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Spectra:

Blackbody spectrum:

Bν =
2hν3

c2
(ehν/kBT − 1)−1. (A.8)

Conversionν↔ λ:
f (ν)dν = f (λ)dλ, ∀ f . (A.9)
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Appendix B

Explanations

B.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 ofantiparticles.

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

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

Big Bang The origin of the universe - see section2.1.

Bremsstrahlung Radiation emitted due to acceleration of charged particles.

CMB Cosmic Microwave Background. The fossil radiation left from thedecoupling of radiation
from matter,∼ 300,000 years after theBig Bang. The CMB radiation has a blackbody spec-
trum with a temperature ofTCMB = 2.725± 0.002 K,Mather et al.(1999).

Dark Matter Exotic dark matter is believed to constitute∼ 25% of the total mass (energy) of the
universe. Ordinary (baryonic) matter only constitutes∼ 5% of the total mass (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 also is dark matter. It is still and unsettled question, what dark
matter actually is. For more information, see section4.2.

Decoupling When there was not enough thermal energy to excite hydrogen, the energy of the pho-
tons did not change anymore and they continued virtually unhindered.

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 will induce an integrated Sachs-Wolf effect.

Foregrounds Other signals that (partly) hide the primordial CMB. Examples: Our galaxy and point
sources like nearby planets and distant galaxies and dust, cf section3.3.
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GalICS A computer program used to simulate dark matter and the evolution of galaxies and their
spectra.

Integrated Sachs-Wolf effect When a gravity potential changes over time. See section3.2.

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.

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

Optical depth, τ The probability of a photon passing through a medium without scattering ise−τ.

Planck A satellite, which will be launched in 2007 and which is planned to measure the CMB over
the entire sky with unprecedented precision.

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

Power spectrum A plot of the angular correlations of the measured CMB, cf section3.4.

Quantum numbers The numbers, which can be said best to 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.

Redshift Used to measure distance from us to a source (a star, a galaxy etc). Equivalently redshift
measures time from now and backwards. Today the universe hasz = 0. A billion years ago
correspond toz ∼ 0.1, ten billion years ago toz ∼ 2, thirteen billion years ago toz ∼ 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 the cause of 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 appendixA.

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 gravity well and thereby gets redshifted.

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 gives it energy. See section3.2.

Supernova A gigantic stellar explosion in which the luminosity of the star suddenly increases by
as much as a billion times. Most of the 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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B.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
SN SuperNova
SZ Sunyaev-Zel’dovich effect
WMAP Wilkinson’s Microwave Anisotropy Probe

B.3 List of Variables

B(r̂ , ν) Measured intensity in W/m2 in direction ˆr.
BX = BX(r̂ , ν) Intensity of componentX.
∆Φ Gravitational potential excess over background.
z Theredshift, which is dimensionless, is often used to describe time or length through

the intermediary of the expansion of the universeR. See also figureA.1.
R The expansion of the universe is∝ R, seez.
T Temperature in Kelvin.
t Time in seconds.
θ Angle on the sky.
Np Number density of protons.
Nγ Number density of photons.
Eγ Energy of photons.
zi Redshift of the reionization.
~r Spatial coordinate vector.
~v Velocity vector.
∆TX Anisotropy for componentX.
` Inverse angle scale,θ ≈ 180◦/` .
C` Angular correlation on scalè.
ν Frequency in Hz.
Ỳ m(θ, φ) Angular basis function for the Legendre spherical harmonics.
a`m Component ofỲ m.√〈
∆T(ν)2

〉
Root mean square of temperature differences.
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B.4 List of Cosmological Constants

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

H0 = 100· h0
km/s
Mpc 2.33×10−18s−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.

B.5 List of Physical Constants and Units

c 299792458 m/s Speed of light in vacuum, from Latin “celeritas”=speed.
G 6.6742(10)× 10−11 m3/kg·s2 Newton’s constant of gravitation (Mohr and Taylor2000).
kB 1.3806505× 10−23 J/K Boltzmann’s constant.

1 erg 10−7 J Unit energy in the cgs (centimeter-gram-second) system of units.
1 eV 1.602× 10−19 J Electron volt, energy.
1 pc 3.086× 1016 m A parsec is defined as the distance from the Sun which would

result in a parallax of 1 second of arc as seen from 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.

Elfgren, Erik and  Désert, François-Xavier, 2004, Astronomy and Astrophysics, 425, 9-14.
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Abstract. The possibility that population III stars have reionized the Universe at redshifts greater than 6 has recently gained
momentum with WMAP polarization results. Here we analyse the role of early dust produced by these stars and ejected into
the intergalactic medium. We show that this dust, heated by the radiation from the same population III stars, produces a submil-
limetre 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 (∆T)
spectrum times theν2 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. Dust – CMB – Reionization

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 mechanism
of producing such an opacity is not fully understood,Cen, R.
(2002, 2003) has shown that early, massive population–III (Pop
III) stars could ionize the Universe within 5< z < 15 (see
Fig. 1 and Fig.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 prop-
erties and the abundance of this early dust, we adopt a simple
dust grain model with parameters deduced from the Milky Way
situation. The dust production is simply linked to the ionizing
photon production by the stars through their thermal nuclear re-
actions. The low potential well of the small pre-galactic halos
allows the ejected dust to be widely spread in the intergalactic
medium. The ionizing and visible photons from the same Pop
III stars heat this dust. There are no direct measurements 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,
whereΩm = Ωb + ΩDM = 0.133/h2, Ωb = 0.0226/h2 and
h = 0.72 as advocated by WMAP,Spergel et al.(2003), us-
ing WMAP data in combination with large scale structure ob-

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

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, R.2002, figure 14). The dotted line
represents a simplified model with a constant photon produc-
tion, from z = 16, of 8 per unitz per baryon. The results are
similar.

servations (2dFGRS+ Lyman α). Furthermore, sincez � 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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Fig. 2. Production rate of ionizing photons from Pop III stars
per baryon,dnγ

dz /nb. The odd form between each integerz is not
physical but are due to the fact that the redshiftz 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 radiusa = 0.1µm and densityρg = 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)

whereνr ,ar andQ0 are normalization constants. There is only
one independent constant which means that we can fixar =

0.1µm. In (Desert et al.1990, figure 3) the poorly known knee
wavelength,λr = c/νr was set to 100µm. Here, we choose
40 µm for simplicity, so that early dust radiates mostly in the
ν2 emissivity regime. Above the characteristic frequencyνr the
spectral indexβ = 1, belowβ = 2. The exact position ofνr
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 withQ0 = 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 becauseλ < 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
universe at a given time. The co-moving relative dust density
is Ωd,0 = ρd(z)/((1 + z)3ρc), whereρd(z) is the dust density,

z is the red-shift,ρc =
3H2

0
8πG is the critical density (H0 andG

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 burningH 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 pro-
duction rate of ionizing photons to bednγ

dz /nb (Fig. 2), we can
calculate the total photon energy released from the Pop III stars.
This can be done by supposing that each photon has an effec-
tive energy ofEγ = cγ

∫ ∞
νion

dν hνBν(T∗)/
∫ ∞
νion

dν Bν(T∗), where
hνion = 13.6 eV andBν(T∗) is the spectrum of a star with tem-
peratureT∗. The energy of the non-ionizing photons is included
throughcγ = utot/uν>νion (u is the energy from the star). A Pop
III star hasT∗ ∼ 80 000 K (Shioya et al.2002, page 9) which
givesEγ ≈ 36 eV. Note that for other reasonable star temper-
atures,Eγ does not vary significantly,Eγ|60×103K ≈ 36 eV and
Eγ|100×103K ≈ 40 eV. Hence, the total Pop III photon energy

production isEγ
dnγ
dz /nb per baryon per unitz. For each con-

sumed nucleon, we assume that a nuclear energy ofEr = 7
MeV is released as radiation, which means that the nucleon
consumption rate isEγEr

dnγ
dz /nb nucleons per baryon per unitz. 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 colli-
sion, by supernova shockwaves or by cosmic rays, seeDraine
& Salpeter(1979) for further discussion. If a dust grain has a
lifetime of∆t we can write the dust destruction rate as

J− =
Ωd,0(z)
∆t

dt
dz
≈ −

Ωd,0(z)

∆tH0Ω
1/2
m (1+ z)5/2

, (5)

whereΩm 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)

wherezi = 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 ∆tH0

)
. (7)

We note that the source termJ+ 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∆t ∼
100 Myr, Draine & Salpeter(1979). However, the uncertainty
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Fig. 3. The co-moving relative dust density evolutionΩd,0 =

ρdust/ρc, for fd = 1. The minima atz = 6 and 9 for∆t ≤ 0.1
Gyr is due to the fact that∆z= 1 is not a constant time interval.

is rather large, according toDraine(1990), ∆t = 30 Myr – 10
Gyr, depending on the environment. Note, however, that the
density at the reionization red-shifts is much lower than in the
interstellar medium in the Milky Way which implies a rather
long dust life-time.

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
∆t → ∞ (∆t = 10 Gyr is good enough) we find the metallicity:

Z
Z�
=
Ωd,0(∆t → ∞)

0.02 ·Ωb
≈ 1147·Ωd,0(∆t → ∞) (8)

or in absolute termsZ ≈ 22.9Ωd,0. At z = 5 we haveΩd,0 =

2.3 · 10−5 fd, which givesZ ≈ 5.2 · 10−4 fd = 0.026fd Z�.
There are not much metallicity data available forz > 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
areZ/Z� ∼ 0.01, Depagne et al.(2002). The Lyα forest sug-
gests (Songaila & Cowie2002, figure 13) thatZ/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, figure 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 ≈ fe ject. This means
that fd will almost entirely depend on the dust ejection rate in
the supernova explosion. InIwamoto et al.(1998) a detected
hypernova of massM ∼ 14M� seems to havefe ject & 0.7.
Furthermore, according to a dust production model byNozawa
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), decreasingfd. 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 conserva-
tive fd = 0.1, in agreement with the Lyα forest measurements,
unless otherwise stated.

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
σνend(z) (9)

=
Q0c

√
Ωmar H0

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 andν =
νe/(1 + z). The dust number density isnd(z) = (1 + z)3 ×

ρcΩd,0(z)/mg wheremg =
4πa3

3 ρg is the grain mass. We see
(from τ ∝ Ωd,0) thatτ is proportional to the parameterfd.

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 ofβ at the redshiftedνr , see Sect.2, but this is not in
the spectral range of the CMB. The differential opacitydτ/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 ofz). However, for longer lifetimes, the early
dust could still play a certain role forz< 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 aν2 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 powersPd andPCMB can be written as

PX = 4π
∫ ∞

0
dνeσνeBνe(TX), (12)

whereBν is a Planck blackbody spectrum andX = {CMB,d}.
In the wave-length range considered, the spectral indexβ = 2.
Supposing thatβ is constant, eq.11 can be solved for the dust
temperature analytically in the submm range:

T4+β
d = T4+β

∗e f f + T4+β
CMB, (13)
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Fig. 4.Opacityτ with dust evolution taken into account.
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Fig. 5.The differential opacitydτ/dzatλ = 1 mm for different
dust lifetimes.

where the effective temperature is defined by

T4+β
∗e f f =

P∗

8π2hc−2(Q0 · (a3/ar )ν
−β
r )(kB/h)4+βCβ

(14)

andCβ =
∫ ∞

0
dxx3+β/(ex − 1) = (β + 3)!

∑∞
k=1 k−(4+β), such that

C0 ≈ 6.494,C1 ≈ 24.89 andC2 ≈ 122.1.
However, in our calculations we use the exact eq.11 and

12, while eq.14can 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 approximated by

P∗ = σUVu∗(z)c, (15)

whereσUV 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.
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Fig. 6.Energy density of ionizing photons compared touCMB =

4σST4
CMB/c, whereσS is Stefan-Boltzmann’s constant.
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Fig. 7. The dust temperature is plotted against the CMB tem-
perature with the relative quatity (Td − TCMB)/TCMB.

Eγ 1+z
1+z′ is the effective energy of the photon emitted atz′ and

then redshifted toz. According toCen, R.(2003), fesc = 0.3
gives an electron opacityτe ≈ 0.13 which is within one stan-
dard deviation of the results by WMAP. Hereafter, we adopt
this value offesc.

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.

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
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Fig. 8. Comparison of the modeled intensity for the early dust
emission in excess of the CMB with the observed FIRAS spec-
trum (dashed red curve) of the cosmic far IR background as
detailed byLagache et al.(1999).

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 Fig.4 and7, 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 formula for
the excess intensity relative to the unperturbed CMB:

∆iν ≡ iν − Bν(TCMB)

≈ TCMB
dBν
dT

∣∣∣∣∣
T=TCMB

∫ τν

0

Td(z) − TCMB(z)
TCMB(z)

dτe, (18)

whereTCMB 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. Eq.18tells us that it has a specific
spectrum which is the product of a 2.725 K blackbody tem-
perature fluctuation spectrum (like primary anisotropies) and
a ν2 power law (fromdτe). 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 extra-
galactic 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 lifetime∆t), the
computed early dust background can be an important part of
the observed background from 400µm up to the mm wave-
length. The exact position ofλr will only slightly displace the
spectrum, leaving the magnitude unchanged. Most of the far IR
background can now be explained by a population ofz = 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, figure 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 (compare
τd(1mm) . 10−3 andτe = 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 isL, the angular size is
3 · (L/5 Mpc) arcminutes atz = 10 which corresponds to mul-
tipole number̀ ∼ 4000· (L/5 Mpc). Fortunately, this region in
`-space does not contain any primordial fluctuations because
of the Silk damping. However, there are other foregrounds in
the same region, seeAghanim et al.(2000). If we suppose a
contrast of 10% in the dust intensity between dark matter fila-
ments and the void, we obtain values of∆T/T ≈ 3× 10−7 (for
λ = 1 mm, fd = 0.1 and∆t = 1 Gyr). These anisotropies,
pending more accurate calculations, clearly are in the range
of expected arcminute secondary anisotropies from other ef-
fects. They could be detected by Planck HFI (High Frequency
Instrument),Lamarre et al.(2003) and FIRAS–II type of in-
strument,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,∆t 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 evaluatefd more precisely, we need a better un-
derstanding of the typical properties of the first generation of
stars, see section3.1, 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
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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.

Elfgren, Erik, Désert, François-Xavier, Guiderdoni, Bruno, Submitted to Astronomy and
Astrophysics.
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Abstract. The dust produced by the first generation of stars will block the Cosmic Microwave Background to some extent. In
order to evaluate this, we calculate the power spectrum of the dust and show that this dust might be detectable with the Planck
satellite at small angular scales (` & 1000). The power spectrum of the dust is compared with errors of Planck and is found to
noticeable for certain values of dust lifetime and dust production rates.
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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 of the
universe, the Hubble parameter, the baryon content, the flatness
and the optical depth of the reionization,Bennett et al.(2003);
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 spatial curvature of the universe,Efstathiou
(2003); the formation of population III stars,Cen(2003); and
the neutrino masses,Hannestad(2003).

However, in order to interpret the CMB signal correctly, its
foreground must also be well known.

In this paper we focus on one particular aspect of the fore-
ground of the CMB: the primordial dust. This dust was created
during the reionization period in the first generation of stars and
was then ejected into the interstellar medium (ISM). The dust
will therefore partly block the path of the CMB photons and
slightly deform the spectrum. As we have shown in an earlier
paperElfgren & Désert(2004), this dust has a characteristic
spectrum proportional to a primary anisotropy (∆T) spectrum
times the frequency squared. The dust spectrum was shown to
be lower than the CMB by roughly two orders of magnitude
because the heating from the stars is significantly less than that
of the CMB at the time.

Nevertheless, the dust will also have a characteristic spa-
tial distribution which could be used to identify its signal. The
objective of this paper is to determine this distribution and its
impact on different measurements of the CMB. Of particular
interest is the Planck satellite mission, but also other instru-

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

ments, like MAMBO and BLAST could be interesting. The
spatial distribution is estimated from the GalICS (Galaxies In
Cosmological Simulations)N-body simulations of dark matter,
which are described in more detail in section2. The dust distri-
bution is then combined with the intensity of the dust emission
as calculated inElfgren & Désert(2004), and this is integrated
along the line of sight. The resulting power spectrum is then
plotted in terms of the spherical harmonicsC` and compared
with detection limits of Planck.

In our model, we assume aΛCDM universe withΩtot =

Ωm + ΩΛ = 1, whereΩm = 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 observations (2dFGRS+ Lymanα).

2. Dark Matter Simulations

The distribution of dark matter in the universe was calculated
using the GalICS program. The cosmological N-body simula-
tion we refer to throughout this paper was done using the paral-
lel tree-code developed byNinin (1999). The power spectrum
was set in agreement withEke et al.(1996): σ8 = 0.88, and the
Dark Matter (DM) density field was calculated from z=35.59
to z=0, outputting 100 snapshots spaced logarithmically in the
expansion factor.

GalICS is a hybrid model for hierarchical galaxy formation
studies, combining the outputs of large cosmological N-body
simulations with simple, semi-analytic recipes to describe the
fate of the baryons within dark matter halos. The simulations
produce a detailed merging tree for the dark matter hales, in-
cluding complete knowledge of the statistical properties arising
from the gravitational forces.

The basic principle of the simulations is to randomly dis-
tribute a number of dark matter particlesN3 with massMDM
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in a box of sizeL3. Then, as time passes, the particles interact
gravitationally, clumping together and forming structures. The
clumps of Dark Matter are called halos and in our simulation
we require at least 5 particles to clump together before we call
it a halo. There are supposed to be no other forces present than
the gravitation and the boundary conditions are assumed to be
periodic.

In the simulations we used, the side of the box of the sim-
ulation is L = 100h−1 Mpc and the number of particles are
2563 which implies a particle mass of∼ 5.51 × 109h−1M�.
Furthermore, the cosmological parameters wereΩΛ = 2/3,
Ωm = 1/3 andh = 2/3. Between the assumed initial dust for-
mation atz ∼ 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 five DM particles. The number of particles have been set
low in order to produce halos already atz= 14.7.

In order to make a correct large-scale prediction of the dis-
tribution of the Dark Matter and therefore the dust, the size
of the box would have to be of Hubble size, i.e. 3000 Mpc.
However, increasing the size of the box and maintaining the
same number of particles would mean that we loose 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 loosing in detail or making huge simulations.
This method is called MoMaF (Mock Map Facility) and is
described in detail inBlaizot et al.(2003). The basic princi-
ple 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 ro-
tated for each time-step. This means that there will be loss of
correlation information on the edges of the box, since those
parts will be gravitationally disconnected from the adjacent
box. Fortunately, this loss will only be of the order of 10% as
shown inBlaizot et al.(2003).

2.1. Validity of Simulation

The distribution of galaxies resulting from this GalICS simu-
lation has been compared with the 2dSColless et al.(2001)
and the Sloan Digital Sky SurveySzapudi et al.(2001) and
found to be realistic on the angular scales of 3′ . θ . 30′, see
Blaizot et al.(2003). The discrepancy in the spatial correlation
function for other values ofθ can be explained by the limits of
the numerical simulation. Obviously, any information on scales
larger than the size of the box is not reliable. Since the simu-
lation gives reasonable predictions of the matter distributions
today, it seems likely that it is also valid at higherz 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 dark matter distribution.
We propose two different ways for this to happen and explore
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Fig. 1. Intensity contribution from the dust per time-stepz.

these. The first is to let the dust be proportional to the dark mat-
ter halos, the second is the make a hydrodynamical smoothing
of the dark matter density field and set the dust density propor-
tional to this density:

ρdust(r, z) ∝ ρDM(r, z), (1)

whereρDM represents either the Halo method or the Smoothing
method. We will focus on the Halo method since it is more
likely that the dust will have formed in galaxies and halos than
that it will have formed anywhere that there is dark matter.

In order to estimate the measured intensity, we need to do
this distribution in terms of this intensity instead. In our previ-
ous paper,Elfgren & Désert(2004), we calculated the intensity
as a function of redshift, supposing that none of the light emit-
ted from the stars is absorbed. This is close enough to the truth
since there are more than 100 ionizing photons produced per
baryon. The result is plotted in Fig.1.

In our present model, the dust intensity is spatially dis-
tributed such that

dI
dz

(r, z) ∝ ρDM(r, z). (2)

The MoMaF method (section2) is then used to project the emit-
ted intensity from the dust on a 45’×45’ patch along the line
of sight. Within each box equation2 is normalized to produce∫
box depthdI/dz(z) when averaged over the projected box. If

a box is deeper than the time-step is long, the box is simply
chopped there. Forz < 2.3, the time-step is too short but this
is of little consequence since the dust density is so low at this
time. The box is divided into a grid according to the resolution
that we wish to test. For Planck this means a grid that is 9×9
pixels, for SCUBA 45×45.

To check the resulting intensity image, We have calculated
its
∑

dIx,y/N2
pix 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
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covered by the box, 150 co-moving Mpc2 which translates to
∼ 45’ and is apodized (smoothed on the edges), so as to avoid
artifacts on the edges. Thereafter the image is Fourier trans-
formed into frequency spacePk. In order to convert this spec-
trum into spherical harmonics correlation function we apply the
following transformation:

` = k · (2π)/(4 · sin(θ/4)) · Nmap/Nf f t (3)

C` = θ
2Ck. (4)

TheseC` is then calculated in units of [µK2/Bν(TCMB)] at a
frequencyν = 353 GHz (one of the Planck detectors work at
this frequency). As discovered inElfgren & Désert(2004), the
intensity is proportional to the frequency squared which means
that the power spectrum at a frequencyν will be

C`(ν) = C`(353 GHz)·
(

ν

353 GHz

)4
. (5)

In order to estimate an average power spectrum, 400 such im-
ages were generated and theC` were averaged of these. For
comparison, we also tried to paste all these images together
and calculate theC` for this (180×180 pixels) image. The re-
sult was very similar to the averageC`. To validate our re-
sults, we have also calculated the r.m.s. of the images and com-
pared with

∑
`

2`+1
4π C` and found them to be compatible. The

resulting power spectra can be seen in Fig.2. As described in
Elfgren & Désert(2004), the lifetime of these dust particles is
a largely unknown factor and we plot three different lifetimes,
0.1, 1, 10 Gyrs. Furthermore, the intensity is proportional to
the fraction of the formed metals that actually end up as dust,
which we assumed to befd = 0.3. This means that the inten-
sity C`( fd) = C`( fd = 0.3) · f 2

d . We note that there is only a
small difference between dust lifetimes of 10 Gyrs and 1 Gyr,
while the 0.1 Gyr is lower by a factor 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 significantly lower than the corresponding Halo methodC`:s
because the DM halos will be much more grainy (especially
early in the history) than the smoothed DM field. The differ-
ence between the two methods is a factor of∼ 10 but they do
not have exactly the same form.

The dust frequency spectrum will be distinctly different
from that of other sources in the same frequency range. As
shown inElfgren & Désert(2004), it will be ∝ ν2. We compare
this spectrum with that of the CMB∆T/T and that of galac-
tic dust, T=17 K, Boulanger et al.(1996). In order to focus on
the forms of the spectra, we normalize the three curves to one
at ν = 353 GHz. The result is presented in Fig.3. In case of a
weak dust signal, this frequency signature could allow us to dis-
tinguish the dust signal from the CMB and other foregrounds.

4.1. Detection with Planck?

The Planck satellite, due for launch in 2007, will have an angu-
lar resolution of∼ 5’ and will cover the whole sky. Our simu-
lated box of 45’2 will thus correspond to 9×9 pixels in Planck.
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Correlations on larger angular scales than 45’ will not be avail-
able from our simulations. However, the dust correlations will
increase at smaller angles while the CMB and many other sig-
nals will decrease. This means that our lack of information on
angular scales̀ . 250 will not be of any consequence, as can
be seen in Fig.4. Planck will measure the CMB atν = 100,
143, 217, 353, 545, and 857 GHz. We have chosenν = 353
as our reference frequency. At higher frequencies, the galactic
dust will become more of a nuisance and at lower frequencies
the CMB primary anisotropies will tend to dominate. To trans-
pose to other frequencies, recall from Eq.5, thatC` ∝ ν4.
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Frequency [GHz] 100 143 217 353 545 857
FWHM [’] 9.5 7.1 5.0 5.0 5.0 5.0
sX [µKs1/2] 32.0 21.0 32.3 99.0 990 45125

10
2

10
3

Multipole moment, l

10
0

10
1

10
2

l(
l+

1)
C

l/2
π 

[µ
K

2 ]

Total noise
Dust ∆T = 10 Gyr
Dust ∆T = 1 Gyr
Dust ∆T = 0.1 Gyr

Fig. 4. Comparison between dust power spectrum and Planck
error limits at 353 GHz with binning 500. The error limits (to-
tal noise) consist of two parts; the CMB cosmic variance, which
dominates for small̀ and the instrument noise, which domi-
nates for high̀ .

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

E =

√
2

(2` + 1) fcutL
× (ECMB+ Einstrument), (6)

where fcut = 0.8 is the percentage of the sky used,L is the
bin-size,ECMB is the cosmic variance and the instrument error
is

Einstrument= fsky
4πs2

X

tobs
· e`

2·σ2
b ·
`(` + 1)

2π
, (7)

where fsky = 1 is the percentage of the sky covered,sX is the
noise per second [µKs1/2], tobs= 14 · 30 · 24 · 3600 s is the ob-
servation time (14 months), andσb = FWHM/2.35 is the lobe
sensitivity in radians (FWHM=Full Width Height Median).

For Planck, the values of these parameters are given in
table 4.1. The values of the cosmic varianceECMB has been
taken from theLambda web-site: http://lambda.gsfc.nasa.gov
(1 March 2005).

The resulting error for a binning ofL = 500 along with the
dust power spectrum is plotted in figures4-8. In figure4, the
frequencyν = 353 GHz is fixed whilè is varied. We note that
` ∼ 1000 seems to be a good place to search for dust. At low
`, the error due to the cosmic variance dominates, at high` the
instrument noise.

In figures5 – 8, the binning center is fixed for each fig-
ure while the Planck frequencies constitutes the variable. The
fourth point in the figures correspond toν = 353 GHz and ap-
parently gives the best signal over error ratio. At low frequen-
cies the cosmic variance is important, at high frequencies, the
instrument error.
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Fig. 5. Comparison between dust power spectrum and Planck
error limits at`=1073 with binning 500. The error limits (total
noise) consist of two parts; the CMB cosmic variance, which is
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Fig. 6. Comparison between dust power spectrum and Planck
error limits at`=1358 with binning 500. The error limits (total
noise) consist of two parts; the CMB cosmic variance, which is
constant (≈ 1.0) and the instrument noise that has a “U-shape”.

4.2. Discussion

The First we compare with SCUBA measurements, seeBorys
et al. (1999), and find that̀ (` + 1)CDust

`
/2π at the meaǹ =

13081 of SCUBA is∼ 1000µK2, see9, which is much less
than `(` + 1)CSCUBA

`
/2π
∣∣∣
`=13081

≈ 55450µK2. This means that
the dust signal is too weak to have been detected by SCUBA.

Other detectors that might be of interest are FIRAS II,
Fixsen & Mather(2002) BLAST, Devlin (2001) and MAMBO,
Greve et al.(2004). BLAST will have a resolution of∼0.5’ and
a sensitivity which is a factor two lower than SCUBA’s.

As a final remark, we note that other signals that are cor-
related with structures will also show a similar behavior in the
power spectrum.
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Fig. 7. Comparison between dust power spectrum and Planck
error limits at`=1731 with binning 500. The error limits (total
noise) consist of two parts; the CMB cosmic variance, which
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error limits at`=2110 with binning 500. The error limits (total
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5. Conclusions

There seems to be a possibility to detect the dust from the first
generation of stars with the Planck satellite on small angular
scales (̀ & 1000). However, the detectability depends on the
actual distribution of dust in the early universe, but 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.
The spectral shape of the early dust is compared to that of the
primary CMB anisotropies as well as local dust and found to
have a unique signature.
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Fig. 9. Dust power spectrum as a function of multipole mo-
ment,`, for a map 45’×45’ and SCUBA resolution, 1’

References

Bennett, C. L., Halpern, M., Hinshaw, G., et al. 2003, ApJS,
148, 1

Blaizot, J., Wadadekar, Y., Guiderdoni, B., et al. 2003, ArXiv
Astrophysics e-prints, astro-ph/0309305

Borys, C., Chapman, S. C., & Scott, D. 1999, MNRAS, 308,
527

Boulanger, F., Abergel, A., Bernard, J.-P., et al. 1996, A&A,
312, 256

Cen, R. 2003, ApJL, 591, L5
Colless, M., Dalton, G., Maddox, S., et al. 2001, MNRAS, 328,

1039
Devlin, M. 2001, in Deep Millimeter Surveys: Implications for

Galaxy Formation and Evolution, 59–66
Efstathiou, G. 2003, MNRAS, 343, L95
Eke, V. R., Cole, S., & Frenk, C. S. 1996, MNRAS, 282, 263
Elfgren, E. & D́esert, F.-X. 2004, A&A, 425, 9
Fixsen, D. J. & Mather, J. C. 2002, ApJ, 581, 817
Greve, T. R., Ivison, R. J., Bertoldi, F., et al. 2004, MNRAS,

354, 779
Hannestad, S. 2003, Journal of Cosmology and Astro-Particle

Physics, 5, 4
Komatsu, E., Kogut, A., Nolta, M. R., et al. 2003, ApJS, 148,

119
Lambda web-site: http://lambda.gsfc.nasa.gov. 1 March 2005
Ninin, S. 1999, PhD thesis: Université Paris 11
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