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Chapter 1

Scientific rationale

About four hundred million years after the birth of our Universe the first objects were
formed, which then started to ionize the surrounding gas with their strong radiation.
Six hundred million years later, the all-pervasive gas was transformed from a neutral
to an ionized state. This pivotal period in the history of the Universe is called the
Epoch of Reionization (EoR). It holds the key to structure formation and evolution, but
also represents a missing piece of the puzzle in our current knowledge of the Universe.
Currently, this is changing with the completion of a new generation of radio telescopes,
which are capable of directly probing the EoR. LOFAR is the first telescope of this kind,
and will use an array of simple radio antennas to hunt for the radiation emitted by the
neutral hydrogen during the EoR. The wavelength of this radiation is 21 cm, but on its
way to us it is stretched by the Universe’s expansion to the radio wavelengths of 1–2 m.
However, its detection will be quite a challenge due to a number of complicating factors.
For example, the desired signal is so weak that it is like a needle in a haystack, overwhelmed
by the prominent foreground emission of our own Galaxy and other extragalactic radio
sources. This thesis examines both the properties of the ”haystack” and the way it
influences the LOFAR-EoR experiment, and discusses the Cosmic Microwave Background
radiation (the oldest radiation in the Universe) as an additional probe of the EoR.

In this introductory chapter we first take a fly through the history of the Universe
and we place the EoR on the Universe’s time (Sec. 1.1). Then, we give a brief overview
on the CMB radiation (Sec. 1.2). Section 1.3 explains observational constraints of the
EoR and introduces its new observational probe: the redshifted 21 cm line. The main
scientific goals and challenges of the LOFAR-EoR experiment are presented in Sec. 1.4.
The chapter concludes with an overview and the major goals of this thesis (Sec. 1.5).

1.1 Fly through a history of the Universe

It is broadly accepted that the Universe was born 13.7 billion years ago in an event called
the Big Bang (BB). The Universe was in a hot dense state and since then it has expanded
and evolved into the vast and much cooler cosmos we currently live in. In the following
few paragraphs we will take a fly through a history of the Universe (see Fig. 1.1).

During the Planck time, 10−43 s after the BB, the Universe is homogeneous, isotropic

1



2 Scientific rationale

Figure 1.1: A timeline of the Universe with the Epoch of Reionization marked. (Courtesy of
WMAP/NASA Scientific Team)
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and in a hot, dense and quantum state. A moment later, the size of the Universe increases
by a factor of ∼ 1026 via a rapid and exponential expansion, namely inflation. Soon after,
the matter annihilates with the antimatter in a process called baryogenesis. Since there
is asymmetry between baryons and anti-baryons, only matter survives. The Universe is
almost 10−3 s old, expands and cools down.

One second after the BB, the Universe is filled with a sea of neutrons, protons, elec-
trons, anti-electrons (positrons), photons, and neutrinos and its temperature is ∼ 1010 K.
As the Universe continues to cool, the neutrons either decayed into protons or combine
with protons to make deuterium (an isotope of hydrogen). During the first three minutes
of the Universe, most of the deuterium combines to make helium. This process of light
element formation via fusion in the early Universe is called primordial nucleosynthesis. A
small amount of lithium is also produced at this time.

Since the Universe is still hot and full of electrons, protons, and light nuclei, the
photons easily scatter off the electrons. Thus, the Universe is fully opaque, but this
scattering produces a thermal (blackbody) spectrum of radiation. One month after the
BB, the expansion of the Universe becomes faster than the scattering process and the
blackbody spectrum of the Universe is fixed. Moreover, it will preserve its spectrum
information to the present time.

Eventually 380 000 years after the BB, the Universe has cooled sufficiently that protons
and electrons can combine to form neutral hydrogen, during the process called recombi-
nation. At this point, the rate of combination of an electron and proton to form neutral
hydrogen is higher than the ionization rate of hydrogen.

The final result of recombination and primordial nucleosynthesis is that about 3/4 of
the baryonic matter is hydrogen and 1/4 is helium. Immediately afterwards, as photons
interact barely with the neutral hydrogen, radiation decouples from the baryons and the
Universe becomes transparent. The relic radiation from that moment is known as the
Cosmic Microwave Background (CMB) radiation. It has a black body spectrum and
today is redshifted to the microwave part of the spectrum.

The Universe enters into the period of darkness, known as the Universe’s Dark Ages,
as there are no radiation sources other than the gradually darkening cosmic background
radiation. During the Dark Ages, in high density regions, matter collapses and forms the
first stars, back holes, etc. about 400 million years after the BB. These first objects start
to emit radiation that ionizes the surrounding material, mostly hydrogen. The Dark Ages
are over and the new epoch starts: the Epoch of Reionization (EoR). EoR lasts for the
next 600 million years and during this period the cosmic gas changes from being almost
completely neutral to almost completely ionized.

During and after the EoR, the structures in the Universe continue to evolve. The
first stars explode and spread heavier elements (e.g. carbon, nitrogen, oxygen, silicon,
magnesium and iron) in the intergalactic medium (IGM). These heavier elements act as
a catalyst for new born stars and provide them with a long lifetime. Bit by bit, stars and
gas merge together and they form galaxies, while groups of galaxies form clusters.

Around 9.1 billion years after the BB, our Sun and the Solar System are formed. On
the planet Earth life starts to evolve. It took about 3.5 billion years of evolution to form
mammals and additionally a hundred million years to develop from the early mammals to
us. At the present time, 13.7 billion years after the Big Bang, scientists are putting effort
to understand the Universe that we live in.
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Now let’s have a more closer look at the Epoch of Reionization and its two observational
probes: the Comic Microwave Background radiation and the redshifted 21 cm line.

1.2 Cosmic Microwave Background radiation

The Cosmic Microwave Background radiation is the oldest light in the Universe. The
study of its properties enable us to make fundamental measurements of cosmology and
constrain our Universe: its age, curvature, energy-matter content and evolution.

It also plays an important role for understanding of the EoR. Thus, in the subsections
that follow, we give an overview of the discovery of the CMB, present its properties and the
physical processes that shape its fluctuations. Its secondary fluctuations are discussed with
a special care, since they directly constrain the EoR and could be used as an independant
probe of the EoR. The latter is one of the two main topics of this thesis and it is discussed
in Ch. 6.

1.2.1 Overview

The Comic Microwave Background radiation was predicted by R. Alpher, R. Herman,
and G. Gamow in their work on the Big Bang nucleosynthesis (Gamow, 1946; Alpher
& Herman, 1949). Some sixteen years later, A. Penzias and R. Wilson made the first
observation of this radiation, but their discovery was unintentional (Penzias & Wilson,
1965). They had been working at Bell Telephone Laboratories on a radiometer, which was
intended to be used for satellite communication experiments. The instrument was showing
an unexplained excess noise above the antenna temperature which was independent on
the direction of the antenna towards the sky. Coincidentally, researchers at Princeton
University were designing an experiment to find the CMB. When they heard about the
Bell Labs result they immediately realized that the CMB had been found (Dicke et al.,
1965). In 1978, Penzias and Wilson got the Nobel prize in physics for their discovery.

Further research on the CMB revealed that the CMB was expected to be largely
isotropic, but in order to explain the large scale structures observed today, small anisotro-
pies should exist. These anisotropies were discovered by the Cosmic Background Explorer
(COBE) and later confirmed by the Wilkinson Microwave Anisotropy Probe. The results
obtained from the COBE data provided for the first time evidence that supported the
Big Bang theory of the Universe: the CMB has a near perfect black-body spectrum and
has very faint anisotropies. Thus, two of COBE’s principal investigators, G. Smoot and
J. Mather, received the Nobel Prize in Physics in 2006 for their work on the project.
According to the Nobel Prize committee, “the COBE-project can also be regarded as the
starting point for cosmology as a precision science”.

Today, the temperature of the CMB radiation is very low, only 2.7 K. This radiation
shines primarily in the microwave part of the electromagnetic spectrum. In fact, the
temperature of this radiation is astonishingly uniform in every direction, to better than
one part in a thousand. However, there are small temperature isotropies with a root mean
square (rms) of only ∼ 20 µK. These anisotropies can be divided into two categories: the
primary and secondary anisotropies.

The primary CMB anisotropies originate from the last scattering surface (z ∼ 1100)
and arise due to effects at the time of recombination. There are three basic mechanisms
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that generate the primary anisotropies:

1. Sachs-Wolfe (SW) effect: photons from high density regions have to climb out of
potential wells, and are thus gravitationally redshifted (Sachs & Wolfe, 1967);

2. Intrinsic adiabatic effect: the coupling of matter and radiation in high density regions
can compress radiation and raise its temperature (Peebles & Yu, 1970);

3. Doppler effect: the plasma has a non-zero velocity, which leads to the Doppler shift
of the CMB photons (Sunyaev & Zeldovich, 1970).

The first effect is on the large scales, while the other two are on the small scales. In
addition to these effects there is also a photon diffusion damping – the process of diffusing
photons and equalizing the temperatures of hot and cold regions – which suppresses CMB
anisotropies at the smallest angular scales (Silk, 1967).

The secondary CMB anisotropies are generated after the Universe’s recombination by
scattering along the way towards us. By studying the detailed physical properties of the
primary and secondary CMB anisotropies we can learn about the content of the Universe,
its primordial density fluctuations that seeded large-scale structure formation, and the
Universe’s further evolution. A more detailed description of the secondary anisotropies is
given in the following subsection.

1.2.2 Secondary anisotropies

The CMB photons observed today have traveled a great distance through the Universe
from the last scattering surface to us. On their way they have interacted with matter
along their path and these interactions generated the secondary anisotropies. There are
two major types of interactions: due to gravity and due to scattering of the CMB photons
on free electrons. The gravity effects on the CMB photons are:

1. The integrated Sachs-Wolfe (ISW) effect is also caused by gravitational redshift,
similarly to the primary SW effect. However, we distinguish two different types
of this effect. First, the early type ISW effect that occurs immediately after the
primary SW effect while the Universe is still dominated in its density by radiation.
Second, the late type ISW effect that occurs in recent cosmic history, as dark energy
starts to dominate and govern the Universe’s expansion. Note that the ISW effect
assumes a linear time-varying gravitational potential. The ISW is also a large scale
effect.

2. The Rees-Sciama effect is a late type ISW effect but which assumes a non-linear
time-varying gravitational potential, usually associated with gravitational collapse.
The relevant scales are those of clusters and superclusters (5–10 arcmin).

3. Gravitational lensing of the CMB by intervening matter, which is only significant
on the scales below a few arc minutes.

The scattering effects are as follows.
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1. The thermal Sunyaev-Zel’dovich (tSZ) effect is the result of the interaction between
the CMB photons and a hot plasma through inverse Compton scattering. During
the interaction, the low energy photons are boosted to higher energies. There will
be fewer photons in the long-wavelength part of the CMB spectrum (Rayleigh-Jeans
tail) and more in the short-wavelength part (Wien tail). This effect is on the scale of
galaxy clusters and superclusters, although it may be produced on very small scales
during the Epoch of Reionization.

2. The kinetic Sunyaev-Zel’dovich (kSZ) effect is the Doppler effect due to the bulk
motion of electrons that scatter the photons. There are no distortions of the CMB
spectrum. Instead the hole spectrum is blue- or red- shifted depending on the
velocity direction.

3. The Ostriker-Vishniac (OV) effect is the same as the kSZ effect but in a linear
regime.

Note that this subsection is based on Aghanim et al. (2008, review). Please refer to it for
more details on the secondary CMB anisotropies.

1.3 Epoch of Reionization

About four hundred million years after the Big Bang the first radiation-emitting objects
in the Universe formed, and the all-pervasive gas transformed from neutral to ionized.
This pivotal era, the Epoch of Reionization, holds the key to structure formation and
evolution in the early Universe, and is a central topic in this thesis.

In the subsections that follow, we will present the observational effort to constrain
the EoR but also to probe it directly. The physics involved in the EoR will be explained
briefly. For a detail theoretical overview we recommend a few recent reviews by Barkana
& Loeb (2001); Ciardi & Ferrara (2005) and Furlanetto et al. (2006).

1.3.1 Observational constrains

At present, there are only two tentative observational constraints on the EoR: the Cosmic
Microwave Background and the Gunn-Peterson troughs. As we will explain, both of
these observations provide strong evidence for the existence of the EoR, but yet limited
constraints.

The primary CMB radiation is linearly polarized as a result of Thompson scattering
between the CMB photons and free electrons during recombination. However, the CMB
photons are then re-scattered for the second time on the free electrons produced during
the EoR. This re-scattering of the photons generates a new signature (anisotropy) in the
CMB polarization at large angular scales. The size of the polarization anisotropy relates
to the size of the horizon at that epoch and thus depends on the redshift. Therefore, each
time the CMB photons are scattered at a certain redshift, there will be a signature in
polarization at different scales.

In the CMB power spectrum the signature (anisotropy) produced by EoR is seen as
a bump. Its location is related to the redshift of reionization, while its height is defined
by the integrated optical depth of free electrons produced during EoR. In other words
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Figure 1.2: An illustration of a quasar spectrum with the Gunn-Peterson trough and Lyα forest
(Courtesy of S. G. Djorgovski et al., Caltech).

the height of the bump is proportional to the duration of reionization. Recently, Dunkley
et al. (2009) have used the WMAP Five-Year observations of the CMB to constrain the
optical depth of reionization to τ = 0.087±0.017. Using a simple model for the reionization
history, they have found the redshift of reionization to be zreion = 11.0±1.4. It is important
to note that the reionization signature in the polarized CMB data is weak, amounting to
no more than 10 percent of the primary signal, and that the redshift constraint is heavily
model dependent. Therefore, the CMB constraint on the EoR is limited.

The Gunn-Peterson trough is a feature in a quasar spectrum produced by the neutral
hydrogen in the intergalactic medium located between the quasar and the observer. The
trough is characterized by the suppression of the quasar emission at wavelengths blue-ward
of the quasar Lyα emission line.

After recombination and until the formation of the first stars, the IGM is opaque
and consists of neutral gas. Once the first stars begin to emit radiation that ionizes the
surrounding medium, the amount of neutral hydrogen will decrease. However, even a
small fraction of neutral hydrogen will make an optical depth of the IGM that is high
enough to suppress the observed emission as the scattering cross-section of Lyα photons
with neutral hydrogen is very high. Only after reionization is completed, the density of
the neutral hydrogen in the IGM is low enough that it is not capable of suppressing all
of the observed emission. Then usually, the quasar spectrum is full of Lyα absorption
lines produced by neutral hydrogen along the line of sight, but at different redshifts (also
known as Lyα forest). An illustration of these features is presented in Fig. 1.2.

A number of authors have analyzed the features in observed quasars spectra and
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have drawn the following two conclusions. First, hydrogen in the recent Universe is
highly ionized. Second, the neutral fraction of hydrogen in the distant Universe suddenly
increases at redshift ∼ 6.5, designating the end of the reionization process. Despite these
data providing strong constraints on the ionization state of IGM at redshifts below 6.5,
they say very little about the reionization process itself.

1.3.2 New observable of the EoR: Redshifted 21 cm line

The current observations discussed above have been giving us only an estimate on the
redshift period of the EoR, but they are not able to give answers to the following three
fundamental questions:

• When exactly the reionization had happened?

• What were the first sources that reionized the Universe?

• How reionization had happened?

However, two things are certain: the reionization process had happened and today’s
Universe is highly ionized. Therefore, there is a need for a dedicated experiment to
directly detect the signal from the EoR. The observable that these experiments will use
is explained in this subsection.

At the end of the Second World War, Dutch astronomer Hendrik van de Hulst com-
puted the transition frequency of the hyperfine transition line of neutral hydrogen, i.e.
∼ 1420 MHz, or equivalent to a wavelength of ∼ 21 cm, falling within the radio region of
the electromagnetic spectrum. Neutral hydrogen consists of a single proton orbited by a
single electron. The proton and electron also have spin, classically analogous to rotational
motion of the particle around its axis. The spin of the electron and proton can be in
the same direction, i.e. parallel state, and in an opposite direction, i.e. antiparallel state.
Because of magnetic interactions between the particles, the parallel state has slightly more
energy than the antiparallel state. The effect is also know as hyperfine splitting. During
the transition from the parallel to the antiparallel state, a 21 cm photon will be emitted,
as a result of energy conservation. Note that the probability of this transition is extremely
small, 2.9 · 10−15 s−1.

Van de Hulst also predicted that the amount of neutral atomic hydrogen in the inter-
stellar medium would be enough to produce a measurable signal at the radio wavelength
of 21 cm. After the 21 cm line was detected by Ewen and Purcell at Harvard University
for the first time and was corroborated by Dutch astronomers Muller and Oort at the
Leiden Observatory, we can say that van den Hulst’s discovery led to a breakthrough in
radio astronomy.

A decade later, George Field estimated that neutral hydrogen in the intergalactic
medium may also be directly detected via the hydrogen 21 cm line, but in emission
or absorption against the cosmic microwave background radiation (CMB) (e.g. Field,
1957, 1959). The physical quantity that measures the 21 cm radiation is the brightness
temperature and its derivation follows.

The amount of emission that is radiated by a source is usually expressed in terms of
specific intensity, Iν [Wm−2str−1Hz−1], i.e. energy emitted per unit time per unit area
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per solid angle and unit frequency. A black body at temperature T emits radiation at the
frequency ν according to Planck’s law:

Iν =
2h
c2

ν3

e
hν
kBT − 1

, (1.1)

where h is Planck’s constant, kB is Boltzmann’s constant and c is the speed of light. In
the limit of very high temperatures or small frequencies, Planck’s law can be written as
the Rayleigh-Jeans law:

Iν =
2ν2

c2
kB
T
. (1.2)

In radio astronomy, where the limit of small frequencies is applicable, the radiation inten-
sity is usually expressed in terms of temperature (see Eq. 1.2) and it is called a brightness
temperature, Tb:

Tb(ν) =
c2

2kbν2
Iν . (1.3)

Thus Tb is a physical quantity that is measured with the radio telescope. However, as we
mentioned before, the 21 cm emission of the IGM can only be detected differentially as
a deviation from the CMB and therefore depends on the brightness temperature of the
CMB, TCMB , spin temperature, Ts and the density of neutral hydrogen atoms, nHI:

δTb ∼ nHI

(
1− TCMB

Ts

)
. (1.4)

Note that δTb is also a function of redshift and the cosmological parameters, but we will
come back to this point in the following chapters. The spin temperature quantifies the
excitation temperature for the 21 cm transition, i.e. the ratio between the number of
neutral hydrogen atoms in parallel and antiparallel hyperfine states:

n1

n0
=
g1

g0
e
E10
kBTs , (1.5)

where g0,1 is the statistical weight (here g0 = 1 and g1 = 3), E10 = 5.9 · 10−6 eV is
the energy difference between the states and often E10/kb is expressed as the equivalent
temperature T? = 0.068 K.

At the end of the 20th century, Madau et al. (1997) first showed that δTb of the 21 cm
emission could provide a direct probe of the Epoch of Reionization. From Eq. 1.4 one can
see that there are three possible regimes of the 21 cm detection: if Ts � TCMB , then the
21 cm radiation is detected as emission; if Ts � TCMB , then 21 cm radiation is detected
as absorption; and if Ts = TCMB , there is no 21 cm detection. Thus, to be able to detect
the cosmological 21 cm emission, Ts and TCMB need to be decoupled.

Field himself showed that the spin temperature is determined by the three competing
processes: absorption of CMB photons; collisions between the particles, which is defined
by the gas kinetic temperature, Tk; and scattering of ambient UV (Lyα) photons, which
are defined via temperature, Tα, (Field, 1958):

Ts =
TCMB + ykTk + yαTα

1 + yk + yα
. (1.6)
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Figure 1.3: “Schematic sketch of the evolution of the kinetic temperature, Tk, and spin tem-
perature, Ts, of cosmic hydrogen. Following cosmological recombination at z ∼ 103, the gas tem-
perature (orange curve) tracks the CMB temperature (blue line; Tγ ∝ (1 + z)) down to z ∼ 200
and then declines below it (Tk ∝ (1 + z)2) until the first X-ray sources (accreting black holes
or exploding supernovae) heat it up well above the CMB temperature. The spin temperature of
the 21cm transition (red curve) interpolates between the gas and CMB temperatures. Initially it
tracks the gas temperature through collisional coupling; then it tracks the CMB through radiative
coupling; and eventually it tracks the gas temperature once again after the production of a cosmic
background of UV photons... Parts of the curve are exaggerated for pedagogic purposes. The exact
shape depends on astrophysical details...” (fig. 58, Loeb, 2006).

Coupling coefficients for the collision and Lyα terms are yk and yα, but for most cases
one can assume that Tα = Tk. The Lyα coupling term is actually due to the Lyman-α
pumping mechanism – also known as the Wouthuysen-Field effect – the hydrogen atom
changes hyperfine state through the absorption and spontaneous re-emission of a Lyα
photon.

Therefore, Ts and TCMB could be decoupled through either collisions, Lyman-alpha
pumping or a combination of both. Which one will happen during the EoR depends also
on the type of ionization sources. For example, stars decouple the spin temperature mainly
through radiative Lyα pumping while mini-quasars decouple it through a combination of
collisional Lyα pumping and heating. An example of the evolution of cosmic hydrogen
via its Ts and Tk is shown in Fig. 1.3. However, the important point is that Ts and TCMB

are decoupled.

1.3.3 EoR experiments

The 21 cm emission line from the EoR is redshifted by the expansion of the Universe to
meter wavelengths. For example, the 21 cm photon emitted at a redshift of 9 has today
a wavelength of 2.1 m, or equivalently, a frequency of ∼ 140 MHz. Thus, the observation
of 21 cm radiation from the EoR requires a radio telescope that operates in a low radio
part of the frequency spectrum (100− 200 MHz). All of the current radio telescopes lack
enough sensitivity in these frequencies. Fortunately, during this year this should change
with the start-up of two novel radio telescopes: the Low Frequency Array (LOFAR) and
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the Murchison Widefield Array (MWA). Both of these have the specific goal to observe the
cosmological 21 cm line from the EoR. LOFAR1 is European effort led by the Netherlands,
while the MWA2 is built by Australia and the US. There are also a number of other EoR
projects: EoR with the Giant Metrewave Telescope3, the 21 Centimeter Array4 and the
Precision Array to Probe the EoR5. By far the most ambitious project is Square Kilometer
Array6 (SKA), which has an international character and will be build within a decade.

As we will see in the next section, through the LOFAR-Epoch of Reionization key
science project, observations of the redshifted 21 cm line will not be easy due to a number
of complicating factors. Despite these difficulties, the near future will be very exciting for
this field as observational success will open a completely new area in cosmology, shedding
light on the Universe’s Dark Ages and the Epoch of Reionization.

1.4 LOFAR-EoR key science project

The LOFAR-EoR experiment is a key science project of the LOFAR telescope and it is
designed to detect the redshifted 21 cm line of neutral hydrogen from the Epoch of Reion-
ization. In the following three subsections, we will give a technical and scientific overview
of the LOFAR project and the LOFAR-EoR key science project will be presented through
its scientific goals and challenges. For additional information we refer to the LOFAR and
LOFAR-EoR websites (www.lofar.org and www.astro.rug.nl/∼LofarEoR), and a project
plan of the LOFAR-EoR key science project (de Bruyn, Zaroubi & Koopmans, 2007).

1.4.1 Overview

LOFAR is a new and innovative telescope that will observe at low radio frequencies, the
lowest energy extreme of the spectrum that is accessible from Earth. The LOFAR tele-
scope consists of many sensors (dipole antennae) that work together as one big telescope,
i.e. interferometric aperture synthesis array. The innovative aspect of LOFAR is its point-
ing system that is not mechanical. Instead, the LOFAR antennae detect the radiation
from the whole observable sky at the same time, and then pointing towards a certain
direction is done electronically. This enables observations at the same time in multiple
directions and makes LOFAR an IT (Information Technology) telescope. LOFAR is being
developed by a consortium of knowledge institutes, universities and industrial parties in
Europe, led by Netherlands Institute for Radio Astronomy, ASTRON.

There are two distinct LOFAR antenna types: the Low Band Antenna (LBA) and the
High Band Antenna (HBA). LBAs are sensitive in the frequency range between 10 and
80 MHz and consist of simple dual polarization droop dipoles above a conducting ground
plane with the wires at an angle of 45 degrees with respect to the ground (see Fig. 1.4).
The field of view of an LBA extends to the horizon. HBAs are sensitive in the frequency
range between 120 to 240 MHz. They are assemblies (tiles) of 16 bow-tie shaped dual

1http://www.lofar.org
2www.mwatelescope.org
3http://gmrt.ncra.tifr.res.in
4http://21cma.bao.ac.cn
5http://astro.berkeley.edu/∼dbacker/eor
6http://www.skatelescope.org
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Figure 1.4: An example of a LOFAR core station, which consists of 96 Low Band Antennae
(LBAs) and 2× 24 High Band Antenna (HBA) tiles organized in a “Micky Mouse” shape.

dipole antennae arranged in a 4× 4 grid (see Fig. 1.4). Each HBA tile is designed to have
the field of view of ≈ 30 degrees at a frequency of 150 MHz.

The LBA and HBA sensors are organized in array stations. Currently, 36 array stations
are being constructed in the North-East of the Netherlands: half of the stations, i.e. 18
core stations, are located in a 2×3 kilometer core area around the village of Exloo and the
remaining stations, i.e. 18 remote stations, are distributed around the core at distances
up to 80 km (see Fig. 1.5). Each core station consists of 96 LBAs and 2 × 24 HBA tiles
organized in a “Micky Mouse” shape, while a remote station has 96 LBAs and all 48
HBA tiles organized in a single group. In the middle of the core area, 6 core stations are
organized in a circle and act as the “super station”. There are also several international
stations that are being built in Germany, Sweden, the UK and France.

Since the station fields are distributed over a region of roughly a hundred kilometers
in diameter in the Netherlands and up to thousands of kilometers across Europe, for
coherent data processing it is necessary to combine the signals from all of the stations
with the wide area network. This network then transports the output data streams from
the stations to the Central Processing Facility (CEP) in Groningen, the Netherlands. CEP
is divided in three sections: an on-line section for processing real-time data streams from
the stations, a storage section for collecting the processed data streams and the off-line
processing section for additional data analysis. The 1.5 Blue Gene/P supercomputer is
used for on-line processing with a power of 34 TFlops.

Due to LOFAR’s cutting-edge technological approach, LOFAR will open an entirely
new window on the Universe at frequencies of ∼ 10 − 240 MHz (corresponding to wave-
lengths of 1.2−30 m). It will provide a broad range of astrophysical studies with unprece-
dented resolution and will make a breakthrough in sensitivity that can lead to unexpected
“serendipitous” discoveries, i.e., the detection of new classes of objects and new astrophys-
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Figure 1.5: An approximate location of the LOFAR core area (red circle) and remote sta-
tions (blue circles). The data from the stations is processed in Groningen with a Blue Gene
supercomputer.

ical phenomena. Currently, there are six major scientific studies, i.e. key science projects,
designed to pursue fundamental LOFAR science.

• Epoch of Reionization – LOFAR will search for the signals from neutral hydro-
gen, when the Universe was only ∼ 400 Myr old and when the radiation of the first
sources started to (re)ionize the surrounding gas, mostly neutral hydrogen;

• Deep extragalactic surveys – LOFAR will explore the formation of the earliest
structures in the Universe, i.e. galaxies, clusters and black holes, and will detect a
zoo of various distant massive radio galaxies;

• Transient sources – LOFAR will detect very short flashes of radiation, com-
ing from exploding stellar giants, accreting supermassive black holes and rapidly
rotating superdense neutron stars;

• Ultra high energy cosmic rays – LOFAR will detect radiation from the ultra
high energy cosmic rays as they pierce the Earth’s atmosphere;

• Solar science and space weather – LOFAR will monitor the solar activity and
its effect on the Earth, observe coronal mass ejections from the Sun and map the
ionospheric disturbances caused by the solar wind;

• Cosmic magnetism – LOFAR will map magnetic fields in our own and nearby
galaxies, in galaxy clusters and the intergalactic medium.
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In addition to the astrophysical applications, the LOFAR wide field network will be also
used for geophysical and agricultural applications. Therefore, LOFAR is a real multi-
ple sensor array that uses common infrastructure, data transport, power and processing
capabilities for multidisciplinary research.

1.4.2 Scientific goals

The main goals of the LOFAR-EoR key science project are the detection and quantification
of the cosmological 21 cm signal from the EoR. The former should be achievable in the
first years of observations, while the later demands higher signal to noise and should be
achieved during the succeeding years.
A detailed list of the main scientific goals of the LOFAR-EoR project follows.

1. Statistical detection of the ionization history of the Universe as a function of redshift:
The measured δTb of the cosmological 21 cm signal is mainly dependent on the
number of neutral hydrogen atoms at a certain redshift. Thus, by measuring the
variance of the cosmological 21 cm signal at the resolution scale of LOFAR, i.e.,
< δT 2

b > − < δTb >
2, we can determine a global reionization history. Using the

LOFAR-EoR simulation pipeline, Jelić et al. (2008) have demonstrated this type of
statistical detection of the EoR signal (see Ch. 5).

2. Power spectrum of the underlying density fluctuations: According to the current
models of the EoR, LOFAR will be able to probe the intergalactic medium prior
to significant reionization and obtain the power spectrum of the underlying cosmo-
logical density field (Harker et al., in prep.). Note that this could be achieved only
if the spin temperature of the intergalactic medium is much higher then the CMB
temperature.

3. Higher order statistics of the EoR signal: There is a lot of information in the signal
that is not contained in the power spectrum. Therefore, it is important to analyze
the cosmological 21 cm signal with high order statistical measures, such as skewness,
kurtosis, bi-spectrum, Minkowski functionals, etc (e.g. Harker et al., 2009b).

4. Statistical characterization of the growth of the size of the ionized regions as a func-
tion of redshift: Since ionized regions will not contribute to the observed signal below
the scale of their typical size, the power spectrum of the measured 21 cm brightness
temperature as a function of redshift will provide information about this issue.

5. Study of individual ionization bubbles around high redshift ionization sources: The
bubbles around a supermassive black hole or cluster of the first stars might have a
radius larger than a resolution element of the LOFAR-EoR experiment. Studying
such bubbles and their spatial structure will enable us to study the nature of the
ionization sources.

6. 21 cm forest: The radiation emanating from a strong high redshift radio source could
be absorbed by the neutral hydrogen intervening along the line of sight (Carilli et al.,
2002). Such absorption would then produce a forest of 21 cm absorption lines just
like the one produced by the Lyman α transition in the spectrum of lower redshift
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quasars. This type of measurement would provide a direct tomography of the neutral
hydrogen along the line of sight. However, note that the statistics of such sources is
very poorly known and might be quite rare.

7. Cross-correlation studies: Data obtained during the LOFAR-EoR experiment can
be combined with some other astrophysical observations. The main rationale is that
other astrophysical data might (anti-)correlate with the EoR signal. Two main types
of data in mind are given below.

(a) CMB data: The kinetic Sunyaev-Zel’dovich effect – produced by the scattering
of CMB photons off free electrons produced during the reionization process –
and the cosmological 21 cm signal – which reflects the neutral hydrogen content
of the Universe, as a function of redshift – might cross-correlate at the certain
scales (see Ch. 6). Given the recent launch of the PLANCK satellite, which has
measured the CMB with unprecedented accuracy, it is fit to conduct a rigorous
study into the cross-correlation of these data sets.

(b) Catalogues of galaxies at high-z: Since galaxies harbor the sources of ionization,
they are expected to anti–correlate with the EoR signal. Recent study have
shown that the LOFAR-EoR experiment could be sensitive to the 21 cm–galaxy
cross spectrum in conjunction with the Subaru survey of Lyman-alpha emitters
(Lidz et al., 2009).

Beside the primary goals, the LOFAR-EoR experiment will provide the deepest images of
the sky in the low radio part of the spectrum. These observations can be used then for
additional (namely secondary) scientific studies:

1. The physics of Galactic emission processes: Combined deep images of the radio
sky obtained for the LOFAR-EoR experiment with additional follow up studies at
20 − 80 MHz can be used to explore the physics that govern Galactic emission
processes, constrain the properties of the regular and random component of the
Galactic magnetic fields and distribution of the cosmic ray and thermal electrons.

2. Tomographic ionospheric studies: A detail statistical characterization of the iono-
sphere is needed in order to detect the weak cosmological 21 cm signal. Therefore,
the obtained ionospheric phase fluctuations on scales of arc minutes to degrees and
time-scales of seconds to hours can be used for tomographic studies of the ionosphere.

3. Deep long-baselines studies of foreground sources: Deep long-baseline studies of the
foreground sources will provide a catalogue of faint supernovae remnants, radio
clusters and galaxies that will be of interest on its own.

4. Faint transients: Very long and deep integrations of the LOFAR-EoR observations
will detect many faint transient sources.

1.4.3 Challenges

The LOFAR-EoR experiment, as well as other experiments designed to measure the cos-
mological 21 cm line, are challenged by strong astrophysical foreground contamination,
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Figure 1.6: This sketch illustrates all contributions to and contaminations of the observed signal
in the case of the LOFAR-EoR key science project. The former are: Galactic foregrounds ∼ 71%,
extragalactic foregrounds ∼ 27%, CMB < 1% and the EoR signal ∼ 0.01%; and the latter are:
ionosphere, radio frequency interferences, and instrumental effects and noise. On the left, a travel
time of the observed signal is noted.
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ionospheric distortions, complex instrumental response and other different types of noise
(see Fig. 1.6). In the following few paragraphs we will give a brief description of each.

In the frequency range of the EoR experiments (∼ 100 − 200 MHz) the foreground
emission of our own Galaxy and extragalactic sources (radio galaxies and clusters) domi-
nate the sky. In fact, the amplitude of this foreground emission is 4−5 orders of magnitude
stronger than the expected cosmological 21 cm signal. However, since the radio telescopes,
which are used for the EoR observations, are interferometers, they measure only fluctua-
tions of a signal. The ratio between the foregrounds and the cosmological signal is reduced
to 2− 3 orders of magnitude.

In terms of physics, the foreground emission originates mostly from the interaction
between relativistic charged particles and a magnetic field, i.e. synchrotron radiation.
Galactic synchrotron radiation is the most prominent foreground emission and contributes
about 70% to the total emission at 150 MHz (Shaver et al., 1999). The contribution from
the extragalactic synchrotron radiation is ∼ 27%, while the smallest contribution (∼ 1%)
is from Galactic free-free emission, i.e. thermal radiation of an ionized gas.

Ionospheric distortions of the signal detected by a radio telescope are caused by vari-
ations in the total electron content of the upper most part of the atmosphere, i.e. the
ionosphere, which is ionized by solar radiation. Thus, multiple scattering of an incoming
radio wave on electrons in the ionosphere produces scintillation of the observed source
and makes its image blurred. However, these effects can be removed to a certain degree
by a process called ionospheric calibration.

Any interferometric radio telescope has a complex instrumental response, which intro-
duces artifacts in an observed image and significantly contaminates the signal. Moreover,
the instrument itself introduces noise in an observation in terms of the brightness of the
sky and the system temperature. Hopefully, the artifacts introduced by the instrumental
response can be removed through calibration of the instrument, while the noise can be
beaten down by sufficiently long integrations.

The last type of contamination in the EoR experiments is Radio Frequency Interference
(RFI). RFI is a disturbance due to either electromagnetic conduction or electromagnetic
radiation emitted from an external source, e.g. radio and television emitters, communi-
cation devices etc. Luckily, in most cases they are narrow banded and tend to occur at
the same position in time and frequency. Their properties can be studied in detail and
excised accurately.

Given all of the challenges that need to be overcome in order to reliably detect the
EoR signal, it is crucial to understand all of their properties and characteristics. Thus, the
LOFAR-EoR experiment end-to-end simulation is developed in order to study the effect
of these contaminants on the detection of the cosmological signal.

1.5 This thesis

In the previous sections, we have seen the importance of exploring the Epoch of Reioniza-
tion, a missing puzzle in the process of structure formation and evolution in the Universe.
We have seen numerous efforts to probe this epoch using radio interferometric telescopes
that are designed to detect the 21 cm line of neutral hydrogen from the redshifts of EoR.
We have also seen the challenges that these experiments need to overcome in order to
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reliably detect the cosmological 21 cm signal: prominent foreground emission, complex
ionospheric distortions and instrumental response, radio frequency interferences and dif-
ferent types of noise. If not treated and removed correctly, all of these challenges could
severely contaminate the EoR signal and obstruct its detection. Therefore, the hunt for the
cosmological 21cm signal can be truly compared with finding the needle in the haystack.

However, in the last decade there has been a slew of theoretical and observational
efforts to explore and understand all of the data components of the EoR experiments in
order to prepare us for the real data. Thus, the ultimate effort is an end-to-end simulation
of the EoR experiment, which will help us to develop a robust signal extraction scheme
for the extremely challenging EoR observations. In addition, it will help us to understand
very well all of the data components, their influence on the desired signal and explore
additional complementary or corroborating probes of the EoR.

This thesis focuses on the LOFAR-EoR key science project. More precisely on two
aspects of the project:

1. Foreground simulations as part of the LOFAR-EoR simulation pipeline;

2. The cosmic microwave background as an additional probe of the EoR.

In the following few paragraphs we will give a brief description of each.

1. The LOFAR-EoR simulation pipeline consists of three main modules: the EoR signal
(described in the thesis by R. M. Thomas, 2009), the foregrounds (this thesis) and
the instrumental response (described in the thesis by P. Labropoulos, in prep.).
Additional modules are: the ionosphere (described in the thesis by P. Labropoulos,
in prep.), the radio frequency interferences (described in the thesis by A. Offringa,
in prep.), the inversion (described in the thesis by P. Labropoulos, in prep.) and
different extraction schemes (Jelić et al., 2008; Harker et al., 2009a,b). A flow chart
of all of these modules is shown in Fig. 1.7.

The LOFAR-EoR foreground model, presented in this thesis, contains all of the
foreground components both in total and polarized intensity: Galactic synchrotron
emission from diffuse and localized sources, Galactic thermal (free-free) emission and
integrated emission from extragalactic sources, like radio galaxies and clusters. The
Galactic emission is simulated with special care to include all its physical properties
and characteristics. It is important to note that a developed foreground model is
the first model to simulate the EoR foregrounds in great detail.

2. One of the leading sources of secondary anisotropy in the CMB is due to the scat-
tering of CMB photons off free electrons created during the reionization process.
These anisotropies can be induced by thermal motions of free electrons (thermal
Sunyaev-Zel’dovich effect) and by the bulk motion of free electrons (the kinetic
Sunyaev-Zel’dovich effect, kSZ). The latter is far more dominant during reioniza-
tion. Therefore, it is useful to consider the mutual information that the CMB and
the cosmological 21cm data sets contain. Along these lines, in this thesis we have
obtained a cross-correlation study between the kSZ effect – produced by the scat-
tering of CMB photons off free electrons produced during the reionization process –
and the cosmological 21 cm signal – which reflects the neutral hydrogen content of
the Universe, as a function of redshift.
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Figure 1.7: A flow chart of the LOFAR-EoR simulation pipeline, which will help us to develop
a robust signal extraction scheme for the extremely challenging EoR observations.

Summa summarum, this thesis has the following aims:

• To provide a detailed foreground model for the LOFAR-EoR simulation pipeline
that includes both galactic and extragalactic emission. The model has to be capable
of simulating the foreground maps tailored in the angular and frequency domains
for the LOFAR telescope.

• To study the properties of the Galactic diffuse synchrotron emission in total and
polarized intensity using both simulations and current observations.

• To explore the influence of the total and polarized intensity foregrounds on extraction
schemes for the cosmological 21cm signal.

• To investigate the kSZ-21cm cross-correlation as an additional probe of the EoR.

This thesis is organized as follows. The galactic and extragalactic foreground simula-
tions tailored for the LOFAR-EoR experiment are presented in Ch. 2. A detail Galactic
synchrotron emission model for total and polarized intensities is presented in Ch. 3. Chap-
ter 4 shows the results on simulated Galactic synchrotron emission in the region of Abel
2255. The effect of the total and polarized intensity foregrounds on the extraction of the
EoR signal is explained in Ch. 5. Chapter 6 discusses the cross-correlation study between
the cosmological 21cm signal and CMB data. The thesis finishes with the final remarks
(Ch. 7).
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Chapter 2

Foreground simulations

Published as: Jelić V., et al., 2008, MNRAS, 389, 3, 1319

ABSTRACT
Future high redshift 21-cm experiments will suffer from a high degree of contamina-
tion, due both to astrophysical foregrounds and to non-astrophysical and instrumental
effects. In order to reliably extract the cosmological signal from the observed data,
it is essential to understand very well all data components and their influence on the
extracted signal. Here we present an astrophysical foreground simulation, that in-
cludes Galactic diffuse synchrotron and free-free emission, synchrotron emission from
Galactic supernova remnants and extragalactic emission from radio galaxies and clus-
ters. The simulated foreground maps are produced assuming 5◦ × 5◦ windows that
match those expected to be observed by the LOFAR Epoch-of-Reionization key sci-
ence project.

2.1 Introduction

The Epoch of Reionization (hereafter, EoR), which marks the end of the Universe’s ‘Dark
Ages’, is one of the least explored epochs in cosmic evolution. Currently, there are two
main observational constraints on the EoR. The first is the sudden jump in the Lyman-α
optical depth in the Gunn-Peterson troughs (Gunn & Peterson, 1965) observed in the
Sloan Digital Sky Survey quasar spectra (Becker et al., 2001; Fan et al., 2001; Pentericci
et al., 2002; White et al., 2003; Fan et al., 2006), marking a lower limit to the redshift
at which the Universe became completely ionized. The second constraint comes from the
fifth year WMAP satellite data on the temperature and polarization anisotropies of the
cosmic microwave background (CMB) (Spergel et al., 2007; Page et al., 2007) which gives
an integral constraint on the Thomson optical depth experienced by the CMB photons
since the EoR. However, both of these observational methods provide limited information
on the reionization process.

The redshifted 21-cm hyperfine transition line of neutral hydrogen is the most promis-
ing and immediately accessible method for probing the intergalactic medium (IGM) during
reionization (e.g. Field, 1958, 1959; Scott & Rees, 1990; Kumar et al., 1995; Madau et al.,
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1997). Recent years have witnessed a flurry of theoretical activities to predict reionization
sources and their impact on the IGM (e.g. Barkana & Loeb, 2001; Loeb & Barkana, 2001;
Ciardi & Madau, 2003a; Ciardi et al., 2003; Bromm & Larson, 2004; Iliev et al., 2007a;
Zaroubi et al., 2007; Thomas & Zaroubi, 2008). Measurements of the 21-cm signal can
also help to constrain the cosmological parameters independently (McQuinn et al., 2006).

Future telescopes like LOFAR1, MWA2, 21CMA3 and SKA4 are being designed to
study the redshifted 21-cm signal from the EoR. A successful detection of this signal will
help us derive the nature of the first sources and their impact on the surrounding IGM.

Unfortunately however, the cosmological EoR signal is contaminated by a slew of astro-
physical and non-astrophysical components. Typically, the contamination level is orders
of magnitude larger than the cosmological 21-cm signal. Thus, the primary challenge of
the EoR observations will be the accurate modeling of the various data components –
foregrounds, instrumental response, ionospheric disturbances, to name a few – which is
essential to develop a robust signal extraction scheme.

For the foregrounds, there are currently no available data in the 115-180 MHz fre-
quency range and 4 arcmin resolution at high Galactic latitude that would allow accurate
modeling of the LOFAR-EoR foregrounds. Therefore, one has to rely on the available rel-
evant data and extrapolate, based on theoretical arguments, into the frequency range and
resolution observed by LOFAR. However, recently Ali et al. (2008) used 153 MHz obser-
vations with Giant Meter Wave Radio Telescope to characterize the statistical properties
– visibility correlation function – of the foregrounds. This chapter focuses on simulating
the galactic and extragalactic foregrounds that dominate the sky at frequencies of inter-
est for the LOFAR-EoR experiment (115–215 MHz). The main foreground components
are: Galactic synchrotron emission from diffuse and localised sources, Galactic thermal
(free-free) emission and integrated emission from extragalactic sources (like radio galaxies
and clusters). The dominant component of the foregrounds is the Galactic synchrotron
emission (∼70 per cent). The extragalactic emission contributes ∼27 per cent and Galac-
tic free-free emission ∼1 per cent (Shaver et al., 1999). Although the difference between
the mean amplitude of the EoR signal and the foregrounds is expected to be 4-5 orders
of magnitude, an interferometer like LOFAR measures only the fluctuations which in this
case are expected to be different by ‘only’ three orders of magnitude.

Various authors have studied the foregrounds in the context the EoR measurements.
Shaver et al. (1999) have studied the diffuse synchrotron and free-free emission from our
Galaxy and extragalactic sources; Di Matteo et al. (2002) and Di Matteo et al. (2004)
have considered emission from unresolved extragalactic sources at low radio frequencies;
and Oh & Mack (2003) and Cooray (2004) studied the effect of free-free emission from
extragalactic haloes.

The current study is part of the general effort undertaken by the LOFAR-EoR key
science project to produce simulated data cubes. The pipeline under construction will
simulate the LOFAR-EoR data cube that includes the simulated cosmological 21-cm sig-
nal, the galactic and extragalactic foregrounds, ionospheric effects, radio frequency inter-
ferences (RFIs) and the instrumental response. These datacubes will be used to design

1http://www.lofar.org
2http://www.mwatelescope.org/
3http://21cma.bao.ac.cn/
4http://www.skatelescope.org
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the observational strategy and test our signal-processing methods. Our main concern in
this chapter is the simulation of the galactic and extragalactic foregrounds.

Recently, a study by Gleser et al. (2008) has been conducted along lines similar to parts
of the current work. The authors present a simplified model of the Galactic foregrounds
that does not take into account all the spatial and frequency correlations of the Galactic
diffuse synchrotron emission and underestimates that of the Galactic free-free emission,
both of which are very important. In contrast to them, we also present polarized maps of
the Galactic synchrotron emission.

In the foregrounds simulations presented in this chapter: Galactic (see Sec. 2.2) and
extragalactic (see Sec. 2.3), we choose a different approach from previous groups, since our
main aim is to produce the simulations that will be part of the LOFAR-EoR data pipeline.
In this context our main aim is to produce foregrounds maps in the angular and frequency
range of the LOFAR-EoR experiment, i.e. 3D datacubes, and then use those simulations
for testing the accuracy of removal of the foregrounds (see Ch. 5). Section 2.4 outlines the
importance of the polarized character of the foregrounds and how to model the Stokes I,
Q, and U polarization maps of the Galactic synchrotron emission. The chapter concludes
with a summary (Section 2.5).

2.2 Galactic foregrounds

The Galactic foregrounds have three main contributions. The first and largest component
is the Galactic diffuse synchrotron emission (GDSE), which is the dominant foreground
component in the frequency range of the LOFAR-EoR experiment. The second component
is radio synchrotron emission from discrete sources, mostly supernova remnants (SNRs).
The third and last component is the free-free radio emission from diffuse ionized gas.
This component is the weakest of the three, yet it still dominates over the cosmological
component. Moreover, it has a different spectral dependence, making it very important
in testing the signal extraction schemes that we have. In this section we describe how we
simulate the contribution of each of these components to the total intensity. The polarized
intensity simulations are described later on.

2.2.1 Diffuse synchrotron emission

The GDSE originates from the interaction between the free electrons in the interstellar
medium and the Galactic magnetic field. Therefore the observed GDSE intensity as a
function of frequency, I(ν), depends on the number density of emitting electrons, Ne, and
the Galactic magnetic field component perpendicular to the line of sight, B⊥:

I(ν) ∼ NeB(γ+1)/2
⊥ ν−(γ−1)/2 (2.1)

where γ is the electron spectral energy distribution power law index (Pacholczyk, 1970).
The intensity of the synchrotron emission as expressed in terms of the brightness tem-
perature varies with position and frequency and its spectrum is close to a featureless
power law Tb ∼ νβ , where β is the brightness temperature spectral index, related to γ by
β = -(2 + (γ − 1)/2).
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Observational data that are relevant to the LOFAR-EoR project are scarce. Landecker
& Wielebinski (1970) have produced an all sky map of the total intensity of the GSDE at
low radio frequencies at 150 MHz with 5◦ resolution. The other Galactic survey relevant
to the LOFAR-EoR experiment is the 408 MHz survey of Haslam et al. (1982) with a
resolution of 0.85◦ and of Reich & Reich (1988) at 1420 MHz with 0.95◦ resolution. In
the Reich & Reich (1988) paper the authors also assume a smooth power law change in
the intensity as a function of frequency which they calculate from their 1420 MHz and
408 MHz maps.

At high Galactic latitudes the minimum brightness temperature of the GDSE is about
20 K at 325 MHz with variations of the order of 2 per cent on scales from 5–30 arcmin
across the sky (de Bruyn et al., 1998). At the same Galactic latitudes, the temperature
spectral index β of the GDSE is about −2.55 at 100 MHz and steepens towards higher
frequencies (e.g. Reich & Reich, 1988; Platania et al., 1998). Furthermore, the spectral
index gradually changes with position on the sky. This change appears to be caused by a
variation in the spectral index along the line of sight. An appropriate standard deviation
in the power law index, σβ , in the frequency range 100–200 MHz appears to be of the
order of ∼ 0.1 (Shaver et al., 1999). Recent data, collected around a galaxy cluster Abell
2255 using the WSRT telescope at 350 MHz, indicate that the rms of the brightness
temperature at 3 arcmin resolution could be as low as 0.1–0.3 K (Pizzo and de Bruyn,
private communication). If extrapolated to 150 MHz this result implies that the rms in
that region could be 1–2 K, which is an order of magnitude smaller than the low resolution
data suggest.

For the purpose of this chapter we assume that the GDSE as a function of frequency
is well approximated by a power law within the limited frequency range of 115–180 MHz.
This is a central assumption in our simulation which is consistent with the general trend
shown by the available data, namely that the change in the frequency power law index
is gradual. The values we choose for the power law index are based on the high Galactic
latitude regions in the Haslam et al. (1982) and Reich & Reich (1988) maps. The second
assumption we make is that both the intensity and power law index of the GDSE can be
spatially modeled as Gaussian random fields (GRFs). For the power spectrum of GRFs
we assume a power law with 2D index α = −2.7. The standard deviation of the GRFs is
normalized to 0.4, assuming an angular scale corresponding roughly to the field of view
(5◦). This is consistent with the value adopted by Tegmark et al. (2000), Giardino et al.
(2002) and Santos et al. (2005) for the angular power spectrum index α, where Cl ∼ lα,
α varies from −2.4 to −3, and l is the harmonic number.

In contrast to the previous authors (Tegmark et al., 2000; Giardino et al., 2002; Santos
et al., 2005) who directly used the angular and frequency power spectrum of the GDSE
for their analysis, we simulate GDSE in four dimensions (three spatial and one frequency),
produce maps at each frequency and then do our analysis on them. The four dimensional
realisation approach has the added benefit of enabling us to account for the amplitude and
temperature spectral index variations of the GDSE along the line of sight (z-coordinate).
We obtain the final map of the GDSE at each frequency, ν, by integrating the GDSE
amplitude (A(x, y, z, ν)) along the z-coordinate:

Tb(x, y, ν) = C

∫
A(x, y, z, ν)dz (2.2)
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Figure 2.1: Simulated map of total intensity emission of Galactic diffuse synchrotron emission
with angular spectral index α = −2.7 and frequency spectral index β = −2.55. The angular
size of the map is 5◦ × 5◦, with ∼ 0.6′ resolution. The colour bar represents the brightness
temperature Tb of the Galactic diffuse synchrotron emission in Kelvin at 120 MHz.

where Tb(x, y, ν) is the brightness temperature of the GDSE as a function of position and
frequency and C is a normalization constant. A(x, y, z, ν) is dimensionless and at each
frequency is defined by power law:

A(x, y, z, ν) = A(x, y, z, ν0)
(
ν

ν0

)β(x,y,z,ν)

(2.3)

where ν0 is the reference frequency at which the normalisation is done and β(x, y, z, ν) is
the temperature spectral index as a function of 3D position and frequency ν. The power
law index β has a weak frequency dependence, also as a power law.

A(x, y, z, ν0) and β(x, y, z, ν0) of the GDSE at the normalization frequency ν0 are
modeled spatially as two Gaussian random fields with 3D power law spectrum P (k) ∼ kδ.
Note that the absolute value of the 3D power law index δ is |δ| = |α| + 1 where α is
the 2D power law index mentioned above. A(x, y, z, ν0) and β(x, y, z, ν0) are normalized
according to observations (the Galactic surveys mentioned above).

For clarity, the steps we followed to produce the GDSE maps are listed below:

1. Generate the same 3D Gaussian random field for both A and β. The assumption
here is that both fields have a correlated spatial distribution, which is supported by
visual inspection of the high Galactic latitude portions of the Reich & Reich (1988)
maps. We have also explored the possibility that A and β are independent; this has
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Figure 2.2: Brightness temperature of Galactic diffuse synchrotron emission as a function of
frequency, for five different lines of sight. Each line of sight has a slightly different power law
index along the frequency direction as a result of the spatial and frequency variations in the
temperature spectral index.

led to results very similar to the correlated case, and therefore we show only maps
in which A and β are correlated.

2. Normalize the mean and standard deviation of A(x, y, z, ν0) by integrating along
the z direction and setting the mean and standard deviation of Tb(x, y, ν0) to match
the observations (the Galactic surveys mentioned above). In other words we set
the integration constant C in Eq. 2.2, in a way that the properties of the field
A(x, y, z, ν0) after integration match the observed properties of Tb(x, y, ν0).

3. Normalize the mean and standard deviation of β(x, y, z, ν0) according to observa-
tions.

4. Use Eq. 2.3 to calculate A at each frequency.

5. Integrate along the z-coordinate to get the two-dimensional maps of the GDSE
brightness temperature at each frequency ν (Eq. 2.2).

For the purpose of this chapter we simulate the GDSE on 5123 grid, where the x,y plane
corresponds to angular size of 5◦× 5◦ and z direction scales between 0–1 in dimensionless
units. The amplitude, A, of the GDSE is normalized in the way described above to match
Tb(325 MHz) = 20 K ± 2% (de Bruyn et al., 1998), while β is normalized at 100 MHz:
β = −2.55± 0.1 (Shaver et al., 1999).

Fig. 2.1 shows a simulated map of the Galactic diffuse synchrotron emission according
to the procedure described above, at a frequency of 120 MHz with an angular size of
5◦ × 5◦ on a 5122 grid. The mean brightness temperature of the map is Tb = 253K with
σ = 1.3K.
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In contrast to Fig. 2.1, which shows the angular variations of the GDSE at one fre-
quency, Fig. 2.2 shows the amplitude variations of GDSE as a function of frequency for a
number of lines of sight. Each line of sight has a slightly different power law index along
the frequency direction as a result of the spatial variations in the temperature spectral
index. Furthermore, the brightness temperature variation for one line of sight is not a sin-
gle power law but superposition of many power laws, due to the spectral index variations
both spatially and in the frequency direction. Note that Tb is still a very smooth function
of frequency.

2.2.2 Emission from SNRs

Supernova remnants are composed of expanding shells that have strong magnetic fields
which are able to produce cosmic rays. As the particles escape the expanding shell, their
energy decreases due to synchrotron cooling and we detect them at radio frequencies.
The majority of the Galactic SNRs are within the Galactic plane but their distribution
exponentially decreases with distance from the Galactic plane, z, (e.g. Caswell & Lerche,
1979; Xu et al., 2005), that is, N ∼ e−z. Moreover, due to the interaction of SNRs with
the interstellar medium their radio surface brightness Σ decreases with an increase of their
diameter D and with an increase of their height z, (e.g. Caswell & Lerche, 1979), namely
Σ ∼ D−3e−z.

Our goal is to calculate the expected number of known SNRs within a LOFAR-EoR
observational window at high Galactic latitudes, using the known number of observed
radio SNRs from the Green (2006) catalogue and assuming that their distribution follows
N ∼ e−z. On average, we obtain between one and two known SNRs in each 5◦ × 5◦

observational window. Given the extended nature of the SNRs we include two of them in
each window in order to examine the influence of bright extended sources on the calibration
process and foreground removal.

The simulated SNRs assume a power law spectrum:

Sν = S0

(
ν

ν0

)α
, (2.4)

where Sν is the flux density of a SNR at frequency ν, S0 is its value at normalization
frequency ν0, and α is the spectral index.

The simulated SNRs are placed randomly on the map and their angular size, flux
density and spectral index are arbitrary chosen from the Green (2006) catalogue. The
SNRs are added on the map as disks with uniform surface brightness.

Properties of the two SNRs included in our foreground simulations are shown in Ta-
ble 2.1.

2.2.3 Diffuse free-free emission

The diffuse thermal (free-free) emission contributes only ∼ 1 per cent of the total fore-
grounds within the frequency range of the LOFAR-EoR experiment (Shaver et al., 1999).
It arises due to bremsstrahlung radiation in very diffuse ionized gas, with a total emis-
sion measure of about 5 pc cm−6 at high Galactic latitudes and Te = 8000 K (Reynolds,
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Table 2.1: Angular size, flux density at 150 MHz (S150 MHz), spectral index (α) and position on
the map of the two simulated supernova remnants. Values are calculated according to the data
in Green (2006) catalogue.

angular size S150 MHz α position on the map
[arcmin] [Jy] [arcmin,arcmin]

SNRI 14× 11 7.91 -0.65 (254,53)
SNRII 5× 6 14.30 -0.4 (102,212)

1990). This gas is optically thin at frequencies above a few MHz, so its spectrum is well
determined and has a temperature spectral index of β = −2.1.

At high Galactic latitudes, Hα and free-free emission of the diffuse ionized gas are both
proportional to the emission measure. Therefore, the Galactic Hα survey is generally used
as a tracer of the Galactic diffuse free-free emission (Smoot, 1998). However, some groups
also find significant correlation between free-free emission and dust emission (Kogut et al.,
1996; de Oliveira-Costa et al., 1997) which can also be used as another independent tracer
of the Galactic free-free emission.

In our simulations we followed Tegmark et al. (2000) and Santos et al. (2005) who
included the Galactic diffuse free-free emission as a separate component of the Galactic
foregrounds with an angular power spectrum Cl ∼ l−3.0 and frequency Tb ∼ ν−2.15.
Despite its small contribution to the foregrounds, the free-free emission is important for
two reasons. Firstly, the amplitude of its angular fluctuations is much larger than that of
the EoR signal. Secondly, and more importantly, its spectral index along the frequency
direction is quite different from the other foreground components and could be important
in testing the algorithms for the EoR signal extraction.

To obtain the Galactic free-free emission maps we followed the same procedure as for
the Galactic synchrotron emission with the additional simplification of fixing the power law
index β to −2.15 across the map. Tb is normalized according to the relation between Hα
and free-free emission (see review by Smoot, 1998) whereby the intensity of Hα emssion,
Iα, is:

Iα = 0.36 R
(

EM

pc cm−6

)(
Te

104 K

)−γ
, (2.5)

where EM is total emission measure and Te temperature. For Te < 2.6× 104 K the value
of γ is 0.9. Combining Eq. 2.5 with the free-free equations in Smoot (1998), one finds a
relation between Iα and brightness temperature of free-free emission, T ffb :

T ffb (30 GHz) = 7 µK
(
Iα
R

)
. (2.6)

Using Eq. 2.5&2.6 together with EM = 5 pc cm−6 and Te = 8000 K, for high Galactic
latitudes, one gets T ffb (30 GHz) = 15.4 µK. Assuming a frequency power law spectrum
for T ffb with index −2.15, one obtains T ffb = 2.2 K at 120 MHz.

Fig. 2.3 shows a simulated map of Galactic diffuse free-free emission at 120 MHz. The
angular size of the map is 5◦ × 5◦ on 5122 grid, with the mean brightness temperature of
Tb = 2.2K and σ = 0.05K.
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Figure 2.3: Simulated map of total intensity emission of Galactic diffuse free–free emission with
angular spectral index α = −3 and frequency spectral index β = −2.15. The angular size of the
map is 5◦ × 5◦, with ∼ 0.6′ resolution. The colour bar represents the brightness temperature Tb
of the Galactic diffuse free–free emission in Kelvin at 120 MHz.

2.3 Extragalactic foregrounds

2.3.1 Radio galaxies

At the frequency range of the LOFAR-EoR experiment, bright radio sources are dominated
by radio-loud galaxies, quasars and BL Lac objects (an AGN class of objects). However,
at sub-mJy flux densities the contribution of late-type (star forming) galaxies, whose radio
synchrotron emission originates from supernovae rather than AGN, becomes significant
(Prandoni et al., 2001; Magliocchetti et al., 2002; Sadler et al., 2002)

The bright extragalactic radio sources are normally divided into two classes based on
the relative physical position of their high and low surface brightness area within the lobes.
These two classes are called FRI and FRII radio sources (Fanaroff & Riley, 1974; Jackson
& Wall, 1999). Our simulations of radio galaxies are based on the tables by Jackson (2005)
of extragalactic radio source counts at 151 MHz. Jackson (2005) has used ΛCDM based
models to calculate the evolution of the radio luminosity function of these sources, from
which was predicted the source distributions and their number densities.

In obtaining these tables, Jackson (2005) assumed that the radio sky consists of three
population types of radio sources: FRI, FRII and star forming galaxies. Moreover, it
is assumed that the local radio luminosity function of star forming galaxies can be de-
termined from the 2dFGRS-NVSS (Sadler et al., 2002) galaxy sample at 1.4 GHz. The
parameterized number density and luminosity evolution of star forming galaxies is adopted
from Haarsma et al. (2000). For the local radio luminosity function of FRI and FRII ra-
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dio galaxies, Jackson (2005) assumed that it can be determined by exponential fitting of
luminosity-dependent density evolution to the observed source counts at 151 MHz (Jack-
son & Wall, 1999). Given the three evolving radio luminosity functions, Jackson (2005)
simulated the sky at different frequencies by randomly positioning and orientating each
source on the sky. The intrinsic size is also selected randomly, assuming redshift indepen-
dence. The FRI and FRII sources were modeled as double-lobe structures, and the star
forming galaxies as circular discs.

In our simulations of radio galaxies we adopt the three types of radio sources from
Jackson (2005) and use the predicted source surface densities per deg2 for 10, 5, 2, 1
and 0.1 mJy flux density limit in order to obtain the number of sources with certain
flux density per deg2. However, and in contrast to the simulations by Jackson where
each source is randomly positioned, we introduce a angular clustering of the sources. The
clustering is motivated by the results of Di Matteo et al. (2004) in which they showed that
the contribution of the angular clustering of extragalactic radio sources to the angular
fluctuations of the foregrounds, at scales & 1 arcmin, is dominated by bright sources.
Hence, in order to detect angular fluctuations in the cosmological 21-cm emission, efficient
source removal S & 0.1mJy should be carried out.

For angular clustering of the radio galaxies we used the particularly elegant procedure
of Rayleigh-Lèvy random walk proposed by Mandelbrot (1975, 1977). Starting from any
arbitrary position, one places the next galaxy in a randomly chosen direction at angular
distance θ, drawn from the distribution:

P (> θ) =
{

(θ/θ0)γ for θ ≥ θ0

1 for θ < θ0, γ > 0. (2.7)

This is repeated many times until the correlation function of the distribution converges
to the one desired. However, to compare the introduced correlation with observational
results and set the right values of γ and θ0, the two point correlation function needs to
be calculated.

The two point correlation function, w(θ), of the radio galaxy population is defined as
the excess probability, over that expected for a Poisson distribution, of finding a galaxy
at an angular distance θ from a given galaxy (e.g. Peebles, 1980):

δP = n[1 + w(θ)]δΩ, (2.8)

where δP is probability, n the mean surface density and δΩ a surface area element. Given
the very large number of galaxies that can be simulated, we adopted the simplest form
for estimating w(θ), defined as:

w(θ) =
ND(θ)
NR(θ)

− 1, (2.9)

where ND is the number of pairs of galaxies with separation θ in the correlated sample
of galaxies and NR is the number of pairs with the same separation θ but in a randomly
distributed uncorrelated sample of galaxies. The total number of galaxies of the two
samples must be the same.

Recent results on the angular clustering of radio sources in the NRAO VLA Sky Survey
(NVSS) and Faint Images of the Radio Sky at Twenty centimetres (FIRST) (Overzier
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Table 2.2: The flux density distribution of the simulated radio galaxies on the 5◦ × 5◦ map
(Fig. 2.4). The corresponding frequency is 150 MHz.

number of sources with flux density limit
10 mJy 5 mJy 2 mJy 1 mJy 100 µJy

FRI 20 55 122 177 1001
FRII 25 39 48 54 89
SF 4 38 210 419 18379

Figure 2.4: Simulated 2D angular clustering of radio galaxies ( 92 per cent - star forming (SF),
7 per cent - FRI and 1 per cent - FRII radio galaxies) with angular correlation function of the
form w(θ) = 0.002θ−0.8 (A = 0.002, γ = 1.8). The flux density distribution of the galaxies is
shown in the Table 2.2. The angular size of the map is 5◦ × 5◦.
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et al., 2003) showed that the two point correlation function is best fitted by a double
power law w(θ) = Bθ1−γB + Aθ1−γA with slopes of γB = 4.4, γA = 1.8 and amplitudes
B = (1.5±0.2)×10−6, A = (1.0±0.2)×10−3. However, in this study we adopt the simpler
single power law correlation function with only two parameters, γ = 1.8 and A = 0.002.
The reason for doing this is that steeper power law component (γB) of the observed two
point correlation function is dominant on angular scales smaller than those resolved by
the LOFAR-EoR experiment. Note that γ in the two point correlation function is the
same one as in Eq. 2.8, while A = (1/θ0)γ .

Fig. 2.4 shows a simulated map of radio galaxies with angular power law distribution.
All sources are point like as the angular resolution of the LOFAR-EoR project will not
be sufficient to resolve most of them. The angular extent of the map is 5◦ × 5◦. On the
map there are in total 20690 radio galaxies: 92 per cent SF radio galaxies, 7 per cent
FRI and 1 per cent FRII radio galaxies. The flux density distribution at 150 MHz of
the simulated radio galaxies are shown in the Table 2.2, while the two point correlation
function is w(θ) = 0.002θ−0.8 (A = 0.002, γ = 1.8). The simulated radio galaxies assume
a power law spectrum (see Eq. 2.4) with spectral index -0.7 (e.g. Jackson, 2005).

2.3.2 Radio clusters

Galaxy clusters as radio sources are classified into cluster radio haloes and cluster radio
relics. The former are morphologically regular diffuse sources, typically centred inside the
cluster and mostly unpolarized, whereas the radio relics are typically irregular, located at
the periphery of the cluster and consist mostly of polarized radio diffuse sources. Both
types of cluster radio source have steep frequency spectra with β ∼ −3 (see e.g. Feretti,
2002, for review).

The emission in radio haloes is due to synchrotron radiation by relativistic electrons
with energies of ∼ 10 GeV in µG magnetic fields. The distribution of the radio haloes
seems to follow closely the large scale distribution of the free-free driven X-ray emission of
clusters (Govoni et al., 2001). This association is also supported by a strong correlation
between the radio halo luminosity and the host cluster X-ray luminosity (e.g. Enßlin &
Röttgering, 2002). However, not all clusters host radio haloes. Statistically, it is found
that roughly 30–40 per cent of galaxy clusters with X-ray luminosity LX ≥ 1045 erg s−1

do host radio haloes.
In our simulations of extragalactic foregrounds maps, as a starting point for simulating

radio clusters, we used the ΛCDM deep wedge cluster catalogue of The Hubble Volume
Project5. The catalogue was obtained from an N-body simulation with one billion dark
matter particles. This catalogue provides a list of clusters up to redshift z ≤ 4.37 with
angular coverage of 100 deg2 (Colberg et al., 2000; Jenkins et al., 2001; Evrard et al.,
2002).

In order to translate the cluster mass into X-ray luminosity LX and then into ra-
dio luminosity Lr, we used the empirical mass–X-ray luminosity relation of Reiprich &
Böhringer (2002):

5The cluster catalogue is part of simulations carried out by the Virgo Supercomputing Consor-
tium using computers based at the Computing Centre of the Max-Planck Society in Garching and
at the Edinburgh parallel Computing Centre. The data are publicly available at http://www.mpa-
garching.mpg.de/galform/virgo/hubble.
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LX = aX1045h−2
50 erg s−1

(
MR&B

1015h−1
50 M

J
)bX

(2.10)

and the X-ray–radio luminosity relation of Enßlin & Röttgering (2002):

Lr,1.4 GHz = ar1024h−2
50 W Hz−1

(
LX

1045h−2
50 erg s−1

)br
(2.11)

where aX = 0.449, bX = 1.9, ar = 2.78 and br = 1.94 (Enßlin & Röttgering, 2002).
It is important to note that Eq. 2.11 is derived for the radio frequency at 1.4 GHz.
Note also that in Eq. 2.10 the mass, MR&B, is related to the cluster real mass, M , by
MR&B ≈MΩ1/2

m .
Since Lr is derived for 1.4 GHz, we extrapolate the luminosity of each cluster to lower

frequencies, relevant to the LOFAR-EoR experiment, according to:

Lr(ν) = Lr,1.4 GHz

(
ν[MHz]

1400

)α
, (2.12)

where α = −1.2 (Kempner et al., 2004).
The angular size of the radio clusters was estimated from their physical radius and

redshift. For the physical radius we used the virial radius rvir calculated from the cluster
mass according to (Bryan & Norman, 1998),

M = 4πr3
virρcrit∆c/3 (2.13)

where ∆c is the mean density and ρcrit is the critical density at redshift z.
In order to obtain the maps of radio clusters at the angular and frequency ranges

desired we first randomly choose 30 per cent of the catalogue’s clusters (note that ob-
servations show that only 30–40 per cent of clusters have radio properties). The cluster
masses are then used to estimate the radio luminosity of each cluster (Eq. 2.10, 2.11 & 2.12)
and its virial radius (Eq. 2.13). Finally, the cluster is projected onto the simulated map
according to its survey coordinates in the Hubble Volume simulation, its redshift and
estimated size. Note that the radio clusters are added on the map as disks with uniform
surface brightness.

Fig. 2.5 shows a 5◦ × 5◦ map of radio clusters simulated at 120 MHz. The colour bar
represents the brightness temperature of the clusters in logarithmic units. The size of
each cluster has been scaled by a factor of 10 for visual clarity.

2.4 Polarization

The need for understanding the polarization response stems from two main factors. One is
the geometry of the LOFAR configuration, and the other is the cross-talk contamination
between the two dipoles of a LOFAR antenna. In order to detect the EoR signal, we need
to fully understand the response of the LOFAR system in total intensity and polarization.
As discussed before, this is vital for us in order to be able to span a dynamic range of 4–5
orders of magnitude.
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Figure 2.5: Simulated 120 MHz map of radio clusters of galaxies. The angular size of the map
is 5◦ × 5◦. Note that the colour bar represents the brightness temperature of the clusters in
logarithmic units and that the size of each cluster has been scaled by a factor of 10 for visual
clarity. We also assume uniform surface brightness of the clusters.

Since the LOFAR antennae are fixed to the ground, the sources are tracked only by
beam-forming and not by steering the antennae as in traditional radio astronomy. This
implies that, depending on the position of the source on the sky, only a certain projection
of the two dipoles is visible. This projection changes as the source is tracked over time.
Therefore, at most times the sources in the sky see different projections of each of these
dipoles. Now, if the sources/foregrounds are polarized, we immediately see that the power
output from the pair of dipoles (which is the sum of the two polarized components) will
vary dramatically. This has to be taken in account almost exactly during the inversion
and calibration processes in order to achieve the desired dynamic range.

On the other hand, a leakage in the electronics can cause the power that is supposed to
go through one of the dipoles to show up in the other (referred to as cross-talk). Although
the cross-talk is small compared to the effect due to projection, we need to take it into
account to eliminate any systematics.

In this chapter we show a first order simulation of the Galactic diffuse polarized emis-
sion and defer a more advanced discussion on the topic to a following chapter.

There are several polarization surveys of the Galactic synchrotron emission between
327 MHz and 2.7 GHz (see review, Reich, 2006). The most recent one was done with the
Westerbork telescope at 327 MHz, with arc minute angular resolution (Wieringa et al.,
1993; Haverkorn et al., 2000, 2002, 2003). Its low frequency maps reveal a large amount of
unusually shaped polarized small-scale structures, which have no counterpart in the total
intensity. These structures are normally attributed to the coexistence of magnetic fields
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and thermal gas in the interstellar medium, which produce Faraday rotation at each line
of sight.

The Faraday rotation depends on the observing frequency and rotation measure (RM)
of the structure and it is defined along the line of sight. In order to measure Faraday ro-
tation, observations at two or more frequencies are required. However, full understanding
of the observed results could be quite difficult due to the possibility of multiple Faraday
rotation layers (screens) along the line of sight and depolarization effects. Brentjens &
de Bruyn (2005) introduced a new method (Faraday Rotation Measure Synthesis) that is
able to cope with multiple screens and analyzes the contribution of each of these screens
separately.

The Galactic diffuse synchrotron emission is linearly polarized and its polarized inten-
sity IP can be expressed in terms of Stokes parameters U and Q:

IP =
√
U2 +Q2 (2.14)

θ =
1
2

arctan
U

Q
(2.15)

where θ is the polarization angle.
In order to simulate the polarization maps of the Galactic synchrotron emission at

low radio frequencies, we use a simple model of the Galactic synchrotron polarization
at high frequencies (Giardino et al., 2002) in combination with Faraday screens that are
introduced to account for the effects of rotation and depolarization at low frequencies.
Note that the assumption about the correlation between the polarized and total intensity
going into the Galactic synchrotron polarization model at high frequencies is not valid at
low frequencies, since the observations mentioned above show polarized structures that
have no counterpart in the total intensity. However, this assumption can be acceptable for
a first estimate. Note that the correlation assumption should not be used in the analysis
of the redshifted 21 cm data as it is mostly invalid and can lead to wrong interpretations.
In the future, we will improve on the model itself and use results from real polarization
data obtained by the LFFE6.

The basic assumptions of the Giardino et al. (2002) model of Galactic synchrotron
polarization at high frequencies are:

1. The polarized component of Galactic synchrotron emission is proportional to the
unpolarized intensity, which in terms of brightness temperature Tb is:

Q = fTb cos(2θ) (2.16)

U = fTb sin(2θ)

where f is the fraction of polarized emission (or polarization degree) and θ is the
polarization angle;

2. The fraction of polarized radiation f is related to the temperature spectral index β
(Cortiglioni & Spoelstra, 1995):

f =
3β − 3
3β − 1

(2.17)

6LFFE (Low Frequency Front End) are receivers at the Westerbork Synthesis Radio Telescope (WSRT)
and cover the frequency range from 115 to 170 MHz
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Figure 2.6: Simulated 120 MHz map of polarized intensity (Ip) of diffuse Galactic synchrotron
emission, and polarization angle (white lines). The angular size of the map is 5◦×5◦, with ∼ 0.6′

resolution.

Figure 2.7: Simulated 120 MHz Stokes Q map of polarized diffuse Galactic synchrotron emission
(DGSE). The angular size of the map is 5◦× 5◦, with ∼ 0.6′ resolution. Simulated Stokes U map
of polarized GDSE looks very similar to Q map.
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3. The polarization angle θ is given by:

θ =
1
2

arctan(x/n, y/n) (2.18)

where x, y are 2D random Gaussian fields with the mean zero and characterized by a
power law spectrum, while n =

√
x2 + y2. The power law spectral index is α = −1.7

and its value is driven by observations, e.g. the Parkes 2.4 GHz polarimetric survey
(Duncan et al., 1995).

The Faraday screens are modeled as 2D fields of rotation angles ∆θ defined by (Rybicki
& Lightman, 1986):

∆θ = RMλ2 (2.19)

where λ is the wavelength of radiation and RM is the rotation measure modeled as a 2D
Gaussian random field (GRF) with a power law spectrum of spectral index α. Note that
for the demonstrative purpose of this simulation we introduced only two Faraday screens,
with mean zero and standard deviation 0.3, and arbitrarily set the value of α to -2.

Therefore, in order to generate polarization maps of Galactic synchrotron emission at
given frequencies, first we take the GDSE maps of total intensity (T ) and temperature
spectral index (β) from Sec. 2.2.1 and calculate the fraction of polarized radiation accord-
ing to Eq. 2.17. Then, using Eqs. 2.18 & 2.19 we obtain polarization angle θ and Faraday
rotation angle ∆θ. Finally, we use Eq. 2.16 to get polarization maps Q and U. The angle
in Eq. 2.16 is the sum of ∆θ over all Faraday screens and θ.

Fig. 2.6 shows the simulated 120 MHz map of polarized intensity (Ip) of diffuse Galactic
synchrotron emission. The polarization angles are shown as white lines. The Stokes Q
map of simulated Galactic polarized emission is shown in Fig. 2.7. The related Stokes U
map looks very similar to the Q map.

2.5 Summary

This chapter presents foreground simulations tailored for the LOFAR-EoR experiment
that is set to study the redshifted 21-cm hyperfine line of neutral hydrogen from the Epoch
of Reionization. The foreground simulations include Galactic diffuse synchrotron and free-
free emission, synchrotron emission from Galactic supernova remnants and extragalactic
emission from radio galaxies and clusters. For each of the foreground components, we
generate the 5◦×5◦ field in the frequency range approximately between 115 and 180 MHz
pertaining to the LOFAR-EoR.

Since the diffuse Galactic synchrotron emission is the dominant component (∼ 70
per cent) we include all its observed characteristics: spatial and frequency variations
of brightness temperature and its spectral index, and brightness temperature variations
along the line of sight. Discrete sources of Galactic synchrotron emission are included as
observed emission from supernovae remnants.

Despite the minor contribution of the Galactic free-free emission (∼ 1 per cent), it
is included in our simulations of the foregrounds as an individual component. It has a
different temperature spectral index from Galactic synchrotron emission.

Integrated emission from extragalactic sources is decomposed into two components:
emission from radio galaxies and from radio clusters. Simulations of radio galaxies are



38 Foreground simulations

based on the source count functions at low radio frequency by Jackson (2005), for three
different types of radio galaxies, namely FRI, FRII and star forming galaxies. Correlations
obtained by radio galaxy surveys are used for their angular distribution. Simulations of
radio clusters are based on a cluster catalogue from the Virgo consortium and observed
mass–X-ray luminosity and X-ray–radio luminosity relations.

In addition to the simulations of the total brightness temperature, the polarized Galac-
tic synchrotron emission maps are produced. Here, we follow a simple model that includes
multiple Faraday screens along the line of sight (see Figs. 2.6 & 2.7). The motivation be-
hind these simulations is that improper polarization calibration could severely contaminate
the EoR signal, so future robust extraction algorithms have to take this into account.



Chapter 3

New Galactic model

Based on: Jelić V., et al., submitted to MNRAS

ABSTRACT
Experiments designed to measure the redshifted 21 cm line from the Epoch of Reion-
ization (EoR) are challenged by strong astrophysical foreground contamination, iono-
spheric distortions, complex instrumental response and other different types of noise
(e.g. radio frequency interference). The astrophysical foregrounds are dominated
by diffuse synchrotron emission from our Galaxy. Here we present a simulation of
the Galactic emission used as a foreground module for the LOFAR- EoR key science
project end-to-end simulations. The simulation produces total and polarized inten-
sity over 10◦×10◦ maps of the Galactic synchrotron and free-free emission, including
all observed characteristics of the emission: spatial fluctuations of amplitude and
spectral index of the synchrotron emission, together with Faraday rotation effects.
The importance of these simulations arise from the fact that the Galactic polarized
emission could behave in a manner similar to the EoR signal along the frequency
direction. As a consequence, an improper instrumental calibration will give rise to
leakages of the polarized to the total signal and mask the desired EoR signal. In this
chapter we address this for the first time through realistic simulations.

3.1 Introduction

The Epoch of Reionization (EoR) is expected to occur between redshift 6 and 12, as indi-
cated from observed comic microwave background (CMB) polarization (Komatsu et al.,
2009) and high redshift quasar spectra (Fan et al., 2006). At redshifts, the 21 cm line from
neutral hydrogen is shifted into meter wavelengths and therefore sets the frequency range
of EoR experiments to the long-wavelength part of the radio spectrum (∼ 100−200 MHz).

There are several planned and ongoing experiments designed to probe the EoR through
redshifted 21 cm emission line from neutral hydrogen using radio arrays: GMRT1, LO-

1Giant Metrewave Telescope, http://gmrt.ncra.tifr.res.in

39



40 New Galactic model

FAR2, MWA3, 21CMA4, PAPER5, and SKA6.
The low-frequency radio sky at these wavelengths is dominated by diffuse synchrotron

emission from the Galaxy and integrated emission from extragalactic sources (radio galax-
ies and clusters). Although, this foreground emission is 4−5 orders of magnitude stronger
than the expected EoR signal, the ratio between their intensity fluctuations on arcmin
to degree scales measured by interferometers is ‘only’ 2 − 3 orders of magnitude (Shaver
et al., 1999). In addition to the foregrounds, the EoR experiments are also challenged by
understanding of the instrumental response and ionospheric disturbances to high precision
(Labropoulos , in preparation).

Currently there are numerous efforts to simulate all the data components of the EoR
experiments: cosmological 21 cm signal, foregrounds, ionosphere and instrumental re-
sponse. The main aim of these end to end simulations is to develop a robust signal ex-
traction scheme for the extremely challenging EoR observations (e.g. Santos et al., 2005;
Morales et al., 2006; Wang et al., 2006; Jelić et al., 2008; Bowman et al., 2009; Harker
et al., 2009a,b; Labropoulos et al., 2009a).

The foregrounds in the context of the EoR measurements have been studied theoret-
ically by various authors. Shaver et al. (1999) have given the first overview of the fore-
ground components. Di Matteo et al. (2002, 2004) have studied emission from unresolved
extragalactic sources at low radio frequencies. Oh & Mack (2003) and Cooray (2004) have
considered the effect of free-free emission from extragalactic haloes. Santos et al. (2005)
carried out a detailed study of the functional form of the foreground correlations. Jelić
et al. (2008) have made the first detailed foreground model and have simulated the maps
that include both the diffuse emission from our Galaxy and extragalactic sources (radio
galaxies and clusters). Gleser et al. (2008) have also studied both galactic and extragalac-
tic foregrounds. de Oliveira-Costa et al. (2008) has used all publicly available total power
radio surveys to obtain all-sky Galactic maps at the desired frequency range and Bowman
et al. (2009) has studied foreground contamination in the context of the power spectrum
estimation.

Recently, a Galactic 3D emission model has been developed by Sun et al. (2008);
Waelkens et al. (2009); Sun & Reich (2009) (the hammurabi7 code), derived from a 3D
distribution of the Galactic thermal electrons, cosmic-ray electrons and magnetic fields.
The code is able to reproduce all-sky or zoom-in maps of the Galactic emission over a
wide frequency range.

In addition to simulations, a number of observational projects have given estimates
of Galactic foregrounds in small selected areas. Ali et al. (2008) have used 153 MHz
observations with GMRT to characterize the visibility correlation function of the fore-
grounds. Rogers & Bowman (2008) have measured the spectral index of the diffuse radio
background between 100 and 200 MHz. Pen et al. (2009) have set an upper limit to the
diffuse polarized Galactic emission; and Bernardi et al. (2009, and submitted) obtained
the most recent and comprehensive targeted observations with the Westerbork Synthesis
Radio Telescope (WSRT).

2Low Frequency Array, http://www.lofar.org
3Murchinson Widefield Array, http://www.mwatelescope.org/
421 Centimeter Array, http://21cma.bao.ac.cn/
5Precision Array to Probe EoR, http://astro.berkeley.edu/∼dbacker/eor
6Square Kilometer Array, http://www.skatelescope.org/
7http://www.mpa-garching.mpg.de/hammurabi/
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However, current observations are not able to fully constrain the foregrounds, especial
the Galactic polarized synchrotron emission, as required by EoR experiments. The im-
portance of the polarized foreground stems from the fact that the LOFAR instrument, in
common with all current interferometric EoR experiments, has an instrumentally polarized
response. An improper polarization calibration will give rise to leakages of the complex
polarized signal to the total signal. Since the Galactic polarized emission is quite struc-
tured along the frequency direction, the leakage of polarized intensity will have similar
structures along the frequency and will mimic the EoR signal. Therefore, for reliable de-
tection of the EoR signal it is essential at this stage, to simulate the polarized foregrounds,
the instrumental response and test the influence of the leakages on the extraction of the
EoR signal.

In our previous model (Jelić et al., 2008), the total intensity Galactic emission maps
were obtained from three Gaussian random fields. The first two were for the amplitudes
of synchrotron and free-free emission and the third was for the spectral index of the
synchrotron emission. The polarized maps were simulated in a similar way but with
added multiple 2D Faraday screens along the line of sight. Despite the ability of that
model to simulate observed characteristics of the Galactic emission (e.g. spatial and
frequency variations of brightness temperature and its spectral index), the model had
some disadvantages: e.g. the Galactic emission was derived ad hoc and depolarization
effects were not taken into account.

This chapter focuses on simulating the Galactic synchrotron and free-free emission
in total and polarized intensity, as an extension of our previous foreground model (Jelić
et al., 2008) for the LOFAR-EoR experiment. The Galactic emission in our current model
is derived from the physical quantities and 3D characteristics of the Galaxy (e.g. the
cosmic ray and thermal electron density, and the magnetic field). In addition, the model
has the flexibility to simulate any peculiar case of the Galactic emission including very
complex polarized structures produced by “Faraday screens” and depolarization due to
Faraday thick layers.

Our Galactic emission model has some similarities with the hammurabi model, but
the difference between the two is the main purpose of the simulations. The hammurabi
simulation is based on a very complex Galactic model with aim to reproduce the observed
all-sky maps of the Galactic emission. Because of its complexity, the high resolution zoom-
in maps require a lot of computing power and time (Sun & Reich, 2009). In contrast,
our model is restricted to produce fast and relatively small maps of Galactic emission,
which are then used as a foreground template for the LOFAR-EoR end to end simulation.
Since the foreground subtraction is usually done along the frequency direction, our simple
model also includes 3D spatial variations of the spectral index of the Galactic synchrotron
radiation.

The chapter is organized as follows. Section 3.2 gives a brief theoretical overview of
the Galactic emission and Faraday rotation. The observational constrains of the Galactic
emission are presented in Sec. 3.3. The simulation algorithm is described in Sec. 3.4,
while a few simulated maps for peculiar cases of the Galactic emission are presented in
Sec. 3.5. The chapter concludes with summary (Sec. 3.6). The need for a good polarization
calibration is illustrated in Ch. 5.



42 New Galactic model

3.2 Theory

In radio astronomy, at frequencies where the Rayleigh-Jeans law is applicable, the radi-
ation intensity, I (energy emitted per unit time per solid angle and per unit area and
unit frequency), at the frequency ν is commonly expressed in terms of the brightness
temperature (Tb):

Tb(ν) =
c2

2kBν2
I(ν), (3.1)

where c is the speed of light and kB Boltzmann’s constant.
The emission coefficient, j (energy emitted per unit time per solid angle and per unit

volume), at a certain frequency can also be expressed in terms of the unit temperature,
jb(ν) = c2

2kBν2 j(ν), so that:

Tb(ν) =
∫
jb(ν)ds, (3.2)

where the integral is taken along the line of sight (LOS).
In the following subsection we will give a brief theoretical overview of the Galactic

synchrotron and free-free emission, as well as Faraday rotation, that will be used later in
the simulation. The Galactic emission will be expressed in terms of jb and Tb.

3.2.1 Synchrotron emission

Synchrotron emission originates from the interaction between relativistically moving char-
ges and magnetic fields. In our own galaxy, synchrotron emission arises from cosmic ray
(CR) electrons produced mostly by supernova explosions and the Galactic magnetic field.
A fairly complete exposition of the synchrotron emission theory is presented in e.g. Pa-
cholczyk (1970) and Rybicki & Lightman (1986). Here we only give a simple description
of the emission.

The Galactic synchrotron emission (GSE) is partially linearly polarized. Its properties
depend on the spatial and energy distribution of the CR electrons, and the strength and
orientation of the perpendicular (with respect to the LOS) component of the Galactic
magnetic field, B⊥. The emission coefficients of the Galactic total and polarized syn-
chrotron radiation, jIsynb and jPIsynb , are given respectively in cgs units, at the frequency
ν, by:

jI,PIsynb = CI,PIsyn

(
2πmec

3e

)− p−1
2

ncrB
p+1
2
⊥ ν−

p+3
2 , (3.3)

with

CIsyn =
√

3e3
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)
, (3.4)

CPIsyn =
√

3e3

32πmekB
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)
Γ
(
p

4
+

7
12

)
. (3.5)

The charge of the electron is given by e = 4.8 · 10−10 Fr, the mass by me = 9.1 · 10−28 g
and ncr is the CR electron density. Note that for the CR electrons we assume that their
energy spectrum is a power law with a spectral index p: N(γ)dγ = ncr0γ

−p, where γ is
the Lorenz factor and N(γ) the number density of electrons with energy between γ and
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γ + dγ and ncr0 normalization constant. Furthermore, we assume that their velocity and
pitch angle distribution is isotropic. Both simplifications are consistent with observations
and are widely used by many authors (e.g. Sun et al., 2008; Waelkens et al., 2009, as most
recent examples). Note that the intrinsic degree of polarization of synchrotron radiation
depends on the energy spectral index p and is given by

Π =
p+ 1
p+ 7/3

. (3.6)

The Stokes Q and U parameters of the polarized GSE are given by:

jQb = jPIsynb cos 2Φ, (3.7)

jUb = jPIsynb sin 2Φ, (3.8)

where Φ is polarization angle defined with respect to the orientation of the magnetic field.
By integrating jIsynb , jQb & jUb along some LOS (see Eq. 3.2) we get the total and

polarized Galactic synchrotron emission in terms of the brightness temperature (T Isynb ,
TQb & TUb ). Note that observed polarized emission and polarization angle Φobs are given
by:

TPIb =
√

(TQb )2 + (TUb )2, (3.9)

Φobs =
1
2

arctan
TUb
TQb

. (3.10)

3.2.2 Free-free emission

Radiation due to (de)acceleration of a charged particle in the electrical field of another
is called bremsstrahlung or free-free radiation. The Galactic free-free emission originates
from electron-ion encounter in the warm ionized gas. As for the synchrotron emission a
detail theory of the free-free radiation can be found in e.g. Rybicki & Lightman (1986)
and Wilson et al. (2009), here we give only the necessary formulae.

The optical depth, τffν , of the warm ionized gas at a given low radio frequency ν is:

τffν = 3.01 · 10−8gff

(
Te
[K]

)− 3
2
(

ν

[MHz]

)−2
EM

[cm−6pc]
, (3.11)

where Te is temperature of the ionized gas, gff is the Gaunt factor of the free-free tran-
sition given by:

gff = ln

[
4.95 · 10−5

(
ν

[MHz]

)−1
]

+ 1.5 ln
(
Te
[K]

)
, (3.12)

and EM is emission measure defined as:

EM

[cm−6pc]
=
∫
n2
eds. (3.13)
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The integral is taken over the LOS, where ne in cm−3 is the electron density of the warm
ionized gas.

The Galactic free-free emission in terms of brightness temperature, jffb , is given by:

jffb = Te(1− e−τ
ff

). (3.14)

Note that for optically thin ionized gas, jffb is simply given by jffb = Teτ
ff .

3.2.3 Faraday rotation

When the polarization angle of an electromagnetic wave is rotated while passing through
a magnetized plasma, the effect is called Faraday rotation (for details see Rybicki &
Lightman, 1986; Wilson et al., 2009). The rotation depends on the frequency of the wave,
ν, electron density, ne, and magnetic field component parallel to the LOS, B‖:

Φ = Φ0 +
e3

2πm2
ec

2
ν−2

∫
neB‖ds, (3.15)

where the polarization angle of the wave before rotation is denoted with Φ0. Eq. 3.15 is
also written as Φ = Φ0 +RMλ2 with λ in units of m and RM (rotation measure) defined
as:

RM

[rad m−2]
= 0.81

∫
ne

[cm−3]
B‖

[µG]
ds

[pc]
. (3.16)

The RM is positive when B‖ points towards observer and negative when B‖ points in
away.

3.3 Observational constraints

There are several all-sky maps of the total Galactic diffuse radio emission at different
frequencies and angular resolutions (Haslam et al., 1982; Reich & Reich, 1986, 1988; Page
et al., 2007). The 150 MHz map by Landecker & Wielebinski (1970) is the only all-sky
map in the frequency range (100 − 200 MHz) relevant for the EoR experiments, but has
only 5◦ resolution.

At high Galactic latitudes the minimum brightness temperature of the Galactic diffuse
emission is about 20 K at 325 MHz with variations of the order of 2 per cent on scales
from 5 to 30 arcmin across the sky (de Bruyn et al., 1998). At the same Galactic latitudes,
the temperature spectral index of the Galactic emission is about −2.55 at between 100
and 200 MHz (Rogers & Bowman, 2008) and steepens towards higher frequencies (e.g.
Platania et al., 1998; Bennett et al., 2003; Bernardi et al., 2004). Furthermore, the spectral
index gradually changes with position on the sky. This change appears to be caused by a
variation in the spectral index along the line of sight. An appropriate standard deviation
in the power law index, in the frequency range 100–200 MHz appears to be of the order
of ∼ 0.1 (Shaver et al. 1999).

Using the obtained values at 325 MHz and assuming the frequency power law depen-
dence, the Galactic diffuse emission is expected to be 140 K at 150 MHz, with ∼ 3 K
fluctuations.
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Studies of the Galactic polarized diffuse emission are done mostly at high radio (∼
1GHz) frequencies (for a recent review see, Reich, 2006). At lower frequencies (∼ 350MHz),
there are several fields done with the Westerbork telescope (WSRT) (Wieringa et al., 1993;
Haverkorn et al., 2003; Schnitzler, 2008). These studies revealed a large number of un-
usually shaped polarized small-scale structures of the Galactic emission, which have no
counterpart in the total intensity. These structures are usually attributed to the Faraday
rotation effects along the line of sight. A recent method by Brentjens & de Bruyn (2005,
Faraday rotation measure synthesis) allows to overcome the problem of bandwidth depo-
larization and to distinguish among different synchrotron emitting regions along the line
of sight.

At high Galactic latitudes, the Galactic polarized emission at 350 MHz is around 5 K
or more, on 5–10 arcmin scales (de Bruyn et al., 2006). At 150 MHz this polarized emission
would scale to few tens of Kelvin if it were Faraday thin. However, depolarization, that is
prominent at low radio frequencies, can significantly lower the level of polarized emission.

Recently, a comprehensive program was initiated by the LOFAR-EoR collaboration
to directly measure the properties of the Galactic radio emission in the frequency range
relevant for the EoR experiments. The observations were carried out using the Low
Frequency Front Ends (LFFE) on the WSRT radio telescope. Three different fields were
observed. The first field was a highly polarized region known as the “Fan region” in the
2nd Galactic quadrant at a low Galactic latitude of ∼ 10◦ Bernardi et al. (2009). The
second field was a very cold region in the Galactic halo (l ∼ 170◦) around the bright radio
quasar 3C196, and third was a region around the North Celestial Pole (NCP, l ∼ 125◦,
Bernardi et al., submitted). The last two fields represent possible targets for the LOFAR-
EoR observations. Below we present the main results of these papers.

In the “Fan region”, fluctuations of the Galactic diffuse emission were detected at
150 MHz for the first time. The fluctuations were detected both in total and polarized
intensity, with an rms of 14 K (13 arcmin resolution) and 7.2 K (4 arcmin resolution)
respectively (Bernardi et al., 2009). Their spatial structure appeared to have a power law
behavior with a slope of −2.2±0.3 in total intensity and −1.65±0.15 in polarized intensity.
Note that, due to its strong polarized emission, the “Fan region” is not a representative
part of the high Galactic latitude sky.

Fluctuations of the total intensity Galactic diffuse emission in the “3C196” and “NGP”
fields were also observed on scales larger than 30 arcmin, with an rms of 3.3 K and 5.5 K
respectively.

Patchy polarized emission was found in the “3C196” field, with an rms value of 0.68 K
on scales larger than 30 arcmin (Bernardi et al., submitted). Thus, the Galactic polar-
ized emission fluctuations seem to be smaller than expected by extrapolating from higher
frequency observations. Recent observations at mid-galactic latitude with the Giant Me-
trewave Radio Telescope (GMRT) confirm this conclusion, by setting an upper limit to
the diffuse polarized Galactic emission in their field to be < 3 K at 150 MHz and on scales
between 36 and 10 arcmin (Pen et al., 2009).
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3.4 Simulation

In this section, the various components of the simulation that lead towards the brightness
temperature maps of the Galactic synchrotron and free-free emission in a total and po-
larized intensity are explained. Because the simulated maps will be used as a foreground
template for the LOFAR-EoR end-to-end simulations, the foreground simulations assume
the angular and frequency range of the LOFAR-EoR experiment, i.e. 10◦×10◦ maps from
115 MHz to 180 MHz. In addition, all parameters of the simulations can be tuned to any
desired value or have any desired characteristic, allowing to explore the parameter space
of our Galactic model.

The first step in our simulation is to calculate, at a certain frequency, the 3D emission
coefficient of the Galactic synchrotron and free-free emission expressed in terms of unit
temperature (see Eq. 3.3 & 3.14). The emission coefficients are obtained from the cosmic-
ray, ncr, and thermal electron, ne, densities, and the Galactic magnetic field ( ~B). Given
the 3D emission coefficients, we integrate along the LOS to obtain the brightness tem-
perature maps of the Galactic synchrotron and free-free emission at a certain frequency.
The calculation also includes Faraday rotation effects. Note that all parameters of the
simulation are set to be in an agreement with the observed properties of the Galactic
emission.

Our algorithm is based on a 3D grid in a Cartesian coordinate system, where xy-plane
represents the angular plane of the sky (“flat sky” approximation valid for a small field
of view) and z axis is a line of sight direction in parsecs.

In the following subsections we describe in detail the inputs (ncr, ne and ~B) and the
algorithm that is used to obtain the Galactic emission maps. The simulated maps of a
few different cases of the Galactic emission will be presented in Sec. 3.5.

3.4.1 Cosmic ray electron density

The cosmic ray (CR) electrons relevant for the Galactic synchrotron emission have energies
between 400 MeV and 25 GeV, assuming a Galactic magnetic field of a few µG (Webber
et al., 1980). In this energy range, the CR electron distribution can be described as a power
law. The power law is normalized according to the measurements obtained in the solar
neighborhood. However, the locally measured values might not be a good representative
for the CR density elsewhere in the Galaxy (e.g. Strong et al., 2004). As a consequence,
the CR electron distribution is weakly constrained.

In our simulation, uniform CR electron density distribution is assumed in the xy-plane.
In the z direction we follow Sun et al. (2008) and assume an exponential distribution:

ncr = ncr0 exp
(
−z

1kpc

)
. (3.17)

Note that ncr0 depends on the assumed energy spectral index p of the CR electrons, so it is
normalized according to Eq. 3.2 for the synchrotron radiation. Assuming Tb(150 MHz) '
145 K, B⊥ = 5 µG and p = 2, we get ncr0 ' 1.4 · 10−8 cm−3.

In the desired frequency range of our simulation, the assumed energy spectral index
p = 2 is consistent with the values of the typically observed brightness temperature
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spectral index of the Galactic synchrotron emission (β = −2.5, see Sec. 3.3 )8.
In addition, the spatial variations of the spectral index p are introduced to mimic

the observed spatial fluctuations of β. We follow our previous model (Jelić et al., 2008)
and simulate the variation of p (or β) as a Gaussian random field (GRF). For the power
spectrum of the GRF it is assumed a power law with index −2.7 (Jelić et al., 2008).

3.4.2 Galactic magnetic field

The Galactic magnetic field has two components: a regular component ~Br and a random
component~b, so that the total Galactic magnetic field is given as ~B = ~Br+~b (for review see
Beck et al., 1996; Han & Wielebinski, 2002). The regular component is usually simulated as
a combination of a disk and a halo field, whereas the random field component is simulated
as a Gaussian random field, GRF, (for details see Sun et al., 2008; Sun & Reich, 2009).
Note that for our calculations, we split ~B in a component parallel (B‖) and perpendicular
(B⊥) to the LOS, so that Faraday rotation is defined by B‖ and synchrotron emission by
B⊥.

Considering the aim of our effort to simulate the Galactic emission for a small patch
of the sky, we treat the regular field component in a simplified way. The regular field
component is assumed to be uniform in the xy-plane and to have an exponential decrease
in the z direction. The typical value of the regular field component is a few µG (for review
see Beck et al., 1996; Han & Wielebinski, 2002).

For the random field component we follow Sun et al. (2008); Sun & Reich (2009) and
simulate it as a GRF. The power spectrum of the field follows a power law, with spectral
index −8/3. This spectral index is commonly used for a Kolmogorov-like turbulence
spectrum.

In our simulation, the realization of the random field component is done in the following
way. First we generate three different GRFs for the bx, by and bz component. From those
three fields, we then calculate the amplitude of ~b and normalize it to the desired value. A
typical value for the mean random field strength is b = 3 µG (Sun et al., 2008).

3.4.3 Thermal electron density

At high Galactic latitudes, the warm ionized medium consists mostly of diffuse ionized gas
(DIG) with total emission measure of ∼ 5 pc cm−6 and Te = 8000 K (Reynolds, 1990).
The properties of the DIG can be traced by its free-free emission and dispersion measure9

(DM) of pulsars (e.g. Gaensler et al., 2008).
Recent simulations of the Galactic emission (Sun et al., 2008; Waelkens et al., 2009; Sun

& Reich, 2009) used the Cordes & Lazio (2002) model for the thermal electron distribution.
That model simulates the Galaxy as several large-scale (e.g. thin and thick disk, and spiral
arms) and small-scale (e.g. supernovae bubbles) structures. In our simulation, we follow
our previous model of the Galactic free-free emission (Jelić et al., 2008) and simulate the

8The brightness temperature spectral index β of the Galactic synchrotron emission and the energy
spectral index p of the CR electrons are related as β = −(p+ 3)/2.

9The dispersion measure is defined as the integral of the thermal electron density along the LOS.
Knowing the distance to the pulsars (e.g. determined by parallax), an electron density model can be
obtained by a fit to the observed DMs.
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Figure 3.1: Flow chart of the algorithm: the Galactic emission (synchrotron and free- free) is
derived from the physical quantities and 3D characteristics of the Galaxy, i.e. cosmic ray, ncr,
and thermal electron, ne, density; and magnetic field, ~B. In addition, the algorithm includes
Faraday rotation effects.

thermal electron density distribution as a GRF with the power law type of the spectrum.
The spectral index of the power law is −3. The amplitude of the GRF (thermal electron
density) is normalized in a way to match the typical observed EM of the quasars at high
Galactic latitudes (EM values are taken from Berkhuijsen et al., 2006).

It is important to note that our model is flexible to include additional features of the
thermal electron distribution, e.g. dense bubbles or clumpy distribution. Some of these
features are presented in Sec. 3.5.

3.4.4 The Algorithm

Here we summarize the steps we follow to obtain maps of the Galactic emission at a
desired frequency. The flow chart of the algorithm is presented in Fig. 3.1.

1. The CR electron density, ncr, and the regular component, ~Br, of the Galactic mag-
netic field are defined on 3D grid. The distributions of ncr and ~Br are uniform in
the xy-plane and have an exponential decrease in the z direction.

2. The spatial distribution of the CR electron energy spectral index, p, the random
component, ~b, of the Galactic magnetic field and the thermal electron density, ne,
are simulated as GRFs. The GRFs are normalized to result in a desired rms value
of the brightness temperature maps. Note that additional features in the electron
distribution are added if desired.

3. The parallel, B‖, and perpendicular, B⊥, component of the total Galactic magnetic
field, ~B, are calculated from ~Br and ~b.
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4. Using Eq. 3.3, the emission coefficients of the Galactic total, jIsynb , and polarized,
jPIsynb , synchrotron radiation are calculated.

5. The optical depth, τff , and emission coefficient, jffb , of the thermal plasma are
obtained from Eq. 3.11 & 3.14. Note that these effect is really significant only on
the lowest radio frequencies.

6. Absorption of the synchrotron emission by the optical thickness of the ionized plasma
is taken into account as exp (−τff ) factor.

7. Using Eq. 3.15, the Faraday rotation effect is calculated and the polarization angle,
Φ, is obtained. Note that the intrinsic polarization angle, Φ0, is defined as the
inclination of B⊥.

8. The Stokes Q and U emission coefficients of the polarized emission, jQb & jUb , are
calculated using Eq. 3.7 & 3.8.

9. By integrating jIsynb , jQb & jUb along some LOS (see Eq. 3.2), the total and polarized
Galactic synchrotron emission in terms of the brightness temperature, T Isynb , TQb &
TUb , are obtained.

10. Finally, the maps of the total polarized emission (TPIb ) and observed polarization
angle Φobs is calculated using Eq. 3.9 & 3.10.

In the following section we will show some examples of the Galactic emission maps ob-
tained by this algorithm.

3.5 Examples

Here we demonstrate the ability of our algorithm to simulate synchrotron and free-free
maps both in total and polarized intensity for different examples of the spatial distribution
of Galactic emission. The maps are presented for four simple Galactic emission models,
each with their own peculiarity:

• Model A: CR electrons are distributed in a region of 1 kpc in depth along the LOS.
In front of this region, there is a thermal electron cloud of 300 pc in depth along the
LOS. The thermal electron cloud is acting as a “Faraday screen” that rotates the
polarization angle of synchrotron emission. The intensity of the polarized emission
is unchanged.

• Model B: Both CR and thermal electrons are mixed in the region of 1 kpc in depth
along the LOS. The polarized synchrotron radiation is differentially Faraday rotated
and depolarization occurs.

• Model C: CR electrons are distributed in the same way as in the model A, while
the thermal electrons are mixed in the first and the last one-third of the CR electron
region. The middle region, with only CR electrons, will enhance the coherence in
polarized emission.
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Figure 3.2: The intensity distributions (see Fig. 3.3 & 3.4) are obtained for four different models
of the Galactic emission . The first (model A) assumes that synchrotron and free-free emitters
are spatially separated, so that thermal plasma acts as a “Faraday screen”. The second, third
and fourth (model B, C, & D) have regions where both types permeate in a different way. The
synchrotron emission is differentially Faraday rotated and depolarization occurs.

Table 3.1: The physical parameters of CR electrons, thermal electrons and magnetic field used
to calculate the Galactic emission. The same values are used in all four models.

p̄
ncr0 Br,‖ Br,⊥ ¯EM Te

[cm−3] [µG] [µG] [cm−6pc] [K]
2 1.4 · 10−8 3 2.5 8 8000

• Model D: The same as model B, but in the middle of the simulated region there
is a dense thermal electron bubble 300 pc in depth along the LOS, with a strong
magnetic field B‖ = 10 µG. The Faraday rotation along the bubble will be much
larger than in other parts of the region. Note that the size of the bubble is quite
larger in order to make its appearance in the final maps more clear.

Note that for simplicity we ignore the random component of the Galactic magnetic field.
As a consequence, depolarization is produced only by thermal plasma.

In reality, the Galactic emission is much more complicated than these examples suggest.
Therefore, in the LOFAR-EoR end-to-end simulations we use a combination of these
simple models as our Galactic foreground template. In this chapter, our goal is to test
the functionality of the simulations.

The physical parameters used to calculate Galactic emission are presented in Table 3.1.
The maps are obtained in the frequency range from 115 to 180 MHz, with 0.5 MHz step.
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Table 3.2: The mean and rms value of the maps shown in the Fig. 3.3 & 3.4. All the values are
given in kelvin. For completeness, degree of polarized (PI/T ) and depolarized (dep.) emission is
calculated.

Isyn Iff iPIsyn PIA PIB PIC PID
mean 142 1.5 98 98 10 34 11
rms 3 0.1 2 2 5 15 5
PI/I - - 69% 69% 7% 23% 8%
dep. - - 0% 0% 90% 66% 88%

The synchrotron emission originates from the same CR electron distribution in all four
models. Therefore, the brightness temperature maps of the total and intrinsic10 polarized
synchrotron emission are equivalent in all four models. The same is valid for the free-free
emission, i.e., ne is normalized to the same value of EM . The resulting 10◦ × 10◦ maps
at 150 MHz are shown in Fig. 3.3, while the mean and rms of the maps are given in
Table 3.2.

As a first test of our algorithm, we estimate the degree of intrinsic polarization, Π,
from the simulated maps. By dividing the intrinsic polarized emission map and the total
intensity map, we obtain Π = 0.69 (see Table 3.2). This value is in a good agreement with
the expected theoretical value Πp=2 = 9/13 (see Eq. 3.6).

The second test is to estimate the brightness temperature spectral index, βsyn, of
the Galactic synchrotron emission. The index βsyn is estimated from the frequency data
cube (i.e., maps of the emission as a function of frequency). The obtained map of βsyn
is shown in the Fig. 3.3 (third panel). The mean value of βsyn is -2.50, which is in a
good agreement with the expected theoretical value βp=2 = −(p+ 3)/2 = −2.55. A slight
difference between the two is caused by the 3D spatial variations of the spectral index
p. Recall that variations of βsyn are important for testing the foreground subtraction
algorithms.

Simulated polarized emission maps of the four Galactic synchrotron emission models
are shown in Fig. 3.4. Their mean and rms values together with the degree of polarization
and depolarization are listed in Table 3.2. Comparing the intrinsically polarized emission
(second panel in the Fig. 3.3) with the polarized emission in the four models (see Fig. 3.4),
we conclude that all maps have the characteristics as expected.

Model A assumes that there is no region in which the plasma (thermal electron cloud)
is mixed with CR electrons. Therefore, polarization angles along the LOS are Faraday
rotated by an equal amount (defined by Eq. 3.15). Since there is no differential Fara-
day rotation, the polarized intensity of the synchrotron emission is unchanged (see first
panel on the Fig. 3.4). Note that fluctuations of the polarization angle over the map are
determined only by the spatial RM fluctuations of the plasma.

In B, C and D models there are regions where both CR and thermal electrons are
mixed. The polarization angle of the synchrotron radiation is then differentially Faraday
rotated along the LOS in those regions. As a result, the polarized synchrotron radiation
is quenched. The level of the polarized emission is smaller than intrinsic polarization

10Here, the intrinsic polarized emission, iP Isyn, means emission defined by Eq. 3.3. Note that the
polarization angle of this emission is assumed to be uniform across the whole region. Thus any effect
caused by thermal electrons will be immediately apparent.
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Figure 3.3: Simulated maps of the total (first panel) and intrinsic polarized (second panel)
intensity of the Galactic synchrotron emission. The polarization angle is plotted over the polarized
map as a white lines. The map of brightness temperature spectral index β of simulated total
intensity synchrotron emission is shown on the third panel. The total intensity map of the free-
free emission is shown on the fourth panel. The angular size of the maps are 10◦ × 10◦, with
∼ 1 arcmin resolution. The color bar represents the brightness temperature Tb of emission in
kelvin at 150 MHz. The mean and rms value of the maps are given in the Table 3.2.
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Figure 3.4: Simulated maps of the polarized intensity and polarization angle (white lines) of
the four different Galactic synchrotron emission models (A, B, C and D from left to right). The
angular size of the maps are 10◦ × 10◦, with ∼ 1 arcmin resolution. The mean and rms values
of the maps at 150 MHz are given in the Table 3.2.
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Figure 3.5: A random line through synchrotron total intensity (TIsyn) and polarized intensity
(PIsyn, Qsyn) frequency data cubes. The solid lines are for the Galactic model A, dashed lines
for model B and dotted lines for model D. TIsyn is the same in all four models, while Usyn
is not presented since it is similar to Qsyn. Note the polarized structures along the frequency
direction. An improper polarization calibration of the instrument could cause a leakage of these
structures to the total intensity and severely contaminate the EoR signal.

emission. Note that the depolarization is smaller in model C than in B and D, since in
the former there is a region with only synchrotron emission.

In Fig. 3.5, we show a random sight line along the frequency direction through syn-
chrotron total intensity, Isyn, and polarized intensity, PIsyn data cubes. We also show
a line of sight in Stokes, Qsyn. The lines are presented for models A, B, and D in the
Fig. 3.5 (solid, dashed and dotted line).

The lines through the total intensity data cubes are obviously the same in all three
models. The lines are smooth functions along the frequency direction and are the result
of the superposition of power laws. The lines in polarized intensity are quite different.
Models B and D show the fluctuations along the frequency direction, while model A
shows a power law behavior as in total intensity. The fluctuations along the frequency
direction are produced by the regions where both CR and thermal electrons are embedded
together. The synchrotron radiation along the line of sight is not uniformly Faraday
rotated and depolarization occurs. Since the model D has a region with high density
plasma and strong magnetic field, differential Faraday rotation is more prominent than
in model B and the fluctuations show more structures. Model A shows no fluctuations,
since the whole synchrotron emission is uniformly Faraday rotated along the line of sight
and depolarization does not occur.

In Ch. 5, we explore leakages of the polarized structures to the total intensity data
caused by an improper polarization calibration of the LOFAR telescope. Full understand-
ing of these leakages is necessary in all EoR experiments, because they could contaminate
the EoR signal.
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3.6 Summary

This chapter presents Galactic foreground simulations used as templates for the LOFAR-
EoR testing pipeline. The simulations provide maps of the Galactic free-free emission and
the Galactic synchrotron emission both in total and polarized intensity. The maps are
10◦ × 10◦ in size, with ∼ 1 arcmin resolution and cover the frequency range between 115
and 180 MHz pertaining to the LOFAR-EoR experiment. The code however is flexible as
can provide simulation over any scale with any spatial and frequency resolution.

The Galactic emission is calculated from a 3D distribution of cosmic ray and thermal
electrons, and the Galactic magnetic field. The model assumes two magnetic field com-
ponents: regular and random. The latter magnetic field and the thermal electron density
are simulated as Gaussian random fields with power law power spectra. In addition, the
spatial variations of the energy spectral index p of the cosmic ray electrons are introduced
to mimic the observed fluctuations of the brightness temperature spectral index β. Note
that all parameters of the simulation can be tuned to any desired value and this allows to
explore the whole parameter space.

The total and polarized Galactic maps are obtained for four different models of Galactic
emission (see Fig. 3.3 & 3.4). The first assumes that synchrotron and free-free emitters are
spatially separated, such that thermal plasma acts as a “Faraday screen”. The amplitude
of the polarized emission is unchanged, while the polarization angles Faraday rotate. Other
three simulation have regions where both types of emitters are mixed in different ways.
The synchrotron emission is differentially Faraday rotated and depolarization occurs (see
Table 3.2).

The main result of our simulations is that we are able to produce Galactic polarized
synchrotron emission that is structured along the frequency direction (see Fig. 3.5) compa-
rable to observations. The importance of this result comes from the fact that the planned
EoR radio arrays have a polarized response and the extraction of the EoR signal from the
foregrounds is usually performed along the frequency direction. Therefore, if the Galactic
foreground is a smooth function (superposition of power laws) along the frequency in a
total intensity and it fluctuates in polarized intensity. And the EoR signal is fluctuates
along the frequency direction in total intensity, a calibration of the instrumental polarized
response can transfer a fraction of the polarized signal into a total intensity. As a result,
the leaked polarized emission can mimic the cosmological signal and make its extraction
very difficult. This problem will be illustrated further in Ch. 5.
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Chapter 4

Simulated Galactic emission
towards Abell 2255

Based as: Jelić V., et al., in preparation

ABSTRACT
We test our Galactic emission model (see Ch. 2 & 3) on observed data, i.e., the
Galactic emission in the region of the cluster Abell 2255 at 85 cm. Based on emitting
and Faraday rotating structures along the line of sight, both synchrotron and free-
free emission images has been simulated. The morphology of the total and polarized
synchrotron emission has been specially tailored to roughly match the observations.
The complex polarized structures have been analyzed then with the RM synthesis
method. We have found that the observed small scale structures in polarized in-
tensity should originate from the interactions of the synchrotron photons with the
intervening thermal electrons and not from spatial distribution of synchrotron emit-
ters or characteristic of the Galactic magnetic field.

4.1 Introduction

In Chapters 2 & 3 we developed a Galactic foreground model that has become an integral
part of the LOFAR-EoR testing pipeline. This model includes all observed characteristics
of the Galactic synchrotron emission. Since this emission is the dominant foreground
component in redshifted 21-cm EoR observations, it is important to fully understand its
properties in order to to be able to extract the cosmological 21 cm signal from the data.

In our model, the Galactic emission has been derived from physical quantities with
characteristics typical for our Galaxy (e.g. the cosmic ray and thermal electron den-
sity, and the magnetic field). The model has the flexibility to simulate any peculiar case
of the Galactic emission including very complex polarized structures produced by Fara-
day screens and depolarization. These aspects of the Galactic emission model has been
demonstrated in Ch. 3.

In this Chapter we test our Galactic emission model on observed data; the Galactic
emission in the region of the cluster Abell 2255 at 85 cm (PhD thesis of R. F. Pizzo, 2010;

57
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de Bruyn & Pizzo, in prep.)1. Simulations of Galactic emission in this region are based on
a simple physical model proposed by PdB10 in combination with our method described in
Ch. 3. Note that the main goal of this chapter is to test the simulated polarized Galactic
emission with the Rotation Measure (RM) synthesis method and explore the possibility
of constraining Galactic emission using both observations and simulations.

This Chapter is organized as follows. In Sec. 4.2 a brief overview of the RM synthesis
method is provided. The observational results on the Galactic emission in the field of Abell
2255 is summarized in Sec. 4.3. In the same section, a simple physical model proposed by
PdB10 is introduced, while our Galactic emission model is reviewed in Sec. 4.4. Section 4.4
also discusses how to constrain the observed emission characteristics with the simulations.
The simulated maps of Galactic emission in total and polarized intensity are presented
and discussed in Sec. 4.5. The Chapter concludes with a summary and outlook on future
work (Sec. 4.6).

4.2 RM synthesis

The rotation of the polarization angle of an electromagnetic wave, while passing through a
magnetized plasma, is called Faraday rotation (for details see Rybicki & Lightman, 1986;
Wilson et al., 2009). The rotation angle depends on the frequency of the wave, ν, electron
density, ne, and magnetic field component parallel to the LOS, B‖:

Φ = Φ0 +
e3

2πm2
ec

2
ν−2

∫
neB‖ds, (4.1)

where the polarization angle of the wave before rotation is denoted with Φ0. The amount
of Faraday rotation (’Faraday depth’, χ) is also written as:

χ

[rad m−2]
= 0.81

∫
ne

[cm−3]
B‖

[µG]
ds

[pc]
. (4.2)

A positive Faraday depth implies a magnetic field pointing towards the observer. The
medium that causes Faraday rotation can be either Faraday thin: λ2∆χ � 1 (∆χ is the
extent of the source in Faraday space), or Faraday thick: λ2∆χ � 1. Whether a source
is Faraday thick or Faraday thin is wavelength dependent. Note that in the simplest case
the Faraday depth is equivalent to the rotation measure (RM), which is defined as the
slope of the polarization angle Φ versus λ2.

In order to determine the RM from observations, at least two frequencies are required.
If there is an ambiguity in the RM value, this can be solved by adding observations at
additional frequencies. Thus, narrow-band polarimetry around a certain frequency is the
common observing technique for RM analysis. However, the low signal- to-noise ratio of
narrow-band polarimetry may limit the accuracy of the measurements.

A method called ‘Faraday Rotation Measure Synthesis’ (or RM synthesis) was recently
introduced as a technique for analyzing polarimetric data. The new technique improves the
signal-to-noise ratio of narrow-band polarimetry, but it also allows to analyze contributions
from multiple rotation-measure screens along the line of sight . The RM-synthesis method

1In the rest of the text, we will refer to these two references as PdB10
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Figure 4.1: “Cartoon sketching the relation between emission, neB‖, Faraday depth φ, location
x, and observed Faraday spectrum. The top panel depicts the physical situation. The arrows
represent neB‖ with longer arrows depicting larger neB‖. The direction of the arrow indicates
the direction of the parallel component of the magnetic field. The x coordinate represents physical
distance from the observer. The observer is located at the far left of the plots. The x axis is
severely compressed in two places. Empty areas have neither emission nor rotation. White blocks
represent areas with only Faraday rotation. Grey areas with an arrow have both emission and
rotation (area A and B) and grey areas without an arrow have only emission (area C). There are
two lines of sight, labelled 1 and 2. Line of sight 1 goes through areas A, B, and C. Line of sight
2 misses area B as well as the adjacent non emitting Faraday rotating white boxes. The middle
panel plots Faraday depth φ as a function of physical distance x for both lines of sight. The bottom
panel shows F (φ), the observed polarized surface brightness (rad m−2)−1 for both lines of sight.
The peaks in the spectra are labelled with the associated areas.” (Brentjens & de Bruyn, 2005)
Note a different notation of the Faraday depth in this image (φ) than in the rest of the text (χ).
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is based on work by Burn (1966). Brentjens & de Bruyn (2005) developed this technique
further to the cases of limited sampling of λ2 space and non-constant emission spectra.
For a more complite description of this technique we refer to Brentjens & de Bruyn (2005),
while here we give a brief overview.

Let us define the complex intensity of linear polarization to be:

P = |pI|ei2φ = Q+ iU, (4.3)

where I 6= 0, Q 6= 0, U 6= 0 and V = 0 are Stokes parameters, p = Ip/I is polarization
fraction, Ip = Q2 +U2 is polarized intensity and φ = 1

2 tan−1 U
Q is polarization angle. The

complex Faraday dispersion function F (χ), which measures the Faraday rotation χ, can
be defined as:

P (λ2) =
∫
F (χ)ei2χλ

2
dχ. (4.4)

If we have N input channels of polarized emission (Qi and Ui images) in the frequency
(wavelength) space and we want to translate them to the Faraday depth space χk, then
we need to preform the following transformation:

F̃ (χk) =
1∑N
i=1 wi

N∑
i=1

P̃ie
−i2χk(λ2

i−λ
2
0), (4.5)

where P̃i = wiP (λ2
i ), wi = W (λ2

i ) is the weight function, and λ0 is wavelength to which
all polarization vectors are de-rotated. Note that this equation is written for one spatial
pixel. An illustrative example of RM-synthesis is given in the Fig. 4.1.

4.3 Observations

The observations of the Galactic emission in the field of Abell 2255 (A2255) were obtained
by PdB10 using the Westerbork Synthesis Radio Telescope (WSRT). The WSRT consists
of fourteen 25 m dishes arranged in an east- west array configuration. Ten dishes of
the array are fixed, while the remaining four are movable along two rail tracks. PdB10
observations were conducted using baselines between 36 m and 2.7 km and earth-rotation
was used to synthesize the uv-coverage. The observing wavelengths were: 18 cm, 21 cm,
25 cm, 85 cm and 2 m. The pointing center of the observations was directed towards the
radio center of A2255 (RA = 17h13m00s, Dec = +64◦07′59′′). For other technical details
concerning the observations and the data reduction we refer to PdB10. The observational
results from PdB10, that are relevant for this work are summarized in the next two
subsections.

4.3.1 RM-cube at 85 cm

In the study of A2255, PdB10 synthesized three distinct RM-cubes in the following wave-
length regimes: 21 cm, 85 cm and 2 m. The 21 cm RM-cube was dominated by polarized
emission from discrete and diffuse radio sources in the cluster; it only showed some faint
traces of Galactic foreground polarized emission. They concluded that this was largely
due to the relatively poor surface brightness sensitivity at 21 cm. The 85 cm RM-cube,
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! = -8 rad m-2 ! = -4 rad m-2

! = 0 rad m-2 ! = +4 rad m-2

! = +8 rad m-2 ! = +12 rad m-2

Figure 5.1: Panel of full field of view frames from the 85 cm RM-cube. Shown is the polarized
intensity, in units of mJy beam 1 RMSF 1, at Faraday depths from –8 to +12 rad m 2. The
intensity scale is shown on the right. The noise fluctuations in the PI images, away from
calibration artifacts, and after correction for polarization bias, is about 35 Jy beam 1 RMSF 1.
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! =  +16 rad m-2 ! = +20 rad m-2

! = +24 rad m-2 ! = +28 rad m-2

! = +32 rad m-2 ! = +36 rad m-2

Figure 5.1: Continued: Polarized intensity for Faraday depths from +16 to +36 rad m 2.Figure 4.2: “Panel of full field-of-view frames from the 85 cm RM-cube. Shown is the polarized
intensity in units of mJy beam−1 RMSF−1, at Faraday depths from -8 to +32 rad m−2. The
intensity scale is shown on the right.” (PdB10)
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Figure 4.3: The total intensity (left panel) and polarized intensity (right panel) images of the
Galactic emission in the region of the Abell 2255 at 85 cm. (Courtesy of R. F. Pizzo)

on the other hand, was filled with intense and widespread Galactic foreground emission,
covering the whole primary beam. In the 2 m RM-cube, they could not detect any con-
vincingly polarized emission from the Galactic foreground. Therefore, here we present
only their results from the 85 cm RM-cube.

The 85 cm RM-cube2 was made by combining 400 complex polarization images in the
frequency range of 310 − 380 MHz. Each image has a field-of-view of 6◦ × 6◦ and an
angular resolution of ∼ 60 arcsec. In RM space the images were synthesized in a range
from −400 rad m−2 to +400 rad m−2, with steps of 4 rad m−2. The FWHM resolution
in Faraday space, the Rotation Measure Spread Function (RMSF) was 12.5 rad m−2.

Examples of RM-cube images of the A2255 field in polarized intensity are given in
Fig. 4.2 (PdB10). Note that in an individual image, there is a decrease in intensity
towards the edges. This decrease is due to the attenuation caused by the WSRT primary
beam, which measures ∼ 2.5◦ at half-power and at 350 MHz. Thus in reality, the edges
of the field should contain similar polarization signal as the one around the centre. Also
note the ring-like artifacts around many of the brighter compact sources, especially those
at the edge of the field. These rings are of instrumental origin, i.e., due to position-
dependent polarization leakage. Hence, they have no significant effect on the ubiquitous
diffuse polarized emission.

By comparing the total intensity with polarized intensity images of the A2255 field
(see Fig. 4.3), one can note that there is no detectable total intensity emission associated
with any of the observed polarized emission. This lack of corresponding features in total
intensity was attributed by PdB10 as the fact that the total intensity Galactic emission
does not contain significant power on angular scales probed by the WSRT baselines (com-
mon to all WSRT 350 MHz Galactic foreground images: Wieringa et al., 1993; Haverkorn
et al., 2003; de Bruyn et al., 2006; Schnitzeler et al., 2007). The polarization however
does show structure, due to the fact that intervening Faraday screens create structures on

2Available at http://www.astro.rug.nl/∼pizzo/movies/A2255 85CM.gif
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Figure 5.4: Polarized emission integrated over Faraday depths from = –4 to +4 rad m 2.
Note that at this very small Faraday depth the instrumental polarization around most off-axis
sources is very prominent.

We now would like to draw attention to a property of the RM cubes that may
not be immediately apparent. When one compares the two integrated polarized
intensity images it is obvious that the intensity patterns overlap spatially, i.e. at a
given location there are multiple emission regions in Faraday space. Such double-
peaked spectra could already be discerned in the top parts of Fig. 5.6 and Fig. 5.7.
A further example of very bright diffuse emission with multiple peaks is shown in
Fig. 5.8. The polarized emission, at any given location, generally does not cover the full
range of Faraday depths from –4 to +44 rad m 2 but is concentrated around one or
two specific values. The emission from most peaks appears slightly resolved by the
RMSF. In those cases where the signal-to-noise ratio appears good enough to permit
a deconvolution we derive a width of typically 4–6 rad m 2. However, a deeper

The 85 cm RM-cube: structure in Faraday space 159

Figure 5.5: Polarized emission integrated over Faraday depths from = +20 to +36 rad m 2.

analysis of the Faraday spectra should be done to confirm this (see also Schnitzeler
et al. 2007b).

The intrinsic spread in Faraday space of the polarized emission at any given lo-
cation is important when we come to discuss a specific model for the structure along
the line of sight. In this connection we want to point out an important caveat in in-
terpreting Faraday spectra. The observations used to make the 85 cm RM-cube have
only limited coverage in 2-space, with 2 lying in the range 0 63 0 93 m2. This
makes our observations progressively less sensitive to polarized emission from la-
yers that become Faraday thick, i.e. that are extended over Faraday depths such that
( min)2 1. This is shown graphically in Fig. 5.10 where we plot the instrumental
response of top-hat slabs in Faraday space, also called Burn-slabs, as a function of 2

for various thicknesses . These graphs show that in our broadband 85 cm WSRT
observations we have lost a significant fraction of the intrinsic polarized signal if the

Figure 4.4: “Polarized emission integrated over Faraday depths from χ = −4 to +4 rad m−2

(left panel) and from χ = +20 to +36 rad m−2 (right panel).” (PdB10)

spatial frequencies that can be detected by the interferometer.
Hence, PdB10 discussed three morphological patterns that are present in both the

polarized intensity and in the Stokes Q (and U) images:

1. −4 to +8 rad m−2: The dominant pattern has a “sheet-like” morphology. Its po-
larized intensity is rather uniform and there are only very small spatial changes in
polarization angle. These sheets have sharp, almost unresolved edges, and can be
coherent in polarization angle on scales up to 1◦.

2. +8 to +16 rad m−2: This emission has significant wavy structure in polarization
angle on scales of about 10 arcmin. It is present mostly on the Eastern side of the
image.

3. +12 to +48 rad m−2: and is strongly anisotropic in polarized intensity with stripes
in a direction of about 120◦ (N-through-E). The stripy pattern appears to move
slowly from North-West to South-East, with an estimated gradient of about 10–20
rad m−2 per angular degree.

To emphasize the remarkable change in morphology of the total polarized intensity as a
function of Faraday depth, the integrated emission in the frames from −4 to +4 rad m−2

and from +20 to +36 rad m−2 are shown in Fig. 4.4 (PdB10).

4.3.2 A simple physical model

Based on their observations and RM synthesis results, PdB10 proposed a simple physical
model for the Galactic emission in the field of A2255. A cartoon of their proposed model
is shown in Fig. 4.5, while their description of the model follows.

PdB10: “The cartoon shows a viewing cone at moderate Galactic latitude at the tran-
sition from the 1st to the 2nd Galactic quadrant. In the cartoon the intensity of the
synchrotron emission is indicated by the smooth background. Following Beuermann et al.
(1985), we assume the half-width of the thick disk emission to be about 1–2 kpc, although
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Figure 5.14: Cartoon of a possible spatial disposition of the many polarized emission com-
ponents and intervening Faraday screens that are required to explain the complex Faraday
spectra and spatial patterns observed in the direction of A2255. The Roman numerals indicate
the various Faraday screens, i.e. the part of the line of sight in which Faraday depth is built
up. These screens are separated by three regions indicated with the letters S (for sheet), C
(cloud) and F (filamentary) where the observed emitting structures reside. The magnetic field
component projected onto the line of sight is assumed to be directed towards the observer.
For more details see the text.

distribution observed from external galaxies as obtained using data at only a few
frequencies (i.e. without the benefit of RM-synthesis). Modeling the fine-scale com-
ponent in our Galaxy was first attempted by Haverkorn et al. (2004a). They analyzed
possible geometric configurations and distributions of the random and uniform com-
ponent of the magnetic field and magneto-ionic medium. The amount of informa-
tion in the data available to them, however, did not allow a detailed confrontation
with the data. Here we make a new attempt. To help visualize the complexity of
the radiative transfer problem of the polarized signals detected in our RM-cube we
have constructed a simple physical model that we believe contains the essential in-
gredients of any model that attempts to explain the data. A cartoon of this model is
shown in Fig. 5.14.

The cartoon shows a viewing cone at moderate Galactic latitude at the transition
from the 1st to the 2d Galactic quadrant. In the cartoon the intensity of the syn-
chrotron emission is indicated by the smooth background. Following Beuermann
et al. (1985), we assume the half-width of the thick disk emission to be about 1-2 kpc,
although the authors note that in this inter-arm direction the model is very poorly

Figure 4.5: “Cartoon of a possible spatial disposition of the many polarized emission com-
ponents and intervening Faraday screens that are required to explain the complex Faraday spectra
and spatial patterns observed in the direction of A2255. The Roman numerals indicate the various
Faraday screens, i.e. the part of the line-of-sight in which Faraday depth is built up. These screens
are separated by three regions indicated with the letters S (for sheet), C (cloud) and F (filamentary)
where the observed emitting structures reside. The magnetic field component projected onto the
line of sight is assumed to be directed towards the observer.” (PdB10)

the authors note that in this inter-arm direction the model is very poorly constrained.
Moving outwards along the cone, we introduce four Faraday screens designated by Roman
numerals I, II, III, and IV. We will call them screens but of course they do not necessarily
have to be physically thin structures; they could also be deep columns of electrons. The
screens are separated by polarization emitting synchrotron structures, designated by the
letters S, C, and F. The motivation for introducing several distinct emission regions along
the line of sight is suggested by the different morphological patterns that we see at distinct
locations in Faraday space. To gain insight into the complicated radiative transfer issues
we will begin the discussion with a qualitative description on how we believe the signals
are built up. We will do this in two ways: first we move away from the Sun to the edge of
the Galaxy, after which we retrace our path.

To simplify our description we assume that the magnetic field does not change direction
along the line of sight and is directed towards us. This is consistent with the generally
positive values of Faraday depths in our field, although this certainly will not be the case
in general. At various physical distances we probably come across regions of enhanced
electron density that contribute significantly to the accumulated Faraday depth. When we
arrive at the edge of the Galaxy we reach a Faraday depth that varies from about +20
to +40 rad m−2, depending on the direction within our field of view. We do not know
whether we see polarized emission all the way to the edge of the Galaxy. That is, there
might still be Faraday rotating magneto-ionic medium beyond the last region of diffuse
polarized emission that we detect. However, as we argued earlier, the close similarity
between the RM of discrete background sources and the Faraday depths out to which we
see diffuse polarized emission suggests that this contribution is not significant in terms of
Faraday depth. Hence region IV in the cartoon may be empty. We note that a Faraday
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depth of +20 to +40 rad m−2 can be obtained with a typical large-scale magnetic field of
1 µG (with no sign reversals), an average electron density of 0.01–0.02 cm−3 and a path
length of 2 kpc. Gaensler et al. (2008) give a typical mid-plane filling factor of 0.04, and
mid-plane electron density of 0.014 cm−3 for the Warm Intercloud Medium (WIM). This
would obviously be insufficient to accumulate the Faraday depth we need at the latitude
where we observe. Obviously, a couple of denser screens or clouds along the line of sight
could produce the remaining Faraday depth and a small filling factor of the ionized medium
argues that this is likely to be the case. The WHAM data in this direction (Haffner et al.,
2003), however, do not reveal any obvious bright H-structures which we could relate to our
Faraday space emission patterns.

Now let us retrace our path. Starting at the edge of the Galaxy we build up a polarized
signal from those regions along the line of sight that have a significant uniform magnetic
field component (in order to create a net polarized signal) and are sufficiently Faraday
thin to not fully quench the signal. Each of the polarized emission contributions will be
observed at the Faraday depth contributed by the remainder of the physical path towards
the Sun. The spatial structure that we observe at a given location in Faraday space will,
in our simplistic model, depend on the spatial structure in the polarized radiation field
incident at that particular Faraday depth. The medium has to be inhomogeneous in both
the Faraday rotating and in the polarization emitting regions. Between the various Faraday
rotating screens additional polarized signal must be emitted, because if this were not the
case the structures could not be distinguished as separate features in Faraday space. The
three Faraday patterns described above appear to be essentially unresolved by the RMSF,
at any given location. This conclusion is based on the lack of any significant change in the
Stokes Q (or Stokes U) RM-cube when we scan the range covered by the S-region (Φ = −4
to +12 rad m−2) and the range covered by the F-region (Faraday depths from +12 to
+44 rad m−2). The S, C, and F-regions may therefore all be Faraday-thin, i.e. have a
Faraday thickness Φ such that λ2∆Φ ≤ 1. This may seem to be inconsistent with the
deconvolved sizes derived earlier. This should be investigated further.”

4.4 Simulation

In this section, we explain the various components of the simulation of the brightness
temperature images, in total and polarized intensity, of the Galactic synchrotron emission
towards Abell 2255. The simulation is based on the method developed in Ch. 3.

4.4.1 Overview of the algorithm

The method uses a 3D grid in a Cartesian coordinate system, where the xy-plane repre-
sents the angular plane of the sky (the “flat sky” approximation is valid for a small field
of view) and the z axis is along the line of sight direction (expressed in parsecs). Since the
field of Abell 2255 has Galactic longitude of l = 94◦ and Galactic latitude of b = +35◦, z
axis (line of sight) makes an angle of 35◦ from the Galactic plane.

The physical properties of the Galactic emission used for this simulations are chosen
to match the observational results of PdB10 and their proposed “simple physical model”
of Galactic emission in the field of Abell 2255. In our simulation we use the following de-
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scriptions for the cosmic-ray (CR) electron distribution, the thermal electron distribution
and the Galactic magnetic field parametrization.

1. CR electron distribution: We follow Sun et al. (2008) and assume the following
distribution:

CR(R, z) = C0 exp
(
−R−R�

R�
− z

1 kpc

)
, (4.6)

where C0 = 6.4 · 10−5 cm−3 and R� = 8 kpc. Note that in our simulation the CR
electron distribution is assumed to be uniform in the xy-plane, while in z it follows
Eq. 4.6. Note that here the z direction is towards the North Galactic pole.

2. Thermal electron distribution: The thermal electrons in the Warm Intercloud Me-
dium (WIM) has a typical mid-plane filling factor of 0.04, and a mid-plane electron
density of 0.014 cm−3 (Gaensler et al., 2008). As noted by PdB10, this is insufficient
to accumulate the Faraday depth of the Galactic emission observed in the field of
Abell 2255. Therefore, in PdB10 model of the Galactic emission in the field of Abell
2255 they introduced several denser clouds along the line of sight. In our simulation,
we follow their model and introduce three dense regions of the thermal electrons. As
it will be explained in the following subsection, the densities of these regions are ob-
tained from the observed RM values. The thermal electrons distribution within the
cloud is simulated as Gaussian random field with a power law type power spectrum
(see Ch. 3).

3. Galactic magnetic field parametrization: The Galactic magnetic field has two com-
ponents: a regular component ~Br and a random component ~b, so that the total
Galactic magnetic field is given as ~B = ~Br+~b (for review see, e.g. Beck et al., 1996).
In this work, as a first approximation, we take into account only a regular com-
ponent of the Galactic magnetic field. The Galactic magnetic field we parametrize
according to Page et al. (2007), in the usual cylindrical coordinates with the origin
at the Galactic center:

~B(r, θ, z) = B0(cosψ cosχr̂ + sinψ cosχφ̂+ sinχẑ), (4.7)

where ψ(r) = ψ0 + ψ1 ln(r/8 kpc), χ(z) = χ0 + tanh(z/1 kpc), and the constants
are ψ0 = 27◦, ψ1 = 0.9◦, χ0 = 25◦ & B0 = 4 µG. The calculated regular component
of the Galactic magnetic field towards the field of Abell 2255 has on average the
following inffered value: B‖,⊥ ≈ 2 µG. Note that the magnetic field has the same
sign along the line of sight as proposed by PdB10.

4.4.2 Density of the thermal electrons

If we want to simulate the Faraday depth variations of ∆χ = 40 rad m−2 we need to
introduce significant spatial variations either of the Galactic magnetic field or of the
thermal electrons. If we take into account observational constrains of PdB10, significant
variations of the Galactic magnetic field across the region of Abell 2255 are quite unlikely.
In the region of Abell 2255, PdB10 detected Galactic polarized emission at a brightness
temperature of a few Kelvin. In order to build up such a strong polarized emission, the
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Figure 4.6: Cartoon of the relative position of emitting and rotating structures in our simulation.
The emitting structures are noted with roman numbers (I, II and III), while rotating structures
with arabic numbers (1, 2, and 3). Note that emitting structures are overlaid over an uniform
distribution of synchrotron emitters.

perpendicular component of the Galactic magnetic field needs to be almost uniform both
across that part of the sky and along the line of sight. Moreover, lack of a detection of
the Galactic emission in total intensity, which has to be at least 1.33 times larger than
polarized emission (see Eq. 3.6 with p = 3)3, implies that both the CR electrons and the
perpendicular component of the Galactic magnetic field are uniform across the observed
scales. Note that otherwise, the Galactic emission could be probed on the scales observed
by PdB10. Therefore, the variations of thermal electrons are more likely to cause the
variations of the Faraday depth (on the observed scales) than magnetic field.

As noted in the previous section, mid-plane properties of thermal electrons (electron
density of 0.014 cm−3 and filling factor of 0.04, Gaensler et al., 2008) are not sufficient to
accumulate the observed Faraday depth variations (χ = −4 to +36 rad m−2, PdB10) of the
Galactic emission in the field of Abel 2255. Thus, denser clouds along the line of sight are
needed. The densities of these clouds could be constrained either by observations of their
emission (e.g. using the Wisconsin H-Alpha Mapper, Haffner et al., 2003) or by dispersion
measure (DM) observations of pulsars (e.g. Gaensler et al. 2008). Unfortunately, current
Hα data in this part of the sky do not show any bright structures which one could relate
to Faraday patterns observed in PdB10 data. Furthermore, there are no pulsars in the
field that could constrain ionized medium using DM.

We therefore constrain the density of thermal electron clouds using the Eq. 4.2 embed-
ded in our simulation. Note that the perpendicular component of the Galactic magnetic
field in the region of Abell 2255 is B‖ ≈ 2 µG (see Sec. 4.4) and that we assume a filling
factor of thermal electrons of 0.04. This assumption implies that thermal electrons are
spread in our simulation over ∼ 40 pc along the line of sight.

We have estimated that the electron density of n̄e ≈ 0.35 cm−3 and σne ≈ 0.075 cm−3

produce the Faraday depth variations of ∆χ = 40 rad m−2. Thus, in our simulation, each
region of thermal electrons is simulated as Gaussian random electron-density field with

3PdB10 might seen a total intensity Galactic emission of ∼ 0.15 K, but that is less than theoretical
prediction of a few Kelvin.
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Figure 4.7: Spatial characteristics of the introduced emitting structures. Each structure has a
different dominant scale: small (left panel), intermediate (middle panel) and large (right panel)
scales. Note that the color bar is given in dimensionless units.

n̄e and σne set to match the obtained values.
In the following subsection we discuss the relative position of emitting and Faraday

rotating structures and their spatial properties.

4.4.3 Emitting and Faraday rotating structures

Following the model of PdB10, we introduce three distinct emitting and Faraday rotating
structures in our simulation. The emitting and rotating structures could be spatially
separated or mixed. If the emitting structure is spatially mixed with rotating structure,
the polarized signal will be depolarized (see ‘model B’ in Ch. 3). If the emitting structure
is spatially separated from the rotating structure, the angles of polarized emission will be
rotated but depolarization will not occur (see ‘model A’ in Ch. 3). Thus, in the case of
strong polarized Galactic emission in the region of Abell 2255, the emitting and rotating
structures are more likely spatially separated.

Figure 4.6 shows the positions of emitting and rotating structures in our simulation.
The emitting structures are indicated with Roman numbers (I, II and III), while rotating
structures with arabic numerals (1, 2, and 3). Each emitting structure is simulated as
a Gaussian random field with a power law power spectrum. We set a different power
law index to each field, so that the dominant scale of each field is on a different scale,
i.e. the first field has power law index −5 (which generates large scales), the second has
−3 (which generates intermediate scales) and the last one has −1 (which generates small
scales), respectively. The choice of power law indexes are somewhat arbitrary, but quali-
tatively consistent with the model of PdB10 in which emitting structures have filamentary
character (analogous to our small scale structures), cloud like character (analogous to our
intermediate scales) and sheet like character (analogous to our large scale structures).
Images of the emitting structures are shown in Fig. 4.7. Note that modeling of emit-
ting structures as a Gaussian random field is just a rough approximation. In future work
we will improve our model to qualitatively and quantitatively match the exact observed
spatial properties of these structures.
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Figure 4.8: Examples of simulated images of Galactic synchrotron emission in the field of Abell
2255. The left panel shows an image in total intensity, while the right panel shows the polarized
intensity at 350 MHz. Note that the two images have both small and large scale structures, due
to emitting and Faraday rotating structures along the line of sight. However this result does not
qualitatively match with the observations.

4.5 Results and discussion

In the previous section all the ingredients needed for simulating the Galactic emission in
the region of Abell 2255 were discussed. In this section, we present the resulting maps of
the Galactic emission in total and polarized intensity and show results of RM synthesis on
simulated data. The images are simulated in the frequency range of 310–380 MHz, with
a 0.5 MHz step. They are 6◦ × 6◦ in size with a resolution of 0.7 arcmin.

Figure 4.8 shows examples of simulated images of Galactic synchrotron emission in
total and polarized intensity at 350 MHz. By comparing the simulated total intensity
image with the polarized intensity image, one sees that the two images show both small
and large scale structures qualitatively contrary to the observations. The observed total
intensity image (see Fig. 4.3) does not show any apparent Galactic emission of a few Kelvin
on the scales probed by WSRT radio telescope. Therefore, the total intensity Galactic
emission should be very smooth on the probed scales.

In order to correct this qualitatively mismatch in the simulation, the spatial charac-
teristics of emitting and rotating structures need to be changed:

1. Instead of emitting structures with different dominant scales, we introduce emitting
structures that have only very smooth large scales – assuming a uniform Galactic
magnetic field, the total intensity emission will then be present only on the large
scales. Note that in the absence of structures causing Faraday rotation the polarized
emission will follow the same spatial behavior as total intensity emission.

2. Given the choice that the emitting structures have only large scales, the structures
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Figure 4.9: The same as Fig. 4.8, but for the model of the Galactic emission that qualitatively
matches the observations much better. The simulated image of total intensity emission shows
only large scales.

Figure 4.10: A simulated image of corresponding Galactic free-free emission in the region of
Abell 2255. The image is given at 350 MHz. Note that free-free emission shows structures
similar to the polarized emission (see Fig. 4.9). The cross-correlation coefficient between these
two images is −0.85.
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Figure 4.11: Images of the polarized emission obtained using the RM synthesis on the simulated
Q and U data cubes. Images are given at following Faraday depths: 0 rad m−2, +10 rad m−2,
+20 rad m−2, +30 rad m−2, +40 rad m−2, +50 rad m−2.
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Figure 4.12: Faraday spectrum of the polarized emission obtained using the RM synthesis on
the simulated Q and U data cubes. The RMSF synthesized from the wavelength coverage of our
simulated data is given in first plot. A few line of sights through synthesized RM cube are given
in second, third and fourth plot.

causing Faraday rotation should then have both small and large scales in order to
produce the polarized emission on both scales.

In practice, these two changes are implemented in our simulation as follows. All emitting
structures are simulated to have only large scales, i.e. like emitting structure III (see right
image in Fig. 4.7). The rotating structures are simulated to have both the small and large
scales, i.e. like emitting structures I, II and III in Fig. 4.7.

Taking into account the changes that we have introduced to our Galactic emission
model, we produce a new set of images for the field of Abell 2255 (see Fig. 4.9). Fig. 4.9
shows that the simulated images qualitatively match the observed data. The total intensity
emission is present only on large scales, while the polarized emission shows both large and
small scales. Note that the small scales in the polarized emission are produced by the
intervening structures of thermal electrons that act as a Faraday rotating medium. In
order to quantify this, we calculate the Galactic free-free emission from the simulated
thermal electrons distribution and cross-correlate the simulated images.

A simulated image of corresponding Galactic free-free emission in the field of Abell 2255
is given in the Fig. 4.10. By comparing the image of polarized and free-free emission (see
Fig. 4.9 & 4.10), one can see a strong correlation between the structures. The calculated
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cross-correlation coefficient4 at zero lag for this two images is −0.85. Actually, the spatial
structures of these two images show strong correlation, but their amplitudes anti-correlate.
Therefore, in the regions of a dense thermal electrons, the free-free emission will be strong,
but the same regions will produce large RM values that will weaken a polarized signal.

Finally we test and analyze our simulated data with the RM synthesis method (see
Sec. 4.2). By applying Eq. 4.5 to the simulated Q and U data cubes, we transform the
images from frequency/ wavelength space to the Faraday space. As a result, we get images
of polarized emission at different Faraday depths (see Fig. 4.11).

By comparing the images in Fig. 4.11, one can note that the polarized emission shows
morphologically different structures at different Faraday depths. Note that these struc-
tures reflect the thermal electron distribution along the line of sight, since the emitting
structures are present only on large scales and rotating structures on both large and small
scales.

The Rotation Measure Spread Function (RMSF) synthesized from the wavelength
coverage of our simulated data is given in Fig. 4.12 (first plot). Note that RMSF for
total polarized intensity is given with the solid line, RMSF for Stokes Q is given with the
dotted line and RMSF for Stokes U with the dashed line.

On the same figure we also show a few line of sights through synthesized RM cube
(second, third and fourth plot in Fig. 4.12). Note that in the second plot we resolve two
very different Faraday rotating screens. The first has a peak around +5 rad m−2 and the
second around +20 rad m−2. In the third and fourth plot these two Faraday structures
appear more as one.

4.6 Summary and Future work

We have presented results on the Galactic emission simulation in the region towards Abell
2255 at 85 cm. The simulation is based on the Galactic emission algorithm developed in
Ch. 2 & 3 and a simple physical model proposed by de Bruyn & Pizzo (in preparation).
The model has been constrained according to the observational results obtained by Pizzo
(see PhD thesis of R. F. Pizzo, 2010).

Based on emitting and Faraday rotating structures along the line of sight, both po-
larized and unpolarized synchrotron emission as well as free-free emission have been sim-
ulated. Note that the morphology of the total and polarized synchrotron emission have
been tailored to roughly qualitatively match the observations. The complex polarized
structures have been analyzed then with the RM synthesis method.

We find that the observed small scale structures in polarized intensity should originate
from the interactions of the synchrotron emission with the intervening thermal electrons
and not from the structures of relativistic electrons or Galactic magnetic field. In other
words, both magnetic field and distribution of emitters should be very smooth on the
scales probed by the observations. Otherwise, their morphology would produce emission
on the probed scales, and we would detect this emission also in total intensity, which is
obviously not the case.

4The normalized cross-correlation between two images (ai,j and bi,j) with the same total number of

pixels n is defined at zero lag as: C0 = 1
n−1

P
i,j

(ai,j−ā)(bi,j−b̄)
σaσb

, where ā (b̄) is the mean and σa (σb)

the standard deviation of the image a (b).
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Our Galactic emission model is capable of simulating emission both in total and po-
larized intensity. In addition, it can simulate complex polarized emission produced by
intervening Faraday rotating structures. These structures can be then analyzed using
the RM synthesis method. The importance of these results comes from the fact that our
Galactic model is capable of producing a realistic Galactic emission images that can be
used as a foreground template for the LOFAR- EoR testing pipeline.

In terms of observations, our developed model can be used to constrain the physical
properties of the observed Galactic emission. Moreover, using the simulation one can
easily test different scenarios of the Galactic emission in a certain region and by doing so
deepen our understanding of the observed morphological structures.

It is important to note that the work on understanding Galactic emission towards
Abell 2255 is still in progress. The Galactic emission model can be improved in a way
to reproduce both qualitatively and quantitatively observed structures and can be then
used to place additional constrains on the electron content and magnetic field properties,
i.e., B‖ is constrained by total intensity synchrotron emission, while B⊥ is constrained by
polarized structures produced by Faraday rotating medium. Some additional analysis of
the observed data is also planned, i.e. to determine the power spectrum of the observed
structures both in total and polarized intensity, and obtain a cross-correlation study on
the RM-synthesis data cubes. Additional observations around this region, could also help
in constraining our results. For example, better data on total intensity can constrain
both Galactic synchrotron and free-free emission. Note that at these frequencies the total
intensity synchrotron emission dominates over free-free emission. However, on certain
scales free-free emission can show stronger variations than synchrotron emission and thus
be detected.
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Applications for the
LOFAR-EoR experiment

Based on: Jelić V., et al., 2008, MNRAS, 389, 3, 1319

Jelić V., et al., submitted to MNRAS

ABSTRACT
Future high redshift 21-cm experiments will suffer from a high degree of contamina-
tion, due both to astrophysical foregrounds and to non-astrophysical and instrumental
effects. In order to reliably extract the cosmological signal from the observed data,
it is essential to understand very well all data components and their influence on the
extracted signal. Here we discuss possible statistical effects of the foregrounds on
an extraction of the cosmological 21 cm signal from the simulated data. We show
that with the expected LOFAR-EoR sky and receiver noise levels, which amount to
≈ 52mK at 150 MHz after 400 hours of total observing time, a simple polynomial
fit allows a statistical reconstruction of the signal. We also show that the polyno-
mial fitting will work for maps with realistic yet idealized instrument response, i.e.,
a response that includes only a uniform uv coverage as a function of frequency and
ignores many other uncertainties. Moreover, it is demonstrated that an improper
instrumental calibration could give rise to leakages of the polarized to the total signal
and possibly mask the desired EoR signal.

5.1 Introduction

Currently, a number of experiments (e.g., LOFAR, MWA and SKA) are being designed
to directly measure δTb of the HI 21-cm hyperfine line and probe the physics of the
reionization process by observing the neutral fraction of the IGM as a function of redshift.
In this study, we focus on predictions for LOFAR, but our conclusions could be easily
applied to the other telescopes.

The LOFAR-EoR key project plans to measure the brightness fluctuations in the
frequency range of 115–190 MHz, corresponding to redshift range 6–11.5 with spectral
resolution of ≈ 1 MHz and angular resolution of about ≈ 4 arcmin. However, the project
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relies on a detailed understanding of astrophysical and non-astrophysical contaminations
that can contaminate the EoR signal: the Galactic and extragalactic foregrounds, iono-
sphere, instrumental effects and systematics. In order to study these components and
their influence on the detection of the EoR signal, a LOFAR-EoR simulation pipeline is
being developed by the LOFAR-EoR team. The pipeline consists of the three main mod-
ules: the EoR signal (based on simulations described in Thomas & Zaroubi, 2008; Thomas
et al., 2009), the foregrounds (see Ch. 2 & 3) and the instrumental response (described in
Labropoulos et al., 2009a).

Over the years, several methods have been explored to filter out the foregrounds. Most
of the methods rely on the relative smoothness in the frequency of the foregrounds, with
respect to the signal (e.g. Shaver et al., 1999; Di Matteo et al., 2002; Zaldarriaga et al.,
2004; Morales et al., 2006; Wang et al., 2006; Gleser et al., 2008).

Santos et al. (2005) have studied the foregrounds for the EoR experiment and their
influence on the measurement of the 21-cm signal. In their multi-frequency analysis of the
power spectra, they considered four types of foregrounds: Galactic diffuse synchrotron
emission; Galactic free-free emission; extragalactic free-free emission; and extragalactic
point sources. They showed that foregrounds cleaning is aided by the large scale angular
correlation, especially of the extragalactic point sources, which facilitates signal extraction
to a level suitable for the EoR experiments.

In this chapter we use the LOFAR-EoR pipeline to illustrate that with the expected
LOFAR-EoR sky and receiver noise levels, a simple polynomial fit allows a statistical
reconstruction of the signal. Moreover, we also show the need for excellent calibration of
the instrument in order to reliably detect the EoR signal.

Recently, a study by Gleser et al. (2008) has been conducted along lines similar to
parts of the current work. The authors test a certain signal extraction algorithm on
simulated foregrounds maps in which they take most of the relevant foregrounds into
account. However, there are many important differences between the two works. First,
in the Gleser et al. (2008) study the assumption for the noise level in the LOFAR-EoR
project, as well as the other experiments, is at least an order of magnitude too low.
They assume 1 and 5 mK noise models whereas in reality the noise for the LOFAR-EoR
experiment is about 50 mK. In contrast to them, we introduce the LOFAR instrumental
response and noise in a realistic manner.

The chapter is organized as follows. Section 5.2 & 5.3 give brief overviews of the cos-
mological 21 cm and instrumental response simulations. Section 5.4 discusses a method
to extract the EoR signal from the foregrounds. We illustrate the need for a good po-
larization calibration in Sec. 5.5. The chapter finishes with a summary and conclusions
(Sec. 5.6).

5.2 The Cosmological 21-cm signal

In radio astronomy, where the Rayleigh-Jeans law is applicable, the radiation intensity,
I(ν) is expressed in terms of the brightness temperature Tb, such that:

I(ν) =
2ν2

c2
kTb, (5.1)
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where ν is the frequency, c is the speed of light and k is Boltzmann’s constant. The
predicted differential brightness temperature deviation of the cosmological 21-cm signal
from the cosmic microwave background radiation is given by (Field, 1958, 1959; Ciardi &
Madau, 2003b):

δTb = 26 mK xHI(1 + δ)
(

1− TCMB

Ts

)(
Ωbh

2

0.02

)[(
1 + z

10

)(
0.3
Ωm

)]1/2

. (5.2)

Here Ts is the spin temperature, xHI is the neutral hydrogen fraction, δ is the matter
density contrast, Ωm and Ωb are the mass and baryon density in units of the critical density
and h = H0/100. Throughout we assume ΛCDM-cosmology with WMAP3 parameters
(Spergel et al., 2007): h = 0.73, Ωb = 0.0418, Ωm = 0.238 and ΩΛ = 0.762.

In his seminal papers, Field (1958, 1959) used the quasi-static approximation to cal-
culate the spin temperature, Ts, as a weighted average of the CMB, kinetic and colour
temperature (Wouthuysen, 1952; Field, 1958):

Ts =
TCMB + ykinTkin + yαTα

1 + ykin + yα
, (5.3)

where TCMB is the CMB temperature and ykin and yα are the kinetic and Lyman-α
coupling terms, respectively. We have assumed that the color temperature, Tα, is equal
to Tkin. The kinetic coupling term increases with the kinetic temperature, whereas the yα
coupling term is due to the Lyman-α pumping, known also as the Wouthuysen-Field effect
(Wouthuysen, 1952; Field, 1958). The two coupling terms are dominant under different
conditions and in principle could be used to distinguish between ionization sources, e.g.,
between first stars, for which Lyman-α pumping is dominant, vs. first mini-quasars for
which X-ray photons and therefore heating is dominant (see e.g., Nusser, 2005; Kuhlen
et al., 2006; Zaroubi et al., 2007; Thomas & Zaroubi, 2008).

The cosmological 21 cm maps (δTb) used in this study are based on a dark-matter-
only N-body simulation, i.e., the density as a function of right ascension, declination,
and redshift (Thomas & Zaroubi, 2008, for more details see). Although Ts is calculated
according to Eq. 5.3, we assume that Ts � TCMB . The reason for this assumption is that
towards the redshifts of interest for the experiment (z = 6 – 12), the abundance of Lyα
photons in the Universe is sufficient to couple Ts to Tk which is obviously much greater
than TCMB (Ciardi & Madau, 2003b). Hence from Eq. 5.2, Tb follows the cosmological
density and xHI . We further assume that along each sight-line the neutral fraction follows
the function 1/ (1 + exp(z − zreion)), where zreion for each pixel (or line of sight) is set to
8.5± δz=10 and where δz=10 is the density contrast at redshift 10. We used this approach
to randomize the reionization histories along different lines of sight while preserving the
spatial correlations of the cosmological signals. In principle, this randomization could be
drawn out of a Gaussian distribution function. Redshift 10 here is an arbitrary choice.
zreion along each line of sight varies in accordance with the cosmological density along
that line-of-sight at z = 10 and has a variance of unity centered at 8.5. Fig. 5.1 shows an
example of the EoR data cube produced by this simulation.

Recently, the described simulation is developed further and implemented in the bears
algorithm (Thomas et al., 2009). bears is a fast algorithm to simulate the underlying
cosmological 21 cm signal from the EoR. It uses an N-body/SPH simulation in conjunction
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Figure 5.1: Simulated EoR signal assuming an exponential form for the reionization history as
decribed in the text and Ts � TCMB . The simulation box is 100 Mpc h−1 (comoving) a side. The
upper panel shows the differential brightness temperature in a slice along the redshift/frequency
direction and another spatial direction. The lower panel shows the brightness temperature as
a function of redshift/frequency along a certain sight line (the dashed line in the upper panel).
The resolution along the frequency direction is 10 kHz.
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with a 1-D radiative transfer code under the assumption of spherical symmetry of the
ionized bubbles. The basic steps of the algorithm are as follows: first, a catalogue of 1D
ionization profiles of all atomic hydrogen and helium species and the temperature profile
that surround the source is calculated for different types of ionizing sources with varying
masses, luminosities at different redshifts. Subsequently, photon rates emanating from
dark matter haloes, identified in the N-body simulation, are calculated semi–analytically.
Finally, given the spectrum, luminosity and the density around the source, a spherical
ionization bubble is embedded around the source, whose radial profile is selected from the
catalogue as generated above. For more details we refer to Thomas et al. (2009).

5.3 Instrumental response

In this section we give a basic overview of the simulations of LOFAR antenna response
and show how the foreground maps are seen by LOFAR. More detailed discussion on
the LOFAR response and data model for the LOFAR-EoR experiment will appear in
Labropoulos et al. (2009a, in prep.). For the LOFAR-EoR experiment we plan to use the
LOFAR core, which will consist of approximately 25 stations. However, in this chapter
we set the number of LOFAR core stations to 24. Each station is further split into two
substations which are separated by a few tens of metres (see Fig. 5.2). Each substation
consists of 24 tiles, with each tile having 4×4 crossed dipoles. For our goals we assume
that each of the forty-eight substations is a circular array with a radius of thirty-five
metres. The stations are distributed in a randomized spiral layout and span a baseline
coverage from 40 to 2000 metres. The total effective collecting area for the LOFAR-EoR
experiment is ∼ 0.07 km2 at 150 MHz. The instantaneous bandwidth of the LOFAR
telescope is 32 MHz and the aim for the LOFAR-EoR experiment is to observe in the
frequency range between 115–180 MHz, which is twice the instantaneous bandwidth. To
overcome this, multiplexing in time has to be used. For the purpose of this chapter we
ignore this complication and assume 400 hours of integration time for the hole frequency
range.

In order to compute the true underlying visibilities, we make some simplifying as-
sumptions. We assume that the narrow bandwidth condition holds and that the image
plane effects have been calibrated to a satisfactory level. This includes station complex
gain calibration, a stable primary beam, and adequate compensation for the ionospheric
effects, such that the ionospheric phase introduced during the propagation of electromag-
netic waves in the ionosphere and the ionospheric Faraday rotation are corrected for.
For an interferometer, the measured spatial correlation of the electric fields between two
antennae is called ‘visibility’ and is approximately given by Taylor et al. (1999):

Vf (u, v) =
∫
A(l,m)If (l,m)ei(ul+vm)dldm

where A is the primary beam, If is the intensity map corresponding to frequency f , (u, v)
are the coordinates, as seen from the source, of the tracks followed by an interferometer
as the Earth rotates, and (l,m) are the direction cosines.

We further treat each pixel of the map as a point source with the intensity corre-
sponding to intensity of the pixel. Note that the equation above takes into account the



80 Applications for the LOFAR-EoR experiment

Figure 5.2: Position of 48 substations (24 stations) of the LOFAR core used for simulations
of instrumental effects. Note that each substation consists of 24 tiles, with each tile having 4×4
crossed dipoles.

sky curvature. The visibilities are sampled for all substation pairs and also at different
pair positions, as the Earth rotates.

We calculate the Fourier transform of the foreground model for each frequency in the
above range. For every baseline and frequency, the uv tracks sample different scales of the
Fourier transform of the sky at that frequency. Thus, the sampling function S becomes

S(u, v) =
∑
k

δ (u− uk)δ (v − vk) , (5.4)

where the summation is carried over all the pixels k.
We compute those tracks for each interferometer pair for 4 hours of synthesis with

an averaging interval of 100 s and we then grid them on a regular grid in the uv plane.
The maximum baseline assumed for the LOFAR core is 2 km and the station diameter is
35 m, the number of independent elements in the uv plane is ≈ 602. If the uv plane is
oversampled by a factor of four, this yields 2562 pixels 1 in the uv plane of ≈ 60 m2 in size.
After counting how many track points fall within each grid cell, we end up with a matrix
representing the naturally weighted sampling function in the uv plane. By multiplying
this sampling matrix with the Fourier transform of our model sky we get the visibilities
on that grid with appropriate weights. This procedure is done for each baseline pair.

Vf (u, v) = S · FI (5.5)

1This is the closest power of two to match the number of sampled elements. By doing this one can
benefit from the speed of the FFT.
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Figure 5.3: The expected LOFAR visibility densities per resolution element at 150 MHz for
400 h of total integration time (100×4 h night−1) with averaging time of 100 s and for observing
declinations δ = 90◦ (left panel) and δ = 52◦ (right panel).

where FI is the Fourier transform of the input image and S is the sampling function.
The LOFAR visibility densities per resolution element at 150 MHz, for the LOFAR-

EoR experiment, are shown in Fig. 5.3. The total integration time is 400 hours (100 ×
4 h night−1) with averaging time of 100 s and observing declinations δ = 90◦ (left panel)
and δ = 52◦ (right panel).

The inverse Fourier transform of the sampled visibilities is called the ‘dirty’ map. It is
actually the sky map convolved with the Fourier transform of the sampling function, which
is called the ‘dirty’ beam or the ‘PSF’. This is a simple-minded approach to estimating
the sky brightness as it uses linear operations. The approximation of the underlying
brightness with the ‘dirty’ map is not always satisfactory, as side lobes from bright features
will obscure fainter ones. In cases of low signal to noise, however – such as during the
observation of the redshifted 21-cm transition line of HI – one might choose not to proceed
further than this first approximation. To go beyond that we need extra information like
the positivity of the intensity and compact support. The discussion of such issues is
beyond the scope of this chapter. This incomplete sampling of the uv plane also means
that we do not measure the complete power at all scales, due to the holes in the uv
coverage and its finite extent.

An example of a ‘dirty’ map of the diffuse components in the foregrounds is shown in
the Fig. 5.4, together with the ‘original’ simulated foreground map with no interferometric
effects and noise. The corresponding total integration time is 400 hours, with an averaging
time of 100 s at 150 MHz. Note that the ‘dirty’ maps are generated without the inclusion
of noise.

Recently, the above procedure is developed further and implemented as a parallel
algorithm in the CHOP2 simulation (see Labropoulos et al, in preparation). This new
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Figure 5.4: Total intensity map of the simulated diffuse components of the foregrounds (left
panel; ‘original’ map with no interferometric effects and noise) and its corresponding ‘dirty’ map
(right panel) after 400 h of total integration time with averaging of 100 s at 150 MHz.

simulation includes all instrumental effects, e.g. primary beam and scaling of the uv
coverage with the frequency. An example of a ‘dirty’ map produced by the CHOP2

simulation is presented on Fig. 5.5.
Figure 5.5 shows ‘dirty’ maps of the simulated Galactic synchrotron emission (model

B) observed (4hrs of synthesis, 10 sec integration) with the core stations of the LOFAR
telescope at 138 MHz. The total and polarized intensity maps are shown on the first
and the second panel, while the polarization angle is presented on the third panel. Note
that the large scale structures of the emission are missing as the smallest baseline length
is approximately 50 m. In order to sample the large structure of the foregrounds at scales
between 5 and 10 degrees we need interferometer spacing between 6.5 and 13 meters.
Thus the PSF acts as a high-pass spatial filter.

The ultimate sensitivity of a receiving system is determined principally by the system
noise. The discussion of the noise properties of a complex receiving system like LOFAR can
be lengthy, so we concentrate for our purposes on some basic principles. The theoretical
rms noise level in terms of flux density on the final image is given by

σnoise =
1
ηs
× SEFD√

N × (N − 1)×∆ν × tint

(5.6)

where ηs is the system efficiency that accounts for electronic, digital losses, N is the
number of substations, ∆ν is the frequency bandwidth and tint is the total integration
time. SEFD is the System Equivalent Flux Density in Jy. The system noise we assume
has two contributions. The first comes from the sky and is frequency dependent (≈ ν−2.55)
and the second from receivers.
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Figure 5.5: ‘Dirty’ maps of the simulated Galactic synchrotron emission (model B in Ch. 3)
observed with the core stations of the LOFAR telescope (4hrs of synthesis, 10 sec integration).
The total and polarized intensity maps are shown on the first and the second panel, while the
polarization angle is presented on the third panel. The images are simulated at 138 MHz with
the CHOP2 simulation, which implements all instrumental effects.
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For the LOFAR core the SEFD will be around 1000 Jy at 150 MHz, depending on
the final design. This means that we can reach a sensitivity of 520 mK at 150 MHz with
1 MHz bandwidth in one night of observations. In order to calculate the SEFD we use the
following system temperature (Tsys) scaling relation as function of frequency (ν): Tsys =
140 + 60(ν/300 MHz)−2.55. Accumulating data from a hundred nights of observations
brings the sensitivity down to 52 mK. We further assume that the distribution of noise
over the map at one frequency is Gaussian. The noise contribution to each pixel in a
map is drawn independently from a Gaussian distribution. The EoR signal is extracted
from two different scenarios. The first scenario involves the extraction of the signal from
the ‘original’ maps – simulated maps that are not convolved with the dirty beam – after
adding the noise directly to the ‘original’ maps. In the other scenario, the EoR signal is
extracted from ‘dirty’ maps to which we do not add noise but convolve the ‘original’ maps
of the EoR signal plus the foregrounds with a simplified dirty beam.

As the uv coverage scales linearly with frequency, one has to be careful in using the
‘dirty’ maps for extraction. This is because a pixel sampled at a given frequency need not
be sampled at a later frequency. Since the analysis performed in this chapter involves data
across the frequency domain, we need a good uv coverage. If the uv sampling functions are
not scaled accordingly, we will introduce additional difficulties arising from the mixing of
spatial scales. To overcome spatial scale mixing, one of the strategies in the data analysis
is to use only the uv points that are present at all frequencies. In other words one can
construct the uv plane mask that only contains the uv points that are sampled at every
frequency. This step of course results in substantial data loss.

The uv coverage for the LOFAR-EoR experiment changes in scale by ∼ 40% between
the frequency range of observation (115–180 MHz). By choosing only those uv points
that are present at all frequencies, ∼ 5% of the total data is lost in the frequency range
specified above. Since with decreasing bandwidth of observation the amount of data lost
decreases, one of the strategies could be to observe in windows of smaller bandwidth.
However the observational strategy of the LOFAR-EoR experiment is not yet finalized
and will be discussed in detail in upcoming papers of the project. A detail discussion on
the scaling of the uv coverage with frequency and its influence on the number of discarded
baselines and the amount of data loss will be discussed in (Labropoulos et al., 2009a, in
prep.).

5.4 Detection of the EoR signal from the FG

This section presents the results on the statistical detection of the EoR signal from ‘origi-
nal’ and ‘dirty’ LOFAR-EoR data maps that include the cosmological 21cm signal, diffuse
components of the foregrounds and realistic noise. By ‘original’ maps we mean maps be-
fore inversion or in other words maps with no calibration errors or interferometric effects.
‘Dirty’ maps include only simplified uv coverage effect as an interferometric effect (the uv
mask contains only uv points present at each frequency), but neither calibration errors
nor other systematics that might influence the data. In both cases the statistical detection
of the signal is done on total intensity maps only.

By using only diffuse components of the foregrounds (Galactic diffuse synchrotron
and free-free emission and integrated emission from unresolved extragalactic sources) we
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Figure 5.6: One line of sight (one pixel along frequency) of the ‘original’ LOFAR-EoR data
maps (upper solid black line), smooth component of the foregrounds (dotted black line), fit-
ted foregrounds (dashed green line) and residuals (lower solid black line) after taking out the
foregrounds. Note that the residuals are the sum of the EoR signal and the noise.

assume that all resolved discrete and extended sources have been successfully removed
from the observed maps, without any subtraction residuals. Also note that our analysis
is done on total intensity maps only.

The foreground and noise maps are simulated in the frequency range between 115 MHz
and 178.5 MHz in steps of 0.5 MHz. The original maps simulated for a 5◦ × 5◦ field on a
5122 grid are re-binned to a 1282 grid, so that each pixel corresponds to 2.3′ which is the
resolution attained by the core of the LOFAR telescope.

The EoR maps are simulated between the frequencies of 115 MHz and 178.5 MHz in
steps of 0.5 MHz, corresponding to redshifts between 11.5 and 6.5.

The mean of the EoR signal, foreground and noise maps at each frequency are set to
zero since LOFAR is an interferometric instrument and measures only fluctuations around
the mean. The typical variations, σ, over the map at 150 MHz are ∼ 5 mK for the EoR
signal, ∼ 2 K for the foregrounds and ∼ 52 mK for noise. Hereafter, these values are
considered fiducial values for the EoR signal, foregrounds and noise.

The analysis on the LOFAR-EoR data maps can be done in two ways: firstly along the
frequency direction where the foregrounds are assumed to be smooth in contrast to the
EoR signal; and secondly in the spatial domain where the EoR signal and some components
of the foregrounds are spatially correlated, but the noise is not. In this chapter we will
demonstrate statistical detection of the signal by analysis along the frequency direction,
taking lines of sight (map pixels) one by one.

Fig. 5.6 shows one line of sight (one pixel along frequency) of the ‘original’ LOFAR-
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Figure 5.7: Detection of the EoR signal from the simulated foreground maps (‘original’ maps),
without interferometric effects and noise: for a single random line of sight (top panel) and as
a standard deviation over all lines of sight (bottom panel). The solid green line represents the
original simulated EoR signal, and the dashed black line the extracted EoR signal.
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EoR data cube (upper black solid line) without interferometric effects. The first step
in the extraction of the EoR signal is to take out the smooth foreground component
(dotted black line). It is important to note, however, that the smooth component of the
foregrounds is not a simple power law but a superposition of three power laws (Galactic
synchrotron and free-free emission and integrated emission from unresolved extragalactic
sources) including the fact that one of the power law indices β (Galactic synchrotron
emission) changes slightly with frequency.

The simplest method for foreground removal is a polynomial fitting in logarithmic
scale (log(Tb) − log(ν)). The dashed green line on Fig. 5.6 represents the foregrounds
fitted with a 3rd order polynomial in the logarithmic scale.

Fig. 5.7 shows a comparison between the detected and original EoR signal for randomly
chosen lines of sight in the case of the fiducial foreground level and without noise for
‘original’ maps. As one can see, there is an almost exact agreement: this confirms that
our approach when applied to noiseless data does not introduce any systematic biases.

After taking out the fitted foregrounds from the ‘original’ data maps, the residuals
should contain only the noise and the EoR signal (lower solid black line on Fig. 5.6).
However, the assumption here is that we have fitted well enough such that the residuals
between the fitted and the ‘real’ foregrounds are smaller than the EoR signal. Otherwise
the EoR signal could be fitted out if we are over-fitting, or be dominated by the foreground
fitting residuals if we are under-fitting the foregrounds.

The extraction of the EoR signal from the residuals along one line of sight is an
impossible task, since the level of the noise is order of magnitudes larger than EoR signal
and its value is unknown for a certain pixel. However, general statistical properties of
the noise (standard deviation as a function of frequency) might be determined from the
experiment and be used to statistically detect the EoR signal. By statistical detection we
mean determination of the standard deviation of the EoR signal over the entire map as an
excess variance over the variance of the noise. The general statistical properties of the noise
might be determined in two ways. The first method is based on the difference between
measured fluxes of a discrete point source, with well know properties, at two consecutive
frequency channels. The second one is based on the difference between the measured
flux in total and polarized intensity at the same frequency. However, the accuracy of the
both methods need to be tested for the LOFAR-EoR experiment and we leave further
discussion on this topic for a forthcoming paper.

Fig. 5.8 shows the standard deviation of residuals as a function of frequency (dotted
green line), after taking out the smooth component of the foregrounds, by polynomial
fitting in logarithmic scale to each line of sight of the ‘original’ maps. The most satisfactory
result we get with a 3rd order polynomial. The dashed-dotted black line represents the
standard deviation of the noise. By subtracting (in quadrature) the σnoise from σresiduals,
we get the excess variance (σEoR) of the EoR signal. However, in order to determine
the error on the detection of the EoR signal, we conducted a Monte-Carlo simulation
of the extraction of the signal. We made 1000 independent noise cube realisations and
applied the signal extraction algorithm to each. The results of the simulation are shown
in Fig. 5.8. The grey shaded zone shows the 2σ detection, whereas the dashed white line
shows the mean of the detection. As one can see the mean of the detected EoR signal is
in good agreement with the original (solid red line) up to 165 MHz. The disagreement
for higher frequencies is due to over-fitting and low EoR signal level. Remember that for
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Figure 5.8: Statistical detection of the EoR signal from the ‘original’ LOFAR-EoR data maps
that include diffuse components of the foregrounds and realistic noise (σnoise(150 MHz) = 52 mK)
but without interferometric effects. The dashed-dotted black line represents the standard devia-
tion (σ) of the noise as a function of frequency, the dotted green line the σ of the residuals after
taking out the smooth foreground component, and the solid red line the σ of the original EoR
signal. The grey shaded zone shows the 2σ detection, whereas the dashed white line shows the
mean of the detection. Note that the y-axis is in logarithmic scale.
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Figure 5.9: Statistical detection of the EoR signal from the ‘original’ LOFAR-EoR data maps
with foreground level two (left panel) and four (middle panel) times bigger than the fiducial
foreground level, and with noise level smaller by

√
2 (right panel) than the fiducial noise level,

but without interferometric effects. Colours and line coding are the same as in Fig. 5.8. Note
that the y-axis is in logarithmic scale.
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Table 5.1: Five different sets of values for standard deviation of foregrounds (σfg[K] at 150 MHz)
and of noise (σnoise[mK] at 150 MHz), used for testing the EoR extraction and detection scheme.
Note that case (a) represents the fiducial case.

case (a) case (b) case (c) case (d) case (e)
σfg[K] 2 4 8 2 2

σnoise[mK] 52 52 52 36 0

most of the sightlines our simulated Universe has already been ionized at this frequency,
corresponding to z ≈ 7.5 (see section 5.2).

In order to see the influence of the foreground and noise level on the EoR extraction and
detection scheme, we repeated the same analysis on ‘original’ maps of the four different
models. The first model has a foreground level two times bigger than fiducial and the
second four times; the third has the fiducial foreground level but smaller noise level by√

2; and the last one has a normal foreground level and no noise (see Table 5.1). Note
that by fiducial foreground level and noise level we mean σfg(150 MHz) ∼ 2 K and
σnoise(150 MHz) ∼ 52 mK. The results are shown in Figs. 5.7 & 5.9.

Comparing Figs. 5.8 & 5.9, we see the higher foreground levels decrease the quality
of the EoR detection. Lower quality in the EoR detection is due to over-fitting at higher
frequencies. However, even for the four times bigger foreground level we are able to detect
the EoR signal up to 150 MHz.

Comparing Figs. 5.7, 5.8 & 5.9, we can see that a lower noise level increases the quality
of the EoR detection, as expected. Better precision in the EoR detection with lower noise
level also confirms that our foreground removal procedure works well.

Finally, in Fig. 5.11, we show the statistical detection of the EoR signal from the
‘dirty’ foregrounds + EoR signal maps without any noise. Note that the ‘dirty’ maps are
produced with a sampling function (uv mask) that contains only uv points present at each
frequency, in order to overcome additional difficulties from the mixing of angular scales
in the frequency direction introduced by the linear frequency variation of the uv coverage
and incomplete sampling in the frequency direction.

The smooth component of the foregrounds is removed by polynomial fitting to each
line of sight. The most satisfactory result we get with a 6th order polynomial. A different
order of polynomial from the case of the ‘original’ maps is required due to the angular
scale mixing over each map introduced by convolution of the map with a ‘dirty’ beam.

Fig. 5.10 shows a comparison along the frequency direction of the same pixel from the
‘original’ (solid line) and ‘dirty’ (dashed line) foregrounds + signal maps. Note that the
foregrounds are still smooth along the frequency direction of the ‘dirty’ maps, but the
shape of the function is slightly different. The difference is due to incomplete uv coverage
sampling and its finite extent, determined by the shortest and longest baselines.

The dashed green line in Fig. 5.11 shows the standard deviation, as a function of
frequency, of the extracted EoR signal from ‘dirty’ foregrounds + EoR signal maps. The
dashed-dotted black line shows the standard deviation of the ‘original’ EoR signal maps,
while the solid black line shows the standard deviation of the ‘dirty’ EoR signal maps.
The agreement between the standard deviations of the extracted and ‘dirty’ EoR signals
is satisfactory, while their slightly lower levels than the ‘original’ signal are due to the
smoothing effect of the instrumental response.
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Figure 5.10: One line of sight (one pixel along frequency) of the ‘dirty’ foreground (FG) +
cosmological 21-cm signal (CS) maps (dashed line) in comparison with the same pixel along the
frequency of the ‘original’ FG+CS maps (solid line). The difference between these two lines is
due to incomplete uv coverage and its finite extent.

Figure 5.11: Detection of the EoR signal from the simulated simplified ‘dirty’ foreground maps,
without noise, as a standard deviation σ over all lines of sight (dashed green line). The dashed-
dotted black line represents the σ over all lines of sight of ‘original’ EoR signal, while the solid
black line the σ over all lines of sight of ‘dirty’ EoR signal maps.
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Figure 5.12: Angular power spectra of the simulated EoR signal (dotted red line), simulated
dominant component of the foregrounds (solid black line) and three levels of noise: the dashed
blue line represents noise for a single beam after one year of integration, the dashed-dotted blue
line for five beams after one year of integration and the dashed-dotted-dotted blue line for five
beams and four years of integration. The lines are drawn as the best fit to the corresponding
points.

Fig. 5.12 shows the angular power spectra of the simulated EoR signal (dotted red
line), simulated diffuse component of the foregrounds (solid black line) and three levels of
noise (blue lines) at 150 MHz. The lines are drawn as the best fit to the corresponding
points. The dashed blue line represents the level of the noise (σnoise(150 MHz) = 52 mK)
after one year of the LOFAR-EoR experiment (400 h of total observing time) with a single
beam. For this case of instrumental noise and inclusion of realistic diffuse foregrounds
we have shown that we are able to statistically detect the EoR signal despite the small
signal to noise ratio. However, the current observing plan of the LOFAR-EoR experiment
is to observe with five independent beams, which reduces the σnoise by a factor of

√
5

(dashed-dotted blue line). After four years of observations (4×400 h) with five beams the
σnoise is reduced by a factor of

√
20 (dashed-dotted-dotted blue line), which means that

the signal to noise ratio is roughly 0.5.

5.5 Calibration issues

One of the major challenges of the EoR experiments is the extraction of the EoR sig-
nal from the astrophysical foregrounds. The extraction is usually formed in total inten-
sity along the frequency direction due to the following characteristics: the cosmological
21 cm signal is essentially unpolarized and fluctuates along the frequency direction (see
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Fig. 5.14), whereas the foregrounds are smooth along the frequency direction in total in-
tensity and should only show fluctuations in polarized intensity (see Fig. 3.5, an example
of the Galactic emission that is a dominant foreground component).

All current EoR radio interferometric arrays have an instrumentally polarized response,
which needs to be calibrated. If the calibration is imperfect, some part of the polarized
signal is transferred into a total intensity and vice versa (hereafter ‘leakages’). As a result,
the extraction of the EoR signal is more demanding.

Moreover, the polarized signal could have similar frequency fluctuations as the cos-
mological signal and as such could possibly severely contaminate it. Thus, to reliably
detect the cosmological signal it is essential to minimize the ‘leakages. We illustrate this
thorough an example for the LOFAR telescope, but the problem is common to all current
and planned EoR radio arrays.

The ‘leakages’ of the total and polarized signal are produced by two effects: the ge-
ometry of the LOFAR array and the cross-talk between the two dipoles in one LOFAR
antenna. The cross-talk, a leakage in the electronics that can cause the power from one
dipole to be detected with other, is small compared to the geometric effects and we will
ignore it for the purpose of this chapter. However, it will be taken into account in future
work (Labropoulos et al, in preparation).

The geometry of the LOFAR telescope is such that the array antennae are fixed to
the ground. Therefore, the sources are tracked only by beam-forming and not by steering
the antennae mechanically towards the desired direction. This implies that, depending on
the position of the source on the sky, a non-orthogonal (except in the zenith) projection
of the two orthogonal dipoles is visible by the source. This projection further changes as
the source is tracked over time. Thus, the observed Stokes brightness of the source, Sobs,
is given by (Carozzi & Woan, 2009):

Sobs = MS, (5.7)

where M is a Mueller matrix that quantifies the distortions of a true source brightness
S = (I,Q, U, V ) based on above geometry-projection effect. The Mueller matrix is defined
as:

M =


1
2 (1 + n2) −m

2

2 + (1+m2)l2

2(1−m2) − lmn
1−m2 0

1
2 (l2 −m2) 1− m2

2 −
(1+m2)l2

2(1−m2)
lmn

1−m2 0
−lm −lm n 0

0 0 0 n

 (5.8)

with the assumption of a coplanar array. Note that (l,m, n) are direction cosines and that
the level of geometry-projection ‘leakage’ therefore varies across the map.

Figure 5.13 shows calculated leakages for the LOFAR telescope observing at 138 MHz
a 5◦ × 5◦ patch of the sky around the zenith. For the sky model we use the total and
polarized intensity maps of Galactic emission (model B). Further, an instant imaging is
assumed, i.e. the sky is not tracked over time. The solid line presents the leakage of total
intensity (Stokes I), the polarized signal is presented with the dashed line (Stokes Q) and
the dotted line (Stokes U). The leakages are plotted as a function of distance from the
center of the image along its diagonal. Note that the leakages are tiny around the center
of the image, but they increase towards the edges.
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Figure 5.13: Simulated leakages for LOFAR telescope observing at 138 MHz an 5◦×5◦ patch of
the sky around the zenith. The obtained total and polarized intensity maps of Galactic emission
(model B) are used as a sky model and an instant imaging is assumed. Solid line presents the
leakage of total intensity, and of polarized intensity is presented with dashed line (Stokes Q) and
dotted line (Stokes U): see Eq. 5.8. The leakages are plotted as a function of distance from the
center of the image along its diagonal.

The same calculation we repeat for an patch of a sky at 45◦ altitude. The leakages
are now much larger, e.g. for the center of the image the leakage to the total intensity is
around 2%, but can reach 20% towards the edges of the image. Once the tracking of the
sources is taken into account, the calculation becomes even more complex. Detailed results
on this issue will be addressed in a forthcoming paper (Labropoulos et al, in preparation).

Here we would like to point out that the ‘leakages’ caused by the geometry-projection
effect are significant. Moreover, if these ‘leakages’ are not taken properly into account
during the calibration of the instrument, the polarized Galactic emission could creep
into total intensity signal and severely contaminate the EoR signal (see Fig. 5.14). In
other words, the observing window for the EoR experiment should be in regions of the
Galaxy that have very low polarized emission and calibration of the instrument should be
preformed with such a precession that any remaining residuals of the polarized ‘leakages’
to the total intensity are much smaller than the EoR signal.

5.6 Summary and Conclusions

Under the assumption of perfect calibration, LOFAR-EoR data maps that include the
simulated cosmological 21cm signal (σEoR(150 MHz) ∼ 5 mK), diffuse components of the
foregrounds (σFGs(150 MHz) ∼ 2 K) and realistic noise (σnoise(150 MHz) ∼ 52 mK) are
produced. We refer to this set of parameters as our fiducial model. For noise we assume it
has two components, the sky noise and receiver noise. The former varies with frequency
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Figure 5.14: A random line of sight through a simulated 21 cm data cube for the ‘Stars’ patchy
reionization history model (solid line). Dotted line shows the ‘leakage’ of the polarized Galactic
emission to the total intensity and dashed line is a sum of the two. We assume 0.15% residual
‘leakage’ and we use model D as an example of the Galactic emission. The angular and frequency
resolution of the data match that of the LOFAR telescope.

as ν−2.55 whereas the latter is roughly frequency independent.
The extraction of the EoR signal is performed along the frequency direction, taking

lines of sight (map pixels) one by one. The first step in the EoR extraction is removal of
the smooth foregrounds component for each line of sight (see Fig. 5.6). In our analysis
we fit a 3rd order polynomial in the logarithmic scale. However, one should be careful in
choosing the order of the polynomial to perform the fitting. If the order of the polynomial
is too small, the foregrounds will be under-fitted and the EoR signal could be dominated
and corrupted by the fitting residuals, while if the order of the polynomial is too big, the
EoR signal could be fitted out.

After foreground removal, the residuals are dominated by instrumental noise. Since
the noise is unknown for each line of sight and is an order of magnitude larger than the
EoR signal, it is an impossible task to directly extract the EoR signal for each line of sight.
However, assuming that the statistical properties of the noise (σnoise) will be known, we
can use it to statistically detect the EoR signal. The statistical detection of the EoR signal
is the measure of the excess variance over the entire map, σ2

EoR, that should be obtained
by subtracting the variance of the noise, σ2

noise, from that of the residuals, σ2
residuals.

Fig. 5.8 shows the results of a successful statistical detection of the EoR signal in the
fiducial model of the foregrounds and noise. The detected standard deviation of the signal
is in a good agreement with original signal up to 165 MHz. The disagreement for higher
frequencies is due to over-fitting caused by the very weak cosmological signal at these
frequencies.

In order to see the influence of the foreground and noise level on the EoR extraction
and detection, the same analysis was done for models with two and four times bigger
foreground levels than in the fiducial model, for a model where the noise is smaller by

√
2,

and for a model without noise (see Tabel 5.1). The results are shown in Figs. 5.9 & 5.7.
In the case of higher foreground levels, the EoR signal detection is hampered by over-

fitting. In the case of lower noise levels, however, the proposed EoR detection algorithm
performs extremely well.

For the diffuse components of simulated foregrounds, a ‘dirty’ map with realistic but
idealised instrumental response of LOFAR is produced (see Fig. 5.4 & 5.5). However, the
signal extraction scheme we apply only to the ‘dirty’ maps that have been produced with
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a uniform uv coverage as a function of frequency and have no noise. This is due to the
additional difficulties introduced by mixing of angular scales in the frequency direction.
Those issues will be discussed in a follow-up paper.

In addition to the signal extraction, we have also demonstrated the need for a good
calibration. The importance of this result comes from the fact that the planned EoR
radio arrays have a polarized response and the extraction of the EoR signal from the
foregrounds is usually performed along the frequency direction. Therefore, if the Galactic
foreground is a smooth function (superposition of power laws) along the frequency in a
total intensity and it fluctuates in polarized intensity. And the EoR signal is fluctuates
along the frequency direction in total intensity, a calibration of the instrumental polarized
response can transfer a fraction of the polarized signal into a total intensity. As a result,
the leaked polarized emission can mimic the cosmological signal and make its extraction
very difficult (see Fig. 5.14).



Chapter 6

CMB as an additional probe
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ABSTRACT
The Universe’s Epoch of Reionization (EoR) can be studied using a number of obser-
vational probes that provide complementary or corroborating information. Each of
these probes suffers from its own systematic and statistical uncertainties. It is there-
fore useful to consider the mutual information that these data sets contain. In this
chapter we present a cross-correlation study between the kinetic Sunyaev-Zel’dovich
effect (kSZ) – produced by the scattering of CMB photons off free electrons produced
during the reionization process – and the cosmological 21 cm signal – which reflects
the neutral hydrogen content of the Universe, as a function of redshift. The study is
carried out using a simulated reionization history in 100 h−1 Mpc scale N-body simu-
lations with radiative transfer. In essence we find that the two probes anti-correlate.
The significance of the anti-correlation signal depends on the extent of the reioniza-
tion process, wherein extended histories result in a much stronger signal compared to
instantaneous cases. Unfortunately however, once the primary CMB fluctuations are
included into our simulation they serve as a source of large correlated noise that ren-
ders the cross-correlation signal insignificant, regardless of the reionization scenario.

6.1 Introduction

The Epoch of Reionization (EoR) is one of the least explored periods in the history of the
Universe. At present, there are only a few tentative observational constrains on the EoR
like the Gunn-Peterson troughs (Gunn & Peterson, 1965; Fan et al., 2006) and the cosmic
microwave background (CMB) E-mode polarization (Page et al., 2007) at large scales.
Both of these observations provide strong yet limited constraints on the EoR. In the near
future, however, a number of observations at various wavelengths (e.g., redshifted 21 cm
from HI, Lyman-α emitters, high redshift QSOs, etc.) are expected to probe this pivotal
epoch in much greater detail. Among these, the cosmological 21 cm transition line of
neutral hydrogen is the most promising probe of the intergalactic medium (IGM) during
reionization (Madau et al., 1997).

97
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A number of radio telescopes (e.g. LOFAR1, MWA2, and SKA3) are currently being
constructed/designed that aim at detecting the redshifted 21 cm line to study the EoR.
Unfortunately, these experiments will suffer from a high degree of contamination, due
to both astrophysical interlopers like the Galactic and extra-galactic foregrounds and
non-astrophysical instrumental effects (e.g. Jelić et al., 2008; Labropoulos et al., 2009b).
Fortunately, the signal has some characteristics which differentiates it from the foregrounds
and noise, and using proper statistics make it possible to extract signatures of reionization
(e.g. Furlanetto et al., 2004; Harker et al., 2009a,b). In order to reliably detect the
cosmological signal from the observed data, it is essential to understand in detail all
aspects of the data and their influence on the extracted signal.

Given the challenges and uncertainties involved in measuring the redshifted 21-cm
signal from the EoR, it is vital to corroborate this result with other probes of the EoR. In
this chapter we study the information imprinted on the CMB by the EoR and its cross-
correlation with the 21 cm probe. Given the recent launch of the PLANCK satellite,
which will measure the CMB with unprecedented accuracy, it is fit to conduct a rigorous
study into the cross-correlation of these data sets.

One of the leading sources of secondary anisotropies in the CMB is due to the scattering
of CMB photons off free electrons, created during the reionization process (Zeldovich &
Sunyaev, 1969). The effect of anisotropies when induced by thermal motions of free
electrons are called the thermal Sunyaev-Zel’dovich effect (tSZ) and when due to bulk
motion of free electrons, the kinetic Sunyaev-Zel’dovich effect (kSZ). The latter is far more
dominant during reionization (for a review of secondary CMB effects see, e.g. Aghanim
et al., 2008).

The kSZ effect from a homogeneously ionized medium, i.e., with ionized fraction only
a function of redshift, has been studied both analytically and numerically by a number of
authors; the linear regime of this effect was first calculated by Sunyaev & Zeldovich (1970)
and subsequently revisited by Ostriker & Vishniac (1986) and Vishniac (1987) – hence
also referred to as the Ostriker-Vishniac (OV) effect. In recent years various groups have
calculated this effect in its non-linear regime using semi-analytical models and numerical
simulations (Gnedin & Jaffe, 2001; Santos et al., 2003; Zhang et al., 2004). These studies
show the contribution due to non-linear effects being important only at small angular
scales (l > 1000), while the OV effect dominate at large angular scales.

The kSZ effect from patchy reionization was first estimated using simplified semi-
analytical models (Santos et al., 2003) wherein they concluded that fluctuations caused
by patchy reionization dominate over anisotropies induced by homogeneous reionization.
However, for a complete picture of the CMB anisotropies induced by the EoR a more
detailed modeling is required. Over and above the underlying density and velocity fields
these details should include the formation history and “nature” of the first ionizing sources
and the radiative transport of ionizing photons to derive the reionization history (sizes
and distribution of the ionized bubbles). Some recent numerical simulations of the kSZ
effect during the EoR were carried out by Salvaterra et al. (2005); Zahn et al. (2005);
Doré et al. (2007); Iliev et al. (2007b).

Cross-correlation between the cosmological 21 cm signal and the secondary CMB

1http://www.lofar.org
2http://www.haystack.mit.edu/ast/arrays/mwa
3http://www.skatelescope.org
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anisotropies provide a potentially useful statistic. The cross-correlation has the advan-
tage that the measured statistic is less sensitive to contaminants such as the foregrounds,
systematics and noise in comparison to “auto-correlation” studies. Analytical cross-
correlation studies between the CMB temperature anisotropies and the EoR signal on
large scales (l ∼ 100) were carried out by Alvarez et al. (2006); Adshead & Furlanetto
(2008); Lee (2009) and on small scales (l > 1000) by Cooray (2004); Salvaterra et al.
(2005); Slosar et al. (2007). Thus far the only numerical study of the cross-correlation
was carried out by Salvaterra et al. (2005). Some additional analytical work on cross-
correlation between the E- and B-modes of CMB polarization with the redshifted 21 cm
signal was done by Tashiro et al. (2008); Dvorkin et al. (2009).

In this chapter we first calculate the kSZ anisotropies from homogeneous and patchy
reionization based on 100 h−1 Mpc scale numerical simulations of reionization. We then
cross-correlate them with the expected EoR maps obtained from the same simulations,
and we discuss how the large-scale velocities and primary CMB fluctuations influence
the cross-correlation. Although similar in some aspects, the work presented here differs
from Salvaterra et al. (2005) substantially. First, Salvaterra et al. used a relatively
small computational box (20 h−1 Mpc) incapable of capturing relevant large-scale density
and velocity perturbations. Secondly, the primary CMB fluctuations, which manifest
themselves as a large background noise, was not taken into account. And finally, there is
a difference in the procedure for calculating the cross-correlation coefficient.

The chapter is organized as follows. In Section 6.2 we discuss kSZ signal and cos-
mological 21 cm signal from the EoR. In Section 6.3 we present the numerical simu-
lations employed to obtain the kSZ and EoR maps for a specific reionization history.
Cross-correlation between the cosmological 21 cm fluctuations (EoR signal) and the kSZ
anisotropies, together with the influence of the large-scale velocities and the primary
CMB fluctuations on CMB-EoR cross-correlation are discussed in Section 6.4. Finally in
Section 6.5 we present our discussions and conclusions on the topic.

Throughout we assume ΛCDM-cosmology with WMAP3 parameters (Spergel et al.,
2007): h = 0.73, Ωb = 0.0418, Ωm = 0.238 and ΩΛ = 0.762.

6.2 Theory

Here we briefly review the theoretical aspects of the kinetic Sunayev-Zel’dovich (kSZ)
effect and the cosmological 21 cm signal from the epoch of reionization. We also present
the relevant mathematical forms used to calculate the kSZ and the cosmological 21 cm
signals.

6.2.1 Kinetic Sunayev-Zel’dovich effect

The temperature fluctuation of the CMB caused by the Thompson scattering of its photons
off populations of free electrons in bulk motion, for a given line of sight (LOS), is:

(
δT

T

)
kSZ

= −σT

∫ t0

tr

e−τne(r̂ · ~v)dt, (6.1)
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where τ is the optical depth of electrons to Thomson scattering, ~v the bulk velocity of free
electrons and r̂ the unit vector denoting the direction of the LOS. The integral is performed
for each LOS with tr the time at the epoch of recombination and t0 the age of the Universe
today. Note that all quantities are in physical units. Temperature fluctuations produced
at time t will be attenuated due to multiple scattering along the LOS to the present time
and are accounted for by the e−τ term.

The electron density can be written as the product of the total atom density nn and
ionization fraction xe. Both nn and xe vary around their average value n̄n and x̄e and thus
these fluctuations can be written as δ = nn/n̄n − 1 and δxe = xe/x̄e − 1 and consequently
the electron density expressed as:

ne = n̄nx̄e(1 + δ + δxe + δδxe). (6.2)

In first approximation one can just follow the reionization of hydrogen and assume that
the atom density equals the hydrogen density. However, in our simulation we follow both
hydrogen and helium. Assuming that both hydrogen and helium follow the underlying
dark matter density, the atom density is a sum of the total hydrogen (nH) and total helium
(nHeI) densities: nn = (n̄H + n̄He)(1 + δ). Moreover, the electron density can be written
as:

ne = nHxHII + nHexHeII + 2nHexHeIII, (6.3)

where xHII,HeII,HeIII are ionization fractions of HII, HeII and HeIII respectively. The
ionization fractions are defined as: xHII = nHII/nH, xHeII = nHeII/nHe and xHeIII =
nHeIII/nHe.

The mean hydrogen and helium densities vary with redshift as n̄H,He = n̄H(0),He(0)(1 +
z)3, where n̄H(0),He(0) are the mean hydrogen and helium densities at the present time:
n̄H(0) = 1.9× 10−7 cm−3 and n̄He(0) = 1.5× 10−8 cm−3.

By inserting Eq. 6.2 into Eq. 6.1 and converting Eq. 6.1 from an integral in time to
one in redshift space 4 (z), we get:(

δT

T

)
kSZ

= −σTn̄n(0)

∫ z0

zr

(1 + z)2

H
e−τ x̄e(1 + δ + δxe + δδxe)vrdz, (6.4)

where vr is the component of ~v along the LOS (vr = r̂ · ~v) and n̄n(0) = n̄HI(0) + n̄HeI(0).
For a ΛCDM Universe the Hubble constant at redshift z is H = H0

√
Ωm(1 + z)3 + ΩΛ

where H0 is the present value of the Hubble constant, Ωm is the matter and ΩΛ the dark
energy density, respectively.

For homogeneous reionization histories, i.e. a uniform change in the ionization fraction
as a function of redshift, Eq. 6.4 becomes:(

δT

T

)
kSZ

= −σTn̄n(0)

∫ z0

zr

(1 + z)2

H
e−τ x̄e(1 + δ)vrdz, (6.5)

which means that the kSZ fluctuations are induced only by spatial variations of the density
field. The linear regime of this effect is called the Ostriker-Vishniac (OV) effect. The OV
effect is of second order and peaks at small angular scales (arc minutes) and has an rms
of the order of a few µK.

4In order to make transformation of the Eq. 6.1 to the redshift space we use dt = − dz
H(z)[1+z]

, where

H(z) is Hubble constant at redshift z.



6.3 Simulations 101

6.2.2 The Cosmological 21 cm signal

In radio astronomy, where the Rayleigh-Jeans law is applicable, the radiation intensity,
I(ν) is expressed in terms of the brightness temperature Tb:

I(ν) =
2ν2

c2
kTb, (6.6)

where ν is the frequency, c is the speed of light and k is Boltzmann’s constant. The
predicted differential brightness temperature of the cosmological 21 cm signal with the
CMB as the background is given by (Field, 1958, 1959; Ciardi & Madau, 2003b):

δTb = 26 mK xHI(1 + δ)
(

1− TCMB

Ts

)(
Ωbh

2

0.02

)[(
1 + z

10

)(
0.3
Ωm

)]1/2

. (6.7)

Here Ts is the spin temperature, xHI is the neutral hydrogen fraction, δ is the matter
density contrast and h = H0/(100 kms−1Mpc−1). If we express the neutral hydrogen
fraction as xHI = x̄HI(1 + δxHI), Eq. 6.7 becomes:

δTb = 26 mK x̄HI(1 + δ + δxHI + δδxHI)(
1− TCMB

Ts

)(
Ωbh

2

0.02

)[(
1 + z

10

)(
0.3
Ωm

)]1/2

. (6.8)

In his two seminal papers, Field (1958, 1959) calculated the spin temperature, Ts, as
a weighted average of the CMB, kinetic and colour temperatures:

Ts =
TCMB + ykinTkin + yαTα

1 + ykin + yα
, (6.9)

where TCMB is the CMB temperature and ykin and yα are the kinetic and Lyman-α
coupling terms, respectively. We assume that the color temperature, Tα, is equal to Tkin
(Madau et al., 1997). The kinetic coupling term increases with the kinetic tempera-
ture, whereas the yα coupling term depends on Lyman-α pumping through the so-called
Wouthuysen-Field effect (Wouthuysen, 1952; Field, 1958). The two coupling terms are
dominant under different conditions and in principle could be used to distinguish between
ionization sources, e.g., between first stars, for which Lyman-α pumping is dominant,
and first mini-quasars for which X-ray photons and therefore heating is dominant (see
e.g., Madau et al., 1997; Zaroubi et al., 2007; Thomas & Zaroubi, 2008).

6.3 Simulations

The kSZ (δT/T ) and the cosmological 21 cm maps (δTb) are simulated using the following
data cubes: density (δ), radial velocity (vr) and HI, HII, HeI, HeII and HeIII fractions
(xHI,HII,HeI,HeII&HeIII). The data cubes are produced using the bears algorithm, a fast
algorithm to simulate the EoR signal (Thomas et al., 2009).

In the following subsections we summarize the bears algorithm and describe the
operations preformed on the output in order to calculate the kSZ and the EoR maps.
Furthermore, we show in detail the calculations to obtain the optical depth and kSZ signal
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along a certain LOS. Finally we present the maps of the kSZ temperature fluctuations
for the two patchy reionization models (‘stars’ and ‘mini-quasars’) and discuss aspects of
their contribution to the signal.

6.3.1 BEARS algorithm: overview

bears is a fast algorithm to simulate the underlying cosmological 21 cm signal from the
EoR. It is implemented by using an N-body/SPH simulation in conjunction with a 1-D
radiative transfer code under the assumption of spherical symmetry of the ionized bubbles.
The basic steps of the algorithm are as follows: first, a catalogue of 1D ionization profiles
of all atomic hydrogen and helium species and the temperature profile that surround the
source is calculated for different types of ionizing sources with varying masses, luminosities
at different redshifts. Subsequently, photon rates emanating from dark matter haloes,
identified in the N-body simulation, are calculated semi–analytically. Finally, given the
spectrum, luminosity and the density around the source, a spherical ionization bubble is
embedded around the source, with a radial profile selected from the catalogue. For more
details we refer to Thomas et al. (2009).

As outputs we obtain data cubes (2D slices along the frequency/redshift direction) of
density (δ), radial velocity (vr) and hydrogen and helium fractions (xHI,HII,HeI,HeII&HeIII).
Each data cube consists of about 850 slices each representing a certain redshift between
6 and 11.5. This interval is chosen to match the spectral resolution that the frequency-
binned LOFAR data will have, i.e., at 0.1 MHz. This implies a δz of about 3 · 10−4 at the
lowest redshift (z = 6) and ≈ 0.01 at the high redshift end (z = 11.5), which translates
to a minimum co-moving separation of 0.1 Mpc at low and < 2 Mpc at high redshifts.
In both cases, ionized bubbles are sampled extremely well because their typical size (in
physical units) are ≈ 6 Mpc in diameter. Slices have a size of 100 h−1 comoving Mpc and
are defined on a 5122 grid. Because these slices are produced to simulate a mock dataset
for radio-interferometric experiments, they are uniformly spaced in frequency (therefore,
not uniform in redshift). Thus, the frequency resolution of the instrument dictates the
scales over which structures in the Universe are averaged/smoothed along the redshift
direction. The relation between frequency ν and redshift space z is given by:

z =
ν21

ν
− 1, (6.10)

where ν21 = 1420 MHz is the rest frequency that corresponds to the 21cm line.
The final data cubes are produced using approximately 75 snapshots of the cosmolog-

ical simulations. Since the choice of the redshift direction in each box is arbitrary, three
final data cubes can be produced in this manner (x, y and z).

6.3.2 Randomization of the structures

The kSZ effect is an integrated effect and is sensitive to the structure distribution along the
LOS. To avoid unnatural amplification of the kSZ fluctuations due to repeating structures
in the simulated data cubes, we follow the approach of Iliev et al. (2007b) and introduce
randomization of the structures along the LOS over 100 Mpc/h scale in two steps. First,
each 100 Mpc/h chunk of the data cube is randomly shifted (assuming periodic boundary
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conditions) and rotated in a direction perpendicular to the LOS. The shift can be positive
or negative in any direction (x and(or) y) by an integer value between 0 and 512. The
rotation can be clockwise or anti-clockwise by an nπ/2 angle (n=0,1,2,3). Second, the
final data cube is produced by assembling the first 100 Mpc/h part from the x-data cube,
second from the y-data cube, third from the z-data cube and then back to the x-data cube
and so on to a distance that spans the comoving radial distance between redshifts 6 and
12.

6.3.3 Optical depth

The Thomson optical depth τ at redshift z is:

τ = cσT

∫ z

0

ne
(1 + z)2

H(z)
dz, (6.11)

where c = 2.998 × 108 m s−1 is the speed of light, σT = 6.65 × 10−29 m2 the Thomson
scattering cross section for electrons, ne the density of free electrons and H(z) the Hubble
constant at redshift z.

In our simulations we split the integral into two parts. The first part represents the
mean Thomson optical depth (τ̄06) from redshift 0 to 6 and the second, τ6z, from redshift
6 to a desired redshift z. This choice is driven by the limited redshift range (z ∼ 6− 11.5)
of imminent radio astronomical projects designed to map the EoR. Under the assumption
that reionization is completed by the redshift 6, the mean Thomson optical depth τ̄06 is
0.0517. Note that our patchy simulations are set to have a mean Thomson optical depth
of 0.087, as obtained from the CMB data (τ = 0.087± 0.017, Komatsu et al. (2009)).

6.3.4 Creating the kSZ and EoR maps

For clarity we summarize the steps we follow to create the kSZ and EoR maps for a given
scenario of the reionization history:

1. Using the output of bears, data cubes for the density, radial velocity, helium and
hydrogen fractions are produced.

2. Data cubes are randomized over 100 Mpc/h scale along the redshift direction.

3. Using Eq. 6.11 the Thomson optical depth, τ , is calculated to a redshift z.

4. Using the integrand of the Eq. 6.4, data cubes with the kSZ signal are produced as
a function of redshift.

5. Integrating along each LOS through the kSZ data cube the integrated kSZ map is
obtained. Note that we assume that the reionization is complete by redshift 6, so
the integral in Eq. 6.4 spans the range z > 6.

6. Finally, the brightness temperature fluctuations, δTb, is calculated using Eq. 6.8.

In the following sections we will use the kSZ and EoR maps produced from five different
models of reionization:
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Figure 6.1: The ionization fraction xe as a function of redshift for three different models of
homogeneous reionization (HRH1, HRH2 & HRH3). All three models are defined by Eq. 6.12
but have different values of k (different reionization durations).

Figure 6.2: The mean ionization fraction xe as a function of redshift for the ‘Stars’ and ‘QSOs’
patchy reionization model.
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Table 6.1: The mean and rms of the ‘1 + δ’, ‘δxe ’ and ‘δδxe ’ simulated kSZ maps for both the
‘Stars’ (see Fig. 6.5) and ‘QSOs’ patchy reionization models. C0 is a cross-correlation coefficent
at a zero lag between corresponding kSZ maps and integrated EoR map (see Section 6.4). For
completeness we also list the results for the pure Doppler term (‘1’) in Eq. 6.4.

δTkSZ ‘1’ ‘1 + δ’ ‘δxe ’ ‘δδxe ’ total
stars mean [µK] -0.004 0.03 0.58 0.02 0.63

rms [µK] 0.14 0.80 1.74 0.40 2.00
C0 0.05 -0.003 -0.12 -0.06 -0.11

qsos mean [µK] -0.002 0.03 0.27 0.01 0.30
rms [µK] 0.15 0.93 1.28 0.28 1.57

C0 0.1 0.04 -0.08 -0.01 -0.06

1. homogeneous: Reionization history is homogeneous and the ionized fraction fol-
lows:

xe =
1

1 + ek(z−zreion)
, (6.12)

with zreion set to 8.5 and k = 2, 4 & 10 which tunes the “rapidness” of the reioniza-
tion process. The mean ionization fractions xe(z) for the three different values of k
(homogeneous models: HRH1, HRH2 & HRH3) are shown in Fig. 6.1.

2. patchy Stars: Reionization history is patchy, gradual and extended with stars as
the sources of ionization (see solid line in Fig. 6.2).

3. patchy QSOs: Reionization history is patchy and relatively fast with QSOs as the
ionizing sources (see dashed line in Fig. 6.2).

Figures 6.3 & 6.4 show slices through the simulated redshift cube of the cosmological
21 cm signal (δTb) and the kSZ effect (δTkSZ) in the case of the ‘Stars’ and the ‘QSOs’
patchy reionization models. The angular size of the slices is ∼ 0.6◦.

Apart from the difference in the global shape of the reionization histories driven by
‘Stars’ and ‘QSOs’, the average sizes of the ionization bubbles are also smaller in ‘Stars’
compared to that of ‘QSOs’. For a detailed description and comparison of reionization
histories due to ‘Stars’ and ‘QSOs’ see Thomas et al. (2009).

The kSZ anisotropies from patchy reionization are induced by both fluctuations of the
density field δ and ionization fraction δxe (see Eq. 6.4). Santos et al. (2003) found that
kSZ anisotropies from δxe fluctuations dominate over the δ modulated fluctuations (OV
effect). In order to test this result with our simulations we split the integral in Eq. 6.4 into
three parts and produce three integrated kSZ maps (for the ‘Stars’ model, see Fig. 6.5).
The first term ‘1 + δ’ represents the density induced secondary anisotropies (OV effect).
The ‘δxe ’ term represents the secondary anisotropies due to patchiness in the reionization
and ‘δδxe ’ represents a higher order anisotropy.

The mean and rms of the ‘1 + δ’, ‘δxe ’ and ‘δδxe ’ components of the simulated kSZ
maps are given in the Table 6.1 for patchy reionization in the ‘Stars’ and ‘QSOs’ model.
The rms value of the maps is used as a measure of the fluctuations. We confirm that
the ‘δxe ’ fluctuations are indeed larger than density induced anisotropies (‘δ’) for both
patchy reionization models. However the difference between the ‘δxe ’ and ‘δ’ fluctuations
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Figure 6.3: A slice through the simulated redshift cube of the the cosmological 21 cm signal
(top panel) and the kSZ effect (bottom panel) in the case of the ‘Stars’ patchy reionization model.
The angular scale of the slices is ∼ 0.6◦.

Figure 6.4: The same as Fig. 6.4 but for the ‘QSOs’ patchy reionization model.
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is much larger for the ‘Stars’ reionization history model than than for the ‘QSOs’ model.
Also note that the third order anisotropy (‘δδxe ’) is not negligible in both reionization
scenarios. For completeness we also give the contribution from the pure Doppler term
(‘1’) in Eq. 6.4.

6.4 Cross-correlation kSZ-EoR maps

The kSZ effect from the EoR is expected to be correlated with cosmological 21 cm maps
for a homogeneous reionization history and anti-correlated when patchy (Cooray, 2004;
Salvaterra et al., 2005; Alvarez et al., 2006; Slosar et al., 2007; Adshead & Furlanetto,
2008). In this section the simulations described in Section 6.3 are used to explore the small
angular scale cross-correlation between the kSZ effect and EoR maps for five different
reionization histories. Further, we will fold-in the influence of i) the large-scale velocities
on the kSZ effect and ii) the primary CMB fluctuations on the cross-correlation.

Throughout the chapter we will use a normalized cross-correlation in order to be able
to compare results from different pairs of maps. The normalized cross-correlation between
two images (ai,j and bi,j) with the same total number of pixels n is defined at zero lag as:

C0 =
1

n− 1

∑
i,j

(ai,j − ā)(bi,j − b̄)
σaσb

, (6.13)

where ā (b̄) is the mean and σa (σb) the standard deviation of the image a (b). However,
the cross-correlation between the kSZ and the EoR map needs to be considered more
carefully, as we will explain in the following paragraph.

The fluctuations of the kSZ effect over the simulated map are both positive and neg-
ative, since the radial velocity vr can be both positive and negative (see Eq. 6.4). In
contrast, the EoR signal fluctuations in our simulations are always positive (see Eq. 6.8).
When calculating the cross-correlation between these two maps, we are interested in find-
ing the number of points at which both signals are present (homogeneous reionization
model) or where one signal is present and the other absent (patchy reionization model).
In other words only the absolute value of the kSZ fluctuation is relevant in our calculation
and not its sign.

6.4.1 Homogeneous reionization history

We explore the cross-correlation between the kSZ map and integrated EoR map in the
case of three different homogeneous reionization histories (HRH1, HRH2 & HRH3). These
histories are given by Eq. 6.12, with k = 2, 4 & 10 controlling the duration of reionization
(see Fig. 6.1).

The cross correlation between an integrated kSZ map and an integrated EoR map
results in a coefficient C0,hrh 1 = 0.10 ± 0.03 for an extended homogeneous reionization
history (HRH1). For HRH2 C0,hrh 2 = 0.21 ± 0.02 and for HRH3 C0,hrh 3 = 0.24 ± 0.02.
The errors are estimated by performing a Monte Carlo calculation with 200 indepen-
dent realizations of the integrated kSZ and EoR maps using the randomization procedure
explained in Section 6.3.
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Figure 6.5: The simulated kSZ anisotropies induced by ‘1 + δ’ (first panel), ‘δxe ’ (second panel)
and ‘δδxe ’ term (third panel) in Eq. 6.4 for the ‘Stars’ patchy reionization model. The kSZ
anisotropies induced by all terms together in Eq. 6.4 are shown on fourth panel (‘total’). The
mean and rms of the simulated kSZ maps are given in Table 6.1. Note that each map has its own
color scale.
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Figure 6.6: The zero lag cross-correlation coefficient (C0) between the kSZ map and the EoR
map at a given redshift. The solid black line corresponds to the ‘Stars’ and the dashed red line to
the ‘QSOs’ patchy reionization model. For both reionization models we find an anti-correlation
between the maps.

As expected, the integrated kSZ and EoR maps are correlated for homogeneous models
of reionization. Furthermore, the correlation depends on the duration of reionization with
larger values for more ‘rapid’ reionization. These results are in agreement with Alvarez
et al. (2006).

6.4.2 Patchy reionization history

For the patchy reionization models we first cross-correlate the kSZ and the EoR map at a
given redshift. The resulting zero lag coefficient (C0), as a function of redshift, is shown
in Fig. 6.6. The solid black line represents the correlation for ‘Stars’ while the dashed red
line the ‘QSOs’ patchy reionization model. As expected for patchy reionization in both
models, the kSZ and the EoR map anti-correlate at individual redshifts.

The obtained anti-correlation is also evident by visual inspection of the kSZ and EoR
slices through the simulated redshift cubes (see Fig. 6.3 & 6.4). One can see that the
kSZ signal is present only at the regions where the EoR signal is not. This result is not
surprising since the EoR signal is proportional to neutral hydrogen while the kSZ to the
ionized, both of which are almost mutually exclusive.

In reality, we are not able to measure the kSZ effect at a certain redshift but only the
integrated effect along the entire history. Thus we can only cross-correlate the integrated
kSZ map with the integrated EoR map and/or the EoR maps at different redshifts 5.

Fig. 6.7 shows the integrated EoR and kSZ map for the ‘Stars’ (first two panels) and
‘QSOs’ (last two panels) patchy reionization models. The cross-correlation coefficients at

5This is because, unlike the kSZ effect, we can potentially obtain redshift-specific information of neutral
hydrogen via upcoming radio telescopes.



110 CMB as an additional probe

zero lag for these two maps are C0,Stars = −0.17 and C0,QSOs = −0.02. In order to deter-
mine the error on the kSZ-EoR cross-correlation, we perform a Monte Carlo calculation.
After creating 200 independent realizations of the integrated kSZ and EoR maps using
the randomization procedure explained in Section 6.3, we calculate the cross-correlation
coefficient for each pair of realizations. Finally, we calculate the mean and standard devi-
ation of the cross-correlations. For the ‘Stars’ model we get C0,Stars = −0.16±0.02, while
for the ‘QSOs’ model C0,QSOs = −0.05± 0.02.

To understand the higher values of the cross-correlation coefficient in ‘Stars’ com-
pared to the ‘QSOs’ model, one needs to analyze Fig. 6.2 and Table 6.1. It is evident
from Fig. 6.2 that the reionization history is gradual and extended with stars as ioniz-
ing sources, compared to a shorter and sharper history with QSOs as ionizing sources.
Moreover, the patchy term (‘δxe ’) of the kSZ fluctuations is much larger than the homo-
geneous component in the anisotropy (‘δ’) in the case of ‘Stars’ than for ‘QSOs’ model
(see Table 6.1). We showed before that the kSZ effect correlates with the cosmological
21 cm signal for homogeneous reionization and that the correlation is strongest for an
‘instant’ reionization history. We also obtain the same result by correlating different kSZ
components with the integrated EoR map (see Table 6.1). Combining these results we see
the cross-correlation is driven by the patchy kSZ anisotropies in the ‘Stars’ model, while
in the ‘QSOs’ model the homogeneous and patchy kSZ anisotropies tend to cancel each
other. As a consequence the anti-correlation in ’QSOs’ model is much weaker than that
of ‘Stars’.

In addition to the balance between homogeneous and patchy kSZ anisotropies that
governs the (anti-)correlation between the kSZ and the EoR maps, the size of the ionized
bubbles also play a key role. Recall that the average size of the ionization bubble is
larger for ‘QSOs’. As a result, the underlying structure within the ionized bubble will
additionally reduce the anti-correlation and might change the scale of (anti-)correlation.

From now on we will concentrate on cross-correlations using ’Stars’ since the ‘QSOs’
model does not show a significant anti-correlation. Fig. 6.8 shows the correlation coefficient
as a function of lag (C(θ)) between the integrated kSZ and the integrated EoR map. The
dashed white line represents the estimated error obtained from Monte Carlo simulations.
As in Salvaterra et al. (2005), we find that the two signals are anti-correlated below a
characteristic angular scale θc and this scale indicates average size of the ionized bubbles
which in our case is θc ≈ 10 arcmin.

Salvaterra et al. (2005) also showed that the amplitude of the anti-correlation signal
increases with decreasing redshift and that the characteristic angular scale shows a redshift
evolution. In order to test this in our simulation, we calculate the redshift evolution of
the zero lag cross-correlation coefficient between the integrated kSZ map and the EoR
map at different redshifts (Fig. 6.9). To calculate the error in the cross-correlation, we
generate 200 different realizations of the kSZ and corresponding EoR cubes using the
randomization procedure explained in Section 6.3. Then, around a desired redshift we
fix the kSZ effect to zero and integrate along non-zero part of the kSZ cube. Finally,
we cross-correlate the integrated kSZ map with the EoR map at the desired redshift and
estimate the error on the cross-correlation between the integrated kSZ map and the EoR
map at the certain redshift. Note that the EoR map at a certain redshift is produced by
integrating a 100 h−1 Mpc volume around that redshift.

From Fig. 6.9, we find no coherent redshift evolution of the anti-correlation signal
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Figure 6.7: The integrated EoR and kSZ map for the ‘Stars’ (first two panels) and ‘QSOs’
patchy reionization model (second two panels). The mean cross-correlation coefficient at the zero
lag between integrated EoR map and integrated kSZ map is C0,Stars = −0.16±0.02 for the ‘Stars’
and C0,QSOs = −0.05± 0.02 for the ‘QSOs’ model.
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Figure 6.8: The cross-correlation between integrated EoR and integrated kSZ map as a func-
tion of lag (C(θ)) for the ‘Stars’ reionization history scenario (dashed white line). The gray
shaded surface represents the estimated error obtained by Monte Carlo simulation. Note that
the correlation coefficient at the zero lag is C0 = −0.16± 0.02.

Figure 6.9: The redshift evolution of the zero lag correlation coefficient between the integrated
kSZ map and the EoR map at the certain redshift. The result is shown for the ‘Stars’ reion-
ization history model. Note that the EoR map at a certain redshift is produced by integrating
100 h−1 Mpc volume around that redshift.
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Figure 6.10: Top panel: Two random (solid and dotted) lines of sight through ‘Stars’ kSZ
cube, δTkSZ(z), averaged over 10 pixels (∼ 0.7 arcmin) at each redshift. Bottom panel: For
the same LOSs the cumulative integral of the kSZ effect,

R z
zmax

δTkSZ(z)dz. Note that there is

no coherent contribution (continuous increase or decrease) of the cumulative kSZ effect over the
whole redshift range.

and at a few redshifts the two signals actually correlate instead of anti-correlating. The
correlation at a given redshift is caused by i) the patchy nature of the EoR signal, which
implies that there are some redshifts at which the EoR map contains none or only a few
small ionized bubbles. If one correlates such an EoR map with the integrated kSZ map,
the outcome is a correlation between the two, and because of an insignificant number
of the ionization bubbles there is no contribution to the anti-correlation. ii) The patchy
nature of the kSZ signal. There are some redshifts where the kSZ signal from a certain
ionization bubble does hardly or not at all contribute to the integrated kSZ map. This
could happen due to a weak kSZ signal from a certain ionized bubble or due to cancellation
of the kSZ signal from another ionization bubble along the LOS.

To illustrate the patchy nature of the kSZ signal and its implications to the cross-
correlation, we plot the kSZ signal, δTkSZ(z), and its cumulative integral,

∫ z
zmax

δTkSZ(z)dz,
as a function of redshift, for two random lines of sight (see Fig. 6.10). Note from the bottom
panel of the Fig. 6.10 that the kSZ signal, as its progress towards the lower redshifts,
fluctuates randomly between positive and negative values. Thus, there is no coherent
contribution (continuous increase or decrease) to the kSZ signal over the whole redshift
range. See also fig. 12 & 13 in Iliev et al. (2007b) who reached a similar conclusion.

We repeat the analysis of the redshift evolution of the zero lag cross-correlation coeffi-
cient for a different bin sizes along redshift (e.g. redshift bins corresponding to 20 h−1 Mpc
in comoving coordinates). However, the result does not differ significantly. We also cal-
culate the redshift evolution of the characteristic angular scale (θc), but we do not find
any coherent evolution. This result is driven by the fact that the contribution of the kSZ
signal from a certain redshift to the integrated kSZ map is not significant or even non-
existent. As a result, if there is no coherent contribution (continuous increase or decrease)
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to the integrated kSZ map over the whole redshift range there will be no coherent redshift
evolution of the kSZ-EoR cross-correlation signal Fig. 6.10.

The discrepancy between our results and that of Salvaterra et al. (2005) is due to:
(i) the difference in the method to calculate the cross-correlation coefficient and (ii) the
different size of the computational boxes.

Salvaterra et al. first calculated the cross-correlation coefficient (not normalized with
the rms) between a certain kSZ and EoR map. Then, they scrambled both maps without
keeping any structural information and calculated the cross-correlation coefficient. They
compared the coefficients in the two cases to draw their conclusion. In contrast to Sal-
vaterra et al., we first calculate the normalized cross-correlation coefficient (see Eq. 6.13)
between a pair of kSZ-EoR maps. And then for comparison, we perform a Monte Carlo
simulation to generate different realizations of the kSZ and the EoR maps. However,
despite the cross-correlation procedure used, once the primary CMB fluctuations are in-
cluded we are not able to find any significant kSZ-EoR cross-correlation (see Sec. 6.4.4).

In addition, Salvaterra et al. used fairly small computational boxes (4 & 20 h−1 Mpc)
compared to our 100 h−1 Mpc box. Since most of the signal comes around the midpoint of
reionization, the velocity field and the typical size of reionization bubbles at that redshift
put a strong constraint on the size of simulation that one can use. In fig. 2 (Salvaterra
et al., 2005) one can see that at 50% reionization, the size of the reionization bubble is
about half the simulation box. This means that no matter how one randomizes the box,
the bubble will still overlap with the position of the bubble in next or previous snapshot.
Moreover, the small 20 h−1 Mpc simulation box misses ∼ 90% of the velocity power
as given by the linear theory (see sec. 4.3 in Iliev et al., 2007b) and this could lead to
velocity coherence. In other words, the redshift ‘enhancement’ of the kSZ signal is not
fully removed.

6.4.3 Large-scale velocity

Our simulation volume is (100 h−1 Mpc)3 (see Section 6.3). Thus, large-scale velocities
associated with bulk motions, on scales & 100 h−1 Mpc are missing. The missing velocities
represent ∼ 50% of the total power in the velocity field as given by the linear theory.

Iliev et al. (2007b) showed that the large-scale velocities on scales & 100 h−1 Mpc in-
creases the kSZ signal. Motivated by this result, we approximately account for the missing
large-scale velocities in a similar way as Iliev et al. (2007b): first, we assume that every
100 h−1 Mpc chunk of our simulation cube has a random large-scale velocity component
vLS. Since our simulation cube is produced using 15 simulation boxes (100 h−1 Mpc), we
need in total 15 vLS. We randomly choose a realization of the 15 vLS based on a velocity
field power spectra from linear theory. By doing this we ensure that the velocities are
correlated at large scales. Finally we add the missing vLS component to each 100 h−1 Mpc
chunk of the simulated cube.

Based on 200 realizations of the large-scale velocity field, we have found that the large-
scale velocities increase the kSZ signal during the EoR by 10%. But on average we do not
find any significant increase or decrease in the kSZ-EoR cross-correlation. However, for
∼20% of all large-scale velocity realizations we find an increase in the cross-correlation
signal by a factor two or larger and for ∼2% a factor three or larger.
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6.4.4 Primary CMB

Up to now, our cross-correlation analysis only took into account the secondary CMB
anisotropies generated by the kSZ effect. In the actual experiment the CMB data will
comprise not only the kSZ anisotropies which are secondary, but also the primary and
other secondary CMB anisotropies (for a recent review see Aghanim et al., 2008). In
this subsection we will examine the influence of the primary CMB fluctuations on the
detectability of the kSZ-EoR cross-correlation.

We simulate the primary CMB fluctuations in the following way: first the CMB power
spectra is obtained using CMBFAST (U. Seljak and M. Zaldarriaga in 2003) and then the
map of the primary anisotropy is produced as a random Gaussian field with this power
spectrum. An example of the simulated primary CMB map is shown on the Fig. 6.11.
The size of the map corresponds to the size of the simulated EoR and kSZ maps. Notice
the lack of power at small scales due to Silk damping (Silk, 1967).

In order to calculate the noise in the cross-correlation introduced by the primary
CMB fluctuations, we generate 200 different realizations of the primary CMB (pCMB)
fluctuations. We then add secondary kSZ anisotropies induced by the ‘Stars’ (map shown
in the Fig. 6.7), and calculate the cross-correlation between the pCMB+kSZ map and the
integrated cosmological 21 cm map. The obtained zero lag cross-correlation coefficient
is 0.0 ± 0.3. The noise introduced by the primary CMB fluctuations is thus too large to
detect any significant kSZ-EoR (anti-)correlation. However, one has to remember that the
primary CMB anisotropies are damped on small angular scales and that on these scales
the secondary anisotropies are the dominant component of the CMB power spectra (see
Fig. 6.12)6 Utilizing this fact, one can do a cross power spectrum and see the correlation
as a function of angular scale. Pursuing this lead, we first calculate the kSZ-EoR cross
spectrum without and then with the primary CMB added to the kSZ map.

The cross spectrum (CXl ) between the two images of a small angular size is give by:

CX
l ' PX

k =
1
nk

∑
p,q∈k

Ap,q ·B∗p,q, (6.14)

where Ap,q is Fourier transform of the first image, B∗p,q the complex conjugate of the
Fourier transform of the second image and nk is number of points in the k-th bin (k =√
p2 + q2). Note that we assume the ‘flat-sky’ approximation (e.g. White et al., 1999):

k2P (k) ' l(l+1)
(2π)2 Cl |l=2πk which is valid for l & 60.

Fig. 6.13 shows the cross power spectrum between the kSZ anisotropies and the inte-
grated cosmological 21 cm map for reionization due to ‘Stars’. It is evident from the plot
that the two images anti-correlate on large scales (l . 8000) but that the anti-correlation
becomes weaker towards smaller angular scales. At angular scales l & 8000, there is no
(anti-)correlation.

We also calculate the cross power spectrum between integrated EoR map and inte-
grated kSZ map with primary CMB fluctuations included. In this case, the noise in-
troduced by the primary CMB is too large to find any significant correlation at scales
l . 8000.

6Note that a harmonic multipole l translates to degrees as θ[◦] = 180◦/l. The angular resolution of
the simulated maps is ∼ 5 arcsec, which translates to lmax ∼ 1.3 · 105. The maps are expected to convey
the physical information for 1.5 · 103 . l . 1.3 · 105.
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Figure 6.11: The map of the primary CMB fluctuations generated as a Gaussian random field
with the power spectrum obtained from the CMBFAST algorithm.

This result might be driven by the simulation box size and reionization scenarios
considered in this study and does not mean that a cross-correlation signal is absent at all
scales and reionization histories. In order to test this, one needs to explore the kSZ-EoR
cross-correlation using simulations with box sizes larger than 100 h−1 Mpc.

6.4.5 Additional cross-correlation techniques

For better understanding of the properties of the kSZ-EoR cross-correlation, and with the
hope of being able to find the cross-correlation signal in the presence of primary CMB
fluctuations, in this subsection we apply techniques of filtering, wavelet decomposition and
relative entropy on our data. We will only use the integrated kSZ map and integrated EoR
map from the ‘Stars’ model of reionization, since as we saw above, this model produces
the strongest cross-correlation signal. Note that in the following analysis we first use the
kSZ and the EoR maps and then as a second step include the primary CMB fluctuations.

Fig. 6.14 shows the zero lag cross-correlation coefficient for the three different filtering
procedures. The first one uses a high-pass, the second a low-pass and the third a band-
pass filter that passes out only a certain scale. In all three cases the filter is based on
the ‘Top hat’ function. We filter out the desired scale from both the kSZ map and the
EoR map and calculate the cross-correlation coefficient at zero lag. The results are shown
for the low-pass and high-pass filter as a function of the FWHM of the filter and for the
band-pass filter as a function of scale.

The plot on the left panel in Fig. 6.14 implies that the anti-correlation is strongest
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Figure 6.12: The power spectra of primary CMB fluctuations (dotted line) and kSZ anisotropies
obtained from the simulated maps (solid line).

Figure 6.13: The cross spectrum (see Eq. 6.14) between integrated kSZ map and integrated EoR
map for the ‘Stars’ reionization history (dashed white line). The gray shaded surface represents
the estimated error obtained by Monte Carlo simulation. Note that the primary CMB fluctuations
are not included.
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Figure 6.14: The zero lag cross-correlation coefficient as a function of the three different filtering
procedures. The first one uses a high-pass filter, the second one uses low-pass filter and the third
a band-pass filter that passes only a certain scale. In all three cases the filter is based on the
‘Top hat’ function. The dashed white line is the mean and the gray shaded surface represents
the estimated error obtained by Monte Carlo simulation.
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on the largest scales of the map. By adding smaller scales, the correlation coefficient
decreases meaning that smaller scales introduce noise in the correlation. The middle
panel in Fig. 6.14 suggests the same behavior. By removing the large scales, the cross-
correlation signal becomes very weak. Finally, the third panel of Fig. 6.14 suggests that
the large scales are indeed the dominant component of the anti-correlation signal.

As a next step in our analysis we include the primary CMB fluctuations. However
we obtain the same result as discussed in the Sec. 6.4.4. On the scales where the kSZ
anisotropies dominate over the primary anisotropies, either the anti-correlation signal is
too weak or the noise introduced by residuals of the primary CMB fluctuations is too
large to find any statistically significant kSZ-EoR (anti-)correlation.

The wavelet analysis of the maps is preformed using Daubechies and Coiflet wavelet
functions. Both the integrated kSZ map with added primary CMB fluctuations and the
integrated EoR map are decomposed to a certain wavelet mode and then they are cross-
correlated. Because the outcome is similar to that of filtering we will not discuss this
further.

The last method applied to the data is the “relative entropy”, also know as Kullback-
Leibler distance. The relative entropy is a measure of the shared information between two
variables (two images) by comparing the normalized distribution of the two. This method
also did not produce any significant result.

6.5 Summary and conclusions

This chapter presents a cross-correlation study between the kinetic Sunyaev-Zel’dovich
(kSZ) effect and cosmological 21 cm signal produced during the epoch of reionization
(EoR). The study uses an N-body/SPH simulation along with a 1-D radiative transfer
code (the BEARS algorithm, Thomas et al. (2009)) to simulate the EoR and to obtain
maps of the cosmological 21 cm signal and the kSZ effect. The maps are produced using
a 100 h−1 Mpc co-moving simulation box for five different (3 homogeneous and 2 patchy)
models of reionization history. The homogeneous model with varying degree of “rapidness”
of the reionization process is given by Eq. 6.12. The patchy reionization histories include
one by ‘Stars’ (gradual) and the other by ‘QSOs’ (instant).

For a homogeneous reionization history we find that the kSZ map and the integrated
EoR map are correlated and that the correlation depends on duration of reionization with
larger values for more “rapid” models. This result agrees with the analytical kSZ-EoR
cross-correlation analysis carried out by Alvarez et al. (2006).

For patchy reionization models we find that the kSZ temperature fluctuations are of
the few µK level (see Table 6.1), and is in agreement with previous results (Salvaterra
et al., 2005; Iliev et al., 2007b). In addition, we show that the temperature fluctuations
induced by the patchiness of the reionization process (‘δxe ’ term in Eq. 6.4) is larger than
the density induced fluctuations (homogeneous ‘1 + δ’ term in Eq. 6.4). The difference
between the two is stronger for the extended history (‘Stars’ model) than for the more
rapid reionization history (‘QSOs’ model) (see Table 6.1).

As a first step in the kSZ-EoR cross-correlation study of patchy reionization histories
we cross-correlate the kSZ map and EoR map at each redshift (see Fig. 6.3 & 6.4). As
expected, the kSZ and the EoR map anti-correlate at certain redshifts (see Fig. 6.6).
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We then cross-correlate the integrated cosmological 21 cm map and the integrated kSZ
map for patchy reionization (see Fig. 6.7). The two signals show significant anti-correlation
only in the ‘Stars’ model (C0,Stars = −0.16± 0.02, C0,QSOs = −0.05± 0.02.). The result is
driven by the balance between homogeneous and patchy (‘1+ δ’ and ‘δxe ’ term in Eq. 6.4)
kSZ anisotropies and the average size of the ionized bubbles. Since the homogeneous kSZ
anisotropies correlate and patchy kSZ anisotropies anti-correlate with the cosmological
21 cm maps, the two effects tend to cancel each other. In addition the average size of the
ionization bubble is larger for ‘QSOs’ than in ‘Stars’ model and the structure of matter
within the ionized bubble reduces the cross-correlation. As a consequence the kSZ-EoR
anti-correlation is much stronger for the extended (‘Stars’ model) reionization history than
for a more instant history (‘QSOs’ model).

For a patchy model of reionization we estimate the redshift evolution of the correlation
coefficient (C0) and characteristic angular scale θC. This was done by cross-correlating the
integrated kSZ maps with the EoR maps at different redshifts (see Fig. 6.9). In contrast
to Salvaterra et al. (2005), we do not find any significant coherent redshift evolution of C0

and θC. This discrepancy is caused by the difference in the procedure used for calculating
cross-correlation and the different size of the computational boxes.

The influence of the missing large-scale velocities on the kSZ signal and kSZ-EoR
cross-correlation was investigated. Although the large-scale velocities increase the kSZ
signal by 10%, we do not find, on average, any significant change in the kSZ-EoR cross-
correlation. However, for ∼20% of large-scale velocity realizations we find an increase in
the cross-correlation signal by a factor two or larger and for ∼2% a factor three or larger.

The data from CMB experiments contains both the secondary (e.g. kSZ) and primary
anisotropies. We calculate the noise in the kSZ-EoR cross-correlation introduced by the
primary CMB fluctuations and found that its addition reduces the cross-correlation signal
to zero (C0 = 0.0±0.3). The cross-correlation was also performed on scales where the kSZ
anisotropies dominate over the primary CMB fluctuations (l & 4000, see Fig. 6.12). We
have done this by calculating cross-power spectra (Fig. 6.13), applying different filtering
methods (Fig. 6.14) on the data and by doing wavelet decomposition. However, the
outcome of the analysis is that on the scales where the kSZ anisotropies dominate over
primary, either the anti-correlation signal is too weak or the noise introduced by residuals
of the primary CMB fluctuations is still too large to find any statistically significant
kSZ-EoR (anti-)correlation.

As a further check we calculate the kSZ-EoR cross-correlation using the simulation
from Iliev et al. (2007b) (‘f250C’ 100 h−1 Mpc simulation). The reionization history of
this model is similar to our ‘QSOs’ model. The reionization history is relatively sharp
and instant. The cross-correlation coefficient at zero lag for the integrated kSZ map and
integrated EoR map is C0 = −0.04 ± 0.02. The result is in agreement with the result
obtained from the ‘QSOs’ model. We also calculated the redshift evolution of the zero lag
cross-correlation coefficient and have found no coherent redshift evolution.

In view of all the results obtained from our kSZ-EoR cross-correlation study, we con-
clude that the kSZ-EoR anti-correlation on scales captured by our simulation box (∼ 0.6◦)
is not a reliable technique for probing the EoR. However, there is still hope that we will
be able to find the correlation between the kSZ and EoR signal on scales larger than ∼ 1◦,
where the patchiness of the ionization bubbles should average out (Alvarez et al., 2006;
Tashiro et al., 2009). Finally, it is important to note that the kSZ signal induced during
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the EoR could still be detected in the power spectra of the CMB and used to place some
additional constrains on this epoch in the history of our Universe.
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Chapter 7

Final remarks

The Epoch of Reionization demarcates the era when neutral gas in the Universe was almost
entirely ionized by the first sources of radiation. The Low Frequency Array (LOFAR)
is one of a number of radio telescopes designed to probe this epoch by measuring the
redshifted 21 cm hyperfine transition line of the neutral hydrogen atom (LOFAR-EoR key
science project). Unfortunately, the low-frequency radio sky is dominated by foreground
synchrotron emission (galactic and extragalactic) that is ordersof-m - agnitude above the
EoR signal: the cosmological 21 cm signal being a needle in a haystack. In addition,
ionospheric disturbances and the complex instrumental response also severely distort the
cosmological signal, making the EoR experiments one of the most challenging tasks in
modern observational cosmology.

This thesis has revolved around two aspects of the LOFAR-EoR key science project:
the foreground emission and the cosmic microwave background radiation. The first part
aimed at providing a detailed foreground model for the LOFAR-EoR simulation pipeline,
while the latter explored CMB as an additional probe of the EoR. In addition, we also
studied the properties of the Galactic diffuse synchrotron emission in total and polarized
intensity using both simulations and current observations, and explored the influence of
the foreground emission on extraction-schemes of the cosmological 21 cm signal. In the
sections that follow, we summarize the conclusions of these efforts and introduce future
perspectives.

7.1 The LOFAR-EoR simulation pipeline: Foreground
simulations

The success of the LOFAR-EoR project relies on a detailed understanding of astrophysi-
cal and non-astrophysical contaminants of the EoR signal: the Galactic and extragalactic
foregrounds, ionosphere, instrumental effects and systematics. In order to study these
components and their influence on the detection of the EoR signal, a LOFAR-EoR simu-
lation pipeline was developed by the LOFAR-EoR team.

The pipeline consists of three main modules: the EoR signal (described in the thesis
of R. M. Thomas, 2009), the foregrounds (this thesis) and the instrumental response (de-

123



124 Final remarks

Figure 7.1: The various simulated Galactic and extragalactic contaminants of the redshifted
21 cm radiation from the EoR. The difficulty posed by these foregrounds stems from the fact that
their amplitude is about three orders-of-magnitude larger than the expected cosmological signal.

scribed in the thesis by P. Labropoulos, in prep.). Additional modules are: the ionosphere
(ref. thesis by P. Labropoulos, in prep.), the radio frequency interferences (ref. thesis by
A. Offringa, in prep.), the inversion (ref. thesis by P. Labropoulos, in prep.) and different
extraction schemes (Jelić et al., 2008; Harker et al., 2009a,b). A flow chart of all of these
modules is shown in Fig. 1.7.

In Ch. 2 & 3, we describe the foreground model that is used as a part of the LOFAR-
EoR testing pipeline. The model encompasses the Galactic diffuse synchrotron & free-
free emission, synchrotron emission from Galactic supernova remnants and extragalactic
emission from radio galaxies and clusters. Here we simulated foreground emission maps
pertaining, in their angular and frequency characteristics, to the LOFAR-EoR experiment
(see Fig. 7.1). Our model was the first to simulate all foreground components to such
great detail.

Since the diffuse Galactic synchrotron emission is the dominant foreground component,
all its observed characteristics were included in the model: spatial and frequency variations
of brightness temperature and its spectral index, and also the brightness temperature
variations along the line-of-sight. Moreover, the Galactic emission has been derived from
physical quantities and the actual characteristics of our Galaxy (e.g. the cosmic ray and
thermal electron density, and the magnetic field). Thus, the model has the flexibility
to simulate any peculiar case of the Galactic emission including very complex polarized
structures produced by Faraday screens and depolarization. These aspects of the Galactic
emission model has been demonstrated in Ch. 3, and tested on observed data, in an
interesting albeit possibly unusual case, in Ch. 4.

In Ch. 5 we have used the LOFAR-EoR simulation pipeline to study statistically the
effects of foregrounds on the extraction of the cosmological 21 cm signal from the simulated
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data. We have shown that for the simulated “LOFAR-EoR sky” and receiver noise level,
a simple polynomial fit allows a statistical reconstruction of the signal. The polynomial
fitting works for maps with realistic yet idealized instrument response, i.e., a response
that includes only a uniform uv-coverage as a function of frequency and ignores many
other uncertainties.

Chapter 5 also demonstrates that an improper instrumental calibration could give rise
to leakages of the polarized foreground signal into the total signal and possibly mask
the desired EoR signal. This is of paramount importance because the radio elements
(antennae) of LOFAR (and other EoR radio telescopes) have a polarized response and the
extraction of the EoR signal from the foregrounds is usually performed along the frequency
direction. The problem arises because the Galactic foreground is smooth along frequency
in total intensity and fluctuates in polarized intensity. The EoR signal fluctuates along
the frequency direction in total intensity unlike the foregrounds. Therefore an incorrect
calibration of the instrument’s polarization response can transfer a fraction of the polarized
signal into total intensity mimicking the cosmological signal and hence making it difficult
to extract. We, for the first time, address these issues with realistic simulations.

These simulations have been successfully run and tested and will form an integral part
of all future LOFAR simulations of a realistic EoR dataset.

7.2 CMB as an additional probe of the EoR

The Epoch of Reionization can be studied using a number of observational probes that
provide complementary or corroborating information. Each of these probes suffer from its
own systematic and statistical uncertainties. It is therefore useful to consider the mutual
information that these data sets contain.

In Ch. 6, we studied the information imprinted on the CMB by the EoR and its
cross-correlation with the 21 cm map. Given that the PLANCK satellite will measure
the CMB with unprecedented accuracy, it is fitting to conduct a rigorous study of the
cross-correlation of these data sets.

One of the main sources of secondary anisotropies in the CMB is the scattering of CMB
photons off free electrons created during the reionization process. These anisotropies can
be induced by thermal motions of free electrons and due to bulk motion of free electrons.
The latter is far more dominant during reionization (the kinetic Sunyaev-Zel’dovich effect,
kSZ) and therefore we explored the cross-correlation between the kSZ and the cosmological
21 cm signal. The analysis was carried out using a simulated reionization history. In
essence, we found that the two probes anti-correlate (see Fig. 7.2). The significance
of the anti-correlation signal depends on the extent of the reionization process, wherein
extended histories result in a much stronger signal compared to instantaneous reionization.
Unfortunately however, once the primary CMB fluctuations have been included into our
simulation they serve as a source of large correlated noise that renders the cross-correlation
signal insignificant, regardless of the reionization scenario.

However, there is still hope that we will be able to find a correlation between the kSZ
and EoR signal on larger scales, where the patchiness of the ionization bubbles should
average out. Finally, it is important to note that the kSZ signal induced during the EoR
could still be detected in the power spectra of the CMB and used to place some additional
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Figure 7.2: The Epoch of Reionization seen through the redshifted 21 cm signal and the kinetic
Sunyaev-Zel’dovich effect (kSZ). Two signals anti-correlate, since the former traces the neutral
hydrogen content of the Universe and the latter the free electrons produced during the reionization
process.

constraints on this epoch in the history of our Universe.

7.3 Future perspectives

At the moment, the battle to detect the cosmological 21 cm signal is fought on two
fronts. One in bettering the theoretical understanding of the Epoch of Reionization and
its observational probes, while the other involves an engineering effort to develop and
build next generation radio telescopes capable of detecting the cosmological 21 cm signal
despite a slew of astrophysical and non-astrophysical contaminants.

The LOFAR-EoR key science project is currently in excellent shape. Almost all mod-
ules of the LOFAR-EoR end-to-end pipeline are developed and the pipeline is used inten-
sively for testing the cosmological signal extraction schemes for the extremely challenging
EoR observations. The LOFAR telescope on the other hand is on schedule.

As of now there are 15 LOFAR stations ready for operation: 10 core stations (CS), 4
remote stations (RS) and 1 German international station (IS). By spring this year (2010),
17 more stations will be ready: 10 CSs, 3 RSs, 3 German ISs and 1 French IS (for the
latest updates see “LOFAR Roll-out status” on www.lofar.org). The LOFAR opening is
scheduled for mid-June 2010. A few images made with the current LOFAR stations can
be seen in Fig. 7.3.

The first round of the LOFAR-EoR observations are scheduled for the end this year.
Prior to those observations a shallow survey of the Northern sky will be preformed. The
goal of that survey is to explore the foreground emission and select the optimal LOFAR-
EoR observing windows.

The near future will be very interesting and exciting. Observations with LOFAR
will provide the deepest images of the low frequency radio sky. Those images, beside the
primary aim of probing the EoR, can be used for additional cutting-edge scientific studies.
Examples are peculiar cases of Galactic emission in total and polarized intensity, physics
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Figure 7.3: The first LOFAR all-sky high-band image (lower right corner), taken with the
single LOFAR station in Germany. The image is made with a single 60 s ”exposure” at 120 MHz.
The two bright (yellow) spots are Cygnus A – a giant radio galaxy powered by a supermassive
black hole – and Cassiopeia A – a bright radio source created by a supernova explosion about
300 years ago. The plane of our Milky Way galaxy can also be seen passing by both CasA and
CygA, and extending down to the bottom of the image. (Courtesy of ASTRON and MPIfR,
http://www.astron.nl/dailyimage/)
The image in the upper left corner shows extragalactic radio source 3C61.1. For this 60 hour
observation a total of 20 LOFAR HBA stations were used, consisting of 16 split core stations
and 4 remote stations in the Netherlands. The image is given at 173 MHz. (Courtesy of Sarod
Yatawatta, http://www.astron.nl/dailyimage/)

of the Galactic emission processes, properties the Galactic magnetic fields, distribution of
the cosmic ray and thermal electrons, source counts and redshift evolution of the radio
galaxies and clusters.
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Sažetak (Croatian Summary)

Doktorski rad: Jelić V., 2010, “Kozmološki 21cm eksperimenti: U potrazi za iglom u plastu

sijena”, Kapteyn astronomski institut, Sveučilǐste u Groningenu, Nizozemska

Oko 400 milijuna godina nakon rodenja Svemira, nastaju prvi objekti koji svojim
jakim zračenjem unǐstavaju, tj. ioniziraju okolni plin. 600 milijuna godina kasnije,
sveprožimajući plin je u potpunosti ioniziran. Ova značajna epoha u povijesti Svemira
naziva se “Epohom reionizacije Svemira”, a koja predstavlja ključ za razumijevanje
nastanka i razvoja struktura u Svemiru, te je nedostajući dio slagalice našeg zna-
nja o Svemiru. Ipak, naše trenutno nepotpuno znanje nadopunit će se dovršetkom
nove generacije radioteleskopa koji imaju mogućnosti direktno istražiti epohu reioni-
zacije Svemira. LOFAR radioteleskop je prvi teleskop te vrste koji će pomoću mreže
jednostavnih radioantena loviti zračenje koje emitira neutralni vodik tijekom epohe re-
ionizacije Svemira. Valna duljina ovoga zračenja je 21 cm, ali uslijed širenja Svemira
njegova se valna duljina, na putu prema nama, rastegne do oko 1–2 m što odgovara
radiovalnom području. Detekcija ovog kozmološkog signala biti će pravi izazov jer pos-
toji nekoliko faktora koji otežavaju cijeli postupak. Na primjer, kozmološki signal je
toliko slab da se može usporediti sa iglom u plastu sijena, tj. zračenje naše galaksije
i izvangalaktičkih radioobjekata koji se nalaze u prednjem planu naprosto dominiraju
nad traženim signalom. Ovaj rad istražuje svojstva ”plasta sijena”, način na koji
on utječe na LOFAR-EoR eksperiment, te pozadinsko zračenje Svemira (najstarije
svijetlosti u Svemiru) kao dodatne metode istraživanja epohe reionizacije Svemira.

Epoha reionizacije Svemira

Naširoko je prihvaćeno da je Svemir nastao prije 13.7 milijardi godina u eksploziji koju
nazivamo Veliki prasak (eng. the Big Bang). Svemir je bio vrlo gust i vruć, ali je uslijed
širenja evoluirao u prostran i puno hladniji kosmos u kojem danas živimo.

Oko 380 tisuća godina nakon Velikog praska Svemir je bio većinom ispunjen slobodnim
protonima i elektronima, te zračenjem (fotonima). Uslijed širenja, temperatura Svemira
se spustila ispod 3 000 K tako da su se protoni i elektroni sjedinili u neutralne atome vo-
dika. U istom trenutku Svemir postaje providan, jer zračenje slabo medudjeluje s neutral-
nim atomima. Zračenje Svemira iz toga doba detektiramo danas u mikrovalnom području
elektromagnetskog spektra, te ga nazivamo pozadinskim zračenjem Svemira (eng. Cosmic
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Microwave Background radiation, CMB). Pozadinsko zračenje Svemira je ujedno i najsta-
rija svijetlost u Svemiru, tako da proučavanje njegovih svojstva omogućuje fundamentalna
kozmološka mjerenja, npr. odredivanje starosti, zakrivljenosti, sadržaja i razvoja Svemira.

Ubrzo nakon nastanka prvih atoma neutralnog vodika, Svemir ulazi u tzv. “Mračno
doba” (eng. Dark Ages), jer osim tinjajućeg pozadinskog zračenje Svemira nema drugih
izvora svijetlosti. Oko 400 milijuna godina nakon Velikog praska, uslijed gravitacijskog
sažimanja, u područjima veće gustoće nastaju prve zvijezde i crne rupe. Novonastali
objekti počinju zračiti te zračenje razbija (ionizira) okolnu materiju, većinom neutralne
atome vodika. Mračno doba Svemira je gotovo, te započinje novi period “Epoha reioniza-
cije Svemira” (eng. Epoch of Reionization, EoR). Ova epoha traje slijedećih 600 milijuna
godina, pri čemu gotovo svi neutralni atomi vodika u meduzvijezdanom prostoru budu
razbijeni (ionizirani) na slobodne protone i elektrone (vidi Sliku 1).

Obzirom da epoha reionizacije Svemira igra ključnu ulogu u nastanku i razvoju struk-
tura u Svemiru postoji veliki interes za njezinim proučavanjem. Dosadašnja kozmološka
mjerenja uspjela su samo okvirno procijeniti vremenski period reionizacije, dok odgovori
na pitanja što, kada i kako je reioniziralo Svemir su i dalje nepoznanica. Stoga, da bi se
pronašli odgovori na postavljena pitanja, je potrebno provesti ciljana promatranja koja će
direktno istražiti epohu reionizacije Svemira. Od svih promatračkih metoda, 21 cm linija
neutralnog vodika je najpogodnija, jer omogućuje direktnu kartografiju neutralnog vodika
u Svemiru (vidi Sliku 2).

LOFAR-EoR eksperiment

Dvadeset jedan centimetarska linija koja potječe iz epohe reionizacije Svemira, tijekom
putovanja kroz prostor koji se širi, razvuče se do veličine od 1–2 m. Npr., 21 cm foton koji
je emitiran s crvenog pomaka 9 (tj. prije 13.1 milijardi godina), danas ima valnu duljinu
od 2.1 m, što odgovara frekvenciji od ∼ 140 MHz. Da bi se moglo promatrati 21 cm
zračenje iz doba reionizacije Svemira potreban je radioteleskop koji radi u niskofrenkvent-
nom dijelu radioelektromagnetskog spektra (100− 200 MHz). Nažalost svi radioteleskopi
koji su trenutno u upotrebi nemaju dovoljnu osjetljivost za detekciju kozmološkog 21 cm
zračenja. Ipak, tijekom ove, 2010. godine situacija će se promijeniti s početkom rada dva
nova radioteleskopa: LOFAR (eng. Low Frequency Array) i MWA (eng. Murchison Wi-
defield Array), koji imaju zajednički cilj detektirati 21 cm zračenje koje potječe iz epohe
reionizacije Svemira. LOFAR teleskop je europski projekt predvoden Nizozemskom, dok
je MWA projekt predvoden Australijom i Sjedinjenim Američkim Državama.

LOFAR je nov i inovativan teleskop koji ima mogućnost detektirati zračenje niskovalnih
radiofrekvencija, tj. zračenje iz Svemira najniže energije koju je moguće detektirati sa
Zemlje. Teleskop se sastoji od velikog broja senzora (dipolnih antena) koje rade zajedno
kao jedan veliki radioteleskop, tj. interferometrijski radioteleskop. Inovacija LOFAR
teleskopa sastoji se u vrlo jednostavnoj mogućnosti odabira vidnog polja teleskopa. Naime
svi dosadašnji teleskopi su imali mogućnost promatrati samo odredeni dio neba na koji su
se usmjeravali mehanički. Radioantene LOFAR teleskopa promatraju istovremeno cijelo
vidljivo nebo, a smjer promatranja se definira elektronički. Na taj način LOFAR teleskop
ima mogućnost promatranja u vǐse smjerova istovremeno. LOFAR teleskop i LOFAR
projekt nastali su u suradnji znanstvenih institucija, sveučilǐsta i industrije Europe, a
predvodeni Nizozemskim institutom za radioastronomiju (ASTRON).

LOFAR teleskop sastoji se od dvije vrsta antena: niskofrekventnih (eng. Low Band
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Slika 1: Ilustracija nekih značajnijih epoha razvoja Svemira gledana od strane atoma vodika.
Oko 380 tisuća godina nakon Velikog praska slobodni protoni i elektroni se sjedinjuju u atome
vodika (epoha iz koje potječe pozadinsko zračenje Svemira, eng. Cosmic Microwave Background)
i vodik ostaje u neutralnom stanju daljnjih nekoliko stotina milijuna godina (mračno doba Sve-
mira, eng. Dark Ages). Oko crvenog pomaka 10 nastaju prve zvijezde, galaksije i kvazari, koji
svojim zračenjem zagrijavaju i ioniziraju okolni vodik (epoha reionizacije Svemira, eng. Epoch of
Reionization).
Epoha reionizacije Svemira može se opažati pomoću LOFAR radioteleskopa, koji detektira 21 cm
zračenje vodika. Sama opažanja su otežana raznim zračenjem iz prednjeg plana (eng. foreground,
npr. zračenje naše galaksije i izvangalaktičkih objekata), te ionosferom koja izaziva smetnje.
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Antenna, LBA) i visokofrekventnih (eng. High Band Antenna, HBA). LBA antene imaju
osjetljivost od 10 do 80 MHz, dok HBA antene izmedu 120 i 240 MHz. Unutar senzorske
mreže LOFAR teleskopa, LBA i HBA antene su organizirane u stanice. Trenutno je u
izgradnji 36 LOFAR stanica u sjeveroistočnom dijelu Nizozemske: polovina stanica, tzv.
18 sredǐsnjih stanica nalazi se u krugu od 2 km pokraj nizozemskog sela Exloo, dok je
preostalih 18 stanica rasporedeno u krugu od 80 km. U izgradnji su i medunarodne
LOFAR stanice u Njemačkoj, Švedskoj, Ujedinjenom Kraljevstvu i Francuskoj, dok za
Hrvatsku LOFAR stanicu postoje planovi.

Isto tako, važno je istaknuti da će napredna tehnologija LOFARa otvoriti potpuno
novi pogled na Svemir u radiofrekventnom području izmedu 10 i 240 MHz, tj. u valnom
području izmedu 1.2 i 30 m. Astrofizička istraživanja s LOFARom imat će do sada još
nedostignutu kutnu rezoluciju i osjetljivost, te su moguća velika otkrića, otkrića novih
svemirskih objekata i astrofizičkih fenomena.

Definirano je šest glavnih znanstvenih studija (ključnih znanstvenih projekata) koji će
istraživati fundamentalnu LOFAR znanost. Jedan od njih je LOFAR-EoR eksperiment
koji je namijenjen detekciji kozmološkog 21 cm zračenja neutralnog vodika iz epohe re-
ionizacije Svemira. Na kraju treba napomenuti da će LOFAR-EoR eksperiment većinom
koristiti visokofrekventne HBA antene rasporedene unutar i okolo sredǐsnjice LOFAR te-
leskopa.

U potrazi za iglom u plastu sijena
LOFAR-EoR eksperiment, kao i drugi eksperimenti koji tragaju za kozmološkom 21 cm
linijom, neće biti jednostavni jer postoji nekoliko faktora koji ih otežavaju. Na primjer,
u planiranom frekventnom području opažanja EoR signala (∼ 100− 200 MHZ), zračenje
naše galaksije je 3–4 reda veličine veće od očekivanog kozmološkog 21 cm signala. Prema
tome, zračenje naše galaksije zajedno s zračenjem izvangalaktičkih objekata djeluju kao
smetnje iz prednjeg plana, a i Zemljina ionosfera i sam teleskop takoder stvaraju smetnje.
Radiosignali koji prolaze kroz Zemljinu ionosferu su iskrivljeni uslijed medudjelovanja
radiozračenja i elektrona, dok elektronika radioteleskopa stvara šum koji je za red veličine
veći od kozmološkog signala (vidi Sliku 1).

S obzirom na sve izazove koje treba prevladati da bi se pouzdano detektirao EoR signal,
lov na kozmološki 21 cm signal može se s pravom usporediti sa potragom za iglom u plastu
sijena. Medutim, u posljednjih nekoliko desetljeća ulaže se veliki teorijski i eksperimentalni
napor da se istraže svi aspekti EoR eksperimenta, koji će omogućiti konačnu detekciju
kozmološkog signala.

Nedavno je grupa znanstvenika LOFAR-EoR projekta razvila cjelovitu simulaciju
LOFAR-EoR eksperimenta, koja će pomoći u testiranju i razvoju naprednih metoda
detekcije kozmološkog signala iz vrlo zahtjevnih radioopažanja. Uz to će simulacija
olakšati razumijevanje svih komponenti eksperimenta, njihovog utjecaja na traženi sig-
nal, te omogućiti testiranje dodatnih metoda istraživanja epohe reionizacije Svemira.

Ovaj doktorski rad
Ovaj doktorski rad bavi se slijedećim aspektima LOFAR-EoR eksperimenta: astrofizičkim
zračenjem koje dolazi iz prednjeg plana i pozadinskim zračenjem Svemira. Cilj prvog dijela
je razviti cjelovit model astrofizičkog zračenja koje dolazi iz prednjeg plana, dok drugi dio
istražuje pozadinsko zračenje Svemira kao dodatne metode istraživanja epohe reionizacije
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Slika 2: Neutralni atom vodika sastoji se od jednog protona i elektrona. Proton i elektron mogu
se “okretati oko svoje osi” u istom smjeru (tj. imati paralelne spinove), te u suprotnom smjeru (tj.
imati antiparalelne spinove). Stanje paralelnih spinova ima nešto vǐsu energiju od antiparalelnog
stanja, pa će vodik prilikom prijelaza iz vǐseg u niže energetsko stanje zračiti svijetlost valne
duljine od 21 cm. Ovo zračenje ako potječe iz epohe reionizacije Svemira, tijekom putovanja kroz
prostor koji se širi, razvuči će se do veličine od 1–2 m. Prema toma za njegovu detekciju potreban
je radioteleskop, npr. LOFAR (eng. Low Frequency Array).

Slika 3: Radioslike astrofizičkog zračenja iz prednjega plana u EoR eksperimentima. Slike su
napravljene pomoću modela objašnjenog u ovom doktorskom radu, a model je razvijen za potrebe
LOFAR-EoR eksperiment. Napomenimo da je zračenje iz prednjega plana oko tri reda veličine
veće od kozmološkog 21 cm signala.
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Svemira. Pored ova dva cilja u radu se putem simulacija i opažanja istražuju svojstva
sinhrotronskog zračenja (zračenje uslijed medudjelovanja elektrona i magnetskog polja)
naše galaksije, te utjecaj zračenja iz prednjeg plana na detekciju kozmološkog signala.

Na temelju dobivenih rezultata prezentiranih u ovome radu, možemo zaključiti da
ovaj razvijen model astrofizičkog zračenja iz prednjega plana ima sposobnost simulira-
nja vrlo realnih slika naše galaksije i ekstragalaktičkih objekata u radiovalnom području
elektromagnetskog spektra, pa će taj model biti sastavni dio cjelovite LOFAR-EoR si-
mulacije (vidi Sliku 3). Unakrsna korelacija izmedu slika pozadinskog zračenja Svemira
i kozmološkog 21 cm zračenja nije pouzdana tehnika za istraživanje epohe reionizacije.
Ipak, analiza slika samog pozadinskog zračenja Svemira može razotkriti neke dodatne
informacije o ovoj epohi.

Prvi krug LOFAR-EoR promatranja predviden je za kraj 2010. godine, pa će bliska
budućnost biti vrlo interesantna i uzbudljiva. Uspješnost detekcije EoR signala otvorit će
potpuno novu eru kozmologije koja će rasvijetliti mračno doba Svemira, dok će dobivene
detaljne slike najdaljeg Svemira omogućiti istraživanja astrofizičkog zračenja u radioval-
nom području elektromagnetskog spektra koja do sada nisu bila moguća.
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Nederlandse samenvatting (Dutch Summary)

Proefschrift: Jelić V., 2010, “Kosmologische 21 cm experimenten: Zoeken naar een naald in

een hooiberg”, Kapteyn Instituut, Rijksuniversiteit Groningen

Vertaald door: André Offringa en Mark den Brok

Ongeveer vierhonderd miljoen jaar na het ontstaan van het Heelal vormden zich de
eerste objecten, die vervolgens begonnen met het ioniseren van omringend gas door
hun krachtige straling. Zeshonderd miljoen jaar later was dit alomtegenwoordige gas
van een neutrale naar een geioniseerde toestand overgegaan. Deze belangrijke periode
in de geschiedenis van het Heelal wordt het Herionisatietijdperk (eng. Epoch of Reio-
nization, EoR) genoemd. Het vormt de sluitsteen van structuurvorming en -evolutie,
maar is aan de andere kant ook een missend puzzelstukje in ons begrip van het Heelal.
Momenteel is dit aan het veranderen door de komst van een nieuwe generatie radio-
telescopen, waarmee het mogelijk is om direct het EoR te onderzoeken. LOFAR is
de eerste telescoop van deze soort en zal gebruik maken van een reeks van eenvoudige
radio-antennes om jacht te maken op de straling die werd uitgezonden door neutraal
waterstof tijdens het EoR. De golflengte van deze straling is 21cm, maar wordt op
weg naar ons door de expansie van het Heelal opgerekt naar golflengtes van 1–2 m.
Echter, door een aantal complicerende factoren is de detectie van deze straling een
behoorlijke uitdaging. Het gezochte signaal is bijvoorbeeld zó zwak door de overweldi-
gende voorgrondstraling van onze Melkweg en andere extragalactische radiobronnen,
dat het lijkt op het zoeken naar een speld in een hooiberg. Dit proefschrift onderzoekt
zowel de eigenschappen van de “hooibergen” en de manier waarop zij het LOFAR-EoR
experiment beinvloedt, als de Kosmische Achtergrondstraling (de oudste straling in het
Heelal) als alternatieve onderzoeksmethode voor het EoR.

Het herionisatietijdperk
Over het algemeen wordt aangenomen dat het universum 13,7 miljard jaar geleden geboren
is in een gebeurtenis genaamd de Oerknal. Het universum was toen heet en dicht, en
sindsdien begon het zich uit te dijen en evolueerde het zich in de grote en veel koelere
kosmos waar we nu in leven.

Ongeveer 380 000 jaar na de oerknal was het universum voornamelijk gevuld met pro-
tonen, elektronen en straling (fotonen). De temperatuur koelde af tot onder de 3 000 K,
laag genoeg voor protonen en elektronen om zich te combineren tot neutrale waterstof.
Direct daaropvolgend werd het universum transparant, doordat licht en neutraal waterstof
nauwelijks interactie vertoont. De overgebleven straling van dat moment detecteren we
vandaag de dag in het microgolfspectrum en staat bekend als de kosmische achtergrond-
straling. Deze achtergrondstraling is het oudste licht van het universum en het bestuderen
van haar kenmerken geeft ons de mogelijkheid om fundamentele eigenschappen van de kos-
mologie te meten, bijvoorbeeld, het kunnen begrenzen van de leeftijd, kromming, inhoud
en evolutie van het universum.

Ondertussen begaf het universum zich in een periode, die bekend staat als de donkere
tijden van het universum, doordat er geen stralende bronnen waren, afgezien van de
gradueel donker wordende kosmische achtergrondstraling. Ongeveer 400 miljoen jaar na de
oerknal begonnen de eerste sterren, zwarte gaten, enzovoorts, zich te vormen in gebieden
met een hoge dichtheid. Deze eerste objecten begonnen straling te produceren welke de
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Figuur 1: Deze schets illustreert het vermoedelijke verloop van het Herionisatietijdperk (EoR).
Ongeveer vierhonderd duizend jaar na de Big Bang recombineert waterstof en blijft voor ongeveer
vierhonderd miljoen jaar neutraal totdat de eerste stralingsbronnen verschijnen, een tijdperk dat
bekend staat als de ’donkere middeleeuwen van het Heelal’. Rond z∼10 wordt het intergalactisch
medium (IGM) verwarmd en gëıoniseerd door de eerste sterren, sterrenstelsels en quasars. LO-
FAR kan het neutrale IGM waarnemen door de roodverschoven 21 cm emissielijn van neutraal
waterstof. Echter, instrumentele, ionosferische, Galactische en extragalactische contaminatie be-
derven het 21 cm signaal en bemoeilijken de waarnemingen.
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omgevende materie ioniseerde, voornamelijk waterstof. De donkere tijden waren voorbij
en een nieuw tijdperk brak aan: het herionisatietijdperk. Het herionisatietijdperk duurde
600 miljoen jaar, en gedurende deze periode transformeerde het kosmische gas van bijna
volledig neutraal naar bijna volledig gëıoniseerd (zie Fig. 1).

Het herionisatietijdperk bevat de sleutel tot de structuurvorming en de evolutie van
het vroege universum, en de studie van deze cruciale periode raakt vele fundamentele
vraagstukken in de kosmologie. Desondanks geven de huidige waarnemingen ons slechts
een voorlopige schatting van de roodverschuivingsduur van het herionisatietijdperk, maar
zijn de vragen wat, waar en hoe het universum herioniseerde nog niet beantwoord. Hieruit
volgt de noodzaak voor een experiment dat toegewijd is aan het direct observeren van
het herionisatietijdperk. De 21cm-overgangslijn van neutraal waterstof (zie Fig. 2) is de
meest prominente sonde voor dit experiment, aangezien zij de neutrale waterstof in het
universum in kaart brengt.

Het LOFAR herionisatie sleutelproject

De 21cm-emissielijn, welke afkomstig is van het herionisatietijdperk, is door de uitdijing
van het universum roodverschoven naar een golflengte van ongeveer twee meter. De 21cm-
fotonen die uitgezonden zijn op een roodverschuiving van 9 (13,1 miljard jaar terug)
hebben tegenwoordig bijvoorbeeld een golflengte van 2.1m, wat equivalent is aan een
frequentie van ∼ 140 MHz. Zodoende is voor het observeren van de dese-straling een
radiotelescoop nodig die opereert in het laagfrequente gedeelte (100-200 MHz) van het
radiospectrum. Bij alle bestaande radiotelescopen ontbreekt het aan gevoeligheid op deze
frequenties. Gelukkigerwijs zal dit echter dit jaar veranderen met de komst van twee
nieuwe radiotelescopen: de Low Frequence Array (LOFAR) en de Murchison Widefield
Array (MWA). Beide telescopen hebben het specifieke doel om de kosmologische 21cm-
lijn van het herionisatietijdperk te observeren. De LOFAR is een Europees inspanning
welke geleid wordt door Nederland, terwijl de MWA gebouwd wordt door Australië en de
Verenigde Staten.

LOFAR is een nieuwe en innovatieve telescoop die de lage radiofrequenties gaat ob-
serveren; het laagenergetische uiterste van het spectrum dat toegankelijk is vanaf aarde.
De LOFAR-telescoop bestaat uit vele sensoren (dipool antennes) die samen één grote
telescoop vormen, dat wil zeggen, een interferometrische aperture synthesis array. Het
innovatieve aspect van LOFAR is zijn niet-mechanische richtsysteem. De LOFAR an-
tennes detecteren daarentegen de straling van de hele observeerbare hemel tegelijkertijd.
Het richten wordt vervolgens elektronisch gedaan. Dit geeft de mogelijkheid om meerdere
observaties tegelijkertijd te doen en maakt tevens van LOFAR een IT (informatie tech-
nologie) telescoop. LOFAR wordt ontwikkeld door een consortium van kennisinstituten,
universiteiten en industriële partijen in Europa, geleid door het Nederlands Instituut voor
Radioastronomie, ASTRON.

Er zijn twee verschillende typen LOFAR-antennes: antennes voor de lage en de hoge
band. De lagebandantennes zijn gevoelig in het frequentiebereik van 10 tot 80 MHz,
terwijl de hogebandantennes gevoelig zijn in het frequentiebereik van 120 tot 240 MHz.
De lage- en hogebandantennes zijn opgedeeld in stations. Op het moment worden 36 van
deze stations gebouwd in het noordoosten van Nederland. De helft van de stations, de
18 zogeheten ker-stations, zijn gesitueerd in een gebied van twee kilometer doorsnee in de
buurt van het dorp Exloo. De overige 18 afgelegen stations zijn verspreid rond de kern
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op afstanden tot 80 km. Ook worden er verscheidene internationale stations gebouwd in
Duitsland, Zweden, het Verenigd Koninkrijk en Frankrijk.

Vanwege de innovatieve technologische aanpak zal LOFAR een volledig nieuw venster
van ∼ 10− 240 MHz (corresponderend met een golflengte van 1,2 tot 30m) op ons univer-
sum openen. Het zal een brede verscheidenheid aan astrofysische studies verschaffen met
ongeëvenaarde resolutie en zal een doorbraak in gevoeligheid brengen dat kan leiden tot
onverwachte ontdekkingen zoals de detectie van objecten van een nieuwe klasse of nieuwe
astrofysische fenomenen.

Er zijn zes grote wetenschappelijke projecten van de grond gekomen om de funda-
mentele wetenschappelijke vraagstukken te beantwoorden die met LOFAR nagestreefd
kunnen worden. Een van deze is het experiment van het LOFAR-herionisatietijdperk,
dat voornamelijk gebruik zal maken van de hogebandantennes in het kern-gebied van de
LOFAR-telescoop.

Zoeken naar een naald in een hooiberg
Zowel het experiment van het LOFAR-herionisatietijdperk als vele andere experimenten
ontworpen om het kosmologische 21cm-lijn vast te leggen, zal door een aantal gecompli-
ceerde factoren niet makkelijk zijn (zie Fig. 1). Zo zendt ons sterrenstelsel straling uit
dat vier tot vijf ordes van grootte sterker is dan het verwachte 21cm-signaal. Daarom zijn
de straling van ons sterrenstelsel en extragalactische bronnen (sterrenstelsels en clusters
die zichtbaar zijn in het radiogedeelte van het electromagnetische spectrum) als een voor-
grond vervuiler van het signaal. De ionosfeer van de aarde en het instrument zelf werken
ook als vervuiler, dat wil zeggen, het radiosignaal wordt in hoge mate verstoord wanneer
het de ionosfeer passeert, terwijl het instrument ruis introduceert dat een orde van grote
sterker is in vergelijking tot het kosmologische signaal.

Gegeven al de uitdagingen die overwonnen moeten worden om het herionisatietijdperk
betrouwbaar te detecteren, kan de jacht op het kosmologische 21cm-signaal inderdaad
vergeleken worden met het zoeken naar een speld in een hooiberg. Desondanks is er in
de laatste decennia een grote hoeveelheid aan theoretische en observationele bijdrages
geweest. Deze helpen om alle haken en ogen aan het experiment te kunnen ontdekken en te
begrijpen, en om ons voor te bereiden op de daadwerkelijke resultaten van de observaties.

Recentelijk heeft het team van het LOFAR-herionisatietijdperk een alles omvattende
simulatie ontwikkeld voor het herionisatie-experiment dat ons helpt met het ontwikkelen
van een robuust signaalextractieschema voor de extreem uitdagende observaties van het
herionisatietijdperk. Ook helpt het ons om alle gegevenscomponenten zeer goed te be-
grijpen, alsmede ook om de bëınvloeding van het gewenste signaal te begrijpen en het
ontdekken van complementaire detectiemogelijkheden van het herionisatietijdperk.

Dit proefschrift
Dit proefschrift wijdt zich aan twee aspecten van het wetenschappelijke herionisatie sleu-
telproject van LOFAR: de voorgrondstraling en de kosmische achtergrondstraling. Het eer-
ste deel richt zich op het geven van een gedetailleerd voorgrondmodel voor de herionisatie-
simulatie-pipeline, terwijl het laatste deel de kosmische achtergrondstraling als extra pijler
van het herionisatietijdperk zal bestuderen. In toevoeging daarop hebben we de eigen-
schappen van de galactische diffuse synchrotronstraling bestudeerd, zowel de totale als
de gepolariseerde intensiteit, gebruikmakend van simulaties alsook de huidige observaties.
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Figuur 2: Neutraal waterstof bestaat uit een proton en een elektron. Deze draaien ieder om hun
eigen as, ofwel in dezelfde richting (parallele spintoestand), ofwel in tegenovergestelde richting
(antiparallele spintoestand). Het eerste systeem heeft een iets hogere energietoestand. Tijdens de
overgang van de parallele naar de antiparallel spintoestand zendt het waterstofatoom een foton
uit met golflengte van 21cm. Als dit foton is uitgezonden tijdens het EoR, wordt het op weg naar
ons door de expansie van het Heelal uitgerekt tot een golflengte van meters. Daarom hebben we
voor de detectie van dit signaal radiotelescopen nodig, bijvoorbeeld de Low Frequency Array.

Figuur 3: Gesimuleerde plaatjes van voorgrondstraling in het EoR experiment. Deze plaatjes
zijn verkregen met de voorgrondmodellen uit dit proefschrift. Let op dat de voorgrondstraling
ongeveer drie ordes van grootte helderder is dan het kosmische 21 cm signaal.
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Hierbij hebben we de bëınvloeding van de voorgrondstraling op de signaalextractieschemas
van het kosmologische 21cm signaal verkend.

Gebaseerd op de behaalde resultaten kunnen we concluderen dat ons ontworpen voor-
grondmodel zowel geschikt is voor het simuleren van realistische galactische en extraga-
lactische stralingsafbeeldingen zowel in totale als gepolariseerde intensiteit (zie Fig. 3), en
dit model zal een integraal deel vormen van toekomstige LOFAR-herionisatiesimulaties.
De correlatie tussen de kosmologische achtergrondstraling en de kosmologische 21cm-
afbeeldingen is geen betrouwbare techniek voor het detecteren van de herionisatieperiode.
Desalniettemin kunnen de gegevens van de kosmologische achtergrondstraling zelf toege-
voegde limieten leveren die gelden voor deze periode in de geschiedenis van het universum.

De eerste waarnemingen van de herionisatie met LOFAR zijn gepland om plaats te
vinden aan het eind van dit jaar. Derhalve zal de nabije toekomst een zeer interessante
en opwindende tijd zijn voor het werk dat gepresenteerd is in dit proefschrift. Een obser-
vationeel succes zal het startschot zijn van een compleet nieuwe era in de kosmologie. De
donkere tijden van het universum zullen belicht worden, terwijl de diepste afbeeldingen
van de laagfrequente radiohemel wetenschappelijke studies zullen helpen die voorheen niet
mogelijk waren. Dit succes luidt een tijdperk in die voornamelijk zal bestaan uit de fysica
van de voorgronden.
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