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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-
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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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