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COVER ILLUSTRATION:

The figure illustrates the various galactic and extra-galactic contaminants of the
redshifted 21 cm radiation from the Epoch of Reionization. These foregrounds
are about 3 orders of magnitude larger than the expected cosmological signal.
(Credit: V. Jelić, based on Jelić et al. 2008 simulations)
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A. Grazian, E. Mármol-Queralto, M. J. Micha�lowski, A. Mortlock, D. Paris,
S. Parsa, S. Pilo, P. Santini & M. Di Criscienzo

Quasars at the Cosmic Dawn: effects on Reionization properties in cosmological
simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
E. Garaldi, M. Compostella & C. Porciani

Mean Energy Density of Photogenerated Magnetic Fields Throughout the EoR . 60
J.-B. Durrive, H. Tashiro, M. Langer & N. Sugiyama

https://doi.org/10.1017/S174392131800087X Published online by Cambridge University Press

https://doi.org/10.1017/S174392131800087X


vi Contents

The Neutral Islands during the Late Epoch of Reionization . . . . . . . . . . . . . . . . . 64
Y. Xu, B. Yue & X. Chen

Part 2 Cosmic Dawn and Eoch of Reionization: observations,
challanges and the first results

Current Status of the LOFAR EoR Key Science Project . . . . . . . . . . . . . . . . . . . . 71
L. V. E. Koopmans & on behalf of the LOFAR EoR KSP team

Results from the MWA EoR Experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Rachel L. Webster & the MWA EoR Collaboration

MWA Observations of the EOR1 Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
B. Pindor

Results From PAPER/HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
J. C. Pober

The Square Kilometre Array Epoch of Reionisation and Cosmic Dawn Experiment 92
C. M. Trott

Measurements of the global 21-cm signal from the Cosmic Dawn . . . . . . . . . . . . . 98
G. Bernardi

Status of Foreground and Instrument Challenges for 21cm EoR experiments –
Design Strategies for SKA and HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
N. Thyagarajan

Wide-field LOFAR-LBA power-spectra analyses: Impact of calibration, polariza-
tion leakage and ionosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
B. K. Gehlot & L. V. E. Koopmans

Full-Sky Maps of the VHF Radio Sky with the Owens Valley Radio Observatory
Long Wavelength Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
M. W. Eastwood & G. Hallinan

Precision Calibration for HERA and 21 cm Cosmology . . . . . . . . . . . . . . . . . . . . . 114
J. S. Dillon

Redundant Calibration: breaking the constraints of limited sky information . . . . 118
R. C. Joseph

Prospects of detection of the first sources with SKA using matched filters . . . . . 122
R. Ghara, T. R. Choudhury, K. K. Datta, G. Mellema, S. Choudhuri,
S. Majumdar & S. K. Giri

Part 3 Galactic foreground science

Galactic foreground science: Faraday Tomography at low frequencies. . . . . . . . . . 129
M. Haverkorn

The Galactic interstellar medium: foregrounds and star formation . . . . . . . . . . . . 138
M.-A. Miville-Deschênes
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Resolving the structure of the Galactic foreground using Herschel measurements
and the Kriging technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
S. Pinter, Z. Bagoly, L. G. Balázs, I. Horvath, I. I. Racz, S. Zahorecz & L.
V. Tóth
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Preface

The results from the current Epoch of Reionization (EoR) experiments (using e.g. LO-
FAR, MWA and PAPER) are currently under way. These very deep observations will not
only set constraints on when and where the first sources formed in the early Universe
and began (re)ionizing the predominantly neutral all-pervasive intergalactic medium,
but they are also providing high-quality data for cutting edge auxiliary foreground sci-
ence. Obviously studying the physical origin of the foregrounds, whether Galactic or
extragalactic, is a very exciting field in its own right and is of fundamental importance
for perfecting the foreground removal techniques in the cosmological experiments. IAU
Symposium 333 addressed both through: (i) giving the clearest and widest possible view
on the EoR; (ii) showing the richness of data and presenting the state-of-the-art fore-
ground science; and (iii) discussing challenges of upcoming and planned radio facilities
(e.g. HERA and SKA).

The symposium was organized in Dubrovnik, Croatia jointly by the Ru -der Bošković
Institute, Zagreb, Croatia and the Kapteyn Astronomical Institute, University of Gronin-
gen, the Netherlands. The program of invited and contributed talks was put together by a
Scientific Organizing Committee consisting of Vibor Jelić (Croatia, chair), Thijs van der
Hulst (the Netherlands, co-chair), François Boulanger (France), Judd Bowman (USA),
Emma Chapman (UK), Tzu Ching Chang (China Taipei), Clive Dickinson (UK), Jo
Dunkley (UK), Bryan Gaensler (Canada), Eiichiro Komatsu (Germany), Garrelt Mellema
(Sweden), Mario Santos (South Africa), Vernesa Smolčić (Croatia), and Cathryn Trott
(Australia). The Local Organizing Committee consisted of Vibor Jelić (chair), Thijs
van der Hulst (co-chair), Ana Vidoš, Vernesa Smolčić, Marta Čolaković-Bencerić, Dora
Klindžić, David Prelogović, and Luka Turić.

IAUS333 received generous funding from the International Astronomical Union; [Ra-
dioNet] - the European Union’s Horizon 2020 research and innovation programme under
grant agreement No. 730562; the Kapteyn Astronomical Institute, University of Gronin-
gen; ASTRON - The Netherlands Institute for Radio Astronomy; the Ministry of Science
and Education of the Republic of Croatia; and the Croatian Academy of Sciences and
Arts Foundation.

These proceedings are dedicated to Prof. dr. Ger de Bruyn (1948-2017), who has been
a leading figure in radio astronomy in the last few decades and has been instrumental in
the development of LOFAR, especially the LOFAR-EoR key science project.

The editors
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Ger (A.G.) de Bruyn, 13 July 1948 – 9 July 2017

Antonius Gerardus (Ger) de Bruyn studied astronomy at the University of Leiden
and received his doctorate in 1976 on a thesis entitled “Radio investigations of active
spiral and Seyfert galaxies” under the supervision of Prof. Harry van der Laan. His thesis
research was based on early radio continuum observations with the Westerbork Synthesis
Radio Telescope, the premier instrument for Ger’s research throughout his entire career
until the inception of LOFAR in 2003/4. Before joining the scientific staff at ASTRON
(the Netherlands Institute for Radio Astronomy) in 1978, he spent two years at the
Carnegie Institute/Hale Observatory in Pasadena as a Carnegie Fellow, where he used
the Hale Observatory facilities to obtain optical spectra of many active galaxies of the
kind he studied for his thesis.

Back in the Netherlands, he devoted most of his attention to using the Westerbork
Telescope at its limits to address a broad range of scientific questions. This was possible
due to his excellent and ever-increasing understanding of synthesis imaging, including all
the subtle effects of the earth’s troposphere and ionosphere, the telescopes, the receivers,
the backend and the correlator. Ger’s drive to get the most out of the telescope made
him famous amongst his peers, and for several decades Ger and his technical colleagues
at ASTRON continually pushed the telescope to its limits by coupling forefront scientific
research to creative and clever methods for processing the data. This led to the intro-
duction of the so-called redundancy calibration, making use of the regular layout of the
antennas of the Westerbork array. The redundancy calibration has made it possible to
reach record dynamic-range radio images with this telescope.

Over the years the frequency coverage of the Westerbork telescope was expanded to
both higher and lower frequencies, and Ger and his colleagues and students made enor-
mous progress, especially at the lowest frequencies. An attempt to find signs of very
distant neutral-hydrogen objects led to the discovery of very complex polarized emis-
sion from the galaxy. Follow-up research has shown that this complexity is pervasive
in our Galaxy. To study these structures in detail, Ger and his colleagues and students
introduced a new technique, rotation measure synthesis, which brings out these complex
structures in all their detail and is a powerful tool for its interpretation.

In the late nineties the Westerbork array was used to image the radio emission of the
entire northern sky at low frequency (327 MHz), and Ger played a pivotal role in the
planning, calibration and analysis of this survey, the Westerbork Northern Sky Survey
WENSS. The catalogues and images of this survey are a great asset for the general
astronomical community and are widely used.

Some twenty years ago the idea was worked out that it should be possible to measure
the extremely weak signal of neutral hydrogen in the early universe once it is heated by
the first generation of stars. Ger was intimately involved in this effort. This turned out
to be one of the prime motivations to build the Low Frequency Array LOFAR, designed
by ASTRON engineers and realized about ten years ago. Ger, his colleagues and stu-
dents prepared carefully to use LOFAR to detect the neutral-hydrogen signatures in the
early universe. Efforts to detect these signatures are well underway through improved
understanding of the telescope and the complexity of removing all effects from unasso-
ciated radio emission, including the effects of radio interference and the ever-changing
ionosphere, which greatly affect the precision of these measurements. Ger received sup-
port for his research from various NWO grants over the past two decades. Briefly before
reaching retirement age, he received a prestigious European Research Council Advanced
Grant for his research with LOFAR, underlining his excellence in this area of research.
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This project was well underway when Ger became very ill and passed away at the age of
nearly 69. Ger was a member of the Dutch Astronomical Society, the IAU and URSI.

Ger will always be remembered as a very creative, stimulating, knowledgeable, but
most importantly friendly and generous colleague, focusing all attention on everyone and
everything except himself. An important part of his scientific heritage is a large number of
students, postdocs and senior researchers who continue to contribute to radio astronomy
in the way he used to.

Figure 1. Prof. dr. A.G. de Bruyn (1948-2017); Kapteyn Astronomical Institute, University of
Groningen & ASTRON
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