PROCEEDINGS

OF SCIENCE

Cosmological 21cm experiments:
Searching for a needle in a haystack

Vibor Jeli¢* ¥
ASTRON, P.O. Box 2, 7990 AA Dwingeloo, the Netherlands
E-mail: jelic@astron.nl

There are several planned and ongoing experiments designed to explore the Epoch of Reioniza-
tion (EoR), the pivotal period during which the gas in the intergalactic medium went from being
entirely neutral to almost entirely ionized. These experiments will probe the EoR, through the
redshifted 21 cm line from neutral hydrogen, using radio arrays: e.g. Low Frequency Array (LO-
FAR) and Murchinson Widefield Array (MWA). Unfortunately however, the cosmological 21 cm
signal is highly contaminated by astrophysical foregrounds and by non-astrophysical and instru-
mental effects. Therefore, to reliably detect the cosmological signal, it is essential to understand
very well all data components, their influence on the desired signal and explore additional comple-
mentary or corroborating probes of the EoR. These proceedings give an overview of observational
constrains of the foregrounds, present theoretical efforts to model the foregrounds, and discuss a
problem of the foreground removal. The major results are presented for the LOFAR-EoR experi-
ment.
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1. Introduction

About four hundred million years after the Big Bang 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 through several planned and ongoing experiments designed to probe
the Epoch of Reionization (EoR) by detecting redshifted 21 cm emission line from neutral hydro-
gen: GMRT!, LOFAR?, MWA3, 21ICMA*, PAPER?, and SKAS. However, all of these experiments
are challenged by strong astrophysical foreground contamination, ionospheric distortions, complex
instrumental response, and other different types of noise (see Fig. 1).

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) dominate 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 fluctuations 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 emis-
sion at 150 MHz [6]. 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.

Given the prominent foreground emission that needs to be removed from the data in order to
reliably detect the EoR signal, cosmological 21 cm experiments can be compared with finding the
needle in the haystack [1]. However, in the last decade there has been a slew of theoretical and ob-
servational efforts to explore and to understand all of the data components of the EoR experiments
in order to prepare us for the real data.

These proceedings give an overview of observational constrains of the foregrounds (Sec. 2),
present theoretical efforts to model the foregrounds (Sec. 3), and discuss a problem of the fore-
ground removal (Sec. 4). The major results are presented for the LOFAR-EoR experiment, but
these results are also applicable to the other EoR projects. The proceedings conclude with future
perspective (Sec. 5).

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

%Low Frequency Array, http://www.lofar.org

3Murchinson Widefield Array, http://www.mwatelescope.org/

421 Centimeter Array, http://21cma.bao.ac.cn/

SPrecision Array to Probe EoR, http://astro.berkeley.edu/~ dbacker/eor
6Square Kilometer Array, http://www.skatelescope.org/
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Figure 1: This sketch illustrates all contributions to and contaminations of the observed signal in the case
of the LOFAR-EoR key science project [1]. The former are: Galactic (~ 71%) and extragalactic (~ 27%)
foregrounds [2], CMB < 1%, and the EoR signal ~ 0.01% [3]; and the latter are: ionosphere, radio frequency
interferences [4], and instrumental effects and noise [5]. On the left, a travel time of the observed signal is
noted.

2. Observational constrains

There are several all-sky maps of the total Galactic diffuse radio emission at different frequen-
cies and angular resolutions. The 150 MHz map by [7] is the only all-sky map in the frequency
range (100 — 200 MHz) relevant for the EoR experiments, but has only 5° resolution.

In addition to current all-sky maps, a number of recent dedicated observations have given
estimates of Galactic foregrounds in small selected areas. [8] have used 153 MHz observations with
GMRT to characterize the visibility correlation function of the foregrounds. [9] have measured the
spectral index of the diffuse radio background between 100 and 200 MHz. [10] have set an upper
limit to the diffuse polarized Galactic emission; and [11, 12, see Sec. 2.2] obtained the most recent
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and comprehensive targeted observations with the Westerbork Synthesis Radio Telescope (WSRT).

The extragalactic foregrounds at the low radio frequencies are constrained by the source counts
from 3CRR catalog at 178 MHz [13] and 6C survey at 151 MHz [14]. However, both catalogs are
too shallow for the purpose of the EoR experiments.

2.1 Galactic diffuse emission

At high Galactic latitudes the minimum brightness temperature of the Galactic diffuse emis-
sion 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 [15]. At the same Galactic latitudes, the temperature spectral index of the
Galactic emission is about —2.55 at between 100 and 200 MHz [e.g. 9, and references therein]
and steepens towards higher frequencies. 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 [6].

Using the obtained values at 325 MHz and assuming the frequency power law dependence,
the Galactic diffuse emission is expected to be 140 K at 150 MHz, with ~ 3 K fluctuations.

Studies of the Galactic polarized diffuse emission are done mostly at high radio (~ 1GHz)
frequencies. At lower frequencies (~ 350 MHz), there are several fields done with the Wester-
bork telescope (WSRT). These studies [16, a review] revealed a large number of unusually 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.

2.2 LOFAR-EoR team observations with WSRT telescope

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° [11]. The second field was a very cold region in the Galactic halo (I ~ 170°) around the
bright radio quasar 3C196, and third was a region around the North Celestial Pole [NCP, [ ~ 125°;
12]. 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 (see Fig. 2). 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 [11]. Their
spatial structure appeared to have a power law behavior with a slope of —2.24-0.3 in total intensity
and —1.65+0.15 in polarized intensity (see Fig. 2). 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.
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Figure 2: Left panel: Stokes I map of the Galactic emission in Fan region. The conversion factor is
1 Jy beam~! = 105.6 K. Right panel: power spectrum (filled circles: total intensity; asterisks: polarized
intensity) of the Galactic emission in Fan region with the best power-law fit. [11]

Patchy polarized emission was found in the “3C196” field, with an rms value of 0.68 K on
scales larger than 30 arcmin [12]. Thus, the Galactic polarized emission fluctuations seem to be
smaller than expected by extrapolating from higher frequency observations.

3. Simulations

The foregrounds in the context of the EoR measurements have been studied theoretically by
various authors. [6] have given the first overview of the foreground components. [17, 18] have stud-
ied emission from unresolved extragalactic sources at low radio frequencies. [19] and [20] have
considered the effect of free-free emission from extragalactic haloes. [21] carried out a detailed
study of the functional form of the foreground correlations. [2] have made the first detailed fore-
ground model and have simulated the maps that include both the diffuse emission from our Galaxy
and extragalactic sources (radio galaxies and clusters). [22] have also studied both galactic and ex-
tragalactic foregrounds. [23] have developed a semi-empirical simulation of the extragalactic radio
continuum sky that can be used as a extragalactic foreground model. [24] has used all publicly
available total power radio surveys to obtain all-sky Galactic maps at the desired frequency range
and [25, 26, 27] has developed a detailed Galactic 3D emission simulation that can be used as a
Galactic foreground model. [28] has studied foreground contamination in the context of the power
spectrum estimation.

3.1 LOFAR-EoR foreground model

Here we give an overview of the foreground model [2, and submitted] 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. The simulated foreground maps are pertaining in their angular
and frequency characteristics to the LOFAR-EoR experiment (see Fig. 3).
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Figure 3: The various simulated Galactic and extragalactic contaminants of the redshifted 21 cm radiation
from the EoR. [2]

Since the diffuse Galactic synchrotron emission is the dominant foreground component, all
its observed characteristics are included in our model: spatial and frequency variations of bright-
ness temperature and its spectral index, and also the brightness temperature variations along the
line-of-sight. Moreover, the Galactic emission is 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.

Despite the minor contribution of the Galactic free-free emission, it is included in our simula-
tions 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 based on the source
count functions at low radio frequency by [29], 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.

4. Problem of the foreground removal

One of the major challenges of the EoR experiments is the extraction of the EoR signal from
the prominent astrophysical foregrounds. The extraction is usually formed in total intensity along
frequency, since (see Fig. 4):

1. the cosmological 21 cm signal is essentially unpolarized and fluctuates along frequency;
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Figure 4: A random line through simulated data cubes (images at different frequencies): cosmological 21cm
signal in total intensity (Ig,r,[3]), foregrounds in total intensity (/r¢), and foregrounds in polarized intensity
without (PI?G, solid line) and with differential Faraday rotation in the Galaxy (PI?’GC , dashed and dotted
line). Note that the foregrounds are smooth along frequency in total intensity and might show fluctuations
in polarized intensity.

2. the foregrounds are smooth along frequency in total intensity and might show fluctuations in
polarized intensity.

Thus, the EoR signal can be extracted from the foreground emission by fitting out the smooth
component of the foregrounds along frequency (see Sec. 4.1). However, 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 ‘leakage’). As a result, the extraction of the EoR signal is more demanding
(see Sec. 4.2).

4.1 LOFAR-EoR experiment: foreground removal methods

The simplest method for foreground removal in total intensity is a polynomial fitting in log-
arithmic scale. We have showed this using the LOFAR-EoR testing pipeline [2]. 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 domi-
nated and corrupted by the fitting residuals, while if the order of the polynomial is too big, the EoR
signal could be fitted out. Therefore, we have argued that in principle it would be better to fit the
foregrounds non-parametrically (e.g. Wp smoothing) — allowing the data to determine their shape
— rather than selecting some functional form in advance and then fitting its parameters [30].

After foreground subtraction from the EoR observations, the residuals will be dominated by
instrumental noise, i.e., the level of the noise is expected to be order of magnitudes larger than the
EoR signal (assuming 300 h observation with LOFAR). Thus, general statistical properties of the
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Figure 5: Left panel: One pixel along frequency of the simulated LOFAR-EoR data (solid black line), fitted
smooth component of the foregrounds (dashed cyan line), and residuals (solid red line) after taking out the
foregrounds. Note that the residuals are the sum of the EoR signal and the noise. Right panel: Statistical
detection of the EoR signal from the simulated LOFAR-EoR data, that include diffuse components of the
foregrounds and realistic noise. The dashed-dotted black line represents the standard deviation (o) of the
noise as a function of frequency, the dotted green line the ¢ of the residuals after taking out the smooth
foreground component, and the solid red line the ¢ of the original EoR signal. The grey shaded zone shows
the 20 detection, whereas the dashed white line shows the mean of the detection. Note that the y-axis is in
logarithmic scale. [2]

noise should be determined and be used to statistically detect the cosmological 21 cm signal: e.g.,
variance of the EoR signal over the image, G]%OR, as a function of frequency (redshift) obtained by
subtracting the variance of the noise, Gfoise, from that of the residuals, Grzesiduals'

such statistical detection of the EoR signal using the fiducial model of the LOFAR-EoR experiment

We have showed

[2] (see Fig.). Note that we have also obtained similar results by using different statistics: the
skewness of the one-point distribution of brightness temperature of the EoR signal, measured as
a function of observed frequency [31]; and the power spectrum of variations in the intensity of
redshifted 21 cm radiation from the EoR [32].

4.2 Problem of ‘leaked’ polarized foregrounds

In the regions of the Galaxy that have thermal and cosmic-ray electrons mixed, that show
significant variations of magnetic field, or both, the polarization angles of Galactic emission are
differentially Faraday rotated. If differential Faraday rotation is strong enough, the Galactic polar-
ized emission from that region can behave along frequency in a manner similar to the cosmological
21 cm signal (see Fig. 4). Thus, an inaccurate calibration of instrumental polarized response can
transfer a part of such polarized foreground emission in total intensity and mask the desired EoR
signal (see Fig. 6).

We have addressed this for the first time through realistic simulations of the LOFAR-EoR
experiment (Jeli¢ et al., submitted). Based on our simulations, we have concluded that the EoR
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Figure 6: A random line of sight through a simulated 21 cm data cube (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 PIEG (see Fig. 4) as an example of the Galactic emission. The
angular and frequency resolution of the data match that of the LOFAR telescope.

observational windows need to be in the regions with a very low polarized foreground emission, in
order to minimize ‘leaked’ foregrounds. Faraday rotation measure synthesis, polarization surveys
obtained by different radio telescopes, and a multiple EoR observations will help in mitigating the
polarization leakages. However, further simulations and observations are necessary to pin point the
best strategy for the EoR detection.

5. Future perspective

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 modules
of the LOFAR-EoR end-to-end pipeline [1, 2, 3, 4, 5] are developed and the pipeline is used in-
tensively for testing the cosmological signal extraction schemes [2, 30, 31, 32] for the extremely
challenging EoR observations. The observations are carried out using WSRT radio telescope to
directly measure the properties of the foreground emission in the frequency range relevant for the
EoR experiments [11, 12]. On the other hand the LOFAR telescope is on schedule.

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 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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