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ABSTRACT
The Giant Metrewave Radio Telescope (GMRT) reionization effort aims to map out the large-
scale structure of the Universe during the epoch of reionization (EoR). Removal of polarized
Galactic emission is a dif�cult part of any 21 cm EoR programme, and we present new upper
limits to diffuse polarized foregrounds at 150 MHz. We �nd no high-signi�cance evidence
of polarized emission in our observed �eld at mid-galactic latitude (J2000 08h26m+26). We
�nd an upper limit on the two-dimensional angular power spectrum of diffuse polarized
foregrounds of (l2C l/2� )1/2 < 3 K in frequency bins of width δν = 1 MHz at 300 < l < 1000.
The three-dimensional power spectrum of polarized emission, which is most directly relevant
to EoR observations, is [k3P P(k)/2� 2]1/2 < 2 K at k⊥ > 0.03 h Mpc−1, k < 0.1 h Mpc−1. This
can be compared to the expected EoR signal in total intensity of [k3P (k)/2� 2]1/2 ∼ 10 mK.
We �nd that polarized structure is substantially weaker than suggested by extrapolation from
higher frequency observations, so the new low upper limits reported here reduce the anticipated
impact of these foregrounds on EoR experiments. We discuss the Faraday beam and depth
depolarization models and compare predictions of these models to our data. We report on a
new technique for polarization calibration using pulsars, as well as a new technique to remove
broad-band radio frequency interference. Our data indicate that, on the edges of the main
beam at the GMRT, polarization squint creates ∼3 per cent leakage of unpolarized power into
polarized maps at zero rotation measure. Ionospheric rotation was largely stable during these
solar minimum nighttime observations.
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1 INTRODUCTION

A current frontier in observational and theoretical cosmology is
the search for and understanding of large-scale structure during the
epoch of reionization (EoR). Detection of reionization at z ∼ 10
would allow study of the emergence of the �rst abundant lumi-
nous objects. Such observations hold the promise of examination
of astrophysical and cosmological processes at epochs as early as
a few hundred million years after the start of the expansion of the
Universe.

�E-mail: tchang@cita.utoronto.ca

The Wilkinson Microwave Anisotropy Probe(WMAP) satellite
has measured polarization in the cosmic microwave background
(CMB) at large angular scales. This polarization is believed to arise
from the Thomson scattering of the CMB photons near the EoR
(Komatsu et al. 2009; Nolta et al. 2009). The observed optical depth
τ ∼ 0.089 ± 0.016 corresponds to an instantaneous reionization
redshift of zreion = 10.8 ± 1.4.

One way to study the reionization transition in detail is by imaging
redshifted 21 cm emission. At redshifts above the EoR transition,
the gas is neutral and is predicted to glow with about 25 mK sky
brightness temperature. After reionization is complete, this glow is
absent. At redshifts close to the transition, a patchy sky is expected.
Simulations (Iliev et al. 2008) suggest that with existing telescopes
a measurement near 150 MHz may allow for statistical detection of
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∼20 Mpc patchiness in the neutral hydrogen. This detection would
pin down the reionization redshift and begin the process of more
detailed study of the transition.

The 21 cm EoR signal, in the 10 mK range, is much smaller
than the expected ∼10 K patchiness due to Galactic synchrotron
emission and extragalactic foregrounds. One of the most dif�cult
challenges of 21 cm EoR astronomy is the removal of these bright
foregrounds. The proposed strategy makes use of the very different
spatial and spectral character of the two components of sky structure.
Since the received frequency of the 21 cm line emission encodes
the distance of the source, the EoR signal consists of a series of
source screens that are largely independent. For example, if one
detects a patchy layer of cosmic material at 150 MHz due to the
EoR transition, another patchy layer must be present at 151 MHz,
but these two images come from distinct radial shells and the bright
and dim patches in the two images are not expected to be aligned
in the sky. The characteristic size of the ionization structures near
the epoch of ionized-cell overlap is approximately 10 h−1 Mpc,
which corresponds to 5 arcmin in angular size, or about 1 MHz in
radial distance for the redshifted 21cm line at z ∼ 9. In contrast,
the foreground emission is highly correlated from one frequency to
the next, since most radio-bright structures emit with a very smooth
synchrotron spectrum. To remove the foregrounds, some type of
frequency-differencing technique will be needed.

At frequencies above 300 MHz, many radio sources with a syn-
chrotron spectrum have been shown to be linearly polarized, and
this raises a concern for the frequency-differencing scheme. In prop-
agation through the interstellar medium, the polarization rotates in
the sky because of the Faraday effect. In the polarization basis of
the telescope, this means that each linear polarization component
can oscillate with frequency. If the oscillation period falls close to
the frequency separation used for the foreground subtraction, in-
complete removal of Galactic synchrotron emission may leave a
residual that masks the EoR signal.

One way to avoid the Faraday rotation problem is to measure
total intensity, described by the Stokes I parameter, using an instru-
ment that rejects the linearly polarized Stokes components Q and
U. However, all real instruments have various sources of leakage
between these components. To design these instruments and plan
future EoR observations, one needs information on the polarized
sky brightness in the EoR band near 150 MHz.

Recent studies at 350 MHz (de Bruyn et al. 2006) report that
the polarized component has much more structure on arcminute
angular scales than the total intensity. Polarized structure amounting
to several kelvins has been reported. Scaling using a synchrotron
spectral index of 2.6 (de Oliveira-Costa et al. 2008), the polarized
structure could be tens of kelvins in the EoR band. This means that
instrumental leakage from Q/U to I could severely limit the ability
to remove Galactic emission.

This paper places new constraints on polarized sky brightness in
the EoR range of frequencies near 150 MHz. We �nd that the level
of polarized sky brightness is well below that expected by extrap-
olation from higher frequencies. We discuss possible mechanisms
which would lead to this strong depolarization, and suggest future
techniques to differentiate between them.

2 THE GMRT EOR PROJECT

Our group has initiated an effort to search for 21 cm structures at
the EoR using the Giant Metrewave Radio Telescope (GMRT) in
India.

The telescope consists of 30 antennas of 45 m diameter. 14 are
designated as �central core� antennas and lie within a 1 km area.
The remaining 16 are along three arms of length up to 10 km,
designated as east, west and south. The dense layout of the core
allows high brightness sensitivity, which is needed for the search
for reionization. For this experiment, the 150 MHz feeds are used.
These consist of orthogonal pairs of folded dipoles, backed by a
ground plane. These antennas couple to X and Y linear polarizations,
but the two signals pass through a hybrid coupler before entering the
ampli�ers. For each antenna, this results in a pair of right and left
circularly polarized signals which are ampli�ed, upconverted and
transmitted optically to the receiver room. Later processing allows
measurement of the full set of Stokes parameters.

To attempt the EoR experiment, and for other work at the GMRT,
we built a new signal processing system for the telescope, the GMRT
software backend (Roy et al., in preparation). This consists of 16
commercial analogue to digital (AD) sampling boards installed in
an array of off-the-shelf computers. The AD boards have four input
channels, and are connected to a common clock and trigger signal,
allowing synchronous sampling. The sampling system is capable of
32 MHz bandwidth, but for this experiment only 16 MHz was used.
The passband was de�ned by an Intermediate Frequency (IF) �lter.
All 60 signals were sampled with 8 bit precision at 33 MSample/s.
Each AD board transfers the digitized data into its individual host
computer. These streams are Fourier transformed in blocks of length
4096 samples at 16 bit precision. The 2048 complex Fourier coef-
�cients are then rescaled to 4 bits, and sent over a gigabit network
to correlation nodes. Each block of 128 frequencies is sent to one
of the 16 software correlation nodes. These products, which we call
visibilities, are accumulated for 1/4 s in 16 distinct gates. Thus, the
initial visibilities have a frequency and time resolution of 7.8 kHz
and 1/4 s (without accounting for the gates), respectively.

The �gates� are essential to our polarization calibration technique.
These gates in time are synchronized so each covers one of the
16 segments of the pulsation cycle of a pulsar in the �eld. The pulsar
is a known source of polarized emission. By comparing pulsar-on
to pulsar-off, we can measure the system gain directly using a sky
source. The raw 1/4 s averaged visibilities were stored on disk, as
well as 16 fringe-stopped gated visibilities integrated for 16 s, and
averaged over frequency into 128 frequency channels.

All these signal processing calculations occur simultaneously,
and are structured as individual asynchronous pipeline processes.
The processor and network speeds are suf�cient that each calcula-
tion is completed in real time, and there is less than 10 per cent data
loss.

3 DATA

Our target �eld was centred on pulsar PSR B0823+26 (J2000: 08
26 51.38+26 37 23.79). The �eld was chosen to contain a bright
pulsar, and minimal other bright sources. The galactic latitude is
b = 30◦, and happens to be a relatively cold spot in the sky.

The brightest radio source within the primary beam, and our
primary �ux reference, is 5C 7.245, located 12 arcmin from the
pulsar. Its �ux is estimated to be 1.5 Jy at 151 MHz from the
7C Lowdec Survey (Waldram et al. 1996). It is a radio galaxy at
z = 1.61 (Willott, Rawlings & Blundell 2001). The source has two
components separated by 16 arcsec, and is resolved by the longest
baselines at the GMRT.

A bright source outside the main beam, 3C200, is 2.◦5 to the north.
It is attenuated by the primary beam pro�le, but shows up as the
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Table 1. The apparent brightest 10 point sources in the observing �eld, listed in descending order of their primary beam attenuated 7C catalogue
�ux, listed in the F 7C−BEAM column; F 7C indicates their original �ux measured from the 7C Radio Survey at 151 MHz, F74 from the VLSS at
74 MHz, and F365 from the Texas Survey of Radio Sources at 365 MHz. α is the spectral index calculated from the three surveys and �α are
the respective errors on the spectral indices.

Source RA (◦) Dec. (◦) F 7C−BEAM (Jy) F 7C (Jy) F74 (Jy) F365 (Jy) α �α

3C 200 126.855 29.3128 2.135 13.435 26.78 6.407 0.93 0.07
5C 7.245 126.487 26.7331 1.511 1.536 2.95 0.731 0.89 0.04
B2 0825+24 127.172 24.6107 0.992 2.922 10.58 0.671 1.77 0.08
B2 0819+25 125.560 25.6421 0.951 1.701 3.15 0.845 0.84 0.04
PKS 0832+26 128.798 26.5764 0.706 2.124 3.43 1.384 0.62 0.10
B2 0829+28 128.082 27.8792 0.682 1.634 2.64 1.030 0.63 0.08
5C 7.111 124.785 26.2457 0.670 1.786 3.44 1.086 0.82 0.20
B2 0832+26A 128.770 26.1785 0.638 1.960 3.48 1.156 0.75 0.11
B2 0828+27 127.841 26.9659 0.625 0.889 1.63 0.400 0.87 0.03
B2 0816+26B 124.819 26.7014 0.569 1.417 2.82 0.657 0.94 0.05
5C 7.223 126.028 26.4672 0.515 0.584 1.060 0.306 0.81 0.06

strongest source in the raw polarized maps due to I to P leakage in
the side lobes.

In Table 1, we list the 10 brightest sources in the �eld after the
primary beam power attenuation effect from the 7C Lowdec Survey.
Also listed are their �uxes from the VLA (Very Large Array) Low-
frequency Sky Survey (VLSS) at 74 MHz (Cohen et al. 2007) and
the Texas Survey of radio sources at 365 MHz (Douglas et al. 1996).
Based on these three surveys, we calculate the spectral indices and
the errors, as listed in Table 1.

This region was mapped at 150 MHz (Landecker & Wielebinski
1970) and found to have brightness temperature 170K. de Oliveira-
Costa et al. (2008) have reconstructed a variety of sky maps and
used them to estimate spectral indices. From these reconstructions,
we estimate a spectral index of 2.6 for this region, so our sky
brightness temperature varies from 200 to 150 K over our spectral
band (140�156 MHz).

Data were taken from 2007 December 7�18 starting at 10 PM local
time, going until 7 AM. This period has minimal radio frequency
interference (RFI). The data were recorded in 1 hour �scans�. The
analysis in this paper is primarily based on the data taken during the
night of December 9, which was fully reduced through the described
pipeline at the time of writing of this paper.

4 INTERFERENCE REMOVAL

Terrestrial RFI was removed in two stages. First, spectral-line RFI
was �agged. In each frequency subset of 128 channels, the dis-
tribution of intensities is calculated. The upper and lower quartile
boundaries are used to estimate the amplitude of the noise. Any
outliers further than 3σ are masked. Each mask is 8 kHz wide and
4 s long. Approximately 1 per cent of the data are �agged by this
process for deletion.

A bigger problem at the GMRT has been broad-band RFI. This
is particularly problematic for short baselines. The rationale for our
approach to broad-band RFI segregation is that sources in the sky
produce visibilities that oscillate as the Earth turns. Meanwhile,
sources on the ground, although their intensity typically varies with
time, remain at �xed lag for each baseline. We used a singular value
decomposition (SVD) to sort among the terrestrial and celestial
classes.

We assemble the visibilities in a two-dimensional (2D) rectan-
gular matrix, V i(ν, t), which is a function of baseline i, frequency
ν and time t. We �nd that Earth-�xed broad-band sources tend to

�icker synchronously in all baselines at all frequencies, and are
therefore factorizable as V RFI = Li(ν) T (t). We call Li(ν) the visi-
bility templateand T i(t) the temporal template. The RFI visibility
can thus be written as a sum of individual RFI sources α,

VRFI(ν, t) =
�

α

Lα
i (ν)T α

i (t). (1)

Each L(ν)T (t) product function is a singular eigenvector of the
matrix.

In contrast, objects on the celestial sphere exhibit fringe rotation
at a unique rate for each baseline, and thus do not factor. Celestial
sources produce very small eigenvalues under an SVD.

A decomposition of the form (1) can be accomplished via an
SVD algorithm as long as the eigenvectors are orthogonal. A pair
of visibility vectors due to two physically separate sources will tend
to have little overlap, since the dimensionality of this space is huge.
There are of the order of 302 = 900 baselines between antenna pairs,
each with four polarization combinations. Two distinct sources may
accidentally fall at the same lag for one pair but will be separated
from each other when other pairings are considered. The time tem-
plates might not be as orthogonal. In particular, electric arcing from
AC transmission lines, which is likely the cause of a substantial
subset of the broad-band RFI, might occur more often at the AC
waveform peak. This timing can be common to many sources. For
this work, only about 100 of the largest SVD eigenvalues are �agged
as RFI, in a matrix with about 109 entries, so even if the eigenvectors
are not perfectly orthogonal, the very sparse space spanned by the
�rst 100 eigenmodes is still given by an SVD decomposition.

To carry out the procedure, we begin by organizing the data
in a matrix. Each hour scan has 14 400 time records, which we
call the rows of our matrix, the column number 2048 × 60 ×
61 entries which correspond to the number of frequency chan-
nels and baselines. Each matrix entry is a complex visibility. This
7495 680 × 14 400 matrix is then SVD decomposed. The �rst 100
right eigenvectors are tagged as �RFI�, and removed. This removes
0.7 per cent of the matrix entries.

We have also used the SVD procedure to physically locate RFI
sources. We selected several of the brightest eigenmodes for further
study. Near-�eld imaging using these eigenvectors has allowed us
to localize the sources on the Earth�s surface with 100 m precision.
Visiting these locations with radio-direction-�nding equipment, we
have localized candidate emitters in several cases. The brightest two
appear to originate from extraneous thin wires hanging vertically
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Table 2. Sources in the observing �eld that are used to estimate the overall
calibration �ux scale.

Source RA (◦) Dec. (◦) F7C (Jy) F151 (Jy) Error

5C 7.245 126.487 26.7331 1.536 1.74 0.13
B2 0819+25 125.560 25.6421 1.701 1.51 0.11
B2 0828+27 127.841 26.9659 0.889 0.93 0.05
5C 7.223 126.028 26.4672 0.584 0.53 0.09

Note.F 7C is again the �ux from the 7C catalogue at 151 MHz, F151 is
the �ux estimated from our data at 151 MHz and error is the respective
fractional error on the estimated �ux.

with a few exceptions. The pulsar �ux can be readily subtracted
from the time-averaged data.

This calibration procedure results in a polarization map refer-
enced to the pulsar polarization angle at each frequency. We then
correct this with the pulsar�s known RM = 5.9 rad m−2 (Manchester
1974; Manchester et al. 2005) for the rest of this paper.

6 FLUX SCALE

We use the pulsar for relative antenna calibration, but not to establish
the overall gain, since the pulsar �ux varies with time. To accom-
plish the overall �ux calibration, we use four well-measured bright
continuum radio sources in the �eld. We estimate the �ux of the
four brightest sources that lie within the full width half-maximum
(FWHM) of the primary beam using the estimated spectral indices
of these sources from the catalogues listed in Table 1 and correcting
for the primary beam power attenuation. We calculate the source
�ux values from our data at 151 MHz and match the average �ux to
that of the 7C �uxes. The estimated �ux and respective errors are
listed in Table 2. The resulting fractional errors on these four source
�uxes are less than 13 per cent, and the error on the �ux scale in the
calibration procedure is 6 per cent.

The calibration of the power spectrum amplitude depends on
the point-source �ux calibration described above and also on the
primary beam width and pro�le. Throughout, we approximate the
primary beam as a round Gaussian beam with a FWHM of 3.◦3.
This pro�le is a good �t to our holographically measured primary
beam power out to about 2◦ radius.

7 MODELLING

After the primary calibration, the dominant polarized source is the
pulsar. The second brightest apparent polarized source is 3C 200, 2.◦5
to the north, with an intrinsic �ux of 13 Jy at 150 MHz. The source is
probably not signi�cantly intrinsically polarized, but rather because
the side lobes are strongly polarized, it leaks into the polarized maps.

Fig. 2 shows the apparent luminosities and polarizations of the
brightest point sources in the �eld. Objects appear more polarized as
they are located away from the image centre, suggesting the primary
beam as the origin of this apparent polarization. Fig. 3 shows the
radial apparent polarization.

Precise cleaning of the polarized image shown in Fig. 2 will
require detailed knowledge of the off-axis leakage at the GMRT,
which we have not yet measured. Despite this imperfect knowledge,
we have been able to make some progress using a modi�ed version
of a standard �CLEAN� procedure. We fringe stop the data iteratively
to sources in descending order of �ux as predicted from the 7C
catalogue convolved by the Gaussian primary beam model. At each
source position, we measure the equivalent point-source �ux by
summing all baselines. The point source is modelled as two complex

Figure 2. Polarized point-source map at the Faraday depth φ = 0 rad m−2.
The radius (mean of semimajor and semiminor axes) of each ellipse is
proportionate to apparent �ux. Ellipticity is proportionate to polarization.
Map is averaged over 16 MHz. The asterisk in the centre is the pulsar.
5C 7.245 has been omitted for clarity. The ellipticity is plotted eight times
larger than the apparent polarization. The global polarization angle was
rotated to align the pattern radially. The feed support structures could lead
to such a polarization pattern (see the text). The dashed ring is the half power
point of the primary beam. Sources outside that radius appear more strongly
polarized.

Figure 3. Apparent polarization of sources at the Faraday depth φ = 0
rad m−2. The small squares are the apparent polarizations. The asterisks are
multiplied by the primary beam, which is an estimate of their impact to the
total polarization in the image. We see that most of the apparent polarized
�ux contribution is from the periphery of the beam.

numbers, one for the intensity and one for polarization. Separate
values are �t every 4 MHz and every 20 min. A point source with
this �ux is then subtracted from the data. We repeat this for the
31 brightest sources in the �eld. For the short baselines, sources
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Figure 5. Polarized sky image at φ = 3 rad m−2. Left-hand panel is the Stokes Q intensity, while right-hand panel is the Stokes U. All baselines with |w| <

200 are included. The �eld of view is 9.◦78, which is three primary beams. Real polarized sky structure as well as leakage I into Q,U will have higher contrast
within the main beam region. Sources that generally have the same contrast inside and outside the main beam area include RFI and the aggregate extended
image artefacts of multiple bright sources far outside the main beam. These images do show a weak enhancement of contrast in the main beam region, but
the enhancement is too weak to allow con�dence in detection of sky structure. For this reason, we interpret the measured power spectra from these images as
upper limits to the polarized sky structure. Artefacts from one known bright source 3C 200 are faintly visible as concentric rings centred on the source location.
3C 200 is in the upper centre of the image just outside the main beam.

Figure 6. The 3D polarization power spectra based on our observed visibil-
ities. These are estimated from the power of maps at �xed rotation measures.
The transverse scale has been converted from angular to comoving units at
z = 8.5. The parallel scale is converted from φ according to equation (A38).
The contours are of �2

P (see the text), and start at 0.0069 K2 in the left mid-
dle near k ∼ 0, increasing logarithmically by 10 per contour level. On large
scales, k⊥ < 0.3 h Mpc−1 our observations set an upper limit equivalent to
a few kelvins per ln k in 3D space.

10 DISCUSSION

If extended polarized emission is bright at 150 MHz, leakage from
Stokes Q or U into Stokes I may make removal of this foreground

from 21 cm EoR images quite dif�cult. Removal of the synchrotron
intensity foreground from EoR images requires projecting out struc-
ture that varies slowly with frequency (i.e. has k‖ ≈ 0). This also
removes any component of the EoR signal that varies slowly along
the line of sight, i.e. it suppresses modes with |k‖| less than a few
times (C�ν)−1. The anticipated EoR structure is at scales of the
order of k ∼ 0.1 h Mpc−1; this range of scales that will be contam-
inated by Q, U → I leakage of polarized structure at the Faraday
depth of the order of |φ| ∼ 10 rad m−2 (see equation A38). This
is the Faraday depth range for which polarization leakage causes
the most dif�culty for an EoR search, although if the polarization
leakage varies rapidly with frequency other values of φ are also of
concern (see Appendix A4).

Previous work at 350 MHz (de Bruyn et al. 2006) indicated polar-
ized emission with spatial variations of several kelvins on angular
scales of tens of arcminutes. This polarized structure is reported
to be brighter than the unpolarized component at the same angu-
lar scale. Extrapolating this polarized structure to 150 MHz with a
spectral index of 2.6, this corresponds to several tens of kelvins in
the EoR band. To remove this foreground would require that instru-
mental Q or U to I leakage in EoR observations be controlled to
�10−3.

Our observed upper limit to polarized sky structure in frequency
channels of width 1 MHz is in the range of 1�3 K at 300 < l < 1000,
with weaker upper limits at smaller scales. This is shown in Fig. 4.
For the �eld we studied, the polarized sky structure is an order of
magnitude smaller than one would have predicted by scaling from
the published 350 MHz observations.

The results reported in de Bruyn et al. (2006) are at dif-
ferent locations in the sky, so a direct comparison is not
straightforward. The (de Bruyn et al. 2006) �eld is centred at
13h14m+45 (J2000), while our �eld is at 08h26m+26. However,
one way to attempt a comparison is to look at the WMAP mea-
surement of polarization emission on the two �elds (Hinshaw
et al. 2009).
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