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ABSTRACT

Context. In the coming years a new insight into galaxy formation ardttiermal history of the Universe is expected to come front#tection
of the highly redshifted cosmological 21 cm line.

Aims. The cosmological 21 cm line signal is buried under Galaatit extragalactic foregrounds which are likely to be a feweosdf magni-
tude brighter. Strategies and techniques féeaive subtraction of these foreground sources requireéalele knowledge of their structure in
both intensity and polarization on the relevant angulatescaf 1-30 arcmin.

Methods. We present results from observations conducted with thedffesk telescope in the 140-160 MHz range with 2 arcminlceigm in
two fields located at intermediate Galactic latitude, cahrround the bright quasar 3C196 and the North Celestial Fbky were observed
with the purpose of characterizing the foreground properin sky areas where actual observations of the cosmoldgficem line could
be carried out. The polarization data were analysed throluighotation measure synthesis technique. We have compattdntensity and
polarization angular power spectra.

Results. Total intensity maps were carefully calibrated, reachirdggln dynamic range, 150000:1 in the case of the 3C196 fieldevitence
of diffuse Galactic emission was found in the angular power spaanalysis on scales smaller thah0 arcmin in either of the two fields. On
these angular scales the signal is consistent with theicig®nfusion noise o£3 mJy beam'. On scales greater than 30 arcmin we found
an excess of power attributed to the Galactic foregrountl ait rms of 3.4 K and 5.5 K for the 3C196 and the NCP field resgadgtiThe
intermediate angular scales&red from systematic errors which prevented any detection.

Patchy polarized emission was found only in the 3C196 fieldrehs the polarization in the NCP area was essentially dralto frequency
interference. The polarized signal in the 3C196 field isekasthe thermal noise for angular scales smaller thEharcmin. On scales greater
than 30 arcmin it has an rms value of 0.68 K. The polarizedaigppears mainly at rotation measure values smaller thad v,
Conclusions. In regard of the detection of the cosmological 21 cm line, wectude that Galactic total intensity emission lacks sreedlle
power, which is below the confusion noise level at the amg@solution of 2 arcmin. Galactic polarization, given igative weakness and its
small rotation measure values, is less severe than expas@dontaminant of the cosmological 21 cm line.

Key words. Polarization — Cosmology: flfuse radiation — Cosmology: observations — Radio continugeneral — ISM: general — ISM:
magnetic fields

1. Introduction

Several facilities like GMRY, LOFAR2, MWA3, 21CMA* and
PAPER will aim to detect the redshifted 21 cm line from the
epoch of reionization (EoR) in the near future.

! Giant Metrewave Telescope, hiteww.gmrt.ncra.tifr.res.in

2 Low Frequency Array, httgwww.lofar.org

3 Murchinson Widefield Array, httpyhaystack.mit.ediasfarraygmwa

4 21 Centemeter Array, httfiaveb.phys.cmu.edupast

5 Precision Array to Probe the EoR,
httpy/www.astro.berkeley.edudbackefeor
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From observations of the cosmic microwave backgroundble 1. Summary of the observational setup.
polarization (Komatsu et al. 2009) and from observations of
high redshift quasars (Becker, Rauch & Sargent 2007) th€oordinates of the 3C196 field
Universe is expected to be reionized at & < 12. centre (J2000.0) a = 8"13"36°.0,6 = 481303

Simulations of the evolution of the intergalactic medium Galactic coordinates |~ 171, b=~ 33
also show that the EoR signal is expected to appear betweérpordinates of the NCP field ) )
100 and 200 MHz and it is expected to have a strength of a fe\’éf;;gftigigggdi?ates f‘f 12200;0?:2050‘5 = 8870000
millikelvin with significant fluctuations with redshift (Grdi & N T

- - Number of spectral bands 8
Madau 2003; Furlanetto, Sokasian & Hernquist 2004; Mellema o tral freql?ency of each band (MHz) ~ 139.3, 141.5, 143.3,94
et al. 2006; Thomas et al. 2008; lliev et al. 2008). Therefore 148.1, 150.3, 152.5, 154.7
the presence of Galactic and extragalactic foreground&hwh width of each band (MHz) 25
are orders of magnitude higher than the cosmological sign@requency resolution (kHz) 4.9 (9.8 after tapering)
(Shaver et al. 1999), is the most serious challenge for th®e meTime resolution (sec) 10
surement of the EoR signal. Angular resolution for the 3C196 field ' & 2'cosec§) ~ 2 x 2.7/

Several authors have studied the foreground contamin&onversion factor for the 3C196 field 1 mJy bedm 3.3 K
tion of the EoR signal together with the problem of remov-Angular resolution for the NCP field  ’& 2'cosecf) ~ 2/ x 2/
ing it through various techniques (Di Matteo, Ciardi & Mitiia _Conversion factor for the NCP field 1 mJy bedns 4.4 K
2004; Morales & Hewitt 2004; Santos, Cooray & Knox 2005,
Morales, Bowman & Hewitt 2006; Wang et al. 2006, McQuinn
et al. 2006; Gleser et al. 2008; Jelic et al. 2008; Bowman, The paper is organized as follows: in Section 2 we present
Morales & Hewitt 2009; Liu et al. 2009a; Harker et al. 2009kthe observations together with the data reduction and the in
Liu et al 2009b). Since none of these methods is fully blind btal results, in Section 3 we analyse the polarized emission
includes assumptions about the foreground propertiestizeiu in Section 4 we present the power spectrum analysis and in
observational characterization of foregrounds is manglato Section 5 we conclude.
order to improve these strategies.

Observational data aimed at characterizing the foreground
properties are still lacking. All previous observations&eon- 2. Observations and data reduction

ducted either at frequencies higher than 350 MHz or at low res ) ]
olution. The characterization of the foreground propertiem The observational setup of the 3C196 and NCP fields was the

existing data was therefore quite uncertain (see Bernaali e S28mMe as the obs_ervations as the Fan region (B09). The observa
2009 for a discussion about foreground estimates at low f#2ns of the two fields took place between the end of November
quencies from existing data). and the beginning of December 2007 for a total ef & hours
Due to this uncertain knowledge, we have started an dg! €ach field. The NCP field could be completely observed
servational programme aimed at investigating the foregdoudur'”g night time while the last thirty to forty minutes ofeay
properties for EOR observations at 150 MHz with the Lowession of the 3C196 field observations took place when the
Frequency Front Ends (hereafter LFFE) on the Westerbazk tepUn had already risen.
scope (hereafter WSRT) Threefférent Sky areas were tar- The WSRT consists of 14 dishes of 25 m diameter eaCh, ten
geted. In a previous paper we presented the observatiohs ofdf which (labelled 0 to 9) are on fixed locations 144 m apart.
Fan region, an area centred at Galactic latitnee8° (Bernardi  The other four (labelled A to D) are movable on arail tracke Th
et al. 2009, hereafter B09). Those data gave the first iridicatredundant baselines were not included in the imaging psoces

of the strength and the spatial properties of the foregreatd Pecause they cause very strong grating lobes. Combindtéens
frequency and angular scales relevant for the detectioheof fveen the ten fixed antennas and the four movable ones were

cosmological 21 cm line. used to image the sky. Six array configurations were useH, wit

Those results could not, however, be extrapolated straighte four movable dishes being incrementally moved by 12 m.
forwardly to sky areas at intermediate Galactic latitudeereh This generated a uniforov coverage from 36 m up to the max-
the actual EOR observations will be carried out. In particul imum spacing of 2760 m. Antenna 5 was missing in all the ob-
the Fan region showed bright polarized emission which cou#grvations and this caused two gaps inubelane au| ~ 300
not be taken as representative for the polarization out @f tand|u| ~ 700, whergu| = +/u? + (v/ siné)? is the projected
Galactic plane. distance in thewv plane measured in wavelengths.

In this paper we present the results from the observations of Table 1 summarizes the main characteristics of the obser-
the other two fields, located at intermediate Galacticudts. vations. The eight spectral windows were chosen to provide a
The first field is centred on the very bright radio quasar 3C19%bntiguous frequency coverage, with a small overlap batwee
in one of the coldest regions of the Galactic halo. The secoti bands. As happened for the observations of the Fan re-
field is located close to the North Celestial Pole (NCP), Whigion (B09), large parts of the fourth spectral band, cenated
represents an ideal target to observe the cosmological 21 t45.9 MHz, turned out to be too severely contaminated by
line because it would allow the collection of night time obseradio interference to be useful, and the whole band was dis-
vations throughout the whole year at the geographic laginfd carded from the analysis. After a Hanning taper was applied
the LOFAR array £53°). to the data, the channels were no longer independent. Tie eve
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channels of every band were discarded and the remaining (offlagging routines specifically developed to apply mediaarfilt
channels had a width of 9.8 kHz. ing in the time and frequency domain to the visibility data.

The data were reduced using the AIRS package. We in- After that, selfcalibration solutions were computed bath f
tegrated the standard AIRS distribution with routines which amplitude gains and for phases at the highest time and fre-
explicitly deal with flagging radio frequency interferer{€~l) quency resolution available, in order to compensate for tem
in low frequency data, determine the polarization calibrat poral and frequency variations of the gains induced by RFI or
and perform the direction-dependent calibration. by ionospheric fluctuations. The initial sky model for théfse
calibration consisted of 3C196 alone.

After the data were corrected, residual visibilities were
formed by subtracting the model from the calibrated data.
3C196 is the standard flux calibration source used for lowhe residual visibilities were binned and their distriloutifit-
frequency WSRT observations, therefore no other flux calibited with a Gaussian profile. All the data points further away
tor was targeted for the observations of that field. 3C196 ighan five times the standard deviation of the Gaussian distri
very bright steep-spectrum radio galaxy with a smooth spdaition were flagged. An image made with only the long base-
trum down to about 10 MHz (Laing & Peacock 1980). Wénes -|u| > 150 - was created and deconvolved by using a
adopted a flux density at 150 MHz of 76.8 Jy for 3C196, andGlark CLEAN algorithm down to a certain flux threshold. Point
power-law spectral index af = 0.64 in the observed frequencysources brighter than a defined flux threshold were extracted
range. from the deconvolved map. The list of point sources served as

3C196 was also used as the primary f|ux Ca”brator for tl@ernodel fOI‘ the f0||OWing iteration Of the Selfca“bration.
observations of the NCP field. It was observed for about half The process of creating a sky model, calibrating the data
an hour every night after the observation of the target fieland flagging was repeated until no data were flagged and until
The calibration solutions were transferred from 3C196 ® tio other sources could unambiguously be included in the the
NCP field to set the flux scale. The System Equivalent Flgky model. Four or five iterations were typically needed fiig t
Density (SEFD) measured towards 3C196 iedtent from that process to converge.
measured towards the NCP, however, because 3C196 is locatedrigure 1 shows the sky map for the spectral band at
in one of the coldest spots of the 408 MHz map of the GalaXy9.3 MHz made with only the long baselines obtained at the
(Haslam et al. 1982) and the Galactic emission significan@yd of the selfcalibration loop. With that baseline setattthe
contributes to the system noise at low frequencies. sky appears to be dominated by point source emission. This

The WSRT receivers operate with an automatic gain cojustifies our choice of sky model.
trol system before the analog-to-digital converter whiom We note that the WSRT primary beam has a Half-Power
tinuously measures the total power in order to allow correBeam Width of about 6at 150 MHz, therefore a 22 12°
tions for the variable input levels. The total power detesito image maps the full primary beam. The images presented
which integrate the power over the whole 2.5 MHz band, ateroughout the paper are not corrected for the primary beam
corrupted by RFI for most of the time, therefore the corietat attenuation unless stated otherwise. This implies thanthee
codficients cannot be corrected for the variations in the systetross the image is constant but the sky brightness desrease
noise. Therefore we corrected for thefdiences in the SEFD when moving away from the centre because of the primary
according to the following procedure, already applied i®B0 beam attenuation.

After the strongest RFI was removed from the data, we Table 2 summarizes the selfcalibration model used for
compared the power levels between the 3C196 and the N§®196 in terms of detected sources and flux limit. The slight
fields. In areas where the 2.5 MHz band was free of RFI wiifference in the flux threshold for source selection arises from
found that the ratio between the NCP and the 3C196 fieldstlig: fact that some spectral bands are mdfectéed by RFI,
~1.3 over the eight spectral bands. We applied this additionerefore their calibration is less accurate than in otlzews.
correction factor after the bandpass calibration was tearexi \We also note that including CasA and CygA in the selfcal-
from 3C196 to the NCP field. ibration model makes no fierence in the solutions. In our
data CasA and CygA are strongly suppressed by the primary
beam and have an average peak flux in the 148.1 MHz band of
~1.4 Jy and~1.8 Jy respectively.

The calibration of the 3C196 field can be performed directly Figure 2 shows the average image from all the spectral
through the selfcalibration process, because at the fregquebands after the selfcalibration process converged. We kan a
and angular resolution of our observations 3C196 is a poieady see that the image shows only point sources and that at
source bright enough to allow a signal-to-noise ratio (SHR) this flux level, no difuse emission associated with the Galaxy
~4 per baseline, per channel, per 10 sec. The calibratioreof ik visible.

data proceeded as follows. In the field there are three sources with flux densities of

The data were first flagged, in order to remove bright, time6 Jy: 3C197.1 located at = 8"21M33.6%.0, § = 47°02'37”,
variable and frequency-variable RFI. This was done by usidg +46.17 located a& = 8"14™30.3%.0, § = 45°56'40” and
6C B075752.4501806 located atr = 8"01M35450, 6 =
6 httpy/aips2.nrao.eddocgaipst++.html 5000946".

2.1. Determination of the flux scale

2.2. Calibration of the 3C196 field
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Fig. 1. Stokesl map of the 3C196 field made by using only the longrig. 2. Stokesl map of the 3C196 field made by averaging all the
baselines|(| > 150) and the data from the 139.3 MHz spectral banttands. The conversion factor is 1 mJy bebm 3.3 K.

All the point sources brighter than 150 mJy were extractethfthis

map and used as the final sky model for the selfcalibratioheband.

The conversion factor is 1 mJy beah 3.3 K. Since errors due to the ionospheric turbulence have a mul-

tiplicative dfect, they are more prominent for the brightest
sources. These spikes can reach up to 30-40 mJytheam

In addition, 3C196 still shows phase errors due to imperfect
Spectral band (MHz)  Flux threshold (mJy)  # sources identifi€alibration, and also calibration errors in the form of agrin

Table 2. The selfcalibration model for the 3C196 field.

1393 150 140 like pattern which surrounds the source itself. These sican
141.5 150 140 reach a brightness of 120-140 mJy be&dm

143.7 250 102 In order to further improve the dynamic range of the image,
148.1 180 128 we performed polarization calibration and looked for spusi
150.3 250 83 residual signals in the XY and YX correlations.

152.5 150 140 3C196 was also used to calibrate the polarization leak-
154.7 100 217

ages because it is unpolarized. Since the leakages arelhorma
found to be rather stable with time for the WSRT, they were
determined by computing solutions pet hour time interval.
We checked that leakages remain stable over time by comput-
All these sources show peculiar spiky error patterns. Thegg solutions every five minutes and we found no substantial
spiky patterns are due to ionospheric fluctuations whicldéire difference.
ferent along dierent lines of Sight. Thisfeect is related to the After the |eakage correction is app“ed (Sau|t, Hamaker &
one dimensional nature of the WSRT array, whose instanBregman 1996), a phaséfset between the horizontal and the
neous response is a fan beam that rotates ©86r 12 hours. vertical dipoles still remains unknown and this causes ifpe s
Given this, spiky patterns are caused by phase variatioth®in na| to leak from Stoke$) into StokesV (Sault, Hamaker &
telescope gains generated by temporal variations in the ioBregman 1996). In order to correct for this phasgedence,
spheric electron column density. If ionospheric fluctuasio the polarized pulsar PSRJ0244232 was observed for about
vary across the field of view, they cause dfeet on images 15 minutes just prior to the start of the 12 hour synthesisc&i
which cannot be corrected with the traditional selfcalilom, the pu|sar has a known rotation measiiM = —61 rad nT2
which assumes a single phase correction over the entireofieldNavarro et al. 1995), we corrected the phastedénce by ro-
view. tating the polarization vector in the plane defined by th&&do
By inspecting the selfcalibration solutions we saw that tHé — VV parameters in order to have zero Stoke8ux, where
various nights showed quite fiBrent ionospheric behaviour.the direction of the rotation has to provide a negative RM for
During the nights in November, the ionosphere turned out tize pulsar.
be rather quiet throughout the whole observing run, whereas After the calibration was performed, we inspected the XY
it started becoming more turbulent in the nights in Decemband YX visibility data and we found the presence of noise a
with changes of tens of degrees of phase on time scales of nfactor of ~1.5 higher than the average, which remains corre-
utes. This turbulence was non-isoplanatic, i.&edéent lines of lated over periods of a few hours in the whole band. This in-
sight within the primary beam experiencedfdient regions of crement &ects only a few specific baselines which involve an-
turbulence. tennas 7 and 8, which are close to the WSRT control building.
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These baselines were not included in the images but weke stil
included in the selfcalibration solutions. We suspect fhait
RFI coming from the control building of the telescope may be ™
responsible for the noise excess. We manually flagged those
baselines at those specific time ranges and we recomputed the
selfcalibration solutions. -

The second way to improve the dynamic range was to car-
rect for the &ect of non-isoplanaticity in the ionosphere tog& e
wards the brightest sources. This can be done through the o
cedure known as “peeling”: direction-dependent caliloratio- E Al
lutions are computed for each source that has to be peeled fro ...
the data (see, for instance, Mitchell et al. 2008 and Intema e
al. 2009 as useful references for the peeling procedurelirige
was implemented as follows. We subtracted our best estimate*
of the sky model from the visibilities apart from the sourcatt ;
we want to calibrate towards. We then solved for the complex_, [
antenna gains using only that specific source as sky model. In }
this way we account for time dependent position shifts due to ***" et Ao (12000
ionospheric disturbance and possible time dependentdeli
errors due to small variations in the gains of the primarynbea Fig.4. The 3C196 field after averaging all the spectral bands. Three
The computed solutions were inverted and applied to the inogeurces were subtracted from the visibility data and a fialtali-
of the source to be subtracted. In this way a “corrupted” rhodd@tion loop was performed as described in the text. Theersion
was created. This corrupted model was then subtracted friiFfor is 1 mJy beant = 3.3K.
the visibilites.

The three sources that show strong ionospheteces are
not bright enough to be selfcalibrated per channel and per ti
slot. Therefore, we averaged all the channels within a singl

band. and computed solutions- every 10 sec. . 3C196. Once those data were manually flagged and new self-
Figure 3 shows a comparison before and after peeling g\ ation solutions were computed and applied to the, daga

sources. 3C197.1 and 4€46.17 are very we!l SUbtrac_ted'error pattern disappeared. Only after this step was it ptest
whereas 6C B075752t501806 shows an evident res'duaﬁchieveavery high dynamic range

which looks rather elongated in the North-East directiome T

ratio between thems of the residual image around the posi- We note, however, that we expect our data to be confusion

tion of the pee'ed source and the peak of the source |tségg|\vm|ted rather than noise limited in the centre of the fiel@9B

ameasure of the accuracy of the calibration for that sovwee. found a confusion noise 6f3 mJy beam' at 150 MHz and we

found that this ratio is-0.2% for 3C197.1 and 46€46.17 and €Xpect a similar level of noise at the field centre for the 319

~4% for 6C B075752.4501806. data as well. We will return to this point in Section 4 where we
We found that the third source appears slightly extendetlalyse the power spectrum.

therefore modeling it with a point source gives a low cakibra  There are other features which become evident in the data

tion accuracy. The residual is low enough not fi@et the sub- in Figure 4. Fainter sources now start to show their own spiky

sequent analysis and conclusions, however. patterns due to the non-isoplanaticity of the ionospherebe/
After the data were manually flagged as described abqu&/e that the global radial pattern visible across the \whai-

and the three sources were peeldd the selfcalibration solu- age is actually the result of all the ionospheric contritigi
tions were recomputed for each channel and for every 30 $efated to each individual source.

in order to improve the SNR. The sky model was updated by M here | led d he whol
excluding the three peeled sources and the data were further Oreover, t_ ere |fs al mottg pattern'spread °"ef.t € whole
flagged based upon the distribution of the residual visibgias Image, consisting of alternating negative and positivetspo
described above. Cas A and Cyg A were also subtracted fr(-‘me pattern is rather regular and the spots seem to have-a char

the data. The resulting image is shown in Figure 4. 3C196 n%tedrlstl[ch ?%ze of .1;5'30 fa;Lcmln: '[hey also. appear to be eorre
looks better calibrated than in Figure 2. The rms value of t edwi € position or the poInt SOUrCes: every soureese

area around 3C196 where the error pattern was present, Wal%
indeed reduced by a factor eb. B09 found faint difuse Galactic emission in the Fan region

By generating a 20<20° image we found that the observedlown to~10 arcmin scales. If compared with the fluctuations
noise at the edge of field is 0.5 mJy bedniThis gives a dy- observed by B09, this pattern looks much more regular. We
namic range o£150000:1. found that this pattern is generated only by the baselinesitA

We note that the time ranges when the XY and YX corr@B, which were found to be corrupted, probably from broad-
lations were fected by correlated noise influenced the selfcaband faint RFI signals of local origin. In the further anadys
ibration solutions and were responsible for the errors rrdouwe therefore discarded those baselines.

20)

I 420

mJy/Beam

ahoo™ 7hg5™

e surrounded by a positive “pedestal”.
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Fig. 3. From top to bottom: the left column shows a zoomed-in imageirsd 3C197.1, 4G-46.17 and 6C B075752+501806 respectively
which highlights their dierent spiky patterns due to non-isoplanaticity in the ighese. The right column shows the residual images after the
sources have been peeldtl @he images represent an average of the seven spectral dfahés3C196 data.

2.3. Calibration of the NCP field The data were initially flagged to remove time and fre-
guency variable RFI. Afterwards, the bandpass calibratias

transferred from 3C196 and the visibilities were correcftard

tion of the 3C196 field.
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u.L

this point an initial sky model was generated by making a sl
map with only the long baselinefj] > 150. The brightest
source in the field is the radio galaxy 3C061.1 which has
integrated flux of 31.2 Jy at 178 MHz (Laing, Riley & Longair
1983). It has a size of approximately 10 arcmin along its majj
axis and is therefore resolved at our angular resolutioa SKy |
model cannot be represented by point sources only, but hag
be represented by a collection of CLEAN components.

The map made with only long baselines was deconvolv
down to a certain flux threshold by using a Clark CLEAN a
gorithm. The CLEAN components identified in a°12 12°
image served as a model for the next iteration of the selfcj
ibration. We stopped the deconvolution as soon as the figst n
ative CLEAN component was found. The reason for this wi
that negative components might be a consequence of imper
calibration, therefore they cannot be corrected for if thegyin-
cluded in the sky model used for selfcalibration. A sky mod
was created for each spectral window independently. The fi¢f

0.08
0.06
0.04

0.02

does not contain enough flux to selfcalibrate the data per Ed? 5. Stokes! map of the NCP field made by using only the long

gl(\:nldguglgB KHz ghanﬂerll ang everly mh?ec a,s V}Iai do[:;i aselines|(] > 150) and the data from the 139.3 MHz spectral band.
- By averaging all the channels within a single banethe,, 1o ¢ gan components brighter than 110 mJy detected is th

was sificient signal-to-noise ratio to compute solutions everya, ere used as a final sky model for the selfcalibrationebtnd.

10 sec in order to correct for the most rapid fluctuations @ thrhe units are Jy bearhand the conversion factor is 1 mJy bedns
ionosphere. After the data were corrected, they were flagged k.

based on the residual visibilities as described for the C19
data.

The process of creating a sky model, calibrating the d
and flagging was repeated until no data were flagged. Fou
five iterations were typically needed for the process to co
verge. Including CasA and CygdA in the selfcalibration mode
makes no dterence in the solutions, as before. In the NCP da
CasA and CygA have an average peak flux in the 148.1 M
band of~1 Jy and~3.6 Jy respectively.

Figure 5 shows the image made with only the long bas
lines. This image was used to extract the best sky model éor
spectral band at 139.3 MHz.

Figure 6 shows the selfcalibrated image. There are a f{
similarities between the selfcalibrated map of the NCP fie
and the 3C196 image of Figure 2. In the NCP field no di
fuse emission appears to be evident in the map, as for 3C
and there are three sources which have spiky patterns simil
those associated with the bright sources of the 3C196 field.
this case they appear as bright negative values that canpise

to ~40 mJy bear. Fig. 6. Stokesl map of the NCP field made by averaging all the spec-

Comparing with existing catalogues, these sources haug pands after selfcalibration. The units are Jy beaamd the con-
NRAO VLA Sky Survey (NVSS, Condon et al. 1998) sourcegersion factor is 1 mJy beath= 4.4 K.

as their closest counterparts and are not present in anyeof th

3C catalogues. The brightest source after 3C61.458 Jy

and can be associated with an NVSS source located at in 3C196 data. The only fference was that in this case the

1"17m32.8%0, § = 89°2849". The second brightest source isources are fainter, therefore the visibilities were ayedzover

~4.1 Jy and can be associated with an NVSS source locatedlhthe channels in a single band and over 1 min in order to

a = 1"09"17.6%0, 6 = 87°4118". The third brightest source achieve a sflicient SNR.

is ~3.4 Jy and can be associated with an NVSS source locatedThe comparison between the maps before and after source

ata = 6"2205.5%.0, 6 = 87°1949". peeling shows results similar to what was presented in
In order to detect possible faint,filise Galactic emission Section 2.2. We quantified the accuracy of the calibratien to

it is necessary to correct for errors in the direction of éhesvards each source by computing the ratio betweemniitseof

three sources. We computed direction-dependent caliloradi  the residual after the source was subtracted and the peak flux

wards those sources in the same way that we did for the souragsve did for the sources in the 3C196 field. We found that

0.06

0.04

0.02

-0.02

-0.04

-0.06
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Table 3. Summary of RM synthesis cube parameters

0.04

8¢ 3.4 rad m?
003 scale 0.85 rad m?
(I pmaxll 2650 rad m?
0.02 Angular resolution for the 3C196 data 4.3 arcmin
Conversion factor for the 3C196 data 1 mJy beam0.94 K
001 Angular resolution for the NCP data 4.2 arcmin
Conversion factor for the NCP data 1 mJy bedm 1.3 K

-0.01

whereP(4?) is the complex polarized surface brightnas$42)
is a weighting functionF(¢) is the complex polarized surface
brightness per unit of Faraday dep#this the observing wave-
003 length andp is the Faraday depth. The output of the RM syn-
thesis analysis is a cube of polarized maps at selectedsvafue
-0.04 Faraday depth. The Fourier transformwi{1?) gives the RM
spread function (RMSF), which is the resolution in Faraday
depth.
Fig.7. Stokesl map of the NCP field made by averaging all the spec- Taple 3 summarizes the most relevant parameters for the
tral bands after source peeling. The units are Jy béamd the con- polarization analysis. The first three parameters reparted
version factor is 1 mJy bearh= 4.4 K. Table 3 are defined by the relationships (61), (62) and (&3), o
Brentjens & de Bruyn (2005)¢ is the resolution in Faraday

) depth, $5°@€ is the maximum Faraday depth scale to which

0.8% respectively from the brightest source to the fairdast \5),e measurable.

Figure 7 shows the image of the NCP field after the sources |t js worth noting that our observations are only sensitive t
were peeled #. Weak residuals are still visible around thg=araday depths smaller than the RMSF width, so that we are
peeled sources, and around other ones mainly located atdBgsitive only to Faraday thin regions, with an extensidRvh
edge of the field. These residuals are again due to the ioaﬁace of-1 rad nt2 or less.
spheric contribution. By generating a2@(° image we found  Both fields were analysed as follows. As explained in
that the observed noise at the edge of field@s7 mJy beam'.  section 2, we corrected for the on-axis instrumental pdari

In Figure 7 a mottled pattern spread over the whole imaggn, but the WSRT has a strongf@xis instrumental polarized
is also visible. It is similar to the one present in the finalpmaesponse which increases with distance from the centreeof th
of 3C196 but fainter, with a characteristic siz&5-30 arcmin. image and can reach up to 20-30% at the beam ha|f-power ra-
We found that its origin is again due to the corrupted baeslingjus. The @-axis polarization is strongly frequency dependent
7A anq 8B, which were therefore discarded from the followingnd the polarization beam pattern is not well known at these
analysis. frequencies.

The calibration of the XY and YX correlations was per-  Since we are interested in detectingfae polarized emis-
formed similarly to the 3C196 field. The leakages were congion coming from the Galaxy, we want to subtract most of the
puted using 3C196 which was observed for half an hour evesyint sources which are likely to be instrumentally poladz
run. The solutions were applied to the NCP target. The remaiékpecially those ones located at the edge of the primary beam

-0.02

ing unknown dset between Stoked andV was then cali-  Therefore, we constructed a sky model by making Stokes
brated, again using the pulsar PSRJ024832, which was ob- | Q, U andV images for each spectral band by using only
served for~20 min just before the NCP target. the baselines withu] > 150, as we did to determine the sky

model for the selfcalibration. These images were decomeblv
through a CLEAN deconvolution and all the sources down to
50 mJy were identified and removed from the data. CasA and

We applied the RM synthesis technique (Brentjens & de BruﬁVgA were also modeled in all the Stokes parameters for each
2005) to analyse the polarized emission for both the 3c18Bectral band and subtracted from the data.

and the NCP field. Since the frequency setup is the same as the>iNce most of the Galactic polarized emission appears on
observations of the Fan region (B09), we briefly summarig®atial scales greater than a few arcmin, after the insintatiy
here the most relevant points of the RM synthesis analysis. Pelarized sources were removed from the data we applied a

The RM synthesis technique takes advantage of the Fouffdpe" in theuv plane to lower the angular resolution down to
relationship which exists betwe@{12) andF(¢): ~4 arcmin, and made a residual image for each channel.

We computed a histogram distribution of the rms for all
) P 2 the Stokes) channel images and fit it with a Gaussian profile.
P(1%) = W(1%) [ . F(¢) d¢p @) Images which had a Stok€srms value greater than three times

3. Polarization analysis
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Frequency: 199556 MKz 100 shows a few frames of the output from the RM synthesis se-
: i lected in the most relevant range of RM values.
The RM cube shows no polarized emission at Faraday
depths greater thad0 rad nT2. At Faraday depths between
50 -10 rad m? and 10 rad ? the polarized emission is highly
contaminated by the whiskers which are by far the brightest
feature in the cube. Since they cannot be removed from the
data, it is not viable to separate the possible true emission
the sky and the instrumental one.

Since the whiskers are present only in Stokiesowever,
it is possible to perform an RM synthesis with only Stokgs
in order to avoid their #ect. An RM synthesis with Stoke3
0 alone implies that the RM cube will be symmetric with respect
to zero because the information about the sign of the RM is los
Moreover, the noise is increased by a fact@® while the same
amount is lost in the signal if Stok&€andU have statistically
the same power.

The two most prominent frames of the RM cube made with
Fig. 8. StokesU map of one of the channels of the spectral band §[t9kesQ aI'on.e ar'e displayed in Figure 10. Patchﬂud'se po- .
139.3 MHz of the 3C196 data. The“whiskers” are visible abtie |arized emission is observed throughout the whole field and i
centre of the image. The angular resolution here is 4.3 aramd the due to the corrupted baselines 7A and 8B. As before, they were
conversion factor is 1 mJy beafn= 0.94 K. therefore removed from the further analysis. A few instrame

tally polarized point sources are still visible but we ndtatt
there is no residual associated with 3C196 in the map, itdica
ing that the Stoke® parameter could be calibrated down to the
the standard deviation of the Gaussian distribution wese dihermal noise.
carded from the RM synthesis analysis. Approximately 1500 The RM cube determined through Equation 1 still suf-
channelimages were used as input for the RM synthesis.  fors from the sidelobe structure of the RMSF, caused by

For the output RM cube, we selected the RM intervghe incompletei? coverage of our observations. This prob-
[-50,50] rad n72, where the Galactic emission most likely apfem can be alleviated by a deconvolution from the RMSF
pears. In the following sections we describe the polawzatithrough a CLEAN technique, analogous to the traditionaktwo
results for the 3C196 and NCP data separately. dimensional CLEAN of synthesis images. We used a publicly
available codéwhich performs the analogue of the Hogbom
CLEAN of the RM cube. We briefly describe the procedure
here but refer to the more detailed description contained in
In the individual channel maps of Stokéls we have observed Heald, Braun & Edmonds (2009).
instrumental artifacts with a peculiar shape which makenthe The deconvolution is performed in the complex domain by
look like “whiskers”. As can be seen from Figure 8, they looklentifying peaks in the spectrum obtained by cross-catirej
like alternating positive and negative stripes around #gre the complex Stoke§(¢) and U(¢) and the complex RMSF.
of the image. They appear in almost all the individual channgt the location of each peak thus found, another search for a
maps of all the spectral bands with an intensity which riges peak in the polarized intensify(¢) above a certain threshold
to 70-80 mJy beamt. They are not constant over the 12 houis performed. We chose three times the noise for the thresh-
synthesis and they do not repeat themselves at the same paldi-If a peak is found, a shifted and scaled complex versfon o
tion for different frequencies. They appear in StokeandV the RMSF is subtracted from the Stok@6p) andU (¢) at that
but not at all in Stoke® andl. It is worth noting that Figure 8 pixel. The scaled version of the RMSF represents a CLEAN
shows no evident residual emission either frofiudie struc- component. This loop was repeated until no peaks were found.
tures or from point sources. The CLEAN components were then convolved with a

The origin of such an artifact - of clear instrumental origin Gaussian beam of full width at half maximum (FWHM) equal
is still unknown. From the spatial location it seems to be somto the FWHM of the RMSF and added to the residual cubes.
what associated with 3C196; de Bruyn & Brentjens (2005) aléo this way, restored®, Q and U RM cubes were formed.
find “whiskers” associated with bright sources in obseoradi Figure 11 displays the two frames of the restored RM cube
of the Perseus cluster at 350 MHz. They could not identify ttaéready shown in Figure 10.
exact cause of the artifact either. The frames show several patchy polarized structures across

In our case, the fact that these whiskers are variable witte whole field of view. In the North-West corner of the map
time, frequency and position in the image becomes a sevegyeral stripes originating from time-variable RFI arehie
problem for the RM synthesis because these artificial signal
affect many Faraday depth frames of the RM cube. Figure 9 httpy/www.astron.ni~healdsoftware
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3.1. Polarized emission in the 3C196 area
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Fig. 9. Polarized intensity of four frames of the RM cube in the 3Cfi6d: -8 rad m? (top left), -2 rad m? (top right), 0 rad m? (bottom left),
4 rad n2 (bottom right). The sidelobes emanating from 3C196 arerlgl@zsible. The angular resolution here is 4.3 arcmin areldbnversion

factor is 1 mJy beam = 0.94 K.
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The angular resolution here is 4.3 arcmin and the convefaidior is 1 mJy beant = 0.94 K.
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Fig. 11. Polarized intensity of the two brightest frames of the RMeubthe 3C196 field: -3 rad T (left) and 0 rad m? (right). The RM cube
was made with Stoke® alone, without baselines 7A and 8B and was deconvolved frenRIMSF. The angular resolution here is 4.3 arcmin
and the conversion factor is 1 mJy bedns 0.94 K.

The frame at RM= 0 shows a few instrumentally polarized
point sources.

For the power spectrum analysis we made an image of the
total polarized emissioR (Brentjens 2007; B09):

0

P=B1Y (Pi ~op g) @)

i=—7

nation (J2000)

mlJy/Beam

whereop is the noise in polarizatior®; is the polarizatonmap ¢ |
atthe RM value and the sum is over the frames of the RM cube & +se}
which show emission. The fact@ represents the area of the i

i

restoring beam divided by the interval between two frames of : G

the RM cube. - Sl 3 e
Figure 12 displays the integrated polarized intensity. It i : ! w .

weakens moving away from the image centre because of the +=f-* 3 e -

primary beam attenuation, and this indicates that the titec e e s e |,

emission is true emission from the sky. Moreover, the faat th Right Ascension (J2000)

the polarized emission has no clear counterpart in totahint

. d that i . ith Faradav deoth furth hFig. 12. Map of the total polarized emission in the 3C196 area after
sity and that It varies with Faraday depth iurther proves t ﬂtegrating along the Faraday depth. The angular resolutigre is

it is true emission from the sky, probably coming through thez 3rcmin and the conversion factor is 1 mJy beam0.94 K.
Faraday screen mechanism (Wieringa et al. 1993; Gaensler

et al. 2001; Bernardi et al. 2003; Wolleben & Reich 2004;

Schnitzeler 2007). these signals are mainly RFI coming from the telescope obntr
building or the nearby surroundings.
3.2. Polarized emission around the NCP These RFI signals are visible in all the Stokes parameters

but they start to appear in the total intensity maps only when

The detection of polarized emission in the NCP area was hamest of the sources are subtracted. The reason for this igymai
pered by several instrumental problems too. In all the iiddiv their intrinsic weakness, but also the fact that they aréliig
ual channel images we observed broad arc-like features ceawriable with time and frequency and, therefore, theirrisity
tred around the NCP. These features are not persistenttevers$ averaged out over the 12 hour synthesis and over the whole
whole 12 hour synthesis and are highly variable in time agectral band.
frequency. They clearly do not belong to the sky. Since the polarized signals are much fainter than the total

The most plausible explanation for these artifacts is eelatintensity emission, they are the most prominent featuréisan
to the fact that the NCP is the location of a constant geom&tokesQ andU maps.
rical delay: all the signals which show ndffdirence in the ge- In Figure 13 a few examples of the RM cube are shown.
ometrical delay add up at the NCP. In the case of the WSRZ#ry broad arc-like structures are visible at quit&etient RM
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Fig. 13. Polarized intensity of four frames of the RM cube in the NCRifiel2 rad m? (top left), 0 rad m? (top right), 8 rad m? (bottom left),
15 rad n72 (bottom right). The image size is 1% 12°. The angular resolution here is 4.2 arcmin and the convefsictor is 1 mJy beam =

1.3 K.

values with peaks in the polarized emission of 15-20 K. Thk Power spectrum analysis

largest features lie at ~ 7", § ~ 87° and at the North-West

corner of the image, but the whole field of view is crossed B§ cosmological and foreground studiesfdse emission is of-

similar structures at the various Faraday depths. The brighen analysed through its angular power spectrum, whicfsstat

est frame of the RM cube of the 3C196 field+&.5 times tically describes the spatial properties of a radiatiorfiel

fainter than the polarized emission in the NCP area at thesam In order to characterize the power spectrum of tHéude

Faraday depth. emission, we follow here the approach adopted in B09. We
identified all the discrete sources by making sky images with
only the long baselines, as we did to create a sky model. Now

. . . e did not require the CLEAN deconvolution to stop when
From a careful visual inspection of the RM cube, we founﬁe first negative component was found. We identified all the

that part of the o.bserved pqlarlzatlon m!ght be .|ntr|nsmsem ources down to 30 mJy for the 3C196 field and all the sources
sion of the sky, like the emission associated with 3C061.1. :
own to 40 mJy in the NCP area.

is not possible, however, to disentagle the two contrilmstiat
this stage and we can only conclude that the polarized emis- .Thesg sources were subtracted from the visibilities and
sion around the NCP is essentially due to RFI, and that tiee tfgsidual images were created.

emission of the sky is hidden below it. Given this, we will no  Figures 14 and 15 show the 212 12° residual images,
longer consider the polarization in the NCP area in the ramaivhere a large-scale pattern of fluctuations is now visible in
der of the paper. both maps. We note that no errors appear to be associated
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From the primary beam corrected maps the power spectrum
%0 was computed as (Seljak 1997, B09):

Q * Q(Oﬁoiseé’)2 _
2 cX = {E Zl: X()X*(1) - T} b2(¢) (4)

where X indicates either the total intensityor the polarized
intensityP, ¢ = %’ where@ is the angular scale in degre€s,
is the solid angle in radiansl; is the number of Fourier modes
around a certaidi value,X andX* are the Fourier transform of
the image and its complex conjugate respectively,the two
dimensional coordinate in Fourier Spacgsisec iS the noise per
-10 ¢ bin andNy is the number of independent synthesized beams in
the map. The factds?(¢) is the power spectrum of the window
function (Tegmark 1997). Since interferometric imageseep
sent the true sky brightness convolved with the dirty bedmm (t
Fourier transform of the weightad/ coverage), in our case the
factorb?(¢) is the power spectrum of the dirty beam.

The number of modes around a certaivalue depends on
the bin width in Fourier space and has a minimum dictated by
Fig. 14. Stokesl map of the 3C196 field after the sources down tghe width of the field of view of the instrument. The 25 m dish
30 mJy have been subtracted. The conversion factor is 1 nelybe of the WSRT telescope givesin ~ 40, therefore we chose
=3.3K. A¢ = 50 as the bin width for computing the power spectrum as

was done in B09.
Since theuv coverage has become rather non-uniform due
to the discarded baselines, the noise tefgse, may vary as a
001 function of¢. In the next section we characterize the noise from
theuv data rather than deriving it from the image.

Declination (J2000)
mlJy/Beam

8h3o™ 8t15™ 8800™
Right Ascension (JR2000)

%% 4.1. Noise estimate

The rms of the noise at the angular resolution is usually de-

0 termined from the map, in regions at the edge or beyond the
primary beam where no apparent emission from the sky is vis-
ible. Here we want to measure the noise by following another

o005 approach which makes use of the visibility data alone and tha
might also become useful for the future actual observatidns
the redshifted 21 cm line. An analogous approach has been

001 applied by Ali, Bharadwaj & Chengalur (2008) to the GMRT
data.

We split our spectral bands in sub-bands of 100 kHz each.
~~  \We assumed that in each subband the true sky, the ionospheric
Fig. 15. Stokesl map of the NCP field after the sources down teffects and the calibration errors were, to a first approximatio
40 mJy have been subtracted. The units are Jy beand the con- constant. This assumption is quite well justified for theesihl
version factor is 1 mJy bearh= 4.4 K. components: assuming a fiducial spectral index for tiieistk

Galactic foreground g = 2.55 (Rogers & Bowman 2008), the
signal varies by2% in a 100 kHz band. For discrete sources,

, N . . a spectral index = 0.8 causes a variation of less than 0.1% in
with 3C196, indicating that this source was calibrated avd-c _ 150 kHz band. Also the ionosphere is expected not to change
pletely rfemoved from the data. _ significantly in such a small frequency interval.

The inner 8 x 6° quarters of the residual maps were cor-  \ve assumed also that the calibration does not significantly
rected for the WSRT primary beaA{f, ) which was approx- change within such a narrow band. The fact that we achieved

imated as: a very good dynamic range for the 3C196 field supports this
assumption.
A(f.y) = co(0.065f y) 3) For each of the eight 2.5 MHz bands, we formed 22 sub-

bands of 100 kHz by averaging 220 of the 9.8 kHz spectral
wheref is the observing frequency in MHz ands the angular channels (in groups of 10) from the center of the 2.5 MHz band
distance from the pointing centre in degrees. (after discarding 26 channels at the end of the band). The 22
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sub-bands were taken in pairs of adjacent sub-bands to form

11 difference visibilities (for each polarization and time step). s X T R
Under our above assumptions, thededlences should contain I ]
only instrumental noise. We binned the visibility data anel-c =26 » b
ated histograms of their real and imaginary parts. Fig 16 dis  _ 24i ]
plays examples of these distributions for the 3C196 field. = i ]
= > 7
The distributions follow a Gaussian profile fairly well, as 2 22 ;ﬂ?
expected for instrumental random noise, indicating thateh & o0k .
. . a r 1
are no major dierences between two adjacent 100 kHz sub- r ]
bands and that this method can provide an estimate of the.nois 5 '8¢ * ]
The fractional residual between the observed distribuiod “ sk y ]
its best-fit indicates, however, that a Gaussian profile Hiés t 14k ]
distribution reasonably well only up to about two times the s 145 150 155

standard deviation of the distribution itself, whereasialgons Frequency (MHz)

from Gaussianity occur in the wings of the distributions and

they can go up te-40% at three times the standard deviation fig 17. The measured noise per visibility as a function of frequency

the distribution. A similar trend was found by Ali, Bharadwasor the eight spectral bands of the 3C196 data (asteriskb}renbe-

& Chengalur (2008) in GMRT data. haviour of the sky dominated noise as a function of frequesolid
Calibration errors and residual faint RFI can cause such di@e). The sky dominated noise is normalized to the averaggerde-

viations. In future EoR experiments, where the cosmoldgicied from the data (see text for details).

signal is expected to be hidden below the noise level, itig ve

important to characterize the noise properties in a vergildet simulate a noise map which will be used later for estimatireg t

way. However, for the purposes of the present analysis, We wioise power spectrum. The simulation proceeded as follows.

see that the noise measured in the image can be fairly peedict For each visibility of the 3C196 data set we drew a real-

from a Gaussian distribution of the visibility noise. ization of noise taken from a Gaussian distribution withozer
It also interesting to note that the distributions related fmean and a standard deviation of 20.9 Jy. A realization fer th

the 139.3 MHz band are rather broader than those related@al and for the imaginary part of the visibilities was dravwn

the 154.7 MHz band, indicating that the noise is higher dependently. Afterwards, a noise image was generated ébr ea

139.3 MHz. A decrease of noise as a function of frequengpectral band according to the plane weighting scheme used

is expected if the sky brightness contributes significaiatine for imaging the sky brightness: radial weights multipligdd

system noise. If we assume a spectral inglex2.55, we expect Gaussian profile with a standard deviation of 2500 m. Theenois

a~30% change in the Galactic brightness temperature witiflages were then averaged to produce a final noise map. This

our observing bandwidth. map had anms of 0.5 mJy beam" which is the same value
The noise per visibility - i.e per baseline, per time slofPtained from the 3C196 image in Section 2.2. _

per polarization and per channel - was measured as follows. T"€ Same procedure was repeated to estimate the noise and

The standard deviation of the best-fit Gaussian profile of éd€nerate a noise map for the NCP data. We found a behaviour

ery distribution gives the estimate of the noise per basglifimilar to the 3C196 data with an average noise per vigjbilit

per time slot, per polarization per ten channels. We obtain@f 317 Jy. Therms of the simulated noise map was found to

the noise per visibility by taking the average best-fit peoif € 0-78 mJy beam which agrees well with the value reported

the eleven samples of noise in each band and by multiplyifgSection 2.3.

it by V10. We found that the noise per visibility is 22.4 Jy at

139.3 MHz and 14.6 Jy at 154.7 MHz. Converted to brightnegsy Results

temperature, this leads to-®2% diference within our observ- ) ]

ing bandwidth, approximately two times bigger than expdacta—he results of the power spectrum calculation are shqwn in

from a pure sky dominated noise given byga= 2.55 spec- Figure 18 for both fields. The error bar_s associated with the

trum. Figure 17 displays the behaviour of the measured noR@Ver spectrum were computed as (Seljak 1997):

as a function of frequency. 4 00X 2
Athough we observe a general decrease of the noise with = (C}) " {1 + [ - ”;'Sef}} .
frequency, there is a significant frequency dependenttsireic QLAL Cro0)
in the noise behaviour, indicating a more complex couplinghe two terms in the curly brackets account for the statibtic
between the expected sky brightness and the instrumentalgied instrumental noise respectively, where the noise asim
sponse. For instance, the noise excess in the spectral Ban@gmes from the noise simulations presented in Section 4.1.
143.7 and 148.1 MHz is likely to be caused by the presence Figure 18 also reports the estimated power spectrum due to
of strong RFI contamination. A detailed investigation o#sk source confusion. If point sources have a random spatial dis
effects is, however, beyond the purposes of the present worlgibution, their angular power spectrum is expected to be fla
The average noise per visibility weighted by the number ¢fegmark & Efstathiou 1996), therefore it can be modelled as
visibilities within each band is 20.9 Jy. We used this valne fin additional noise term once itsis is known.

()
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Fig. 16. Left: the distribution of the real part of the residual vifittes after diferencing two adjacent 100 kHz-wide subbands for the 3C196
data. The eleven samples of the 139.3 MHz (black lines) anithefl54.7 MHz (blue lines) bands are plotted. Both peaks dorarly
normalized to one. Right: the average distribution of thedweal visibilities for the 139.3 MHz band (solid line) arfietfractional residual

from the best-fitting Gaussian (dashed line).
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Fig. 18. Power spectra of the total intensity 3C196 field (black fille
circles), of the NCP field (blue triangles), of the confusimise (solid d

normalization increased by a factdr= 1.93. Since we cor-
rected for the primary beam, we accounted for this factor too

The angular power spectra of the fields show remarkable
similarities. They have both very similar intensity levelisd
overall behaviour. Two diierent regions can be seen according
to their shapes.

At high ¢ values both spectra show a quite flat behaviour.
The holes in the power spectrum are due to the missirapv-
erage mentioned in Section 2. We note thatuh&acks of the
NCP data are almost circular, while thetracks of the 3C196
field are more elongated due to the lower declination. Tioeeef
the hole in the power spectrum of the 3C196 field at4000 is
partially filled by the ellipticity of the tracks. The flat babiour
of both spectra is in good agreement with the estimated power
spectrum due to unsubtracted sources. We note that a perfect
gareement is not expected because sources were not sedtract
own to the confusion level and because the synthesized beam

red line), of the polarization in the 3C196 area (black askej and S Slightly different for the two fields.

of the instrumental noise for the 3C196 data (dashed blae}.liThe

The exclusion of baselines 7A and 8B creates the gap at

noise power spectrum is determined through the simulatiessribed 400 < £ < 900 and several fluctuations in the power spectrum
in 4.1. The error bars account for both the statistical asdrtstrumen- of the synthesized beam, as can be seen in the power spectrum
tal noise and are atv2and 1 confidence level for the total intensity of the confusion noise d@t< 400.

and the polarization respectively. The noise has beenatbti from
the total intensity power spectra but not from the polai@mapower

spectrum.

At low ¢ values both power spectra show an excess of
power. Apart from the lowest multipole of the NCP power spec-
trum, the excess is significantlyftBrent from the power spec-
trum of the unsubtracted sources at@nfidence level for ev-

B09 estimated the rms confusion noise at 150 MHz to legy multipole. This excess may represent large-scale @niss
T conf ~ 3 MJy beam'. The angular power spectrum due to thérom the Galaxy in both fields.

unsubtracted sources then becomes:

We recall that thems fluctuationsT X s in a map are related
to the angular power spectrum through:

conf — A‘Qo-gonf. (6)
¢ Np b2(¢) « 14 C;‘ b2(¢)
The factorA was derived in BO9 and accounts for the pri--rrrns - NZ: ¢ 2 )
bin

mary beam correction of the WSRT. B09 showed that if a map

of randomly spatially distributed fluctuations is dividegithe whereNyi, is the number of bins used to compute the power
WSRT primary beam shape, the resulting map has an ang@jpectrum. After the contribution due to the confusion neias
power spectrum which remains flat at all angular scalestbutsubtracted, we found the rms of the total intensity flucturadi
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down to~30 arcmin to be 3t + 0.2 K and 55 + 0.3 K for the
3C196 and the NCP field respectively.

We tested the persistence of the excess atdaalues by
computing power spectra of the individual spectral bandk an
cross-power spectra of maps at twéelient spectral windows. s
We found that the excess is present in all the bands and corre-
lates between dlierent bands. g

100

00

We performed an additional test where we looked for syscs— "
tematic errors in dferential images, a technique already used
in the literature (Bebbington 1986). Residual sky imageeeweg ors
created by taking a bandwith efl MHz and subtracting the
best sky model from the visibility data. Images at adjacest f
guencies were subtracted from each other so that the sky emis™"
sion is cancelled out under the assumption of their smogthne
in frequency. Since we are interested in the large angutdesc .-
a taper was applied to the visibilities to lower the imag®hes L m ' m_
tion to ~40 arcmin. The dference images were then averaged * T ieht Aseoncion (12000)
together. Figure 19 shows the result for both fields.

No evident celestial sources are visible in th&atential
map of the 3C196 field, showing that the techniqueffee
tive in removing the sky signal. Some side lobe residual from
Cas A is still partly visible because it was not bright enough
to be peeled and was simply modelled and subtracted from the
data. We found an rms of 0.27 K which is approximately 35%
higher than the noise estimated from the sum of the statisti
cal and instrumental contributions. We conclude that syste
atic errors are still partly present but the excess of power a
large scales remains significant~atOo confidence level after
including the &ect of systematic errors.

mlJy/Beam

-100

mJy/Beam

A similar conclusion holds for the NCP field. In this case
the features due to systematiffexts are more prominent, as
could be expected from the polarization maps. The residual
rms is 0.7 K, which is more than a factor two greater than
the statistical noise, showing that the systematic errcixsdly
dominate the statistical and the instrumental contrilmgidhe
excess at low multipoles is, however, still significant-abo
confidence level.

We therefore conclude that the excesé at300 represents
large-scale emission from the Galaxy in both fields.

Fig.19. Top: differential imaging technique applied to the 3C196

field. The resolution is- 44 arcmin and the conversion factor is 1 Jy
Figure 20 shows the polarization power spectrum on a liBeant'=9.1 K. Bottom: as top but for the NCP field. The resolution is

ear scale for a better comparison with the noise. It is ingodrt ~ 42 arcmin and the conversion factor is 1 Jy bekmo0 K.

to note that the noise term was not subtracted from it.

The polarization power spectrum is more than one order of
magnitude fainter than the total intensity one and also steow4.3. Clustering of radio sources
bump at¢ < 400. In this multipole regime fouf values out
of six are significantly dferent from zero at more tharns3
confidence level. This confirms and quantifies the Iargeescg
Galactic dituse polarization shown in Section 3.1.

So far we have considered the confusion noise term as being
pe to a population of randomly distributed radio sources. |
nown that radio sources show clusterinteets (Di Matteo,
Ciardi & Miniati 2004). We have investigated whether the

At £ > 1000 the polarization power spectrum flattens dowimp at low multipoles can be explained in terms of cluster-
and is consistent with the noise power spectrum withire8n- - ing effects of the radio sources.

fidence level. We conclude that we have no significantdetecti |, order to simulate the feect of clustering on the an-

of Galactic polarization on scales smaller th&l® arcmin. gular power spectrum, we followed the approach described
By integrating the power spectrum down 480 arcmin, in Gonzéalez-Nuevo, Tidolatti & Argiieso (2005). We outline

we found that the rms of the polarization fluctuations.B8% here the steps used to create a simulated map where the point

0.04 K. sources are clustered according to a chosen angular dawnela



G. Bernardi et al.: WSRT observations of Galactic foregdsuat 150 MHz 17

[ 0.0100
140 -

120F

80

C\P (mK)Z
C\
T

60

0.0001

100 1000 100 1000

Fig. 20. Polarization power spectrum in the 3C196 area (black astéiig. 21. Comparison between angular power spectra due to various

isks) and of the instrumental noise (dashed black line). &heon- components: the 3C196 field (filled circles), Poisson disted point

fidence level error bars account for both the statisticalthednstru- sources (red solid line) and clustered point sources (retiethline,

mental noise. The noise has not been subtracted from thezadlan see text for details). The power spectra of the point sounegs the

power spectrum. sameuv cut as the 3C196 data. The error bars arecat@nfidence
level.

function. We refer the reader to their work for a full destiop  ti5y function to be (Bowman, Morales & Hewitt, 2009):
of the method.

We assumed that sources from 15 mJy down tpd0con- W(6) = 10%67%%, 9)
tribute to the confusion noise observed in the data, négtect,, o o0 is measured in degrees.

the low flux tail of the distribution. No deep source counts ar The power spectrum of the correlated density fle{E)cor
available at 150 MHz, therefore we use a holpg S distribu- Sgan be calculated by integrating the correlation function:

tion derived from deep counts at 1.4 GHz (Huynh at el. 200 o
4 P(K)corr = — | W(68)Jo(k#) 6d6 10
mjas| & <\ Qe = 51 [ W0)300) (10)
log| =% :Zai log| —- . .
S= — mJy wherek is the wavenumber and is the zeroth-order Bessel
function.

(8)
wherea, = 0.841,& = 054,& = 0.364,a3 = -0.063, The Fourier transform of the density field can be derived
as = —0.107,a5 = 0.052,a6 = —0.007,N is the source count from the modified power spectrum:

per steradian an8 is the flux density. According to this distri-
bution, ~140000 sources were included in our simulation. Weyy s VPK)corr + P(K)poiss (11)
notice that moderately deep observations down to a few mJy VP(K)poiss

at 325 MHz show similar normalized counts at 10 mJy (OWgfjere 5(k)poiss is the Fourier transform of the density field
et al. 2009), therefore uncertainties in extrapolatingsihierce | vih has a Poisson distribution of the sources B(h0korr i
count_down to Ic_)w_frequenmes appears to be small. From %% Fourier transform of the density field where the powecspe
following ana_ly5|_s I W'” also be cle_ar that th_e overall 808  {rum was modified to account for the spatial correlation ef th
count normalization is not relevant in our estimates beg#us o ..o By inverse Fourier transforming we obtained tine de

|sI absorbehd into the normalization factor that matchesithe Ssity field where the point sources are distributed accorting
ulated to the measured power spectrum. the chosen correlation function:

We populated a 6x 6° map with 2 arcmin resolution ac-
cording to a Poisson distribution of the sources. In this Wagyx).o, = Qf5(k)correi kx dk. (12)
we obtained a flat power spectrum for the density field of the
sources. Instead of distributing the fluxes of the sourcesrde wheres(x)qor is the density field of correlated sources.
ing to the logN log S distribution as done by Gonzalez-Nuevo, We computed the angular power spectrum of the clustered
Toffolatti & Arglieso (2005), we directly normalized the angudensity field and normalized it by the same factor used for the
lar power spectrum of the density field to the angular powPoissonian density field. We generated 100 realization ®f th
spectrum of the confusion noise measured in our data. In thisnsity fields in order to improve the statistics. Figurelives
way we force the simulated map of point sources to match ttiee results of our simulations compared with the angulargrow
observed flux level of the confusion noise. spectrum of the 3C196 field.

The flat power spectrum of the density field can be mod- We can see that the angular power spectra of the simulated
ified according to a chosen angular correlation functigé)), maps show the expected behaviour: they overlap at Higit-
whered is the angular scale. We assumed the angular corral@s and the angular power spectrum of the clustered sources
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increases at large angular scales. For 300 the dfference errors, but also excludes the possibility that they can aeto

between the clustered and the Poisson distributed pointsouor the whole excess.

angular power spectra+€20%, which is not enough to explain ~ We concluded that this excess is due to large scale fluctua-

the bump in the 3C196 angular power spectrum (and neithettions of the dffuse Galactic emission.

the NCP field, where the bump is even greater). We conclude The polarization data were analysed through RM synthe-

that the &ect of source clustering, if present, is noffitient sis. In the NCP area, the polarization was found to be highly

to explain the observed excess at large angular scales. contaminated by RFI signals which appear to originate at the
NCP. These interferences are highly variable with time; fre
guency and spatial location in the map and contaminate the RM

5. Discussion and conclusions synthesis cube in the regior20 < RM < 20 rad m? where

the emission from the Galaxy is likely to appear. They reach

taaBrightness of a few kelvins and jeopardize the Galactic po-

Sarization. This is therefore the only upper limit that clle

placed on Galactic polarization.

The polarization in the 3C196 field &ared from instru-

ntal errors too. The Stokésimages could not be used due

) _ . to the presence of artifacts which look like “whiskers” in al

Data of both fields were carefully calibrated, and brighf,q frequency channels. They are variable with time andaipat

sources within the field of view were subtracted with theinowj, oo in the maps, generating contamination in the frame

direction-dependent calibration in order to achieve high-s 4t the RM cube which are interesting for detection of Gatacti

sitivity images. The final map of the 3C196 field reached Bblarization. We performed an RM synthesis analysis of the p

thermal noise 0-0.5 mJy beam' at an angular resolution of | ization in the 3C196 field by using the Stok@arameter
~2 arcmin with a dynamic range ef150000:1. The final map 4/5ne.

of the NCP field reached a thermal noise-@.7 mJy bear The RM synthesis cube showed patchy polarization in the
at approximately the same angular resolution. Both imag®s &yn1 frames—3 < RM < O rad mr2: remember that the RM

however, limited by confusion ”9‘59 toyvarFis the centre ef tr('Eube with Stoke$) alone is symmetric around zero, therefore
f'?'d' We found that the C,O”fUS'O” n0|§e4»§ mJy bear, it has no information on the sign of the rotation measures Thi
similar to the value found in the Fan region. diffuse emission did not have a counterpart in total intensity

A differential method was used to estimate the instrumefyq this suggests that it originates through the Faradagscr
tal noise from the visibilities in order to derive a more a@té echanism.
power spectrum of the noise. The method gave results in good The polarized power spectrum is consistent with the mea-
agreement with the traditional noise estimates perfornted g,req instrumental noise fér> 1000 indicating no evidence
maps and could be an important way of estimating the instig¢ yolarized emission on arcminute scales. It shows a bump at
mental noise in actual EoR observations. angular scales greater than 30 arcmin where iviBove the

The angular power spectrum analysis was conducted on ffitise in all the power spectrum bins. The rms of polarization
residual images after the best sky models were subtracteld. By ctuations at 30 arcmin scales i$8+ 0.04 K.
fields showed similar power spectrum behaviour in terms of This result improves the upper limit of 1 K given by Pen et
both shape and magnitude. On the most relevant scales forgh€2008) on the polarized sky and represents the first tietec
EoR detection ¥ < 10 arcmin — the power spectrum agreegf diffuse polarization at 150 MHz outside the Galactic plane.
with the contribution due to confusion noise in both fields. These results can be Compared with those obtained in the
There is no evidence of fluse Galactic emission on thosq:an region in order to give a more g|0ba| picture of the fore-
scales. ground properties at various Galactic latitudes. The Faa da

On angular scale8 > 10 arcmin our data showed syscover a region just above the Galactic plane whereas the@C19
tematic errors which limited the detection offdise emission. and NCP fields are locatedlat 30°.

After removing the corrupted baselines, the power spectnum  The picture emerging from these three fields is that the dif-
both fields showed an excesslat 400, corresponding to an-fuse Galactic foreground lacks small-scale structure &sig-
gular scale® > 30 arcmin. In each power spectrum bin, thigal is below the confusion noise at an angular resolution of
excess is @ above the confusion noise even after considering arcmin. This conclusion is supported by all three data sets
the clustering ffect of point sources. The rms of the Galactigligher resolution observations are needed to identify ad s
signal at~30 arcminis 34+0.2 K and 55+0.3 K for the 3C196 tract the discrete sources and, therefore, reveal the Basag-

and the NCP field respectively. nal.

We tested the persistence of this signal ifietential maps Less firm conclusions can be drawn about the Galactic fore-
where the sky signal was subtracted out. By subtracting adjgound on intermediate and large angular scales. Galat4t t
cent images made with 1 MHz bandwidth, the sky signal wagtensity structure at angular scales greater than 10 areas
filtered out of the data, allowing arffective investigation of visible at low Galactic latitude but not at intermediatétiates,
residual systematidiects. We found the rms of theftrential where the data werdfacted by systematic errors.
imagesto be 0.27 Kand 0.7 K for the 3C196 and the NCP fields If we limit ourselves to the largest angular scales, we ob-
respectively. This indicates the presence of residuaéayastic serve that the emission drops by a factor 1.7-2.7 if we move

We have presented results from observations carried ou
150 MHz with the WSRT of two dferent regions at moderat
Galactic latitudes, with the aim of studying the foregrosifat

EoR observations. These data represent the first investigat
in sky areas where EoR observations could actually be di”i%e
out.
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from the Galactic plane tb ~ 30°. We could not observe any
power-law behaviour in the power spectrum of the Galacgje si 10°
nal atb ~ 3C°, but if we assume the power-law ind,e;x: -2.2
found in the Fan region we can extrapolate this signal to the
5 arcmin scales relevant for the EoR detection.

We find that the level of contamination at 5 arcmin in the
3C196 area could b6T = /{(6+1)C)/2nr ~ 22 K. It s,
however, more appropriate to take into account the fullghre
dimensional nature of the EoR signal in its power spectrum.

We computed the three-dimensional power spectrum of =
foregrounds from the maps at each individual frequency made 1o’
after the best sky model is subtracted in order to compare it

10*

10°

K* P/(2 7%)]% (mK)

with the theoretical expectations. We adopted the follgwin el
convention: ot K (b Mpe)
Vv
Pk = — k)C*(k
K N Zklc( )C' (k) (13) Fig.22. Comparison between power spectra due to various compo-

o . . . nents: observed foregrounds in the 3C196 field (solid lisi@)ulated

wherek is inverse of the comoving distance measured in Uniigryse foregrounds (dashed line, see text for details) and aididu
of hMpc™, V is the volumeNy is the number of Fourier modesgoR signal (dot-dashed line). The grey area accounts fertaio-
around a certaik value,C andC* are the 3D Fourier transformties of the spatial distribution of the synchrotron emisgjsee text for
of the observed cube and its complex conjugate respectivedyails).
andk is the three dimensional coordinate in Fourier space.

Figure 22 shows the comparison between the three dimen-
sional power spectrum of the 3C196 field, a fiducial EOR modeRlactic emission on 5 arcmin scales, and that adequate-obse
and the synchrotron fluse foregrounds alone. We plotted th¥ational strategies or data analysis procedures have teuss-d
square root of the power spectrum which directly gives an iaped to face this problem.
dication of the magnitude of the various components atkhat Our data also better characterize thiutie polarization in
scale. the Galactic halo. We found that the polarization deteateté

The power spectrum of the cosmological signal is obtain@€196 field drops by a facter6 if compared to the Fan area.
from the simulations used in Harker et al. (2009a) which wele particular we do not see evidence of Galactic polarizatio
extended to a box of 200! Mpc (comoving). on arcmin scales where the EoR signal is expected to peak. Iti

The synchrotron diuse foreground component alone waglso important to note that the polarized signal at inteliated
obtained by simulating a data cube with the same obser{alactic latitude is less structured than in the proximitjhe
tional specifications as the WSRT data. The frequency agpi@ne. The signal appears only at a few Faraday depths, at low
contains eight bands separated by 2.5 MHz. Its statisticgd-p values of rotation measure. This is a relevant issue for EoR
erties were obtained from a Gaussian field with random phagéservations, because small RM values generate fluctsation
and a power-law distribution WiT,B'Z = —2.2 for the amplitude. on greater frequency scales and are less likely to mimic tife E
The angular power spectrum was normalized to the obsenggnal in the presence of imperfect calibration. We camet
angular power spectrum of the 3C196 field fox 400. The the magnitude of thisféect considering the results from the
frequency dependence of the synchrotron component was 3#s196 field.
sumed to bg8 = 2.55 and the spatial variation of the spectral Future low frequency arrays will have a high degree of in-
index was accounted for by a Gaussian distribution with-stastrumental polarization which could be 20-30%. We assume
dard deviationAg = 0.1. If the spatial slope of the angularthat, with an accurate beam model, this percentage could de-
power spectrum changes, a change in the slope of the threecti#ase to an average of 5% over the whole field of view. If we
mensional power spectrum is expected as well. The grey agdgo assume that the polarized signal [Rid| = 3 rad n12,
in Figure 22 indicates the area over which the power spectruvhich is the highest value observed in the 3C196 field, the
changes if a slope2 < B, < -3 is assumed. leaking signal will generate rms fluctuations of approxiehat

For modesk > 0.1 h Mpc™?, point sources essentiallyl4 mK over a bandwidth of 4 MHz, where a coherent EoR
drive the three dimensional power spectrum. At higkenl- signal is expected (Morales & Hewitt 2004). Since the cosmo-
ues the power spectrum of the unresolved sources is 1-2sordegical signal is expected to be6—10 mK as a function of fre-
of magnitude higher than the power spectrum due ftusié quency (Mellema et al. 2006) such a contamination would pose
foregrounds only. very serious problems in extracting the EoR signal. Sinee th

The power spectrum of the synchrotroiffdse foreground contaminationis a linear function of the polarization lagé, if
is approximately two orders of magnitude greater than a fidiis could be reduced to 1% the contamination would become
cial EoR signal for modek > 0.1 h Mpc™ and is not heavily approximately a factor of two lower than the EoR signal.
affected by changes in the spatial or spectral slope. In regard This scenario could be improved by taking a smaller band-
to the observations of the cosmological 21 cm line, we comddth, because the Stoké&3 andU parameters would rotate
clude that point sources are a more serious contaminatém tkess, but this would be paid for by a decrease of the SNR.
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A more dfective way of mitigating this problem is to ex-Heald G., Braun R. & Edmonds R., 2009, A&A accepted,
clude the low Fourier modes where most of the Galactic powerastro-ph0905.3995
appears, i.e¢ < 400. In this case, the polarization rms apHuynh M.T., Jackson C., Norris R.P. & Prandoni I., 2005, AJ,
proaches the instrumental noise with an rms-6f37 K. The 130, 1373
residual rms fluctuations would b&.6 mK by assuming a 5% lliev I.T., Mellema G., Pen U. et al. 2008, MNRAS, 348, 863
calibration accuracy and1.5 mK if the leakage calibration is Intema H.T., van der Tol S., Cotton W.D et al., 2009, A&A,
1%. 501, 1185

This represents only a preliminary analysis of the probleddpmatsu E., Dunkley J., Nolta M.R. et al. 2009, ApJS, 180,
but one which is, for the first time, supported by real data. 330
Further investigations of Galactic polarization in sedecar- Laing R.A. & Peacock J.A., 1980, MNRAS, 190, 903
eas of the Galactic halo are necessary to improve the gtatistaing R.A., Riley J.M. & Longair M.S., 1983, MNRAS, 204,
of our results, and furtheffirts have to be invested in the cal- 151
ibration of Galactic polarization and in the removal offdse Liu A., Tegmark M. & Zaldarriaga M., 2009a, MNRAS, 394,
emission through RM synthesis. Regarding the observatibns 1575
the cosmological 21 cm line, however, Galactic polarizagip- Liu A., Tegmark M., Bowman J.D., Hewitt J.N. & Zaldarriaga
pears less severe than expected from the extrapolatiogleéhi M., 2009b, arXiv:0903.4890
frequency data. McQuinn M., Zahn O., Zaldarriaga M. et al., 2006, ApJ, 653,
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