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Abstract A new polarization survey of the northern sky a#1 GHz is presented. The observations were carried out using
the 256 m telescope at the Dominion Radio Astrophysical Obseryato Canada, with an angular resolution of 3Ghe
data are corrected for ground radiation to obtain Stdkeend Q maps on a well-established intensity scale tied to absolute
determinations of zero levels, containing emission stmgst of large angular extent, with an rms noise of 12 mK. Surve
observations were carried out by drift scanning the sky betw-29 and +90° declination. The fully sampled drift scans,
observed in steps of.25° to ~ 2.5° in declination, result in a northern sky coverage of744 of full Nyquist sampling. The
survey surpasses by a factor of 200 the coverage, and bya fach the sensitivity, of the Leid¢Dbwingeloo polarization
survey [(Spoelstria 1972) that was until now the most compdege-scale survey. The temperature scale is tied to firdsBerg
scale. Absolute zero-temperature levels are taken fronLéigenfDwingeloo survey after rescaling those data by the fac-
tor of 0.94 . The paper describes the observations, data processidg;alibration steps. The data are publicly available at
http//www.mpifr-nonn.mpg.d&liv/kont/26msurvey or httgwww.drao.nrc.c&6msurvey.
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% 1. Introduction were extended to higher frequencies, first to 610 MHz by

by , , o , IMuller et al. [19683), later to 620 MHz by Mathewson et al.
~ The detection of linear polarization in the Galactic rad|&966) and to 1407 MHz Bv Binaham (1‘)66)

= emission|(Westerhout etlal. 1962; Wielebinski et al. 19623 w

>Sthe final proof that low-frequency radio emission is gen- A major step forward in this field was the multifrequency

(C erated in Galactic magnetic fields by the synchrotron prB1apping of the northern sky by Brouw & Spoelstia (1976).
cess. Subsequent surveys (e.g. Berkhuiisen & Brouw|1984aps at 5 frequencies between 408 MHz and 1411 MHz were
Wielehinski & Shakeshaft 1954) established the distriouti Presented. The absolute calibration of the survey waseetat
of the polarized emission across the northern sky. The m#i¢ earlier observations bf Westerhout etial. (1962) witbra c
prominent region of polarized emission, about 40 extent, rection of the polarization definition proposedihy Berkkei
was found in the direction df= 140> andb = 9° with no ap- (1975). However, at the highest frequency of 1411 MHz the
parent corresponding counterpart in total intensity. Thetls-  Sampling was not complete. The vectors were shown mostly
ern sky was surveyed by Mathewson et bl (1965). These @2 2 grid corresponding to the 408 MHz survey resolution.
servations with the Parkes telescope were made with a smalle A major advance in polarization studies of the Galactic
beam (48 but the efective sampling was on a gyrid. All  emission has been made through observations at higheraangul
the early surveys were made at the frequency of 408 Mirgsolution. The Helsberg Medium Latitude Survey (EMLS)
with rather low angular resolution;2n Dwingeloo and %5°  at 14 GHz [Uyaniker et 4l. 1998, 1999; Reich ellal. 2004) has
in Cambridge. Over the following years polarization sus/eyan angular resolution of .&. The Canadian Galactic Plane

Send offprint requests to: M. Wolleben (maik.wolleben@nrc- Survey (CGPS{_Gray etlal. 19938, 19909; Taylloret al._2003;
cnre.ge.ca) Uyaniker et all 2003), and the Southern Galactic Plane $urve

* Present address: National Research Council of Canada, HerzbetgSGPSLGaensler etlal. 2001) have angular resolution of orde
Institute of Astrophysics, Dominion Radio Astrophysicaig@rvatory, 1, also at 14 GHz. Valuable at these surveys are, all miss in-
Box 248, Penticton, B.C., Canada V2A 6J9 formation on the broadest structures. The CGPS and SGPS are
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interferometer surveys, and complementary informatiothen HORN
broadest structure must be obtained with single-antenna po
larimetry; the CGPS undersamples structure larger thén 45
and the SGPS structure larger tharh. 3he EMLS is observed X Y | POLARIZER
employed supprosees suuctures larger han abomiaent. | [ DRecTional
: | COUPLER ;
Total intensity in the EMLS is restored to the correct zero | FRONT

level by extracting spatially filtered data from the Stocleeir- 3 . END
vey! (Reichl1982| Reich & Reich 1986). The same technique HYBRID ‘
cannot be used for polarization data because the only avail-
able dataset with an absolute zero level, the Leidaingeloo CIRCULATOR
polarization survey (LDPS hereafter; Spoelstra 1972)eiy v < o LNA
sparsely sampled. There is a pressing need for fully sampled m m RF FILTER
polarization data at.4 GHz to complement the recent high- Z z
resolution mapping. % % ATTENUATOR

A further motivation that deserves mention is the cur- AMPLIFIER
rent interest in Galactic foregrounds to observations ef th ATTENUATOR
Cosmic Microwave Background (elg. Baccigalupi et al. 2001;
Burigana & La Porfal_2002). Here it should be noted that MIXER
Faraday ffects, which play a minor role at frequencies of ATTENUATOR
30 GHz and higher, are believed tfiexct most of the polarized | IF AMPLIFIER :
emission at ¥4 GHz. Observed polarized intensities are there- .=/ | ==
fore not easily extrapolated to higher frequencies by adgpt
a spectral index. IF BANDPASS

Such an absolutely calibrated survey was proposed by — -----pooooeeeeee ey
Reich & Wielebinski (2000) and carried out at the Dominion | |
Radio Astrophysical Observatory (DRAO) in Penticton, . POLARIMETER
Canada, during two observing runs (Ph.D. thesis: Wolleben ‘
2005). In this paper we give the polarization data, abshlute
calibrated relative to the Dwingeloo scale and attachethéo t FRONT-END
Effelsberg main-beam temperature scale. This northern sky CONTROL
survey will ultimately be combined with a southern sky po- o
larization survey at the same frequency now completed by to ANTENNA

7N

Testori et al.|(2004).

POLARIMETER

2. Receiving system CONTROL
DATA
The new polarization survey was carried out using thé 2% {}
telescope at DRAO. The accuracy of the antenna surface makes pC
observations at frequencies from about 400 MHz to about UDATA
8.4 GHz possible. At ¥ GHz the apertureficiency is 55% COORDINATES PC
(10 JyK). In the configuration used for this survey the tele- pc [ <

scope is equipped with an uncooled L-band receiver opgratin
in the frequency range from.3 GHz to 17 GHz. The tele- Figurel. Block diagram of the # GHz receiver and contin-
scope has an equatorial mount with the receiver placed atiitim backend of the DRAO 25.6-m telescope used for this sur-
primary focus on three support-struts. The pointing acgui® vey. The polarimeter consists of two analog multipliersra-i

< 1’ (Kneel1997). Various telescope parameters quoted in thigted by cross symbols.

paper were carefully determined lby Higgs & Tapping (2000).

2.1. Front-end

. I - . , of an Hfelsberg design_ (Wohlleben ef al. 1872) followed by
The L-band receiver in its original de§|gn. consists of & piece of circular waveguide and a circular-to-squarestran
corrugated-flange feed (scalar feed), which is a scaled cqpy, A dual polarization coupler (polarizer) splits thetia

1A fully sampled total intensity survey of the north-INPUt signals into its linear (X, Y) polarization compongnt
em sky at ¥2 GHz with angular resolution of 35and Ex = a1€“'andE, = aé@*), with real amplitudes, anday,
about 15 mK rms-noise. Access to the data is possible vi&e phase dierences between the two components, antthe
httpy/www.mpitr-bonn.mpg.dsurvey.html product of circular frequency and time.
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Cross-correlation of linear polarization components do&s3. System set-up

not yield full measures for the polarization state of a ligea Adjustment of the relative gain and phase of the two linear

polarized incoming wave. Therefore, a quadrature hybrie Wﬁands of polarization ahead of the quadrature hybrid is nec-

incorporated to transform linear into circular (R, L) patar : . : :

. . . : essary. This can be seen by introducing the complex gains
tion components, prior to correlation. The hybrid was pthce ™ G.6% anda. = Gud® with the power 0ains. andG
between the feed and the low-noise amplifiers (LNA). This ef? d_thex hase rays%atél:t VK' psvc\: thgt tlhe ﬁ brid C;“t-
sures that gain and phase fluctuations of the amplifier ch?tiﬂts reag' ! = Ex T &y ybridou
affect only circular hands of polarization, which allows morB '

accurate measurement and calibration of StakesdQ. The E = % (al Gy é@+e) 4 g, Gyei(a)tJrey—n/Z)

?huet?:vtj i(r)1f suc.h a quadrature hybrid are phase-shifted sﬂmslg _ % (a1 G dtrem2) 4 5 Gyei(“’”w)).
puts:

(3)

The dfect of mismatches becomes visible in the cross-

E = 0.5(aye + aeet+-)) " products:
E = 0.5(a1ei(wt—g) +a2ei(wt+6))’ RL o a3GxGy Sin 2p COSAey 4
LR o a3 (G2 - G2+ (G2 + GZ)cos 2p). )
with the correlation of both yielding: Hence, phase and gain mismatches of the linear polarization
components ahead of the hybrid result in non-circular reseo
RL = Re &E}) = Layar = %gsin 2 A similar calculation shows that such mismatches in theueirc
—, StokegU @) lar hands of polarization, behind the hybrid, do nfieet the
_ EXY_ L(a2_a2) - & sensitivity and are corrected by calibration.
LR = ReE.sE') =3 (a1 az) = cosd The complete receiving system used for the survey obser-

— StokesQ, vations is shown in Fidl]1. The polarizer is followed by direc

tional couplers through which a calibration signal is inget
in case of initially linearly polarized waves, for which the- jnto the X- and Y-lines. These two lines are cross-coupled by
ative phase dierences i$ = 0° and the two components arehe hybrid. Circulators prevent backscattering and reduee
a1 = aCosp anda; = asing with the polarization angle strumental polarization. The R and L hands of polarizatien a
¢ and the amplitudep of the initial wave. Here, RL is the real amplified by two LNAE, one for each hand. The signals are
part of the product of the two hands of polarization with tte s subsequently filtered, attenuated, and amplified. The IEfis ¢
indicating complex conjugate. LR is obtained by phaseisigift tred at 150 MHz. The band-limited IF signals are fed into the
R by 90, which is done within the polarimeter. For an equatgyolarimeter backend, which performs square-law deteetizh
rially mounted telescope, like the DRAO 26-m, the paraltactphase-shifted multiplication of the individual R and L sigm
angle of the feed does not change unless the feed is rotate@ four polarimeter outputs are read by the data acquisitio
with respect to the telescope. For this survey the angleef faC holding an interface card.
feed relative to the telescope was fixed at an arbitrary angle The calibration signal is generated by a noise scurtee
and the cross-correlation products required rotation bgra ¢ period and duration of “cal’-signal injection isftérent for the
stant angle to be transformed intband Q in the equatorial first and second observing run of this survey. For data obthin
co-ordinate system. during the first run the cal was injected every 24 s for a dorati
of 400 ms. For the second run the intensity was reduced and the
period and duration were changed to 4 s, and 4 s, respectively
Also some cables were replaced, which changed the relative
The IF-polarimeter is an analog two-channel multipliewits Phase between the two polarization components of the cal and
brought from the Max-Planck-Institut fur Radioastronerin  tuS its polarization angle. _ _
Bonn and is of the type used on théfésberg 100-m tele-  1he system temperaturgyq of the receiver without sky
scope for narrow band polarimetry auiGHz and 27 GHz €mission was measur_ed from ground radlatlo_n profiles and
(Reich et al 1984). It operates at an IF of 150 MHz and gimounts to 125 10 K in total power at the zenith. The fol-
lows a maximum bandwidth of 80 MHz, of which 12 MHz ardOWing main contributors td's,s are: 1) thermal noise of the
used here. The polarimeter provides four output channets: t-NAS contributes~ 35 K; 2) the hybrid and additional coax
total power channels (RR, LL), and two cross-products (RE@PIes have aloss of aboud8 dB and raisdsysby ~ 30 K; 3)
LR). To handle quadratic terms and D@sets caused by thethe circulators ha_lve an insertion loss 029 dB _and thus add _
analog multipliers andfecting the two cross-products, an in=> 17 K; 4) the directional couplers have an insertion loss in
ternal phase shifter is switched with a period of 4 s betweH}fir main line of 02 dB which adds 15 K; and 5) additional
zero and 180 Phase shifting one of the two hands of polariza-> K allow for ground radiation, atmosphere, and other noise
tion (eitherE, or E)) inverts the sign of the correlation product§OUrces.
but not of the quadratic error term. Hence, correct prodai®s 2 Berkshire L-1.4-45HR with quoted gains of 5B, and 516 dB,
given by the diference of the output levels at the two phasegsspectively
RL = RL180—- RLg and LR= LR1g9 - LRg. 3 NoisgCom Inc Model NC3101E

2.2. Polarimeter
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ob

Telescope coordinates -119 372

+49 19.2
Antenna diameter 26m
HPBW (dfective) 36
Aperture dficiency 55%
Bandwidth (November 2002) 12 MHz (10 MHz)
Pointing accuracy sl
Intermediate frequency 150 MHz
System temperature 12510 K
Gain variations in 30 days < 4%
Phase tracking across band ~ 5°

4

2.4. Software

Software for data acquisition, reduction, and calibraticas
written in glish, a programming language that is part of
the AIPS++ environment (e.gL_Willls 2002; McMullin et al.
2004). We utilized two PCs for the backend control and data
acquisition, and an additional IBM 520 computer for antenna
control and scheduling of observations. The data acquiisiti
PC was equipped with an interface chaérrying four coun-
ters that read out signal levels at the polarimeter outpesli
The integration time for a single integration was 40 ms. On
the data storage PC several data streams carrying packed int
grations, information about the current telescope stattisial
observations, telescope position, local sidereal timd{l.&nd ‘

wind speed are merged on arrival and stored onto disk.

Table 1. Receiver and antenna specifications.

Observations were made in two sessions, from November 2002
through May 2003 (first run) and from June 2004 through
March 2005 (second run). The central frequency was set to
1.41 GHz, avoiding the Galactic Hemission. Observations

3. Observing strategy ‘
covered the declination range0° to —29°. The location of

drift scans is shown in Fidd2. To minimize the influence of
varying ground radiation, all observations were made d&$ dri ‘

scans with the telescope stationary on the meridian. Duéfhs ) E— —
were scheduled as subscans starting every 60 min, with 57 min & E
length each, to allow position control of the antenna betwee (0002r) worPuIPaq

Isuf:)sca?ts 'I('jhzobiervanonls wetre carried out dwc;thftthe t'EpesféFlgureZ Coverage of the sky observable from DRAO with sur-
Ei unatien 550 w eredas eleva |on”scags flm it sc abveydnftscans (black lines). Total coverage of the reglooven
clinations> were done manually. Declinations were o is 417% of full Nyquist (05 x HPBW) sampling. This figure

servedin radndom ordderfo rezdt:Jce sistfemafecEs Drlffttscans is also available from the web-page (see §kc. 6) and the exact
were started (stopped) 1 to 2 hours before sunset (afteS8nr o ;jinations of the drift scans can be taken from that. Tipsga

Each drift scan was fully sampled according to the Nyquist Capparent at some declinations and right ascension inteaval

terion (@5 x HPBW). Over the declination rang&9" 10 90,0 45 the incomplete coverage and a randomized observing
we achieved 47% of full Nyquist sampling in the telescope, strategy.

time allocated for this survey.

T T T T T T T T T T T T T T
20" 16" 12"
Right Ascension (J2000)

—30°

3.1. NCP observations ative to the stationary telescope can be measured at that poi
A calibrated 15 day observation of the NCP is displayed in
iqurel3. Based on this scan the polarized intensity of thE NC
0 mK, which is, within the errors, in agreement with the
temperature of 60 mK at.4 GHz derived by the LDPS. The
4 National Instruments: NI 6601 polarization angle is-37° in RA-DEC coordinates.

The circularity of the system response to polarized emissi
was checked using measurements of the Northern Celest|
Pole (NCP), because the rotation of the polarization arejle (>
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Figure3. A 1.5 day observation of the NCP, obtained on May 14th through L&, 2003. Shown are measurements made at
daytime (20 h - 11 h LST) and by night. The solid line shows & siave fitted to the data, taking a linear baseline into accoun
These data were calibrated in the following way: the eledtrgain was corrected using the noise source (E€ctl 4.8dl)ree
Mueller matrix (Sec{Z4.313) was applied.

3.2. Ground radiation effects is observed as variations of the baselevdisgts). Numerical
calculations show that the far sidelobes are polarized bpup
At centimeter wavelengths rough and dry ground behaves likgo, [Ng et al[ 2005). Therefore, ground radiation may cause
a black body of approximately 250 Kifective temperature ofsets in the cross-products as well as in total power, with am-
(Anderson et al. 1991). If the surface is smooth compared pRtudes of several hundreds of mK. On the basis of the mea-
the observing wavelength it also reflects emission fromiiye ssyrements made for this survey it is impossible to judge how

Moreover, ground radiationffsets in the data can be expecteghuch the ground radiation itself is polarized, or whether th
to be time variable. Seasonal as well as day-night variatio|evant sidelobes are polarized.

of the ambient temperaturd {,;) lead to fluctuations in the
system temperature. In addition, the level of ground-réftc _ _ _
signals picked up by the sidelobes depend on LST while drfft Data processing and calibration

scanning the sky. In the following we summarize the data processing steps ap-
In the following we estimate the amplitude of the summegpiied to the raw data. A flow chart of the reduction chain is

winter variation of the ground radiatiorffeets in total inten- displayed in Figl4. Here, we neglect the total power data, (RR

sity. If the antenna is pointed at an elevation~of20°, half | |), which are only used for the correction of main beam in-

of its sidelobes receive radiation from the ground while thgrumental polarization during data reduction and are not i

other half and the main lobe see the atmosphere. With the fgnhded to be published.

diative dficiencyng = 0.995, the stray factof = 0.26 (the

fraction of the antenna solid angle contributed by respsnse

outside the main beam), and the spillovéiigency nep, = +1- General overall strategy

0.95 (Higgs & Tapping 2000), the sidelobe contribution to theg, the absolute calibration of the StokésndQ data the fol-
ground dfsets in total power igr3(Tamb+ Tam)/2 and the con- |ging calibration scheme was applied. The LDPS.4tGHz
tribution of spillover noise igjr(1 — 7sp))(Tamb + Tam)/2. FOr  provided 1666 absolutely calibrated pointings observethno
the vertical telescope~(90° elevation) these are (DTamb+  of 0° declination. We used a digitized version of these data,
0.9 Tam)nrB, and nr(1 — nspo) Tamy @ssuming that the backyingly provided by T. Spoelstra, as reference values fodthe
lobes contribute 10% to the total signal received through thermination of the system parameters of our instrumentlaad t
sidelobes. Withlam = 2 K (Gibbins 1986) andams = 250 K getermination of zero levels id and Q. While surveying the
and 240 K during summer and winter, respectively, the seaisogky, 946 of these pointings (referred to as congruent pegstif
variation of the ground radiation in total power i$ K for the  their centers match within a radius of’) @ere observed in the
horizontal, and @ K for the vertical telescope. course of the drift scans and used for the calibration. swtzy
Ground radiation is received through the side and baule dfectively corrected our observations north &déclination
lobes of the antenna and raises the system temperaturd) wifiic ground radiation. For the extrapolation of the zero lebe-
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ELV-scans
SKY | CAL

Drift Scans 4.3. Calibration and gridding

SKY | CAL
The following steps perform a calibration of both the refati

laggi . . .
Flecane intensity scale and the absolutgsets in Stokes) andQ.

EEREREIN Flagging ERREREEN
Extract: Extract:
amplitude/phase amplitude/phase
Gain/phase o Gain/phase \e------ -
correction correction  j-------- Y

4.3.1. Correction for electronic gain

. The calibration noise source provides a constant polasiged
seemrrTT } ”””” { pre-matrix nal whose actual intensity and angle are extracted from the
Pre-malrix 3, raw data by separating the amplitudes in the auto- and cross-
products from sky emission. Any change otfbr PA. is
- owineeoo|  interpreted as due to gain or phase fluctuations within the re
. @j ceiver. The strength of the cal is estimated tgBk,) = 36 K
and(PA.a) = 71° during the first observing run, ar@lc,) =
1 K and{PA.a) = —50° during the second run, where the angle

Interpolation =~~~ - is given with respect to the NCP, measured from north through

Cpmm EditingD<—< Z’C';‘jr‘e"gg‘(‘jnix} ,,,,, The raw data are corrected for electronic gain by referring
the recorded intensities of the four channels to the caleslu
Figure4. The data reduction chain as explained in the text. ,
9 P RR = RR/(RRca)

LL" = LL/{LLcap

o . RL' = (RLCOS 2PA) - LRSIN2(PAw)) / (Plea) )
low 0° declination, profiles of ground radiation were measureq.r- _ (LR cos 2(PAca) + RL Sin 2(PAca)) / (Plea)
In a final calibration step, the main-beam brightness teaper ’

ture scale irJ andQ of the DRAO survey was refined by comyith (Pl.,) = ((RLea)? + <LRcaI>2)l/2 and (PAc,) = 05 x
parison with data taken from the EMLS (see Sedllon #.3.7). arctan((RLca) / (LRca)). For data obtained during the first ob-
Serious time-variable errors were found to arise from flugerving run, integrations that include the cal were flagdes a

tuations ofTsys. These could be corrected by comparing drifjain correction because of the intensity of the cal, which re
scans with neighboring scans and thus separating insttaineguced the fiective observing time by.7%.

variations from variations of the sky brightness tempemain
U andQ. Fluctuations of the electronic gain, most likely caused L )
by the LNAs, were corrected using the cal. Solar interfegen#-3-2- Determination of the Mueller matrix

and ionospheric Faraday rotation could largely be avoided o correct (time-invariable) systematic errors, the ravada

not observing during day-time. Other time-variable ersush  \vere calibrated via the inverse of a system Mueller matrix
as radio-frequency interference (RFI) or weather changes w(puelleH1948), which was derived in two iterative stepsigsi

correction

Fit: ground rad
iation profiles |~ ~--.
U- & Q—-Maps|

recognized and flagged during data reduction. the LDPS as reference. Thex4t Mueller matrix of a receiving
system describes most generally the transformation ofrthe i
4.2. RFI flagging coming signal power by the receiver compone8tg: = M-Si,

where S is any of the Stokes vectors (see elg.. Heileslet al.
The remote DRAO site is surrounded by mountains whi@001;|Heiles 2002). Here, the inverdd’ was derived by fit-
block RFI to some extent. In addition, most of the instituténg its entries to the equation formed of the 4-vectors ef th
buildings are screened by a Faraday cage, which reduces nfelgictronic-gain-corrected) DRAO raw data (“raw”) and the
of the RFI caused by local facilities. Therefore, DRAO proreference values (“ref”):
vides ideal conditions for radio observations in L-bandalet,

only 0.1% of the total observing time was lost due to inter| Rf IEE,
ference. Most of the RFI observed was of short duration a OIIiL =M RL . (6)
distorted only a few integrations. ,
. LR LR
Interference was detected by an algorithm that searches for = “ref raw

short-term peaks separately in all four channels. ThisceeaDiffering from the conventional definition, the matrix trans-
was performed within a 6 minute time window, which wagorms correlation products instead of Stokes parametdrishw
moved along the time-axis of the raw data in steps of 90 &e converted accordingto: RRI +V,LL =1 -V, RL=U,
Integrations with signal levels higher thamr 8, (total inten- and LR= Q. The conversions RE U and LR= Q are possi-
sity) or 50 ms (polarization) above the average signal level ible because the parallactic angle of the feed is constant.

one or more channels within the window were flagged. This The intention of this first Mueller-matrix correction is to
RFI flagging was done a second time on averaged data wittnvert the arbitrary units of the polarimeter outputs (dsy

a threshold of 3ms. A third, visual flagging was done afterinto a rough temperature scale. The total power channels (RR
gridding of the data. All four channels of flagged integraio LL) are calibrated to approximate brightness temperatsre u
were removed from further data processing. ing the Stockert ¥ GHz total intensity (Stokelgocker) SUNVEY.
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The cross-products (RL, LR) are scaled and rotated to rqugHhl.3.3. Application of the Mueller matrix
express Stokeld andQ measured in Kelvin, using the LDPS
This represents the first iteration step of a two-step iterate-
termination of the inverted instrumental Mueller matrix.

‘We used the following matrix for the pre-calibration of raatal
obtained in November 2002:

The reference values for the computation of the pre- 17 0 0O O
calibration matrix are given by: M, | 096 0 O
Kioouns = | 0 0 180 437 | (10)
RRef = (05 x 1.55 (|Stockert_ 2.8 K)) +28K 0 0 560 172
LLier = (0.5% 1.55 (Istockert— 2.8 K)) + 2.8 K )
RLret = ULpps with errors of roughly 20% in the matrix entries. Two otherma
LRief = Quops, trices were used to describe the slightly modified receiver d

o ) ) ) ing periods from December 2002 through May 2003 (change
which includes the transformation of full-beam into ma®en o | filters in November 2002) and June 2004 through March
brightness temperature of th_e Stockert survey with a sgalipgos (replacement of hybrid and adjustment of cal signal in
fac'For.of 155 and the. correctlpn for extragallact_lc backgrour]gay 2004). These matrices reveal changes of the system gain
emission of 28 K (Reich & Reich 1988), which is subtractedyng phase, caused by the modifications mentioned above. Raw
and subsequently added. Stokes assumed zero. data were thus pre-calibrated according to[Eq. 6 using the ma

The fitting of the pre-calibration matrix proceeds using;y corresponding to the time of observation.
Eq.[@. For each point, Stockert data supply/ &R LL . The

Dwingeloo telescope provides RLand LRes. The DRAO 26- ) o
m telescope provides all matrix elements on the right hasel s#-3.4. Correction for ground radiation

of Eq.[8, allowingM; to be determined. Hence, if the totabyfiles of ground radiation were measured by sweeping
number of pointings isN, the resulting set of equations withypo telescope betweer30® and +90° declination along the
n=12....NforRRandLL reads: Meridian. A series of elevation scans were made &ecént

LST to average out emission from the sky. We used four such
R = R R : .
Retn = M (R, + Ry ) (8) scans, made during the night of 2002 December,/13th. A

LLretn = Moz (LLgyn + LL:)Pf,n)' complete scan took.2 h with a scanning speed of3t/min.

For RL and LR it is: Elevation scans were corrected for electronic gain f!uiﬂuat
and converted into brightness temperature by applyingt&e p

Rlretn = f‘ﬂee’(RL;ky,n + RL;ﬁ,n) + %4(LR;M + LRgﬁyn) calibration matrix. Ground radiation profiles for each ahain

m43(RL;kyn +RLL; n) + m44(|-R§kyn + LR, n). (9 are determined on the basis of these elevation scans.

' ' ' ' Figure[® shows the derived ground radiation profiles. The
At this point the raw data still contain time-variabléfsets mean dfsets of about .3 K in the StokedJ profile and-3.7 K
(“off”) in addition to the sky values (“sky”). Therefore, the main the Q profile may indicate:
trix entriesmy, M2, Mg, Mug, Mes andmyz of the matrix M} o ) ) _ )
can only be fitted iteratively by approximation of thegtsets 1. remaining phase and gain mismatches in the receiver pre-

as done in the following algorithm: ceding the hybrid, or
2. correlated receiver noise caused by cross-talk, or

1. The DRAO raw data for congruent pointings are correcte8l polarized backlobes of the telescope, picking up groand r
for electronic gain. diation.

2. The initial matrixM; is set to be the unit matrix. ] )
3. The DRAO raw data are corrected by multiplication witf] he first can be excluded from system checks; more likely are

M, according to EGJ6. the second and third. Also interesting is the north-sougmas
4. Ground radiation and system temperature drifts are 4Bely about 90 elevation of theU and Q profiles, which is

proximately removed by subtracting a linear baseline fittdjoPably due to the multipole structure of the responseepat
through all congruent pointings at equal declination frof the telescope to unpolanzed_radlatlon. The respongerpat
0" to 24" right ascension. of the DRAO 25.6-m telescope in total power was measured by

5. The fit-error is given as the sum of the squareftbdénces Higgs & Tapping (2000) and shows sidelobe structure to radii
between corrected DRAO data and the reference values@S far as 45off the main beam at a level above9 dB. These

6. Matrix entries ofM; are either randomly altered and thé'® mostly caused by aperture blockage due to the three suppo
iteration continues at point three or the iteration is stapp SUts and the receiver box. Irregularities of the anteniniase

if the minimization of the fit-error is achieved. complicate the sidelobe structure. _
Subtraction of ground radiation from the raw data is

This way, pre-calibration matrices have been determined firaightforward. The groundfizets for each declination (be-
each observing month, using about 100 congruent pointintgeen—-29 and+90° declination) and channel are taken from
per month. These monthly matrices were checked for timine profiles. Theseftsets are then subtracted from the drift
variability and then averaged. No systematic variationhef t scans. This way, the declination-dependent componentis re
matrix entries with time were found bigger than the fitting emoved and only the time-variable components of ground radi-
rors. ation and system temperature are left; these are correattd |

I—Rref,n
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Figure5. Ground radiation profiles for Stoké$ andQ determined on the basis of elevation scans. A possible eaféa for
the north-south asymmetry is given in the text.

(see Sectioh’2:3.6). The remaining uncertainties of thisg@r remaining errors are of the order of 50 mK at maximum as in-
dure are around 50 mK or less, according to the variations lakeated by simulatior?s
tween individual elevation scans at positions where poéari
emission from the sky is low. 4.3.7. Refinement of the Mueller matrix
) ) ) A more accurate scaling and rotation of the RL and LR scales
4.3.5. Solar interference and ionospheric Faraday and a correction for main beam instrumental polarizatiorewe
rotation achieved by the second calibration. No further correctioins

] ) ) ) the total power data were made as the intention was the cali-
The data were visually inspected by comparing drift Sca$ation of polarization. Instead of iterative fitting, hdeast-
with neighbor_ing scans to_ identify high levels of ionosp’herSquare fitting can be applied because the raw data are now
Faraday rotation or solar interference. Only some of the dayyrected for ground radiatiorfisets. The reference points are
time data, observed shortly before sunset and after sunrigg-in taken from the LDPS.

show apparent solar interference and needed to be flagged. Nop single calibration matrix is determined for the whole data
indication was found for ionospheric Faraday rotation ghhi gt The following correction matrix was derived:

1 0 0 0
4.3.6. System temperature fluctuations M= 0 1 0 0 11
_ . _ 2nd— [ 0,001 Q0001 1125 -0.013 |’ (11)

Data reduction was made mordfitiult by fluctuations of sys- —0.009 —0.011 Q051 1240

tem temperaturdlsys. Fluctuations of the order of several parts

in 1000 (a few hundred mK ir 100 K) were subsequentlywith errors of around:0.01 in the matrix entries. Raw data
found to have occurred throughout both observing period¥gre corrected according to EQL 6. The second calibration
Fluctuations in the RHCP and LHCP channels were not corfgatrix mainly corrected scaling errors that were introdlice
lated, and there was no apparent correlation of the fluciati by the separation oTsy<fluctuations. Instrumental polariza-
of Teys With time of year, temperature, rain, or other variable§on within the main-beam (cross-talk) is given by RL =
Over periods of months we found the amplitude of these vafiends1- RR+Mpnaz2- LL and LRinst = Mpnda1- RR+Mpngaz- LL
ations to be several Kelvin. In subsequent observing nitjets and hence amounts tol86 in StokedJ and-2.0% in Q.
baselevels of drift scans ftitred by several hundreds of mK
(after correction for ground radiation). Such fluctuatiats 4
curred on time scales from hours to months.The origin ofehes
fluctuations is unknown. Integrations were averaged and binned into a grid of eqiadtor

The Te fluctuations must be corrected while Iarge-scaf@ordinates with 15cell size, which is less then the telescope’s
y . . . . .
sky emission in the data should be preserved to obtain ab§§25W/2 required for full Nyquist sampling. No weighting
lutely calibrated maps. However, variations of the system-t SCNeéme was used; measured values were uniformly weighted
perature cannot easily be distinguished from real sky doniss 2nd averaged across the cell.

An algorithm was applied thatfiectively separates random 5 For this, the algorithm was applied to artificial Stokésand Q
fluctuations from systematic sky emission (see App. A). Theaps with simulated noise afig,s-fluctuations added to them.

.3.8. Gridding and interpolation
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An interpolation between scans needs to be applied. In cdrable 2. Survey specifications.
trast to “uniform” undersampling, the DRAO survey is fully
sampled along right ascension and undersampled in declinalntegration time per 1SnR.A.  60's
tion. Considering this specific sampling problem an interpo Observing period November 2002 - May 2003
lation routine working in the Fourier domain was applied. June 2004 - March 2005

The drifts scans were Fourier transformed, using the DFT Final rms-noise 12 mK
Igorithm ofAlPS++. Unob d declinati hen filled Systematic errors < 50 mK
algorithmo +. Unobserved declinations were thenfilled . jination range ¥ 0 10 490

by linear interpolation in the Fourier space. The interf@da £y sampled area 41%
scans were then reverse transformed into the image plane.

4.3.9. Temperature scale refinement with the EMLS i )
ro = 0.86. Numerical calculatioisshow that, to reproduce

Brightness temperatures from the DRAO survey were comirese correlation cdicients, the rms noise in the DRAO data

pared with the EMLS over an area of 1800 square degreamast be 12 mK in Stoket), and 33 mK inQ. The difer-

of sky. Two preliminary maps from the EMLS were used: ance may reflect an error in the Dwingeloo data higher than

35° x 35° map towards Cassiopeia-A and &4QL6° map cov- the quoted error of 60 mK. We note that, based on these cal-

ering the Taurus-Auriga-Perseus molecular clouds. culations and the LDPS data, the best achievable correlatio
As the EMLS lacks large-scale emission a direct compabietween the two data setsris = rq = 0.90.

son with the DRAQO survey is not meaningful. Therefore, miss-

ing large-scale structures were approximated by polynismia i

The codficients of these polynomials and the scaling factor o%2- Resulting error

the DRAO temperature s_cale were fitted to tifeelSberg data g0 o the NCP measurementand the correlatiaficieats
over the entire region, with the fiierence between EMLS andthe final rms noise in Stokes and Q is 12 mK, which is

DRAO survey to be minimized. Figufg 6 shows four constagty, higher than the theoretical rms noise. Systematic grror

declination scans, two through each comparison region. are introduced during the separation of sky emission g
. - . |f'l'uctuations. In case of intense polarized structures, vhie
bratlor_1 sources_(Uyaniker et QI. 1998), part!cularly thdl'weelongated along right ascension, this error may. 5@ mK, de-
established value for the polarized flux density of 3C 286, aBending on the shape, intensity, and coverage of the staictu
can thus be assumed to be more accurate than the LDPS galye jinations< 0° a systematic baselevel error 9f50 mK

'bfaF'O”- The LDPS is not sficiently _sensmve to allow (_:ah- ‘may be caused by uncertainties in the ground profiles, which
bration by compact sources, but relies on a set of callb'ratlghomd be highest at the lowest declination

points ¢ = 570,6 = 640 anda = 2400,6 = 230) on

the sky where polarized intensities were determined eatie

Cambridge with a larger beamn (Bingham 1966). Frequent o®-3. Instrumental artifacts

servations of these calibration points gave a high intecoa} ) ] o )
sistency to the LDPS, but the accuracy of the scale is not cofhcorrection for instrumental polarization caused by sitels

parable with that achievable at th€&sberg telescope today. is not intended for this survey. This requires fully samyitetel
intensity maps and precise measurements of the response pat

tern of the DRAO telescope in polarization. Some instruralent
5. Accuracy and errors polarization €ects can be seen around intense compact sources

, . , , in FiguresI® and9 (e.g. Taurus-A at RA5" 35", DEC =
The theoretical rms noise for the correlation receiver unezd, _5° 30 in Figurel). Instrumentalfects are also seen around

with a bandwidth of 12 MF?z, and an integration time of 60 %he intense emission from the Galactic plane in directions t

ing W summatize the measured rme noist and tne systemfc (e iner Galaxy (om RA 17° 387, DEC = 29" to
errors of this survey, ﬁA = 19" 40", DEC = 20°) seen especially in the) image
' of Figurel®. These instrumentafects do not extend beyond a
few degrees. Some instrumentéieets have the appearance of
5.1. RMS estimation scanning artifacts, clearly apparentin the image in Galaot

. . ordinates around the North Celestial Polé at123, b = 27°.
Taking the NCP measurements (SEcil 3.1), the deviation fr(’mese are due to undersampling in this region.

a circle in theU-Q plane gives the resulting rms noise of the . . .

DRAO survey. This is, for an integration time of 60 s, 12 mK Based ona n_umber of p_omt sources we estimate the |_nstru—
rms in Stoke&J andQ taking only night-time data into account Mental polarization of the first sidelobe to ke6% at maxi-
and~ 35 mK including day-time data ‘mum. For difuse, extended emission thifeet of sidelobes in

Figure[T shows the correlation of the final data with th'g.‘]OSt I|kely(;utar?llg|bl_e tt))ecause their colntnbtmons oveame
reference values, prior to adjusting the DRAO intensiti@s grea around the main beam average close (o zero.
the EMLS. The correlation cdoiécients arery = 0.89 and

7 These assume the quoted error of 60 mK of the LDPS, and a nor-
6 Discrete Fourier Transformation mal distribution ofU andQ around zero with a FWHM of 120 mK.
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Figure6. Four scans through the two test regions used to establistetliration of the survey relative to EMLS observations
(thin solid lines), two from the Taurus complex (left panelad two from the Cassiopeia-A region (right panels). DRA@vey
data are drawn as thick solid lines. The large-scale enmgsigsing from the EMLS data are shown as polynomials (whose
characteristics were determined by an iterative technémueeadded to the EMLS data shown in this figure — see text) and ar
drawn as dashed lines. The declinations of the scans acated.

6. Final maps and data availability The North Polar Spur coincides with a bright emission fea-
_ . ) - ture seen in total intensity in many Galactic surveys. Itéag
The final maps in Stokes andQ are displayed in FigurdS 8 o 5 considered to be a supernova remnant (SNR), gewerate

an(_ﬂ in equatorial co-ordinates in_the_ rectangular prtnjE_lc'm by the explosion of a member of the Sco-Cen association at
which the data processing and gridding were done. Figure >éiistance of about 150 pc_(Berkhuijsen 1971). In Eig. 11 we
shows polarized intensity in Galactic co-ordinates in &ifWo- ¢, 0\ the southern part of this spur. ’

jection. In this section we will comment on the most prominen
astronomical results. Detailed interpretation of the ryesis- The Fan Region, in contrast, has no obvious counterpart in
covered features must await a forthcoming paper. total intensity. A polarization map is shown in Figl 11. Eerl
The most intensely polarized features of the Northern skyestigators considered this polarized emission to patg at
are the North Polar Spur, at Galactic latitudes higher tH&n 2distances under 500 pt_(Wilkinson & Smiith_1974; Spoelstra
extending from longitude 30Go 40, and the Fan Region, of[1984). Hu regions seen in the same direction did not appear
extent 60 by 37, centred onl = 14(, b = 5°. These features to depolarize the emission from the Fan Region, and the po-
were readily apparent in older data (elg._Brouw & Spoelstiaized emission was therefore considered to be closertiwan
1976). Some large nearbyiHegions can be seen as depolaiH i regions, whose distances were known. With our new data,
ization zones. Particularly obvious are Sharplessi2# @°, which has greatly improved sampling and sensitivity, we can
b = 23), distance 170 pc, and Sharpless 220=( 163, re-examine this conclusion. We have detected definite depol
b = —-15°), distance 400 pc. Such depolarizatidfeets can be ization by a number of i regions seen against the Fan Region
used to establish a minimum distance to the polarized eoniss{\Wolleben| 2005). On the basis of this new evidence we con-
regions. clude that the polarized emission from the Fan Region orig-
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Figure?. Correlation of Stoked) (left panel) andQ (right panel) values from the DRAO survey with the Dwingekgavey
before adjusting the temperatures to thtelsberg scale.

inates over a range of distances, extending from 500 pc toemder may contact MW atnaik.wolleben@nrc-cnrc.gc.ca.

few kpc, the latter distance corresponding to the distafiteeo Ungridded data may be made available on request in form of

Perseus arm. Over much of the Fan Region the electric vectiaisles.

are perpendicular to the Galactic plane, indicating thahtlag-

netic field is aligned with the plane. The fractional polatian

in this region is up to 50%, not much lower than the theorética symmary

maximum of 70%, indicating that there must be a very regular

magnetic field structure and very little depolarizationngja We have presented a new survey of linear polarization of the

long line of sight, extending right through the Perseus arm. northern sky, obtained using the DRAO 25.6-m telescope at
A new result that is apparent in our data is a depolarizé-—4 GHz. Observ_ati_ons were made by drift _scannin_g the sky to

tion region that extends between latitude® and—-30°, from keep ground radiation as constant as possible, which abows

longitude about 65towards longitude zero. Our superior covaPsolute calibration of the StokesandQ maps. A fully sam-

erage as well as sensitivity and the representation of ttee d@led area of 47% has been observed. Although a complete

in grayscale, as in FigulEIL0, reveals the small-scaletsireic COVerage Qf the northern s_ky could not be acr_neved, this data

in this region. The typical feature size in this region is noren P@se provides about 200 times more data points than data so

than a few degrees. Earlier surveys with their sampling oéor far available and sensitivity 5 times better than previoatad

two degrees could not show this region adequately. The de&€ New survey reveals previously unknown structures and ob

larization must arise in a very nearby magneto-ionic regios J€CtS in polarization and provides valuable mformangntfue

emission from the North Polar Spur is depolarized, and the dfiérivation of foreground templates of polarized emissien r

tance to the Spur is no more than 150 pc. Particularly sgikiguired for CMB experiments.

are the sharp upper and lower boundaries of this depolanizat

region. Acknowledgements. We thank A. Gray and E. Fiirst for critical read-
Examination of polarization angles at Galactic latitudesg of the manuscript. We are also grateful to J. Bastien faintain-
above 70, both north and south, shows systematic changeg the telescope and J. Galt for his support during eartyestaf this
with position and a remarkable symmetry of polarized inteRroject. The analog polarimeter has been improved by K. &rgp
sity. Fractional polarization reaches values of 50% (regrin Rémote observing from the MPIfR would not have been possilite
pole) and 30% (southern pole). These results suggest tdaat_th D. Del Rizzo and A. Hfimann. We thank T. Spoelstra for provid-

4 LV L . ing the LeideyDwingeloo polarization surveys in digital form. We
Sur_l |s.located inside a synchro’Fron emitting shell with tagm also thank the anonymous referee for many valuable commnith
netic field parallel to the Galactic plane.

have led to improvements in the paper. This project forms gfathe

The 141 GHz polarization data presented here are avaitternational Galactic Plane Survey. Within Canada, tiogggt is sup-
able in Galactic or equatorial coordinates via the follogvinported by the Natural Sciences and Engineering Researchalou
web-pageshttp:/imwvw.mpifr-bonn.mpg.de/divkonti/26msurvey  The Dominion Radio Astrophysical Observatory is operated aa-
or http:;/Awww.drao.nrc.ca26msurvey.  Alternatively, the tional Facility by the National Research Council Canada.
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Figure8. StokesU (top) andQ (bottom) in the right ascension interval from™t® 24" in equatorial coordinates.
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Figurel0. Polarized intensity in Galactic coordinates. The projctienter is ak = b = 0°. The co-ordinate grid is in steps of
60 in Galactic longitude and 30n Galactic latitude.
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Figurell. The two maps of polarized intensity, with E-vectors of théap@aed emission overlayed, show in greater detail part of
the Fan-region (left panel) and the southern extensioneoNibrth-Polar Spur (right panel). In both maps depolar@atiaused

by local Hu-regions is apparent (NGC 1499: from= 145 to 170, b < -10°; and Sharpless 27: roughly <Lth diameter,
centered at = 6° andb = 23°). The synchrotron emission of the North-Polar spur seentgetdepolarized ab < 25° (from

| = 30° to 4C). In both maps contours of polarized intensity run from 0 kK800 mK in steps of 100 mK. Vectors are shown
on a grid of 125°.

Appendix A: Algorithm for correction of drift scans with slightly dierent declinations were observed

Tsysfluctuations weeks apart so that system temperature fluctuations mifsht di
fer, but not the large-scale structure contained in theaassc

This algorithm compares each drift scan pairwise with ifEhe declination range from which neighboring scans are se-

neighboring scans. The basic assumption is made gt lected is adjustable in the program as described in thevello

fluctuations are random on time-scales of weeks, which meang.

that fluctuations observed at the same declination but weeksThe following performs an iterative separation of random

apart are assumed to be uncorrelated. Therefore neiglgbodnd systematic structures in the drift scans. mdie an index
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numbering all observed drift scans. The following loop is apMathewson, D. S., Broten, N. W., & Cole, D. J. 1965,
plied untilm has reached the total number of scans: Australian Journal of Physics, 18, 665

Mathewson, D. S., Broten, N. W., & Cole, D. J. 1966,
1. To the drift scan with indexn all neighboring scans Australian Journal of Physics, 19, 93

within £6° in declination are assorted. Values &dvetween McMullin, J. P., Golap, K., & Myers, S. T. 2004, in

3 and 40 were found to be useful here. These numbers reastronomical Society of the Pacific Conference Series, ed.

flect the sampling and should decrease with more completg=rancois Ochsenbein, Mark G. Allen and Daniel Egret, Vol.
coverage or larger number of drift scans, respectively. 314, 468

2. Each pair of drift scansi(n) is convolved with a Gaussian. Mueller, H. 1948, J. Opt. Soc. Am., 38, 661

The width of the Gaussian is times the separation in dec-Muller, C. A., Berkhuijsen, E. M., Brouw, W. N., & Tinbergen,
lination Admn = |dym — d| of the two drift scans. This re- 3. 1963, Nature, 200, 155

moves spatial structures smaller thax Admn. Values for Ng, T., Landecker, T. L., Cazzolato, F., et al. 2005, Radio
o between 4 and 100 are useful here. Science, in press

3. The weightwmp = |6 — Admp| is introduced. Reich, P. & Reich, W. 1986, A&AS, 63, 205

4. The diterence of each pair of drift scamsly,, is cal- Reich, P. & Reich, W. 1988, A&AS, 74, 7
culated. The sum of thesefitirences multiplied with the Reich, W. 1982, A&AS, 48, 219
weight Wmn is then subtracted from therth drift scan: Reich, W., First, E., Reich, P., et al. 2004, in The Mageetiz
Th = Tm = XnWmn X ATmp With T denoting brightness  |nterstellar Medium, ed. B. Uyaniker, W. Reich, and R.

temperature. Wielebinski, 45-50
5. Indexmis increased by one and the loop restarted umtil Reich, W., Firrst, E., Haslam, C. G. T., §&n, P., & Reif, K.
reaches the number of scans. 1984, A&AS, 58, 197

) ) ) ) S Reich, W. & Wielebinski, R. 2000, in Radio Polarization: a
This algorithm was applied several times witlffefent param-  new Probe of the Galaxy, Proceedings of a Workshop held
eters until a satisfactory separation of sky emission asd sy .t yniversitée de Mentréal, ed. T. L. Landecker
tem temperature was achieved. The following parameters We&hoelstra, T. A. T. 1972, A&AS, 5, 205
used: IOOpS 1to 4 =40,0 = 100; |00p 56 =10,0 = 15; Spoelstra, T.A.T. 1984, AGA, 135, 238
loops 6-9:6=6,0 =8;loops10-115 = 3,0 = 4. Taylor, A. R., Gibson, S. J., Peracaula, M., et al. 2003, &3, 1

3145
Testori, J. C., Reich, P., & Reich, W. 2004, in The Magnetized

Interstellar Medium, ed. B. Uyaniker, W. Reich, and R.
Anderson, M. D., Landecker, T. L., Routledge, D., & Vane|dik Wielebinski, 57-62
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