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Zusammenfassung

Der ,,Low-Resolution DRAO Survey of Polarized Emission* ist eine neue Polarisationsdurchmusterung
des Nordsternhimmels bei einer Frequenz von 1.4 GHz. Die Beobachtungen wurden mit dem ,,26-m
Teleskop* des Dominion Radio Astrophysical Observatory (DRAO) durchgefiihrt, eine Einzelantenne
mit einem Durchmesser von 25.6 m und einer Winkelauflosung von 36’ bei dieser Frequenz. Um absolut
geeichte Stokes U und Q Karten raumlich ausgedehnter Emissionsstrukturen zu erhalten, wurden die
Daten, mit Hilfe der Leiden/Dwingeloo Polarisationsdurchmusterung, bereinigt von Bodenstrahlung.
Mittels Driftscans wurde der Himmel im Bereich zwischen —27° und +90° Deklination beobachtet.
Voll gesampelte Driftscans wurden in Schritten von 1° bis 5° in Deklination gemessen und ergeben
eine Abdeckung des nordlichen Himmels von 21.7%.

Diese Doktorarbeit handelt von der Durchfithrung und Analyse der neuen DRAO-Polarisations-
Durchmusterung. Eine kurze historische Einfiihrung, sowie eine wissenschaftliche Begriindung fiir die
neue Durchmusterung wird gegeben. Darauf folgt eine detaillierte Beschreibung des Empfingers und
der Entwicklung von Software, welche fiir die Durchfiihrung der Beobachtungen notwendig war. Des-
weiteren werden Fehlerquellen, sowie die absolute Eichung der Daten diskutiert. Die Ergebnisse einer
ersten Analyse werden présentiert.

Diese Durchmusterung erweitert die Datenbank absolut geeichter Polarisationsbeobachtungen des
Nordsternhimmels. Diese Daten sind unerlésslich fiir die Eichung von hochaufgel6sten Polarisations-
beobachtungen der galaktischen Ebene, welche mit Synthese, sowie grolen Einzelteleskopen durchge-
fiihrt werden, weil sie darin fehlende Informationen iiber ausgedehnte Strukturen liefern. Die Analyse
faszinierender neuer Objekte, entdeckt in Polarisationsbeobachtungen der galaktischen Ebene, erfor-
dert eine Absoluteichung der Daten. Die neue Durchmusterung des DRAO liefert Karten ausgedehnter
Strukturen in Auflosung und Empfindlichkeit, welche den Anforderungen der hochaufgelsten Durch-
musterungen enspricht.

Eine vorlaufige Analyse der neuen DRAO-Durchmusterung enthiillt bisher unbekannte Komponen-
ten polarisierter Emission, wie zum Beispiel depolarisierte Gebiete in Richtung von Hn-Regionen,
anhand dessen die Entfernung zur ,,Fan“-Region, ein ausgedehntes und polarisiertes Gebiet, abgeleitet
werden kann. Desweiteren wird eine Region mit niedriger Prozentpolarisation in Richtung des ersten
galaktischen Quadranten analysiert, sowie ,,High-Latitude Polarized Emission* gefunden, welche als
Synchrotronemission einer magnetischen Schale interpretiert wird. Die Verbesserung des Samplings
im Vergleich zu fritheren Polarisationsdurchmusterungen des nordlichen Himmels erlaubt detaillierte
morphologische Studien der lokalen galaktischen Umgebung.






Abstract

The “Low-Resolution DRAO Survey of Polarized Emission” is a new polarization survey of the north-
ern sky at a frequency of 1.4 GHz. The observations were carried out using the “26-m Radio Telescope”
of the Dominion Radio Astrophysical Observatory (DRAO), a single-antenna with a diameter of 25.6 m
and 36" angular resolution at that frequency. The data are corrected for ground radiation, by tighten-
ing to the Leiden/Dwingeloo polarization survey, to obtain absolutely calibrated Stokes U and Q maps
containing emission structures of large spatial extend. Survey observations were carried out by drift
scanning the sky between —27° and +90° declination. The fully sampled drift scans, observed in steps
of 1° to 5° in declination, result in a northern sky coverage of 21.7%.

This thesis deals with the realization and analysis of the new DRAO polarization survey. A brief
historical introduction along with a scientific justification for the new survey is given. This is followed
by a detailed description of receiver and software development necessary for carrying out the survey, as
well as a discussion of error sources and absolute calibration of the data. The first results of an initial
data analysis are presented.

This survey largely extends the data base of absolutely calibrated polarization observations of the
northern sky. Those data bases are essential for the calibration of high-resolution polarization obser-
vations made with synthesis and large single-antenna telescopes covering the Galactic plane, because
they provide missing information on large-scale structures. The analysis of intriguing new features
revealed by the recent polarization observations of the Galactic plane requires an absolute calibration
of polarization data. The new DRAO survey provides maps of large-scale emission with sampling and
sensitivity suited for their calibration.

A preliminary analysis of the new survey reveals previously unknown components of polarized emis-
sion such as depolarized patches towards H i-regions that reveal distances to the “fan”-region. Further-
more, a patch of low percentage polarization towards the first quadrant of the Galaxy is analyzed.
“High-Latitude Polarized Emission” is found and interpreted as synchrotron emission from a mag-
netic shell. The improvement in sampling compared to previous large-scale polarization surveys of the
northern sky allows morphological studies of the local Galactic environment in great detail.
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Foreword

The polarization of Galactic synchrotron emission is being measured since more than 40 years at fre-
quencies from 100 MHz to 1 GHz and higher, involving different kinds of receivers and telescopes.
With the availability of high-resolution polarization data obtained during the last decade, numerous
new objects and features that can only be seen in polarization are detected. A new generation of polar-
ization surveys made with large single-antenna and synthesis telescopes clearly opens a new window
for the investigation of the magneto-ionic medium of our Galaxy.

For the study of diffuse Galactic emission the absolute calibration of polarimetric data by incorpo-
ration of large-scale emission (zero-spacings) is of vital importance. Zero-spacings are missing in ob-
servations made with synthesis and large single-antenna telescopes, because of insensitivity of interfer-
ometers to large-scale emission or confusion with ground and stray radiation in case of single-antenna
telescopes. Hence, a new absolutely calibrated survey with sufficient high sensitivity is required to al-
low correction of actual high-resolution data. The realization and analysis of such a survey is described
in the present thesis.

Starting with my first year for a doctorate at the Dominion Radio Astrophysical Observatory (DRAO)
in Penticton, Canada, I found myself facing a 26-m telescope that had never been used for polarimet-
ric observations before; with a receiver that was not intended for observations of linear polarization.
Moreover, the backend device, a continuum polarimeter shipped from the Max-Planck Institut fiir Ra-
dioastronomie in Bonn (MPIfR), was waiting to be “plugged in”. Since no experience using this tele-
scope for polarization observations existed, this PhD project gave me the opportunity to gain insight
into many different aspects of performing a polarization survey such as technical, observational, and
calibration issues.

One year (May 2002 - May 2003) was dedicated for polarimetric work at the DRAO 26-m Telescope,
including survey observations. Almost the first half of this year I spent making the “26-m” capable of
measuring linear polarization. Prior to observing, two things had to be developed at the same time. The
receiver required modifications to allow measurements of /inear polarization and software needed to
be written to control the backend devices, data acquisition, and recording. After making sure that hard-
and software worked well, an observing scheme was developed and survey observations could start.

Back at the MPIfR, a data processing and reduction chain had to be set up to handle and calibrate the
enormous amount of data collected during 7 months of observing. The results are absolutely calibrated
Stokes U and Q maps of the northern sky. Although not fully sampled, these maps consist of 100 times
more data points than provided by the Leiden/Dwingeloo polarization survey (observed between 1961
and 1966), while covering a larger area of the sky.

It was soon obvious that the new survey not only provides information about low spatial frequencies
for the calibration of high-resolution data, but also yields new aspects of the polarized sky. Therefore,
an analysis of the new data is presented and first results are discussed.

In the first part (Chapters 1 and 2) of this thesis, the scientific justification for the new polarization
survey is discussed, and the meaning and importance of “absolute calibration” for studies of polarized
emission are specified. Some historical aspects are also given. Furthermore, the reader is introduced to
the basic formalism of wave polarization that is used in this thesis.

The second part (Chapters 3, 4, and 5) deals with all aspects of undertaking the survey observations,
starting with a description of the receiver and necessary modifications, software that needed to be
written, error sources, and the data processing and calibration. Survey observations were done by

Xiii



Foreword

drift scanning. Additional measurements were made for calibration purposes and the determination of
ground radiation profiles. The path of the data from the receiver to the final polarization maps will be
described.

In the third part (Chapters 6 and 7) a study of the new polarization data is presented. This starts
with a description of the large-scale distribution of polarized emission. Known Galactic objects are
identified as well as new features outlined. Polarized emission at high Galactic latitudes is interpreted
as synchrotron emission from a magnetic shell. Depolarization of diffuse polarized emission, caused
by Hu-regions, is used to derive lower limits on the distance to the “fan”-region, a spatially extended,
intense patch of highly polarized emission.

Finally, a conclusion and outlook are given in the last part (Chapter 8). The survey presented in this
thesis has a sky coverage of 21.7% of the surveyed region. Meanwhile (by March 2005), a coverage
of more than 43% has been achieved in the course of ongoing survey observations. These data will be
made available via web interface as explained in the last Chapter.

Xiv
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1 Polarization Surveys

This chapter gives a brief review of polarization surveys, a discussion of absolute calibration in
polarimetry, and the justification for the new polarization survey. The first polarization surveys
provided polarized brightness temperatures for large areas of the sky. But the data are only
sparsely sampled, resulting in low angular resolution. In recent years, a new generation of polar-
ization surveys covering the Galactic plane has been initiated and will provide fully sampled maps
of high angular resolution. High-resolution surveys, however, lack large-scale structures (zero-
spacings) necessary for an absolute calibration. This information must come from low-resolution
surveys such as the new DRAO polarization survey presented in this thesis.

1.1 History of Polarization Surveys

In 1933, the first detection of radio emission of extraterrestrial origin was published by Karl Jansky
(Jansky, 1933), but was not recognized by the astronomical community. A few years later, in 1940,
Grote Reber (Reber, 1944) mapped the sky at 160 MHz. Various other surveys of total power emission
at frequencies between ~ 100 MHz and ~ 400 MHz followed this work. Although the theory predicts
this radio emission — later called non-thermal emission — to be linearly polarized, it was not before 1962
when two groups (Westerhout et al., 1962; Wielebinski et al., 1962) published the first definitive detec-
tion of the linear polarization of Galactic radio waves. Figure 1.1 shows one of the first polarimetric
observations of the North-Polar Spur.

The non-thermal component of the radio emission of the Milky Way had been understood as syn-
chrotron radiation from relativistic cosmic ray electrons interacting with the Galactic magnetic field
(Kiepenheuer, 1950). Synchrotron radiation from an ensemble of relativistic electrons is linearly polar-
ized (e.g. Westfold, 1959; Pacholczyk, 1970). The degree of linear polarization depends on the energy

spectral index S of the relativistic electrons and is 72% for § = —2.7 (see Section 2.7). Much of
. 30
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Figure 1.1: The Galactic polarization was discovered to be polarized. This map shows E-vectors of

the first polarimetric measurements of the highly polarized North Polar Spur, made by
Wielebinski et al. (Westerhout et al., 1962).



1 Polarization Surveys

Leiden/Dwingeloo — Polarized Intensity (1.4 GHz)
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Figure 1.2: Map of polarized intensities showing data taken from the LDS at 1.4 GHz (Brouw & Spoel-
stra, 1976). The map boundaries correspond to the part of the sky observable from Pentic-
ton.

the relevant theory had been developed earlier and was known as “Magneto-Bremsstrahlung” (Schott,
1907).

At low frequencies, ionospheric Faraday rotation was found to significantly affect the data (Wielebin-
ski et al., 1962). Hence, the frequency range of polarimetric observations was extended to higher
frequencies, allowing the measurement of Galactic Faraday rotation. Large-scale surveys of linear po-
larization were made at 408 MHz by (Berkhuijsen & Brouw, 1963; Wielebinski & Shakeshaft, 1964;
Muller et al., 1963; Mathewson et al., 1965). Polarization surveys at 610 MHz (Berkhuijsen et al.,
1964; Brouw & Spoelstra, 1976; Mathewson et al., 1966) and 1407 MHz (Bingham, 1966) provide
information about the large-scale distribution of linearly polarized Galactic radio emission. Additional
surveys at 465 MHz, 820 MHz, and 1411 MHz were undertaken (Brouw & Spoelstra, 1976) and pro-
vide rotation measures for large areas of the northern sky, published by Spoelstra (1984).

The detection of polarization was the final proof that diffuse radio emission at these frequencies is
produced mainly by the synchrotron process. As a consequence, the Galaxy must possess a general
magnetic field. Especially at Galactic longitudes around 140° a good correlation of optical and radio
polarization vectors was found. This provided strong arguments for the Davis-Greenstein mechanism,
which, in turn, predicts optical polarization to be caused by dust grains aligned by a magnetic field.
Therefore, the early polarization surveys were a starting point to understand the magnetic field of the
Galaxy.

By a quantitative comparison of polarization of starlight and polarization of Galactic radio emission,
Spoelstra (1984) concluded that the polarized emission detected in the Leiden-Dwingeloo surveys orig-
inates from distances within about 450 pc. Consequently, polarization surveys at this resolution show
only locally emitted radiation. The concept of the “polarization horizon”, an approach to model this
distance, was later suggested by several authors (Duncan et al., 1997; Gaensler et al., 2001; Landecker
et al., 2002).

So far, only the Leiden-Dwingeloo polarization survey has provided absolutely calibrated data for
large areas of the northern sky at 1.4 GHz (Brouw & Spoelstra, 1976). But these data are only sparsely
sampled (see Figure 1.2). As a consequence, many processing steps, e.g. convolution or smoothing,
cannot be adequately applied to these data. Moreover, these observations contain errors and system
noise that is large compared with present-day surveys. This limits their compatibility.

A short historical note: Different definitions of polarized brightness temperature were in use during



1.2 Absolute Calibration

the first decades of radio polarimetry. A unified scheme based on Stokes parameters was proposed
by Berkhuijsen (1975). To convert brightness temperatures stated in the various early surveys to the
unified system, conversion factors ranging from 0.5 to 1.3 needed to be applied. Berkhuijsen noted that
it is often difficult to determine these factors after so many years, because of the lack of observational
details published.

Systematic polarization observations experienced a renaissance during the past several years. With
the development of new receivers, surveys of the Galactic plane at higher radio frequencies (e.g.: Junkes
et al., 1986, at 2.7 GHz; Duncan et al., 1997, at 2.3 GHz) were made and revealed surprising struc-
tures in polarization. Low-frequency polarimetric mapping with synthesis telescopes (e.g. Wieringa
et al., 1993, at 350 MHz) confirms the presence of numerous structures and objects detectable only in
polarization.

For the study of these objects and the magneto-ionic properties of the interstellar medium, polariza-
tion surveys with high sensitivity and resolution mainly covering the Galactic plane are currently being
carried out. Observations for the Effelsberg Medium Latitude Survey (|b| < 20°, Uyaniker et al, 1998,
1999, Reich at al., 2004) at 1.4 GHz have just been finished. The International Galactic Plane Survey
(IGPS, |b| < 5°), a major undertaking of mapping the Galactic plane with different telescopes at various
wavelengths, provides polarization data at 1.4 GHz obtained with the DRAO synthesis telescope. In
the southern hemisphere the Australia Telescope Compact Array is mapping the Galactic plane (SGPS,
|b| < 1°, Dickey et al., 1999) also at 1.4 GHz.

Compared with the early polarization observations, sensitivity and resolution of the new surveys
has improved due to utilization of large single-antenna and synthesis telescopes equipped with cooled
receivers. But large-scale emission is missing in observations made with these telescopes, because
of either insensitivity of interferometers to low spatial frequencies or the baseline setting procedure
in single-antenna mapping. Whenever required for the analysis, such data must be augmented with
absolutely calibrated data to account for the missing flux and structures. These absolutely calibrated
data can have low angular resolution because they only add spatially extended emission.

1.2 Absolute Calibration

Measuring absolute intensities of radio signals is difficult, because the radio signal from the source in
the sky is received through the antenna and the receiving system which contribute noise and amplify
it. Unless the antenna is of simple design so that its gain can be calculated to good precision, the exact
gain of the system is unknown. Such simple antennas are horns, and total power observations are being
calibrated by adjusting their flux density or temperature scale to the absolute intensities derived by
measurements with horn antennas (e.g. Howell & Shakeshaft, 1966).

The polarized-brightness-temperature scales of the early polarization surveys are calibrated against
a number of “standard” calibration points. The polarization degree and angle of these standard points
were measured with receivers for which the gain in total power was known. In Figure 1.3 the polarized
intensities of two such calibration points frequently used for the early surveys are plotted. It can be seen
that, with different telescopes, different temperatures were obtained, partly because different definitions
of polarized brightness temperature were used.

The receiving system introduces noise and noise is also received through the side lobes of the tele-
scope. This noise is of the same kind as the signal from the radio source and can therefore not be
distinguished. Whereas receivers are usually temperature controlled and stable enough to produce a

IBaseline setting means that a linear “baseline” (first order polynomial) is fitted through the start and end of each subscan and
is subsequently subtracted. By this, the edges of maps are set to zero, which removes ground and spillover noise but also
large-scale emission on scales equal or greater than the map size.
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Figure 1.3: Diagram shows polarized brightness temperatures of two frequently used calibration points,
derived with different telescopes at various frequencies (from Berkhuijsen, 1975).

relatively constant level of receiver noise, the amount of noise received through the far side lobes —
mainly ground radiation — varies as the telescope is tracking a source. This leads to the problem of
separating the sky from ground radiation.

If telescope movement is small and hence fluctuations of the ground radiation negligible within
a subscan, ground radiation offsets are removed by baseline fitting to good approximation, as done
frequently at the Effelsberg 100-m telescope. The obvious drawback of this method is the suppression
of large-scale emission that exceeds the size of the map.

The level of ground radiation, however, can be large, because the side lobes extend to very large dis-
tances from the main beam and signals are received even from the back side of the telescope. Although
suppression of side lobes is usually better than 30 dB, their integrated flux over 47 can be higher than
the actual flux received from a source. Therefore the side lobes cannot be neglected in case of absolute
measurements.

An absolute calibration of radio data consists of two principal steps. First, a scaling factor must be
determined that converts the arbitrary intensity scale of the raw data into physical units. This factor can
be found, for example, by mapping standard calibrators (compact sources of known flux) and referring
the measured flux to the standard fluxes of these calibrators. Also possible is the injection of calibration
signals into the receiver instead of mapping standard calibrators. Second, to measure absolute fluxes,
the received signal must be separated into noise contributions from the receiver, ground, atmosphere,
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and the actual sky signal. If ground radiation has been removed by baseline subtraction missing large-
scale emission must be replaced.

Missing large-scale structures must also be replaced in observations made with aperture synthesis
telescopes if absolute fluxes are required. Incomplete coverage of the visibility plane leads to missing
information in the image plane. This is known as the missing-zero-spacing problem and means that
a synthesis telescope is insensitive to emission structures larger than the angle corresponding to its
shortest spacing.

Other than in total power maps, in which pixel values are scalar quantities, polarimetry deals with
vectors. Each pixel in a polarimetric map is a vector that has a length and direction. The recovery of
zero-spacings or missing large-scale structures in polarimetric observations always means to correct
vectors. Therefore, missing spatial information can affect the data in a much more complicated way
than in total power. Its effect on polarized intensity and angle as well as on rotation measures will be
discussed now.

1.2.1 The Role of Large-Scale Structures in Polarization Images

Missing large-scale structures can have a significant impact on the morphological information contained
in polarization images. The polarized intensity is defined by PI = /U2 + Q2. Hence, PI is always a
positive quantity and, because it is calculated via Stokes U and Q squared, highly sensitive to offsets in
U and Q due to large-scale emission. Correction of offsets can turn an object of high polarized intensity
into one of seemingly depressed polarized emission relative to its surroundings, and vice versa. In the
same way the polarization angle is affected. Moreover, depending on the large-scale structure that is
missing, the position of structures can be shifted.

As an example, Figure 1.4 displays maps of polarized intensity, observed with three different types of
telescopes: a large-diameter telescope, a small-diameter telescope, and a synthesis telescope. The field
contains two distinct objects: the planetary nebula SH2-216 and the supernova remnant HB 9, as well
as diffuse polarized emission. In the maps taken from the Canadian Galactic Plane Survey (Taylor et al.,
2003) and the EMLS, both objects show enhanced polarized emission. The Low-Resolution DRAO-
Survey of Polarized Emission, because of its relatively low resolution, shows only diffuse emission of
large spatial extent. This diffuse emission is partly missing in the EMLS and CGPS maps.

After incorporation of zero-spacings the morphological information in the polarized intensity maps
from the CGPS and EMLS changes. The planetary nebula becomes less prominent and its nature
changes from an emission-type” object into an object with less polarized intensity relative to the dif-
fuse emission. Parts of the supernova remnant turn from regions of enhanced polarized intensity into
depressed emission. The appearance of the diffuse emission, as well as the position of some of the
elongated, canal-like structures changes.

Another example demonstrates how offsets in Stokes U and Q create structures in polarized intensity
and affect the polarization angle. In Fig. 1.5 the polarized intensity and position angle taken from a
drift scan of the 26-m Survey are displayed. The scan goes through a highly polarized region with
polarized intensities of up to 450 mK. The absolute polarization angles are close to ¢ ~ 45° with only
small variations of Ap =~ +10°. If offsets in U and Q are removed, the polarization vectors are no
longer absolutely calibrated. The polarized intensities are generally lower and show more fluctuations
on smaller scales. The polarization angle fluctuates almost over the entire range from —90° to +90°. At
R.A. = 89°, the polarized intensity drops and an angle jump of almost 90° appears.

These examples illustrate the effect of missing spatial information on the interpretation of polarized
intensities and polarization angles. Objects, which originally emit polarized radiation can appear as

2Expressions like “emission” and “absorption” must be used with care in polarization, because superposition of differently ro-
tated polarization vectors can result in enhanced or depressed polarized intensity without physically generating or obstructing
radiation.
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26m-Survey

26m + EMLS

Figure 1.4: The effect of missing spatial information shown on a 7° X 7° large field centred at / = 158°,
b = 1°, observed with three different telescopes. In the top row from left to right: the 26-m
Survey (single-antenna), the EMLS (single-antenna), and the CGPS (synthesis telescope).
The bottom row shows the combinations of spatial information taken from the EMLS and
26-Survey, and from all three surveys. The images contain the supernova remnant HB 9
(upper left, ~ 2° in size) and the planetary nebula SH2-216 (close to centre, ~ 1° in size).

minima, whereas depolarizing Faraday screens® may be observed as enhancements in polarized inten-
sity. The same holds for the angle that may show fluctuations without physical equivalent. In studies
of diffuse polarized emission an absolute calibration is therefore mandatory; only in studies of distinct
objects an absolute calibration may not be necessary.

1.2.2 The Role of Large-Scale Structures in Rotation Measures

The rotation measure (RM) describes the change of polarization angle as a function of frequency (see
Section 2.8). Since the angle is very sensitive to the calibration, as seen in the previous section, how
do missing offsets in Stokes U and Q affect RMs? The question will be discussed now whether the
polarization angles must be absolutely calibrated or if relative angle variations at different frequencies
already reveal true rotation measures. This question is of particular interest for RM-studies of diffuse
polarized emission.

In the following two different cases will be discussed. The first case describes a Faraday rotating
layer situated between a source of polarized emission — the background layer — and the observer (case-

3 A Faraday screen may be an object or layer that causes Faraday rotation.
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Figure 1.5: The effect of missing large-scale structures: The left panel shows the polarized intensity
(PI) taken from a survey drift scan at 57°5 declination with large-scale structures (thick
line) and without (thin line). The right panel displays the same for the polarization angle
(PA). For this example the large-scale structure is approximated by averaging of Stokes U
and Q over the right ascension interval displayed.

1, Fig 1.6). This case can be applied to observed emission from distant, compact objects, which can be
separated from foreground emission. The second case describes the diffuse Galactic emission in which
Faraday rotated background is observed in superposition with unrotated foreground (case-2, Fig 1.6).

Throughout the discussion By, denote background polarization vectors and F; » foreground vectors
at frequencies v; and v,. B and F are itself composed of vectors:

Biz = b1z +  fi2

Fip = fp + &2 , (1.1)
S~—— S~——
offset fluctuations

for which b and f shall represent offsets (large-scale structure), and 8 and & denote fluctuations (small-
scale structure) in polarized emission. This distinction will allow the analysis of differences in ab-
solutely calibrated vectors (|byz| > 0, [fi2] > 0) and those with missing zero-spacings (|byz| = 0,
Ify 2l = 0).

The observed angle ppr between the polarization vectors at frequencies v and v; is

orR =1~ =C (lz - iz) RMobs (1.2)
i
which, if the angle difference is measured, allows the calculation of RMqy. For simplification, the
x-components of the foreground and background vectors are assumed to be zero at frequency v, which
only means that the vectors are lined up along the y-axis at that frequency (see Figure 1.7). Hence,
the position angle of the polarization vector observed at frequency v, is proportional to the observed
rotation measure: RMqps ¢ 5.
In the first case, the background vector B is Faraday rotated. The observed polarization vector at
frequency v, is the vector sum of Faraday rotated offset by and Faraday rotated small-scale structure
1. Its x- and y-components are:

BZ,x = b2,x + ﬂZ,x = (bl,x + ﬂl,x) COS YFR + (bl,y + ﬂl,y) sin PFR (] 3)
By byy+ By —(b1x+Biy)singgr  + (b1, +B1,) COSPER. ’
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Figure 1.6: The two cases are illustrated: Case-1 with background emission and Faraday rotating layer
and case-2 with foreground, background and Faraday rotating layer in between. For the sec-
ond case, the graphs show the adopted distribution of polarized intensity for foreground and
background layer as well as the resulting rotation measure simulated for observations with
a telescope sensitive to the large-scale structure (with offsets) and one that is not sensitive
to large-scale emission (without offset). This calculation assumes: two observing frequen-
cies at 1400 and 1410 MHz, equal polarization angles of foreground and background with
x-components of zero at both frequencies, and RM = 5 rad m~2. Zero spacings (offsets)

are removed by subtracting the average of Stokes U and Q before calculating the rotation
measure.
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Figure 1.7: Vectors in the two cases: In case-1 only background emission exists. The vector b| + S is
rotated against b+, because of Faraday rotation. The observed angle ¢, reveals the correct
rotation measure (¢, = ¢rr). In case-2, the rotated background (b, +3,) is superimposed on
an unrotated foreground (f; + &;). The observed angle ¢, gives a smaller rotation measure
than in case-1 (¢ # @FR).

The polarization vector observed at v; is assumed parallel to the y-axis so that b, = 8;, = 0. There-
fore, the position angle of B, relative to the y-axis is proportional to the observed rotation measure. Its
tangens is given by

By, (biy+Biy)singrr
Bzyy (b]yy + ,31,);) COS ¢YFR

tangy = = tan Qgr = ©2 = QFR. (1.4)

It follows that the angle difference between polarization vectors observed at frequency v, and v, reveal
RM correctly whether derived from absolutely calibrated data or from data with missing zero-spacings.

In case-2, which includes foreground emission, the observed polarization vector at frequency v, is
the composition of unrotated foreground F; and rotated background. According to Fig. 1.6:

For+ By = fixteie+bra+pPr)cosgrr + (b1 +B1,y)singrr

. 1.5
Foy+Bay = fiy+ery—(bix+pr)singer  +  (bry+Pi1,y) cOSPrr. (1-5)

Again, with the simplification that all x-components are zero at frequency v, the tangens of the position
angle of the polarization vector at frequency v, is

(bl’y +,81,y) sin ©OFR

tan g, = . (1.6)
fl,y + Ely + (bl,y +,81,y) COS YFR
Here, ¢, becomes a function of the foreground vectors:
2 (biy+B1y) tan “R
= arctan :
¥2 (f‘]'y+8|\’\‘+b|\y+ﬁ|\’\‘+\f]'y tan? @Jra.\y tan? W:TR—[)L}. tan? @—B.\y tan? w% (] 7)

= @*er |fiy >0,

which, if the foreground (fi,, €1,,) is zero, becomes ¢, = ¢pr and case-2 transforms into case-1.
These results can be summarized as follows: Without foreground emission, absolute and relative po-
larization angles result in equal RM. But if polarized foreground emission is present, the RMs derived
from data with missing offsets can largely differ from RMs calculated on the basis of absolutely cali-
brated data. In this case, RMs can be smaller or larger than the absolute rotation measures, depending
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on the foreground polarization. As case-2 applies to the interstellar medium it is highly desirable to use
absolutely calibrated data for rotation measure studies of the diffuse polarized emission.

1.3 Absolutely Calibrating Polarization Surveys

Different types of telescopes require different methods for the absolute calibration of polarization ob-
servations. With small-diameter telescopes (e.g. Dwingeloo 25-m, DRAO 26-m, etc.), at frequencies
between ~ 100 MHz and ~ 10 GHz, it may not be possible to find polarized compact sources suit-
able for the calibration, because, if observed with a small telescope, the commonly used calibrators are
too weak to be detectable against the diffuse polarized background. On the other hand, large-aperture
telescopes (e.g. Effelsberg 100-m, synthesis arrays) have the resolution to map compact sources with
high response, which allows accurate determination of the relative temperature or flux density scale,
but usually do not preserve absolute fluxes.

This section describes how polarimetric data can be absolutely calibrated. Three types of abso-
lute calibration are necessary in practise: 1. an independent absolute calibration of single-antenna
observations, mostly applied to small-diameter telescopes (e.g. LDS); 2. an absolute calibration of
single-antenna observations on the basis of low-resolution data (e.g. Effelsberg 100-m combined with
Stockert 25-m); and 3. the adding of zero-spacings and offsets to synthesis data.

1.3.1 Independent Absolute Calibration

For independent measurements of absolute antenna temperatures the relative temperature scale must
be determined, as well as the noise contributions from the receiver, ground, atmosphere and the source
disentangled. As instances of the method, two polarization surveys are mentioned here:

o For the Leiden-Dwingeloo polarization survey at 820 MHz (Berkhuijsen, 1971) the relative tem-
perature scale was obtained by comparing the recorded intensities with calibrated noise signals
added to the sky signal during the observations. The equivalent temperature of the calibration
signals was known, and loads in liquid nitrogen at a temperature of 78 K were used as reference.
Data were corrected for ground radiation by subtracting an empirical stray radiation model.

o For the LDS reference points of known polarized intensity and angle were observed with rotating
dipoles for the calibration of the system. During measurement the dipole was rotated by 360°,
which causes the polarization vector to rotate twice in the U-Q plane, while the length of the
vector, the polarized intensity, remains constant. The recorded outputs consisted of double sine
curves from which Stokes U and Q could be derived. These sine curves were corrected for
ground radiation on the basis of ground radiation profiles.

Much effort went into the calculation and measurement of ground radiation profiles for these surveys.
At telescopes such as the Dwingeloo or DRAO 26-m, spillover and ground radiation dominates the
signal and must be known precisely. The problem is the strong dependence on elevation and azimuth,
which is the result of the telescopes’s response pattern and the surrounding landscape. Time-variability
makes correction for ground radiation more complicated. This is why precise calculation is difficult and
ground radiation profiles are usually measured by making sweeps in elevation from horizon to zenith.

To correct for instrumental polarization, the response of the receiving system to unpolarized radiation
— the response or antenna pattern — must be measured for all Stokes parameters. At small telescopes
and frequencies around 1 GHz or less, often Cassiopeia-A and the Sun are the only sources that are
strong enough to be used for the mapping of the response pattern. In many studies, the correction of
main-beam instrumental polarization is sufficient. But even compact sources with lower intensities can
increase instrumental polarization if observed through the side lobes.
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1.3.2 Absolute Calibration on the Basis of Low-Resolution Data

Whereas the measurement of ground radiation is time consuming, available observing time at large-
diameter telescopes (e.g. Effelsberg 100-m) is usually limited. Moreover, ground radiation is time-
variable and the measured profiles may not be accurate enough; not a problem if enough observing
time is available to either measure ground radiation profiles frequently or set up an observing scheme
that allows software correction. Therefore, observations with large single-antenna telescopes can of-
ten not adequately be corrected for ground radiation, and large-scale structures must be recovered by
comparison with low-resolution surveys.

Especially the Effelsberg 100-m telescope is located in a valley with surrounding hills, which intro-
duces a strong dependence of the ground radiation on azimuth. Other large-diameter telescopes such
as the Parkes telescope, the Green-Bank telescope or Jodrell Bank have flatter surroundings and should
therefore show smaller azimuthal dependencies at low elevation.

1.3.3 Absolute Calibration of Synthesis Data

For observations obtained with aperture synthesis telescopes, various different approaches and data
reduction packages can be used for the incorporation of zero-spacings. Some operate in the Fourier
domain and merge single-antenna and synthesis data involving tapering of the Fourier plane (linear
method), and some use both data sets for a joint deconvolution (non-linear method). Mosaicing can
also help to recover short spacings.

In interferometric observations, ground radiation is “filtered out” by the cross-correlation, because
each individual antenna of an array receives its own ground radiation and ground radiation signals of
pairs of antennas are uncorrelated. Therefore, it is usually not necessary to correct for ground and
spillover noise in continuum observations made with synthesis telescopes.

1.4 Scientific Justification for the 26-m Survey

For studies of diffuse polarized emission the data must be absolutely calibrated to contain low spatial
frequencies correctly. So far, the only data base of absolutely calibrated polarization data usable for the
absolute calibration of the recent 1.4 GHz polarization surveys is the LDS, consisting of measurements
of individual, well calibrated pointings. But these data are undersampled. In many areas pointings are
several degrees apart and often only a small number of data points can be used for calibration. Reich &
Wielebinski (2000) therefore suggested new low-resolution observations that should exceed the LDS
but include its absolute calibration. Their publication provides the groundwork for the 26-m Survey.

Recent polarization observations (Gray et al., 1998, 1999; Uyaniker et al., 1999; Duncan et al., 1998)
reveal small-scale structures and objects detectable only by their Faraday effects on polarized emission.
The study of these objects opens a new window for the investigation of the magneto-ionic medium of
the Galaxy. Unexpected results such as Faraday screens associated with molecular clouds (Wolleben
& Reich, 2004), canal-like depressions in the polarized intensity (Haverkorn et al., 2004b), or bubbles
and superbubbles revealed by their Faraday rotation (Kothes et al., 2004b) can only be investigated in
their Galactic context if large-scale polarized emission is included in the analysis. The 26-m Survey
provides this large-scale structure with reasonable resolution.

Studies of the rotation measure of the diffuse polarized emission, by establishing structure functions,
reveal the typical scale of fluctuations in the magneto-ionic medium (Haverkorn et al., 2004a). As
shown in Section 1.2.2, RM-studies should be based on absolutely calibrated data otherwise the results
are unphysical. Although the 26-m Survey provides only a single observing frequency, it could still be
used for a tentative calibration of the frequency bands used for some of these studies.

11
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Currently, so called foreground templates for the separation of Galactic emission from the cosmic
microwave background (CMB) are constructed by using the highly undersampled LDS (e.g. Bernardi
et al., 2004). At 1.4 GHz the 26-m Survey provides 100 times more data points and can thus serve as a
much better sampled data base for the derivation of CMB templates.

Spectral line polarimetry is a novel technique that allows detection of absorption lines in polarized
emission due to neutral hydrogen. This technique was proofed by Dickey (1997) toward diffuse po-
larized emission and later applied by Kothes et al. (2004a) to supernova remnants. Both studies used
synthesis telescopes. Once this technique is applicable to single-antenna telescopes, the 26-m Survey
will allow selection of targets and calibration of spectra, necessary for the interpretation of the spectra.

A fully sampled polarization survey of the southern sky with similar resolution and sensitivity will
soon become available (Testori et al., 2004). As there are no absolutely calibrated data available for the
southern sky, this survey will be absolutely calibrated by adjusting baselines on the southern celestial
pole and the overlap region with the 26-m Survey. The combination of both surveys will result in the
first all-sky polarization map at 1.4 GHz.

1.4.1 Scope of the Project

An independent calibration as applied to the early polarization surveys (Section 1.3) requires exact
knowledge of telescope parameters as well as an investigation of ground and stray radiation. Although
the telescope parameters of the DRAO 26-m Telescope have been determined for total power (Higgs &
Tapping, 2000), its properties regarding polarimetric observations were unknown prior to this project.
Hence, an independent absolute calibration could not be considered within the telescope time allocated
for this project and therefore a joint calibration scheme, which is between an independent absolute
calibration and a calibration on the basis of low-resolution data, is applied:

o The LDS provides absolutely calibrated reference points at declinations > 0°.

e While surveying the sky, a large fraction of the reference points from the LDS is observed by
drift scanning.

e The reference points are used for the determination of system parameters such as instrumental
polarization, response ellipse and tentative brightness temperature scale. Reference points with
polarized brightness temperatures around zero define zero-levels in Stokes U and Q.

o The main-beam brightness temperature scale is refined by comparison with data taken from the
EMLS.

The aim is to rely on the LDS only for the calibration of the system parameters and the definition of
zero-levels in Stokes U and Q. No spatial information from the LDS is used for the absolute calibration
of the 26-m Survey. The reference points are rather used as standard calibrators with known flux in U
and Q.

The 26-m Telescope availability and hence the timeline of the observing part of the project was 1 year
with a net observing time of 7 months. Since observations are restricted to night-time only (~ 12 h),
the maximum sky coverage achievable in that time is 22.4% for declinations between —27° and +90°.

12
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This chapter gives a brief summary of the basic formalism used in this thesis. For a more general
introduction into the concepts and their application to radio astronomy the reader is referred to
the books of Born & Wolf (1965), Kraus (1966), and Tinbergen (1996).

2.1 Monochromatic Waves

Throughout the thesis, ¢ refers to phases of electric field vectors and ¢ to their polarization angle. E
denotes an electric field and V the voltage of this field.

The electric field of a harmonic, monochromatic plane wave at fixed location in space can be de-
scribed by electric field components in the x- and y-directions:

E«(1)
Ey(1)

Al eia)t
A2 eiwt’ (21)

which are two linearly polarized waves with orthogonal polarization directions and the circular fre-
quency w. The complex amplitudes A, Ay are A; = a; €', Ay = a, e, with the real amplitudes
ai, ap and phases J;, 6>. The absolute phases of A; and A, are not important, only the relative phase
0 = 0, — 01 matters so that:

A1 = a
A2 = azeié. (22)

The electric field vector of arbitrary polarization then reads:

E() = (3;) v = (alex + age);ei‘s) e (2.3)

N——
Jones vector

in which e, and e, are unit vectors of a Cartesian coordinate system.

The electric field vector E(¢) is a complex number. It is understood that this is the analytic represen-
tation of a plane harmonic wave. To obtain a physically meaningful quantity, for instance the voltage
V() within the radio receiver, one has to take the real part of Equation 2.3:

V() = Re|(Aes + Avey) €] (2.4)

In general, the imaginary part of the analytic signal does not physically exist. Also, whenever nonlinear
operations are applied to the electric field vector such as squaring, etc., the real parts must be taken
first and the operation is applied to these alone. This, however, is not necessary if the time average of a
quadratic expression is required.

13
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Linear Polarization Components
Two special states of polarization are of particular importance: linear and circular. These are special
cases of elliptically polarized waves which are the general form of polarization.
(a) Linear Polarization
If the relative phase difference ¢ of the two components can be described by:

o=mn (m=0,+1,+2,...), 2.5)
then, at r = 0, equation 2.3 becomes:

E =aje, + aze, (-1)". (2.6)

The polarization or position angle ¢ of the electric field vector is defined by:
2 .
1

E,
tang = = = (1" 2

B : 2.7

With the amplitudes a; and a, expressed by the amplitude ag of the initial wave and the polarization
angle ¢:

aj ap Cos ¢

a; = apsing, (2:8)

the polarization state of a linearly polarized wave is completely described by a( and ¢ in terms of two
linear polarization components.

(b) Circular Polarization

A wave is circularly polarized if ag = a; = a, and

5:? (m==+1,+3,%5,...). (2.9)
At t = 0, equation 2.3 becomes:
E = ap (e, +e,i"), (2.10)
which is denoted right-handed circularly polarized if:
B i 2.11
E_X =1, ( . )
or left-handed circularly polarized if:
E,
E_i =—i (2.12)

This describes a circularly polarized wave in terms of two linear polarization components. A circularly
polarized wave does not have a polarization angle.

Circular Polarization Components

An initially linear polarized wave (6 = 0) cannot only be expressed in terms of linear polarization
components as done in equation 2.6, but also in terms of circular components. It depends on the design
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of the feed which basis is provided. The electric field vectors for the left and right handed components
are:

E, = % (a + iar) vt — % (aleimt + azei(wtﬂr/Z) 2.13)
El — % (al _ iaz) eiwt — % (aleiwt + azei(wt—n/Z)) . .
The unit vectors of circular polarization components are:
1 .
e, = —=(e,+ie))
S (2.14)
e = ﬁ(ex —iey).

The amplitudes of E, and E; of an initially linearly polarized wave can be shown to be equal to a¢/2,
the amplitude of the initial wave, independent of its polarization angle ¢:

(S

Al =1 = (4,47)} = 3 (@ +ad)' =2, (2.15)

here the star indicates complex conjugate.
The phase difference between E, and E; can be calculated by taking the voltages:

V(1) = % (E,+EX) = i [a1 (ei‘“’ + e‘i”’) +iay (ei‘“’ - e‘i‘“’)]
= 1(ajcoswt —aysinwt) = 6, = —arctan(Z—z)
_ 1 * _ 1 iwt —iwt . iwt —iwt I (216)
V/(t)—i(E/+El) = Z[al(e +e )—zaz(e —e )]
= 1(ajcoswt+arsinwt) = 6 = arctan(Z—f).
The relative phase difference thus is:
AS=6-6, = Zamtan(@) = 2¢, 2.17)
aj

which is an important result. By expressing a linearly polarized wave in terms of two circular com-
ponents, the polarization angle of the initial wave is transformed into a phase difference between the
circular components, whereas the amplitudes of the circular components are proportional to the ampli-
tude of the initial wave.

2.2 Stokes Parameters

Three independent parameters are needed to describe the polarization state of the initial vector wave.
In case of linear polarization components these are the amplitudes a,, a, and the relative phase o. If
circular polarization components are used, the initial wave is described by the amplitudes a,, a; and
the relative phase 6. A practical way of expressing these parameters is by the use of the so-called
Stokes parameters. The following relation exists — by definition — between Stokes parameters and the
amplitude and phase of the polarization components:

_ ) _ 2., .2
I = ay +a, = a; +a;
0 = a)% - ai = 2a,a; cosd 2.18)
U = 2acay,cosé = 2ara sind ’
V. = 2a,a,siné = a% - alz.
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2.3 Partial Polarization

A single electromagnetic wave is fully polarized. In nature, however, electromagnetic radiation is
produced by a large ensemble of radiators, producing incoherent waves. Incoherent radiation may still
show statistical correlation between the polarization components. This can be interpreted as partial
polarization to a certain degree. It can be shown that waves emitted by astronomical sources are quasi-
monochromatic and that Stokes parameters are then given by time averages:

(@y+(a?y = (ad)+(a})

(a%) - (a%) 2{a, a; coso)
2{a, ay cosb) 2(a, a; sin &)
2{ay ay sin o) (a%) - (alz) .

(2.19)

< T~
no

2.4 Polarization Measurements

An analog polarimeter does not measure the amplitudes and phase differences of the polarization com-
ponents directly, it rather detects time averaged products of the two components such as the following
product of the x- and y-components:

. 1 o * *
(ViV} = Jlim I 5 (E.+ EY) (Ey + E}) d1. (2.20)
With ,
1 ’ 2iwt T : ’
e dt = sin2wT’ =~ 0 (2.21)
2T’ _T 471'T/

for T’ > T the time-averaged product becomes:
(VVy) o« A,AT + ATA, = ayay cos 6 (2.22)
and hence a measure for Stokes U. Using the analytic representation, this equation can be written as:
(VW) = Re (ELE}) = aay cos . (2.23)

Time averaging the other possible products gives other Stokes parameters, which leads to the following
variant of the definition of Stokes parameters:

I = (E.EX)+(EE;) = (EEf)+(EE})
Q = (E.E})-(EE}) = ZRe(E,EZ*) -~
U = 2Re(E.E}) = 2Im(E,E}) 24
V= 2Im(E.E}) = (E.Er) - (EE}).

2.5 The Jones Matrix

The system components of the receiver modify the polarization state of the received radiation. A well
designed polarimetric receiver provides linear or circular polarization components. The electronic sys-
tem, however, may introduce relative gain and phase differences between these two components. These
imperfections are most generally described by matrices. The design goal of receivers is to keep imper-
fections small so that only first-order approximations are required. The complex Jones matrix (Jones,
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1941) is the transfer function for the voltages between the input and output signals of the receiver:

Va Vx jll j12 Vx
_ 7. (S 2y, 2.25
(Vb)out J (Vy)in ( Ja1 J22 ) (Vy)in ( )

The output voltages are denoted V,, and V}, as they do not have to be linear polarization components
after being transformed by the Jones matrix.

The instrument can be split into successive parts through which the signals pass. For instance, radi-
ation is first reflected by the antenna (Jantenna), then collected through the horn (J1om), converted into
linear polarization components by the polariser (J polariser), and then transformed into circular compo-
nents by a hybrid (Jhybia). The electronic amplifiers may also introduce different gains and phases
(Jelectronics)- The total Jones matrix of such an instrument would read:

j = jelectronics . jhybrid : jpolariser : jhorn : janlenna- (226)

2.6 The Miiller Matrix

The Miiller matrix (Mueller, 1948) is the transfer function for the signal power, the Stokes parameters.
To every Jones matrix exists a Miiller matrix. Its entries are real numbers:

S I my  mpgg My mpy 1
S
2l m. |9 2| M moo mou mgv | |Q 2.27)
S3 U my; myg Myy Myy U
S4)ou V). my; myg myy Myy V).

Depending on the Miiller matrix the components of the output vector may not be associated with Stokes
parameters /, O, U, and V, they may rather be linear combinations of these. The elements of the matrix
are derived by calculating the outer products of the Jones matrix:

mi; = %tr (0T 7). (2.28)

with o being Pauli matrices. The Miiller matrix entries expressed by elements of the Jones matrix are
listed in Appendix A.

2.7 Radio Emission Mechanism

At 1.4 GHz radio emission is basically produced by two radiation mechanism: synchrotron emission,
and thermal (free-free) emission. Briefly, these mechanisms are described as follows:

Synchrotron emission: Relativistic electrons moving in a magnetic field are decelerated and convert
a small fraction of their kinetic energy into radio emission. The strength of the synchrotron
emission depends on the magnetic field strength, while its spectrum reflects the energy spectrum
of the relativistic electrons. The intensity of the emitted radiation is:

) (2.29)

1\-br2
I(v) o LBY™" (;)

with pathlength L and energy spectralindex y. Only synchrotron emission is polarized. The
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degree of polarization is:
y+1

p= 7 (2.30)
Yt+3
Thermal emission: Free-free emission is emitted when electrons are deflected by ions. Because of
the randomness of the scattering, thermal emission is unpolarized. The emission measure EM is
given by:
s/pc 2

EM f Ne
pccm= cm=3
0

d(i). (2.31)
pC

2.8 Faraday Rotation

The polarization plane of a linearly polarized electromagnetic field rotates, if propagating through a
magnetized plasma. This effect is known as Faraday rotation. Faraday rotation can be understood as the
result of a difference between the propagation velocities for right- and left-handed polarized radiation.
Since a linearly polarized wave can be composed of two circularly polarized waves, the retardation of
one of the circularly polarized waves relatively to the other results in a rotation of the sum, the linearly
polarized wave.

The degree of Faraday rotation by which the polarization angle is rotated (FR), is given by the product
of rotation measure RM and wavelength A squared:

FR = A>RM, (2.32)

in which the rotation measure RM is defined by the integral over the line-of-sight:
L
RM = 0.81 f By(D)yne(D dl, (2.33)
0

with RM in radm~2, the magnetic field strength parallel to the line-of-sight By in uG, the electron
density 7 in cm~>, and the line-of-sight length L in pc. It is important to keep in mind that only if By(l)
and n.(/) are uncorrelated, Equation 2.33 can be written as:

RM = 0.81 B” Ne L. (234)
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3 Receiving Equipment and Observations

The observational part of this project involves hardware as well as software issues. To allow
polarimetric observations, the receiver of the DRAQO 26-m telescope requires modifications. The
backend system must be set up and software needs to be written to control receiver and polarime-
ter. Before observing is started the receiver is tested and an observing scheme is developed. This
chapter describes the main aspects of performing the survey: 1. hardware issues including fron-
tend, backend, and receiver modifications; 2. development of software; 3. system errors produced
by the receiving system and how to correct them; and 4. the observing scheme.

3.1 Hardware

Although a well suited receiver of the DRAO 26-m telescope can be utilized for this project, a few
modifications of the receiver circuit were necessary. Subsequently, complete testing of the receiver is
unavoidable to identify and remove possible sources of systematic errors. The signals are processed by
the backend device — an analog polarimeter shipped from the Max-Planck-Institut fiir Radioastronomie
in Bonn, which is of the type used at the Effelsberg 100-m telescope. In addition to hardware work,
software needed to be developed for the read-out of four polarimeter channels as well as the data
processing and storage of raw data. The following describes, in more detail, the receiver modifications.

3.1.1 The DRAO 26-m Telescope

The 26-m telescope (Figure 3.1) was build in 1959. Since then, it has been frequently used for spec-
troscopy of Galactic Hr and OH. It is a deep paraboloid (f/D = 0.3, where f is the focal distance and
D the diameter of the antenna) with an open-mesh surface. The telescope has a diameter of 25.6 m
and is located at —119°37.2’ longitude and +49° 19.2" latitude. The antenna was originally intended
for use at 1.4 GHz. At this frequency the aperture efficiency is 55% (10 Jy/K). The antenna surface
allows observations at frequencies from about 400 MHz to about 8.4 GHz. At 6.6 GHz the aperture
efficiency falls to 11%. Only few observations have been made towards the upper limit of the frequency
band. The receiver box is mounted on three support-struts which are arranged at an angle of 33°5 to the
antenna boresight. Different primary focus boxes are available, hosting receivers operating at different
frequencies.

The antenna is on a polar mount and can observe the sky between —34° and +90° declination. Survey
observations were limited to declinations > —27°. The rms pointing accuracy is 0.8" (Knee, 1997).
Observations are usually scheduled several days in advance with the telescope left unattended.

3.1.2 Cross-Correlation of Radio Signals

In radio astronomical receivers operating in the Megahertz and lower Gigahertz range, a number of
methods are used to stabilize the gain of the receiving system. Gain fluctuations of the amplifier chain
and the 1/f-noise limit the detectability of weak radio signals. Aside from circuit designing the ampli-
fiers as stable as possible, principles like the Dicke switch have been applied in the past. Polarimetric
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3 Receiving Equipment and Observations

Figure 3.1: The 26-m telescope of the DRAO with the institute buildings in the background.

measurements with present-day receivers are done by cross-correlating the polarization components
provided by the feed, which improves sensitivity.
The cross-correlation function of two ergodic processes producing the signals s;(f) and s»(f) of the

real variable 7 is defined by:
T

. 1
cef = Jim o f 51Ot + 7). 3.1
-T

The cross-correlation expresses to which degree the two signals are correlated. The integral in Equa-
tion 3.1 is a time average so that ccf can be written as:

ccf = (s51(8) s2(t + 1)). (3.2)

Supposing that Vi (¢) and V,(¢) are the noise voltages of two stochastic signals corresponding to
two hands of polarization. If received with an uncooled receiver such as the one at the DRAO 26-m
telescope, a large fraction of V() and V() is uncorrelated receiver noise; the sky only contributes a
few percent of correlated — and hence polarized — signal:

Vi
\%}

Gl (Vrecl + Vskyl)

33
G2 (VreCZ + VskyZ)a ( )
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Figure 3.2: The 1.4 GHz receiver of the DRAO 26-m telescope from the inside, reconfigured for po-
larimetry.

with G and G, the real gain in the two channels.

To measure the cross-correlation function of V(f) and V,(¢) a device is needed that multiplies the
signals and averages the product. With Equation 3.2 and 7 = O the cross-correlation reads ccf =
(V1(1) V(1)) and yields:

ccef = GG, <Vreclvrec2 + Vreclvsky2 + VrecZVskyl + Vskylvsky2> . (3.4)

The time averages of all products containing Vi..; and Vi, are zero because the receiver noise in both
channels is uncorrelated and only
cef = G1G2(Viy1 Viky2) (3.5)

remains.

This is an important principle. Gain errors do not affect the correlation products when there is no
polarization. This means that even with gain fluctuations, the product of the two hands of polarization
remains zero for unpolarized sources. Moreover, gain variations will change only the calibration of the
receiver and not affect the sensitivity. This makes the measurement of weak polarization more accurate.

3.1.3 The Receiver

Receivers at the DRAO 26-m telescope are hosted by focus boxes (see Figure 3.2). These boxes are
thermally isolated and temperature controlled by a thermalelectric heater and cooler. Air circulation
keeps the receiver temperature constant at 21°C. To allow observations at different frequencies, dif-
ferent boxes hosting various receivers can be installed. The 1.4 GHz receiver used for this survey
was originally designed for spectroscopy of H1 and OH lines, but the dual polarization design allows
polarimetric observations as well.

Figure 3.3 shows a block diagram of the modified receiver that is used for this survey. The frontend
consists of a corrugated flange feed (scalar feed) through which the radio signals enter the receiver. The
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Figure 3.3: Block diagram of the 1410 MHz continuum receiver of the DRAO 26-m telescope after
reconfiguration for polarimetry.
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3.1 Hardware

Table 3.1: Receiver and antenna specifications

Telescope coordinates —-119°37.2/, +49°19.2/
Antenna diameter 25.6m

HPBW (effective) 36’

Aperture efficiency 55%

Bandwidth (November 2002) 12 MHz (10 MHz)
Poiting accuracy 0.8

Intermediate frequency 150 MHz

System temperature 161 K

Gain variations in 30 days <4%

Ambient temperature stability of the receiver ~ 1°C

Phase tracking across band ~5°

feed, which is scaled from a feed designed at the MPIfR, is followed by a piece of circular waveguide
and a circular-to-square transition. A dual polarization coupler (DPC) splits the initial input signal into
its linear polarization components: E, and E,. A calibration signal is injected into the X- and Y-lines
through directional couplers. The two signal lines are then cross-coupled by a quadrature hybrid, which
is followed by circulators. Two low-noise amplifiers (LNA) amplify the signals. The signals then go
through bandpass filters centred at 1412.5 MHz with a 1 dB bandwidth of 35 MHz. The bandpass is
followed by attenuation and more amplification. Subsequently, the signals are send into mixers which
turn the radio frequency (RF) signals into intermediate frequency (IF) signals centred at 150 MHz. After
being once more attenuated, amplified, and bandpass filtered the IF-signals enter the polarimeter. The
polarimeter has four output channels, which are connected to the data acquisition PC and continuously
read-out.

Receiver Modifications

The original receiver does not have a quadrature hybrid and therefore provides linear polarization
components. From the definition of the Stokes parameters (Equation 2.18) it can be seen that cross-
correlating linear components does not yield measures for the polarization state of a linearly polarized
incoming wave. Although not used at the final receiver, the correlation products of linear components
are now calculated for demonstration. Let £, and E), be the two analytic representations of a linearly
polarized signal corresponding to equation 2.2:

Ex - aleiwt
E, = ae’t, (3.6)

According to the receiver block diagram (Figure 3.3), the polarimeter performs two multiplications. It
calculates the simple product of the two polarization components and the product in which one of the
two components is phase shifted by 90°:

E.EXY = aa

y . .
Ex,,gE; = ajaze 1. @37
The time-averages of these products are:
2
XY = Re(EXE;) = aia = a—2° sin2¢ —> Stokes U (3.8)
YX = Re(E.:E}) = aiapcosi = 0 —> Stokes V, ’
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Figure 3.4: Phase tracking of the two polarization components before entering the polarimeter, mea-
sured without IF bandpass filters. The observing frequency is 1410 MHz and the bandwidth
is 12 MHz.

which are measures of Stokes U and V, respectively. Linear polarization, however, is described by
Stokes U and Q. To measure U and Q, the linear polarization components provided by the DPC must
be transformed into circular components.

The transformation of linear into circular components is achieved by installation of additional HF-
devices and modification of the receiver circuit as follows:

e A quadrature hybrid is incorporated into the receiver.
o Circulators between the hybrid and the LNA are used to improve matching.
¢ A number of phase matched cables are necessary to adjust pathlengths and circuit wiring.

These additional system component have resistance and therefore rise the system temperature. Resis-
tance is equivalent to a source of noise. This noise is of the same nature as the signal received from the
astronomical source and can therefore not be distinguished. The noise temperature 7, of an attenuator
at ambient temperature T, With loss L measured in dB is given by:

Ty, = (101 — 1) Tamb. (3.9)

Gain and phase measurements of the entire system are made to maximize sensitivity to polarized
signals. The following details are worth mentioning:

e The relative phase difference of the two polarization components, measured at the X and Y-
port of the DPC, depends on frequency. Before entering the hybrid, this phase mismatch must
be compensated. Measurements show that over a frequency band of 100 MHz the relative phase
mismatch is about 10°. Good phase matching can therefore only be achieved for a fixed observing
frequency and a relatively small bandwidth (5 100 MHz).

o Different pairs of IF bandpass filters were used in November 2002, the first observing month,
and December 2002 through May 2003. It was noticed that the first set of filters introduced an
additional phase mismatch of 7° across the observing band. Therefore, they were replaced by
better ones with a phase match as good as 3°.
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3.1 Hardware

oR Lo

Figure 3.5: Functional block diagram of a quadrature hybrid.

o The phase match of the system without IF bandpass filters is shown in Figure 3.4.

The following system components are important for the signal processing within the frontend and
are therefore described in more detail:

Quadrature-Hybrid

The DPC is designed to uncouple the two linear polarization components of an incoming polarized
signal. In principle, the system could be changed to circular components by implementing a quarter-
wave plate into the horn. Instead of altering the horn, a quadrature hybrid is used, which has the same
effect.

A hybrid is a passive device without amplification. According to Figure 3.5, a signal applied to port
X or Y splits equally between ports R and L with one of the outputs exhibiting a relative 90° phase
delay. A very simple hybrid can be made of a ring-like metal plate, with connectors every 1/4 attached
to it. The commercially fabricated hybrids are more sophisticated, but basically the output signals (R,
L) are formed by linear combinations of the two input signals, one of them with the phase unchanged,
and one with a 90° phase shift introduced. Hence, the outputs read:

R = 3(X+Yip)
L o= LY 4+ Xum) = X+ Yenpo) G109

The implementation of a quadrature hybrid is essential. But where should it be incorporated? The
two possibilities are: 1. as a pre-amp hybrid between the horn and the LNA; or 2. as a post-amp hybrid
somewhere between the LNA and the polarimeter. The first option — ahead of the LNA — seems less
convenient, because the hybrid, due to its loss, increases the receiver temperature much more than in
the pre-amp case. However, implementing the hybrid behind the amplifier means that the two linear
components (X, Y) are amplified before being transformed into circular components. Gain variations
of the amplifiers therefore result in more complicated amplitude and phase variations of the R- and L-
components. Such a system would not provide the advantage of cross-correlation for measuring weak
signals, because now gain variations do change the sensitivity and produce fake polarization if there is
none. Hence, despite the increase in system temperature, the hybrid must be incorporated ahead of the
LNA, as a pre-amp hybrid.

The hybrid at the DRAO 26-m telescope is uncooled (7Tymp =~ 290 K) and has a loss of about 0.3 dB.
According to equation 3.9, it increases the receiver temperature by approximately 20 K. The integration
of the hybrid requires the incorporation of additional cables. The loss along 1 m of coax cable is of the
order of 0.15 dB, which introduces additional 10 K receiver noise.
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3 Receiving Equipment and Observations

Circulators

Circulators are added in to improve matching between the hybrid and the LNAs. This prevents backscat-
tering of signals from the X- and Y-ports of the hybrid into the other, which would produce cross-talk
and thus increase instrumental polarization.

A ferrite circulator or isolator is a device that allows RF to flow between two adjacent ports. This
flow is restricted to one direction only. The transmission line is placed between ferrite material and
magnets. The magnetic field induced by the magnets allows RF to pass in one direction without being
attenuated, but not in the other direction.

The isolators used here have an insertion loss of about 0.25 dB and an isolation in the reverse di-
rection of about —30 dB. According to Equation 3.9 the insertion loss rises the system temperature by
about 17 K.

Calibration Noise Source

A calibration signal is generated by a noise source, Noise/Com Inc Model NC3101E, generating a
signal of constant amplitude. The “cal” is switched on every 24 s for a duration of 400 ms. The signal
is split and injected through directional couplers and thus produces a correlated, polarized, signal at the
X- and Y-ports of the hybrid.

Although the hybrid transforms a relative amplitude difference of E, and E|, into a relative phase
difference between E, and E;, and a relative phase difference between E, and E, into a relative am-
plitude difference of E, and Ej, the gain and phase of the cal, measured at the X- and Y-port of the
hybrid, do not have to be well matched. Important is that the cal produces signals in R and L that have
constant amplitude and phase. This is then recorded as a constant reference signal in the RL and LR
cross-correlations. The reference signals in RL and LR are later transformed into polarized intensity
and polarization angle.

The directional couplers, through which the cal signal is injected, have an insertion loss of about
0.2 dB on their main line. This adds additional 15 K to the receiver noise.

Low-Noise Amplifiers

Low-noise amplifiers are specifically designed to have a high gain and a comparatively low thermal
noise. The LNAs used here are two Berkshire (L-1.4-45HR) build in 1991. They have a quoted gain of
57.0 dB, and 51.6 dB, respectively. The thermal noise of these amplifiers is about 30 K. These LNAs
are based on HEMT transistors.

3.1.4 System Temperature

Because of their loss, the receiver components contribute thermal noise. This raises the effective noise
temperature of the receiver. The receiver temperature T is the sum of all noise contributions within
the receiver. In case of the DRAO 26-m receiver, and in most other receivers used in radio astronomy,
several amplification stages are combined serially as a cascade of amplifiers. It can be shown that the
receiver temperature of a cascaded system is:

1

1
Tree =T + =—T o ———————
rec 1 2 3 Gle...anl

1
+ —T T, 3.11
Gy GGy - .11

(see e.g. Rohlfs & Wilson, 1996, for derivation) with 7}, and G, being the noise temperature and gain
in the n-th amplification stage. Therefore, only the receiver components ahead of the first amplifier
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contribute significantly to the receiver temperature. In case of the receiver used for this survey, these
are the horn, DPC, couplers, hybrid, and circulators.

The system temperature is the sum of receiver temperature and all other noise contributions such
as antenna temperature. Antenna noise originates from the sky background, ohmic losses, and ground
pickup or spillover from side lobes (atmospheric noise and the actual sky signal). Along with bandwidth
and integration time, the system temperature determines the sensitivity of the receiver. The rms noise
temperature T, Of the system is defined by:

Cs Tys
VBt

with bandwidth B and integration time t. The constant Cs depends on the type of receiver used for the
observations.

Tims =

(3.12)

Adding the above listed noise contributions and allowing additional 60 K for ground radiation, atmo-
spheric effects and other noise sources, the system temperature without sky emission results in about
160 K. In case of total power observations, the constant C is unity (see various textbooks, e.g. Kraus,
1966, p. 258). With a bandwidth of 12 MHz and an integration time of 60 s per pixel, the theoretical
rms due to receiver noise in total power is 6 mK.

The polarimetric measurements are done on correlated signals. The constant C; is in case of a
correlation receiver 0.71 and the theoretical rms in the cross-correlated channels thus calculates to
4 mK. These are theoretical values. The final errors in Stokes U and Q are greater for reasons discussed
later (Section 4.3).

3.1.5 Polarimeters

The only backend device utilized for this survey is a continuum polarimeter brought to DRAO from
Effelsberg. The S300-4 narrow band polarimeter is capable of performing the analog multiplication of
three individual input channels of which only two are used here. The same type of polarimeter is used
on the Effelsberg 100-m telescope for narrow band polarimetry. Prior to shipping, a few modifications
of the polarimeter were made. All coax cables and lines were checked and replaced, if necessary. The
internal multipliers were substituted by new ones with improved performance and the transformers
were replaced to stabilize power supply.

A multiplying polarimeter is a correlator that calculates products of the incoming signals. Usually
these signals are the two polarization components of the received radio waves, ideally perfect linear or
circular. Different types of polarimeters are described now with an emphasis on analog polarimeters.

Analog Multiplying Polarimeter

Let E, and E, be the two analytic signals representing linear polarization components of a linearly
polarized radio wave (§ = 0) with amplitude A, and position angle ¢:

E, = A"
E} _ A (3.13)
with
Ay = Apcosyp
A, = Apsine. 3.14)
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In case of the DRAO 26-m-telescope receiver, linear components are transformed into circular by the
hybrid:

E, = 05(Ace +A, e 3)
I ‘ (3.15)
E; = 05(Ae @5 4 Ay eier).
These signals are fed into the polarimeter. Correlation of E, and E; yields:
* _ 1 iwt i(wt—1%) —i(wt-%) —iwt
EE; = 1(Ae +Ael@ D) (A=D1 4 et (3.16)

1AA, + (A2 42).

The time-average of this product is Re (E,E}"). With the amplitudes of the linear polarization compo-
nents A, and A, this gives:

2

1 A
RL = Re (E,E,*) = 5 AA, = IO sin2¢ —  Stokes U. (3.17)

According to the definition of the Stokes parameters, this product corresponds to Stokes U. This
polarimeter channel is also called the sine-channel.

To achieve full information on the polarization state the polarimeter calculates a second product: the
product of E, and E,, with E, phase-delayed by 90°. The correlation then yields:

Er,—g El* — Axei(wl—g) + Ayei(wl—ﬂ)) (Axe_i(“’_%) + Aye—iwt)

1
1
A (3.18)
1 (A2_x2)_ i
= 1(A2-A2) - 1A.a,
with the time-average of this product:
1 A}
— *\ 2 2\ -0
LR =Re(E,_zE]) = I (Ax —Ay) = cos 2¢ —  Stokes Q, (3.19)

which corresponds to Stokes Q. This polarimeter channel is also called the cosine-channel. The sine-
and cosine-channels provide all information required to fully describe the polarization state of a linearly
polarized radio wave. In case of partial polarization Stokes / is also required.

In analog correlators the multiplication of the two input signals is done by multipliers. Such a
multiplier takes advantage of the equation: (A + B)? — (A — B)?> = 4AB. Hence, the product of A and
B is determined by detecting the sum and difference of the two signals with square-law detectors, and
subsequently subtracting these signals. In practise, analog multipliers are subject to gain errors and
non-linearities. In particular the products contain quadratic terms in the form:

AB + aA* + BB?, (3.20)

whereas @ and § are usually small. Moreover, the products have DC offsets which are sensitive to the
ambient temperature. In case of the S300 polarimeter, the amplitude of fluctuations of the DC term is
orders of magnitudes larger than signals caused by polarized radiation from the sky.

To handle quadratic terms and DC offsets, the correlation products are calculated twice: at first with
the relative phase between the two components unchanged and a second time with one of the two input
signals phase shifted by 180°. This causes the sign of the product AB to change, but not the sign of the
quadratic terms and DC offsets. The phase shifter is switched periodically between zero and 180°. The
pure correlation products can be recovered by taking the difference of the phase shifted and unshifted
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correlator outputs:
RL 0.5 (RLo — RLg0)
LR = 0.5 (LRg—-LRjgp).

(3.21)

Digital Cross-Correlator

Digital cross-correlators are often used in synthesis telescopes but also some single-antenna telescopes
cross-correlate signals digitally (e.g. the Green-Bank Telescope). The inputs of such a correlator are
digitized samples of data from each antenna or each hand of polarization. The output of a correlator
is the cross-correlation function (ccf) of data received in a finite time interval, which is adapted to the
bandwidth used for the observation. The digitized data within the time interval are called “lags”.

By Fourier transforming ccf consisting of N lags, a cross-power spectrum with N channels is ob-
tained. As ccf is antisymmetric about 7 = 0 (Equation 3.1) the Fourier transformation results in a
complex spectrum. If circular polarization components are correlated, the real and imaginary parts of
the Fourier transformed ccf correspond to Stokes U and Q.

A correlator in which the correlation is followed by a Fourier transformation is called XF-correlator.
It is called FX-correlation if the signals are first Fourier transformed and then multiplied.

Other Types of Polarimeters

In bolometric receivers the signals of the two hands of polarization are detected by square-law detectors
and thus phase information is not preserved. Stokes parameters are retrieved by adding and subtracting
the detected power levels in the following way:

I = RR+LL
0 = RR-LL. (3.22)
Stokes U is measured by rotation of the plane of polarization with respect to the feed. In such polarime-
ters, small quantities (U, Q) are derived by subtraction or addition of two large quantities (RR, LL). The
gain in the two channels must therefore be sufficiently stable, a challenging design goal. These types of
polarimeters are sometimes used in bolometric receivers mapping the CMB polarization at frequencies
around 100 GHz (e.g. Siringo et al., 2004; Tauber, 2004).

Another type of polarimeter is the adding polarimeter, which consists of a network of 90°- and
180°-hybrids performing phase-correct additions. Instead of calculating products of E, and E; such a
polarimeter has the following outputs (see e.g. von Hoensbroech & Xilouris, 1997):

channel 1 = |Er|2> - <E,E:>
channel2 = |E1|2> _ <E1E,*> (3.23)
Total power I and Stokes V are derived from:
V2 chanmel2 chamel 1. (.24)
Stokes U and Q are as follows:
0 = 1 dhmas @29

Calibration is required to find scaling factors for total power I and the correlator output channels 3
and 4. Again, the gain of the signals fed into such a polarimeter must be stable because Stokes U and
Q are given by differences of large and small quantities.
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3.1.6 System Adjustments

The implementation of a hybrid requires the adjustment of relative gain and phase of the receiver chan-
nels carrying the two hands of polarization. As the DPC provides linear polarization components a
hybrid is used to form circular polarization hands out of linear. Within the hybrid this is done by phase
delaying and adding the linear components. But the hybrid as well as other receiver components intro-
duce errors in terms of phase and gain mismatches between the two components. These mismatches
affect the sensitivity of the receiving system to polarized signals and must be compensated by adjust-
ment of cable length and integration of attenuators in the receiver circuit.

The following questions must be investigated to estimate the importance of system adjustments and
recognize systematic errors in the data :

e How do phase and gain mismatches of the linear polarization components (E,, E,) in the pre-
hybrid part affect the measurement of Stokes U and Q?

e How do gain and phase mismatches of the circular polarization components in the post-hybrid
(E,, E)) affect the cross-correlations (RL, LR)?

o The input signals have a bandwidth of 12 MHz. How do phase slopes across the observing band
alter the cross-correlations.

It now follows a discussion of these questions.

Phase- and Gain-Matching in the Pre-Hybrid Part

The adjustment of relative power levels and phases in the X and Y signal paths of the receiver, ahead
of the hybrid, must be discussed. There are no active devices, such as amplifiers, in this part of the
receiver. All devices are passive and power level mismatches either reflect different polarization angles
of the incoming signal or are caused by different attenuation of the receiver components.

A phase mismatch may be caused, for example, by different cable lengths or the DPC itself. To
calculate the effect of mismatches of the power levels and phases in the pre-hybrid part, the two complex
gains g, = Gy e and g = G, €'e are introduced, with the two power gains G, and Gy, and the pre-
hybrid phase error Ae,, = €, — €,. The linear polarization components are then expressed by:

Ex — Gx Ax ei(wl+sx)

E, = GyA, plwr+e) (3.26)

After passing through the hybrid the two linear polarization components are transformed into circular:

Er - 1 Gx Ax ei(wl+sx) +G, A, ei(wl+sy—n/2))
% A ) e A 3.27)
E = ! G. A, plwrte—n/2) | Gy Ay el(wl+sy)) )
The real parts of the products measured with an analog polarimeter are:
RL = Re(E.E)) = 1G.G,AAycos Ay
LR = Re(E, zE}) = 1(GA2-G2A2) (3-28)
= e(Lr -2 Ly = 7 \Uxx yiy)-
With the polarization angle ¢, A, = Ag cos ¢, and A, = Ag sin ¢ this becomes:
RL = 1AJG.G,sin2¢pcos Ay 329
LR = [A2(G?-G2+(G?+G?)cos2yp) (5:2%)
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pre-hybrid phase mismatch pre-hybrid gain mismatch
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Figure 3.6: Calculated response of the system taking phase errors Ae,, and power level (G,, G,) mis-
matches in the pre-hybrid part into account. In the left panel is shown, with G, = 1 and
G, = 1: Ae,y, = 0° (thick line), Ae,, = 30° (dashed line), and Ae,, = 60° (dash-dotted line).
The right panel shows, with Ae,, = 0°: Gy = G, = 1 (thick line), G, = 1.2 and G, = 0.8
(dashed line), and G, = 1.5 and G, = 0.5 (dash-dotted line).

How does a phase mismatch in the pre-hybrid part affect the cross-correlation products? Equa-
tions 3.29 show that RL is sensitive to the cosine of the phase error A€y, whereas LR is not affected
by a phase mismatch. Hence, a phase mismatch results in an elliptical response, meaning that the am-
plitude of the cross-correlation products depends on the polarization angle of the incoming polarized
signal (Figure 3.6). In practise, the X- and Y-components should be brought “in phase” before entering
the hybrid to improve the sensitivity of the receiver. This can be achieved by adjusting the cable length
between the horn and the hybrid.

Furthermore, Equations 3.29 show that a power level mismatch in the pre-hybrid part also leads to
an uneven response and thus reduces the sensitivity to polarized emission. The centre of the response
ellipse is shifted along the LR-axis (Figure 3.6). The gain can be adjusted by incorporation of attenua-
tors.

To summarize: Gain and phase mismatches in the pre-hybrid part of the receiver cause uneven
response and by this reduce the sensitivity of the system. Therefore, in the receiver configuration
set up for this survey, no active devices sensitive to gain and phase fluctuations are incorporated ahead
of the hybrid.

Phase- and Gain-Matching in the Post-Hybrid Part

The effects of gain and phase mismatches in the post-hybrid part are now discussed. The following
assumes a perfectly matched pre-hybrid part with Ae,, = 0° and G, = G, = 1. The two complex
gains for the post-hybrid part are then g, = G, e’ and g; = G €', with the post-hybrid phase error
A€, = € — €. After passing through the hybrid, the two circular polarization components are:

Er - %Gr eis, (Ax eiwl + Ay ei(wl—ﬂ/Z))

4 : . 3.30
E, = 1Ge (Ax el 4 A e’“”). (3.30)
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The cross-correlation products are:

EEr = 1GG (2AxAy +i(A2 - A)%)) eiben 331
E :Ef = 1G,G/(A2-A2-24A)e. '
Taking the real-part yields:
RL = Re(EE!) = G,Gi(3AA cosAe; — 1(A2 - A2)sin Aey (332
LR = Re(E. :E') = GG (%AxAy sinAe + (A2 — A7) cos Agy) . '
Expressing A, and A, by A and the polarization angle ¢ gives:
RL = %G,G,Aé (sin 2¢ cos A€, — cos 2¢ sin Ae,;) (3.33)
LR = 3G,G/A](sin2¢sin A€y + cos 2¢ cos Agy) . )

Unlike for mismatches in the pre-hybrid part, gain variations in the post-hybrid part change the cross-
correlation products linearly and are therefore easily to detect and to correct. Phase variations, which
may be caused by amplifier drifts, expansion or shrinkage of cables due to temperature variations for
instance only rotate the RL-LR coordinate system and do not change the receiver response. This means
that gain and phase mismatches in the post-hybrid part are corrected during the data calibration without
loss of sensitivity.

Continuum Polarimetry

So far the discussion of receiver adjustments was focused on monochromatic waves. But continuum
observations are done by integrating the signal over a certain frequency band. In polarimetric mea-
surements it is important to ensure sufficient phase tracking over the observing band. Different cable
lengths in the post-hybrid RF- and IF-parts cause runtime differences of the signal across the band. It
is therefore common practise to correct phase mismatches by adjusting the cable length in either of the
two receiver channels until equal signal runtime is achieved.

Poor phase tracking in the post-hybrid part causes bandwidth depolarization. This means that, if
polarization angles of received radiation vary over the observing band, the vector sum results in a
decreased polarized intensity. If the variation of the polarization angle is introduced within the receiver,
the sensitivity of the receiving system is decreased.

Figure 3.7 shows the sensitivity of a receiving system calculated for a linear phase gradient across
the observing band. If the phase gradient reaches 60° over the bandwidth the sensitivity is reduced by
5%. At an IF of 150 MHz signal runtime can simply be adjusted by inserting a few more centimeters
of cable in the preceding channel. In the receiver used for this survey, the phase tracking measured
without IF filters is better than 5° (Figure 3.4). The phase tracking is better than 10° when the IF filters
are included. In practise this means no significant loss of sensitivity.

3.2 Computer and Software

The computer system of the DRAO 26-m telescope was mainly developed to allow spectroscopic ob-
servations. Several programs exist for scheduling of observations, controlling the antenna and spec-
trometer, as well as for data acquisition. The existing control system was not suited for the kind of
observations intended for the polarization survey. Therefore, the entire backend control including soft-
ware for the frontend and polarimeter control, as well as for the data acquisition needed to be rewritten.
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Figure 3.7: Calculation of the sensitivity loss for a linear phase gradient across the observing band. On
the abscissa is plotted the phase difference between the band limits.

Table 3.2: Interface card specifications.

Manufacturer National Instruments
Model NI 6601
Number of counters 4

Counter size / number of bits 32
Number of digital I/O lines 32
Maximum source frequency 20 MHz

The available system utilizes two computers: an IBM 520 and a PDP 11/53. The actual telescope
coordinates are transmitted by synchros from the antenna to the PDP 11/53, which, in turn, operates as
an interface to the larger IBM 520. Spectroscopic observations can be scheduled and queued on the
IBM 520 computer, which also controls the tracking and antenna positioning. The existing programs
for scheduling and antenna control needed only minor modifications to be usable for continuum drift
scans. Therefore, observations are planned and scheduled on the IBM 520, using these programs. The
telescope position, local sidereal time (LST), wind speed, and observing status are transmitted via the
local network (LAN) to another PC handling the data storage (Figure 3.8).

The analog polarimeter has four outputs, which are connected over several meters of coax cable to
the data acquisition PC holding an interface card. Over such a distance the transmission of a frequency
modulated signal (FM) is less susceptible to interference than that of an amplitude modulated signal
(AM). Therefore, the output voltages are converted into a sine-wave signal with frequency proportional
to the voltage of the correlation products (typically around 500 kHz) by a voltage to frequency converter.
An adjacent analog-to-digital converter transforms the sine-wave into signals conforming to TTL logic,
which can then be fed into the interface card.

The interface card consists of four counters and buffers. Its specifications are listed in Table 3.2.
The counters are programmed to count the number of positive edges of the TTL signals send from the
polarimeter. Such counters need an external gate signal to trigger the counting. This is provided by
a low-frequency signal generator. At each positive edge of the TTL gate signal, count numbers are
written into the buffer and counting is re-initiated. These count numbers are directly proportional to
the correlation products. The frequency of the gate signal is 25 Hz, resulting in an integration time
of 40 ms. After 200 integrations (8 s) the buffers are full. Read-out of the buffers and restarting the
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Figure 3.8: Flow diagram of the data stream as explained in the text.

counters requires about 400 ms. This results in cycles of roughly 8.4 s during which 4 x 200 packets of
integrations are gathered and transmitted to the data storage PC.

The interface card is also equipped with digital I/O lines. These lines are used to control the noise
source of the receiver and the internal 0/180°-phase shifter of the polarimeter. During intervals of 200
integrations (~ 8 s), the phase shifter is set to 0° during the first half of the cycle (~ 4 s) and 180° during
the second half (~ 4 s), resulting in 100 integrations at each phase. The noise source is switched every
third cycle.

The data reduction is done later on separate PCs, involving different stages of data reading, pro-
cessing, flagging and gridding. The data acquisition and most of the reduction and calibration tools
described in the following sections are written in glish, a scripting language within the AIPS++ (Mc-
Mullin et al., 2004) environment. It was not possible to take advantage of the TOOLBOX package used
at the Effelsberg 100-m telescope because of lacking detailed documentation.

3.2.1 Telescope Scheduling Software

The program used for scheduling of survey observations drives and holds the telescope at given co-
ordinates. The telescope control software was not intended for drift scanning and tries to correct the
telescope position after 60 minutes of observing. Therefore, drift scans are observed as sub scans with
57 minute lengths each.
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Another problem with telescope positioning was encountered at declinations larger than 85°, proba-
bly because of limitations of the pointing model. Here, the telescope cannot be controlled by software
but must be positioned manually.

3.2.2 Data Acquisition Software

On the data storage PC, data streams carrying information about the current telescope status, ongoing
observations, telescope position, LST, and wind speed are continuously read-out by the data distribution
program (Figure 3.9, top). This program merges the data on arrival and forwards them to the data
storage program (Figure 3.9, bottom) in an appropriate format. In addition, the data are displayed for
checking purposes on the “Waterfall Display” (Figure 3.10).

The data distribution program also corrects the telescope position sent from the IBM 520, because
the telescope position is provided in equatorial coordinates in the current epoch. These coordinates
must be transformed to J2000 coordinates. Additionally, the pointing model must be subtracted from
these coordinates as the IBM 520 automatically applies the pointing correction.

Telescope-use prevented access to the system before July 2002. The data acquisition software, which
therefore needed to be written prior to the completion of the hardware, had to be as flexible as possible.
It was also not fully decided which observing modes will be available: whether, e.g. the telescope will
be capable of observing maps, etc.

3.2.3 Data Reduction Program

The raw data must be processed before their quality can be examined. This is done by the data reduction
program (DRP, Figure 3.11). This program reads the raw data, which are stored on disk in form of
ASClI-files, and performs the following processing steps:

1. Removal of spikes and interference as explained in Section 4.1.1.

2. Separation of the different states of the internal phase switch and calibration signal, taking circuit
times into account.

3. Calculation of the cross-correlation values by computing the difference of the signals of channel
3 and 4 at phase zero and 180° of the polarimeter (Equation 3.21).

4. Averaging packets of data of 4 X 200 integrations.

Any further reduction steps such as calibration, gridding, and interpolation will be described in
Chapter 4. These data reduction steps are implemented by glish-scripts rather than graphical programs.

3.3 Instrumental Errors — Time-Invariable

The discussion in Section 3.1.6 demonstrated the point of relative gain and phase adjustments in the
receiving system to maximize sensitivity and circularity of the response. Apart from errors due to gain
and phase mismatches, the system components themselves may introduce errors such as cross-coupling
or non-circular responses. These errors modify the initial Stokes parameters of the source and are most
generally described by a 4 X 4 matrix, the Miiller matrix. In this section the formalism used to describe
these errors will be explained, roughly following Heiles et al. (2001) and Heiles (2002).
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Figure 3.9: On the top a screenshot of the data distribution program (Mom) that receives and merges
the incoming data streams from the polarimeter and the IBM 520 computer is displayed.
This window shows only status information, except for the “End of Session” button to stop
data acquisition. The data stream is visualized by yellow panels. The current sidereal and
local times as well as status information are displayed. The two bottom screenshots show
the data storage program (Data Storage 1 / 2) that receives, distributes and writes the raw
520 reports an observation. Additional information such
as source name, project name, frequency and type of observation may be provided by the
observer but are not mandatory to start an observation. All displayed messages are logged

data onto disk whenever the IBM

into a file.
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Figure 3.10: A screenshot of the Waterfall Display that plots the incoming data streams of all four
channels in real-time. Here the display shows channel three and four, the sine and cosine
channels of the polarimeter. Visible are the four phases of an integration: 1. phase zero,
cal off; 2. phase zero, cal on; 3. phase 180°, cal on; 4. phase 180°, cal off. This display is
very usefull for early recognition of problems with the system.

3.3.1 An Imperfect Feed

The feed is the first device of the receiver system that the signal from the source encounters. A perfect
dual linear polarized feed uncouples two signals that are orthogonal, linear polarization components of
the incoming wave. But feeds are usually designed for a certain bandwidth and their properties vary
over this frequency band. Moreover, their outputs are only approximately linear or circular polarization
components and are usually not perfectly orthogonal.

Here the case of a dual linear feed as used at the DRAO 26-m telescope is considered. Following
Conway & Kronberg (1969) the imperfections of a feed are represented by a Jones matrix. Let E =
E. + E, be the analytic signal of the incoming wave. The feed output is then:

E, _ 1 € e\ (E,
(Eb)out_(fze‘i"’z 1 )(Ey)in’ (3.34)

with € and e, representing the amplitude of cross coupling between the two polarizations, meaning
that a small amount of one polarization component is received through the other, and vice versa. ¢; and
¢, are the phase angles of these coupled voltages. Depending on the errors the outputs can be arbitrary
hands of polarization and are therefore denoted a and b.

The entries of the corresponding Miiller matrix can be found by employing Appendix 8.2. Under the
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Figure 3.11: The raw data reduction program that reads the raw data and does flagging, processing and
gridding. The user can examine the data on different types of displays. Parameters for data
flagging can be chosen and individual channels can be searched for interference. Data can
be stored on disk in a space saving AIPS++ binary file format.
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assumption that €] = e, = 0 the transformation of the original signal by the feed reads:

S, I 1 0 a B
SZ _ Q . _ 0 1 vt 6f
S3 = Mfeed U with Mfeed = ar —y 1 ol (335)
S4 out 14 in ’Bf _5f 0 1
and
ar = € COSP| + & COS Py
ﬂf = € sin ¢1 + e sin ¢2
Ve = €1COSP| — € COS Py (3.36)
6f =€ sin ¢1 — € sin ¢2.

The imperfections of a feed are described by four independent parameters to good approximation.

3.3.2 The Quadrature Hybrid

The quadrature hybrid forms the sum of two input signals while phase shifting one of the inputs. In a
perfect hybrid the signal powers are split equally and the phase shift is exactly 90°. Again, hybrids are
designed for a specific frequency range and the perfect hybrid is achieved only to a certain degree.

In general, a hybrid can be described by the following Jones matrix:

Eq 0.5 gvuei%a (Ex
“lowet VO3 \E) 3.37
(Eb)out [gXbel%, 0.5 J\E, in ( )

with gy, = g = V0.5 and dya = ¢ = —90° for a perfect hybrid in which case E, and E;, were right
and left handed polarization components. Depending on the hybrid they do not have to be perfectly
circular so they are denoted a and b.

Under the assumption that g,, = g, ~ V0.5, the corresponding Miiller matrix for the hybrid is:

S 1 1 0 an  fh
S . 0 0 1
Si = Mhuybria g with  Mhpybria = R, );h Oh , (3.38)
S4 out 14 in ’Bh _6h 0 0
with
a, = V0.5 (gya COS yy + gy COS qub)
Bn = V0.5 (—gyu sin ¢y, + gy, Sin ¢xb) (3.39)

Yh = V0.5 8ya COS ¢ya — &xb COS ¢xb)
Oon = V0.5(—gysingy, — gy Sin ¢xb).
In case of a perfect hybrid the Stokes parameters S 1, S», S3, and S4 can be associated with Stokes 7,

-V, U, and —Q. Hence, the perfect hybrid — or a quarter-wave plate within the horn — only changes the
order of Stokes parameters in the output vector.

3.3.3 System Gain

After being converted into approximate circular polarization components, the signals go through dif-
ferent amplifier chains. These chains have complex gains, causing different amplification and phase
delays. The system gain therefore represents the time-independent signal deformation of the receiving
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system. Unlike electronic gain, the system gain describes steady properties of the system devices and
may only change by modification of the receiving system. The Jones matrix for the system gain is:

E, gV 0 ) (E x)
- . , 3.40
(Ey)out ( 0 gye“/’y Ey in ( )

with the voltage gains g, and g, and the phase delays i, and i,. The corresponding Miiller matrix for
the system gain is:

S I
Sa _ 0
S5 Mamp Ul (3.41)
S4 out 4 in
with
Hetre) i(st-g3) 0 0
Mo = |7 (83-8) 5(s3+85) 0 o (3.42)
0 0 8x8yCOSAY  —g, gy sin Ay
0 0 8x8ySinAy  g.g,cos Ay

here Ay =, — , can be considered a phase mismatch in the post-hybrid part which results in a 2 x 2
sub rotation-matrix in the Miiller matrix.

3.3.4 The System Miuller Matrix

In principle one can set up an individual Miiller matrix for each component of the receiving system.
The product of all matrices results in a matrix describing the entire system. The order in which these
matrices must be applied corresponds to the signal path through the receiving system. Taking the above
mentioned matrices as examples the transformation of the incoming signal is described by:

1
= Mamthybrid MieeaMpa 8 . (3.43)

out in

In general, the matrix Mpa represents the rotation of the sky relative to the receiver coordinates and is
a simple rotation matrix affecting only Stokes Uj, and Qj,. This must only be taken into account for
azimuthal mounted telescopes. In case of the DRAO 26-m telescope it is the unit matrix due to the
equatorial mounting.

The system Miiller matrix has 7 free parameters and an irrelevant phase. Algebraic multiplication of
the individual matrices results in a far too complicated system matrix. This would be of no use for the
calibration of the 26-m Survey, therefore the following form is used.

Assuming a uniform (perfect) system gain, which can be achieved by a pre-calibration, matrix mul-
tiplication gives the system Jones matrix taking only the feed and hybrid into account:

_ [[[ \/ﬁ + gquZE[@)"qbZ)]J [[ V0.5519i¢| + g}‘uei%a]J]
ijS - ) ’

) . ; 3.44
gwe® + V0.5ee72| | V0.5 + g€ e ot 344)
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which results in the following Miiller matrix:

[1 +asay, +,3f,3h] k—aﬂh _,Bf(shi @y +ay B
+ 0B - — 00 h+ 0
M, ['}’fa'h fﬂ/] YiYh — O f0h Yot Yy h . (3.45)
ar+a ~Yh [1 +aray — )’f)’h] agBn —vron
Br +Bn —0p [ﬂfafh - 5_f7h] BfBr — 6£6n

This parameterized form will be usefull for the analysis of the system matrix of the DRAO 26-m
telescope, later in Section 4.3.1.

3.3.5 Deriving the System Miuller Matrix

In practise, it is often impossible to determine the system Miiller matrix accurately by theoretical com-
putation. Instead, the matrix must be determined by calibration. For the calibration of the 26-m Survey
not the parameterized form of the system matrix (Equation 3.45) is used but the matrix entries itself are
found. This can be achieved by least-square fitting, for example, if reference values exist and system
noise has been removed. If the data still contain system noise more advanced fitting algorithms must

be applied.
If the matrix entries can be found by least-square fitting, the coefficients mxx of the following set of
m equations corresponding to reference values n = 1,2, ..., m must be determined:
Iobs,n = mIIIref,n +  myy Vref,n + myy Uref,n + miqQ Qref,n
Vobs,n = mVIIref,n +  myy Vref,n + myu Uref,n + nmyqQ Qref,n (3 46)
Uobsy = mutdetn + muvVietn + muuUern +  myQQOrefn '
Oobsn = mQuleern + movVietn + mouUwern +  mQQQrefn,

with “obs” referring to observed Stokes parameters and “ref” to the reference values, taken from cata-
logues of standard calibration sources, for example.

If the data still contain system noise the observed Stokes parameters cannot be compared with stan-
dard values. In this case, iterative algorithms may be applied to approximately remove system noise
and find the system matrix. For the 26-m Survey, the system matrix is found in two iterative steps: a
“pre-calibration” and a “second calibration”.

The Jones and Miiller matrices describe linear cross-coupling of voltages and powers, respectively.
Usually, instrumental errors are sufficiently described by first-order terms of cross-coupling.

3.3.6 The Response Pattern

The response or diffraction pattern is the fingerprint of a telescope. A telescope’s response pattern is
described by diffraction theory. Briefly, in total power the angular pattern of the beam is the Fourier
transform of the electric field distribution across the aperture. At the DRAO 26-m telescope, the aper-
ture is blocked by three support struts and the receiver box in the projected centre of the surface. The
legs produce a series of diffraction cones in the response pattern, whereas the receiver blockade pro-
duces the circular side lobes. Irregularities of the antenna surface make the side lobe structure more
complicated. The response pattern of the DRAO 26-m telescope in total power at 1.4 GHz has been
measured by Higgs & Tapping (2000). Notable side lobe structure was detected as far as 45° off the
main beam at a level of —49 dB.

Calculations show that these side lobes usually produce high instrumental polarization (Landecker,
priv. comm.). This means that an initially unpolarized source will be detected as polarized if received
through the side lobes. While the correction for main beam instrumental polarization is relatively
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Figure 3.12: The response pattern of the DRAO 26-m telescope observed with a digital backend with
4 MHz bandwidth, centred at 1.42 GHz, using the Sun as unpolarized source. Shown is
the received amplitude in the two cross-correlation channels RL (left) and LR (right) on
linear scale. Although the maps are not calibrated, the extent and complicated structure of
the response pattern can be seen. The total observing time spend for these observations
was 60 hours.

straightforward, the correction of side lobe polarization is much more difficult. This requires the exact
knowledge of the response pattern in Stokes U and Q as well as fully sampled total power maps for the
deconvolution in the image plane.

For checking purposes the response pattern of the DRAO 26-m telescope has been measured within
a 15° x 15° area centred at the Sun. The radiation of the Sun is generally unpolarized at 1.4 GHz
and its equivalent brightness temperature observed with this telescope is about 200, 000 K. The Sun is
extended with a diameter of roughly 35’ at 1.4 GHz. Its flux is not constant and can vary due to solar
activity, which must be taken into account for side-lobe mapping. Figure 3.12 shows the measured
response pattern for the two cross-correlation channels. The percentage polarization outside the main
beam varies from —3.3% to 4.3% in Stokes U, and —2.5% to 1.7% in Stokes Q.

A correction of the 26-m Survey for side lobe polarization is not intended because of the following
reasons: First, the sampling of the total power map of the survey is not sufficient to allow deconvolution
of the polarization maps with the response pattern. Second, only strong, compact sources may cause
measurable instrumental polarization through the side lobes. The brightness temperature of the diffuse
total power emission is comparably lower and is received through a large area around the main beam,
partially cancling out the instrumental polarization components of the side lobe structure.

3.4 Instrumental Errors — Time-Variable

In this section time-variable errors will be discussed. These errors are mainly introduced by the active
receiver components, but also by variations of the ambient temperature, which may cause changes in
the IF path length and thus affect the relative phase of the IF signals. A calibration signal is injected to
detect and correct these as electronic gain denoted errors.
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3.4.1 Electronic Gain

The two hands of polarization are amplified by the LNAs, one LNA for each hand. But amplifiers are
not perfectly stable; their gain varies in a random fashion. Moreover, amplifiers introduce a phase delay,
which, if unstable, results in relative phase fluctuations between the E, and E; polarization components.
Relative gain and phase variations in the post-hybrid part affect the cross-correlation (Section 3.1.6).
Therefore, variations of the complex electronic gain must be corrected.

The amplitude and phase of the polarized reference signal (cal) is measured with the polarimeter.
The cal is detected “on top” of the sky and system noise: RL = RLgysem + RLgy + RL¢y and LR =
LRgystem + LRy + LRcy. In polarization, the reference signal is a vector whose components, RL, and
LR, must be derived by subtraction of sky and system noise. This is done by subtracting the mean of
5 integrations that precede and follow each cycle of cal-signal injection. The resulting values for RL,
and LR, give instantaneous polarized intensity and polarization angle of the cal and thus the current
electronic gain of the receiver. The correction of the raw data is then done by referring the observed
polarized intensities and angles to the reference signal.

The cal is detected after passing through the receiving system, just as the sky signal. Thus, it suffers
from the same time-invariable errors as the sky signal, except for errors caused by the feed and antenna.
This, however, means that the absolute polarized intensity and angle of the cal may be wrong but it still
correctly traces electronic gain variations.

The order of application of these corrections is important! Corresponding to the path of the signal
through the receiving system, raw data must first be corrected for electronic gain and then for the system
Miiller matrix.

3.5 Other Errors

In this section a summary of errors is discussed that do not fit into the above scheme. Such errors are
ionospheric Faraday rotation, which is negligible for night-time observations at 1.4 GHz but may be
strong shortly before sunrise and after sunset. But interference of solar or terrestrial radiation as well
as weather changes can also cause problems.

3.5.1 lonospheric Effects

The ionosphere adjoins the Earth’s mesosphere at a height of roughly 80 km. Within the F1- and F2-
layer of the ionosphere solar UV radiation detaches electrons from atmospheric atoms. In combination
with the Earth’s magnetic field these free electrons give rise to Faraday rotation. The amount of free
electrons, and thus the rotation measure, depends on solar activity, time of the day, and geographic
location of the telescope.

Other possible ionospheric effects at 21 cm wavelength are refraction and damping of radio waves.
The free electrons are set into vibration by the electromagnetic field and lose energy borrowed from the
field by collisions with atoms or ions. The errors caused by refraction and damping are negligible at
that wavelength.

Although survey observations took place almost at the maximum of the solar activity cycle 22, no
evidence for any such effects are found during night when the total electron content of the ionosphere
(TEC) is small and ionospheric Faraday rotation is low. However, some of the day-time observations
show rapid changes of the polarization angle, which are not confirmed by neighboring drift scans.
These data are manually flagged and rejected. With the DRAO synthesis telescope, Faraday rotation of
up to 10° is observed at solar maximum and as much as 5° at solar minimum, both during day time. At
night, values between zero and 5° are observed (A. Gray, priv. comm.).
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Figure 3.13: Example map of the TEC from February 21, 2005 demonstrating the distribution
of electrons in the ionosphere during night in Canada. The map is taken from
http://iono.jpl.nasa.gov/.

Presently, the capabilities for a prediction and correction of these effects are limited. Although
ionospheric effects are negligible in the survey data, two approaches for the correction of ionospheric
Faraday rotation are mentioned here. These are the theoretical modelling of the ionosphere and the
direct measurement of the electron content.

Campbell (1999) has suggested a prediction of ionospheric Faraday rotation by using the Parameter-
ized Ionospheric Model (PIM). The PIM is a theoretical model of the global ionospheric climatology,
developed at USAF Phillips Laboratory. Originally, PIM was intended to calculate the TEC of the
atmosphere. A variant of PIM, initially motivated for application to VLBI astrometry (PIMVLBI),
includes routines to calculate B and B, of the Earth’s magnetic field for a given line-of-sight. The
usefullness of PIM and PIMVLBI for the correction of polarization data is rather limited because it is a
static model that is not intended for generating time-series of ionospheric conditions. Moreover, it often
fails to predict the right trend late in the day. At DRAO, another model is under development based on
Chapman layers using the solar flux at 10.7 cm as input. Initial versions seem promising, predicting
trends correctly where PIM fails (A. Gray, K. Tapping, priv. comm.).

The other approach requires a GPS (Global Positioning System) receiver installed at the telescope
site. With such a receiver the TEC can be monitored for the local site. By measurement of the time
delay of the GPS signals, the ionospheric-induced delay and hence the TEC along the line-of-sight to
each visible satellite can be determined. In conjunction with an ionospheric model this method makes
an accurate correction possible. Tests at the VLA have shown that the accuracy is sufficient to correct
for Faraday effects to < 2°at 327 MHz (Erickson et al., 2001).

44



3.6 Observing

3.5.2 Miscellaneous

Rather rarely occurring errors encountered during survey observations are the following:

e Solar interference: If observations are done at day-time, solar radiation may be received through
the side lobes and interfere with the main beam signal. Solar interference can be avoided by not
planning observations within a radius of several tens of degrees around the Sun.

e Radio-frequency interference: Interference with terrestrial signals can often not be avoided but
must be recognized and flagged out by software processing. By selecting a protected frequency
band, RFI can be minimized.

o Weather changes: Wind and snowfall can affect the data by pushing the antenna and changing the
pointing. In addition, snow and rain changes reflectivity of ground and antenna and thus affect the
system temperature. The correct pointing of the telescope must be checked and unusual system
temperature drifts detected during data reduction.

e Hard- and software modifications: During the survey observations, improvements of hard- and
software were frequently made. This can change properties of the system. This must be taken
into account during data reduction.

3.6 Observing

The effects of the main contribution to the antenna temperature — stray and ground radiation — can be
minimized by drift scanning. By restricting observations to night-time, solar interference and errors
due to ionospheric Faraday rotation are also minimized. In the following, the origin and characteristics
of ground radiation will be discussed, the observing strategy explained and observations summarized.

3.6.1 Ground Radiation

Ground radiation is received through the side and back lobes, and raises the antenna temperature and
hence the system temperature. Investigations of Mezger (in Altenhoff et al., 1960) showed that at
centimetre wavelengths rough and dry ground behaves like a black body of approximately ambient
temperature. Deviations from a black body were found for smooth water and metal surfaces, as well
as for asphalt and concrete. If the surface is smooth compared to the observing wavelength it reflects
emission from the sky and thus has a brightness temperature of a few Kelvin.

Ground radiation is expected to be time variable. Seasonal variations of the ground temperature on
time scales of months or weeks, as well as on time scales of days and hours, because of day-night
variations of the ambient temperature, are possible. Environmental parameters influence the ground
radiation. The ground cools down in the winter and after sunset, and rain changes the emission and
reflection coefficients of the ground. The ground-reflected signal depends on siderial time while drift
scanning the sky.

The following definitions are useful for the estimate of ground radiation offsets in total power (e.g.
Kraus, 1966). The stray factor § of a telescope expresses the fraction of radiation received through the
side lobes if the telescope is uniformly illuminated. The radiative efficiency or ohmic-loss factor nr
reflects the effects of ohmic losses in the feed and on the antenna surface. These factors are g = 0.995
and S = 0.26 (Higgs & Tapping, 2000) for the DRAO 26-m telescope

If the antenna is pointed (horizontally) to the horizon, half of its side lobes receive radiation from the
ground while the other half and the main lobe see the atmosphere (see Figure 3.14). In this case, the
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Figure 3.14: Ground radiation is received through the side and back lobes of the antenna.

side lobe contribution to the ground offset in total power iS BRB(Tamb + Tam)/2 = 41 K at an ambient
temperature of T,y = 300 K and an atmospheric temperature of Ty = 16 K.

If the telescope is pointed (vertically) to the zenith, only the back lobes receive ground radiation (see
Figure 3.14). Usually, the back lobes have a very low gain but fill the whole hemisphere of 27 steradi-
ans. Assuming that 10% of the total side lobe emission is received through the back lobes, the side lobe
contribution to the ground offsets for the vertically adjusted antenna is (0.1 Tymp + 0.9 Tym)rB8 = 12 K.

The spillover efficiency 7, describes how good the feed illuminates the reflector surface. The
DRAO 26-m telescope has a spillover efficiency of 0.95 (Higgs & Tapping, 2000). For a horizontally
adjusted telescope half of the spillover signal is received from the atmosphere and half from the ground.
This results in a contribution of spillover noise to the ground offset in total power of 7R (1 = 175po)(Tamb +
Tam)/2 = 8 K. If the telescope is pointed to the Zenith only the ground contributes to the spillover
signal with nr(1 = 775po) Tamp =~ 15 K.

This can already explain roughly the observed ground offsets at the DRAO 26-m telescope in total
power. These profiles show that the ground offset is highest for the horizontal telescope. It is about
15 K lower for the vertical telescope. The estimated ground radiation offsets at 0° and 90° elevation are
49 K, and 27 K, respectively. The relative variation in total power is of the order of 20 K, which is in
reasonable agreement with the actually observed profiles.

Another estimate shows the effect of seasonal variation of the ambient temperature. Assuming a
difference of the ambient temperature of 30 K between summer and winter, the corresponding change
of the ground radiation offset is about 4 K during the night for the horizontal telescope, and about 2 K
for the vertical telescope. As somewhat smaller temperature variations also occur between day and
night, the variation of the ground offset on time scales of hours can be of the order of 1 K, depending
on the ambient temperature drift during the observation.

The degree of instrumental polarization of the side lobes can exceed the main lobe instrumental
polarization by several percent. This means that — even if unpolarized — the ground radiation causes
ground offsets in Stokes U and Q in the same way as in total power. On the basis of the measurements
made for this survey it is impossible to judge how much the ground radiation itself is polarized, or
whether the relevant side lobes are polarized.

Modeling ground radiation is difficult. The response pattern is influenced by surface deformations
and defects in the optical path. These effects usually cannot be calculated with high precision. Even
if the response pattern is measured for a telescope, the ground radiation depends, in a more or less
unpredictable way, on weather and the surrounding landscape. However, attempts of rough modelling
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Table 3.3: Survey specifications
Integration time per pixel ——60s
Observing period November 2002 - May 2003
Average error 30 mK

Declination range  —27° to 90°

in total power have been made by e.g.: Altenhoff et al. (1960), Higgs (1967), and Brouw & Spoelstra
(1976).

3.6.2 Observing Strategy

To avoid mixing of ground radiation and large-scale sky-emission, observing is done by drift scanning
the sky with the telescope stationary at the Meridian. This keeps the azimuth and elevation depended
component of the ground radiation constant. Each night, a fixed declination between —27° and +90°
is observed. The order of declinations is random, to avoid systematic effects. Declinations are first
selected from a grid with 5° steps in declination, later from a grid with 2.5°.

Ground radiation profiles for all Stokes parameters are required to subtract ground offsets from the
drift scans and extrapolate the zero-levels in Stokes U and Q below zero declination. These profiles are
measured by sweeping the telescope between —27° and +90° declination along the Meridian. A series
of elevation scans must be made at different sidereal times to eliminate sky emission.

The northern celestial pole (NCP) has often been used as a reference and calibration point in po-
larization surveys. For calibration purposes, the NCP is occasionally observed by drift scanning. The
diffuse emission at the pole is moderately polarized and the NCP can be used to check the receiver re-
sponse. During a 12 hours observation the polarization vector performs a full rotation on the sky, which
should result in a uniform cycle in the Stokes U-Q plane with radius corresponding to the polarized
intensity of the NCP.

Although the angular resolution of the telescope is not sufficient to use maps of polarized compact
sources for calibration, maps of standard calibrators — polarized and unpolarized — are made prior and
after each drift scan for pointing checks.

The survey specifications are listed in Table 3.3. In summary, the following observations were made:

o The survey drift-scans were made during 168 nights from November 2002 through May 2003.
Table 3.4 gives a summarized observing log. A drift scan was started when the sun was below
15° elevation and stopped 1-2 hours after sunrise. A coverage of 21.7% of the sky observable
from DRAO on a grid of 15’ cell size could be achieved.

o Elevation scans were made every 2 - 3 months. A complete elevation scan took 1.5 h with a
scanning speed of 1.3°/min. Table 3.5 gives direction and observing dates in local and sidereal
time of elevation scans used for the calibration.

e Two NCP scans were made. An analysis of these scans is given in Section 4.3.2.
o Standard calibrators were mapped to check the pointing. No pointing problems were noted.

e QOccasionally, drift scans were repeated for system checks.
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Table 3.4: Summarized listing of survey drift scans.

Month Declination (°) Comment

Oct. 2002 60, 65 10 MHz bandpass filters

Nov. 2002 70, 75, 80, -25, -20, -15, -10 10 MHz bandpass filters
-5,0, 5,10, 15, 20, 25, 30, 35 and software problems
40, -25, 45, 50, 55, -22.5,-17.5

Dec. 2002 -12.5,-10, 3.5, 8.5, 13.5, 18.5 Power failures
22.5,27.5,32.5,37.5,42.5,47.5
52.5

Jan. 2003  57.5,62.5,67.5,72.5,717.5,-7.5 Periods of snow
-2.5,25,7,12,17,-20, -12.5
-7.5,-5,50, 75,41, -24, 46, -12.5
-15,51,-19, 56, -14, 10, 40, 20

60, 30

Feb. 2003 79,1, 59, 21, -11, 71, -4, -6, -9 Software and hardware
69, 76, 26, 24, 29, 31, 34, 36, 39 modifications
-1,-16

Mar. 2003 64, 66, 70, 6, -21, 16, -25, -11, 6 Some snow
44,49, 54, 60, 11, 19, 2, 37, 28,74
-2,23,13.5,33,-8,-7,61.5,53,-18

Apr. 2003 77,43,48,-13,4,47,72,13, 14
8,9,58,68,65,15,5,0,35,-22
57,38, 61, -3, 85, 25,45,52, 18

May 2003  -17,22,41.5,63,-9.5,-12,-4.5
-20.5,27,-19.5,32,17.5,6.5, -14.5
-23,54.5,11.5,-6,59.75, -26, -27
-28,-29

Table 3.5: Observing dates of the elevation scans used for the determination of ground radiation pro-

files.
Date LT LST Direction
Dec 12,2002 18:18 23:36 down
19:26  0:52 up
21:00  2:27 down
22:37  4:.05 up
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4 Data Processing and Absolute
Calibration

The data reduction results in Stokes U and Q maps of the northern sky, showing the distribution
and strength of polarized emission at 1.4 GHz. To transform the observed correlation products
into Stokes parameters a calibration is required. The data are then averaged and gridded for
scientific analysis. This chapter describes the data reduction steps. A detailed error analysis is
presented at the end of this chapter.

4.1 Reduction Chain

After having discussed the different system adjustments, error sources, and observing methods in the
previous chapter, this chapter gives a detailed description of the data processing and calibration steps
— the data reduction. The first processing steps are done with the Data Reduction Program described in
Section 3.2.3, for most of the other reduction steps individual glish-scripts are written. A flow diagram
illustrating the different stages of data reduction is shown in Figure 4.1.

Three additional surveys for the absolute calibration of the raw data are utilized. The 1.42 GHz
Stockert 25-m Survey (Reich & Reich, 1986; Reich, 1982) is used for the calibration of the total power
data, the LDS serves as reference for the calibration of the instrumental response and provides zero-
levels in Stokes U and Q, and data from the EMLS made with the Effelsberg 100-m telescope are used
to adjust the Stokes U and Q intensity scales. The resolution and sensitivity of the first two surveys
is comparable with the 26-m Survey, whereas the EMLS has a higher angular resolution and better
sensitivity.

4.1.1 Radio Frequency Interference Flagging

The first reduction step is the flagging of data corrupted by RFI. Flagging in this context means that
data affected by RFI are “marked” by a search routine and excluded from further data processing. The
enormous amount of data does not allow a visual — by hand — flagging, instead, an automated flagging
routine is developed.

RFI is mainly generated by terrestrial radio transmitters, radar, or locally operating devices, which
may produce a spectrum of harmonic lines. Satellites, although supposed to transmit outside the pro-
tected band from 1,400 to 1,427 MHz, may also generate RFI in the protected band. Even if trans-
mitting at frequencies outside the observing band, strong radio transmitters can push the LNAs into
saturation and thus affect the system gain. Figure 4.2 shows an extreme RFI event several seconds of
duration. Most of the observed RFI is shorter in time and usually only a few integrations (between ~ 1
and ~ 10) are affected.

The remote observatory site is surrounded by mountains which block the terrestrial RFI to some
extent. In addition, the institute buildings are screened by a Faraday cage, which reduces most of the
RFI caused by local computers and backend devices. Therefore, the DRAO provides ideal conditions
for radio observations in the L-band. In fact, only 0.1% of the total observing time is lost due to
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Figure 4.1: Reduction chain
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Figure 4.2: An example for RFI in one of the total power channels. The width of the plot is 150 s, the
amplitude of the strongest peaks is roughly 8 K.

interference. Some RFI could be observed at the beginning and end of working hours, most likely
caused by automotive electronics or ignition of engines.

The RFI flagging is implemented in the Data Reduction Program (DRP). Interferences are detected
by an algorithm that searches for short-term peaks separately in all four channels. The search is per-
formed within a two minute time window, which is moved along the time-axis of the raw data. Inte-
grations with signal levels higher than 4.5 o,,s above the average signal level in one or more channels
within the window are flagged. RFI flagging is done twice and all four channels of flagged integrations
are removed from further data processing.

An automatic flagging routine always requires a trade-off of the search parameters to enable safe
detection of RFI while leaving sky emission untouched. The parameters used here have been tested and
result in good identification of short-term RFI. Possible long-lasting interference must be flagged in the
map at a later reduction stage.

4.1.2 Assorting the Raw Data

First, pure correlation products are derived by calculating differences of the two polarimeter-phases
(0/180°) for each channel, averaged over 100 integration (Equation 3.21). This is done by the DRP.

Then, the raw data are arranged in bins, one for each observing month. This allows to check for
time-variability of the instrumental response. Second, the calibration signals are extracted from the raw
data and fitted by least-square fitting. The electronic gain is found to change slowly, which permits
fitting of first order polynomials over 1 hour intervals, the typical subscan length.
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Implemented in the sorting script is a checking routine for the telescope position. Observations
were usually done unattended and accidental telescope movements due to snow or wind may not be
recognized. Therefore, the hour angle and declination of each scan is checked and observations are
flagged out if necessary.

Additional observations such as elevation scans, NCP measurements, and maps require a somewhat
different procedure. Elevation scans, for example, require higher order polynomial fits of the extracted
calibration signals, because the receiver shows an elevation-dependend gain. Moreover, the coordinates
of manually performed observations, such as NCP scans, must be derived from the LST recordings,
because the coordinates provided by the telescope control system are wrong in that case.

4.1.3 Electronic Gain

The cal signal is periodically injected into the signal path and is used to track electronic gain fluctua-
tions. The intrinsic polarized intensity Plundara and polarization angle PAgundara Of the cal is assumed
constant over the observing term. Hence, variations of the measured polarized intensity PI., and po-
larization angle PA, of the cal must be interpreted as gain and phase drifts within the receiver.

With the separated sky and fitted cal signals the data can be corrected for electronic gain fluctuations.
The total power channels are multiplied with the reciprocal of the measured cal signal strengths and the
polarization channels are rotated and normalized according to Pl., and PAcy:

RR;ky RRsky / RRcal

LL;ky = LLsky /LLca 41
RL,, = (RLgy c0S2PAcy —LRuy sin2PAcu) /Pl @.1)
LR}, = (LRgy cos2PAcy+RLyy sin2PAc) /Pl

RR¢y and LL., are the measured strength of the cal in total power and RL¢, and LR, the ampli-
tudes in the sine- and cosine-channel. Polarized intensity and angle of the cal are given by Pl =

0.5
(RLZ, +LRZ,)" and PAcy = 0.5 arctan (Fg).
Although the precise strength and polarization angle of the noise source is unknown and not relevant
at this point, a rough estimate of Plsandara and PAgindarda €an be derived by applying the matrices 4.5
and 4.6 to the measured values. By this, the cal signal is found to have the following approximate

strength:

< Plandard >= 41 K

< PAgandara >=71°, 4.2)

with the polarization angle given in the RA-DEC coordinate system.

Because of the intensity of the noise source, all integrations with the cal signal switched on are used
only for the determination of the electronic gain and are excluded from further data processing. This
means that the noise source injection reduces the effective observing time. Therefore a trade-off at
the beginning of the observing run was made: 1.7% of the total observing time is used for system
calibration.

4.1.4 Pre-Calibration

The polarimeter provides outputs that are proportional to the two auto- and cross-correlations of the R
and L-signals: RR, LL, RL, and LR. The intention of the pre-calibration is to convert the arbitrary scale-
unit of the polarimeter outputs (counts) into a temperature scale. The total power channels (RR, LL)
are calibrated to approximate brightness temperature and the cross-correlations (RL, LR) are scaled
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and rotated to roughly express Stokes U and Q measured in Kelvin. This step does not include any
correction of instrumental errors such as instrumental cross-talk.

The polarimeter output channels form a 4-vector. Scaling and rotation of this vector is computed
by multiplication with a 4 x 4-matrix, the pre-calibration matrix. The entries on the main diagonal of
this matrix are mere scaling factors, whereas the 2 x 2-submatrix causes a rotation of RL and LR. The
other entries are zero. The computation of the pre-calibration matrix is done in an intermediate step by
iterative fitting.

Iterative Determination of the Pre-Calibration Matrix

The Stockert Survey (Stokes I) is calibrated in full-beam brightness temperature, which must be con-
verted into main-beam brightness temperature, whereas the LDS gives Stokes U and Q brightness
temperatures. The reference values for the computation of the pre-calibration matrix are given by:

RReer = (05155 (socken — 2.8 K)) +2.8K

LLer = (0.5-1.55 (Isiockern — 2.8 K)) +2.8 K (4.3)
RL.f = Urps |
LR = Ouips,

which includes the transformation of full-beam into main-beam brightness temperature of the Stockert
Survey. Stokes V' is assumed zero.

The fitting problem can be expressed as follows: Each pointing # that has been observed with all
three telescopes — DRAO 26-m, Stockert and Dwingeloo — results in an equation according to:

RR RR
o |LL LL
Ml : RL - RL s (4‘4)
raw,n LR ref,n

with “raw” referring to the uncalibrated DRAO 26-m data. Hence, if the total number of pointings is
m, this results in a set of m equations withn = 1,2,...,m — 1,m. By fitting the matrix entries m},, m},,
m’,, my,, my, and mj, of the matrix /\/(’1 by minimization of the difference between corrected raw data
and reference values, the best solution of the set of m equations is found.

Determination of the matrix entries must be done by iterative fitting and cannot be achieved by
least-square fitting. This is because the raw data are not corrected for ground radiation and system
temperature drifts at this point. A least-square fit! is therefore not possible because RR ay, LLraw,
RL;aw, LR,y still contain time and declination dependend offsets. These offsets must be approximated
during fitting as done in the following algorithm (see Fig. 4.1 on the right):

1. The DRAO 26-m raw data of congruent pointings are corrected for electronic gain.
2. The initial matrix M is set to be the unit matrix.

3. The DRAO 26-m raw data are corrected my multiplication with M/ according to Equation 4.8.

le.g. in this case applied to the following set of equations in order to obtain the coefficients m’:

RRref,H...n! = m,ll RRraw,H...n!
LLref,(]...n) = m;2 LLraw,(]...n)
RLier(1.np = M55 Rlaw1.n) + My LRuaw (1..m)
LReer(1.ny = 13 Rlaw 1.y + My LReaw (1..m)
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4. Ground radiation and system temperature drifts are approximately removed by subtracting a
linear baseline fitted through all congruent pointings lying on the same declination.

5. The fit-error is given as the sum of the squared differences between corrected DRAO 26-m data
and the reference values.

6. Matrix entries of M are either randomly altered and the iteration continues at point three or the
iteration is stopped if the minimization of the fit-error is achieved.

Pre-calibration matrices are computed individually for each observing month. About m = 100 to 140
pointings with congruity of the pointing centres of < 21’ in all three surveys could be extracted for each
observing month. The number of matches is mainly limited by the sparse number of data points from
the LDS. Throughout the observing term a total of 860 matches was obtained. No time-dependence of
the pre-calibration matrix was found.

Pre-Calibration of Raw Data

To account for an IF-filter change in November 2003, two different pre-calibration matrices were de-
termined. The following matrices are used for the pre-calibration of the data:

11.0 0 0 0
Nov2003: M, = 8 1%)'0 —12.35 50(.)19 @3)
0 0 54.16 18.04
and
9.08 0 0 0
Dec 2003 — May 2004 : M| = 8 835 _12.35 509]9 ) (4.6)
0 0 54.16 18.04
with errors of the matrix entries as follows:
04 0 0 O
Errors 1 AM;, = 0 03 00 4.7)

0 0 39 35|
0 0 30 3.1

The matrices show only small differences in the scaling factors of the total power channels for the two
pairs of IF filters.

These matrices are applied to the raw data by computing the following matrix multiplication for each
integration:

RR RR
LL . |LL
Rl =M lRD (4.8)
LL LL

corr raw

The pre-calibration is the first iteration step of an iterative determination of the instrumental Miiller
matrix. The second iteration step follows in Section 4.1.10.
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4.1.5 Ground Radiation

Elevation scans were made periodically during the observing term. Like the survey raw-data, elevation
scans are corrected for electronic gain and converted into brightness temperature. Ground radiation
profiles for each channel are determined on the basis of elevation scans. Using the derived profiles the
survey data are then corrected for ground radiation.

Determination of Ground Radiation Profiles

Four elevation scans are of high enough quality to be used for the determination of ground radiation
profiles. Other elevation scans are either corrupted by gain jumps or showed strong sky contribution.
The selected scans are first stacked, supposing that the averaged profiles in Stokes U and Q and the
lower envelope in the total power channels roughly represent pure ground radiation. This is justified
as the scans were taken at different sidereal times. The stacked profiles are then averaged along the
elevation axis in bins of 7°5 and fitted by a “spline”’-function which should further minimize remaining
sky emission. Although the scans used cover a bright polarized region, the averaged scans represent
useful ground profiles.

Figure 4.3 shows the derived ground radiation profiles. The offset of the total power profiles is about
161 K at the minimum, which gives the system temperature without sky emission. The mean offsets of
about 3.5 K in the Stokes-U-profile and —3.7 K in the Q-profile may indicate:

1. remaining phase and gain mismatches in the pre-hybrid part,
2. correlated receiver noise caused by cross-talk or backcoupling,
3. polarized backlobes of the telescope, picking up ground radiation.

The first can be excluded from the system check; more likely are the second and third. Also interesting
is the north-south asymmetry about 90° elevation of the U and Q profiles, which may be due to the
multipole structure of a telescope’s response pattern to unpolarized radiation. The bump in the total
power profiles at about 90° elevation may be spillover noise, which should be highest for the telescope
pointing towards the Zenith.

Subtraction of Ground Radiation

Subtraction of ground radiation is straightforward. The ground offsets for each declination and chan-
nel are taken from the profiles. These offsets are then subtracted from the drift scans. This way, the
declination-dependend component is removed and only the time-variable component of ground radia-
tion and system temperature is left, which is corrected later in Section 4.1.8

The LDS provides absolutely calibrated reference points only for declinations above 0°, at which, in
principle, the 26-m Survey could be calibrated without ground radiation profiles?. Below 0°, profiles
are essential to set correct zero-levels in Stokes U and Q.

4.1.6 Gridding

Integrations are averaged and binned into a grid of equatorial coordinates with 15’ cell size, which is
somewhat less then the telescope’s HPBW/2 required for full Nyquist sampling. No particular weight-
ing scheme is used; integrations are uniformly weighted and averaged across the cell. The gridding
significantly reduces the amount of data.

2which has not been tested though
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Figure 4.3: Ground radiation profiles determined on the basis of elevation scans, shown for total power
(upper panels) and polarization (bottom panels). An explanation for the north-south asym-
metry is given in the text.

4.1.7 Solar Interference and lonospheric Faraday Rotation

Aside from automatic RFI flagging, which is done in the first step (Section 4.1.1), the data are now
visually inspected for solar interference and ionospheric Faraday rotation. A graphical program was
written to display and manually flag corrupted data. Whenever day-time data were used, drift scans
were cross-checked with neighboring scans to recognize high levels of ionospheric Faraday rotation or
solar interference. Only some of the day-time data show apparent solar interference and needed to be
flagged. No indication was found for ionospheric Faraday rotation at night.

4.1.8 System Temperature Fluctuations

The correction of fluctuations of the system temperature turns out to be a crucial step in the data cal-
ibration. These fluctuations are possibly caused by variations of the ground radiation offsets during
the observation. In the final map these fluctuations show up as stripes in total power and polarization
and must be removed for calibration. Existing de-striping programs (e.g. NOD2 reduction package of
the Effelsberg 100-m telescope) are not suitable and appropriate correction software thus needed to be
written.

While the receiver-noise temperature is determined by ohmic losses in the receiving system and
should therefore be rather constant, a gradual time-variability of the ground-noise temperature is ex-
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Figure 4.4: Example of system temperature drifts occurring during four observing nights in total power
(left panel) and polarization (right panel) at different declinations. Ground radiation has
been subtracted for these plots. The labels indicate declination.

pected as its level depends to a certain degree on environmental parameters and sidereal time. These
effects should lead to a more or less systematic variation of the system temperature. However, the sys-
tem temperature fluctuations found in the data seem only partly systematic and evidently have a random
component (see Figure 4.4). The exact origin for the system temperature drifts remains unknown.

The amplitude of system temperature fluctuations is of the order of 100 mK at night, in total power
and polarization. Over periods of weeks the amplitude of these fluctuations is < 1 K and the system
temperature in total power can differ by several Kelvin in subsequent observing nights (after subtraction
of ground radiation). The time-scale of these fluctuations ranges from hours to months. No correlation
of fluctuations in total power with polarization is found in the survey data. To demonstrate the necessity
of a correction the uncorrected polarized intensity map is shown in Figure 4.5.

The system temperature fluctuations must be corrected while large-scale sky emission in the data
should be preserved to obtain absolutely calibrated maps. But variations of the system temperature
cannot easily be distinguished from real sky emission. The following algorithm is therefore only a
compromise solution in trying to preserve sky emission on all scales and correcting the system temper-
ature fluctuations. The algorithm compares each drift scan pairwise with its neighboring scans. The
basic assumption is made that system temperature fluctuation are random on time-scales of weeks,
which means that fluctuations observed at the same declination but weeks apart are assumed to be
uncorrelated. Furthermore, if two neighboring drift scans with slightly different declinations are com-
pared, and if both were observed weeks apart, the system temperature fluctuations might differ, but not
the large-scale structure contained in these scans. The declination range from which neighboring scans
are selected is adjustable in the program as described in the following.

The following algorithm makes an iterative separation of random and systematic structures in the
drift scans. Let m be an index numbering all observed drift scans. The following loop is applied until
m has reached the total number of scans:

1. To the drift scan with index m all neighboring scans n within £6° in declination are assorted. For
¢ values between 3 and 40 were found to be useful.

2. Each pair of drift scans (m,n) is convolved with a Gaussian. The width of the Gaussian is o
times the separation in declination Ad,,, = |d,, — d,| of the two drift scans. This removes spatial
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4 Data Processing and Absolute Calibration

Figure 4.5: Uncleaned map of polarized intensity on a rectangular RA-DEC grid.

structures smaller than o - Ad,,,. Values for o between 4 and 100 are useful here.
3. The weight wy,, = |0 — Ad,;, | is introduced.

4. The difference of each pair of drift scans AT, , is calculated. The sum of these differences multi-
plied with the weight w,,, is then subtracted from the m-th drift scan: T,, = Ty, = >, Wi - AT n
with T denoting brightness temperature.

5. Index m is increased by one and the loop restarted until m reaches the number of scans.

This algorithm is applied 11 times with different parameters as listed in Table 4.1 until a satisfying
separation of sky emission and system temperature is achieved.

The algorithm correctly preserves small-scale structures but some problems must be noted for large-
scale emission, especially if these structures are elongated along right ascension. Moreover, if the
coverage is low and neighboring drift scans are several degrees apart, as it is the case around O" right
ascension, effectiveness of the algorithm is limited. Both problems can be reduced when more drift
scans become available.

4.1.9 Interpolation

Most parts of the sky at right ascension between 4" and 20" have been observed in steps of 1° to 2° in
declination. Parts of the sky around O" R.A. could only be observed in steps of 5°. This requires an
interpolation of scans. But in contrast to “uniform” undersampling, the 26-m Survey is fully sampled
along the R.A.-axis and undersampled only in declination. Considering this specific sampling problem
an interpolation routine was written that works in the Fourier domain as follows.

Table 4.1: Parameters used for the correction of system temperature fluctuations.
Loop 6 o
1-4 40 100

5 10 15
6-9 6 8
10-11 3 4
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4.1 Reduction Chain

The drifts scans are Fourier transformed, using the DFT>-algorithm of AIPS++. Unobserved decli-
nations are filled by linear interpolation of the Fourier transformed drift scans. The interpolated scans
are then reverse transformed into the image plane. This algorithm does not affect observed scans so
that it is possible to extract the original observations from the interpolated map.

In a second interpolation step, a few remaining pixels at the map edges, which could not be interpo-
lated in the Fourier domain, are interpolated in the image plane. These pixels are replaced by the mean
of neighboring pixels, weighted with the inverse of the distance.

For test purposes the data have also been interpolated employing a number of available programs
(e.g. NOD2 routines, GILDAS software), which interpolate in the image plane. These algorithms often
calculate means of pixel values using more or less sophisticated weighting schemes. It was found that
the Fourier interpolation preserves the large-scale structure better than an interpolation in the image
plane. However, each kind of analysis should imply a proper way of doing the interpolation, if required
for the scientific purpose at all. Therefore it is planned to make the 26-m Survey publicly available in
form of Fourier interpolated maps as well as individual drift scans.

4.1.10 Second Calibration

Up to this reduction step the data are not corrected for instrumental cross-talk. This, and a more
accurate scaling and rotation of the RL and LR scales, is computed in the following. Similar as for
the pre-calibration, a correction matrix is applied to the 4-vector formed from the four polarimeter
channels. No further corrections of the total power data are made as the intention is the measurement
of polarization. Instead of iterative fitting, least-square fitting can now be applied because the raw data
are already corrected for electronic gain and ground radiation. The reference points are again taken
from the Leiden-Dwingeloo polarization survey.

A single calibration matrix is determined for the whole data set. The following correction matrix M,

is found:
1 0 0 0

, | o 1 0 0
2710025 -0.023 1.12 0.05|
0.014 —-0.041 005 1.03

(4.9)

with errors of £0.01 of the matrix entries. Raw data are corrected according to Equation 4.8. The
scaling correction caused by the second calibration is small — scaling factors are around unity. Cross-
talk values of 0.2% in Stokes U (RL) and —2.7% in Q (LR) are found.

4.1.11 Final Editing

A manual editing of the final Stokes U and Q maps is unavoidable. This editing involves the following
steps:

1. The program that corrects system temperature fluctuations (Section 4.1.8) works in a rectangular
grid of equatorial coordinates. This program assumes that drift scans run from 0" to 24" in right
ascension. After subtraction of system temperature, discontinuities at O hour are left. These
jumps are of the order < 30 mK and corrected by baseline adjustment within a 2" right ascension
interval between 23" and 1.

2. Although the automated flagging routine (Section 4.1.1) flagged most of the RFI correctly, a few
spikes in the data must be edited by hand. By utilizing available software packages, the Stokes U

3Discrete Fourier Transformation
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and Q maps are displayed (using kview*) and a bad pixel mask created. Bad pixels are replaced
by interpolated pixel values (iraf>, task: fixpix).

3. The final Stokes U and Q maps are smoothed with a Gaussian beam to remove sub-beam struc-
tures. The FWHM of the Gaussian is 36’. If the smoothing is done within a rectangular grid
of equatorial coordinates, the FWHM beam must be adapted to the declination (FWHM =
36’/ cos o).

4.2 Refinement of Temperature Scale

A comparison of the 26-m Survey with polarization data taken from the EMLS reveals a mismatch
of both brightness temperature scales. Temperatures from the 26-m Survey are systematically too
high by a factor of 1.18 + 0.03 compared with the EMLS. An overestimation of the Dwingeloo main-
beam temperature scale must be assumed, because the calibration scheme ties the 26-m Survey to the
Dwingeloo survey. A possible reason for the inaccuracy is that the LDS itself was calibrated merely
against two calibration points, of which polarized intensities were known only to some precision.

The data used for the comparison of brightness temperatures are taken from two regions: a 35° x 35°
large map towards Cassiopeia-A and a 40°x 16° large map toward the Taurus-Auriga-Perseus molecular
clouds. These are preliminary maps from the EMLS, which are covered by 28 drift scans from the 26-m
Survey.

As the EMLS lacks large-scale emission (see Chapter 1) a direct comparison with the 26-m Survey is
therefore not meaningful. As a solution, missing large-scale structures in the EMLS are approximated
by polynomials of first to third order. The coefficients of these polynomials and the scaling factor of the
26-m temperature scale are then fitted to the Effelsberg data, with the difference between EMLS and
26-m Survey to be minimized. Figure 4.6 shows two example scans used for this comparison.

It is certain that the main-beam temperature scale of the EMLS is determined more accurately than
that of the LDS. Because of the higher sensitivity of the Effelsberg 100-m telescope, standard calibration
sources with well known fluxes can be used for calibration. This is almost impossible with small-
diameter telescopes and uncooled receivers. Therefore, the temperature scale of the 26-m Survey is
re-calibrated against the EMLS temperature scale which, in turn, is determined on the basis of standard
calibrators. Hence, temperatures quoted in the 26-m Survey conform to the Effelsberg main-beam
brightness temperatures scale.

4.3 Error Analysis

Several error sources contribute to the error budget of the 26-m Survey. The relevance of the following
errors and their influence on the final Stokes U and Q maps must be discussed:

1. Errors of the entries in the system Miiller matrix cause systematic errors in the data. Considering
pre-calibration and second matrix the error is estimated to be ~ 6%.

2. Non-circular response of the receiver to polarized signals.
3. Uncorrected instrumental polarization caused by sources received through the side lobes.

4. Errors in the LDS.

4kview is part of the karma toolkit (http://www.atnf.csiro.au/computing/software/karma/)
Siraf: Image Reduction and Analysis Facility (http://iraf.noao.edu/)
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Figure 4.6: Two example scans through the Taurus complex (left panels) and Cassiopeia-A (right pan-
els). The dashed lines show EMLS data and the solid lines 26-m Survey data. The missing
large-scale emission in the EMLS data is approximated by polynomials. The DRAO 26-m
data are divided by 1.18.

5. Sudden changes of environmental parameters such as humidity, ambient temperature, etc. affect
the system temperature and telescope gain. Affected data must be flagged. If the effects in
Stokes U and Q are smaller then 10 mK, they are unlikely to be detected in view of the noise
level and increase the error.

6. System temperature fluctuations are corrected by a program (Section 4.1.8). To a certain de-
gree this program confuses structures elongated along right ascension with system temperature
fluctuations. This may cause errors of about < 30 mK as derived from simulations.

7. Below 0°, errors in the ground radiation profiles causes incorrect zero-levels in U and Q. Because
of the averaging and fitting of several elevation scans, these errors are certainly below 50 mK.

4.3.1 The System Miller Matrix

To investigate the system properties a Miiller matrix for the telescope is calculated. Only the second
calibration matrix (Equation 4.9) is considered, because the pre-calibration matrix does a scaling and
rotation. Moreover, as for the calibration the basis consisting of RR, LL, RL, and LR is used, the second
calibration matrix must be transformed into a Miiller matrix to be applicable to Stokes parameters.
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Figure 4.7: An 8 hour night-time observation of the northern celestial pole, obtained on May 14, 2003.
Indicated are sidereal time of observation.

Hence, the system Miiller matrix My is:

| 0 0 0
o 0013 0973 0043 —0.026
My =T MIT =1 0001 -0.043 0895 —0.020 (4.10)
0 0 0 |

and reflects the modification of the initial signal vector (I, Q, U, V) of the source on its way through
the receiving system before entering the polarimeter.

The system Miiller matrix can be expressed using the parameterized form of Equation 3.45. The
corresponding parameters for the feed are:

e = 213
i
¢ = 90.3°.

And for the hybrid these are:
&« = -—0.16
A i
o = —5.7°.

These parameters indicate good gain and phase matching in the pre-hybrid part of the receiver.
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Figure 4.8: Correlation coefficients of Stokes U and Q and number of matches plotted versus the con-
gruence radius.

4.3.2 Response

The circularity of the response after calibration can be checked using the NCP measurements. Fig-
ure 4.7 displays a fully calibrated 8 hour observation of the NCP. At the end of the scan (U 2 0 mK,
0 < 0 mK) solar interference and ionospheric Faraday rotation probably disturbed the observation.
This measurement confirms the circularity of the system response.

The polarized intensity of the NCP could be determined to be 85 mK. Within the errors this is in
agreement with the temperature derived with the Leiden telescope of 60 mK at 1.4 GHz (see Figure 1.3).
NCP scans must be used with care because of a 1.35 Jy bright point source 25’ from the pole (NVSS
J001327+893528). Observed with the DRAO 26-m telescope the brightness temperature of this source
is 100 mK, resulting in a side lobe instrumental polarization of < 10 mK.

If the response is circular the deviation from a perfect cycle gives the resulting noise. Excluding the
disturbed periods at the end of the NCP-measurement, the noise is 12 mK rms in Stokes U and Q for
an integration time of 60 s.

4.3.3 Side Lobe Polarization

Instrumental polarization caused by side lobes cannot be neglected in the presence of strong, compact
sources within a radius of 2° around the main beam. This is the case, for example, toward the Galactic
plane in the first quadrant where total power emission is intense. There, side lobe polarization is visible
as polarized stripes at b ~ +1° and I < 50°, running parallel to the Galactic plane. However, only
compact emission with brightness temperatures of ~ 2 K or higher in total power may cause errors of
~ 40 mK or more, depending on the source position relative to the main beam. The error caused by
diffuse total power emission is mostly negligible.
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Figure 4.9: Correlation of Stokes U (left panel) and Q (right panel) intensities from the DRAO 26-m
Survey with the Dwingeloo survey before adjusting the temperatures to the Effelsberg scale.

4.3.4 Noisy Reference Values and Congruence Radius

The average error of the reference points from the LDS is quoted as 60 mK. Numerical simulations
show that errors in the reference values propagate through the calibration matrix into the calibrated
raw data and cause systematic errors. In case of 100 congruent pointings per month, the errors in the
Dwingeloo data cause errors around 6 mK in the calibrated data. Taking the whole set of congruent
pointings, an error of 3 mK in the final data results, which is solely due to errors in the reference values.

Pointings are called congruent if their pointing centres match within a certain search radius. If a
small radius is chosen, the correlation coeflicient between final data and reference values rises because
data are more comparable, but the total number of congruent pointings falls. On the other hand, if
the radius is large, the number of matching pointings increases but data become less comparable. In
Figure 4.8 the correlation coefficients and the number of matches versus the search radius are plotted.
A search radius of < 0235 appears to be a reasonable trade-off.

Figure 4.9 shows the correlation of the final data with the reference values. The correlation co-
efficients are ry = 0.88 and ryp = 0.87. Using the above mentioned simulation, these correlation
coeflicients can be converted into an error. Assuming 60 mK error in the Dwingeloo data, an error of
about 30 mK in the 26-m Survey data is required to reproduce the correlation coefficients of the T-T
plots. This error includes systematic and random errors and can be considered as the final average error.

4.3.5 Repeatability of Drift Scans

Some drift scans are observed twice to check repeatability. Figure 4.10 displays four repeated and
calibrated scans that were observed two months apart. The standard deviation of the difference of
repeated scans is around 25 mK with a maximum of 41 mK, confirming the error derived on the basis
of the correlation coeflicients.
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Figure 4.10: Plot shows Stokes U (left) and Q (right) of repeated scans. Repetitions are plotted in red
and the difference of both in grey. The left scale shows U, Q brightness temperatures, the
right applies to the difference. The declinations are: 75° (a), 30° (b), 40° (c) and 50° (d).
The standard deviation of the differences are: a) 20 mK, 22 mK, b) 28 mK, 41 mK, c)
19 mK, 23 mK, and d) 23 mK, 22 mK.
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Table 4.2: Error budget of the 26-m Survey.

Contribution Error AT Comment

System Matrix ~ 6%

Response 0mK response is circular

Side Lobe Polarization <40mK  only for compact sources
Reference Values 3 mK

Weather < 10 mK  if undetected
Tsys-Correction <30mK upto~ 100 mK (see text)
Ground Radiation Profiles < 50mK below 0° declination
Rms-Noise 12mK from NCP scan

4.3.6 Final Error

Summing up the above mentioned error contributions, an error budget (Table 4.2) can be stated. A direct
measurement of the rms-noise of 12 mK per 60 s integration was derived from the NCP measurement
(Figure 4.7). Based on the correlation coefficients and the repeated drift scans, the final average error
in Stokes U and Q of the 26-m Survey amounts to 30 mK. The error may be as high as 100 mK in case
of intense polarized structures, elongated along the R.A.-axis.

When more data become available the system Miiller matrix can be determined more precisely us-
ing more congruent pointings. Also the system temperature correction can be done more accurately
because drift scans can then be compared with a larger number of neighbouring scans. These two error
contributions are expected to decrease in the data intended for publication.
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5 Survey Maps

In J2000 coordinates on a rectangular grid are shown:

Page 68: This map shows the sky coverage. Black lines indicate observed drift scans.

Page 69: This map shows Stokes U. Contours run from —400 mK to 400 mK in steps of 100 mK.
Page 70: This map shows Stokes Q. Colour cuts and contours are the same as for Stokes U.

Page 71: This map shows polarized intensity. Contours run from 100 mK to 500 mK in steps of
100 mK.

In Galactic coordinates on a rectangular grid are shown:
Page 72: This map shows the sky coverage. Black lines indicate drift scans.

Page 73: This map shows Stokes U. Colour cuts and contours are the same as for Stokes U in J2000
coordinates.

Page 74: This map shows Stokes . Colour cuts and contours are the same as for Stokes U in J2000
coordinates.

Page 75: This map shows polarized intensity. Colour cuts and contours are the same as for polarized
intensity in J2000 coordinates.

Page 76: This map shows the large-scale polarized emission. Colour cuts and contours are the same as
for polarized intensity.

Page 77: This map shows the small-scale polarized emission. Colour cuts and contours are the same
as for polarized intensity.

Page 78: This map shows the percentage polarization. Contours run from 10% to 70% in steps of 20%.
The map is calculated using the total power survey of Reich (1982) and Reich & Reich (1986)
and subtracting a background level of 3200 mK from this map.

Large-scale and small-scale emission has been separated by convolution of the Stokes U and Q maps
with a Gaussian of 7°5 FWHM. The convolved map represents the large-scale emission, whereas the
small-scale emission is represented by the difference between original and convolved map.
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6 Improved Calibration of Effelsberg
Medium Latitude Survey

In this chapter a preliminary map from the EMLS is absolutely calibrated using the 26-m Survey
as well as data from the LDS. The gain in resolution of the new survey compared to the LDS allows
a more accurate recovery of large-scale structures. This improves the quality of the calibration of
the EMLS. In particular, high-resolution maps of polarized intensity and polarization angle show
significant differences for different low-resolution data bases used for the absolute calibration.

6.1 Introduction

So far, the high-resolution polarimetric observations of the EMLS have been absolutely calibrated us-
ing the low-resolution LDS. Missing offsets due to large-scale structure were determined by comparing
Stokes U and Q intensities of both surveys. In some areas surveyed by the EMLS it is possible to add
missing structures by computing difference maps between EMLS and LDS, which requires interpola-
tion of the Dwingeloo data and smoothing of the EMLS maps. In some areas, however, the coarse
sampling of the LDS does not allow an accurate interpolation. Here, only a tentative calibration by
adjusting offset levels in U and Q maps could be achieved.

As discussed in Section 1.2 an adequate calibration of diffuse polarized emission is necessary for the
analysis. In the following the usability of the 26-m Survey for the absolute calibration of the EMLS
is demonstrated using polarization maps of the Taurus, Auriga, and Perseus molecular cloud complex.
The size of these maps is 40° x 16° in [ X b. The final data are compared with tentatively calibrated
maps, which are corrected on the basis of only a few data points available from the LDS.

6.2 Method

For the absolute calibration of the EMLS a calibration scheme has been developed as described in Reich
et al. (1990). This algorithm compares data of different angular resolution and corrects the large-scale
emission in the high-resolution data. The following steps of this method are most relevant here:

1. Convolution of the high-resolution map Ipighres (EMLS: 9.4 beam size) to the angular resolution
of the low-resolution data Ijoyes (Stockert, LDS: 36" beam size):

I = Ihighres ® Gauss(36’ FWHM). (6.1)

ighres

In case of total intensity maps, a removal of strong point sources may be necessary prior to
convolution. Both surveys must be converted to the same temperature scale, e.g. main beam
brightness temperature.

2. The difference map of the two data sets is added to the original high-resolution data:

17 _ . .
Ihighres = Ilowres Ihighres + Ihlghres (62)
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6 Improved Calibration of Effelsberg Medium Latitude Survey

Thus, the extended emission in the /{7 , . map is absolutely calibrated.
ghres

3. If point sources were subtracted they must be added now.

In a somewhat modified version of this procedure an additional background filter can be applied to both
data sets to separate large-scale and small-scale components and perform the correction on the extended
emission component only.

The EMLS map used for the comparison made here has been calibrated twice using the LDS and
26-m Survey. For the tentative calibration based on the LDS the above mentioned method could not
be applied to the polarization data. Here, only the base level in the Q-map from the EMLS could be
adjusted by adding an offset of 138 mK (Wolleben, 2001). The same maps were also calibrated using
the 26-m Survey. Because of the improved sampling, the above described calibration method could be
applied with the only difference that the convolving beam was 5° FWHM and that both, high-resolution
and low-resolution data, were convolved.

6.3 Discussion

The 26-m Survey provides about 40 drift scans through this area in contrast to only 16 pointings from
the LDS. The better sampling allows a much more accurate recovery of large-scale structures in the
EMLS. Figure 6.1 and 6.2 show the EMLS maps, calibrated on the basis of the LDS and 26-m Survey,
and the difference of both. Obviously, extended structures with brightness temperatures of up to 200 mK
cannot be recovered by using the Dwingeloo data. This has a noticeable impact on structures in the map
of polarized intensity and polarization angle, as visible in Figure 6.3.

Already a visual analysis of the absolutely calibrated polarization maps (Figures 6.1, 6.2, and 6.3)
reveals significant differences of the morphological information contained.

e The absolute levels in Stokes U differ from —140 mK to 200 mK, depending on the low-resolution
data used for the absolute calibration.

o In Stokes Q these differences reach values of —80 mK to 180 mK.

o The background level of polarized intensity changes from about 150 mK in the LDS based cali-
bration to less than 100 mK in the 26-m Survey based calibration.

e The position and shape of some of the canal-like depressions in the polarized intensity map
changes. Obviously, this type of objects is very sensitive to the calibration.

o Also, the extent and shape of the patch of increased polarized emission at / = 170° and b = —8°
depends on the low-resolution data used for the calibration.

The morphological information in the final calibrated polarization maps of the EMLS obviously
depends on the data set used for its absolute calibration. Clearly the appearance of some of the structures
in polarized intensity and polarization angle changes, which may affect their interpretation. In this
example, polarized intensities in the EMLS are generally lower if calibrated on the basis of the 26-m
Survey. Also, some structures change from emission-like objects into objects of depressed polarized
intensity and vice versa. Examples for this can be seen in Figure 6.3 towards:

[ =176°, b = —16°: The 26-m Survey based map shows a ring-like enhancement of polarized intensity
with a diameter of ~ 4°. The same feature in the LDS based map appears as a ring of depressed
polarized intensity.
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[ = 18425, b = —15°: The LDS based map shows a polarized feature with a diameter of ~ 2°. This
feature almost completely vanishes in the 26-m Survey based map.

I =177°, b = —12°: Pronounced canals of several degrees lengths are visible in the LDS based map.
These canals disappear in the 26-m Survey based calibration.

These examples illustrate the importance of an accurate calibration of polarization data.
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6 Improved Calibration of Effelsberg Medium Latitude Survey

Stokes U — Dwingeloo Based Calibration

185° 180° 1580 170° 165° 180° 158" 150°

Stakes U — 26—m Survey Based Calibration

185° 180° 175° 170° 165° 180° 155" 150°

Stokes U — Difference Of Bath Calibrations

"

185° 180° 175° 170° 165° 160° 5" 150°

Figure 6.1: Stokes U: contours run in steps of 100 mK for the two upper images and in steps of 50 mK
for the bottom image. Colour cuts are the same for the two upper images.
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Stokes QO — Dwingeloo Based Calibration

Lo g

185° 180° TH#EP 170° 165° 160° 155" 150°

Stakes @ — 26—m Survey Based Calibration

185° 180° 175° 170° 165° 1860° 155" 150°

Stokes O — Difference Of Both Calibrations

185° 180° 175° 170° 165" 180° 155° 150°

Figure 6.2: Stokes Q: contours run in steps of 100 mK for the two upper images and in steps of 50 mK
for the bottom image. Colour cuts are the same for the two upper images. Dashed contours
indicate negative Q values.
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Dwingeloo Based Calibration

185° 180° T7E? 170° 165° 160° 55" 150°

185° 180° 178° 170° 165° 160° 55° 150°

Figure 6.3: Polarized intensity maps of the Taurus, Auriga, and Perseus molecular cloud complex. Con-
tours run from zero in steps of 100 mK. Colour cuts are the same for the two images.

84



7 Initial Data Analysis

An initial analysis of the 26-m Survey is presented. The map of polarized intensity shows many
features and objects. The most pronounced of these are discussed below. Previously unknown
features of polarized emission are identified for the first time and interpreted. This study pro-
vides new distance estimates to a prominent region of polarized emission, the fan-region, whose
origin has been a puzzle since its first detection in the 1960’s. An apparent lack of polarized
emission towards the first Galactic quadrant is interpreted as due to depolarization. The analysis
also reveals a possible new component of the local interstellar medium causing regular polarized
emission at high Galactic latitudes.

7.1 Introduction

Polarized radio emission originates from Galactic synchrotron emission. But the observed intensity of
the polarized emission often does not correlate with total intensity. Differential Faraday rotation affects
the polarization angle and thus lowers the degree of polarization. Although detecting the same radiation,
surveys of the polarized sky reveal a completely different picture of the Galaxy than in total intensity.
It is this difference that attracts attention, because it allows the study of the magneto-ionic properties of
the local interstellar environment. A high degree of correlation between polarized and total intensity is
also interesting, because then, polarization vectors can be assumed to trace the Galactic magnetic field.

If, for a given line-of-sight, the physical rotation measure is zero no Faraday rotation takes place. In
this case, the B-vector of the polarized emission is parallel to the projected direction of the magnetic
field that gives rise to synchrotron emission. If the synchrotron emission is generated by different
“layers” of tangled magnetic fields, the observed integral of polarized emission is reduced, because the
superposition of differently orientated polarization vectors leads to a degree of polarization smaller than
the theoretical maximum of about 72%.

If Faraday rotation takes place along the line-of-sight, different depolarization mechanism may re-
duce polarized intensity. In the following, depolarization is defined as DP = p/p;, where p and p;
are observed and intrinsic degree of polarization, respectively, so that low values of DP mean strong
depolarization. Basically, the depolarization mechanism can be generalized into two cases:

1. “Beam depolarization” occurs if the polarization angle fluctuates across the telescope beam.
These fluctuations may be intrinsic to a turbulent magnetic field generating the synchrotron
emission, or due to stochastic Faraday rotation within the ionized medium. If N is the num-
ber of coherent regions or cells observed by the beam, according to Burn (1966) the degree of
depolarization is:

DP = —. 7.1
N (7.1)

2. “Internal Faraday dispersion” occurs if Faraday rotation and synchrotron emission takes place
within the same volume. Then, polarization vectors originating from the far side of this volume
are rotated more than emission from the near side, and the superposition results in a decreased
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Figure 7.1: The sketch outlines prominent features in the polarized intensity map. In grey Hn-regions

that cause depolarization are displayed. Thick contours indicate bright features in polarized
intensity. Thin lines indicate contours of the HLPE. The Depolarization Patch is indicated
by thick dashed lines. The circles of the radio loops (Loop I, II, III and V) are drawn
with dotted lines. Parameters of these loops are those computed by Milogradov-Turin &
Urosevic (1997).

degree of polarization. Burn found:
(DP) = (1 —exp(-5))/S, (7.2)

with § = O'ZRM/14; oru is the dispersion in rotation measure. This mechanism is also called depth
depolarization.

This listing neglects bandwidth depolarization, which is only important in case of extreme high values
of several hundreds of rad m~2 of interstellar RM at 1.4 GHz. Such high RMs are not observed in the
Dwingeloo surveys so that bandwidth depolarization can be neglected here. A more detailed description
of depolarization mechanisms is given in Burns paper.

7.1.1 Large-Scale Morphology of Polarized Emission

Looking at the polarized intensity map obtained with the 26-m Survey numerous features in the polar-
ized sky can be identified. These features appear as enhancements or depressions of polarized intensity.
Some of them have counterparts in total intensity and some do not. In the following the most pro-
nounced features are classified and discussed.

86



7.1 Introduction

Enhanced Polarized Emission

A number of bright patches of polarized emission with intensities between 100 mK and 700 mK,
exceeding the general “background” level! of ~ 60 mK, are visible in the polarized intensity map.
The size of these features ranges from less than one degree up to several tens of degrees. Some can
be associated with known Galactic objects. At high Galactic latitudes, a previously unknown general
increase of diffuse polarized intensity is noted: the so called “High Latitude Polarized Emission” (HLPE
hereafter). The most pronounced objects, which are also outlined in Figure 7.1, are:

(a) The North-Polar Spur

A bright and spatially extended arc of polarized emission can be seen from / = 305° to/ = 50°, and b =
30° to b = 80°. Good correlation between polarized and total intensity is found. The new data reveal a
previously unseen filamentary structure in its polarized emission. The North-Polar Spur emission can
be associated with Loop I. Its percentage polarization is about 47% to 57%. See Section 7.2.1 for futher
discussion.

(b) G343+34

This circular patch, about 15° in diameter, is located within the projected circle of Loop I. The average
polarized intensity of this feature is about 300 mK with maximum intensities of about 450 mK. This
structure may be associated with the North-Polar Spur as its polarization angles follow the circular
pattern of Loop I. To the south, the emission seems to be depolarized by the two Hu-regions S7 and
S27. See Section 7.2.1 for futher discussion.

(c) The Fan-Region

The spatially extended polarized region of roughly 80° x 50° extent, centred at about / = 150° and
b = 0° is commonly referred to as the “fan”-region. The percentage polarization towards this region
reaches values of 40%. The average polarization is about 26%. See Section 7.2.2 for futher discussion.

(d) High Latitude Polarized Emission

The 26-m Survey reveals an increase of polarized intensity towards the Galactic poles at latitudes
|b| = 70°. Polarized intensities rise from values of around 50 mK (60° < |b| < 70°) to values of 110 mK
(b >70°), and 230 mK (b < —70°), respectively. The percentage polarization is ~ 65% for the northern
component and 40% for the southern counterpart of the HLPE. See Section 7.3.3 for futher discussion.

(e) G45-46

Because of its positional coincidence and reasonable agreement of the B-vectors with the circle of
Loop II, the polarized intensity enhancement of about 200 mK over a region of about 15° in diameter,
centred at / = 45 and b = —46°, may be related to polarized emission from Loop II.

(f) G87+26

The feature at [ = 87° and b = 26° with mean polarized intensity of about 160 mK seems to be part of
Loop III. The B-vectors of the polarized emission follow the corresponding circle.

IThe background level of polarized intensity is determined at medium Galactic latitudes (40° < b < 70° and —70° < b < —40°,
respectively), excluding emission from bright polarized features.
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() G116-54

The intensity and angle of polarized emission of this elongated feature at [ = 116° and b = —54° are
well aligned with Loop V. The polarized intensity of this object is about 130 mK.

(h) G145+45

Because of the present incomplete sampling of the 26-m Survey at high declinations (2 80°) the polar-
ized feature at [ = 145° and b = 45° seems to be distorted in the map. The polarized intensity is about
110 mK and may be associated with Loop III.

Decreased Polarized Emission

Depressions in polarized intensity are observed toward a number of Hn-regions. The most obvious
anticorrelations between Ha emission and polarized intensity are listed below, a more complete list
is given in Table 7.1. The pronounced area of general low percentage polarization towards the first
quadrant of the Galaxy will be denoted as the “Depolarization Patch”.

(a) The Depolarization Patch

Very low percentage polarization around 3% over an elongated area towards the first quadrant of the
Galaxy is observed in the 26-m Survey. The limits of the Depolarization Patch in Galactic latitude are
remarkebly clear. At longitudes around / ~ 0° the northern and southern boundaries of which are quite
symmetric at about |b| = 30°. At longitudes from ~ 60° to ~ 90° the latitude extent of the patch is
less confined within |[b| < 25°. The limits in longitude are not as obvious. The patch seems to extend
to longitude ~ 100°, covering an area of roughly 4000 square degrees on the northern sky. At around
I = 220°, low percentage polarization at |b| < 20° suggests continuation of the Depolarization Patch
into the fourth quadrant. Although previous polarization surveys cover the region specified here, its
appearance as a coherent lack of polarization has never been noted.

(b) Sh2-7

The exciting star of the Hu-region S7 is § Sco, which belongs to the Upper Scorpius association, the
youngest subgroup of the Scorpio-Centaurus OB association. The distance to this complex is 125 pc
(de Geus & Burton, 1991). The average polarized intensity is 20 mK toward this object, while it is
~ 300 mK in its surrounding.

(c) Sh2-27
S27 is the Hu-region around the early-type star £ Oph at a distance of about 170 pc (Fich et al., 1989).
The average polarized intensity toward S27 is 30 mK and ~ 250 mK in its surrounding.

(d) Sh2-199

This Hn-region is associated with W5. Altough this object is covered by only one drift scan of the
26-m Survey the decrease of polarized emission is significant. This sets a lower limit to the distance of
the fan region as discussed in Section 7.2.2.
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(e) Sh2-220

The California Nebula (S220) is a relatively large and close (~ 400 pc) Hu-region located in the local
spiral arm. The polarized intensity toward S220 is 40 mK, compared to ~ 220 mK to the east and north
of this object.

(f) Sh2-236

The Hn-region S236 is covered by four drift scans of the 26-m Survey, which show an anticorrelation
between Ha emission and polarized intensity for this object. This anticorrelation can also been seen in
the EMLS (W. Reich, priv. comm.) strengthening evidence that this Hn-region is acting as a depolar-
izing Faraday screen. As for S199 this sets a lower limit to the distance of the fan region. Toward S236
the polarized intensity is 100 mK and it is ~ 210 mK around it.

(g) Orion Complex

The Orion complex seems to act as a depolarizing screen, although it is not as obvious as for the
other Hu-regions. The brightest objects of the Orion complex, such as M42, M43, Barnard’s Loop,
and the Horsehead Nebula region, seemingly leave imprints in the background polarization structure.
Additionally, some of the filamentary structure of the Orion complex up to b ~ 0° obviously depolarizes
background emission.

7.1.2 Local Interstellar Medium

Most of the objects visible in polarized intensity are strongly organized features of large angular extent
suggesting a rather local origin. Because of depolarization and Faraday rotation the diffuse polarized
emission is affected by the local ionized medium.

The region around the Sun within a radius of 150 to 200 pc is generally termed as the local interstellar
medium (LISM). The environment of the LISM is shaped by the influence of local objects such as
Loop I or the close SCO-CEN stellar association (I = 330°, b = +15°, at 170 pc distance, Bertiau,
1958). Part of the LISM is the Local Bubble, an elongated cavity, largely devoid of H1 with an average
radius of 100 pc. Because of the observation of an ultrasoft X-ray background, the local cavity is
believed to be filled with hot plasma (e.g. Freyberg & Breitschwerdt, 2001). The Sun is embedded at
the inner edge of the Local Interstellar Cloud, a single entity within the Local Bubble.

The origin and evolution of the Local Bubble is still being discussed. Possible explanations propose
a supernova remnant that has expanded to about 100 pc, or a recently heated superbubble produced by
an already dissolved stellar association (see e.g. Cox & Reynolds, 1987).

Because of the spatial coincidence of the Local Bubble and Loop I, it is very likely that the two have
undergone some kind of interaction. Hydrodynamical computations show that a collision or merging of
the two bubbles would leave a signature in the neutral hydrogen density. And, in fact, such an Hi-ring
located roughly in the direction of the Galactic centre has been identified (Egger & Aschenbach, 1995).
The distance to this ring and thus to the possible interaction region is 70 pc.

A number of radio spurs that can be joined into large circles on the sky are revealed by total intensity
surveys. A set of spurs belonging to the same hypothetical structure is named a “loop”. Four major
radio loops are generally recognized. These are Loop I (Large et al., 1962; Haslam et al., 1964),
which has an intriguing filament called the North-Polar Spur, Loop II or Cetus arc (Large et al., 1962),
Loop III or North-Celestial Pole Loop (Quigley & Haslam, 1965) and Loop IV (Large et al., 1966). The
geometrical parameters of these loops were published by Berkhuijsen et al. (1971). Later, Milogradov-
Turin & Urosevic (1997), who also proposed Loop V, used the continuum survey at 1420 MHz (Reich,
1982; Reich & Reich, 1986) for a re-computation of the parameters. Their results agree well with the

89



7 Initial Data Analysis

<
e oSSNI FILAMENTS AND LOOP
S OF ISM POLARISATION

gﬁ

SCO-CEN
ASSCCIATION

GALACTIC LONGITUDE 330° R A SUN
- A\t \ PR R ri L
- LEANRA] T 7
GALACTIC PLANE \ ~—— 170 kC W
s

Figure 7.2: Structure of the LISM according to Weaver (1979). The Galactic plane is perpendicular to
the page. This figure is taken from Bochkarev (1987, Fig. 1).

parameters computed on the basis of the lower frequencies, confirming that the centres of the loops are
independent of frequency.

The continuum emission of some of the spurs was found to be associated with neutral hydrogen and
X-ray emission. In particular, filaments or features of Loop I have been found to closely coincide with
similar H1 features. The velocities at which continuum spurs of Loop I correlate with H1 are less than
30 km/s at low latitudes and between —10 and —30 km/s at high latitudes, suggesting a large velocity
dispersion. X-ray emission in the energy band between 100 eV and 1.6 keV has been found to correlate
with Loop I (Salter, 1983). Also for Loop III and Loop IV possible H1 counterparts were reported
(Heiles, 1967). No H1 associated with Loop II has been noted so far.

Several proposals on the nature of the loops were made. The two widely accepted ones are:

1. Based on the evidence for neutral hydrogen associated with the loops, Berkhuijsen et al. (1971)
hypothesized that the loops are supernova remnants (SNR). The spurs would thus be the brightest
segments of SNR shells. Criticism for this hypothesis involve the high degree of circularity of
the loops, which seems unlikely when the supernova shell expands into a gas density gradient
resulting in a distortion of the spherical symmetry. Another point of criticism is the statistical
unlikeliness for such events to occur so frequently in the solar neighbourhood. This problem can
only be solved if the loops were old, slowly expanding SNRs.

2. In a different and less accepted approach Kafatos & Morrison (1973) proposed that the loops
are fossil Stromgren spheres induced by radiation from a supernova event, rather than being
formed by supernova ejecta. In their model, Alfven waves or a shock generated by the shell
expansion compresses the adjacent magnetic field enhancing the local synchrotron emission. In
their theory, however, the X-ray emission would be produced by the synchrotron process. This
seems incompatible with the observed spectrum of the X-rays of the North-Polar Spur, which
seems to be quite consistent with that expected from a thermal plasma and not with the power-
law expected from synchrotron radiation.

According to the model of Weaver (1979), the local Galactic environment towards / = 330° is formed
by interstellar material left-over from the formation of the SCO-CEN association. Strong stellar winds
inflated a large bubble of gas and dust concentric with the SCO-CEN stellar group. Hence, observed
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arcs in H1 and dust emission are located on the surface of the expanding bubble, which has a diameter
of approximately 300 pc (see Figure 7.2).

In this bubble model, Loop I is a supernova shell produced by the explosion of one of the members
of the SCO-CEN association. This supernova shell expands inside the bubble and encounters the Hr at
the surface. The interaction zones produce filaments of the Loop I, whereas observed arcs of H1 and
dust are not associated with the SNR but are rather parts of the bubble itself.

More detailed papers about models of the LISM have been frequently published by several authors.
Extensive reviews on the LISM are published by e.g.: Cox & Reynolds (1987); Bochkarev (1987);
Egger et al. (1996); Ferlet (1999).

7.2 Most Pronounced Objects in Polarization

In the northern sky the two most pronounced objects in polarized intensity are the North-Polar Spur
and the fan-region. These were clearly detected already in the early polarization surveys. The 26-m
Survey allows a more detailed view.

7.2.1 North-Polar Spur and Loop |

The North-Polar Spur is the brightest continuum ridge of Loop I. Its filamentary and arc-like structure
is known since the first radio continuum surveys of total intensity emission were made. The centre of
Loop Iis at/ = 328.3° and b = 17.6°, and its radius is r = 59°, determined with an accuracy of +2°
(Milogradov-Turin & Urosevic, 1997). The distance to the continuum emission of the North-Polar Spur
is 100 pc (Willingale et al., 2003). A detailed review about the North-Polar Spur is published by Salter
(1983).

So far, the most detailed view of the North-Polar Spur in polarization has been provided by the
Leiden-Dwingeloo polarization surveys. These data, because of their coarse sampling, could only
confirm the high degree of polarization of the North-Polar Spur, but did not allow detailed studies
of its structure. Studies of its percentage polarization were made by e.g. Berkhuijsen (1971) and
Spoelstra (1971). Basically, the 26-m Survey confirms the high percantage polarization found in these
investigations.

The 26-m Survey reveals a large number of previously unseen filaments and arcs in polarization most
likely associated with the North-Polar Spur. These are displayed in Figure 7.3. Most of these filaments
have counterparts in total intensity. It is noted that not all of these filaments can be joined into circles
with equal centre. Especially the two large arcs at b = 70° and b ~ 78° give different centres if fitted by
large circles. This may indicate the presence of multiple loops with small differences of their centres.

The newly discovered bright emission patch G343+434 is at low declinations and therefore not cov-
ered by the Leiden-Dwingeloo surveys. The B-vectors of its polarized emission roughly follow the
circle of Loop I, suggesting that this feature is another spur of Loop I. The obvious depolarization of
its polarized emission due to the two Hm regions S7 and S27 places this object at a distance larger than
125 pc (S7), and 170 pc (S27), respectively.

Assuming that G3434-34 is part of Loop I and according to the model of Weaver, its emission would
then originate from the far side of the Loop I shell, behind the two Hu-regions. Consequently, the
polarized emission observed towards the Hn-regions must be generated at the near side of Loop I.
The polarized intensity toward S7 and S27 is 20 to 30 mK, which is about ten times less than that of
G343+34. This may indicate that less polarized emission is received from the near side of Loop I than
from its far side.
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Figure 7.3: Sketch highlighting the filaments of the North-Polar Spur with B-vectors of polarized emis-
sion at 1.4 GHz overlayed. The shadowed areas are regions of enhanced Ha emission.
Vectors of equal length are shown for PI > 140 mK. Solid lines mark contours of filaments
in the polarized intensity map, whereas dashed lines indicate less confined filaments.

7.2.2 The Fan-Region

The fan-region is an extended area with strong polarized intensity and high percentage polarization. Its
centre is commonly quoted at / = 140° and b = 5°. The increase in sensitivity and sampling of the
26-m Survey, however, reveals a larger extent of the fan-region then previously believed. Therefore, a
revised size and position is claimed. If the centre of the whole structure is taken, instead of the location
of the maximum of polarized intensity, the centre is roughly at / = 150° and b = 0°. The spatial extent
is several tens of degrees in diameter, covering an area of about 4000 square degrees.

The high degree of polarization towards the fan-region was noted by Westerhout et al. (1962) and
Brouw et al. (1962) who used the Dwingeloo-telescope at 408 MHz. Measurements of Wielebinski
et al. (1962), made at Cambridge at the same frequency, and Razin et al. (1968)) at Staryi Pustyn at
437 MHz, 510 MHz, and 735 MHz comfirmed these results. The 26-m Survey also clearly shows that,
at 1410 MHz, the fan-region is one of the two brightest polarized patches in the northern sky with
polarized intensities of up to 500 mK.

The E-vectors of the polarized emission of the fan-region are highly ordered and perpendicular to the
Galactic plane, indicating a magnetic field parallel to the plane. A comparison of radio polarization data
with optical data confirms that the strong polarized emission may be due to a magnetic field parallel
to the Galactic plane and perpendicular to the line-of-sight towards [ = 140° (Berkhuijsen et al., 1964;
Bingham & Shakeshaft, 1967). This is in agreement with low Faraday rotation observed in this area
(Spoelstra, 1984).

A constraint for the distance to the fan-region on the basis of starlight polarization was suggested
by Spoelstra (1984). He concluded that the polarized emission must come from distances within about
450 pc and thus traces very local synchrotron radiation.
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Figure 7.4: Depolarization at the southern edge of the emission feature G3434-34 caused by the two
Hu-regions S27 (left) and S7 (right). The map shows polarized intensity (26m-Survey)
with contours of Ha emission (Finkbeiner, 2003) overlayed.

Morphological studies of the fan region have been fairly limited because of the sparse sampling of
the early polarization surveys. Reasonably sampled data of the fan region at 408 MHz were analyzed
by Verschuur (1968) and Wilkinson & Smith (1974) who studied the depolarizing effects of H n-regions
located towards the fan-region.

Verschuur found a ring-like structure of low polarized intensity at 408 MHz towards [ = 137°4
and b = 7°1, which he interpreted as due to depolarization or Faraday rotation. He suggested that
enhanced RM is caused by a magneto-ionized medium associated with the Stromgren sphere around
the B2 star HD 20336 and causing depolarization. Its position, in fact, coincides with the centre of the
depolarization ring. The distance to HD 20336 is 140 to 200 pc (see references in Verschuur, 1968).
Rubin et al. (1962) give a distance of 400 pc to this star. Verschuur concluded that most polarized
radiation must originate from distances larger than that of HD 20336.

Wilkinson and Smith looked at a number of Hu-regions that should show similar effects like the B2
star HD 20336. They did not find such effects towards the Hu-regions S202, S185, S205 and S216.
From the absence of depolarization they concluded that most polarized radiation towards the fan region
originates within a distance of about 500 pc (+200 pc).

These two studies and the investigation of RMs made by Spoelstra suggested a distance to the fan-
region of less then 500 pc and more then about 200 pc. According to these results the fan-region is
a layer of enhanced polarized emission, which could be due to enhanced synchrotron emissivity and
a particular regular magnetic field perpendicular to the line-of-sight causing only little depolarization
compared with other directions. Based on the new data from the 26-m Survey the distance to the fan-
region can be revised, because depolarization observable towards a number of H n-regions reveals a
larger distance to this object. This is discussed in the following.
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Table 7.1: List of Hu regions visible in polarization.

name alt. name I(deg) b (deg) dist. (kpc) anti-corr.
Sh2-117 North America Nebula 85.6 -0.9 0.8+0.32 moderate!
Sh2-119 LBN 087.23-03.80 87.6 -39 0.7+0.25%  moderate!
Sh2-124 LBN 094.79-01.77 94.4 -1.6 2.6+0.62 weak
Sh2-137 LBN 105.48+07.80 1058 7.8 0.6+0.272 weak!
Sh2-160 LBN 112.52+03.75 112 4 0.9+0.33 weak!
Sh2-190 IC 1805 1348 0.8 2.1+022 moderate
Sh2-199 1IC 1848 1375 1 21+022 moderate
Sh2-203 LBN 143.37-02.20 1435 -1.8 moderate
Sh2-220 California Nebula 160.1 -12.1 0.4+0.04%2  strong
Sh2-229 DA 167 172 -2.3 0.51+0.15% weak
Sh2-236 1735 -1.8 3.2+032 moderate
Sh2-248 SNR 189.1+03.0 189 3 moderate!
Sh2-249 LBN 841 189 4 1.6+0.52 moderate'
Orion Complex 210 -15 0.4-0.8 moderate

! Object is part of a larger complex which shows an anticorrelation with polarized intensity.
2 Fich etal. (1989)
3 Fich & Blitz (1984)

7.3 Newly Detected Polarization Features

The 26-m Survey reveals some previously unknown features in the polarized sky at 1.4 GHz. In partic-
ular these are: a number of depolarizing H n-regions, a lack of polarized emission probably caused by
strong depolarization in the first Galactic quadrant, and polarized emission at high Galactic latitudes.

7.3.1 Depolarizing Hi-Regions

Hu-regions are believed to act as depolarizing Faraday screens. The high electron density within these
regions of ionized hydrogen, along with low volume filling factors, results in strong and stochastic
Faraday rotation of the polarized emission passing through the screen and thus to beam depolarization.
If polarized emission originates behind local H i-regions the depolarization should leave a visible sig-
nature in polarization. It is still uncertain, however, to which level H n-regions cause depolarization
and whether all Hn-regions show this effect. Moreover, it is not clear how magnetic fields evolve and
remain inside H n-regions.

A simple visual comparison of polarized intensity and the H-alpha map of Finkbeiner (2003) revealed
a number of H u-regions acting as depolarizing Faraday screens. Table 7.1 gives a list of objects found
as depressions of polarized intensity. Figure 7.5 shows polarized intensity and Ha emission of scans
through these objects. The most striking anti-correlations were found for Sh2-220 (Figure 7.6), Sh2-
229, Sh2-236 (Figure 7.7), and the Orion Complex (Figure 7.7).

The depolarizing H n-regions can be used to derive lower distance limits to the polarized background
emission. For most of the H n-regions, spectroscopic distances are known. About half of them can
be placed in the local arm. However, some H n-regions have distances of 2 kpc and more. These are
clearly Perseus arm objects. As depolarizing Faraday screens can only cause effects on synchrotron
radiation originating behind the screen, some of the polarized emission making up the fan region must
originate in or beyond the Perseus spiral arm.

As some of these Hi-regions are strong sources of continuum emission at 1.4 GHz (~ 4 K towards
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Figure 7.5: Drift scans through H 1 regions located towards the fan region. Plotted is polarized intensity
(thick line) and Ha emission taken from the map of Finkbeiner (dashed line). Axes are right
ascension (abscissa) in degree and polarized intensity (ordinate) in mK. The data have been
convolved to match the same angular resolution.
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Figure 7.6: Polarized intensity towards the California nebula (SH2-220). Contours show Ha emission.

S117, ~ 2.1 K towards S248, ~ 2.7 K towards S190, and ~ 1.3 K towards S199) it is important
to consider remaining instrumental polarization as cause for the depressions of polarized intensity.
However, 9 of the Hu-regions discussed here are relatively weak radio emitters (< 0.8 K) at that
frequency so that instrumental polarization can be ruled out for these. Four of these weak objects
(~ 0.8 K towards S236, ~ 0.7 K towards 249, ~ 0.4 K towards S124, and ~ 0.1 K towards S160) are at
distances of 0.9 kpc and more.

Also, 7 candidates for O-stars whose Stromgren spheres are possibly visible as depressions in po-
larization can be found towards the fan-region. The effects, however, are less obvious than for the
Hu-regions and the anti-correlations are therefore rather uncertain (Figure 7.8). Ring-like depression
in the polarized intensity map around HD 36483 (09.1V, 1.13 kpc) and HD 34656 (0O7.1, 2.75 kpc) are
found. Although the resolution toward the group of three stars HD 256035 (O9V, 1.5 kpc), HD 255055
(0O9Vp, 2.48 kpc), and HD 254755 (09V, 1.23 kpc), and the single stars HD 37366 (09.5V, 1.32 kpc)
and HD 219286 (09, 1.06 kpc) is too low to reveal rings in the polarized intensity map, close depres-
sions may indicate ongoing depolarization. Additionally, in the first quadrant, a depression of polarized
intensity is found toward HD 175514 (0O8YV, 1.2 kpc). The here quoted distances for these stars are those
determined by Cruz-Gonzalez et al. (1974).

7.3.2 The Depolarization Patch

The Depolarization Patch is a region of low polarized emission and percentage polarization, character-
ized by small, chaotic structures in the map of polarized intensity and polarization angle. The obser-
vation of such low polarized intensities is surprising as the line-of-sights toward this patch run through
the inner Galactic plane resulting in intense total power emission in the first and fourth quadrant.

The low degree of polarization suggests that strong depolarization destroys the intrinsic polarization.
Otherwise the Galactic magnetic field must be tangled, which would be in contrast to studies proposing
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Figure 7.7: Left panel shows polarized intensity towards Sh2-229 and Sh2-236. Right panel shows
polarized intensity towards the Orion complex. Both images have Ha contour lines.
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114 112 110 108 46 44 42 40 38 36

Figure 7.8: O-stars whose Stromgren spheres possibly depolarize background emission. Thin lines
indicate drift scans, blue lines the proposed location of depolarization rings. Overlayed are
B-vectors of the polarized emission.
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Galactic Latitude
Galactic Latitude

Galactic Longitude Galactic Longitude

Figure 7.9: Maps of the North-Polar Spur at 408 MHz (left, Haslam et al., 1982) and soft X-ray emis-
sion in the 3/4 keV band (right, Snowden et al., 1995). Contours of polarized intensity run
from 250 mK in steps of 200 mK. Colours correspond to 10 K (black) and 120 K (red) in
the 408 MHz map, and 0 counts/s (black) and 6 - 10~ counts/s (red) in the X-ray map.

that the Galaxy possesses a regular magnetic field component parallel to the Galactic plane (e.g. Beck,
2001). A number of effects may cause depolarization. Basically, two different scenarios must be
considered:

1. A foreground Faraday screen that depolarizes diffuse background emission. For this to work RM
fluctuations must occur on scales smaller than the beam, which then leads to beam depolariza-
tion. Burn (1966) described this scenario as external Faraday dispersion in a foreground Faraday
screen. He found that

(DP) = exp(-20gy4*). (7.3)

Assuming a uniformly polarized background and an observed percentage polarization of 3%,
which corresponds to DP ~ 0.1 if the percentage polarization of the background is 30%, the
dispersion in RM must be orp = 25 rad m~2 at 1.4 GHz.

2. Internal Faraday dispersion occurs if synchrotron emitting and Faraday rotating regions are
mixed. This effect must take place over a large fraction of the sightline in order to reduce the
percentage polarization. According to Burn (Equation 7.2), the RM-dispersion over several kpc
through the Galaxy must be orm = 70 rad m~2 to result in DP = 0.1.

Looking at the total intensity maps at other wavelengths a foreground Faraday screen must be con-
sidered as a possible explanation. Maps of X-ray emission at 0.75 and 1.5 keV suggest that Loop I and
the North-Polar Spur cross the Galactic plane along the longitude interval from approximately 315° to
45° (Figure 7.9 right). In continuum radio maps at 408 MHz (Haslam et al., 1982), 1.4 GHz (Reich,
1982; Reich & Reich, 1986) and 2.8 GHz (W. Reich, priv. comm.), ridges of total power emission
clearly associated with the North-Polar Spur can be traced down to latitudes of less than 5° (Figure 7.9
left). At 820 MHz the main ridge of the North-Polar Spur is seen to extent down to b = 6° (Berkhuijsen,
1971). Yet polarized emission from that spur is predominately observable at latitudes |b| 2 30°.

The continuum ridge of Loop III can be identified from b = 40° down to » = 10° at 408 MHz and
1408 MHz, before confusion with total power emission from the Galactic plane sets in. And, again,
polarized emission of Loop III is only observable at latitudes above ~ 20° (G87+26). The same holds
for the two continuum arcs possibly associated with Loop II and V, which show only polarization at
latitudes below ~ —20° (G116-54 and G145+45), although not as clear as for Loop III.
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Assuming that the radio loops are intrinsically polarized even at low Galactic latitudes and that their
polarization is observable with the 26-m Telescope, strong depolarization must occur between the Sun
and Loop I, II, III, and V, in the area of the Depolarization Patch. The distances to these radio loops are
commonly assumed between 100 pc (Loop I) and a few hundred parsecs (Loop III and V). Based on
the observation that these radio loops are unpolarized within +£20° to £30° latitude, the existence of a
nearby depolarizing Faraday screen seems possible. This Faraday screen must depolarize the Galactic
synchrotron emission of the entire first and possibly fourth quadrant in the 26-m Survey.

Such a Faraday screen causes significant depolarization only if the distribution of Faraday rotation
induced by the cells is wide enough. A plausible number for the width of the RM distribution is orm =~
35 rad m~2, which causes Faraday rotation of about +90° at 1.4 GHz and hence high depolarization of
a uniformly polarized background for a cell number N > 1.

Limits on the electron density of the proposed Faraday screen can be derived from the full-sky H-
alpha map of Finkbeiner (2003). A comparison of this map with polarized intensity shows that the
2 Rayleigh contour line of He emission borders well the Depolarization Patch to Galactic north and
south. Taking this as an upper limit for the thermal emissivity of the screen, the lower limit of the

electron density calculates to:
|[EM /1 Rayleigh
ne(screen) = T ~ %, (7.4)

with 1 Rayleigh corresponding to an emission measure of EM = 2 pccm™. To produce RMs of
35 rad m~2, a magnetic field of B ~ 40 uG for a thickness of 1 pc, B ~ 13 uG for a thickness of 10 pc,
or B = 9 uG for a thickness of 20 pc of the screen is required. Then, the electron densities within the
screen must be: 1.1 cm™>, 0.3 cm ™3, or 0.2 cm ™3, respectively.

Against this model speaks the high symmetry of the Depolarization Patch about the Galactic plane,
which may indicate a relation to the Galactic electron distribution rather than a local origin. The de-
polarization would then be caused by depth depolarization with the sharp boundaries reflecting the
z-distribution of the magneto-ionic medium causing depolarization. In this scenario, the observed syn-
chrotron emission of the loops must be depolarized by other effects than a foreground Faraday screen.

Alternative explanations for the obvious lack of polarized emission from Loop I, III, and possibly II
and I'V can be summarized as follows: 1) Depolarization within the loops reduces the intrinsic degree of
polarization. This may be caused by a turbulent magnetic field inside the loop raising beam and depth
depolarization, or a radial magnetic field component of the loop causing only depth depolarization. 2)
Superposition of polarized emission from the loops with polarized background emission may reduce
the observed degree of polarization. These are discussed in the following.

If depolarization within the loops is caused by a turbulent magnetic field inside the shell, this turbu-
lence must be a function of z to explain the latitude boundaries of the Depolarization Patch. Any regular
magnetic field causing depolarization must have a component parallel to the line-of-sight to result in
Faraday rotation. A possible radial B-field of the loops may result in the latitude boundaries observed,
because the viewing angle of this radial field would depend on Galactic latitude.

Superposition with polarized background emission would lead to depolarization of loop emission
if the intensities of both were about equal and the polarization angles differ by ~ 90°. This, however,
would only lead to depolarization towards synchrotron emission from the loops, resulting in a “negative
imprint” in an otherwise highly polarized background. This seems not compatible with the observation
of a coherent patch of depolarization.
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Figure 7.10: The left panel shows the observed increase of polarized intensity toward the northern (thick
line) and southern (dashed line) Galactic poles. To avoid confusion the North-Polar Spur
was excluded in this plot. The right panel shows the polarization angle (E-vectors) along
two Galactic longitude cuts for b > 80° (thick line) and b < —80° (dashed line).

7.3.3 High-Latitude Polarized Emission

The HLPE is visible in the new 26-m Survey as a gradual and significant increase of polarized intensity
and percentage polarization toward high Galactic latitudes, while the polarization angle systematically
changes with Galactic longitude. This gradient in polarized intensity at |b| ~ 70° as well as a linear
dependence of the polarization angle on Galactic longitude at |b| > 80° is displayed in Figure 7.10.

Synchrotron emission of the HLPE is also detectable in total power. At 408 MHz (Haslam et al.,
1982) excess emission at high Galactic latitudes of ~ 4 K (northern pole) and ~ 5 K (southern pole)
is visible, similar in shape to the emission observed in the 26-m Survey. In the total intensity map at
1.4 GHz (Reich, 1982; Reich & Reich, 1986) a faint excess of ~ 60 mK towards the northern pole,
and ~ 200 mK towards the southern pole is noticeable. This results in a temperature spectral index of
B~ —3.4and B ~ —2.6, for the northern and southern HLPE, respectively.

It is noted that the HLPE may be associated with neutral hydrogen that is found in the Galactic pole
regions at |b| > 80° by Dieter (1964). This author found evidence for two components of gas velocities
at the north Galactic pole, one at velocities around zero, and the other with velocities between —20 and
—55 km/s. At the southern pole velocities of mainly —10 km/s can be seen. In addition, the presence of
faint dust filaments associated with the HLPE component is noted here.

A simple model of a shell-like magnetic field is developed and provides a possible explanation for the
enhanced polarized and total intensity emission at high Galactic latitudes. In this model the magnetic
shell is of spherical shape. Inside the shell the magnetic field orientation is longitudinal and of equal
strength (see Figure 7.11). For an observer inside the shell the intensity of the received synchrotron
emission depends on the strength of the magnetic field component perpendicular to the line-of-sight
and is thus proportional to BY”)/ *. An energy spectral index of y ~ 2.6 for the relativistic electrons is
assumed. No Faraday rotation is considered in this model.

Certainly, the magnetic field configuration used for this simple model is not physical. However, the
deviation from a realistic magnetic field geometry is small, which justifies this approach. In nature, such
magnetic shells exist around evolved SNRs with field lines tangential to the shock front. Superbubbles
are also believed to possess magnetic fields comparable to the one used in the model.

A reasonable fit is achieved if the centre of this magnetic shell is placed at a distance of 150 pc toward
[ = 350° and b = 0°, with a shell-thickness of 30 pc. The Sun is located within the shell between the
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Figure 7.11: Illustration showing the configuration of the shell and the magnetic field associated with
it. The centre of the shell is 150 pc away, towards [ = 350°, b = 0°. The thickness of the
shell is 30 pc. Magnetic field lines run along longitudes of the shell.

outer and inner edge. These parameters are found by rough fitting and the numbers quoted are therefore
rather uncertain. Figure 7.12 shows the predicted polarized and total intensity emission for such a shell.
They compare well with the observed gradient and distribution of polarized intensity and polarization
angle as displayed in Figure 7.10.

Assuming that the HLPE is due to a compression of the interstellar magnetic field, the compression
factor can be estimated. This is done by comparing the observed polarized intensities of two different
sightlines. These sightlines run different ways through the shell: the first with a short lengths (/ = 175°,
b = 60°), and the second running northwards (southwards) through the shell (b = [90°|). The observed
average polarized intensities are Pl = 15 mK (50° < b < 70°, 170° < [ < 180°) and Pligyg =
102 mK (75° < b < 90° and 170° < I < 180°). The ratio of both indicates a compression factor of 2.9
of the magnetic field inside the shell. The same estimate at the southern Galactic pole gives a factor of
2.4.

7.4 Results and Discussion

An investigation of H ni-regions gives distances to the origin of polarized emission of the fan-region. In
contrast to studies made by other authors, which suggested a rather local origin of the fan-region, is it
found here that the emission of the fan-region originates at least partly in the Perseus arm.

Following these arguments, it is proposed that the fan-region is the result of a relatively long line-
of-sight exhibiting less depolarization than in any other direction. If the high degree of polarization
towards the fan-region is the consequence of a Galactic magnetic field orientated perpendicular to the
line-of-sight, the distance to which this geometry holds must be much larger then previously assumed.
This may also indicate that turbulence in the outer Galaxy is not as significant as in the inner Galaxy.

The fan-region extends to Galactic latitudes of ~ +20°. At a distance of 2 kpc this corresponds to a
height of 0.7 kpc above the plane. Its brightness temperature in total intensity is around 1 K at these
latitudes. According to the model of Beuermann et al. (1985), 57% of the synchrotron emission toward
[ = 140° and b = +£20° is generated at distances < 2 kpc, whereas 43% originates at larger distances. In
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Figure 7.12: Top left: Modelled polarized intensity for a latitude cut at / = 180°. Top right: Total
intensity synchrotron emission expected from the shell if the magnetic field is uniformly
illuminated with cosmic-ray electrons (black: high intensity, white: low intensity). Bottom
left: The modelled polarization angles for longitude cuts at b = 85° (thick line) and b =
—85° (dashed line). Bottom right: The projected magnetic field of the shell in a rectangular
grid of Galactic coordinates.

the outer region of the Galaxy only the thick disk? contributes to the observed synchrotron emission.

The obvious lack of polarization towards the first Galactic quadrant is interpreted as due to depo-
larization. Missing polarized emission from the radio loops suggests that the depolarization is caused
by a nearby Faraday screen. DP of ~ 0.1 are required to explain the percentage polarization observed
towards the Depolarization Patch. This results in a magnetic field strength between 40 uG and 9 uG
and an electron density between 1.1 cm™ and 0.2 cm™ for a thickness of the Faraday screen between
1 pc and 20 pc. The high degree of symmetry about the Galactic plane, however, seems to indicate that
the Depolarization Patch is caused by depth depolarization. The northern and southern boundaries may
reflect the decrease of depolarization with z-height above the plane. The missing emission from the
loops at latitudes below b < 30° must than be explained by depolarizing effects within the loops.

It should be noted that a more speculative theory predicts the North-Polar Spur to be part of a bipolar
hypershell originating from starburst activity in the Galactic centre (Sofue, 2000). Kuntz & Snowden
(2001), however, note that there is significant emission in the direction of Loop I in front of the Ophi-
uchus dark clouds at ~ 150 pc, which is not seen in the foreground in other directions, indicating a local
origin for Loop I.

This analysis of the Depolarization Patch is solely based on northern sky data not fully covering the

2Models of Galactic synchrotron emission are derived by assuming that emission originates from three different components of
the Galaxy: a thick disk, a thin disk, and a structure of spiral arms (e.g. Beuermann et al., 1985).
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fourth Galactic quadrant. An all-sky polarization map? will soon become available. This will allow
the investigation of the properties of the Depolarization Patch more accurately and help understand its
origin.

The polarized emission observed at high Galactic latitudes, the HLPE, can be modelled by assuming
that the Sun is located within a magnetized shell. In this model the intensity and polarization angle
of the observed synchrotron emission are given by the strength and direction of the magnetic field
component perpendicular to the line-of-sight. A compression factor of the field inside the shell of
~ 3 relative to an ambient magnetic field can be derived. The centre and spatial extent of this shell
correspond well to that of Loop I.

The agreement in centre and size of the HLPE with Loop I suggest a common origin. It is therefore
proposed that the HLPE is a magnetic shell associated with Loop I: either a magnetic field around
the H1 bubble or the compressed field around an evolved SNR. This is supported by the previously
mentioned association of Hr and dust filaments with the HLPE.

These investigations can only provide the basis for deeper analysis. Improvement in sky coverage
is required to strengthen arguments for the distance of the fan-region, given by the depolarization of
Hu-regions. A multi-wavelength analysis of the Depolarization Patch must follow, taking X-ray and
dust emission into account. Finally, better sampled data may show correlations between the HLPE and
filaments in dust and H1 more clearly.

3achieved by combining the 26-m Survey and the Villa-Elisa Survey (Testori et al., 2004)
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My research objective was to realize a polarization survey covering the northern sky, which would
allow the absolute calibration of recent high-resolution polarization observations. During an observing
time of 7 months, I was able to perform 168 fully calibrated drift scans, utilizing the 26-m Telescope
of the DRAO. The resulting sky coverage and sensitivity exceeds that of the so far available data of the
northern sky, observed in the 1960’s and 70’s with the Dwingeloo telescope. By comparing drift scans
with data obtained with the Effelsberg 100-m telescope an accurate brightness temperature scale of the
new survey could be established.

In areas where the sampling of the LDS is too sparse, the new 26-m Survey makes proper calibra-
tion of high-resolution data possible. I showed that a correct representation of large-scale emission in
Stokes U and Q down to the lowest spatial frequencies is mandatory for the analysis of diffuse polarized
emission, and that the 26-m Survey provides these data to correct for missing emission components in
high-resolution data.

Aside from making absolutely calibrated data available for calibration purposes, the 26-m Survey is
a valuable astronomical product in its own right, revealing unknown features and providing valuable
information on the Galactic polarized foreground. By an initial analysis of the new data I was able to
reach the following conclusions: 1) Depolarizing H n-regions towards the highly polarized fan-region
reveal a larger distance to the origin of polarized emission than previously believed. As a consequence
turbulence of the magneto-ionic medium in the outer Galaxy towards the fan-region must be small
to allow the relatively long line-of-sight in polarization; 2) An apparent lack of polarized emission
towards the first Galactic quadrant is noted and is interpreted as due to depolarization. Based on the
non-observation of polarized emission from the radio loops, the possibility of a local Faraday screen
causing depolarization is discussed. Other arguments taking into account effects within the loops are
considered; 3) Polarized emission at high Galactic latitudes is found and modelled assuming that the
Sun is located within a magnetic shell that emits synchrotron emission.

8.1 Major Contributions

In summary, my research involved the further development of the receiving system of the DRAO 26-m
telescope to make measurements of linear polarization possible. Moreover, applicable data processing
routines needed to be developed to properly calibrate the raw data. This required the solution of prob-
lems such as the system temperature variations recognized during data reduction, and the development
of a suitable interpolation routine. The major contributions of my exploration of the Galactic polarized
emission are as follows:

e Realization and calibration of the Low-Resolution DRAO Survey of Polarized Emission at
1.4 GHz.

e Demonstration of the necessity of absolute calibrating diffuse polarized emission and the capa-
bility of the 26-m Survey in providing the spatial frequencies required for this calibration.

e Evidence that a significant amount of polarized emission from the fan-region originates in or be-
yond the Perseus spiral arm. Hence, the intense polarized emission is received from much larger
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distances than in any other direction. This can be used to derive constraints on the properties of
the magneto-ionic medium of the outer Galaxy.

e First description of a lack of polarized emission revealed by low percentage polarization towards
the first Galactic quadrant.

o First observational evidence for polarized radio emission at 1.4 GHz at high Galactic latitudes.

8.2 Future Work

Observations for the 26-m Survey I have presented here are continuing. Currently (by March 2005),
the coverage of the northern sky with drift scans has reached 43%. These data must be incorporated
and will result in a considerable improvement of the 26-m Survey in terms of resolution, sensitivity,
and error. It is planned to make the extended data public.

The incorporation of the latest data of the 26-m Survey will allow to substantiate arguments for the
revised distance to the fan-region as described in this thesis. A larger number of well justified H -
regions acting as depolarizing Faraday screens will provide data for the study of the local synchrotron
emissivity.

The inclusion of data from the southern sky polarization survey (Testori et al., 2004) is required to
confine boundaries of the Depolarization Patch more accurately. An improvement in sampling could
also allow to investigate small-scale fluctuations towards the first quadrant, which could reveal its ori-
gin.

Another point concerns the observing scheme. Here, it is desirable to apply an independent calibra-
tion instead of relying on the LDS. This becomes even more important in view of the planned upgrade
of the 26-m telescope to allow the simultaneous measurement of polarization at multiple frequencies.
Also, an improved model for ground radiation should be developed, possibly taking time-variability
into account.
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Muller Matrix Elements

List of Miiller matrix elements (from Theocaris & Gdoutos, 1979):

2m11
2m1Q
2myy
2m1v
2I’HQ]
2I’HQQ
ZI’HQU
ZmQV
sz]
szQ
2mUU
2mUV
2mw

2va
2mVU
2mvv

Jtu + B+ i+ iy
j?]jll + j;1j21 - j?2j12 - j;2j22
j1*1j12 + j;1j22 + jl*zj” + j;2j21
i\Ji i + J5 o2 = i = J o
jl*lj” + szjlz - j;1j21 - j;2j22
Jin + g = jjn = jhin
j?zjll + jﬁjlz - j;2j21 - j§1j22
i(JY 2 + 5021 = j3 22 = Jhhin
JrJ2t + iy di + jh g + iy i
JrJ2t + JaJi = Jd2 = i1z
j1*1j22 + j;1j12 + j1*2j21 + j;2j11
i\JY 22 + J5 2 = Jisdat = 5
i3 Ju + Jhde = JiJat = itz

i(J3ydn + Jtdan = Jt i = i)
(732 + i = Jhn = ihin)

Pt + J5J2 = Jiydat = 3y

(D
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