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Abstract

This thesis investigates the properties of magnetic fields in galaxy clusters via both
statistical Faraday rotation measures and diffuse source polarimetry, and investigates
the nature and generation mechanisms for diffuse radio emission in the ACO cluster
A3667. Chapter one gives an introduction to galaxy clusters and discusses both their
history and emission processes. Chapter two provides a detailed discussion of the
instruments used during the course of this research. Chapter three presents the results
of a statistical study into cluster magnetic fields via Faraday rotation measurements
(RMs). The results agree well with previous findings and support cluster fields of 1-2
1G. Chapter four presents an interpolated all-sky rotation measure map generated to
allow for more accurate modelling of the Galactic contribution to calculated rotation
measures. Large scale features in the RM sky are discussed and good agreement is
found between these results and previously observed magnetic field directions in the
spiral arms. These data do not suggest a field reversal in the outer spiral arm. Chapter
five gives an analysis of multifrequency radio observations of the ACO cluster A3667,
presenting a detailed investigation into the diffuse emission in the cluster. Major results
presented include the discovery of filamentary structure with a power-law spectral index
and high polarisation. Generation mechanisms for this emission are discussed in light of
these results. Chapter six presents analysis of redshift data for objects in A3667 down
to a magnitude of mp = 18.3. The previously reported secondary subgroup in the north
of the cluster is less obvious and no subgroup structures are evident in the velocity data.
This suggests that if a merger is present in A3667 it must be entirely within the plane
of the sky. Chapter seven presents the conclusions and future directions.
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Chapter 1

Introduction

In my youth | regarded the Universe as an open book, printed in the
language of physical equations, whereas now it appears to me as a text
written in invisible ink, of which in our rare moments of grace we are able
to decipher a small fragment

Arthur Koestler, 1980

1.1 Magnetic Fields: an Introduction

Magnetic fields are assumed to be pervasive throughout the universe on all scales, from
the fields surrounding planets right up to fields in the intracluster and intergalactic
media. In recent years the role of magnetic fields in both galactic and extragalactic
regimes has gained increased attention across many astrophysical disciplines. For ex-
ample, the magnetic field is a key factor in studies of large-scale structure formation,
galaxy and star formation, and cosmic ray generation. Cosmic magnetic fields, on
all scales, have been studied since the late seventies with varying degrees of success.
While it is clear that magnetic field research has progressed considerably in this time,
the mostly indirect measurement techniques have meant that it has been difficult to
address many basic issues. Questions as to how strong magnetic fields are, how uniform
they are, what the seeding and amplification mechanisms are, and, most importantly,
what their contribution is to the energy density of the intergalactic medium, remain
topics of animated debate.

1.2 Measurement of Magnetic Fields

There are several methods of estimating magnetic fields from polarised emission. These
include optical, radio, and even infrared polarisation techniques (Sofue et al. 1986;
Beck 1986; Heiles 1986). The three most commonly used are optical scattering, Zee-
man splitting and Faraday rotation, which will be discussed herein. It should be noted
that measurements made via these processes are all indirect, requiring additional in-
formation or observations in order to accurately assess the magnitude of the magnetic
fields.
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Optical Polarisation

Observations show that the percentage polarisation of optical starlight is proportional
to the distance the light has travelled through the Galactic plane and is strongly corre-
lated with extinction by dust. Elongated dust grains suspended in a magnetic medium
will act as magnetic dipoles, aligning preferentially with their minor axes parallel to the
magnetic field. As the grain size is of the order of the wavelength of optical radiation,
aerosol scattering of background light passing through the dust will give rise to partial
polarisation of the transmitted light. This scattering will be most significant for light
which has its electric vector parallel to the major axis of the dust grains. Therefore,
the transmitted light is most likely to be that which is polarised parallel to the minor
axis of the dust, i.e., with the polarisation in the same direction as the magnetic field.

In order to use this technique to accurately calculate the magnetic field strength,
a detailed model of the dust alignment mechanism is required. Such a model must
take into account both the column density and composition of the dust. Such models
have been used with some success to infer the magnetic field magnitude and direction
in the plane of the galaxy from the amount of scattering and linear polarisation of
the transmitted light. Obviously this technique will only work in regions were dust is
present and as dust is also a major contributor to extinction, this technique is limited
mainly to Galactic observations.

Zeeman Splitting

The Zeeman effect can be simply described as the splitting of atomic or molecular
spectral lines by the action of a magnetic field. The effect was first observed as a
broadening of the yellow sodium doublet lines in an experiment conducted by Zee-
man in 1896 (Zeeman 1897). Subsequently, Lorentz used classical theory to explain
the phenomenon as a shift in the gyrofrequency of electrons due to the application of
a magnetic field perpendicular to the plane of rotation about the nucleus. As elec-
trons would be rotating in both clockwise or anti-clockwise directions with respect to
the magnetic field, this would result in both a negative and positive frequency shift
accounting for the broadening of the lines about the central frequency. Later, when
quantum theory was introduced, Zeeman splitting was reinterpreted by Heisenberg and
Pascual as a difference in the energy state due to coupling of the magnetic field and
the electron spin state.

The effect is to produce emission of two circularly polarised components of opposite
handedness, each frequency shifted (one positively and one negatively) with respect to
the original line frequency. Depending on the magnetic field direction with respect
to the observer’s sightline, either both circular components are visible or both circular
components and the original line will be observed. For an arbitary orientation, elliptical
polarisation will be observed.

The Zeeman effect provides the most direct measure of magnetic field strength, but
its difficulties of detection limit its use to Galactic objects.
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Faraday Rotation

Faraday rotation is similar to Zeeman splitting in that it is a process where the applica-
tion of an external magnetic field will, in certain circumstances, produce a measurable
change to an electromagnetic wave. In the case of Faraday rotation, incident polarised
electromagnetic radiation passing through a magnetised plasma will have its plane of
polarisation rotated by an amount determined by the properties of the plasma and the
magnetic field strength. The amount of rotation experienced is strongly dependent on
the frequency of the radiation. Comparisons of the amount of rotation at different fre-
quencies produces a metric known as the rotation measure or RM. Rotation measures
along the line of sight from a background object, such as a distant radio galaxy or
quasar, are used as probes of the foreground magnetic fields through which the radia-
tion has passed. If the properties of the plasma are known (electron density and path
length) it is possible to use the RM to compute an averaged field strength along that
line of sight. As Faraday rotation is of principal importance to this thesis, a detailed
explanation is given in chapter 3.

Although Faraday rotation is not a direct measure of magnetic field strength, it
can easily be used to probe the fields of distant objects, unlike optical polarimetry and
Zeeman splitting. This ability to detect the presence of distant magnetic fields makes
it of great value in examining fields in clusters of galaxies.

1.3 Magnetic Fields in Galaxies: An Historical Per-
spective

The first substantiated discovery of polarised emission from a Galactic source was
made by Meyer (1919) who measured polarised optical light from the reflection nebula
NG(C2261. Following this discovery, many Galactic sources were discovered to have
significant polarised emission in the optical band. However, it was not until 1942,
that polarised emission was found in a source external to the Milky Way (Ohman
1942). Ohman is also credited by inference with the discovery of the first magnetic
fields in the external galaxy, M31. Following this, several similar studies confirmed
optical polarisation of nearby galaxies (Heeschen 1973; Bingham et al.1976; Scarrott
et al. 1977). These optical measurements were interpreted as evidence of coherent
large scale magnetic fields in the arms of spiral galaxies (Elvius 1978).

Progress in the field was slow and it was not until the advent of radio telescopes and
observations of radio synchrotron emission that research into astrophysical magnetic
fields really began to flourish.

The use of Zeeman splitting of the 21cm (radio frequency) line of neutral Hydrogen
(HI) as a probe of magnetic field strengths was first proposed by Bolton & Wild (1957).
However, the detection is observationally difficult; in the case of HI the splitting is only
2.8 MHz per gauss of magnetic field. Since the Galactic magnetic field strengths are
typically on the order of tens of microgauss (uG) the frequency shift for HI is around
10 Hz either side of the 1420 MHz line. This 10 Hz shift is much less than the width of
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the HI absorption line so it cannot be examined directly. Rather, as the effect results
in two oppositely handed circularly polarised components, the technique is to observe
a strong absorption line and look for circular polarisations of opposite handedness at
the edges (Longair 1981).

Early attempts to find Zeeman splitting due to Galactic magnetic fields were unsuc-
cessful (Galt et al. 1960; Weinreb 1962) or marginal (Davies 1964; Schwarz & Lasenby
1990). This gave an upper limit on Galactic field strengths of 10 uG (Galt et al. 1960).
[t was not until the early 1980’s and 1990’s that confirmed detections for Zeeman split-
ting due to the Galactic field were made. Initially, OH lines were found to exhibit the
splitting (Crutcher & Kazes 1983) and then later HI measurements were made (Plante
et al. 1994). Magnetic fields of up to 10 4G have been estimated from Zeeman splitting
in HI, while fields of up to 100 4G have been determined from a few OH absorption
lines. It is thought that these results are indicative only of the fields within the HI and
OH clouds and not a good measure of the intragalactic field strength.

However, although Zeeman splitting was difficult to observe, synchrotron polari-
sation in the radio continuum was found in great abundance. Galactic radio polari-
sation at 408 MHz was discovered simultaneously in 1962 by Westerhout et al. and
Wielebinski et al. Subsequent radio surveys (Berkhuijsen & Brouw 1963; Wielebinski
& Shakeshaft 1962) continued to examine the Galactic field via the polarisation posi-
tion angles measured at 408 MHz, while surveys at new radio wavelengths were also
initiated (Berkhuijsen et al. 1964).

In the late 70’s Rainer Beck began a program to map magnetic fields in spiral
galaxies via radio polarimetry using the Effelsberg 100m dish and the Westerbork
Radio Synthesis Telescope (WRST), and later the VLA. His work and that of others,
concurred with the optical results from a decade earlier in finding coherent large scale
magnetic fields in spiral galaxies (Beck et al. 1978) (See Figure 1.1 and 1.2). Through
this research Beck and collaborators demonstrated that in some cases the magnetic
field follows the spiral arms (Beck et al. 1980; Beck 1981; Krause et al. 1984; Beck
et al. 1985b) while in others it did not and the field appeared to be turbulent (Klein
et al. 1983). They also found that the degree of field uniformity seemed to correlate
with the total optical luminosity (Beck & Reich 1985a). Later, as more galaxies were
examined, these discrepancies were interpreted as differences in field structure of three
main types; axisymmetric, bisymmetric or ringed fields (Beck 1986).

In the 80’s numerous studies of extragalactic rotation measures produced via Fara-
day rotation were also conducted (Simard-Normandin et al. 1981; Broten et al. 1988;
Vallée et al. 1986; MacLeod et al. 1988). These observations were used to investigate
the nature of magnetic fields both within our own and other spiral galaxies (Vallée et al.
1986) and to determine characteristics of the Galactic field along the line of sight. How-
ever, the difficulty of the observations resulted in a lack of suitable data making this
process difficult. In contrast to other spiral galaxies, the average magnetic field in the
Milky Way was found to be weak and turbulent (Beck & Reich 1985a). Later in the
80’s and early 90’s the extragalactic RM values were combined with pulsar dispersion
measure values in an attempt to disentangle the internal magnetic field structure of
the Milky Way (Lyne & Smith 1989; Han & Qiao 1994; Han et al. 1997; Manchester
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Figure 1.1: Radio image of the spiral galaxy NGC694, produced by Rainer Beck.
The pseudocolour shows combined data from the VLA and Effelsberg at 6cm and the
vectors indicate the direction of the magnetic field which clearly follows the spiral
arms.

et al. 1998; Han et al. 1999a).

Beck and collaborators also made use of large scale Faraday rotation mapping of
nearby galaxies in order to further elucidate their magnetic field structures and theories
about how such fields are formed (Beck 1986; Sofue et al. 1986; Gréive & Beck 1987;
Loiseau et al. 1987; Beck et al. 1997; Beck et al. 1989; Beck et al. 1990; Horellou
et al. 1990). With such a wealth of material on magnetic structures in nearby galaxies,
statistically based interpretation could be performed. It was concluded that the large-
scale magnetic field structure in spiral galaxies was either axisymmetric or bisymmetric,
that the fields run roughly parallel to the optical arms with the uniform field component
strongest in the interarm regions and a turbulent field present in the spiral arms (Beck
1991a). Observational work has continued with galaxy fields now interpreted in terms
of these standard models (Buczilowski et al. 1991; Neininger et al. 1991; Beck 1991b;
Horellou et al. 1990; Neininger et al. 1993; Beck et al. 1994; Ehle et al. 1996; Han et al.
1999a; Chyzy et al. 2000). Further discussion of the current state of understanding of
magnetic fields in galaxies can be found in Beck et al. (1996).

1.4 Clusters of Galaxies

The discovery that astronomical objects are not isotropically distributed on the sky
arose in the late nineteenth century when detailed and systematic cataloguing of the
heavens from photographic plates began. However, at this time it was not known
that the preference for stars and “nebulae” to “clump” suggested anything more than



6 CHAPTER 1: Introduction

Figure 1.2: Radio image of the barred spiral galaxy NGC3627, produced by Soida
et al. The pseudocolour shows combined data from the VLA and Effelsberg at 3.5¢cm
and the vectors indicate the direction of the magnetic field which clearly follows the
spiral arms.

coincidence. It was not until the pioneering work of Henrietta Leavitt in 1912 that
showed that Cepheid variable stars could be used as an astronomical yardstick that
astronomers obtained clues to the distance scales of the Universe. Using Leavitt’s
period-luminosity relation for Cepheid variables, in 1923 Edwin Hubble was able to
calculate the distance to the Andromeda nebula proving for the first time that this
object was indeed beyond and apart from the Milky Way - it was the first confirmed
external galaxy. After the discovery that the sky was filled with galaxies it did not
take long for the notion of clustering to arise. It was shown using the new redshift
measure that not only did galaxies appear to clump in the same part of the sky but
those galaxies clumping together were all at the same distance. Thus, the concept that
galaxies coalesce into gravitationally bound systems was born.

The early to mid-twentieth century saw several major clustering studies undertaken
(Shapley & Ames 1932; Abell 1958; Zwicky et al. 1968). These early surveys catalogued
cluster positions, richness and other optical properties. However, despite the optical
properties of clustering having been well established, it was not until the 1960s that the
diffuse thermal and relativistic plasma components of galaxy clusters were discovered.

The '60s saw the beginning of X-ray observations, with early balloon-borne instru-
ments later giving way to satellites. It was during this time that the first X-ray emis-
sions from galaxy clusters were detected and interpreted (Felten et al. 1966; Friedman
& Byram 1967). In the early '70s the UHURU Satellite detected extended emission
from several clusters, including Virgo, Coma and Perseus (Kellogg et al. 1971; Gursky
et al. 1971; Forman et al. 1972). These observations were initially not thought to
be associated with the cluster itself, but rather assumed to be the blending of cluster
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Coma Cluster
0.5-2.0 keV

Figure 1.3: ROSAT X-ray image of the Coma cluster.

point sources (Kellogg et al. 1971). However, the Uhuru catalogue quickly revealed the
correlation between rich clusters of galaxies and bright X-ray sources (Gursky et al.
1972).

Following this discovery, the field expanded rapidly with a large number of studies
on X-ray properties of clusters being conducted in the late '70s and early '80s. It
was found that galaxy clusters are the most commonly observed bright sources of ex-
tended X-ray emission. X-ray spectral analyses from UHURU and subsequent satellite
missions revealed that the emission is mainly via bremsstrahlung of the thermal intr-
acluster gas. This gas component was found to have temperatures between 107 — 108
K (Malina et al. 1978) and have densities of 1072 — 107 ¢cm™®. As the X-ray emis-
sion traces the cluster’s gravitational potential, the surface brightness distribution can
provide some information about the physical state of clusters (Jones & Forman 1992
in Clarke 2000). One such example of “clumpiness” in the X-ray surface distribution
is shown in Figure 1.3 which shows a ROSAT image of the Coma cluster, clearly in-
dicating substructure. Since most of the X-ray emission in clusters is due to thermal
bremsstrahlung, the surface brightness distribution provides information on the plasma
density distribution in the cluster, which in turn gives information about the cluster’s
dynamical history. Smooth X-ray profiles, often seen with strongly peaked central re-
gions indicative of a “cooling-flow” (Fabian et al. 1981), are assumed to reflect relaxed,
non-interacting clusters, while more disturbed X-ray emission is usually interpreted as
evidence of interaction or mergers between clusters. The extreme difference in X-ray
surface brightness between co-called cooling and non-cooling flow clusters is illustrated
in Figure 1.4. Clusters with disturbed or clumpy X-ray emission do not exhibit the
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sharp central peak and it is assumed that a merger event has disrupted the cooling flow.
However, the very existence of cooling flows and consequently these interpretations, are
still being debated.

. I
ELLr N )

i ﬂ’}w

Figure 1.4: Examples of cooling and non-cooling flow clusters. These clusters have
similar X-ray luminosities and have been scaled to appear as if both are at the same
redshift. Abell 478, which is considered a “cooling flow” cluster exhibits a central
surface brightness of over an order of magnitude more than that of the Coma cluster
(Allen 1999).

Radio observations reveal the presence of both radio galaxies embedded within the
cluster and, less frequently, regions of diffuse synchrotron emission. Radio sources
located in the central regions of galaxy clusters often show very distorted morphologies
and pairs of long extended “tails” trailing out from the optical host galaxy. It has
been argued that these “head-tail” galaxies are indicative of turbulence within the hot
plasma that fills the cluster potential well.

Diffuse radio emission, while not associated with any particular optical sources, has
a long-standing statistical association with the position of rich galaxy clusters and is
therefore assumed to be a cluster related phenomenon. Characteristics of such emission
fall into two classes; halos a term first coined by Gavazzi (1978) and the unfortunately
named, relics. Although both classes of diffuse emission are believed to be generated
via synchrotron emission and have low surface brightnesses and steep spectral indices,
they differ strongly in position within the cluster, morphology and polarisation char-
acteristics. Halos are centrally located with roughly circular morphologies, typically
about 500 kpc in diameter, and exhibit low fractional polarisation of typically less
than 10% (Feretti & Giovannini 1996). The so-called relics are located on the clus-
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ter periphery, exhibit very high fractional polarisations of around 40 - 60% and have
very irregular morphologies in a range of sizes from tens of kpc (Slee et al. 2001) up
to the order of a Mpc (Réttgering et al. 1997). The irregularity of this emission was
the driving argument for the initial assumption that such objects were the remnant
synchrotron lobes of now dormant radio galaxies, hence the name relic. However, for
the larger diffuse emission regions there are strongly compelling arguments against this
theory (Rottgering et al. 1997), which will be discussed in detail in chapter 5.

Galaxy clusters have been observed to contain only a halo (Coma; Bozyan,1968)
only a relic (A1367; Gavazzi, 1978) or both a relic and a halo (A2256; Bridle & Fomalont,
1976).

1.4.1 Emission Mechanisms in Clusters of Galaxies

Clusters are observed both through their constituent galaxies and via energetic pro-
cesses in the plasma that fills their centre, usually termed the intracluster medium
(ICM). Although emission mechanisms in individual galaxies produce radiation which
spans the entire spectrum, the ICM emits only via a few specialised processes. These
processes will be outlined in the proceeding sections.

Synchrotron Emission

The most prevalent form of astronomical emission in the radio regime is generated
via the process of synchrotron emission, which results from charged particles (usually
electrons) spiralling in magnetic fields. In galaxy clusters this is found in individual
cluster members and in regions of diffuse radio emission (Wilson 1970).

In the presence of a uniform magnetic field, a high-energy charged particle will
move in a spiral path with constant pitch angle, #. It will have constant velocity, v,
in the direction of the magnetic field, B, and will gyrate about the field lines at the
gyrofrequency, v,. In the non-relativistic case the gyrofrequency can be described by

eB

2meme

Vg

(1.1)

where e is the charge, B the magnetic field strength, m, the mass and c is the speed
of light. For relativistic particles the gyrofrequency is described by

_eB
 2mymy

Vg (1.2)

where my is the rest mass of the electron and ~ is the Lorentz factor, v = (1 —12/c?)"e,
The vectorial trajectory of these particles can be seen to have two distinct compo-
nents, one describing the circular motion about the magnetic field lines and the other

describing the forward motion. These components may be described by

d e
%(’ymev) = EV x B (13)
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d
E(’}’meCZ) = ev-E=0 (1.4)

where v is the vector describing the particle’s velocity and E and B are the electric
and magnetic field vectors respectively. In combination these components will produce
a helical path centred about the field line. Fig 1.5 shows this helical trajectory about
a given field line.

The particle is being accelerated due to its circular motion and will thus emit
photons. The emitted radiation is beamed in the direction of motion of the particle
within a cone described by a half-angle of ¢ = % The radiation is Doppler-shifted and
is thus observed at frequencies much higher than the gyrofrequency of the particle in
its orbit, such that

VR gnyVg sin @ (1.5)

where 6 is the pitch angle. The complete derivation can be found in Longair (1997).

Figure 1.5: The trajectory of a relativistic electron spiralling in a magnetic field, B
with pitch angle, . The resultant synchrotron emission will be emitted in a highly
beamed cone the width of which is found to be % .

The energy of the emitted photons will be distributed among the harmonics of the
gyration frequency. The total radiation loss rate can be described by

dE e*B* 2 ,
- (E) = p— 57 sin 6 (1.6)
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where ¢, is the permittivity of free space.

If we remember that ¢ = (uo€o) ™!, the previous equation can be rearranged so as
to express it in terms of the Thomson cross-section, o, and the energy density in the
magnetic field, Uy,qy, such that

db V2 5 . 9
— (E?) = 207CUpqq (E) v sin® 6 (1.7)

where Upneg = B?/2p0 -
In the ultra-relativistic limit v — ¢ this can be approximated to

dE
— <E> = 207Upnqyy? sin’ 0 (1.8)

Returning to equation 1.7: If we now consider an ensemble of particles with an
isotropic distribution of pitch angles, and average over that distribution, such that

p(8)do = %sianB, the average energy loss rate of the ensemble can be obtained:

db . AR 21 " 3
<_ (E>> = 20rcUnag (=) 7 2/0 00 -

4

= el (2) (1.10)

Equation 1.9 expresses the average energy loss of an ensemble of particles of av-
erage energy E, that are randomly scattered through many pitch angles during their
lifetime. The energy is distributed among the harmonics of the gyrofrequency. For
an ultra-relativistic population these harmonics are so closely spaced that the energy
distribution becomes continuous.

For a power-law distribution of electron energies N(E)dE = sE~°dE and an
isotropic distribution of pitch angles, the synchrotron emissivity can be approximated
(Longair 1981) to

) 20rcC (@=1) —(z—1)
=—————xB 7T v 7 1.11
.7(1/) 3,u,0(mec2)$_1m v ( )

where k is a constant and z is the power law index of the electron energy spectrum.
The flux density of synchrotron emission at a certain frequency, S,, is found to be
proportional to that frequency to some power such that S, oc v, where the value « is
termed the spectral index of the synchrotron radiation. The value of = can be related
to the spectral index, o, by a = —(z — 1)/2.

For an isotropic distribution of electrons following a power-law spectrum it can be
further shown that fractional linear polarisation is given by

x-+1 B;f
)y = , -
# T + Z} B2 + B}

where B, and B, are the ordered and turbulent magnetic field components. It follows
that if the magnetic field is uniform then equation 1.12 becomes

(1.12)
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r+1

The observed spectrum of high-energy cosmic rays provides information on the
likely values of z. Currently the observed cosmic ray flux between 105 and 108 eV is
well described by a power law spectrum with z ~ 2.6. Using this value the maximum
fractional linear polarisation achievable from a purely uniform magnetic field is roughly
73%. However, it should be noted that in this energy regime this cosmic ray population
is likely to be of Galactic origin. As the acceleration processes in the Milky Way
are likely to be different to those in other objects, such as radio-loud galaxies, this
spectrum may not be useful in evaluating the maximum linear polarisation achievable
in extragalactic sources. The origin of ultra-high-energy cosmic rays (10'® to 102 eV)
is thought to be entirely extragalactic and would be a more appropriate indicator of
the achievable linear polarisation. However, this energy spectrum is currently difficult
to assess due to the low number of events. In the future, new instruments such as
the Fly’s Eye (Baltrusaitis et al. 1985) and Pierre Auger Array (Boratav 2001) should
improve our understanding of this high-energy spectrum, which may lead to a revision
of the maximum linear polarisation possible.

Thermal Bremsstrahlung

Bremsstrahlung or “braking radiation” is the process which results in the emission of
photons from one charged particle accelerating in the field of another. Bremsstrahlung
may occur in both high-energy relativistic and non-relativistic particle populations as
well as ionised thermal gases. The most common situation is thermal bremsstrahlung,
which occurs in a fully ionised gas with a Maxwellian distribution of electron energies.
Photons are emitted as the electrons collide with nuclei due to their random thermal
motions. In a simple descriptive sense, each collision event can be regarded as producing
a photon, and the energy of the photon corresponds approximately to the change
in energy suffered during the collision. As the velocity distribution of the electron
population is Maxwellian for some average temperature, the resultant photon spectrum
will provide information on this average temperature.

In addition to the temperature, T, the details of the thermal bremsstrahlung spec-
trum depend on a number of factors, including the density of electrons, n,, the density
of ions, n; and the ion charge, Z. To provide a full explanation of thermal bremsstrahlung
would require a detailed quantum mechanical treatment which is beyond the scope of
this thesis. Below is the relevant equation for the spectrum from Rybicki & Lightman
(1979):

1
2°1e (o \? _, L a
€y = py— <3k‘me> Znen T 2e” M G, 1 (1.14)

where €, is the emissivity of thermal bremsstrahlung, e is the electron charge, m, is
the electron mass, k is Boltzmann’s constant, h is Planck’s constant, v is the frequency
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and G(,,) is the Gaunt factor - a slowly varying factor which accounts for the quantum
mechanical nature of the process.

We now know that thermal bremsstrahlung generates most of the observed X-ray
emission in galaxy clusters. This effect was first noted in the early '70s when it was
believed that the observed soft X-ray excess seen in rich galaxy clusters was either
due to thermal bremsstrahlung (Gorenstein et al. 1973) or inverse Compton scattering
(Harris & Romanishin 1974). At the time it was not possible to use the observed X-ray
spectrum to decide which of the competing models was correct. Using what were, at
the time, plausible assumptions about the physical condition in the ICM (including
magnetic field strengths), it was argued that the observed power-law spectrum in the
X-ray could be generated either by bremsstrahlung from a nonuniform plasma or by
inverse Compton scattering from a non-uniform ensemble of relativistic particles in a
turbulent magnetic field (Bridle & Fomalont 1976). The literature from the '70s is
filled with papers arguing the virtues of one model versus the other and it was not
until quite late in the decade that the debate was resolved in favour of bremsstrahlung
as the dominant mechanism. The discovery of iron lines in the X-ray emission spectra
from Coma, Virgo and Perseus (Serlemitsos et al. 1977) was the key point in favour of
a thermal origin for at least the bulk of the emission. These features were consistent
with cosmic level iron abundances in the ICM and could be explained easily by a simple
hot plasma model.

Since the hot cluster gas is bound in the gravitational potential well, observations
of cluster X-ray emission not only give information on the gas temperature but also
provide insight into the cluster’s physical extent. This, in turn, gives clues to the
dynamical history of the cluster.

Inverse Compton Scattering

Under certain conditions relativistic electrons may lose energy when interacting with
photons. In this case, the photon is scattered off the electron with a higher energy
obtained from the electron. This process is known as Inverse Compton Scattering
(IC).

Longair (1981) gives the inverse Compton loss rate as

dE 4
— = —o7cUraa?’ 1.15
dt 3 TCUrad? ( )
where o is the Thomson cross-section, ¢ is the speed of light, U4 is the radiation
energy density and 7 is the Lorentz factor.
If we consider that the radiation field is isotropic and monochromatic with fre-
quency, v, then the average frequency of the scattered radiation, v is

4
—y 5’}/2]/0 (116)

and the spectral emissivity, I(v)dv, is given by

|
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2

I)dy = 20re N ) [21/111 (4 - dv (1.17)

167 v TV

where V(1) is the photon number density. At low frequencies, v < 21y which means
that the square bracketed term, in equation 1.17 goes to a constant value and it can
be seen that the scattered radiation has a spectrum proportional to the frequency.

The first suggestions that Inverse Compton scattering can occur in tenuous regions
of space was originally put forward by Felten & Morrison (1966). This concept was
extended to galaxy clusters in the early '70s, where cosmic ray electrons scattering off
photons from the ubiquitous cosmic microwave background radiation were put forward
as an explanation for the observed soft X-ray excess (Harris & Romanishin 1974).
Using typical parameters for cosmic ray electrons (y = 1000) and the energy density
associated with the microwave background, U,,; = 0.25e¢V cm™3 it can be seen that IC
scattering gives rise to X-ray photons of order 0.4 keV (Longair 1981).

Early attempts to reconcile the observed soft X-ray emission with IC scattering
soon demonstrated the critical nature of the magnetic field in these calculations. In
clusters which possessed diffuse radio emission it had been suggested that X-ray and
radio emissions were related via IC scattering (Harris & Romanishin, 1974; Hanisch,
1980). In this case, if the X-ray was derived from IC scattering then

v
v+ 4~ —
>+ Lt 2’}’2V0

Ue

perp

Lic = Lgyn16.75 (1.18)
where Ljc and Ly, are the X-ray and radio luminosities respectively derived from IC
scattering and synchrotron emission, U, is the energy density in the cosmic microwave
background (CMB) and By, is the magnetic field perpendicular to the line of sight.

Using the radio halo luminosity and an equipartition magnetic field for the Coma
cluster of 0.2 uG, Hanisch (1980) demonstrated that this predicts an X-ray luminos-
ity an order of magnitude lower than observed. If there is X-ray scattering off the
synchrotron photons in the halo then equation 1.18 still holds but now U, becomes
the energy density of the radio photons. In this case, the predicted X-ray emission is
5 times lower than that observed. The cluster magnetic field value is critical to this
argument and even though the validity of using an equipartition magnetic field is ques-
tionable, the field would have to be 100 times stronger in order to account for all of
the X-ray emission by this mechanism. This is a very convincing argument that even
if IC scattering is present, bremsstrahlung must be the dominant emission mechanism.

Recently, a far ultra-violet excess has been observed toward several clusters, this
has been attributed to scattering of very low energy cosmic rays (y = 300) (Sarazin
& Lieu, 1998; Sarazin , 1999). However, the IC model for this emission is still under
debate (Bowyer & Berghofer, 1998; Durret et al., 2002).

Cluster Magnetic Fields

The presence of magnetic fields in galaxy clusters is revealed by both statistical Faraday
rotation studies and the presence of diffuse synchrotron emission associated with the
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ICM.

As mentioned above, diffuse radio emission is believed to be generated via syn-
chrotron emission. We know therefore that at least in the clusters where such emission
is observed there must be an intracluster magnetic field.

Faraday rotation studies to detect magnetic field in clusters have been undertaken
since the late 70s. Work began with Dennison (1979) and has continued through to the
study, contemporaneous to this one, performed by Clarke (2000). As magnetic fields
in galaxy clusters are central to this thesis a detailed discussion of their history may be
found in chapters 3 and 5, which discuss Faraday rotation measure studies and diffuse
radio emission regions results respectively.

1.5 Notation and Conventions

Standard conventions are used throughout to describe polarisation. Specifically the
IAU (1974) adoption of the IEEE (1969) convention for describing circular polarisa-
tion is used, wherein a Right-Handed (clockwise) Polarised Wave is defined as
an elliptically polarised electromagnetic wave in which the rotation of the electric field
vector with time is clockwise for a stationary observer looking in the direction of the
wave normal. Thus, for an observer looking from the point of view of a receiver pointed
toward the apparent source, the direction of rotation will be reversed.

Standard conventions are used throughout to describe the rotation of the polarisation
position vector of an electromagnetic wave undergoing Faraday Rotation. A positive
rotation measure corresponds to a clockwise rotation of the polarisation position vector
as seen when the magnetic field is directed towards the observer.

The spectral index, «, in this thesis follows the S, o v+ convention.

Throughout this thesis ¢ is used to denote v/—1, H, =75 km s™' Mpc™" and q, = 0.5
and an Einstein-de Sitter cosmology is assumed.

The projected separation between two points on the sky is estimated by:

0.586¢(1 — —=
= (- gr2) (1.19)

where 6 is the angular separation between the points in arc-minutes, 2 is the redshift,
¢ is the speed of light in kms™" and D is given in kpc.

The luminosity distance to an object is given by:

2¢ 1
Dy = —(1 + 1-— 1.20
l Ho( Z)[ 1-1-3] ( )
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Unless otherwise stated all co-ordinates are given using the J2000 equinox.

1.6 Summary

This chapter outlines the history of research into galaxy clusters and discusses the
emission mechanisms at work with in the cluster environment.



Chapter 2

Instrumentation and Analysis
Techniques

2.1 Introduction

During the course of this investigation several different instruments and instrumental
techniques were employed. The main observations for this study were taken with
radio telescopes. However, observational data were also obtained optically and archival
material at many wavelengths was also used.

Most of the observational data were obtained with the Australia Telescope Com-
pact Array (ATCA) located in Narrabri, New South Wales, in three separate observing
projects. Data were also collected using the the Two Degree Field (2dF) spectro-
graphic system on the Anglo-Australian Telescope, in Coonabarabran, NSW and a
small amount was obtained from the Very Large Array (VLA) in Socorro, New Mex-
ico. To supplement these results, archival radio data from the Molonglo Observatory
Synthesis Telescope and X-ray data from the ROSAT satellite were also utilised.

Due to the physical nature of clusters, being large in angular extent with diffuse
low surface brightness radio features, it was necessary to adopt observing techniques
that allowed large fields of view to be covered with high surface brightness sensitivity.
As spectral characteristics and polarimetry were a key part of this study, additional
effort was also placed into obtaining matched resolutions and full polarisation calibra-
tion solutions. This chapter will outline the instrumentation and analysis techniques
employed in this study.

2.2 The Australia Telescope Compact Array

The Australia Telescope Compact Array is a six-element aperture synthesis radio tele-
scope located near the town of Narrabri in northern New South Wales, Australia.
Along with the Parkes 64m single dish and the Mopra millimetre antenna near Coon-
abarabran, it forms part of the Australia Telescope. Construction of the ATCA was
undertaken as part of the Australia Telescope project, which commenced in 1983 with

17
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funding from the Australian Federal Government as a Bicentennial Project. The ATCA
was officially opened on 2 September 1988. The ATCA is operated as a National Fa-
cility by the CSIRO - Australia Telescope National Facility (ATNF). Time on the
telescope is allocated via peer review with currently a 60/40 percent split between
Australian and overseas proposals.

Figure 2.1: Five of the six antennas of the ATCA, Narrabri, New South Wales.
Photo courtesy of S. Amy.

2.2.1 ATCA Design Aspects

The ATCA consists of six 22m altitude-azimuth (alt-az) Cassegrain-focus antennas.
For the observations in this thesis the ATCA had only East-West baselines with an-
tennas spaced over a 6km range (Frater & Brooks 1992). Five of the antennas are
located on a 3km track containing 35 optical-fibre-linked antenna base stations, while
the remaining sixth antenna is located a further 3 km away giving a maximum baseline
of 6 km.

The base stations are arranged on the track in non-redundant spacing configura-
tions. Moving the antennas to various stations allows the obscrver to match the spatial
frequency coverage to the requirements of the observing program. The ATCA has a
number of antenna location configurations that allow observers to target radio data at
different resolutions, for example the compact ‘375m’ configuration, which has baselines
ranging from 32 to 375 m will probe structures up to an angular size of 21 arcminutes
at 20cm, whereas the ‘6D’ configuration, with maximum baseline length of 6km when
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used at the highest frequency of 3cm will be sensitive to structures of angular size one
arcsecond.

Each antenna is equipped with two wideband corrugated feedhorns located on a
rotating turret. When a frequency band is selected, the turret turns, ensuring that the
appropriate feed is always at the focus of the dish. The rotating turret system has a
major advantage over other receiver-changing systems, in that polarisation calibrations
can be reliably performed over almost the entire primary beam, allowing greater flexibly
when measuring polarised emission off-axis.

Each feedhorn contains a pair of orthogonal-linear probes with associated front-end
electronics that allows two independent frequencies and two polarisation channels to
be recorded simultaneously. In the current configuration, the ATCA can record both
20cm (1.25 - 1.78 GHz) and 13cm (2.20 - 2.50 GHz) bands simultaneously with up to a
128 MHz bandwidth divided into 32 spectral channels in each. Alternatively, the 6cm
(4.40 - 6.70 GHz) and 3cm (8.00 - 9.20 GHz) bands may be observed simultaneously,
again with up to 128 MHz bandwidth of 32 spectral channels at each frequency. It is
also possible to record at two locations in one ‘band’ simultaneously, for example at
both ends of the 6cm band, at say (4.500 — 4.628 GHz) and (6.500 — 6.628 GHz).

Since the completion of observations for this thesis, the ATCA was upgraded to
a 2-dimensional array via the addition of a short North-South track extension called
the “NS-spur”. The primary purpose of this upgrade is to allow new observations at
millimetre wavelengths. Receivers and feedhorns for the mm system were undergoing
trials on three of the six antennas during preparation of this document.

2.3 ATCA Observing Techniques

Though the ATCA has only a small number of antennas, its wideband correlator gives
the instrument a continuum sensitivity comparable with existing arrays such as the
VLA and WSRT which have many more dishes. This feature, combined with the
flexibility of the correlator and the fast drive times, provide the ATCA with some
powerful and unique observing modes. Several different observing modes were crucial
for aquisition of the data presented in this study. The following sections detail the
observational techniques applied during this work.

2.3.1 Continuum Observations

Although the number of baselines of the ATCA is small (°C; = 15), and the instanta-
neous (u, v)-coverage is only one-dimensional due to the array’s East-West orientation,
it is possible, through a combination of earth-rotation synthesis and the wide con-
tinuum observing bandwidth, to recover both the (u,v)-coverage and the improved
sensitivity of a larger number of dishes in a 2-dimensional array.
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2.3.2 Multifrequency Synthesis

In its so-called continuum mode the correlator on the ATCA uses a minimum of 32
frequency channels, of which 16 are independent, across its 128 MHz bandwidth. In this
way visibility data from each channel can be correctly gridded in the spatial frequency
domain at its correct location in wavelengths. This process, known as “multifrequency”
or “bandwidth” synthesis, is most effective in the lowest frequency band where the
fractional bandwidth of each channel is greatest. It has a distinct advantage over
simply averaging all visibilities into a single channel (as in the 50 MHz VLA band)
which results in a much reduced effective field of view due to “bandwidth smearing”.
Bandwidth smearing results when a point source which is offset from the observa-
tion’s phase centre is observed in a configuration which averages all data into a single
channel. The source will appear smeared in a radial direction from the phase centre.
Bandwidth smearing causes a decreased amplitude for the source due to a number of
spatial frequencies being represented by only a single point in the (u,v)-plane. An

approximate calculation for the limit on the acceptable field of view for a given band,
Av is

Av 0,es
>

Ve 0

(2.1)

where v, is the centre of the observing band, 6, is the instrumental resolution, i.e., the
synthesised beam, and 8 is the furthest distance from the phase centre before significant
smearing occurs.

Since the VLA has a bandwidth of 50 MHz, which is 12.5 times greater than that
of the ATCA’s 4AMHz channels, then the effective field of view of the VLA will be 12.5
times smaller than the ATCA if using the same observing frequency and resolution.

At 20cm wavelength on the ATCA, the ratio, A, of observed amplitude to true
amplitude in a 4 MHz channel is given by:

o
130

where @ is the distance from the phase centre in arcmin and b is the baseline length in
km. For sources close to the phase centre and observations at the higher frequencies
where the fractional bandwidth is relatively small the effect of bandwidth smearing is
negligible. Using a 6km array at 20cm you would require 32 channels across a 128
MHz band in order to recover the full field of view.

A further advantage of using 32 separate channels over a single 128 MHz band is that
narrow-band radio frequency interference (RFI) can be removed from the individual
channels it is affecting rather than rendering the entire band useless.

The ATCA is therefore able to correctly recover some of the sensitivity lost due to
the small number of antennas.
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2.3.3 Earth-Rotation Synthesis

The ATCA as an East-West array has only 1D instantaneous (u, v)-coverage and can
thus only observe a 1D projection of the baseline distribution on the (u, v)-plane. In
order to overcome this, sources are usually observed for a period of 12 hours, which
corresponds to one half of a revolution of the earth. This produces a set of concen-
tric ellipses in the (u,v)-plane which trace the baseline projections as the hour angle
changes. The ellipticity of the coverage is a function of the source declination. In a 12
hour synthesis, the projected baseline distribution will move across half the (u,v)-plane
and symmetry arguments allow the entire ellipse to be determined.

However, it is often not necessary to observe a particular source for 12 hours in order
to detect a particular source. Thus, a large number of sources may be interleaved in
any given 12 hour period by observing for several short intervals of say two minutes.
This observing mode stems from the properties of earth-rotation synthesis and will be
discussed in the next section.

2.3.4 Short Observations

As noted in the previous section, to detect a source, it is often not necessary to have
a full 12 hour synthesis. However, as the instantaneous (u,v)-coverage is only 1-
dimensional it is not possible to obtain a good image from a single short observation or
“cut”. On the other hand, if several such short “cuts” are taken at well separated hour
angles over the range —90° < HA < +90°, then the source may be imaged effectively.
By interleaving a number of sources together in an observing period one can image a
large number of bright point sources in a single 12 hour run. This is a good technique
for observing a large number of small angular size sources quickly. This is particularly
advantageous when looking at large numbers of sources contained in several different
clusters of galaxies that are distributed across the sky (as long as slew times between
sources are kept to a minimum). Further details on the application of this technique
to the ATCA can be found in Burgess & Hunstead (1995).

2.3.5 Mosaicing

In conventional aperture synthesis observations, the size of the primary beam will
place a limit on the angular extent of the objects that may be observed. In studies of
clusters, particularly those at low redshift, this has previously been a significant barrier
to imaging the entire cluster region. However, with the advent of radio mosaicing (Ekers
& Rots 1979) it has become possible to image very large regions of the sky by combining
separate pointings into a single image.

Since the inception of this concept, the word “mosaic” has taken on two distinct
meanings in astronomical contexts. In the simplest case, a “mosaic” is a large im-
age formed from the combination of smaller individual sub-images, usually by butting
together the individual images. It is possible however, to form a radio mosaic by com-
bining the data from all points in the (u, v)-plane before deconvolution (Cornwell 1988)
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to produce a superior radio map. This process is often called “Non-Linear Mosaicing”
after the non-linear algorithms required to process the data (Cornwell & Braun 1989).
It is this second form of radio non-linear mosaicing, hereafter simply called mosaicing,
which is discussed below.

Consider an interferometric pair of antennas of size D, with projected baseline d.
In the (u,v)-plane such an antenna pair will measure the integral of all spacings from
d—D to d+D. In a conventional single pointing, the information in this range of
spacing has been combined into a single point in the (u,v)-plane. Through mosaicing
it can be recovered for the range of spacings d — D to d + D (Sault et al. 1996). This
gives an effective increase in the (u, v)-coverage through the finer sampling and hence
larger angular size sources are correctly imaged. In the case of the ATCA, which has D
= 22 metres, the shortest available baseline, d, is 31m, this means all information down
to a (u,v)-distance of 9m can be recovered, greatly reducing the need for additional
single dish data.

Mosaicing has three main advantages over conventional radio imaging. The first,
and most obvious, is the increased viewing area which allows structures of larger angular
extent than the primary beam to be completely imaged. Secondly, mosaicing allows
for more accurate spectral indices and line profiles to be calculated and finally provides
an improved and more uniform signal-to-noise ratio across the entire field. This third
point makes mosaicing a far more powerful technique than simply abutting individual
images together. The improvement in signal-to-noise arises as adjacent pointings are
not independent in the (u,v)-domain and therefore when combined they will produce
a fundamentally better image. In the case of diffuse, low surface brightness emission
in clusters of galaxies the improvement in signal-to-noise is particularly useful.

It has been shown that a Nyquist sampling in the plane of the sky gives sufficient
information to recover the full range of spatial frequencies (Cornwell 1989). Originally it
was common practice to adopt a rectangular pointing grid pattern for mosaic images,
which gives a Nyquist rate of %, where d is the angular distance between pointing
centres. However, it was soon discovered that a hexagonal pointing grid pattern, which
has a Nyquist rate of % gives better solid angle coverage.

Two methods are advocated for the exact way in which data should be combined.
These methods, which both fall under the category of “joint deconvolution” are either
to mosaic the dataset together using a linear algorithm (Linear Mosaic) and then
deconvolve the entire dataset simultaneously (Sault et al. 1996; Staveley-Smith et al.
1997) or to apply a non-linear deconvolution algorithm during the mosaic process
(Cornwell 1988). Both processes have been shown to recover almost exactly the same
information (Sault et al. 1996).

2.3.6 Polarisation Mosaicing

The rotation turret system on the ATCA enables the production of accurate Stokes
Q and U images (see section 2.4.1 for definition of Stokes parameters) away from the
pointing centre of the observation. This makes the ATCA operationally well equipped
to obtain mosaiced images in both total intensity and polarisation.
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The on-axis instrumental polarisation is typically below 2-3%. After calibrating
for instrumental polarisation errors, this can be reduced to around 0.1%. The off-axis
polarisation error increases roughly as the square of the distance from the pointing
centre at least up to the half-power point. At 20, 13, 6 and 3 cm, the instrumental
polarisation is about 1.6%, 9%, 1.6% and 3% of the apparent total intensity at the
half-power point, respectively (The Australia Telescope Compact Array Users’ Guide
1999). Figure 2.2 shows the ATCA’s instantaneous linearly polarised response as a
function of source position within the primary beam for the centre of the 20cm and
13cm frequency bands (The Australia Telescope Compact Array Users’ Guide 1999).

Since the ATCA antennas have an alt-az mount, the off-axis response varies with
parallactic angle, and will be smeared out by a factor of a few by a long synthesis. This
smearing is a function of declination. The MIRIAD task OFFPOL can be used to
simulate off-axis polarimetric response of a long synthesis observation. Mosaicing can
smear out the off-axis response still further, in some cases by as much as an order of
magnitude. Though the off-axis polarisation response is not normally considered an
issue in mosaiced images, it is possible to account for its variation by either employing
a different spatial weighting function or observing with super-Nyquist sampling.
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Figure 2.2: The ATCA instantaneous linearly polarised response as a function of
source position within the primary beam. The contours are the linearly polarised
response to an unpolarised point source with a true (not apparent) flux of 1 unit.
Left panel: 20 cm response, with contours at increments of 0.001, shown out to the
half power beam width of 35 arcminutes; Right panel: 13 cm response, with contours
at increments of 0.01, shown out to the half power beam width of 20 arcminutes (The
Australia Telescope Compact Array Users’ Guide 1999).
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2.4 Interferometric Polarisation with the ATCA

The basic principles behind radio interferometry rely on the relationship between the
spatial coherence function, C, and the radio brightness distribution, B, of the source be-
ing imaged. The spatial coherence function is more commonly termed the “visibilities”
or “antenna correlation functions”. This relationship may be described mathematically
after the formalism of Clark (1999):

Culry,rz) = / B, (s)e-mretrira/eq (2.2)

where the spatial coherence function is measured between the points r; and r» and the
integral performed across the entire sky for some frequency, v. Here, the brightness
distribution, B, is given in power per area per solid angle per frequency, more commonly
termed fluz density and given the units of Jansky, where 1Jy = 10726 Wm—2Hz!.

To obtain B, one must first measure the spatial coherence function, C,. C, can
be expressed as the expectation value of the product of the electric radiation field as
measured at r; and ry, such that:

Cu(ri,r2) = (E,(r)E;(r2))

where F,(ry) and E,(ry) represent the measurable electric fields at positions r; and ry;
* represents a complex conjugation.

It is generally assumed that all sources of interest lie within a small angle of the unit
vector, s (phase centre vector). This allows equation 2.1 to be re-expressed such that
B, is a function of (I,m), the direction cosines with respect to s, and C, is a function
in the (u,v)-plane. The advantage of this re-expression is that the spatial coherence
function is now expressed in the domain in which the electric fields are measured by
an interferometer.

Co(l,m) = / / B, (I, m)e 2mtvm) g, (2.3)

Another advantage of this formalism is that C, and B, are related by Fourier theory.
Therefore:

B,(l,m) = / / C,, (u, v)eXmHvm) dy gy (2.4)
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This is now in the form where the B, is expressed in terms of the observable spatial
coherence function C,, or visibilities.

The above treatment, while adequate, has neglected the vector nature of electromag-
netic radiation, consequently no information on the polarisation state can be inferred.
In order to fully recover the vectorial nature of the incoming wave, a single receiver 1s
insufficient, rather a combination of two orthogonally mounted feeds is required. This
will then result in not a single spatial coherence function, but rather a set of functions
to describe the nature of the incoming wave. The treatment for this array of spatial
coherence functions will be considered in the following section.

2.4.1 Polarimetry at the ATCA

One of the greatest strengths of the ATCA is that it has excellent polarisation char-
acteristics over its large bandwidth. Most large aperture-synthesis arrays such as the
VLA use circularly polarised feeds. The ATCA, however, uses dual linear polarisation
probes, which measure the two orthogonal linear polarisations, denoted X and Y. In
order to correctly account for the use of linear feeds the MIRIAD software suite
(Sault et al. 1995) was used for the data reduction and calibration of all ATCA data,
presented in this thesis.

Stokes Parameters

One convenient and commonly used notation to indicate the state of a polarised ra-
diation field is in terms of the four Stokes parameters, I(I,m), Q(I,m), U(l,m) and
V(l,m), usually simply called I, @, U, and V' (Stokes et al. 1852). The Stokes pa-
rameters are a particularly convenient way to describe the vector nature of electro-
magnetic radiation and can be related through a series of equations to the set of four
correlations (visibility or spatial coherence functions). These functions represent the 4
multiplicative terms derived from the orthogonal feed measurements of the two linear
polarisations X and Y. These terms are X x X, Y x Y, X XY and ¥ x X; generally
denoted XX, YY, XY and Y X.

Consider a propagating electric field, E. If E, and E, are the components of the
electric field resolved into two perpendicular axes normal to the direction of propagation
from a point source, we can write

E, = eg(t) cos2mvt + 0,(t)], and (2.5)
E, = ey(t) cos2mvt + 0,(t)]. (2.6)

where e, and e, are the components of the complex amplitude of the electric field and
§ is a time-variable phase term. The four Stokes parameters are defined as:

i = <ei(t)> + <e§(t)> ,
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Q = (ex(t)) — (),
(2.7)
U = 2{es(t)ey(t) cos[d,(t) — 6,(t)]), and

Vo= 2(e,(t)e,(t) sin[0,(t) — 6,(1)]),

where the angle brackets indicate a time average, or expectation value. Here, I rep-
resents the total intensity, @) and U represent the linearly polarised component and V'
represents the circularly polarised component. These four parameters fully describe the
polarisation state of the incident radiation. Together with the frequency they provide
all the information required to characterise any electromagnetic radiation.

Returning to the set of correlations or spatial coherence functions as per the for-
malism developed in section 2.4, it is evident that this may be given as:

Cxx(ry,12) (Ey(r1) By (r2)),
Cyy(ry, ) = <Ey(r1)E; (r2)),
Cxy(r, 1) = <Ez(1'1)E; (r2)),
Cyx(ri,re) = (Ey(r1)E;(r2)).

In turn, the correlation functions maybe related to the Stokes wisibilities via the fol-
lowing equations:

)
ny U, 'U) = T
) = U(
) = Ulu,v) —iV(u,v).
The Stokes visibilities are related to the Stokes parameters through the same Fourier
relationship that relates the brightness to the spatial coherence.
The Stokes visibilities may now be expressed in terms of the measurable cross-
correlations, such that:

I(u,v) = (OXX(’LL,’U) + ny(’LL,’U))/?, (28)
Qu,v) = (Cxx(u,v) — Cyy(u,v))/2, (2.9)
Uu,v) = (Cxy(u,v)+ Cyx(u,v))/2, (2.10)
V(u,v) (Cxy(u,v) — Cyx(u,v))/2, (2.11)
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where I describes intensity, @ and U the linearly polarised components and V' the
circular component in the visibility domain.

Despite the usefulness of the Stokes description, astronomically it is more usual to
understand the polarisation as either total polarisation, p;, fractional linear p;, or frac-
tional circular polarisation, p, and the polarisation position angle, ¢ (increasing from
north through east). This means it is also useful to consider the following equations:

2 2 2
Py = Ve +§J VY , and (2.12)
VvV @Q?* + U?
v
Pe = T (2.14)
P = larctan (2) o<y <m (2.15)
2 Q)’ - 0= ’

2.4.2 1In the Not-so-ideal World

The previous sections describe the situation for an ideal set of receivers, which stay
both perfectly orthogonal to each other and maintain a constant orientation with the
source of interest. In practice, however, this is not the case.

For an alt-azimuth antenna such as the ATCA, the feeds will rotate with respect
to the sky over the course of the observation. This implies that the X feed will not
constantly sample the x-component, E, of the incoming wave. Similarly, the Y feed
will not sample the y-component, E,. However, the values that are measured by each
feed, Fx and Ey may be correctly related back to the actual E; and E, by incorporating
a correction due to the change in parallactic angle 8, such that:

Ex = E,cosf+ Eysind, (2.16)
Ey = —E,sinf+ E,cosf. (2.17)
(2.18)

It is also unlikely, in a real antenna, that each feed will maintain a perfect response,
meaning that some y-oriented radiation will leak into the X feed and vice-versa. This
cross-polarisation term can be accounted for by the feed “leakages”, Dx and Dy (as-
suming there is a linear response).

E;( == Ex+DxEy, (219)
E, = Fy+ DyEx. (2.20)
(2.21)
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The leakage terms are, in general, complex. However, their components are loosely
associated with physical effects. The real part is a measure of the angle between the
actual feed orientation and the true orientation on the sky, while the imaginary term
corresponds to a term called the “ellipticity” which is a measure of the axial ratio of
the polarisation of the feed; for a more in-depth treatment see Morris et al. (1964).
Finally, the complex gains of each feed must be accounted for before calibration.

E' = GxE,, (2.22)
E! = GyE,. (2.23)
(2.24)

2.5 ATCA calibration

As shown above, calibration of a real interferometer requires an estimate of the gains,
leakages and parallactic angle to be made for each feed on every antenna for every
correlation. The observed correlations can then be corrected by applying the set of
equations derived in the previous sections in order to obtain the “true” correlations.
This process is known as calibration.

In order to determine the required sel of parameters to perform a calibration a
combination of instrumental and astronomical procedures is normally employed. In-
strumental procedures such as gain calibration through noise injection normally pro-
vide a coarse calibration which is refined by the observation of a strong unresolved,
unpolarised astronomical source called a “calibrator”. By examining the correlation
products which arise from observations of such a source, the required calibration pa-
rameters may be obtained.

It should be noted that one of the striking differences between calibration of an-
tennas with linear feeds, as compared to those with circular feeds, is that astronomical
sources are often slightly linearly polarised. In the case of a circular-feed antenna
this makes no difference. However, when calibrating a linear-feed antenna with such a
source the XX and Y'Y visibilities will not provide independent measurements of the
total intensity I making the overall calibration more difficult.

2.5.1 Standard Calibration on the ATCA

There is a standard procedure for the calibration of ATCA data in the MIRIAD
software suite (Sault et al. 1995). MZIRZIAD consists of a number of softwarc rou-
tines called “tasks” which can be run either through the MZRZAD package, from a
command line interface, or within complex shell scripts.

A short stepwise treatment for the basic calibration procedure follows (see Figure
2.3. For full details of this process the “Miriad User’s Manual” (Sault & Killeen 1998)
should be consulted.
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ATLOD

I

Flagging
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Calibration

Figure 2.3: ATCA data reduction flow chart.

Importing Data to MIRIAD

The ATCA correlator outputs data in the RPFITS format (Norris et al. 1992) which
must be translated into MIRIAD’s native format before processing may begin. The
task ATLOD is used to both load the data into MIRIAD and to perform three
data handling operations. The first of these is to correct for the XY-phase difference
measured by the noise injection diode. Following this, it is usual to discard the channels
at the edge of the band and average the remaining data. For continuum imaging it is
usual to observe the 128 MHz band in 32, 4-MHz channels. Only every second channel
is independent (due to windowing) and after removing the channels on the edge of the
band and averaging every second channel this leaves 13, 8-MHz channel. However,
the ATCA correlator is flexible and it is possible to observe with different bandwidths
and numbers of channels for other experiments such as spectral line observations. Full
details of the possible correlator configuration can be found in The Australia Telescope
Compact Array Users’ Guide (1999). Finally, ATLOD will remove any channels affected
by internal interference generated by the correlator.

Flagging

During the observations any data collected while the telescope is not on source will
be automatically marked as “bad” by the system. However, there are a number of
reasons certain data should be excluded from the final image and it is during the
offline processing that most of this occurs. At this stage it is usual that the observer
will remove corrupted data by “flagging”. Flagging is a laborious process that involves
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visually inspecting the visibilities and removing those which are clearly caused by
instrumental error or radio frequency interference (RFI). In the case of large datasets
this process alone may take days to weeks if performed manually. As a result of this,
MIRIAD allows for data to be clipped. Clipping is a process wherein data are
automatically flagged via a software routine. The routine inspects and removes data
based on its statistical deviation from the mean. The software default is to remove all
correlations which are greater than five standard deviations from the mean, though it
is possible for the user to increase or decrease this threshold. Clipping is much faster
than manually flagging and is often the best initial procedure for large datasets or
cases of very strong intermittent RFI. Of course for complex sources with a great deal
of structure, care must be taken when applying the clipping algorithm.

Calibration

There are many variations on the calibration procedure which can be employed for
different datasets. Here only the standard and preferred procedure is considered. In-
formation on other calibration techniques is given in the “Miriad User’s Manual”.

The first step in the calibration procedure is to determine the absolute flux den-
sity scale using the primary calibrator PKS B1934—638. Two MIRZIAD tasks are
employed during this process. The first of these, MECAL, determines the complex,
time-dependent bandpass function for each feed. In order to accomplish this, MFCAL
has been programmed with the spectrum of PKS B1934—638. The second task, GP-
CAL, solves for the time-dependent, complex feed gain and time-independent complex
leakages. GPCAL will also account for any residual XY -phase differences left after
ATLOD’s correction. In both cases it assumes there is no polarised emission from PKS
B1934—-638. In general, this is a valid approximation and for the case of linear po-
larisation solutions will pose no problems. On the other hand, it has been found that
PKS B1934-638 does have weak circular polarisation at ATCA wavelengths (Rayner
2000) which must be considered when processing circular polarisation data. However,
since circular polarisation was not considered in this thesis, the standard calibration
procedures are adequate.

The next step in the calibration process involves the use of a “secondary”, or “phase”
calibrator. The role of the secondary is primarily to provide a reference for atmospheric
phase effects. In order to achieve this, the calibrator would ideally be a strong source
in the same field of view as that of the target. In practice it is more common to
find a suitable secondary calibrator a few degrees away from the target so that the
atmospheric lines of sight are not too dissimilar. The calibration procedure for the
secondary is almost identical to that of the primary. First, MFCAL is used to de-
termine the bandpass function. Since MFCAL will not have been supplicd with the
source spectrum a flat spectrum is assumed across the band. In general, this is a valid
approximation; further information about the bandpass effects can be found in Sault
& Wieringa (1994). Following this, GPCAL is again used to determine the gains and
leakages for the secondary and finally the task GPBOOT is employed to apply the flux
density scale derived from the primary.
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Having produced a properly calibrated secondary calibrator dataset, the solutions
may now be copied over to the target source. This is done with the task GPCOPY.
The target source is now in theory ready to image. In practice, however, this process
is usually iterative, often requiring a return to the flagging stage in order to get the
best set of calibration solutions. A flow chart of this process is given in Figure 2.4.

Primary Secondary
Calibrator Calibrator Program Source
|
v v
MFCAL MFCAL
GPCAL GPCAL
GPBOOT
Flux Density Scale
h 4
GPCOPY
Gairs
Leakages
Bandpass

Figure 2.4: ATCA data calibration flow chart. Note that this set of procedures
is optimal only where there is good parallactic angle coverage for the secondary
calibrator. In other circumstances the MIRIAD manual (Sault & Killeen 1998)
should be consulted to determine the best calibration process.

2.6 ATCA Imaging

Once the data are properly calibrated, images can be made. Although the options for
imaging a (uv)-dataset are very flexible, they do follow a basic pattern outlined in Fig-
ure 2.5. The first stage is transformation from the Fourier domain to the image domain.
Following this, side-lobe patterns are removed via “cleaning” and deconvolution.

2.6.1 Transforming to the Image Plane

In MIRIAD images are made using the task “invert” which Fourier transforms the
data from the Fourier domain to the image domain. This produces an image known as
a “dirty image”.
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Figure 2.5: ATCA data imaging flow chart,.

Since the ATCA correlator provides information at each frequency channel it is
possible to either combine all of this information into a single image or to image each
channel separately. When combining the data from each channel into a single image,
“invert” uses the option for multi-frequency synthesis (mfs). Since the ATCA allows
for two frequency bands to be observed simultaneously it is also possible to select these
bands to overlap slightly, essentially giving a wider band-width for the observation.
Invert is capable of taking these two sets of observations and making a single continuum
image using the mfs option. Eventually, though, simple, multi-frequency synthesis will
break down due to variations in source flux density with frequency.

As synthesis telescopes only sample the (u — v)-plane at discrete locations, there
is incomplete knowledge of the Fourier transform of a source’s intensity distribution.
Thus, the “dirty image” that is produced is the convolution of the Fourier transforms
of the true source visibility function and the sampling function, often called the “dirty
beam”. Although sources are visible in dirty maps, fine details are often lost in the
resultant sidelobe pattern from incomplete sampling of the (u — v)-plane. Thus, is
it desirable to attempt to remove the effects of incomplete sampling from the image.
This process is known as “cleaning” and will be discussed in the next section. In the
case of multi-frequency synthesis of sources with very steep spectral indices or images
that require a very high dynamic range, msf must be combined with a special cleaning
algorithm “mfclean”.

2.6.2 Removing the Sidelobe Pattern

In order to better study radio sources, it is necessary to remove or “clean” the telescope
sidelobe pattern from the image. To do this an algorithm is employed to perform a two
part procedure wherein the location of radio sources are found and a model of the “dirty
beam” pattern is “subtracted” from the image via deconvolution. There are several
different algorithms that are derived from the original “clean” algorithm developed
by Hogbom in 1974. There are also Maximum entropy algorithms which work in a
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different way to perform the same task of removing the sidelobes. The virtues of each
class of algorithm have been debated extensively in the last 20 years. A comparison of
the two techniques is well beyond the scope of this thesis. For further information see
“Synthesis Imaging in Radio Astronomy II"”, 1999, ASPconf Vol 180.

In practice, the algorithms make a model of the sky by estimating the true source
distribution in the unsampled parts of the (uv)-plane. Therefore the solutions will not
be unique and the task of image reconstruction becomes one of choosing the “best” im-
age from the possible set of solutions provided. More details can be found in “Synthesis
Imaging in Radio Astronomy II”, 1999, ASPconf Vol 180.

2.7 The 2dF Spectroscopic System

The Two Degree Field Spectroscopic system (2dF) is an optical fibre based multi-source
spectrograph (Lewis et al. 2002) on the 3.9m Anglo Australian Telescope (AAT) at
Siding Spring, NSW. The system is comprised of a wide field corrector, an atmospheric
dispersion compensator, a robot fibre positioner and two spectrographs each accepting
200 optical fibres. It is designed to allow acquisition of up to 400 spectra simultaneously
within a two degree diameter field. The two spectrographs can provide wavelength
coverage from of 440 to 110nm.

A tumbling mechanism with two field plates allows the next field to be configured
while the current field is being observed, making the system much more efficient than
previous instruments. The robot positioner can place fibres at a rate of 10 per minute,
with a precision of 20 microns or 0.3 arcseconds, which adds to the speed of data
acquisition. All the elements, including the spectrographs, are mounted on a top-
end ring to give ease of handling and keep the fibre length short to maximise UV
throughput. Interchange times between 2dF and other AAT configurations can be
handled in a semi-automatic fashion in under one hour. Figure 2.6 shows the major
components of the system.

Under favourable conditions a typical galaxy with a blue magnitude, mp, of 19
gives a spectrum with signal-to-noise ratio of better than 10 per pixel in less than an
hour (Lewis et al. 2002).

2.7.1 Observing Set-up
Positional Calibration

To successfully record spectra, the robot must position the fibres directly on the galaxy
position on the plate, thus accurate target co-ordinates are essential. Target positions
for 2dF are usually measured from Schmidt telescope photographic plates. On most
occasions this is performed by the Automatic Plate Measuring, or SuperCOSMOS
plate measuring machines, which provide co-ordinates with a relative accuracy of 0.2
- 0.3 arcseconds across the entire 2.1 degree field. This requires use of reference stars
from an astrometric catalogue and must take account and correct for proper motions;
currently the Tycho-2 catalogue is used (Hgg et al. 2000) for this purpose.
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Figure 2.6: Schematic of the major components of the 2dF spectrographic system
(Bailey et al. 2002)

Fibre positioning requires conversion from astronomical co-ordinates (RA, Dec) to
physical plate co-ordinates (X,Y). The conversion parameters are calculated from the
measured positions of a set of standard stars and a set of fiducial plate markers. The
fiducial plate markers serve to remove any non-perpendicularity between the optical
axes and the gantries as well as mechanical shifts between the field plates and the
gantries. After this correction is made, the reference stars may be used to fit for
other parameters. To do this an expected position for each star is determined after
correction for atmospheric refraction, known pointing errors and distortion introduced
by the corrector plate. This is then matched to the observed centroids of the stars. A
linear least-squares minimisation is then performed to determine the fitting parameters.
These include the X and Y scales, the rotation or skewness of the field and the field
offset determined by the difference in centre of the optical distortion pattern and the
optical axis.

Fibre Allocation

Fibre allocation is performed off-line using the CONFIGURE software. The initial
inputs to CONFIGURE are the field centre and a list of target sources and fiducial
stars. The software then assigns fibres to objects, taking into account the hardware
constraints, such as fibre collisions. Due to the physical size and shape of the magnetic
buttons used to hold the fibres on the plate the minimum separation between targets
is around 30 arcseconds, though this varies with location in the field. Options in the
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software allow the observer to assign different priorities to objects and set the hour
angle in order to optimise fibre allocation. CONFIGURE then performs an iterative
fibre allocation, randomly swapping fibre allocations at each step in order to maximise
target coverage and minimise crossed fibres. Observers also have the option to swap or
allocate fibres to either targets or “sky” positions manually before saving the final set-
up. An example of a target field configuration using CONFIGURE is given in Figure
2.7, and a photograph of a configured plate is given in Figure 2.8.

Figure 2.7: An example of a target field configuration from CONFIGURE. Red
circles indicate fiducial stars, the small black objects are the target sources, while
blue squares are the sky fibres and grey squares show broken fibres (Bailey et al.
2002).

Observations

In addition to the observations of a particular target field, a fibre flat and arc exposure
are required in order to calibrate the observations. The fibre flat, is done first with a
quartz lamp and is used for locating the data on each CCD during data reduction. The
arc exposure provides the wavelength calibration of the spectra. Optional additional
exposures include offset sky exposures and twilight sky flats which are used to calibrate
the fibre throughput variation (though this can also be accomplished using the night
sky emission lines in the object data).
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Figure 2.8: Photograph of the 2dF spectrographic system fibres positioned on a
plate (Bailey et al. 2002)

Data Reduction

Data are reduced via a pipeline process developed for the Two Degree Field Galaxy
Redshift Survey (2dFGRS) (Colless 1998; Colless et al. 2001). The software, 2dfdr,
provides a complete pipeline reduction for an evening’s observations in less than an
hour. However, the package also provides flexible options for users to reduce the data
and fit spectra manually, or to inspect and adjust automatically fitted spectra. The
software outputs a set of paramters including the absorption determined redshift, the
emission determined redshift, quality parameters for each redshift, the B; magnitude
and the spectral classification based on a set of standard spectra. Further details of
the software outputs will be discussed in section 6.4, while further discussion on 2dfdr
and its options can be found in Bailey et al. (2002).

2.8 Summary

The instrumentation and data analysis techniques described in this chapter are those
which have been directly used to analyse the ATCA and 2dF observations presented
in this thesis.



Chapter 3

Rotation Measure Studies in
Clusters

3.1 Introduction: Magnetic Fields in Clusters

One of the standard ways to obtain estimates of the magnetic field is through the use
of a population of background radio galaxies as probes of the Faraday rotation along
the line of sight (Clarke 2000).

3.2 Faraday Rotation

Passing a linearly polarised electromagnetic wave through a magnetised plasma will
result in rotation of the electric vector by an amount proportional to the strength of
the field through which it passes. This effect, known as Faraday Rotation, was first
proposed for astronomical sources by Cooper & Price (1962), who used it to explain the
observed wavelength dependence of the polarisation position angle seen in Centaurus
A. The phenomenon can be described by:

X = Xin + (RM)X?, (3.1)

where yiy is the intrinsic position angle of the radiation in radians, and A is the wave-
length in metres. If x is plotted against A%, the y-intercept will correspond to the
intrinsic position angle of the source and the slope of the line will give the Rotation
Measure (RM). The rotation measure is a quantity proportional to the integral product
of the magnetic field strength and electron density along the line of sight.

Faraday rotation can be understood by considering a linearly polarised wave as the
combination of two opposite-handed elliptically polarised waves. In the case where
the synchrotron gyrofrequency, v,, (as defined in section 1.4.1) is much less than the
plasma frequency, the refractive indices as seen by each of the two elliptical modes can
be given as (Longair 1981):

37
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where n is the refractive index, v, is the gyrofrequency, v is the observing frequency,
vp =9.1 X 103n2/? is the plasma frequency (where 7, is the electron density), and 8 is
the angle between the wave propagation direction and the magnetic field.

As the two elliptical waves move through the medium they will experience different
refractive indices which will result in different phase velocities. From Longair (1981)
it can be seen that under the conditions where 1,/ < 1 and v,/v < 1 the difference
in refractive index can be given as

An = 229058 (3.3)

3

Following this the corresponding phase difference can be shown to be

_ 2 Andl
B C

Ag (3.4)
After travelling some distance, dl, if one again considers the linear polarisation vector
by adding the two orthogonal elliptical components back together, one sees that the
differing phase velocities of the elliptical components gives rise to a rotation of the
overall linear vector.

2
Ax = %cosadl, (3.5)

cv?

where x is the polarisation position angle as given in equation 3.1 above.
Integrating equation 3.5 over the distance travelled through the plasma, L, gives

L

T v2v,cos0dl, 3.6
pYg

X:——
cv? Jo

Now the gyrofrequency, v,, is directly related to the magnetic field strength via
vy = 2.8B x 10°Hz, meaning that vycosf = 2.8B) x 10%Hz, where B describes the
magnetic field parallel to the line of sight. Substituting this into equation 3.6 gives

m2.8 x 105 [*
yEm—— /0 vy Bydl, (3.7)

Further, the plasma frequency, v, is related to the electron density, n,, such that
vp = 9.1 x 10°n0® Hz. Substituting this into equation 3.7 gives

2.8 x 10(9.1 x 103)2 &
y = T28x10°09.1 x 10°) / neBydl, (3.8)
0

cv?

Substituting v? for ¢2/)\? and converting dl into parsecs rather than metres gives
g
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L
x = 8.1 x 10°)? / Bjnedl rad m™?, (3.9)
0

Since the rotation measure is defined as RM = x/A?, this leads to the standard
RM equation given below. It can be seen now that the degree of rotation is given by
the relation between the RM, line of sight magnetic field and the electron density.

L
(RM) = 8.1 x 105/ Byn.dl rad m?, (3.10)
0

where B is the line-of-sight component of the magnetic field in Gauss, n, is the electron
density in cm ™3 and dl is the path length in pc.

The rotation measure is determined by the measurable quantities of position angle,
x and wavelength, A. By obtaining measurements of the position angle of the electric
vector at a number of different wavelengths it is possible to determine the RM.

It can be seen from equation 3.1 that the integral can be separated for different
Faraday screens, implying that the position angle measured will be the linear sum of
all rotations along the line-of-sight. Thus, a more general form of equation 3.1 is:

X = Xin + D, (RM), N, (3.11)

Where Y, (RM), denotes the linear sum of all RM contributions along the line of site.
For extragalactic radio sources there are at least four RM terms to consider; the
RM due to internal conditions in the probe source, the RM of the objects along the line
of sight, the RM due to our own Galaxy and the RM caused by the Earth’s ionosphere.
A further complication is the consideration of redshift, which gives a correction to
the wavelength emitted. In general, the observed RM, which is the sum of all RM
components, must also be corrected for redshift such that:

(RM),,, = Z[ a +z (3.12)

Where RM 4 is the measure RM and F) denotes each RM component along the
line of sight as a function of redshift. As the clusters examined in this study were all at
redshifts less than 0.06, the redshift correction will be minimal (around ten percent).

3.3 Sources of Error in Rotation Measure Fits

Aside from the multiple components along the line of sight, there are a number of
other difficulties to be considered when attempting to obtain a unique RM fit to a
series of points plotted in the x — A\? plane. As well as errors relating to measurement
uncertainties such as noise, there are several effects which lead to a breakdown of the
x o A2 relation. These will be discussed individually in this section. Throughout this
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section Xy, will denote the intrinsic value of the position angle, x will represent the
position angle that would be measured in the absence of any errors, i.e., the combination
of linear position angles along the lines of sight. Finally 1 will be used for measured
position angle values, which are those values which contain an error component.

3.3.1 Error due to Noise

One way to obtain either the total polarisation, P, or the value of the position angle,
1, at a certain frequency is to begin with the Stokes @ and U parameters. Section 2.4
gives details of how P and v are obtained from U and Q.

Since @ and U have a linear relationship to the observables they will have Gaussian
error distributions and be subject to noise from both measurement and calibration.
The effect of noise in the measurement of U and @ will be propagated to an error in
both P and 1. As P is a vector in the complex plane the measured vector P peas Wil
have a vectorial relationship to both the real value of P and some noise vector, 6P.

Pricas = P + 0P (3.13)

Figure 3.1 demonstrates the effect of this noise vector graphically in the complex
plane.

A A
Im Im
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meas Teas
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PA PA
> » L 57
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Figure 3.1: Following the example in Killeen et al. (in prep); measurement errors
give rise to a spurious vector component, P, which adds to the polarisation vector,
P, producing an error in the position angle measurement, PA.

Assuming Gaussian noise, §P follows a symmetric distribution which becomes Gaus-
sian at large signal-to-noise ratios. The amplitude of P peas follows a Rice distribution
(Vinokur 1965; Wardle & Kronberg 1974), becoming Gaussian at high signal-to-noise
ratios. A more detailed discussion of these distributions can be found in Thompson
et al. (1986).
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3.3.2 nm-Ambiguity

The most common problem with the traditional fitting of a straight line to a series of
points in the x — A% plane is that it is impossible to distinguish how many times the
electric vector has rotated before detection. This is to say, that if the position angle
at a certain wavelength is measured with the value ¢ radians, it is not possible to
distinguish this from ¢ + 7, or in fact ¥ + nmr. This is referred to as the nw-ambiguity.

If only two points have been measured it will be impossible to assess whether an
ambiguity is present. In such a case, the fit giving the lowest RM value is generally
used. This is an unsatisfactory situation as it biases the RM distribution toward lower
values. Even with three or more points with finite errors, if the RM is sufficiently large
as to allow a rotation of more than 7 radians between adjacent values in wavelength-
squared space, it may not be possible to recover the correct RM value. Figure 3.2
demonstrates example of an hypothetical ambiguity where the fit to the data suggests

a value of 5.9 rad m~—2 when in fact the true value is 200 rad m~2.

i '

GO 0.01 0.02 0.03 0.04 0.05

A2 (m?)

Figure 3.2: Again following the example in Killeen et al. (in prep); a simple least-
squares fit to the position angle, x, measured at three frequencies (v=14,1.85 and
3.2 GHz) for a Faraday screen with rotation measure RM = 200 rad m~? results in
an incorrect measurement of RM = 5.9 rad m~2. The true variation of x with A is
shown as the dashed line.

In this case a solution may be found either by assuming that there is no rotation
between adjacent points and performing a linear-least squares fit to the data, or by
employing an algorithm which allows (usually a single) rotation between adjacent point
to calculate the statistical best fit. Neither of these approaches is guaranteed to return
the correct RM value.

However, by carefully selecting the wavelengths it is possible to minimize the possi-
bility of suffering an ambiguity in the data fitting. By selecting two very closely spaced
wavelengths for which only extremely high RMs will result in a rotation greater than 7
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radians between them, in combination with one, or preferably two, more widely spaced
wavelengths, it is possible to adequately recover most RM values (or in the worst case
give a lower limit to the RM). Figure 3.3 demonstrates how the selection of wavelength
is critical in an attempt to obtain a unique RM fit.

It should be noted that this technique is only viable when the errors are sufficiently
small, so as to allow the RM to be constrained. In order to achieve this there must
be sufficient flexibility in the allowable frequency choices on the instrument. As this is
the case on the ATCA, the above technique was employed here.

3.3.3 Depolarisation

Depolarisation may occur due to either instrumental effects or intrinsic properties of
the radio source. In the case of instrumental effects, depolarsiation can arise due to
either bandwidth or beamwidth choices. Internal depolarisation in the radio source
will also produce a depolarisation signature.

Internal Depolarisation

Internal depolarisation within a radio source has been the subject of many papers dat-
ing back to the work of Burn (1966). Internal Depolarisation is not strictly speaking
an error, it is worth mentioning, as the signature of internal depolarisation is similar
to the error introduced by beam depolarisation (see below). Internal depolarisation
results when the synchrotron emitting electrons are mixed in a medium rich in ther-
mal electrons. Faraday rotation will occur as the polarised light moves through the
thermal electrons before leaving the radio galaxy. As shown in equations 3.4 and 3.5
the change in phase of each elliptical mode and thus the amount of Faraday rotation is
proportional to the distance travelled. In the case of internal depolarisation, light from
different depths in the medium, and therefore having different phases will interfere,
causing the polarised flux density to change with source depth. This follows a char-
acteristic sinc squared function. However, the total flux density, I, does not vary with
source depth, meaning that overall the degree of polarisation decreases inversely with
the observing wavelength. This effect is known as internal depolarisation. In the pres-
ence of a uniform magnetic field, internal depolarisation still produces a polarisation
angle relation which is proportional to A2, but only over discrete ranges of 7 /2 radians.
At position angle values of x;,, + nn/2 radians (where x;, is the intrinsic polarisation
position angle) the source is completely depolarised and the polarisation position an-
gle jumps discontinuously. Thus, by observing a wavelength range over which a 7/2
rotation is likely to occur it is possible to detect this effect. More recently the work of
Tribble (1991) and Sokoloff et al. (1998) describe the process in some detail.

Bandwidth Depolarisation

Performing an accurate RM fit depends critically on the accurate measurement of the
position angle at each frequency. This is particularly important because of the small
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Figure 3.3: Illustration of the effect of wavelength selection on the uniqueness of an
RM fit after those found in Ruzmaikin & Sokoloff (1979). The top figure shows a set
of three values of the position angle measured at equal spacings in A2 space, marked
in blue. Due to the nr-ambiguity it is impossible to distinguish these measured
values from points on the plane which are plus or minus n7 radians away, marked
here in black. This means there are at least three possible fits to these data, each
marked by a grey line. Hence, the RM can not be uniquely determined. The bottom
panel shows the same dataset but with the middle observing wavelength chosen so
as to be close to one of the other points in A2 space. Again the measured values
are shown in blue and their corresponding plus or minus nm radian points in black.
Assuming there is not one full rotation between adjacent measurements, the closely
spaced values provide a constraint on the acceptable values of the third data point
(shown by grey lines) meaning that a unique fit to the data can be obtained.
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number of points typically used. As it is not possible in practice to make measurements
in a single monochromatic band (there would not be a large signal-to-noise ratio for
most radio sources), it is important to consider the effect of a finite bandwidth on the
resultant value of 1.

As seen in section 2.4 the total linear polarisation, p, may be expressed as

p=VQ*+U? (3.14)

and the polarisation position angle, y, as

1 U
= —arctan | — ], 3.15
o= parctan (o) (3.15)
where @ and U are the Stokes parameters corresponding to the two orthogonal
linear polarisation states.
If the complex linear polarisation, P, is now assigned the value

P =\/Q?+iU? = pe*™, (3.16)

after the notation of Conway & Kronberg (1969), one can now discuss bandwidth
depolarisation mathematically.

Consider the situation where a large continuum band centred at frequency v, and
with width Av =v; — 14 is employed to obtain a position angle, 1. Assuming that p is
independent of frequency, the integrated complex polarisation over the bandwidth is

P, =p / V) gy, (3.17)

Substituting the expression for the position angle given by equation 3.1, setting ¢, = 0
without loss of generality, and assuming the fractional bandwidth Av /v, < 1, one can
show that

Pr,. = p @) jomaesc? (3.18)

where o = 2(RM)A2Av /v, and ), is the wavelength equivalent to the central frequency,
ve = (11 +10)/2.

This means that if the polarisation vector changes significantly over the observing
bandwidth the measured value, v, which will be the average across the band, will be
less than the true value, x. Bandwidth depolarisation will be a problem for either
sources of very large rotation measures or observations using very wide bandwidths.
Due to the correlator configuration on the ATCA, which allows the band to be split
into narrow frequency channels, bandwidth depolarisation was not an important source
of error in this study.
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Beam Depolarisation

Beam depolarisation is the result of averaging the position angle values from all com-
ponents within the beam. In the case where multiple unresolved RM components are
present or there is an RM gradient in the source on scales smaller than the telescope
beam, beam depolarisation will occur. In the limit of a linear RM gradient across
the source, beam depolarisation will give the same effect as internal depolarisation.
However, it is possible to distinguish between internal depolarisation and beam de-
polarisation as internal depolarisation is proportional to the magnitude of the RM,
whereas beam depolarisation is proportional to the magnitude of the RM gradient.
The effects of beam depolarisation become most extreme when there is a change of
more than 7/2 radians across the beam. For the observing frequencies chosen in this
study, this would correspond to RM gradients of 39 and 680 ¢ m~2 arcsec™! at 1.4 and
6.2 GHz respectively. Observational evidence suggests that such gradients are only
likely to be measured for the central radio sources embedded in cooling flow clusters
(Feretti et al. 1999). As cooling flow clusters have been deliberately excluded from
this study, beam depolarisation is not likely to pose a great source of error, though of
course should not be excluded.

More details on the effects of depolarisation are found in Burn (1966), Tribble
(1991), and Sokoloff et al. (1998).

3.3.4 Effect of Off-axis Polarisation Errors

Figure 2.2 showed the off-axis instrumental polarisation error for the ATCA at 20 and
13 cm. The 20, 6 and 3 cm responses vary less than 2 percent to the half power
point, making them essentially uniform across the primary beam (allowing accurate
polarimetry to be performed away from the beam centre). However, the 13cm polari-
sation response degrades more rapidly to around 10% at the half power point, making
it difficult to obtain accurate polarisation values over a large part of the primary beam.

Hence all sources appear slightly polarised at around the 2 percent level at the edges
of the primary beams for 20, 6 and 3 cm and at more than 10 percent at the edge of
the 13cm beam. For polarised sources that lie on the edge of the primary beam, this
introduces a spurious vector component to the value of P, which is an additional source
of error in positional angle. As mentioned in section 2.3.6 these errors are dependent on
source declination. As the polarisation response of the ATCA is known it is possible to
model and remove this suprious vector with the MIRIAD task OFFPOL. However,
in this study all sources were observed only near the beam centre so as to avoid this
complication.

3.4 Previous RM studies in Clusters

The notion of significant extragalactic magnetic fields, specifically those in clusters of
galaxies was first discussed by Burbidge (1958). However, it was not until recently
that the existence of such intracluster fields outside the lobes of radio galaxies could be
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statistically confirmed (Kim et al. 1991) and still later that convincing numerical values
could be ascribed to them (Clarke 2000). Part of the difficulty of investigating cluster
magnetic fields through Faraday rotation is that such a study may only be undertaken
statistically. This is due to the vector addition of all contributing Faraday screens
along the line of sight, making it impossible to disentangle the cluster rotation measure
components from either internal rotation in the source, a Galactic rotation measure
component, or an ionospheric component, i.e. equation (3.11). However, comparison of
a sample of sources with lines of sight through the intra-cluster medium, as compared
to a control sample, provides a statistically valid approach for the confirmation of an
enhancement of the rotation measure in cluster regions. Several analyses of this kind
have been performed with increasing degrees of success.

Dennison (1979) first attempted a statistical study of cluster rotation measures
by comparing a sample of 16 cluster radio sources to 16 controls. Unfortunately, the
sample size was too small for the result to be conclusive. Following this, Lawler &
Dennison (1982) reported a broadening of the scatter in their RM data of 50 rad m=2
in a cluster sample of 24 sources when compared with only 10 rad m—2 their control.
They interpreted this as evidence of a cluster field with B of the order of 1uG with a
scale length greater than 20 kpc. This result is only marginal as there was no account
taken of error broadening of the sample. Hennessy et al. (1989) conducted the first
statistical RM study to perform fits at four different wavelengths, which largely removed
the problem of the nm-ambiguity in the RM (see section 3.3.2). Their study found no
significant difference between their cluster (16 sources) and control samples and they
reported an upper limit on the RM width excess in clusters (as compared to the control
population) of 55 rad m™2. This led to an upper limit on the cluster magnetic field
of B = 0.07uG for a uniform untangled field with core radius of 500 kpc. Goldshmidt
& Rephaeli (1993) questioned this result for B and recalculated it, assuming a scale
length of 20 kpc over the 500 kpc core radius. They assumed an electron density of
3 x 107* cm™3, which gave a net field strength of less than 0.2 pG. All three studies
are considered too small to be statistically significant (Goldshmidt & Rephaeli 1993).
Kim et al. (1990) investigated the magnetic field in the Coma, cluster using 18 sources
in the cluster field, 11 comprising the cluster sample and 7 in the control. The authors
themselves drew attention to the problem of the small source sample, but nevertheless
concluded a “first order result” of B less that 2 uG derived from an average RM width
excess of 30 rad m™2. Unfortunately, on closer examination, a question arises as to
the validity of those points used in the Kim et al. (1990) analysis for which only two
wavelengths were used to calculate the RM. As mentioned in section 3.3.2 only RMs
of at least four (or a very carefully chosen three) wavelengths may produce a unique
fit. Given the small sample size and lack of uniqueness of a two-frequency fit for half
of the sample, it is not possible to draw any significant conclusion from these data.

Following these observations Kim, Tribble & Kronberg (1991) improved their source
statistics by examining a large number of rotation measures from the literature (Simard-
Normandin et al. 1981; Broten et al. 1988; Hennessy et al. 1989; Kim 1988; Lawler &
Dennison 1982; Vallée et al. 1986) supplemented by unpublished data from Kronberg.
152 source RMs were obtained and compared with the positions of Abell clusters. This
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produced a catalogue with 53 sources comprising the cluster sample and 99 sources in
the control. This study contains the largest cluster sample to date.

The Kim et al. (1991) study, hereafter denoted KTK, divided both the cluster
and control sample into various subsamples. The cluster sample was divided into two
sections based on whether a source fell within one sixth of the Abell radius. The control
sample contained a subsample of isolated giant elliptical galaxies with properties similar
to central dominant (cD) galaxies. The study found that the distribution of RMs for
the cluster sample was broader than the control at the 99.9% confidence level. Further,
there was seemingly no difference between the elliptical galaxy sample and the rest of
the control, from which it was inferred that the excess RM width in the cluster sample
was due to the intracluster medium and not some bias due to preferential observation
of cluster galaxies. At the 99% confidence level the excess RM width was in the range
51-84 rad m~2. Assuming a field which was uniform through the cluster core but
locally tangled on scales of 10 kpc, a B value of between 0.5 and 1.25 G was obtained;
this was in contrast to a value derived using the model of B(r) o« n(r) (Jaffe 1980),
which gave 1-2.25 uG for the inner cluster sample and 1.9-4.7 uG for the outer cluster
sample. These results have been examined in detail for robustness and it was found
that there is a significant statistical difference between the cluster and core samples
(Goldshmidt & Rephaeli 1993). However, there is some concern as to the validity of the
RM fits in this sample also. Questions have also arisen as to the numerical validity of
the KTK results in light of the fact that some of the “clusters” examined in their study
were undetected at X-ray wavelengths by the Einstein satellite (Clarke 2000). The lack
of X-ray flux indicates that the clusters are either quite poor, or are not gravitationally
bound systems with significant intracluster gas. RMs along the line of sight towards
these objects will have a considerably lower value than those directed at X-ray bright
clusters and thus will introduce a lowering numerical bias to the result. This implies
that the KTK result is likely to be more signifigant, both in terms of detection and
implied B value, than first thought and therefore should be re-examined.

All of the afore-mentioned studies, with the exception of Hennessy et al. (1989),
suffer from lack of well-defined source selection criteria, which may lead to bias in
the sample. This was the impulse for Goldshmidt & Rephaeli (1993) to re-examine
the KTK sample. Clarke (2000) attempted to address the lack of a large well-defined
cluster RM sample by observing radio sources toward 24 X-ray luminous Abell clusters
using a strict set of selection criteria. The Clarke data comprised of both a cluster and
control sample with 27 and 89 sources respectively. The cluster sample was chosen from
24 Abell clusters with X-ray luminosity greater than 1 x 10* erg s™* in the 0.1 to 2.4
KeV band (Ebeling et al. 1996). In order to reduce Galactic contamination of the RM
sample, clusters were selected no closer than 13 degrees from the Galactic Plane and an
averaging technique was employed in an attempt to correct for this effect (see Chapter
4 for further discussion). A statistically significant width difference between the RM
distributions for the (Galaxy corrected) cluster and control samples was observed with
the standard deviations of each distribution differing by almost an order of magnitude
( Octuster = 113 rad m™2 t0 Geontror = 15 rad m™2). Further, the two samples were found
to be drawn from different populations at the 99.4% confidence level. Using, electron



48 CHAPTER 3: Rotation Measure Studies in Clusters

densities obtained from ROSAT X-ray observations, Clarke also statistically examined
the strength of the cluster magnetic field. Two magnetic field models were investigated.
The first was a simple “slab” model, wherein the magnetic field is assumed to be
uniform in both magnitude and direction throughout the cluster. This predicted field
strengths of around 0.5 uG. The second, and more sophisticated model, used tangled
magnetic fields with particular cell sizes; this produced field strengths of the order of 1
~ 1.5 uG. A further investigation of cell sizes via RM mapping of sources in three of the
sample clusters suggested that the field had large scale uniformity at around 100 kpc
with smaller 10 kpc features. The structure observed in the RM mapping suggested
that a tangled cell model was more likely, and the uniform slab values were rejected. In
conclusion, Clarke asserted that field strengths of > 1 uG were unlikely in rich X-ray
luminous galaxy clusters.

3.5 Current Study

The samples of all previous studies have deliberately steered away from investigating
radio probes within the very cores of clusters (the median distance from the cluster
centre for sources in the Clarke sample is 445 kpc). This is due, in part, to the difficulty
of the task, and in part to the notion that in the very centre of clusters strong radio
sources will interact with the ICM giving rise to RMs which are not indicative of the
true cluster RM. Other studies have shown that radio sources embedded in so-called
“cooling-flow” clusters have extreme RM values (Taylor et al. 1994). However, no
study directed toward the radio sources behind the cores of non-cooling-flow clusters
has yet been undertaken. This work investigates a sample of radio background probes
directed toward seven rich X-ray-luminous southern galaxy clusters which do not ex-
hibit a cooling-flow profile. Originally the program was designed to fill the general gap
in knowledge of cluster magnetic fields left after the KTK sample by observing sources
which were projected both through galaxy cluster and a control sample of non-cluster
sources. However, when I became aware of the work in progress by Clarke the obser-
vational program was redesigned in order to have less overlap with that study. The
final aim of this study was to determine the extent to which the RM excess observed
by Clarke (2000) is enhanced in the cores of clusters.

3.5.1 Source Selection

As this study was to use the ATCA, the first selection criterion was, of necessity, to
choose those clusters which could reasonably be viewed from the Southern hemisphere.
Thus an initial declination cut-off was imposcd to select only clusters south of —30°.
To determine magnetic field strength along the line of sight through a cluster of
galaxies it is necessary to have two pieces of information. The first is some field strength
estimate, generated, in this case by Faraday rotation measures, and the second is an
independent estimate of the electron density, n., along the line of sight. As X-ray
emission via the process of bremsstrahlung is assumed to trace the cluster potential
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well ( Jones and Forman in (Clarke 2000)), X-ray data may be used to obtain an
independent estimate of n,. Thus, by considering RMs from radio probes drawn from
a sample of clusters with measured thermal X-ray emission, it is possible to decouple
the effect of the gas from equation 3.5 and obtain a estimate of the integrated field
along the line of sight.

However, as demonstrated in Section 3.2, the measured RM will be the linear
combination of all RMs along the line of sight. If we assume that the gas density
in the intercluster medium is sufficiently low so as to render the resultant RMs from
any possible magnetic fields in this region close to zero, equation 3.11 can be rewritten
as:

X = Xin + [(RM)Cluster i (RJVI)Galactic + (RM)ionospheric] )\2 (319)

This is not an unreasonable assumption even for sources at high redshift which have
long path lengths through intercluster space, as no redshift:RM correlation has ever
been observed (Kronberg & Simard-Normandin 1976; Welter et al. 1984; Vallée 1990).

This leaves the observed RMs as the linear combination of the source intrinsic,
cluster, Galactic and ionospheric Faraday rotation contributions. Ionospheric Faraday
rotation has been studied in some detail (Burkard 1961) and is believed to contribute
less than 5 rad m~2 at the ATCA observing frequencies (Whiteoak, J., private com-
munication 2001). The ionospheric contribution will of course vary depending on the
Solar Cycle and the value of less than 5 rad m~2 is a average over a long time period.
As these observations were carried out just after a minimum in the 11 year Solar Cy-
cle, this estimate should be sufficient. The presence of a Galactic contribution to the
RM error may be minimised by appropriate selection criteria. This leaves the intrinsic
RM which cannot be removed. The effect of the intrinsic RM will be discussed in a
subsequent section.

In the first instance care must be taken to ensure that the RM sample is minimally
contaminated by the Galactic magnetic field. In order to do this an extensive study
of the effect of the Galaxy on the RM sky was undertaken (see Chapter 4) and only
clusters more than 30° from the Galactic plane were considered. At these Galactic
latitudes it was found that the RMggiqctic Was of the order of 10 rad m~2. The precise
effect of the galaxy on potential cluster RMs is discussed in detail in the following
Chapter.

To further reduce the effect of Galactic contamination, a third selection criterion
was used in this study: that the clusters studied must be X-ray luminous. The rationale
identified here is that clusters with high X-ray luminosity will have a large gas content
(high n.), which, even in the presence of weak magnetic fields, will give rise to relatively
large RMs. Large cluster RM contributions will then tend to dominate over the smaller
Galactic RMs at these Galactic latitudes. Clusters with X-ray luminosities greater than
2% 10" ergs s~! in the 0.1~ 2.4 keV band were selected from the XBAC sample (Ebeling
et al. 1996). This is a brighter cut-off than that chosen by Clarke (2000) who selected
all clusters down to 1 x 10%* erg s=! from the same sample.

A further concern was to select those clusters for which there was a high probability
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Table 3.1: Selection criteria for the Southern Rich Abell clusters used in the statis-
tical study of rotation measure in cores of non-cooling-flow clusters.

| Criteria Parameter Range
Southern Sample Declination dec < —30°
Low RMaiactic Galactic Latitude |b] > 30°
Large Angular Size Redshift z < 0.06
Independent n, X-ray Luminosity | L, > 2 x 107 erg s

of finding a polarised background source projected through the cluster core. If one
assumes that the density of polarised background radio sources, which is a function of
the telescope sensitivity, is constant across the sky, then the probability of finding a
suitable background source behind the cluster core goes as the angular size of the core
projected on the sky. That is to say, the larger the area of sky covered by the cluster
the more likely it will be to find an acceptable probe behind it. As clusters appear to
be approximately of equal physical size, this becomes a question of angular size, which
is a function of redshift. At high redshifts, clusters will occupy a small solid angle
and thus it becomes very unlikely to find a suitable background source. In order to
give maximum probability of detecting a polarised probe, a low redshift cut-off for the
sample was established. Ounly clusters with z less than 0.06 were examined. Table 3.1
re-iterates these criteria.

3.5.2 Observations of Southern X-ray Luminous Clusters of
Galaxies

Applying the selection criteria outlined in Section 3.5.1 a list of nine suitable rich
Southern X-ray luminous clusters was obtained. One cluster, A3532, which straddled
the border for both the —30° declination and Galactic latitude cut-off was discarded.
Properties of the selected clusters are outlined in Table 3.2.

Archival total intensity ATCA data at 20cm were available for seven of these clus-
ters. These data were examined to obtain a list of sources which might act as suitable
probes to the cluster magnetic field. As this study was to focus on the cluster core,
initially only sources which fell within the fifty percentile contour of the X-ray distri-
bution and had a peak flux density at 20cm greater than 12 mJy per beam (using a
6 arcsecond beam) were selected. However, as this gave only twelve potential sources
the criteria were relaxed to 4 mJy per beam in the fifty percentile X-ray contour and
to also include sources which were projected through any part of the X-ray emission
region and that had a peak flux density greater than 12 mJy per beam (using a six
arcsecond beam). Two additional sources located behind the diffuse radio emission in
A3667 was also included (see chapter 5). This generated a list of 39 candidate sources
which are listed in Table 3.5.2. The double cluster A3395 was removed from the sample
as the X-ray image shows clear signs of substructure, making it difficult to determine



CHAPTER 3: Rotation Measure Studies in Clusters

ol

Table 3.2: Southern Rich Abell clusters used in the statistical study on rotation
measures in cores of non-cooling flow clusters. Col 1 is the ACO cluster name; col 2
the J2000 Right Accession; col 3 the J2000 Declination; col 4 the redshift; col 5 the
X-ray flux in the 0.1-2.4 KeV band from Ebeling et al. (1996) and col 6 shows if 1.4
GHz data were present in the ATCA archive.

Name RAjogee  Decyao00 z L, x 10" (erg s=') Archival
A3667 2012 30.1 -5649 00 0.0560 8.76 yes
A3571 1347 28.9 -325157 0.0397 7.36 yes
A3558 132754.8 -312932 0.0477 6.27 yes
A3266 04 31119 -612423 0.0545 6.15 yes
A3562 1333 31.8 -314023 0.0502 3.33 yes
A3128 0330124 -523348 0.0590 2.12 yes
A3158 0342 39.6 -53 3750 0.0590 5.31 no
A3395 0627 31.1 -54 2358 0.0506 2.80 yes

a suitable X-ray centre.

The cluster, A3158, for which there were no archival radio data was also observed
at 20 and 13 cm for use in a future expanded study. A list of the sources found in
A3158 is given in Table A.3 in Appendix A.

Table 3.3: Sources examined for the pilot study to determine suitable candidates
for the statistical RM study. Column 1 gives the cluster that sources were seen in
projection through; col 2 is the source identification; col 3 is the J2000 right accension
and col 4 is the J2000 declination.

Sources examined for Pilot Survey
Cluster Source RAJ2000 DeCJQ()OO
A3266 A3266.5¢ 04 29 57.160 -61 28 39.36
A3266 A3266.11 04 30 21.960 -61 46 27.89
A3266 A3266-1 04 31 56.910 -61 18 29.37
A3266 A3266.9 04 31 36.340 -61 44 35.83
A3266 A3266-2 04 31 13.090 -61 25 12.13
A3266 A3266.3 04 30 42.130 -61 27 18.13
A3266 A32664e 04 30 21.950 -61 31 59.90
A3266 A32665e 04 29 57.160 -61 28 39.36
A3266 A3266.10 04 30 25.930 -61 45 09.95
A3266 A3266-8 04 31 0.520 -61 11 50.19
A3128 A31283 03 30 57.110 -52 28 12.58
A3128 A3128.5 03 51 10.070 -52 28 46.71
A3128 A31287 03 30 1.960 -52 34 15.40
A3128 A3128.10 03 31 15.000 -52 41 47.98

continued on next page
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continued from previous page

Cluster Source RA j5000 Dec ;2000
A3558 A3558_1e 1328 29.880 -31 19 31.75
A3558 A35582 13 28 59.300 -31 26 24.96
A3558 A3558.5 13 27 53.500 -31 30 24.86
A3558 A3558_7 13 29 4.5100 -31 31 10.09
A3558 A3558.8 13 28 31.530 -31 35 06.04
A3558 A3558.10 1392 13.300 -31 21 54.60
A3558 A3558.11 1327 50.390 -31 21 01.98
A3558 A3558.13 1328 02.580 -31 45 21.77
A3562 A3562_1 13 34 08.790 -31 28 37.76
A3562 A3562.3 13 33 37.370 -31 30 47.18
A3562 A3562.4 13 43 37.450 -31 32 52.74
A3562 A3562.5 13 34 22.480 -31 39 08.31
A3562 A3562.6e 1333 31.566 -31 41 02.77
A3562 A35629 13 32 27.550 -31 23 55.57
A3571  A3571.1 13 47 54.100 -32 37 00.60
A3571 A35713e 13 48 07.620 -32 46 15.00
A3571 A35715e 1347 25.280 -32 52 16.40
A3571 A3571.6 13 47 56.760 -33 01 08.54
A3571 A3571.8 13 47 26.400 -32 29 30.39
A3667 A3667_1 13 47 54.100 -32 37 00.60
A3667 A3667_A 20 11 09.272 -56 26 59.59
A3667 A366726e 20 11 27.540 -56 44 06.60
A3667 A366728 20 09 29.540 -57 00 59.42
A3667 A3667_16 20 15 18.740 -56 34 23.32
A3667 A3667.17 20 09 25.368 -56 33 26.76

In order to have sufficient points in the x — A? plane to give an unique fit to the
RM, sources were required to have at least 50 detection of polarisation at the four
frequencies chosen for this study (see Section 3.3.2 for details). However, unlike the
study of Clarke who was able to make use of the polarimetric data from the NVSS for
selection of suitable polarised probe sources, this study had out of necessity to begin
with a polarimetric pilot survey of the selected sources.

3.5.3 Observations

In order to establish percentage polarisation the 40 candidate sources were targeted
for ATCA observation in continuum modec at 20 and 13 cm and both ends of the 6cm
band (4.7 and 6.7 GHz). The sources were initially observed for a period of 1 hour
in “cuts” mode (see Section 2.3.4). Data were examined using the UVFLUX routine
in MIRIAD . This routine provides information on the amplitude and associated
noise in each of the Stokes values. The outputs of the process are given in Table A.1 of
Appendix A. The results of UVFLUX were then used to determined the total polarised
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flux and percentage polarisation observed for all sources at each frequency, the full set
of results are given in Table A.2 of Appendix A while a condensed version is given
here in Table 3.4. It should be noted that UVFLUX is most useful for determining
characteristics of point sources. However the cores of the extended sources were also
examined using the software in this initial pilot program. This was not the optimal way
to investigate the extended sources as, in general, while the core maybe the brightest
part of the source in these images, it is likely to be less polarised then the surrounding
low surface brightness material. However, it was felt this was an acceptable procedure

for the initial survey.

Table 3.4: 4.7 and 6.7 GHz properties of sources used in statistical RM study.
Column 1 is the source identification; col 2 is the observed flux density at 4.7 GHz
in mJy; col 3 is the observed polarised flux density at 4.7 GHz in mJy; col 4 is the
percentage polarisation at 4.7 GHz; col 5 is the observed flux density at 6.7 GHz
in mJy; col 6 is the observed polarised flux density at 6.7 GHz in mJy; col 7 is the
percentage polarisation at 6.7 GHz and col 8 shows if the source was selected to go
to the next observing phase.

Pilot Survey Results
Source Si7 (nJy) Pyr (mJy) %Psz Ser (mly) Per (mly) %Pe7 Used
2312810 503 +02 1.7+£03 34 465+ 04 0x£04 0.1 Y
a3128_ 1e 344+02 16+03 467 08%+03 N
a3128_3 38+02 17+£03 455 1=X03 N
a3128.5 424+ 04 26+03 6.1 24+04 25+£04 104 Y
a3128.7 28+ 02 154+03 536 1.7+£03 01x£04 64 N
a3266_1 56 +03 1+£03 182 234+04 03+05 147 N
a3266.10 202+03 06+04 3.2 119+04 1405 8 N
a3266.11 10.1+03 04+03 43 6.7+04 0505 7.8 N
a3266_2 244+02 09+03 39 0.7+ 0.3 N
23266_3 91+07 14+04 154 38+05 03£05 79 N
a3266.4e 114+12 27+04 24 76.3+13 0905 1.2 Y
a32665e¢ 3.2+ 1 -0.8 £ 0.6 N
232668 675+ 06 03+04 05 408+ 05 1.3+£05 3.1 N
232669 1056+ 03 0704 6.3 59404 05405 83 N
a3558.10 844+03 27+03 322 44404 08+05 173 Y
a3558 11 31+02 28+03 894 04404 N
2355813 103+03 29+03 285 63+04 0305 46 b4
a3hb8.le 54 4+02 23+03 42 14+ 04 Y
235582 41403 31+£03 774 0504 N
a3b58.5 1.8+03 28+03 152 144+ 04 N
a3b58_7 36.2+03 23+£03 6.3 2494+ 04 0505 1.9 Y
a3558_8 295+ 04 56+03 188 11.7+05 1.2+05 10 Y
a3b62_1 394+03 24404 622 09+04 N
continued on next page
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Source Se7 (mJy) Pyz (mJy) %Ps7 Ser (mJy) Per (mJy) %Pgr Used
a3b62_3 52+02 314+04 59.7 21+04 08+£06 37 Y
a3b62 4 1602 284+04 1795 -014+04 Y
a3b62.5 45+£02 284+04 62.7 2+04 Y
a3o626e 27+£03 23+04 876 0.8 £ 0.5 Y
a3562.9 6.4+03 24+04 379 27+05 084+07 305 N
a3667_1 0.8 £0.7 -45+07 03x06 -55 N
a3667.11 144+03 14+04 101.7 01404 N
a3667.16 1+ 0.3 -1.1+£04 N
a3667.17 23+03 16+03 699 -03+04 Y
a366726e 7.1 05 1.6 =% 22.3 96 £ 05 02X05 1.7 Y
a366728 53+03 13+£03 248 36404 04+£06 938 N
a3667_a 73+£03 11403 14.8 28+ 04 0.7+0.5 25.4 Y
ad3drl_l 56 £03 21+04 365 24+ 04 04+£06 18 Y
a3d713e 2444+03 514+04 20.7 11.8+ 05 05+06 4 Y
a3571be 3 +0.2 25+ 04 84.8 0.4+04 N
a3b71.6 18+02 19+£04 1016 -0.1+4+04 N
a3571.8 356 +03 22+04 6.1 232405 0706 3.2 N

Unfortunately, the observations centred at 6.7 GHz were in a region of the band
where only spectral line observing is usually performed as the system temperatures are
quite high. As a result, these data were of very poor quality and it was not possible to
determine reliable source characteristics at this frequency. For all subsequent observa-
tions the frequency was shifted to 6.2 GHz to avoid the high system temperatures at
the very edge of the band. Nevertheless, the 4.7 GHz data were used to obtain a list
of 18 suitable cluster probes for re-observation. Sources were selected if they had a 50
detection in both I and one of either Q or U and the total linear percentage polarisation
was less than 45%. As these data are not corrected for Ricean noise bias it is important
to selected in regions of high signal-to-noise ratios in order to reduce this effect. Thus,
the 50 cut off in either Q or U was selected.

This gave a list of 15 sources. However, for the cluster A3562, this gave only one
source (a3562.4e). For this cluster the last criterion was relaxed and this gave an
additional 3 sources. Two anomalies occured in the sources selection here; the first
was that the source a3571.8, which did fulfill the selection criteria, was accidentally
omitted from the follow-up source selection, the second is that the sources a3667_28 and
a3667_17 were accidentally switched and a3667_17 was observed in the follow-up study.
This turned out to be fortuitous as a3667_17 turned out to be sufficiently polarised for a
RM fit to be obtained and as the source was seen in projection through the Mpc-scaled
region of diffuse emission in A3667 this was of great interest (see Chapter 5). Thus,
from 39 potential targets 15 were selected and an additional 3 added. This is a similar
attrition rate to that experienced by Clarke who began with roughly 250 sources and
obtained less than 60 useable sources (Clarke 2000, private communication).
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Table 3.5: The 20cm flux of the sources selected for the statistical RM study. Col
1 is the source identifications; col 2 is the J2000 right accension; col 3 is the J2000
declination; col 4 is the peak flux density at 1.4 GHz in mJy; col 5 is the known
optical identifcation and col 6 is the redshift.

1.4 GHz properties of sources used in statistical RM study
Source RA 2000 Dec 2000 S(peak),; 4 Optical Id /
A3128.5 03 51 10.070 -52 28 46.71 186.0
A3128.10 03 31 15.000 -52 41 47.98 44.0 APMBGC 155-096-118 0.0665
A3266-3 04 30 42.130 -61 27 18.13 9.7 J0430419-612716 0.0632
A3266_4e 04 30 21.950 -61 31 59.90 165.9 J0430219-613201
A3558_1e 1328 29.880 -3119 31.75 22.0
A3558.7 1329 4510 -31 31 10.09 76.5
A3558.8 13 28 31.530 -31 35 6.04 98.6
A3558.10 1392 13.300 -31 21 54.60 14.7
A3558.13 1328 2.580  -31 45 21.77 17.7 J1328026-314520 0.0429
A3562.3 13 33 37.370 -31 30 47.18 27.1
A3562.4 13 43 37.450 -31 32 52.74 13.9
A3562_5 13 34 22.480 -31 39 8.31 13.2
A35626e 13 33 31.566 -31 41 2.77 20.0 A3558:[MGP94] 4108 0.0482
A35711 13 47 54.100 -32 37 0.60 11.7
A35713e 1348 7.620 -32 46 15.00 101.7
A3667_A 20119.272 -56 26 59.59 35.1
A3667_26e 20 11 27.540 -56 44 6.60 93.4 SC 2008-565:[PMS88] 037 0.0552
A3667_17 20 09 25.368 -56 33 26.76 48.5

The 18 sources given in Table 3.5 were re-observed in the short observation mode
on the ATCA at 1.4, 2.4, 4.7 and 6.2 GHz over the period from Feb 1999 to November
2000. This was to both improve the signal-to-noise ratio and thus reduce the effect of
Ricean noise bias and to obtain a 4th frequency for the fitting since the 6.7 GHz data
were not useable. Observations at 1.4 and 2.4 GHz were carried out simultaneously
using a 6 km configuration while the observations at 4.7 and 6.2 GHz were performed
using a 1.5 km configuration so as to match the resolution of the lower frequency ob-
servations. Data were then reduced in the MZRZIAD suite using standard calibration
procedures (see Section 2.5). Tapering in the uv—plane was applied in order to lower
the resolution of each observing frequency to that of the 1.4 GHz images. Images of
all four Stokes parameters were then made at all four frequencies and total polarisa-
tion and position angle images were calculated. In all cases the images were used to
measure the polarisation and position angle of the brightest part of each source. For
the extended sources this meant that the core was used initially. It was then planned
that a proper treatment of the extended sources would follow. Unfortunately time

constraints prevented this from occuring. Nevertheless, useful data were obtained for
RM fitting.
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3.5.4 Polarisation Data

It has been well established that while the total intensity of radio sources usually
decreases inversely with the observing frequency, the percentage polarisation increases.
Thus, there was always some risk that sources selected with sufficient polarised flux at
the two higher frequencies would not be detectably polarised at the lower frequencies.
This turned out to be the case for some of the sources in the final sample. There were
also other problems with five sources not well detected in polarisation at any of the
frequencies used in the final sample. Of these 1 was only just detected in the pilot
survey above the 50 level in the un-corrected for Ricean bias data and it is thus not
suprising that it turned out not to be polarised. However, the other 4 sources all had
greater than 100 detections for polarisation at 4.7 GHz in the pilot survey, and it is a
puzzle as to why they were not at least detected again at this frequency. Table 3.5.4
gives the measurable position angles for each source at each frequency. As only sources
which had a measurable postion angle for at least three frequencies could be used for
reliable RM fitting, this reduced the sample to 11. The source “a3558_le” was partly
resolved into a double radio galaxy with considerable polarisation in both lobes at three
of the observing frequencies. Position angle measurements were taken separately from
each lobe, this provided an additional line of sight through the ICM bring the total
number of RM obtained to 12.

Table 3.6: Observed Position angle results for the RM Source Sample. Col 1 gives
the source name; col 2 is the measured position angle at 1.4 GHz in degrees; col 3
is the measured position angle at 2.4 GHz in degrees; col 4 is the measured position
angle at 4.7 GHz in degrees; col 5 is the measured position angle at 6.2 GHz in degrees;
col 6 is the distance from the cluster centre, often called the impact parameter, in
kiloparsecs and col 7 is the sources rotation measure in rad m~2.

Observed Position Angle Results

Source Y14 2.4 Ya.7 VPs.2 Notes  Distyyp, RM
a3128.5 57 + 4 9+4 -49+1 -51+1 extended 457 43.7+ 3.9
a3128.10 23+10 16+4 2245 35+10 point -75.9+ 9.2
a3266_3 extended

a3266_4e -13£8 -2+£08 -724+2 -84+ 4 extended 501 99.7+ 5.8
a3bb8_len 4 +1 42+3 557 extended 423 25.0 £7.5
a3bo8.les -48+1 16+3 -27+8 extended 423 66.4 +6.1
al3Ho8._7 -12+6 point

a3558_8 56 +04 -7T4+1 -86+1 -8 +3 point 375 -61.4 +3.8
a3558_10 point

a3bh8_13 point,

a3562_3 262 T4+ 6 -84 £3 pointish 250.7 £4.9
a3562.4 point

a3562.5 -21 £ 3 -68 £3 -T0+2 point 526 19.6+ 4.7
a3562_6e 54 + 4 headtail

continued on next page
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continued from previous page

ource P14 P4 Yz (% Notes  Disty, RM

a3d71-1 point

a3b713e -48+2 -58+2 -75+3 -89 +3 double 262 161.0 +£4.5
a3667.17 -22+1 70£2 39+2 5H52+£4 point 2276  -174.6 +£4.3
a3667.26e -79+3 51+2 -53+5 -43+3 headtail 678 -86.2 £4.9
a3667_a 47+1 68+9 32+3 41+t4 double 1700 -107.7x£ 4.3

3.5.5 RM Fitting

Plots of the position angle and frequency were examined. Due to the small number
of points to consider it was not necessary to write a complicated fitting routine to
find the best fit. Data were adjusted by hand under the assumption that there would
be no rotation between the two closely spaced points at 4.7 and 6.2 GHz and that a
maximum of 360 degrees ambiguity was likely to have occurred in the 1.4 GHz value.
Assuming no rotation between the closely space values at 4.7 and 6.2 GHz allows for
|[RM| < 1350 rad m~2 to be fitted unambiguously. The resultant points were then
passed through a standard linear least-squares fitting routine in Microsoft Excel. Tt
was found in many cases that the 2.4 GHz points were difficult to reconcile with the
other three measurements, giving slightly discrepant values. Despite efforts to minimise
errors this is likely to be a result of the polarisation response of the 13cm feed on the
ATCA. Though sources were observed near the beam centre in order to have the best
polarisation characteristics at all frequencies it appears that some effect is still evident
in the 13 c¢m data. Thus, the 13cm points were given less weighting during the fitting
procedure. Figures 3.4 and 3.5 show the resultant plots, while the RMs obtained are
listed in Table 3.6. Surprisingly the fitting worked extremely well with the worst case
fit to the data still giving a 99 % confidence to a straight line.

It should be noted that the use of observations from a period spanning 18 months
gives some concern as the data are not all from the same epoch. Nevertheless the
quality of the RM fits is excellent and it is therefore assumed that there is no variation
in the observed source RMs over this time scale.

3.5.6 Comparison to Other Data

The RMs obtained from the fitting procedure were then corrected for the contribution
from the Galactic rotation measure, Ggy . This was done by using an interpolated
all-sky rotation measure map generated from published RM catalogues. The map is an
estimate of the Milky Way’s contribution to the RM sky. The next chapter discusses
in detail how this map was generated. The Galactic contribution was subtracted from
the measured RM to give a residual RM, (RRM) which represents a combination of
the cluster RM and the intrinsic source RM. Previous studies have used the standard
deviation of the distribution of extragalactic RMs at high galactic latitudes, beyond
the influence of the Galaxy, to argue that the contribution from internal RMs is small.
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Figure 3.4: RM fits for the cluster sample examined here. The graph shows the
equation of the line where the RM corresponds to the slope, the R? statistic which
is a measure of the goodness of fit to a straight line is also given (an R? value of 1
corresponds to a perfect fit) .



'HAPTER 3: Rotation Measure Studies in Clusters 59

10 0
e g A3562_3 =1 e A3562 5
2 k]
B~ 6 D~ 04
g E 4 e E -06
e e = -0
oSe B 2 % 0.8
- O - -0.
c Q c
% < £ 4
. y = 250.7x - 2.5455 ° y =19.615x - 1.2672
a 2 R? = 0.9998 & S R2=1
-4 1.4 |
0 001 002 003 004 005 0 001 002 003 004 005
lambda*2 (m~2) lambda*2 (m~2)
6 2
R A3571_3e e 1 A3667_17
-] 2 o
"ﬁ — 4 g 5 -1
&8 o as-2
5 E 2 5 %’ -3
- - -4
85 855
©
2 ° y = 160.98x - 1.9472 S 6 y=-174564x+13536
& A R? = 1 7 R? = 0.9999
2 -8
0 001 002 003 004 005 0 001 002 003 004 005
lambdar2 (m~2) lambda*2 (m~2)
0 2
c A3667_26e e 1 A3667_a
[+] Q
£ 2 =
t= - D~ 0 ®
£ i3,
§ao Sw
28 32
NG 6 Ng
] 5 9
s 7 y = -159.71x - 0.3265 <] y = -107.66x + 0.9821
o . > a -4 5
8 R? = 0.9998 R?=1
9 5 |
0 001 002 003 004 005 0 001 002 003 004 005

lambda*2 (m~2) lambda?2 (m~2)

Figure 3.5: RM fits for the cluster sample examined here. The graph shows the
equation of the line where the RM corresponds to the slope, the R? statistic which
is a measure of the goodness of fit to a straight line is also given (an R? value of 1
corresponds to a perfect fit) .



60 CHAPTER 3: Rotation Measure Studies in Clusters

The standard deviation of around 400 extragalactic RMs at greater than 30 degrees
from the Galactic plane was found to be 10 rad m™2 (see Section 4.5). This suggests
that the intrinsic RM component should be small and that RRM should adequately
represent the Cluster contribution to the measured RM. Previously it was assumed that
the distribution was Gaussian and thus the likelihood of encountering a moderate to
high intrinsic RM was very low. However, further analysis of the high Galactic latitude
extragalactic RM population has shown the distribution is exponential at above the
99.9% confidence level (see Section 4.5). This means that it is more likely to observe a
background source with a significant internal contribution to the measured RM than
previously thought. This reinforces the requirement to examine cluster magnetic fields
statistically.

Clarke (2000) also corrected for the Galactic contribution via examining published
RMs in a 15 degree radius about each cluster. In order to directly compare the two
datasets, the RRMs from the Clarke sample were recalculated using the interpolated
map. In most cases this made a 5-10% in the RRM values. The two samples were then
plotted together on two graphs showing distance from the cluster centre (the so-called
impact parameter) versus RRM and |[RRM|. These plots are shown in Figures 3.6
and 3.7 respectively. Each plot shows the entire combined dataset out to an impact
parameter of 9000 kpc in the top panel and restricted impact parameter range of 0
to 3000 kpc in the lower panel. The RRM of the southern cluster sample presented
here (see Table 3.5.6) agrees well with the northern sample of Clarke which drops to
a background level at around 800 kpc from the cluster core. The two labelled points
are both from A3667 and are background sources to the largest and brightest diffuse
radio emission region yet discovered (RoOttgering et al. 1997). These two points are
significantly above the RM level suggested by the other data. They are further beyond
the region of X-ray emission in A3667 and should fall at a background level, the fact
that they do not strongly suggests that these RMs are probing the magnetic field of
the diffuse radio emission. The implications of this are discussed in Chapter 5.

The data for both lobes of the source A3558.1e show quite different RRMs (-0.5 and
41.9) despite being closely spaced. This may either be interpreted as due to tangling of
the cluster magnetic field on scales of order of 10 kpc, or as a difference in the internal
properties of the radio lobes. Observations of radio jets in low power radio sources
have shown that the magnetic field is aligned along the jet and becomes tangled in
the resultant lobes due to entrainment. Thus, it is likely here that we are seeing a
combination internal and environmental effects.
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Figure 3.6: Impact Parameter versus Residual Rotation Measure. The labeled
points correspond to sources seen in projection through a region of diffuse synchrotron
emission in A3667 (see Chapter 5).
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Table 3.7: Residual RM corrections. Column 1 gives the source name; col 2 is the
J2000 galactic longitude; col 3 is the J2000 galactic latitude; col 4 is the Galactic
contribution to the rotation measure at these co-ordinates as calculated with an
interpolated all-sky rotation measure map (see Chapter 4) and col 5 is the residual
rotation measure for each source once the Galactic contribution is subtracted.

Residual RM corrections
Source 1 b Gry RRM

A3266.4e  272.29 -40.23 -44.3 1440
A3128.5 262.75 -48.20 -49 48.6
A3128.10 264.82 -50.91 -3.2 -72.7
A3558.1en 312.15 30.88 245 -0.5
A3558.1es  312.15 30.88 245 41.9
A3558.8 312.11 30.62 245 -85.9
A3562.3 313.37 30.50 29.1 221.6
A3562.5 313.52 30.34 263 -6.7
A3571.3e  316.49 28.60 22.2 138.8
A3667.A  341.32 -33.21 -9.5 -98.2
A3667.26e 340.98 -33.25 -9.5 -76.7
A3667.17 341.19 -32.97 -9.5 -165.1

With the exception of the points in A3667, these data agree well with the Clarke
sample and support the finding that cluster magnetic fields are of the order 1-2 uG
assuming a tangled cell model.

3.6 Summary

A discussion of Faraday rotation and its associated measurement errors was presented.
Results of a search to detected excess Faraday rotation toward the cores of several
Southern rich non-cooling flow clusters were presented. It was found that results of
this study agreed well with those of the contemporaneous study of Clarke (2000),
supporting the notion that a statistically significant broadening of the RM distribution
is measured out to around 800 kpc for nearby galaxy clusters. This suggests cluster
magnetic fields to be of the order of 1-2 uG assuming a tangled cell model.
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Chapter 4

An Estimated All-Sky Rotation
Measure Map

4.1 Introduction

This chapter was motivated primarily by the need to determine the physical extent and
strength to which the magnetic field of the Milky Way interferes with obtaining accu-
rate line-of-sight RMs for distant objects such as clusters of galaxies. It has been shown
that the distribution of RMs obtained for distant objects has a statistical broadening,
implying an enhancement of the magnetic field in these objects (see Section 3.6.3). In
the case of galaxy clusters, this broadening is seen at distances out to 800 kpc from the
cluster core (Clarke 2000). However, such measurements must account for an intrinsic
source RM, the object RM and a Galactic contribution. Previous work of this type
has assumed the probe source RM to be negligible. Such studies have then attempted
to account for the Galactic component by averaging RMs of extragalactic background
sources in some arbitrary radius on the sky around the object of interest. This value
is then subtracted from the measured object RM to give a Residual Rotation Measure
(RRM) (Govoni et al. 2001). Although this approach may, in some cases, give a good
approximation to the actual Galactic RM contribution, it suffers from two major prob-
lems, being the arbitrarily sized averaging radius and the loss of spatial information
on the Galactic contribution provided by the background sources. Applying this tech-
nique can result in a single large intrinsic RM source dominating the averaging, which
will result in an over subtraction. Several authors have made an attempt to correct for
the second problem by calculating the source RM distribution in their averaging area
and removing those sources with RMs of more than an arbitarily designated number
of standard deviations from the mean RM (Hennessy et al. 1989; Athreya et al. 1997;
Clarke 2000). The standard deviation cut-off chosen is arbitrary (3, 1.3 and 2 were
used in the three studies cited here) and due to the paucity of available extragalactic
RMs this technique often suffers from poor statistics.

In order to provide a better solution a method was sought which would give greater
weighting to nearby points but that would prevent single large RM values from dom-
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inating the calculated value. Presented here is an estimated all-sky rotation measure
map which is not subject to an arbitrarily chosen averaging scale and preserves the
source spatial information. After investigating several interpolation algorithms, the
2-dimensional solution for Poisson’s equation in combination with a statistical culling
algorithm was chosen.

4.2 Interpolation

As mentioned above, a technique was sought to better interpolate the known RM data
in order to estimate the Galactic contribution at any given point in the sky. Using code
developed by Christopher Hollitt a range of algorithms were trialled for this purpose
including, simple averaging, gaussian filtering and Delaunay triangularisation. After
initial calculations the 2-dimensional solution to Poisson’s equation was the preferred
algorithm.

Unlike other common 2-dimensional interpolation techniques the 2-dimensional so-
lutions of Poisson’s equation allows a convergent interpolated solution for the rotation
measure to be computed, whilst retaining the physical information provided by the
source spatial distribution on the sky. It also uses all RM data over the entire sky,
weighted against distance from the point of interest to determine an interpolated value.
This algorithm uses information from a large number of sources in any calculation while
allowing the points closest to the region of interest to provide the majority of infor-
mation. The use of a statistical culling algorithm removes probe sources which are
assumed to have an high intrinsic RM component.

Over 1000 extra-galactic RMs taken from several catalogues (Tabara & Inoue 1980;
Simard-Normandin et al. 1981; Broten et al. 1988; Hennessy et al. 1989; Rudnick
& Jones 1983; Lawler & Dennison 1982) were initially examined. Only those with a
believable RM fit over at least three wavelengths were selected. In the case of sources
appearing in more than one reference, the more reliable fit was used. This produced a
final catalogue of 801 sources which was utilised in the two stage process. Appendix B
gives the list of sources used.

First, a culling algorithm removed sources for which there was a three sigma, de-
viation from the local median modulus RM. This was similar to previous techniques
(Hennessy et al. 1989; Athreya et al. 1997) but rather than using a defined radius
about an individual point the algorithm tests the population of at least the nine near-
est neighbours. Moreover, unlike previous techniques, this technique estimates sigma,
from the median modulus value rather than simply the mean. The estimation process
was then performed by obtaining a convergent solution to the 2 -Dimensional Poisson’s
equation (see Appendix B).

Figure 4.1 shows the resultant estimated RM map with the position of the measured
data marked as crosses. The dashed line shows 30 degrees either side of the Galactic
plane, which was the cut-off used to select clusters of galaxies for the RM study in
Chapter 3 so as to minimise Galactic contamination.

The source density of this dataset is approximately 0.013 sources per square degree,
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whereas the density of sources in the plane of the galaxy, as defined by |b] < 30° is
0.01 per square degree. As the source density is quite low, particularly in the region
of the Galactic plane, only large-scale features may be reliably inferred. However,
with the imminent release of new Galactic plane survey data and the advent of better
instruments such as the SKA, it is expected that this situation will be greatly improved.
Never-the-less this map performs well for the purpose for which it was intended; as a
tool for the removal of the Galactic contribution from the measured RM value along a
particular line of sight.

4.3 Evaluation

In order to assess the robustness of the interpolated map it was compared to maps
generated via simple low pass filtering (via Gaussian convolution) of the same culled
dataset using different spatial scales. Figures 4.2 through 4.4 show the resultant images.

The low pass filtering is stable on scales of greater than 25 degrees, producing
consistent large-scale features. This is similar to the stability scale determined by Frick
et al. (2001) via wavelet analysis. The interpolated image also correctly reproduces
these structures.

4.4 Structure Analysis

With such a dataset it is possible to statistically determine the region in which our
Galaxy significantly affects RM measurements and even though this is only an approxi-
mation to the magnetic field influence of our galaxy there are two key results. Firstly, it
can be seen that the influence of our galaxy on RM values extends to roughly 30 degrees
either side of the Galactic plane, perhaps slightly more in the southern hemisphere.
Secondly, it confirms the presence of large-scale positive and negative RM regions seen
in the contemporary wavelet analysis study of Frick et al. (2001) which makes use of
a similar dataset.

Comparison of these features with the position of the spiral arms as deduced from
electron density models (Taylor & Cordes 1993) demonstrates that these features are
likely to be correlated with the magnetic field in the interarm region between the
Perseus and Sagittarius spiral arms. Figure 4.5 shows the spiral arms positions with
the positive and negative RM regions marked in yellow and blue respectively. The
number and position of field reversals in the Milky Way are critical to distinguish
the gobal field as either axisymmetric or bisymmetric (Vallée 1996) and proponents of
various models often have widely varing interpretations of the global direction of each
arm and its associated interarm regions (Vallée, 1991; Clegg et al., 1992; Han & Qiao,
1994; Rand & Lyne, 1994; Vallée, 1996). It is generally agreed that the field rotates in a
clockwise direction in the interarm region between the Perseus and Sagittarius-Carina
arms and an anti-clockwise direction in the region between the Sagittarius-Carina and
Scutum-Crux arms. In addition, the weight of the literature supports a clockwise
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Figure 4.1: Interpolated All Sky Rotation Measure Map, created from over 800
published RM values calculated for extrag-alactic sources. Measured data are marked
as crosses, the dashed line shows the cut off used to minimize contamination of the
cluster RMs measured in the previous chapter.
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Figure 4.2: Low pass fililered RM sky using 5 and 10 degree filters.
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Figure 4.3: Low pass filtered RM sky using 15 and 20 degree filters.



CHAPTER 4: An Estimated All-Sky Rotation Measure Map

71

Miimpolalied RIE nap - 25 ding low paas filer

Gabaclic Longitude |deg)

-100 80 o %0 100

Eorpolated] RN map - 30 deg b paes flder

Galactic Latituda (degi
) 2

40

-150 100 R

Figure 4.4: Low pass filtered RM sky using 25 and 30 degree filters.



72 CHAPTER 4: An Estimated All-Sky Rotation Measure Map

rotation in the interarm region between the Scutum-Crux and Norma arms. However,
the field direction between the other spiral arms in the outer and inner parts of the
galaxy is an area of contention.

It can be seen from Figure 4.5 that the interpolated data appear consistent with
a clockwise field direction beyond the Perseus spiral arm, in the region between the
Perseus and Perseus +I arm , which is not included in the model of Taylor & Cordes
(1993) but is located in the upper right of the plot beyond the Perseus arm (Vallée
1996). This is inconsistent with pulsar dispersion measures (Han & Qiao 1994) but
agrees with models including other data (Vallée 1996).

The interpolated data are not conclusive for other regions. In the regions cor-
responding to both the Perseus/Sagittarius-Carina interarm region the interpolated
data show both positive and negative features (coloured green on the plot). In the
area between the Sagittarius-Carina and Scutum-Crux arms these data show a posi-
tive RM region. This agrees with the literature and points to a clockwise rotation of
the magnetic field.

4.5 Source Statistics

Since the high degree of polarisation suggests ordered internal magnetic fields in the
probe source, there will be an internal rotation measure component which will be added
into the final result in spite of any culling performed.

In order to investigate the statistical behaviour of the sample, subsets of the data
at various distances from the Galactic plane were examined. In particular, the region
greater than 30 degrees from the Galactic plane was heavily investigated as this was the
area where the clusters of galaxies examined in Chapter 3 were located. The standard
deviation of 474 extra-galactic RMs at greater than 30 degrees from the Galactic plane
was found to be 10 rad m~2. Furthermore, it was discovered that at high galactic
latitudes the source distribution follows an exponential. This result is both interesting
and unexpected as at these latitudes one expects little or no contribution to the RM
from the magnetic field of the Galaxy, suggesting that the exponential distribution
must be a product of internal rotation in the extragalactic sources. It was previously
thought that this distribution would be Gaussian. Figure 4.7 shows the distribution
of RM at |b| < 30° for the galactic plane overlaid with an exponential fit to the data.
Figure 4.8 shows the same data but with a log-linear plot. Chi-squared testing shows
this data to be exponential of the form Number of occurences = A exp(0.0037 x RM)
(where A is a scaling constant in this case A=289) to greater than the 99.9% confidence.
In comparsion, the distribution obtained from all data, i.e. including those RM’s seen
on lines-of-sight through the Galaxy shows a marked deviation from the exponential
fit, especially for sources greater with modulus RMs greater than 50 rad m~2.

Only by understanding the contribution of this internal component and accounting
for it statistically can a true insight into the validity and robustness of such maps be
obtained. This will be the focus of future work.
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Figure 4.5: Location of spiral arms in the Milky Way after the model of Taylor
& Cordes (1993). The circle in the centre shows the location of the solar system,
while the coloured lines correspond to lines of sight through the galaxy where large
scale features are seen in the interpolated RM map. As in the Interpolated RM map
(Fig 4.1) yellow corresponds to a positive Rotation Measure and blue to a negative
RM. The spiral arms are numbered, with 4 being the Perseus arm, 3 the Sagittarius-
Carina arm, 2 the Scutum-Crux arm and 1 the Norma arm. The suggested outer
arm, Perseus + I, is not shown here but is located beyond the Perseus arm in the
upper right of this figure. The field directions agreed upon in the literature are shown
as red arrows. The suggested field directions from the present study are shown as
black arrows.
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Figure 4.6: Cross section of the radio Milky Way showing the location of the sprial
arms. The longitude has been reversed in order to make comparison to Figure 4.5
easier.
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Figure 4.7: Plot of the extra-galactic RM distribution for sources greater than 30
degrees from the galactic plane. The dots represent the data, while the line is the
chi-squared fit to the data.
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Figure 4.8: Plot of the extra-galactic RM distribution for sources greater than 30
degrees from the galactic plane shown as a log-linear plot. The dots represent the
data, while the line is the chi-squared fit to the data.
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4.6 Discussion

With the completion, or near completion, of major polarimetric surveys such as the
Southern Galactic Plane Survey (McClure-Griffiths et al. 2001), and the Canadian
Galactic Plane Survey (English et al. 1998), a wealth of new information on the mag-
netic field structure of our galaxy will soon become available. The expected boost
in available data for this work is a factor of 5-10. Tantalising preliminary results
have recently appeared, giving new insight into both the RM structure of the sky as
seen through the Galaxy and the role of the magnetic field in diffuse Galactic plasma
(Gaensler et al., 2001; Brown & Talyor, 2001). As these new data become available,
better modelling and subtraction of the effect of the local field will be possible. This
technique will continue to be useful in evaluating the rotation measure sky. How-
ever, since the greatest source of error is the lack of information on the behaviour of
the Galactic magnetic field, it is likely that there are better ways to handle such a
dataset. Radio astronomers face a similar problem when making images from incom-
pletely sampled uv-data, as there is a non evenly spaced set of measurements over
which one wishes to interpolate. However, in the case of radio astronomical imaging
one can construct a model of the source because something is known about how simple
radio sources behave. This can then be fed back into the processing. This gives an
extra piece of information to allow a good map to be produced even from poor data
(ie VLBI). However, here there is as yet, no model for what the magnetic structure of
the Milky Way on all but the largest scales. Thus, the greatest source of error lies with
the technique and can not be approximated in a simple way. In future, the Maximum
Entropy Method, will be investigated as a better way of determining the interpolated
RM sky and the errors associated with it.

4.7 Summary

This chapter presented an estimated all-sky rotation measure map generated from over
900 published rotation measures. This map was used in Chapter 3 to correct for the
Galactic contribution to sources which were in the background of clusters of galaxies.
Discussed here were the large scale features in the RM sky and comparisons made
between these features and the position of Galactic spiral arms. Finally RM source
statistics were addressed.



Chapter 5

Diffuse Radio Emission in A3667

5.1 Introduction

The presence of magnetic fields in galaxy clusters has been investigated in the previous
chapter via Faraday rotation of extragalactic radio sources. However, this is not the
only way such fields demonstrate their presence. Diffuse synchrotron emission also
demonstrates the existence of such fields. In this chapter the galaxy cluster A3667
which is in the unique position of having two so-called radio ’relics’, being regions of
diffuse radio emission observed on the edge of galaxy clusters, will be investigated in
detail.

5.2 Diffuse Radio Emission in Galaxy Clusters

Large scale diffuse radio emission was first discovered at low frequencies in the Coma
cluster (Abell 1656) in the late 60’s and early 70’s (Bozyan, 1968; Wilson, 1970; Donivan
et al., 1974; Jaffe et al., 1976). The detection was difficult due to the low surface
brightness of the source and early attempts to uncover more such sources were mostly
unsuccessful with a detection only in Abell 2256 (Bridle & Fomalont 1976) and marginal
inferences for Perseus (Abell 0426) (Ryle & Windram 1968) and Abell 401 (Harris &
Romanishin 1974) reported (later shown to be a blending of points sources rather than
diffuse emission (Feretti & Giovannini 1996)). These early detections were problematic
in that those undertaken on an interferometer (Ryle & Windram and Wilson using
Cambridge and Jaffe et al. and using Westerbork) did not have the short spacing
required to see large scale structure directly; it was inferred from extrapolations of
the visibility functions. Conversely those observations performed with a single dish (
Bozyan, Donivan et al. and Harris & Romanishin all using Arecibo) did not correct
the observed brightness distribution for the known point sources. Bridle & Fomalont
(1976) appears to be the first interferometric observation directly showing the large
scale structure of the diffuse cluster emission.

The late seventies saw two more sources discovered, one in Abell 1367 (Gavazzi
1979), and the other in Abell 2319 (Harris & Miley 1978). Throughout the 80s the

77
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Coma source dominated the research into diffuse emission with several groups reporting
detections at increasingly shorter wavelengths (Hanisch et al., 1979; 1400 & 430 MHz
Hanisch, 1980; Sastry & Shevgaonkar, 1983; Schlickeiser et al., 1987). However, despite
the prolific study of Coma, or perhaps because of it, diffuse emission in other galaxy
clusters began to be investigated, but the number of sources still remains relatively low
with only around 50 sources known to date (Giovannini & Feretti 2000).

The origin of this emission was speculated upon by several authors. Jaffe (1977)
was the first to investigate possible acceleration mechanisms in detail. He showed that
second order Fermi acceleration can not give enough energy to the particles and first
order Fermi is unlikely for geometric reasons and that neither convective or radiative
process can compete with losses over the observed sizes of the emission regions.

By the early 80’s three competing explanations had been proposed. The first of
these, the primary electron model, proposed particle diffusion from radio galaxies as the
cause of the diffuse emission (Jaffe, 1977; Rephaeli, 1979). This was the original “relic”
hypothesis which assumes that particles from old radio galaxies have drifted away from
the host galaxy which has then become dormant. In this scenario the spectral index of
the diffuse emission would be steep and since emission times scales are known the size
of diffuse emission would give an estimate of the bulk particle velocity.

The secondary electron model had energetic protons leaking from radio galaxies.
In this scenario secondary electrons are formed via inelastic collisions between the
relativistic protons and the thermal ions in the intracluster medium (Dennison 1979).

However, soon discovered that the spectral index of the diffuse emission in Coma
was 1.3 which is not as high as expected for simple diffusion (Hanisch 1980). However,
calculating an average spectral index over a large frequency range using data from
different telescopes is difficult and it can be argued that this is not a sufficient condition
to discount the model. What is much more concerning is the bulk diffusion speeds
required in the larger relics in many cases this exceeds both the ion sounds speed
and the Alfven speed (Hanisch et al., 1979; Hanisch, 1980). Thus, the primary and
secondary electron models were put in serious doubt.

Finally the in-situ acceleration model where continuous acceleration occurs at the
site of the observed emission was suggested (Jaffe, 1977; Roland, 1981). Acceleration
processes proposed for the in-situ model included galactic wakes (Roland 1981) and
bow shocks (Blandford & Ostriker 1978) and finally shocks from cluster-cluster mergers
(Harris et al. 1980; Tribble 1993).

The first peripheral diffuse radio emission region found on a cluster edge was the one
in A1367 (Gavazzi, 1978; Hanisch, 1980). Confusingly these peripheral sources came
to be known as “relics” after the model thought to generate them. Fortunately even at
the time of their discovery several authors thought they were NOT generated through
the relic radio galaxy model, which was the dominant model at the time. In the case of
A1367 there is no suitable host galaxy found in the optical and so it was concluded very
early on that the particles must be accelerated in situ (Gavazzi 1978). Hanisch (1980)
favoured inverse Compton scattering to link both radio and X-ray emission in galaxy
clusters, however in the case of A1367 there is no X-ray emission in the region of the
diffuse radio emission and so he concluded it must be a Head-Tailed galaxy phenomena
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(Miley et al. 1972). However, further observations also ruled this hypothesis out.

In the models of Harris et al. (1980) and Tribble (1993), shock fronts on a scale
large enough to accelerate Mpc sized fronts could be created, explaining the large extent
of the observed emission, without having to worry greatly about diffusion times. This
combined with the X-ray driven notion of cluster sub-structure became the most popu-
lar explanation for diffuse radio emission, spawning a whole field of research into cluster
mergers and their connection to radio sources. Proponents of the model expanded on
the theory producing ever more sophisticated scenarios to explain particular clusters
in detail (Enfilin et al. 1998; Roettiger et al. 1999) and often the models were altered
significantly to fit an individual clusters available data. It was not until the work of
Ricker & Sarazin (2001) that a purely general merger induced shock model was applied
to real data.

In all of these shock models the source of the particles was still a mystery. Several
authors proposed tailed radio galaxies as the source of the particles (Rottgering et al.
1997; EnBlin et al. 1998), however this was often problematic as the jet axis was often
not aligned to the direction of the diffuse emission (see Section 5.11). To over come
this problem the concept of fossil plasma has recently developed (Enflin 1999). In
this model, long dormant patches of plasma litter the heavens, waiting to wakened by
the acceleration of a passing shockwave, so that they may burst forth once more into
radio brilliance. The most significant advantage of this model is that it provides an
explanation as to why diffuse emission is not observed in all clusters which are in a
supposed post merger state.

5.3 A3667

The ACO Cluster, A3667 (Abell et al. 1989), is arguably the most interesting and
consequently most studied cluster in the Southern sky. However, although the physical
picture of the cluster is constantly evolving as more multiwavelength data is obtained,
it seems that many basic questions about the dynamical history of A3667 remain
unanswered. The work presented in this chapter details the most sensitive radio images
yet made of the entire cluster region and places them in context with the current
understanding of cluster mergers and the generation of diffuse radio emission regions.

5.3.1 Physical Picture of A3667

A3667 is a rich, X-ray luminous, Southern galaxy cluster which has the distinction of
being one of only a handful of galaxy clusters to have a cold gas front at the centre
and the only cluster yet seen with two diffuse radio emission regions.

A3667 is relatively close, having a published redshift of 0.0550 based on the mea-
surement of 123 galaxies in the cluster (Sodre et al. 1992). The Abell richness class
is 2 and the Bautz-Morgan type is I-II (Haigh et al. 1997) indicating the presence of
many galaxies in this region. Proust et al. (1988) report 423 galaxies with blue mag-
nitudes up to my = 19.0 in the cluster field and, based on the isodensity plots for this



80 CHAPTER 5: Diffuse Radio Emission in A3667

sample, conclude a bimodal optical galaxy distribution (see Section 6.2). The velocity
dispersion is high at 970 km s~! (Girardi et al. 1998), which places A3667 amongst the
clusters of largest velocity dispersion (Sodre et al. 1992). ROSAT observations revealed
a high X-ray luminosity with L, = 8.74 x 10* h2 ergs s~! in the 0.4-2.4 keV range
(Ebeling et al. 1996), making it one of the brightest X-ray sources in the Southern sky.
Further, the X-ray isophotes are distorted in the direction of the reported bimodal op-
tical distribution and observations from the Einstein Satellite are reported as showing
clear evidence of substructure (Sodre et al. 1992). Observations of the temperature of
the X-ray gas with ASCA by Markevitch et al. (1999) showed the central part of the
cluster to be cool and the X-ray surface brightness profile along the elongation axis
suggests a shocked region is present. These features are shown in Figures 5.1 and 5.2
respectively.
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Figure 5.1: Temperature observations of the X-ray emitting gas in A3667 taken
with ASCA (Markevitch et al. 1999).

Recent Chandra observations confirmed this interpretation revealing the central
part of the cluster to contain a cold gas front moving through the warm intercluster
medium (Vikhlinin et al. 2001). This gas, shown in Figure 5.3, has a very sharp leading
edge possibly indicating supersonic velocity.

However, by far the most dramatic features of A3667 are the two symmetrically
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Figure 5.2: X-ray Surface profile brightness for A3666 (Markevitch et al. 1999).
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Figure 5.3: Chandra observations of the cold gas front in A3667 (Vikhlinin et al.

2001). Here galaxy A is the cD galaxy of A3667.
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Figure 5.4: Chandra observations of the cold gas front in A3667 overlaid on a DSS
image (Vikhlinin et al. 2001). Here galaxy A is the cD galaxy of A3667 and B is the
cD galaxy of the sub-group reported by Proust et al. (1988).

located regions of diffuse radio emission, first detected in a 843 MHz image taken with
the Molonglo Observatory Synthesis Telescope, MOST (Réottgering et al. 1997). This
image is shown in Figure 5.5.

The combination of these features has been interpreted as evidence that the cluster
is observed in a post merger state (Rottgering et al., 1997; Knopp et al., 1996; Roettiger
et al., 1999; Markevitch et al., 1999; Vikhlinin et al., 2001).

A few authors have tried to explain the emission in A3667, using primarily shock
models derived from the initial concept of Tribble (1993). Based on a model for the
Coma cluster, Enfllin et al. (1998) considered matter falling into the gravitational
potential of the cluster as the source of the shocks which generated the North western
diffuse emission. The seed particles in this scenario are provided by the central head-
tail galaxy B2007-569. Predictions of the model included the percentage polarisation
for the Southern DRER and an overall geometry which would be testable through
Faraday mapping of the diffuse regions.

On the other hand Roettiger et al. 1999 proposed a model wherein fore and aft
shocks generated by a cluster-cluster merger give rise to the diffuse emission. Using
magneto-hydro-dynamical (MHD) N-body calculations, Roettiger et al. modelled the
resultant X-ray and radio emission produced by a slight off-axis merger of two clus-
ter groups. Comparison of these data with the observed radio and X-ray data show
there is reasonable morphological agreement between theory and observation, however
this is not surprising since the model was generated after the MOST image had been
published. An image of the simulated radio and X-ray data is shown in Figure 5.6,
while the location of shocks from the model is shown in Figure 5.7. Predictions of the
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Figure 5.5: 843 MHz observations of A3667 taken with MOST, overlaid with X-ray
contours from ROSAT. Figure from Rottgering et al. (1997).
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MHD code, include a spectral gradient in the Southern DRER in the direction of the
supposed merger axis, a magnetic field strength in the region of 0.6 G and strong
radio emission in the cluster core.

A3667 is unique in that it possesses both the largest and brightest diffuse radio
emission regions and a wealth of multiwavelength data for the entire cluster region.
This provides the unique opportunity to perform a detailed study of possible generation
mechanisms for the diffuse emission and test DRER. generation theories.

Figure 5.6: Simulated radio and X-ray data for A3667, generated from a MHD
N-body code describing a cluster-cluster merger (Roettiger et al. 1999). Grey scale
show the regions of predicted radio emission, while contours represent the extent of
the thermal X-ray gas.

5.4 Diffuse Emission in A3667

The diffuse radio source to the Northwest of A3667 is not a recent discovery. It has
been observed with increasing frequency since the early 60s when it was first included
as one of the brightest sources in the MSH catalogue (Mills et al. 1961) with a flux
density of 81 Jy at 85.5 MHz being reported. Even the complex shape and low surface
brightness have been known for the last 30 years. Ekers (1969) attempted to model
the source using limited data from the two element ANRAQO interferometer but found
the brightness distribution too complex. Shortly after, it was imaged at 408 MHz
with Molonglo by Schilizzi & McAdam (1975) who commented on the unusual twisted
shape and low surface brightness. Goss et al. (1982) improved upon the resolution



CHAPTER 5: Diffuse Radio Emission in A3667 85

Figure 5.7: Shock location for a MHD N-body code describing a cluster-cluster
merger (Roettiger et al. 1999).

of Schilizzi & McAdam (1975) by observing the source at 1415 MHz with the Fleurs
Synthesis Telescope. They reported a total flux density of 1.5 & 0.2 Jy for the source
and argued that as this was in good agreement with the result of Ekers (1969) who
observed 1.9 Jy, that there was little or no flux missing for the source despite their
low sensitivity to large-scale structure. It was not until the source was mosaiced with
the ATCA by Rottgering et al.(1997) that a clear picture of the extent of the source
was obtained, revealing that all previous observations were missing part of the source
structure. Rottgering et al.(1997) improved the flux density estimate further, giving
a lower limit of 2.4 + 0.2 Jy at 1.4 Gz and 1.4 Jy at 2.4 GHz. Also in Rottgering
et al.(1997), though not directly discussed in the paper, was a second diffuse source to
the Southeast of the cluster. This source was seen in a new 843 MHz image taken with
the Molonglo Synthesis Telescope (see Figure 5.5). Both sources were shown to border
the edge of the X-ray emission as observed with ROSAT.

5.4.1 This Study

The 1.4 and 2.4 GHz mosaics made by Rottgering et al.(1997) only covered half of the
cluster region centring on the North eastern DRER. It was decided that the cluster
would be reobserved in order to extend the mosaics to cover the entire cluster region.
Further, the polarimetry data taken by Rottgering et al. (1997) was never published.
It was the focus of this study to examine the entire cluster for diffuse emission making
use of both the total intensity and polarimetric data. Additional observations of the
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NW DRER at 4.7 GHz were also undertaken in a pilot study to assess the feasibility
of mosaicing the diffuse emission at higher frequencies, and three point spectral index
curves between 0.8, 1.4 and 2.4 GHz were investigated.

5.5 Observations

5.5.1 Mosaicing at 20 and 13 Centimetres

Radio imaging of the cluster was performed at 1.4 and 2.4 GHz using the Australia
Telescope Compact Array. A 30 point-mosaic consisting of 16 pointings from the
archive (Rottgering et al. 1997) and 14 new pointings was generated. The locations
of the pointing centres for archival and new observations are shown in Figure 5.8. A
total of 9 x 12 hours of observation in five different array configurations were used to
image the entire cluster. Table 5.1 gives the observational details. The mosaic pattern
of the new observations was chosen in a rectangular grid so as to match the archival
spacings. This was done as it was felt that the gain in efficiency obtained by using an
hexagonal grid would be lost in increasing difficulty of the processing.
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Figure 5.8: Location of mosaic pointing centres for 1.4 and 2.4 GHz observations
of A3667. The triangles correspond to archival data, while the diamonds are from
this study.

All data, including the archival material, was reprocessed using the MIRIAD
software package and combined into single mosaics at each of the four Stokes parameters
for each of the two observing frequencies. During processing it was discovered that
producing a jointly deconvolved mosaic on such a large dataset was too computer
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Table 5.1: 1.4 & 2.4 GHz observations of the NW DRER in A3667. Observations
prior to 1999 were taken from the ATCA archive. Column 1 gives the data of
the observation; Column 2 the integration time in minutes; Column 3 the array
configuration where the first digit corresponds to the maximum baseline length in
meters, except in the case of a 6 which denotes 6 km; Column 4 gives a flag for the
source of the data, a 1 indicates archival data from the NW of the cluster and a 2
corresponds to date from the SE observed for this thesis.

Date Integration Time (min) | Array Configuration | Area
1993 September 06 709 6C 1
1993 September 10 627 750c 1
1993 September 21 580 6D 1
1993 October 03 633 375 1
1999 January 06 706 375 2
1999 February 05 353 750C 2
1999 February 06 234 750C 2
1999 February 22 658 6C 2
1999 April 25 696 1.5C 2
1999 August 25 748 6D 2

intensive even after removing the long baselines. As a result, all images presented
here are linear mosaics. It is hoped that in the future Moore’s Law will allow a joint
deconvolution mosaic to be produced for the entire dataset.

5.5.2 6 Centimetre Observations

Due to the steep spectral index observed in most DRERS, it was unlikely that anything
but the brightest parts of the NW source would be visible at 4800 MHz. Nevertheless
an observing program was accepted to attempt detection of the NW diffuse source at
6cm. Initially time was scheduled in March 2000, however due to a power cable melting
and taking out an antenna, the observations had to be rescheduled for later in the year.
The scheduled observations were supplemented with unallocated time obtained under
the ATCA duty astronomer program. Table 5.2 gives details of the observations.

The total integration time for usable data was 1234 minutes (20.5 hours). The other
ATCA frequency band was used to observe at 8640 MHz in the hope of also getting a
detection at this frequency. However, no detection at 8.6 GHz was made, in hindsight
it would have been better to improve the 4.8 GHz sensitivity by using this band to
observe at a different part of the ATCA’s 6cm band.
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Table 5.2: 4800 GHz observations of the NW DRER in A3667. Unfortunately the
data collected in September 2000 were corrupt, with no phase information being
recorded for the secondary calibrator. Self calibration on these data proved unsuc-
cessful, so they could not be used in the final analysis.

| Date | Integration Time (min) | Array Configuration
2000 April 04 161 6D
2000 April 12 165 1.5D
2000 September 08 548 6A*
2000 November 11 528 6C
2002 January 29 218 6B
2002 January 30 162 6B

5.6 Total Intensity 1.4 GHz Imaging

Figure 5.9 shows the high resolution (6 arcseconds) 1.4 GHz image of A3667 overlaid
with X-ray contours from the ROSAT PSPC observation. The RMS sensitivity of this
image is 0.05 mJy beam™!, which is a factor of four better sensitivity than the lower
resolution (18 arcseconds) image produced by Rottgering et al. (1997), making it the
most sensitive radio image of this cluster to date. This image clearly shows the two
diffuse radio emission regions and their symmetrical arrangement in the cluster about
the thermal gas.

Figures 5.10 and 5.11 show enlarged images of the Northern diffuse emission at high
resolution. A clearly filamentary structure is evident in the source. The linear size of
the entire source is estimated to be 1.7 Mpc, while the length of the filaments varies
from around 250 to 400 kpc. The source also exhibits knots of enhanced emission such
at the bright region seen on the upper west edge of the source. Figures 5.12 and 5.13
show enlarged images of the Southern emission.

5.6.1 Low Resolution Imaging

As the diffuse emission is likely to be partly resolved out at a resolution of 6 arcseconds,
lower resolution images were made at 1.4 and 2.4 GHz in order to better examine the
diffuse structure. Images were made at resolution of 43 arcseconds by applying an
appropriate uv-taper. This resolution was chosen to match that of the 0.8 GHz data
available from MOST (Hunstead et al., 1998) which was to be used in conjunction with
these data to generate spectral index maps (see Section 5.8). 1.4 GIIz images of the
diffuse emission are shown in Figures 5.14 and 5.15. It can be seen that the extent of
both sources is much larger than in the high resolution imaging and in the case of the
NW DRER the extension of the source in the lower Western region is much greater
than that shown by Rottgering et al. (1997). These low level features appear also in
both the 2.4 GHz and new MOST maps confirming their reality. The total flux at 1.4
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Figure 5.9: 1.4 GHz ATCA data for A3667 shown at 6 arcesond resolution and
overlaid with contours from the ROSAT PSPC observation. X-ray contours are
given at 2.25, 7.25, 12.25, 17.25, 22.25, 27.25, 32.25, 37.25, 42.25, 47.25 and 52.25
times the background.
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Figure 5.10: The northern DRER shown at 1.4 GHz and 6 arcseconds resolution.
Filamentary structure is clearly present in this source, as well as small regions of
enhanced emission.
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Figure 5.11: The northern DRER shown at 1.4 GHz and 6 arcseconds resolution.
Contours are given at 0.14, 0.28, 0.56, 1.1, 2.3, 4.5 and 9 mJy beam™!.
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Figure 5.12: The southern DRER shown at 1.4 GHz and 6 arcseconds resolution.
While no filamentary structure is seen here, there are regions of enhanced emission
similar to those found in the Northern source. The strong lobed source embedded in
the north of the diffuse emission is a suspected background FRII galaxy.
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Figure 5.13: The southern DRER shown at 1.4 GHz and 6 arcseconds resolution.
Contours are given at 0.14, 0.28, 0.56, 1.1, 2.3, 4.5 and 9 mJy beam™1.
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GHz for the NW emission is calculated as 3.7 + 0.3 Jy which is almost 1.5 times higher
than that reported by Rottgering et al. (1997). This discrepancy is mostly likely due
to more of the source structure being detected. Despite this increase in source size,
there is still quite a large negative bowl surrounding the NW emission, which suggests
that even in these new images not all of the flux has been recovered. In contrast there
is no negative bowl for the SW emission and a total flux of 0.3 £ 0.02 Jy is estimated
from these data.
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Figure 5.14: The Northern DRER shown at 1.4 GHz and 43 arcseconds resolution.
The RMS sensitivity of the image is 0.1 mJy beam~!. Contours are given at 0.27,
0.38, 0.54, 0.76, 1.1, 1.5, 2.1, 3.0, 4.2, 6.0, 8.4, 12, 17, 24 and 34 mJy beam™!.

The low resolution imaging has also revealed marginal evidence of a central halo.
This possible halo is shown in Figure 5.16. This emission is very weak, with a total
flux at 1.4 GHz of 33 + 6 mJy. The detection of this halo is thrown into some doubt,
as though it is clearly several sigma above the noise and is in the correct position for a
central halo (see Figure 5.17 which is the X-ray overlay) it is also in the position most
likely to be due to addition of the side lobes from the two bright head-tail galaxies in
the field. Not surprisingly nothing is seen in this region in the 2.4 GHz image, as if a
halo were present it would be too weak to detect, and if the effect is due to the side
lobe pattern, moving to a different frequency will change their intersection location.
The potential halo is also not detected in the MOST image. Though these data are not
as sensitive at the 1.4 GHz image, having an RMS noise of 0.6 mJy beam™!, it would
be expected that a halo would be brighter at 0.8 MHz than at 1.4 GHz. However,
assuming a typical halo spectral index of -1, this would only give a total flux at 0.8
GHz of 56 mJy, which spread out over such a large area would be undetected in this



CHAPTER 5: Diffuse Radio Emission in A3667 93

=57700

~-57°06"

Declination (J2000)
mlJy/Beam

57710

—-57°15'

fin A
20"1500" 14™30°  14™00% 13307
Right Ascension (J2000)

Figure 5.15: The Southern DRER shown at 1.4 GHz and 43 arcseconds resolution.
The RMS sensitivity of the image is 0.1 mJy beam™!. Contours are given at 0.27,
0.38, 0.54, 0.76, 1.1, 1.5, 2.1, 3.0, 4.2, 6.0, 8.4, 12, 17, 24 and 34 mJy beam™!.

image. A deeper image either at 1.4 or 0.8 GHz will be required to confirm or deny
this possible detection. Follow up observations on the ATCA at 1.4 GHz have been
scheduled for July 2003.

5.6.2 Other Sources

Aside from the diffuse emission A3667 also harbours several objects of extended ra-
dio morphology. These objects, being two head-tail sources and a suspected FRII
galaxy are presented as radio images in Figures 5.18, 5.20 and 5.22 respectively and as
optical/radio overlays in Figures 5.19, 5.21 and 5.23.

The first of these objects, shown in Figure 5.18 is the head-tail radio galaxy B2007-
569 (Goss et al. 1982), which is seen toward the cluster centre in Figure 5.9. The
optical counterpart to this source, galaxy 072 from Sodre et al. (1992), seen in Figure
5.19 has a redshift of 0.053 (Danziger et al. 1983) defining it as a cluster member.
X-ray emission from this object is also clearly visible in the ROSAT PSPC image.
This galaxy would lie within the region of most gravitational interaction between the
reported subgroups (see Figure 6.1) and constant dynamical friction may explain the
strong multiwavelength activity.

The second head tail source can be seen in Figure 5.9 just north west of the Southern
diffuse emission region. This galaxy seen in figure 5.20 presents a more obvious picture
of a narrow angled tail source than B2007-569. It has two clearly evident radio jets
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Figure 5.16: Possible weak halo in the centre of A3667 detected at 1.4 GHz with a
43 arcsecond beam. The RMS sensitivity of the image is 0.1 mJy beam™!. Contours
are given at 0.27, 0.38, 0.54, 0.76, 1.1, 1.5, 2.1, 3.0, 4.2, 6.0, 8.4, 12, 17, 24, 34, mJy
beam~!.
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Figure 5.17: Possible weak halo in the centre of A3667 detected at 1.4 GHz with
a 43 arcsecond beam is shown here overlaid with contours with the ROSAT PSPC
data. The RMS sensitivity of the radio image is 0.1 mJy beam~!. Radio contours
(black) are shown at 0.27, 0.38, 0.54, 0.76, 1.1, 1.5, 2.1, 3.0, 4.2, 6.0, 8.4, 12, 17,
24, 34, mJy beam™!, whereas X-ray contours (pink) are shown at 7.25, 12.25, 17.25,
22.25, 27.25, 32.25, 37.25, 42.25, 47.25 and 52.25 times the X-ray background.
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Figure 5.18: The head-tail source B2007-569 shown at 1.4 GHz and 6 arcseconds
resolution. Contours are given at 0.14, 0.2, 0.28, 0.4, 0.56, 0.8, 1.1, 1.6, 2.3, 3.2, 4.5,
6.4, 9.0, 13, 18, 26, 36, 51 and 72 mJy beam™!. The total flux for this source is 1.47
+ 0.01 Jy.
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Figure 5.19: DSS image of the head-tail source B2007-569 shown with 1.4 GHz, 6
arcsecond, contours overlaid. Contours are given at 0.2, 0.28, 0.4, 0.56, 0.8, 1.1, 1.6,
2.3, 3.2, 4.5, 6.4, 9.0, 13, 18, 26, 36, 51 and 72 mJy beam™!.
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Figure 5.20: The head-tail source J201358.890-570226.00 shown at 1.4 GHz and 6
arcseconds resolution. Contours are given at 0.2, 0.28, 0.4, 0.56, 0.8, 1.1, 1.6, 2.3,
3.2, 4.5 and 6.4 mJy beam™!. The total flux for this source is 1.35 £+ 0.02 Jy.
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Figure 5.21: DSS image of the head-tail source J201358.890-570226.00 shown with
1.4 GHz, 6 arcsecond, contours overlaid. Contours are given at 0.2, 0.28, 0.4, 0.56,
0.8, 1.1, 1.6, 2.3, 3.2, 4.5 and 6.4 mJy beam™!.
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Figure 5.22: The source J201358.890-570226.00 shown at 1.4 GHz and 6 arcseconds
resolution. Contours are given at 0.2, 0.28, 0.4, 0.56, 0.8, 1.1, 1.6, 2.3, 3.2, 4.5 and
6.4 mJy beam™!. This source lies behind the Southern diffuse emission.
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Figure 5.23: DSS image of the head-tail source J201358.890-570226.00 shown with
1.4 GHz, 6 arcsecond, contours overlaid. Contours are given at 0.56, 0.8, 1.1, 1.6,
2.3, 3.2, 4.5 and 6.4 mJy beam™!.

extending from the radio core being swept back either by movement of the object itself
or of the cluster medium. The optical counterpart of this object, object 157 from
Proust et al. (1988) as shown in the radio optical overlay, Figure 5.21, has magnitude
15.97 and a measured redshift of 0.0524 (Katgert et al. 1998) making it also a cluster
member. The movement associated with the jets may again be an indication that there
is turbulence within the intra-cluster medium or merging present (Bliton et al. 1998).
However, the use of HT galaxies as an indicator of cluster weather is a topic of some
contention.

The third radio object of interest, Figure 5.22, is a classic double-lobed radio galaxy.
There is an extremely faint optical counterpart for this object, shown in Figure 5.23.
Given the faintness of the optical counterpart, which is just detectable in the DSS red
image (down to magnitude 21), and the known properties of radio galaxies of this type,
it is highly likely to be extremely distant.

One other object of note, is the Seyfert 1 galaxy, Fairall 0339 (Fairall 1981), which
can be seen as a strong concentration in the X-ray toward the lower half of Figure
5.9. This object is a cluster member with redshift 0.054 (Hewitt & Burbidge 1991)
with radio emission of 4.1 £ 0.1 mJy at 1.4 GHz. The galaxy is observed as a distant
barred spiral (Fairall 1981) of magnitude 16.38 (Sodre et al. 1992). Emission features
seen for this object include broad H emission (Véron-Cetty & Véron 1986) and strong
emission lines for H and He[II] (Fairall 1981). Fairall 0339 also exhibits several Fe[II]
(Sodre et al., 1992; Fairall, 1981) and O[III] emission lines (Sodre et al. 1992) making
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it a fairly typical Seyfert.

Other strong X-ray sources shown in Figure 5.9 are associated with stars, the bright-
est of which is the F5 star SAO 246489 (Sodre et al. 1992). These are not discussed
here.

5.7 Total Intensity 4.8 GHz Imaging

The single pointing 4.8 GHz image of the Northern DRER is shown in Figure 5.24
with contours from the 1.4 GHz data overlaid. The restoring beam for this image is
11 by 8 arcseconds and the RMS sensitivity is 0.04 mJy per beam. An enlargement of
the brightest part of the strongest filament from the 1.4 GHz is seen in Figure 5.25.
The brightest part of the DRER shows a curiously point like core with a possible
jet structure and is reminiscent of the radio emission in M87. However, no optical
counterpart has been reported at this location.
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Figure 5.24: 4.8 GHz imaging of the NW diffuse emission in A3667. Contours from
the 1.4 GHz low resolution map (see Fig 5.14) are shown in purple while contours
for the 4.8 GHz data are given in red at 0.2, 0.28, 0.4, and 0.56 mJy beam™!. The
resolution of the 4.8 GHz image is 11 arcseconds and the RMS noise is 0.04 mJy per
beam.
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Figure 5.25: Enlargement of Figure 5.24 to better show the point like core of the
brightest filament in the Northern diffuse emission region.

5.8 Spectral Indices

The spectral index of the northern DRER was investigated using an 0.8 GHz MOST
image kindly provided by Dr. R. W. Hunstead, and the 1.4 and 2.4 GHz ATCA images.
As the data were of such high quality it was possible to investigate the spatial variation
of the spectral index in different regions, such as the filaments.

Great care was taken to match the resolution of all three images before the final spec-
tral indices were determined. First the higher resolution ATCA data were re-imaged
using an appropriate uv-taper in order to match the MOST resolution of 43 arcsec-
onds. Then the ATCA images were gridded into the same projection as the MOST
data (cosec(d)). This was accomplished in a two stage process. Firstly MIRIAD was
used to transform the ATCA images into the same co-ordinate system as the MOST
image. Then the Kview package ko-ord was used to adjust for a very slight rotational
transformation between the ATCA and MOST images which was still present after the
MIRIAD operation. Ko-ord performs a regridding based on user identified matched
pairs of sources. The success of the software depends to some extent on the number
of source pairs used to calculate the transformational matrix. In this case 43 point
sources common to the image fields were used. Finally, all images were convolved with
a Gaussian filter just slightly larger than the MOST beam to ensure any residual effects
from differing beam shapes were removed.

This produced a set of three well matched images. An initial investigation of the
two spectral index maps produced, (the first between 0.8 and 1.4 GHz and the second



102 CHAPTER 5: Diffuse Radio Emission in A3667

between 1.4 and 2.4 GHz) did not exhibit any of the tell tale signs of poor image
matching such as radial and linear gradients across the point sources. Thus, it was
assumed that the matching procedure had been performed correctly.

A two point spectral index calculated between 0.8 and 1.4 GHz was produced for
the entire cluster using MIRIAD. This image is shown as a hue-intensity plot in
Figure 5.26. Hue-intensity plots are obtained by assigning the colour scale from one
image, in this case the spectral index map, and the intensity from another, in this case
the 1.4 GHz ATCA image was used.

Figure 5.26: Spectral index map for A3667 between 0.8 and 1.4 GHz. Shown here
as a hue-intensity plot with the hue corresponding to the spectral index value and
the intensity being the total intensity at 1.4 GHz. Values of the spectral index, a,
are as follows: yellow (-0.1- -0.5), green (-0.5 — -0.7), blue (-0.7- -1.4), pink (-1.4-
-2.1).

Larger images of both DRERs are also shown in Figures 5.27 and 5.28. There are
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Figure 5.27: Spectral index map for the NW DRER between 0.8 and 1.4 GHz.
Shown here as a hue-intensity plot with the hue corresponding to the spectral index
value and the intensity being the total intensity at 1.4 GHz. Values of the spectral
index, a, are as follows: yellow (-0.1- -0.5), green (-0.5 — -0.7), blue (-0.7- -1.4), pink
(-1.4--2.1).
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Figure 5.28: Spectral index map for SE DRER between 0.8 and 1.4 GHz. Shown
here as a hue-intensity plot with the hue corresponding to the spectral index value
and the intensity being the total intensity at 1.4 GHz. Values of the spectral index,
a, are as follows: yellow (-0.1- -0.5), green (-0.5 — -0.7), blue (-0.7- -1.4), pink (-1.4-
-2.1).
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several features in the two-point spectral index map that are worth of discussion. First
the flat spectral ridge reported by Rottgering et al. (1997) on the outer edge of the NW
source is not apparent. Rather the flattest part of the spectrum appears toward the
very north of the source where it is most diffuse. Also there is only a moderate spectral
gradient across this source, with the average value across the source at -0.9 + 0.2. The
difference between these new data and the previous image made by Réttgering et al.
(1997) appears to be due to more careful matching of the image resolutions. There
seems to be a mismatch in the image sizes in the Rottgering et al. data as suggested
by the spectral gradients on the point sources, such an effect will commonly produce
erroneous results at the edge of a source.

The South eastern source on the other hand shows a well defined spectral index
gradient along the major axis of the cluster with the outer parts of the source having
the flattest spectra. This, combined with the sharp outer edge, could be interpreted as
a slow moving radial expansion of the shockfront theorised by Roettiger et al.. Overall
this source is steeper than its Northern counterpart with an average spectral index of
-1.2 £ 0.2.

Data were then imported into the SYNAGE++ software package developed by
Matteo Murgia at the IRA, Bologna, Italy. SYNAGE++ allows the user to specify
regions of the image over which spectral fits are calculated. For the Northern DRER
three point spectral index plots were obtained for a series of areas corresponding to
the filaments and diffuse regions of the source as well as a plot of S%§ versus S3:; for all
parts of the source. Figures 5.29 through 5.34 show the results of the spatial spectral
index investigation. For each set of figures there is one showing the location of the
boxes used to calculate the three-point spectral index within the source and then a
series of 6 plots giving the results. Finally Figure 5.35 show the plot of af§ versus o}
for all parts of the source. The box size chosen was slightly larger than the telescope
beam and the data were average within each box.

Results of the three point spectral index plots suggest that the filaments follow
a power law spectrum with a spectral index value of 1.0 & 0.1, whereas the rest of
the source exhibits the curved spectral gradient signature of simple diffusion. The
power law result for the filaments is surprising as this may indicate continuous energy
injection, which is difficult to explain given the current models. It should be noted that
previously the measurement of a power law spectra for diffuse radio emission has been
regarded as suspicious and was thought likely to represent the averaging of different
spectral values across a source (Rudnick, L., private communication 2000). However,
here the data are of sufficient quality to determine distinct spectral indices for various
parts of the source.

One final point to consider is the effect of differing uv-plane coverage on the spectral
index data, this is of particular importance when comparing the data taken with MOST
to that taken with the ATCA. The ATCA has slightly less sensitivity to large scale
structure than MOST. This may mean that the ATCA fluxes are slightly lower than
would be expected if the instrument had the same uv-plane coverage as MOST. This
would tend to make the overall spectral index steeper than it should be. However, in
the case of the filamentary structure, as this occurs on quite small scales, the spectral
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index here is likely not to be strongly affected by the differing uv coverage.
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Figure 5.29: Spectral index sample locations in the Southern part of the larger
diffuse emission region in A3667. The resultant spectral index plots for these boxes
are given in Figure 5.30.

5.9 Polarimetry

Polarisation data were obtained at 1.4 and 2.4 GHz from the ATCA mosaic data.
Both diffuse radio features have high levels of polarisation. At 1.4 GHz the percentage
polarisation of the Northern feature varies from 10 to 40 percent and appears cor-
related with the strongest filament while the Southeast source has strong percentage
polarisation throughout varying between 30 and 50%. However, these values should
be treated with some caution as it is not yet known if all of the total intensity flux is
being sampled. As has been shown in the case of the galaxy it is possible to measure a
significant polarised flux from very diffuse sources, even where the total intensity has
been resolved out (Gaensler et al., 2001; Haverkorn et al., 2002). These values, should
for now be regarded as an upper limit. Unfortunately, the 2.4 GHz polarimeteric data
were affected by side lobes from the sun in several of the observations. The data have
not proved to be very reliable and are not presented here.

Position angle plots were made for all sources with both significant polarisation and
extended structure, these can be seen in Figures 5.36, 5.37 and 5.38. These figures show
the Northern and Southern DRERs and the head-tail galaxy J201358.890-570226.00,
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Figure 5.30: Spectral index plots for the Southern part of the larger diffuse emission
region in A3667. The corresponding box location is given in Figure 5.29. These
regions show a typical curved spectrum related to electron aging.
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Figure 5.31: Spectral index sample locations in the Northern part of the larger
diffuse emission region in A3667. The resultant spectral index plots for these boxes
are given in Figure 5.32.

respectively. The position angle pattern is complex for all three sources and doesn’t
seem to correlate with the intensity in any significant way. In the case of J201358.890-
570226.00 the sign of the position angle changes rapidly at certain points. This is
further illustrated in Figure 5.39 which shows all positive position angles values in red
and all negative values in blue. As these reversals do not seem correlated with the
know magnetic field structure in the radio jets it is likely they represent reversal scales
for the intracluster magnetic field. In this case field reversals on scale of around 30 —
80 kpc are present.

5.9.1 Rotation Measure Data

In Chapter 3 a statistical search for an enhancement of the rotation measures observed
towards the centre of Southern non-cooling flow clusters was conducted. Data obtained
in this study for six Southern galaxy clusters were compared to that taken for 24
Northern cluster by Clarke (2000). It was found that the data agreed well between
the two datasets. However, there are two anomalous points on the plot of residual
RM versus impact parameter (Figure 3.6), which correspond to background sources
viewed through the North west DRER, in A3667. These points, labelled 1 and 2 on
the plot have residual RMs (after galactic correction) of -165.1 and -98.2 rad m™2
respectively. Assuming a uniform but extended Faraday screen the magnetic field
required to generate such an RM can be estimated using:



CHAPTER 5: Diffuse Radio Emission in A3667

109

-_rrr—- woor

RO DL

20 C (o]

< x v

—

<«

~ X 3D

Figure 5.32: Spectral index plots for the Northern part of the larger diffuse emission
region in A3667. The corresponding box location is given in Figure 5.31. These
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regions show a typical curved spectrum related to electron aging.
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Figure 5.33: Spectral index sample locations in the filamentary parts of the larger
diffuse emission region in A3667. The resultant spectral index plots for these boxes

are given in Figure 5.34.
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Figure 5.34: Spectral index plots for the filamentary parts of the larger diffuse
emission region in A3667. The corresponding box location is given in Figure 5.33.
These regions show a power law spectrum with ag,e = 1.0 + 0.1, suggestive of
continuous energy injection.
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Figure 5.35: o versus o} for the all points across the NW DRER in A3667. The
points clustered about the line of unity are those from within the source filaments.
The other points exhibit the signature of simple diffusion.

DEGREES

Declination (J2000)

Right Ascension (J2000)

Figure 5.36: 1.4 GHz derived position angle map for the NW diffuse emission in
A3667. The image has been blanked below three sigma in total intensity.
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Figure 5.37: 1.4 GHz derived position angle map for the SE diffuse emission in
A3667. The image has been blanked below three sigma in total intensity.

Figure 5.38: 1.4 GHz derived position angle map for the head-tail galaxy
J201358.890-570226.00. The image has been blanked below three sigma in total

intensity.
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Figure 5.39: 1.4 GHz derived position angle map for the head-tail galaxy
J201358.890-570226.00. The image has been blanked below three sigma in total
intensity. All positive values are shown in red and all negative values are shown in
blue. The reversal scales here are of the order 30 — 80 kpc and are likely associated
with the cluster magnetic field.
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(RM) = 812B”ned (5.1)
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Figure 5.40: Locations of extragalactic objects used to probe the magnetic field
in the region of the DRER via Faraday rotation measures. The northern DRER is
shown at 1.4 GHz in low resolution (43 x 40 arcseconds) with contours at 0.027,
0.038, 0.054, 0.076, 0.11, 0.15, 0.21, 0.30, 0.42, 0.59, 0.83, 1.2, 1.7, 2.4 and 3.4 mJy
beam ™!, and the two sources with high RMs are labelled as source 1 and 2.

The lines of sight to both sources are beyond the X-ray emitting region of the
cluster. Without a high thermal electron component, a large RM here suggests a very
high field strength. For the larger RM value, the background source lies behind the
very tenuous part of the northern DRER, as shown in Figure 5.40. Using an electron
density of 107% cm 3 (Réttgering et al. 1997) and assuming a spherical geometry of 400
kpc. This gives Brayr = 5.1 uG. Assuming similar dimensions, the second RM value
gives Bray =3.0 uG. Performing a standard equipartition magnetic field calculation in
the region of the first source gives B., = 2.5 4G assuming a spectral index of 2 or B¢y =
1.5 uG assuming a spectral index of 1. For the second source where the spectral index
is known to be roughly 1.3 an equipartition magnetic field of B,, = 1.8 uG is found.
Thus, the equipartion fields strengths are a factor of two lower than the RM derived
field. However, as equipartition field strength calculations require many assumption, a
factor of two difference is not unreasonable.

As it is not possible to untangle the background source’s intrinsic RM from that
produced along the line of sight it is not possible to say for certain that these RMs
are the result of an enhanced field in the region of the diffuse emission. However,
statistical examination of a population of over 900 extragalactic RMs from the literature
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(see Chapter 3) suggests that the probability of encountering a purely intrinsic RM
greater than 160 rad m~2 at this latitude from the galactic plane is 1.7%, whereas the
probability of encountering a value of greater than 95 rad m~2 is 2.5%. The combined
probability of encountering two such high RM from Faraday rotation purely intrinsic to
the probe galaxy at such a close separation is 0.04%. This provides a strong argument
that the high RM is due to the cluster magnetic field.

The model of Roettiger et al. (1999) predicts a compression of the magnetic field
in the vicinity of the bow shock, but gives it strength to be only 0.6 uG . A field
compression would normally not be greater than 3—4 times the original field strength.
Using this theory it would be possible to explain these high RMs as an enhancement
of standard 1-2 4G magnetic fields observed in other galaxy clusters (see Chapter3).
However, Kelvin-Helmholtz stability arguments for the cold front observed in the clus-
ter core have already suggested that there is a strong field present in A3667 with values
of 7-16 pG being calculated (Vikhlinin et al. 2001). This suggests that there is not a
shocked field compression in the cluster periphery as these measured outer field values
are too small.

5.10 Comparison to Other Diffuse Sources

A3667 exhibits characteristics common to other diffuse radio sources. The over all
steep spectra of the two regions, their high polarimetry and irregular morphology are
common to the so-called radio relic population. However, as shown here, A3667 also
exhibits a highly filamentary structure, with strong polarimetry in the region of the
brightest filaments and at the highest resolution a possible jet-like structure. Further,
the difference in spectral index between the filaments and diffuse parts of the source is
at odds with the current acceleration models.

Comparison to other diffuse sources is difficult, in part due to the low number of
specimens, particularly Mpc scale sources and in part due to the natural preference
to observe at low resolution. Nevertheless filamentary structure has been reported in
a couple of diffuse radio sources. However, such sources such as the source in A85
(Slee et al. 2001) are all relatively small, and it is not surprising to find radio plasma
containing the ordered magnetic fields required to maintain filaments on this scale.
However, generating and maintain ordered magnetic field of the order of 250 — 400 kpc
is problematic. Also, small scale sources such as that in A85, shown to scale next to the
emission in A3667 in Figure 5.41, are not sufficiently large to prohibit the relic model
of particle diffusion. In fact, Slee et al. (2001) conclude that these small scale regions
of emission are in fact true relics, having originated from now dead radio galaxies.

In an effort to search for filaments in other diffuse radio sources a VLA campaign
to image 0917475 was initiated. 0917475 is an Mpc-scale diffuse radio emission re-
gion, which is not associated with a particular cluster but rather with the Rood 27
cluster group. Previous observations hinted at the possibility of filamentary structure
and Harris et al. (1993) commented on the inability to fit a single spectral index to
the entire emission, suggesting that there might be two different electron populations
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present. Data were obtained with the VLA at 1.4 and 5 GHz and forms part of an
ongoing collaboration (Johnston-Hollitt (PI) & Clarke). While the data are still only
preliminary, the first results are of relevance to this Chapter. Highly polarised, fila-
ments have been detected in 0917+75 as well as a point-like source and jet structure.
Figure 5.42 shows the total intensity 5.0 GHz emission. This is the most sensitive
image of diffuse emission yet made, the RMS noise here is 10 uJy per beam for an
0.5 arsecond beam. It is possible that this point source is a background source, the
combination of this detection and that seen in A3667 are suggestive.
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Figure 5.41: Comparison of the diffuse sources in A3667 and A85 (Slee et al. 2001).
The diffuse emission in A85 has been scaled to the same size as that of A3667. While
both clusters exhibit diffuse emission that is filamentary there is a vast difference in
scale.
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Figure 5.42: The Mpc scaled diffuse emission region, 0917475, in the Rood 27
cluster group. This data is taken with the VLA at 4.8 GHz and is shown here with
a resolution of 0.5 arcseconds. This is the most sensitive emission of a DRER yet
produced. It is from the ongoing study of Johnston-Hollitt & Clarke.
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5.11 Discussion

Emission by relativistic particles on spatial scales comparable to those observed in
clusters such as A3667 is only possible if acceleration takes place within the emission
region. Many theories have been put forward for mechanisms that might accelerate
particles over such large scales. These include collisions with thermal protons in the
cluster, generation by galactic wakes and emission from AGN. None of these theories
are tenable in the case of A3667 (see Rottgering et al. 1997 for further discussion).
Models specifically designed to explain the emission in A3667 included accretion shocks
from in-falling matter due to cosmological structure formation (Enfllin et al. 1998)
and cluster merger induced shocks (Roettiger et al. 1999). However, to date none of
the predictions of either model have been successfully verified by the data. Enflin
et al. (1998) predicts a maximum percentage polarisation of 30% for the Southern
emission region based on their geometrical model, however, the observed percentage
polarisation is much higher than this. Also, the particle source is problematic in the
original model, as the head-tail galaxy J201358.890-570226.00 does not have the correct
alignment with respect to the Southern emission to provide the suitable seed particles,
however using the refined theory of fossil plasma (Enflin 1999) goes some way to
improving this situation. The merger induced shock model of Roettiger et al. (1999)
does somewhat better, by correctly predicting the spectral gradient of the Southern
emission (Roettiger, K., private communication 1999) and location of central radio
emission. However, the strength of the central radio emission is vastly over estimated
and the predicted magnetic field strength severely underestimated. Furthermore, both
scenarios are based on shock models wherein the magnetic field is compressed in the
region of the shock. This would result in diffuse radio emission which has a very
sharp leading edge and a steep spectral gradient in the direction of shock expansion.
However, while the Southern emission may fit this profile, the general spectral gradient
of the Northern emission is not in the correct direction for this model. Furthermore,
the Northern source doesn’t exhibit the correct intensity profile of a sharp leading edge.
Finally, the filamentary nature of the source and the observed power law spectral index
are not readily explained by shock generation.

The current weight of the literature rests firmly with the notion that peripheral
diffuse emission associated with galaxy clusters is generated via shocks from cluster-
cluster mergers. However, it is intriguing to note the similarities of the emission in
A3667 and that in 0917+475. Both are Mpc scale objects, both have a filamentary
structure, with high polarisation and both can not be fitted to a single spectral index
suggesting two distinct electron populations. At high resolution they both exhibit signs
of a central point like source. However, in the case of 0917475, which is over 5 Mpc
from the nearest member of the Rood 27 cluster group, the merger scenario seems
unlikely.

In order to better understand the conditions in A3667 a detailed optical investiga-
tion into the galaxy redshift distribution was also undertaken. This will be discussed
in the next Chapter.
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5.12 Summary

Radio observations of the ACO A3667 were presented. These new deeper observations
have shown a filamentary structure in the diffuse emission, which appears highly po-
larised and at the highest resolution may have a point-like core. New results suggesting
a possible central halo were presented, along with 3 point spectral index data. These
results were discussed in the context of current generation models for diffuse radio

emission.



Chapter 6

Optical Data for A3667

6.1 Introduction

As discussed in the previous chapter, it has been suggested that diffuse cluster emission
may be generated via shock acceleration due to cluster-wide merger events (Harris et al.,
1980; Tribble, 1993). If this model is correct we would expect signatures of the merger
activity within the galaxy population in clusters which harbour such diffuse emission.

Previously it has been claimed that substructure in the X-ray emission and lack
of a cooling flow provide the necessary evidence for collisional history in a galaxy
cluster. However, complex X-ray structure is observed in a large number of clusters,
while diffuse radio emission remains relatively rare. Thus, even if the merger model is
correct it suggests that either the diffuse radio emission is short-lived or that merger
history may be a necessary but not sufficient condition for the generation of large scale
diffuse radio emission.

In the majority of cases, diffuse emission is associated with a small redshift range
being roughly 0.05 < z < 0.3. This is likely to be due in part to selection effects. At
low redshifts, diffuse emission is difficult to detect using interferometers. This is due
to the lack of short spacings which makes interferometers insensitive to large angular
structures. If one assumes diffuse emission to have a typical physical scale of 1 Mpc
then instruments such as the VLA which are only sensitive to structures less than 15
arcminutes, will only be able to detect such sources for z > 0.044. Conversely, two
effects will come into play at high redshifts. The first is simply current instruments are
not sensitive enough to detect very distant objects. The second and more subtle effect
is that blind searches for diffuse emission are not undertaken. All searches to date have
made use of the ACO cluster catalogue which is biased to z < 0.3. Thus, the diffuse
emission we are observing either occurs most often fairly late in a cluster’s lifetime or
the radio emission is very long-lived. However, we know from energy loss arguments
from spectral aging in relics that electrons may only emit via the synchrotron process
for 0.1 -1 gigayears at centimetre wavelengths. This provides some clue as to the time
scale on which diffuse emission can be observed without continuous energy injection.

Observations of starburst galaxies have shown a strong correlation between star

121



122 CHAPTER 6: Optical Data for A3667

formation and tidal disruption. Such disruption may be either the result of galaxy
mergers, such as the famous case of the Antennae galaxies (NGC4038 & NGC4039),
or from accretion or merger shocks in the ICM. An excess of starbursts would seem
then to indicate a turbulent state, either through more individual galaxy collisions as
in the case of CL 1358462 (Bartholomew et al. 2001), or through shockwave disruption
throughout the ICM, possibly resulting in ram pressure stripping. Thus, one might
expect that an over density of starburst galaxies would be evidence for a recent cluster
merger. However, during the late stages of cluster evolution we know from the Butcher-
Oemler effect that cluster constituent galaxies are more likely to be gas-stripped red
ellipticals than gas-rich blue spirals. Without an abundance of gas it is unlikely then
that starbursts per se would be observed. A more likely indicator of merging would be
an excess of the so-called “E+4A” galaxies, which are thought to represent post-starburst
galaxies in an older elliptical population (Couch & Sharples 1987).“E+A” galaxies are
thought to be generated either via galaxy mergers or through ram pressure stripping
(Belloni et al. 1995). In either case, the presence of “E+A” galaxies is indicative of
past interactions in the cluster.

“E+A” galaxies have spectra that are dominated by a young stellar component indi-
cated by strong Balmer absorption and weak [OII] emission but lack the emission lines
characteristic of galaxies with significant ongoing star formation. The term “E+A”
is derived from spectral properties, with the “E” denoting an elliptical while “A” is
for the Balmer lines which are a characteristic of A stars. Recently the literature has
favoured the term “k+-a” or “a+k” to describe these systems. This shift reflects the
dominance of both K and A star signatures in the spectra.

In order to test further for signatures of a cluster wide merger in the optical pop-
ultion of A3667, a set of spectral observations of objects in the cluster region was
undertaken. In this chapter previous optical work will be discussed and placed in the
context of the new observations.

6.2 Previous Optical Observations

A3667 has long been considered a merging system based primarily of its bimodal optical
density distribution (Proust et al. 1988) and high velocity dispersion (Sodre et al. 1992).

Melnick & Quintana (1981) obtained redshifts for 16 member galaxies of A3667.
Following this, Proust et al. (1988) obtained a further 31 redshifts for galaxies in the
field of A3667, which they combined with the previous results. Unfortunately this
combined sample hereafter, denoted P88, has since been found to contain unreliable
redshift values for several of the galaxies in the field (Sodre et al. 1992). Proust et al.
(1988) also posited the bimodality of the cluster via an isodensity plot of 423 galaxies
with mpg < 19 in the field of A3667. This plot is shown in Figure 6.1. Two groupings
can be seen in the plot. The main group (A3667) was attributed a redshift of 0.0550,
being that of the closest galaxy to the centre of the cluster, while the subgroup to the
north-west was suggested to be at 0.0563, from redshift value of a near by object. It
should be noted that nearly 90% of the galaxies in this plot had unknown redshifts and
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inevitably many correspond to either foreground or background objects.

Figure 6.1: Isodensity plot of 423 galaxies with mp < 19 in the field of A3667
(Proust et al. 1988).

Sodre et al. (1992) expanded upon the Proust data by taking spectra for 203
galaxies in the vicinity of A3667. Of the 203, redshifts were obtained for 128. This
sample, hereafter called S92, included reobservation of almost all but five of the galaxies
in the P88 sample. Large discrepancies in velocity were found between the two samples.
As neither study published spectra this has made it difficult to determine which was the
more accurate; however, in general the S92 sample has smaller errors associated with
the measurements and is assumed to be the more reliable of the two. Other data in the
literature have provided a further 28 redshifts for objects in the S92 sample bringing
the total number of redshifts available in the region of A3667 to 161. Of these, 155 fall
between 0.044 <z < 0.068 and are likely to be cluster members.

However, neither the S92 nor P88 sample provides information on the galaxy types
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within the cluster. The only available information on galaxy types to date comes from
either the Digitized Sky Survey, where a morphological guess can be made for the
brightest objects, or from two R-band CCD images, observed with the 3.9m Anglo-
Australian Telescope by R. W. Hunstead (2001, private communication). These images
are located either side of the northwest diffuse radio emission region (DRER). The
AAT images, shown in Figures 6.2 and 6.3, seem to exhibit an excess of spiral galaxies
compared with the central regions. Though it is not uncommon to find spiral galaxies
on the periphery of a rich cluster (Snow 1991) this particular group seems quite dense.
In addition, the group is roughly aligned with the northernmost part of the bimodal
optical distribution reported by Proust et al. (1988) and could represent an in-falling
group. For clarity, the two images have been mosaiced together in Figure 6.4

Girardi et al. (1996) studied A3667 as part of a sample of 37 galaxy clusters used
to examine the relationship between velocity dispersion, o, and X-ray temperature, T.
They reasoned that since both o and T were related to a cluster’s gravitational potential
there would only be strong correlation between these values for those clusters with both
gas and galaxies in dynamical equilibrium with the cluster potential. Using the 123
redshifts from the S92 sample, Girardi et al. (1996) examined A3667 for substructure
using both a velocity distribution and velocity gradient analysis. They found neither
significant peaks in the velocity distribution, nor a velocity gradient. Using the method
of Dressler & Shectman (1988) they computed the probility of substructure as 0.697
where a result above 0.990 was counsidered significant. An isodensity plot for the S92
sample was generated, this is shown in Figure 6.5. Despite the lack of statistical
evidence, this plot is reminscient of the Proust et al. (1988) plot shown in Figure 6.1
and suggests some substructure to the Northwest of the cluster centre. The velocity
dispersion was determined to be 1208153 km s~

Expanding on their previous work, Girardi et al. (1998) used 154 of currently
known 155 redshift values for A3667 to compute a maximum cluster radius of 2.22
h~' Mpc, a mean galactocentric redshift of 0.0566 and a global velocity dispersion and
associated errors of 971752 km s~!. Girardi et al. (1998) also obtained a viralised radius
of 1.94 h=! Mpc in which 152 of the galaxies with previously measured redshifts are
contained. The total virialized mass was calculated to be 15.987%1% x 10'* M. They
further concluded that the velocity distribution was isotropic. In comparison Knopp
et al. (1996) give the X-ray radius of the cluster to be R, = 0.80 h~! Mpc and the
X-ray mass at M, = 3.5070:30 x 10'* M. Girardi et al. (1998) obtain an optical mass
of M, = 4.891587 x 10'* Mg, within this X-ray radius. Assuming that the cluster mass
follows the gravitation potential, the good agreement between these mass estimates
strongly suggests that the cluster is in dynamical equilibrium (Girardi et al. 1998).

6.3 2dF Observations

In order to increase the redshift sample and examine the distribution of galaxy types in
the cluster, observations were undertaken with the 2dF spectrographic system (Section
2.7). SuperCOSMOS plate scans were used to obtain a list of suitable galaxies with
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Figure 6.2: R band CCD image of A3667 South of the Northwest DRER (shown as
contours from the 1.4 GHz data). The galaxy population is richer in sprials on the
outer edge than here closer to the cluster’s central region (Hunstead 2001, private
communication).
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Figure 6.3: R band CCD image of A3667 North of the Northwest DRER. (shown
as contours from the 1.4 GHz data). The galaxy population here is richer in spirals
that the cluster’s central region (Hunstead 2001, private communication).
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Figure 6.4: The two R band CCD images of A3667 from Figures 6.2 and 6.3 shown
as together to give positional perspective. Again the contours are for the 1.4 GHz
ATCA data for the diffuse radio emission region to the clusters North.
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Figure 6.5: Isodensity plot for the S92 sample of 123 galaxies from A3667 with
known redshifts Girardi et al. (1998).
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15.5 < my < 18.3 which had not previously been observed by Sodre et al. (1992). As
there is a marked discrepancy between the redshift values for some objects observed
by Proust et al. (1988) and Sodre et al. (Sodre et al.) it was decided that a subset
of the Sodre et al. (1992) catalogue would be reobserved with 2dF to determine any
systematic differences in redshift. The optical counterparts of the radio galaxies in
the ATCA data were also included in the target selection. This produced a set of 338
target objects. Of the remaining 62 fibres, 49 were used for guide stars and skys, while
the remaining 13 fibres were broken.

Service observations were initially scheduled for 2000 November 01. Unfortunately,
poor seeing prevented the A3667 field from being observed. The observations were
re-scheduled on 2001 July 20, using the 270R/316R grating. A total integration time
of 1.5 hours was obtained in three 30-minute integrations to allow cosmic ray removal
via a sigma-clipping algorithm. This gave a wavelength coverage from 3600 to 8000
Angstroms (A), although this varies between the two spectrographs due to the slightly
different dispersions of the gratings and from fibre to fibre on each spectrograph. The
instrumental resolution is 9.9 A and the predicted signal for an mp = 18.3 galaxy at
two arcsecond seeing is ~ 30 counts per pixel at 7000 A.

6.4 Data Reduction

Data were reduced using the 2dfdr pipeline software package, which was developed for
the 2dF Galaxy redshift survey (Colless, 1998; Colless et al., 2001). Data are prepared
by performing a number of steps. First the residual effects of any strong atmospheric
emission lines at 5577, 5893, 6300 and 7244 A are removed via masking and the resul-
tant gap of around 20-30 A is interpolated across. Then the atmospheric absorption
bands around 6870 A (B-band) and 7600 A (A-band), and the fibre absorption band
at 7190 A are removed by dividing by an appropriate correction. Any bad columns in
the CCD are masked and the spectra are then interpolated across these regions.

The software performs two independent redshift estimating procedures based on
both the emission and absorption properties of the spectra. For the absorption features
the standard technique of cross-correlation (Tonry & Davis 1979) between the spectra
and a set of eight known absorption templates is performed. A brief description of the
cross-correlation theory is given in Appendix C.

Spectra are prepared for cross-correlation via a six step process that includes: 1)
continuum-subtraction; 2) clipping strong emission lines; 3) rebinning to a logarithmic
scale; 4) apodization; 5) Fourier transformation and 6) application of an exponential
filter. Further details of each process can be found in Colless et al. (2001). Once the
spectra are prepared the cross-correlation is computed as the inverse Fourier transform
of the product of the Fourier transforms of the galaxy and template spectra.

The highest peak in the cross-correlation function is then fitted with a quadratic
equation to obtain its position and height. The ratio of the peak height to the noise
level in the cross-correlation function is subsequently computed. This ratio, R, is then
used to determine the quality of the redshift estimation, via the assignment of a quality
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flag, Q,, to each spectra. The value of Q, ranges from 1 to 4 with 4 and 3 meaning a
reliable fit (R > 5.0 or 4.5), 2 a probable fit (R > 4.0) and 1 an unreliable fit (R > 3.5).
If no fit is obtained a quality factor of 0 is assigned. For values where Q, equals 3 and
4, there is an additional requirement that at least four and six of the eight templates
respectively, produce a redshift to within 600 kms~!.

For emission features the code performs a Gaussian profile fit to each feature after
first subtracting the continuum. Any peaks in the resultant spectrum which are higher
than 3.3 times the RMS are marked as candidate emission lines. Gaussians are then
fitted to each line in descending order of line strength. After each line is fitted, it is
then subtracted from the spectrum in order to reduce the effects of blending. Lines
which have fitted FWHMs between 0.7 and 7 pixels and significances higher than 3.5
o are marked as good. Lines that do not meet these criteria are rejected, removing any
contamination from unclipped cosmic rays and low significance features. The three
strongest lines in each spectrum are then tested in pairs for line separations consistent
with a known redshift from a set of common emission lines ([OII], HG, [OIll], Ha
or [NII]). If a match is found then the rest of the emission lines are matched to that
redshift to within 600 kms™!, and the mean redshift is adopted as the emission redshift.
If no two emission lines are found to match a particular redshift for a pair of common
lines, (or there are fewer than three lines in total) then up to two single-line redshifts
are retained for comparison with the absorption derived redshift. A quality flag for this
redshift estimate, Q,, is assigned based on the number of features fitted. This number
can take the values 0,1,2,4 with 0 being no lines, 1 for one line, 2 for two lines and 4
for three or more.

The code then compares the redshift obtained via each method and selects the one
with the higher quality flag. In the case where Q, = Q. the absorption value is selected.
The best quality flag , Q, is then given as the greater of Q, or Q., with two exceptions:
1) if the difference in redshifts derived via the two methods is less than 600 kms™! then
Qs is the maximum of Q,, Q. or 3 and 2) if Q, and Q. are both less than 2 and the
difference in redshifts derived via the two methods is greater than 600 kms™! then Q,
is set to 1.

After the automatic quality flags are assigned the spectra are then manually in-
spected and interactively re-fitted if necessary. Also at this time the observer may
input their own quality flag on a scale of 1 to 5, with 5 being spectra of highest quality.

As it is necessary that an appropriate template spectrum is selected to perform the
cross-correlation, the code also outputs which of the eight templates produced the best
correlation with each spectrum. This gives information on the objects morphological
type, as a number from 1-8. The first five templates are for galaxies, whereas the last
three are for stars. Figure 6.6 shows the eight template spectra used in the 2dfdr code.
The galaxies used and their morphological types as listed in Colless et al. (2001) are:
1) NGC 3379 (E), 2) NGC 4889 (cD), 3) NGC 5248 (Sbc), 4) NGC 2276 (Sc) and 5)
NGC 4485 (Sm/Im). The stellar spectra used are 6) HD 116608 (A1V), 7) HD 23524
(KOV) and 8) BD05°1668 (M5V).
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Figure 6.6: Template spectra used for cross-correlation redshift fitting (Colless et al.
2001).

6.5 Results

Of the 338 object spectra obtained, 136 turned out to be misclassified stars. Appar-
ently this was due to a problem with the SuperCOSMOS object discriminator software
for bright objects in the pre-release SuperCOSMOS data. In order to fulfill the re-
quirement of having the optical counterparts for the radio galaxies in the target list,
the bright magnitude cut off was set at 15.5. This, however, was too bright for the ob-
ject classification software to distinguish reliably between stars and galaxies. A better
strategy would have been to limit the apparent magnitude to mp > 16.5 and to add
the radio galaxy hosts to the target list individually, rather than selecting the larger
magnitude range.

The redshifts obtained from all 387 active fibres were binned at intervals of 0.002
and plotted as a histogram, shown in Figure 6.7. This figure has two main features;
the 136 misclassified stars near zero redshift and A3667 at around z= 0.057. The
histogram shows remarkably little velocity structure either surrounding the main cluster
group or within it. There is no evidence of distinct in-falling groups or other velocity
features around the main cluster as have been found in other merging systems like the
A3125/A3128 complex (Rose et al. 2002). Then again, perhaps this is not surprising
as clusters which harbour DRERs have been shown to be statistically more isolated
than clusters of similar X-ray luminosity (Schuecker & Bo6hringer 1999).

After the stars had been removed, the remaining 202 spectra were examined in-
dividually for quality of fit. Spectra for which the quality flag was less than 2 were
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Figure 6.7: 2dF redshift histogram for the A3667 field.

treated with caution. Of the 202 spectra, 143 fell within the range of 0.044 to 0.068
and are considered to be members of A3667. This redshift restricted sample of 143
galaxies is plotted with the 154 values from the literature in Figure 6.8.

There are 67 sources which appear in both the 2dF and literature samples. It can
be seen from the Figure 6.8 that there is very good agreement between the datasets
in both position and redshift. As noted earlier, the P88 and S92 samples were found
to have large redshift discrepancies for some objects. The S92 data were considered
more reliable and used in the literature sample. The 2dF data agree well with redshift
values in the S92 sample, suggesting that erroneous redshifts were from the P88 sample.
To assess any systematic difference between the 2dF and literature samples a plot of
measured redshifts from one versus the other was made, this is shown in Figure 6.9.
The strong clustering about the line of slope unity suggests that there is no systematic
error and the surveys agree well. Analysis of the difference in redshift for the two
datasets shows that the median difference is zero and the standard deviation of the
differences is 0.00036 this corresponds to a velocity of 109 kms™ which is less than
the error in the measurements (~ 200 kms™!). This suggests that it is acceptable to
combine these datasets.

As the spectra used to measure the values in the literature were never published
there is no way to directly compare the data quality for a given galaxy. However, for
the 2dF data an assessment of the fit quality was already known. The blunder rate
for spectra measured in the 2dFGRS for which 2dfdr has assigned Q, > 2, is only
1.6% and this depends strongly on magnitude, with almost all blunders occurring for
mp > 18 (Colless et al. 2001). Thus, for a relatively bright sample such as this one,
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o A3667 Redshift Distribution Plot
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Figure 6.8: Redshift plot for A3667: The axes correspond to the position of the
source and the colour of the circle denotes the dataset it belongs to. Red circles are
the 2dF data and blue circles are the redshift from the literature. Where the 2dF
and literature datasets agree in both position and redshift, the circle becomes purple.
Appendix C contains tables of these data.
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Figure 6.9: Redshift sample difference for A3667: The literature redshift is plotted
versus the 2dF redshift for the 67 sources in both samples. Clustering about the
slope of unity suggests there is no systematic difference between the two datasets.
The four labelled outliers are discussed in the main text.

one can have confidence in the accuracy of the 2dF redshifts. When combining the
two datasets for analysis the 2dF data were used in preference to the literature data
in all cases where Q, was greater than two. Of the nine spectra for which Q, was
less than two, seven agreed well with the previously published data and were used as
redshifts in the combined dataset. The remaining two spectra had both poor 2dF fit
qualities and large differences from the previous data (§, =0.0069 and 0.0027 which
equates to &~ 2000 and 800 kms~!). These points can be seen on Figure 6.9 as outliers
numbered 3 and 2. Both objects were quite bright with magnitudes of 16.90 and 17.39
respectively. The errors quoted in the literature were 61 and 200 kms™! respectively,
which doesn’t account for the discrepancy with the 2dF result. Having no way to
determine which spectrum was the better, the 2dF values were used. The remaining
two labelled outliers, 1 and 4, were assigned the highest quality flags for their 2dF
values and were thus assumed to be correct. This gave a combined dataset of 231
measured redshifts in the range 0.044 to 0.068, which were then used in the subsequent
analysis.

6.5.1 Redshift Distribution

Using the combined dataset the redshift distribution was plotted binned at intervals of
0.0020. This is shown in figure 6.10, overlaid with a Gaussian fit to the central peak.
It can be seen that the redshift distribution is well modelled by a Gaussian, but there
is some evidence for a subgroup of galaxies at a slightly higher redshift.
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Figure 6.10: Redshift distribution for A3667 with a fitted Gaussian.

Figure 6.10 shows that the potential subgroup does not have a large number of
members. In addition, the redshifts which correspond to this “group” are spread out
across the entire cluster and not localised to the previously seen sub-group. Neverthe-
less a three dimensional plot of RA, Dec and z was constructed using Matlab to explore
their spatial distribution. It should be noted that such a plot does not give a physical
3D model of the cluster as only the radial velocity can be measured. However, as Mat-
lab allows rotation of the plot it is a useful way to search for associations. Standard
redshift versus A RA and A Dec plots were also made and tested for associations, on
the premise that if subgroups are present in the dataset then there will be tight asso-
ciations between the member galaxies in both plots. Figure 6.11 shows the resultant
plots. The cluster appears extremely well mixed and no likely subgroups were found.

Additionally, the Matlab cube was used to search for a velocity gradient across the
cluster. If the bimodal distribution report by Proust et al. (1988) is real and the two
subgroups are at all inclined from the plane of the sky, a gradient across the cluster
should be observed. If a significant difference in velocity between the reported subgroup
and A3667 were present this should be visible in the Matlab cube . A gradient was not
observed.

Statistical analysis of the dataset gives a mean redshift of 0.0555, (though the
Gaussian peaks at approximately 0.0560) and a velocity dispersion, o, of 1102 kms~!,
which is slightly higher than the previously published values.
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Figure 6.11: Redshift versus RA and Dec, in degrees, relative to the cluster centre.

6.5.2 Bimodality Testing

To further investigate the possibility of bimodality in the redshift data a series of
statistical tests were performed.

Kaye’s Mixture Model

The first test, a “Kaye’s” mixture model algorithm, KMM (Ashman et al. 1994), fits
a user-specified number of Gaussian profiles to the data and provides a statistical
comparison with a single Gaussian fit to the dataset. The user provides an estimate of
the mean value of each peak and a ratio of the members in each peak. The software,
provided by Ashman, then assigns each redshift membership to one of the initially
supplied Gaussian profiles along with the posterior probabilities of group membership
for all profiles. Other outputs include the total number of members in each potential
group, the estimate of correct allocation for each group (which is just the mean posterior
probabilities for all members assigned to a particular group), an estimate of correct
allocation for all redshifts and the average redshift of each fitted peak. Finally, it
performs a likelihood ratio test and provides both this and the P-value statistic, which
is an estimate of the improvement of the n-group fit over a single Gaussian.

The algorithm was applied for the two-profile case and Table 6.1 summarises the
input and output parameters. Of the 231 redshifts measured for A3667, the code
assigned all values to be members of the main group centred about z=0.0561. All
values were assigned with greater than 88% confidence, with the overall confidence
being 94.9%.
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Table 6.1: ’Kaye’s’ mixture model bimodal fitting results for the A3667 redshift

sample.
Input Parameters
Mean group z Proportion No. of galaxies
0.056 0.9 208
0.062 0.1 23
Output Parameters
Mean group z Proportion No. of galaxies
0.0561 1.0 231
- 0 0
Allocation rate 100% to group 1
Confidence of allocation 94.9%
Filtering

Figure 6.1 shows the previously published isodensity plot of all galaxies in the vicinity
of A3667 (Proust et al. 1988). This figure does not take into account the redshifts of
the objects. In order to assess the bimodality of the known redshift sample, Gaussian
smoothing was applied to the set of 231 galaxies with redshifts between 0.044 and 0.068.
Figure 6.12 shows the galaxy location data smoothed with Gaussian filters ranging in
size from 0.20 to 0.35 degrees as pseudocolour plot, while Figure 6.13 shows the same
data as a contour plot. The 0.20 degree Gaussian filter image shows a remarkable
resemblance to the published isodensity plot in almost all aspects except that the
redshift restricted data do not appear to exhibit the significant subgroup structure
seen in the Proust et al. (1988) plot. There is a definite elongation of the cluster.
The contour plots show there is some evidence of a very small increase in the galaxy
density in the region where Proust et al. (1988) show a significant subgroup. However,
there is also a feature of equal significance on the southern side of A3667. It is likely
that these features result from the elongation rather than distinct subgroups. Neither
feature appears if the filter size is increased even marginally.

6.5.3 Galaxy Type Information

As mentioned above, one of the products of the 2dfdr cross-correlation absorption
redshift determination is the template which gives the strongest correlation with each
measured spectra. This provides information on each galaxy’s morphological type.
Examination of the physical distribution of various galaxies within the cluster may
provide valuable information on the cluster’s dynamical history.
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Figure 6.12: Galaxy isodensity plots for A3667, generated by application of Gaus-
sian filters of various sizes to the 231 known cluster members. Shown here as pseu-
docolour.
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Figure 6.13: Galaxy isodensity plots for A3667, generated by application of Gaus-
sian filters of various sizes to the 231 known cluster members. Shown as contours.
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Figure 6.14 shows the distribution of galaxy types in A3667 as defined by the 2dfdr
template. The morphological types are elliptical (E), central dominant (cD), spiral
(Sc), spiral (Sbc) and Irregular/small (IM/SM). Figure 6.15 shows the same data but
with both sets of spirals (Sc and Sbc) and elliptical (E and ¢D) coloured the same.
Not surprisingly the predominant galaxy type in the cluster is elliptical. The spiral
population occurs mainly in the northern part of the cluster as suggested by the R
band imaging shown in Figures 6.2 and 6.3.
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Figure 6.14: Galaxy type distribution for the 143 galaxies in the 2dF dataset. Here
the typing is given from the strongest cross-correlation with the 2dfdr template spec-
tra and follows the 2dfdr naming convention.

No E+A galaxies (Section 6.1) were found in the spectra. Perhaps this is not
surprising as only 37 have been found so far in a subset of over 15,000 galaxies with
strong HB3, Hy and Hé lines from the 2dFGRS, which is an incidence rate of only 0.25
percent (Deeley 2000 in Colless 2000).

6.6 Discussion

A3667 has a mean redshift of 0.0555, a high velocity dispersion (1102 kms™!) and
an elongated optical axis. The cluster is typical in that it is dominated by elliptical
galaxies, with the second largest population being spirals. There is marginal evidence
for a grouping of spirals in the northern part of the cluster. The velocity distribution
is well modelled by a single Gaussian, with a weak excess around a redshift of 0.062.
There seems to be little or no support for distinct in-falling groups either from the
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Figure 6.15: Galaxy type distribution for the 143 galaxies in the 2dF dataset,
colour coded into ellipticals, spirals and irregulars. Here the typing is given from
the strongest cross-correlation with the 2dfdr template spectra and follows the 2dfdr
naming convention.
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velocity information or the spatial distribution of galaxies with measured redshifts.
Moreover there is no evidence for a velocity gradient across the cluster suggested by
the previously reported bimodal optical distribution. However, A3667 is a rich cluster
and to date only 231 redshift have been obtained for cluster members. This is not a
complete sample and further data will be required to categorically rule out the presence
of subgroups.

Several authors have claimed that A3667 is observed in a post-merger state. This
may be consistent with the high velocity dispersion and mixing in the cluster. If
a merger of sufficient magnitude to generate the observed diffuse radio emission is
present, it is expected that the merger velocities would be a few thousand km s~!. If
such a merger is present, the current data suggest that the merger axis must be entirely
in the plane of the sky. This would partly account for the lack of observable subgroup
peaks in the velocity data.

However, without any significant evidence in the galaxy population one way or the
other it is impossible to distinguish between a pre or post merger system using only
the optical data.

6.7 Summary

This chapter gives a discussion of the known optical properties of A3667 and presents
the results of a spectral survey of cluster members down to a magnitude of 18.3. Sta-
tistical analyses of the data are presented. These data showed that the velocity dis-
tribution of the cluster is well modelled by a Gaussian and that the significance of
the previously reported subgroup to the North of A3667 has diminished after redshift
information was considered. Further, the lack of evidence for subgrouping and a veloc-
ity gradient across the cluster has suggested that if a merger is present in A3667 it is
entirely within the plane of the sky.
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Chapter 7

Conclusions and Future Prospects

7.1 Conclusions

Significant magnetic fields in galaxy clusters have been inferred from both statistical
Faraday rotation measure results in a sample of rich, Southern, non-cooling flow clusters
and by detection and investigation of diffuse radio emission regions in the cluster A3667.

The statistical rotation measure results discussed in Chapter 3 are consistent with
those obtained in the contemporaneous Northern hemisphere study performed by Clarke
(2000), suggesting there is a statistical broadening of cluster RMs within 800 kpc of
the centre as compared to a control population. Furthermore, the data are consistent
with magnetic field strengths of 1-2 yG assuming a tangled cell model with cell sizes
of the order of 100 kpc.

Chapter 5 discussed investigations of the radio emission in A3667. The multifre-
quency data presented there demonstrated the presence of two Mpc scale diffuse radio
emission regions (DRERs) at the cluster periphery and a possible weak halo in the
cluster core. High resolution imaging of the brighter of the two peripheral DRERs
shows clear filamentary structure similar to than seen in radio plasma on much smaller
scales. Polarimetry of the region supports the conclusion that these filaments are the
result of highly ordered magnetic fields on scales never before seen(100 — 400 kpc). For
the first time highly resolved spectral analysis has been undertaken on such an object.
Data from 0.8, 1.4 and 2.4 GHz suggests that the filaments exhibit a power law spec-
trum with & = 1.1 & 0.1 implying a constant source of energy injection. Emission from
the rest of the source follows the curved spectral signature of particle diffusion. RMs
have been calculated for the first time for lines of sight passing through diffuse radio
emission. These results are strongly suggestive of an enhancement of the magnetic field
in the region of the radio emission with the magnetic field strength estimated to be 3.0
- 5.1 pG.

Chapter 6 discussed spectroscopic observations of the galaxies in the field of A3667.
These data have increased the number of confirmed cluster members from 154 to 231
and excluded several of the objects in the field from cluster membership. Detailed
analysis of the redshift data show that the cluster is highly elongated but substantially

143
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reduces the significance of the previously reported NW subgroup. In fact there is little
subgroup structure evident in the velocity data and the distribution is well matched to
a Gaussian. These results do not preclude the cluster from being observed in a post-
merger state as claimed by several authors, however they do put severe constraints on
the merger axis, suggesting that if such a merger has occurred it must have been in
the plane of the sky.

Several authors assert that the diffuse radio emission, lack of a cooling flow, high
velocity dispersion, optical elongation and previously reported optical subgroups can all
be explained by a massive cluster merger resulting in a pair of shock waves propagating
throughout the ICM. However, new results presented here including the filamentary
nature of the radio emission and the suggested continuous particle injection, coupled
with a reduction in confidence of the existence of the optical subgroups throws this
interpretation into some doubt. It is not clear from the models of shock generation
during cluster mergers how the propagating shocks would produce filamentary radio
structure with highly ordered magnetic fields surrounded by diffuse emission with the
signature of particle diffusion. Nor is it clear how such a shock could account for the
power law spectral index of the filaments, which is indicative of continuous particle
injection. Furthermore, in the shock model, the radio emission is expected to have a
sharp outer boundary and low spectral index value indicating the presence of newly
accelerated electrons as the shock moved through the ICM. Although this is the case for
the South eastern DRER, its North western counterpart does not follow this hypothesis.
The more complicated structure of the Northern source could be the result of projection
effects, however since the optical data constrain the merger axis to the plane of the sky
it is expected that projection effects will be minimal. Also, preliminary investigations
of the DRER 0917+75 confirm that filamentary structure is not unique to the diffuse
emission in A3667. 0917475 is not associated with a particular cluster, but rather with
the Rood 27 cluster group and is located over 5 Mpc from the centre of nearest cluster
member. Spectral aging arguments constrain the cluster crossing time to around 1
Giga year. This combined with speed limits imposed on shockwave propagation in
plasmas means that it is not possible for a shock to traverse the distance from the
centre of the nearest member cluster to the location of 0917+75. This also throws the
merger generation scenario into some doubt for this source.

Chapter 4 discussed an estimated all-sky rotation measure map generated from
around 900 extragalactic RMs. This was generated in order to facilitate the removal
of the Galactic contribution to the measured cluster RMs from Chapter 3. As a by-
product of this work some information about the magnetic field structure within the
galaxy can be gleaned, although many more data points will be required before a
detailed study can be undertaken. Statistical analysis of the high Galactic latitude RM
population shows the data has an exponential distribution rather than the previously
assumed Gaussian distribution. As this population is expected to reflect only the
intrinsic source RMs, this result may provide important information about radio source
behaviour.
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7.2 Future Work

The statistical investigations of cluster magnetic fields via Faraday rotation measures
relies on a relatively small sample of only 39 RMs obtained for sources in the cores
of around 30 non-cooling flow clusters. Clearly, this work could be improved with a
larger RM source population. Currently the process of measuring the position angle
of individual sources at several frequencies in order to obtain an unambiguous RM fit
is very labour intensive. However, with the advent of new radio telescopes such as the
SKA which will have vastly improved signal-to-noise, due to improved collecting area,
it may be possible to obtain a completely unambiguous RM with a single observation.
This could be achieved if telescope configurations, combining large bandwidths and
flexible correlator designs, which allow the band to be observed in several channels, are
employed in future instruments. Currently such observations are possible on the ATCA,
but only for bright sources which have enough polarised flux in each of the individual
bandwidth channels (Gaensler et al. 1998). As was seen in this study, finding suitably
powerful radio sources projected through the cores of galaxy clusters is difficult for even
low redshift clusters where the projected sky coverage is large. Once a suitable source
sample is obtained, the attrition rate when finding sufficiently polarised sources over
a large frequency range is considerable. With future instruments, both the number
of detected background sources and the sensitivity to polarised emission will increase.
Not only would this make statistical studies more feasible, but in certain cases might
provide sufficient background sources to study individual cluster magnetic fields in
great detail. This would significantly enhance our understanding of reversal scales in
cluster magnetic fields. Moreover, with the advent of new instruments, the number
of published RMs for extragalactic radio sources will increase, allowing more detailed
modelling of both the RM sky and the Galactic magnetic field.

In the short term, deeper observations of Mpc diffuse radio emission regions may
reveal that such structures all have filaments and regions of highly ordered magnetic
fields. This will impact on current assumptions about the origin and generation of such
sources. A wealth of information has been gathered here on the diffuse radio emission
in A3667 and there are several avenues afforded for further exploration of these data.
In the immediate future, advances in computation should allow jointly deconvolved,
full resolution imaging of the ATCA data. Such images will be more sensitive to large
scale structure and may help to confirm the presence of the central radio halo. The
addition of single dish data from the Parkes radio telescope may also assist in this
endeavour. Observations at an additional frequency in order to obtain another point
on the spectral index plots, is also critical to understanding the emission mechanisms
at work within the diffuse emission. Detection of the brightest parts of the filaments
in the North western source at 6cm will be a valuable starting point in a proposal to
map the entire NW DRER at this wavelength. Should such data be obtained, FRM
mapping of the relic between 20, 13 and 6cm would provide an excellent comparison to
the RMs derived from background sources projected through the region. This would
give invaluable information on the location of the diffuse emission with respect to the
cluster gas and may in turn help elucidate the issue of projection effects. Similar
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observations for the source 0917475 are already planned.

In the long term, new instruments such as LOFAR and the SKA will improve
both the detection rate and the understanding of diffuse radio emission at potentially
higher redshifts. Currently, diffuse emission is difficult to detect due to its low surface
brightness at centimetre wavelengths. Instruments that probe the universe at low radio
frequencies, such as LOFAR, should, in principal sample the population of DRERs that
are now dormant at centimetre wavelengths. This may reveal the universe to be teeming
with diffuse emission on all scales and at many redshifts. Should a sufficiently large
sample of diffuse sources be obtained, it may be possible to undertake evolutionary
studies of diffuse emission and its connection to the host cluster.

Advances in these fields will increase rapidly in the coming years and new results
will generate new questions for forthcoming students to answer. The words of Ve-
likovsky are as true now as when written in 1952:

Science today, as in the days of Newton, lies before us as a great uncharted ocean,
and we have not yet sailed very far from the coast of ignorance. The age of basic
discoveries is not yet at its end, and you are not latecomers, for whom no fundamentals
are left to discover.



Appendix A

Cluster RM data and Additional
Observations

A.1 Cluster Pilot Survey Data

Table A.1: Cluster pilot survey data generated by applying the MIRIAD com-
mand UVFLUX to the pilot survey observations: col 1 gives the name of the cluster;
col 2 is the source designation, which is comprised of the cluster name, the object
number for that cluster and the observing frequency; col 3 lists the Stokes parame-
ters; col 4 is the theoretcial rms noise for each source in mJy; col 5 is the detected
amplitude in mJy; col 6 is the phase in degrees; col 7 is the actual rms noise in mJy
and col 8 is the number of correlations.

Cluster Pilot Survey Data

Cluster Source Stokes RMS;, Ansy  Gdeg BRMSpg, Corr
A3128 a3128_.10.4736 I 1.70E-02 50.68 7 2.54E-02 13065
Q 1.70E-02 14 -167 2.06E-02 13065

U 1.70E-02 1.16 32 2.08E-02 13065

Vv 1.70E-02 1.21 -98 2.12E-02 13065

a3128_.10.6528 I 2.88E-02 46.92 8 3.95E-02 11280

Q 2.88E-02 0.14 -101 3.20E-02 11280

U 2.88E-02 0.34 84 3.21E-02 11280

A% 2.88E-02 0.36 89 3.20E-02 11280

a3128_1e.4736 I 1.73E-02 4.1 33 2.45E-02 13975

Q 1.73E-02 1.68 -159 2.11E-02 13975

U 1.73E-02 0.34 17 2.12E-02 13975

A% 1.73E-02 1.22 -115 2.15E-02 13975

a3128_1e.6528 I 2.90E-02 1.59 60 3.2TE-02 11880

Q 2.90E-02 0.42 -78 3.22E-02 11880

U 2.90E-02 0.69 -105 3.24E-02 11880

continued on next page
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continued from previous page

Cluster Source Stokes RMS, A,y ¢ag RMS,; Corr
2.90E-02 0.67 -84 3.21E-02 11880
1.74E-02 4.37 30 2.17E-02 13195
1.74E-02 1.75 -153 2.11E-02 13195
1.74E-02 0.81 26 2.11E-02 13195
1.74E-02 1.24 -90 2.14E-02 13195
2.90E-02 1.01 12 3.23E-02 11100
2.90E-02 0.7 -13  3.25E-02 11100
2.90E-02 0.54 100 3.25E-02 11100
2.90E-02 0.76 -6 3.26E-02 11100
1.73E-02 46.46 24 4.65E-02 14040
1.73E-02 2.59 -154 2.11E-02 14040
1.73E-02 1.31 -152 2.11E-02 14040
1.73E-02 1.27 -99 2.11E-02 14040
2.89E-02 28.28 32 4.44E-02 11880
2.80E-02 1.45 -112 3.25E-02 11880
2.89E-02 2.77 -152 3.21E-02 11880
2.89E-02 0.8 -60 3.20E-02 11880
1.73E-02 3.26 30 2.14E-02 14040
1.73E-02 1.5 -170 2.11E-02 14040
1.73E-02 0.5 51 2.13E-02 14040
1.73E-02 1.21 -116 2.13E-02 14040
2.89E-02 1.72 14  3.21E-02 11880
2.89E-02 0.29 69 3.21E-02 11880
2.80E-02 0.39 93 3.22E-02 11880
2.89E-02 0.13 3 3.21E-02 11880
1.74E-02 5.95 -23 2.34E-02 7735
1.74E-02 0.67 166 2.17E-02 7735
1.74E-02 0.85 27  2.16E-02 7735
1.74E-02 0.77 -105 2.18E-02 7735
294E-02 2.76 -34 3.41E-02 8580
2.94E-02 045 75 3.37E-02 8580
2.94E-02 0.92 110 3.37E-02 8580
2.94E-02 0.95 -110 3.40E-02 8580
1.70E-02 23.52 31 2.61E-02 7020
1.70E-02 0.6 -174 2.12E-02 7020
1.70E-02 0.26 23 2.11E-02 7020
1.70E-02 1.33 -130 2.12E-02 7020
291E-02 12.84 22 3.59E-02 8100
2.91E-02 0.49 161 3.27E-02 8100
291E-02 0.98 32 3.27E-02 8100
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Cluster Source Stokes RMS; A,jy  ¢ag RMS,; Corr
A% 2.91E-02 0.04 117 3.30E-02 8100

a3266.11.4736 1 1.70E-02 10.72 -19 2.85E-02 7020
Q 1.70E-02 0.44 -168 2.06E-02 7020

U 1.70E-02 0.38 -79 2.04E-02 7020

A\ 1.70E-02 1.02 -83 2.06E-02 7020

a3366_11.6528 I 290E-02 7.51 -27 3.57E-02 8100
Q 2.90E-02 0.21 -168 3.23E-02 8100

U 2.90E-02 0.59 -144 3.27E-02 8100

\Y 2.90E-02 0.48 -148 3.24E-02 8100

a3266_2.4736 I 1.72E-02 2.39 8 2.28E-02 8775
Q 1.72E-02 0.5 -173 2.15E-02 &775

U 1.72E-02 0.8 13  2.16E-02 8775

Vv 1.72E-02 1.02 -101 2.16E-02 8775

a3266_2.6528 I 293E-02 0.78 -24 3.32E-02 9720
Q 2.93E-02 0.23 -23 3.33E-02 9720

U 2.93E-02 0.79 34 3.34E-02 9720

Vv 293E-02 0.2 -161 3.35E-02 9720

a3266_3.4736 I 1.75E-02 9.46 -15 6.18E-02 7020
Q 1.75E-02 1.39 -171 2.17E-02 7020

U 1.75E-02 0.57 -127 2.19E-02 7020

A% 1.75E-02 1.16 -89 2.19E-02 7020

a3266_3.6528 I 2.93E-02 3.78 -1 4.80E-02 8100
Q 2.93E-02 0.37 143 3.40E-02 8100

U 2.93E-02 0.06 122 3.39E-02 8100

Vv 293E-02 0.02 -99 3.40E-02 8100

a3266_4e.4736 I 1.74E-02 121.6 21 9.85E-02 7020
Q 1.74E-02 259 -172 2.16E-02 7020

U 1.74E-02 1.25 -141 2.19E-02 7020

A% 1.74E-02 1.33 -123 2.16E-02 7020

a3266_4e.6528 1 2.90E-02 77.02 -8 1.26E-01 9540
Q 2.90E-02 0.88 -167 3.30E-02 9540

U 2.90E-02 0.79 -61 3.32E-02 9540

Vv 2.90E-02 0.39 74  3.30E-02 9540

a3266_5e.4736 1 1.74E-02 4.73 -47 7.52E-02 6175
Q 1.74E-02 1.02 171 2.16E-02 6175

U 1.74E-02 0.7 -129 217E-02 6175

Vv 1.74E-02 1.57 -118 2.21E-02 6175

a3266_5e.6528 1 2.80E-02 1.08 138 5.99E-02 8940
Q 2.89E-02 0.73 159 3.31E-02 8940

U 2.89E-02 0.56 -23 3.28E-02 8940

continued on next page
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Cluster Source Stokes  RMS; Anyy  Gdeg RMS,;, Corr
v 2.89E-02 0.91 93 3.31E-02 8940
1 1.72E-02 68.96 -12 4.68E-02 6110
Q 1.72E-02 0.39 -101 2.12E-02 6110
U 1.72E-02 0.33 -12 2.14E-02 6110
\Y 1.72E-02 1.48 -101 2.12E-02 6110
a3266_8.6528 I 2.91E-02 40.81 1 4.66E-02 7260
Q 2.91E-02 0.63 -19 3.30E-02 7260
U 2.91E-02 1.13 169 3.30E-02 7260
A% 2.91E-02 0.44 -160 3.32E-02 7260
I 1.71E-02 224 62 2.87E-02 6955
Q 1.71E-02 0.7 -160 2.09E-02 6955
U 1.71E-02 0.17 89 2.07E-02 6955
V 1.71E-02 1.03 -117 2.07E-02 6955
I 2.91E-02 144 66 3.74E-02 8100
Q 2.91E-02 0.3 130  3.31E-02 8100
U 2.91E-02 0.71 -129 3.28E-02 8100
A% 2.91E-02 0.46 -111 3.30E-02 8100
I 1.87E-02 8.81 18 2.50E-02 8775
Q 1.87E-02 2.68 -169 2.25E-02 8775
U 1.87E-02 0.75 -147 2.21E-02 8775
A" 1.87E-02 1.46 -115 2.27E-02 8775
I 3.04E-02 4.93 26  3.49E-02 8100
Q 3.04E-02 0.32 -169 3.38E-02 8100
U

\Y

I

Q

U

A%

I

Q

U

V

I

Q

U

v

I

Q

U

a3266_8.4736

a3266_9.4736

a3266.9.6528

A3558 a3558-10.4736

a3558-10.6528

3.04E-02 0.83 148 3.36E-02 8100
3.04E-02 0.35 2 3.41E-02 8100
1.88E-02 3.52 29 2.25E-02 8775
1.88E-02 2.66 -174 2.28E-02 8775
1.88E-02 0.97 -142 2.23E-02 8775
1.88E-02 1.04 -123 2.31E-02 8775
3.06E-02 0.38 22 3.39E-02 8100
3.06E-02 084 -77 3.42E-02 8100
3.06E-02 0.38 -26 3.41E-02 8100
3.06E-02 037 -30 3.39E-02 8100
1.89E-02 10.36 -5 2.51E-02 8710
1.89E-02 3.01 -165 2.28E-02 8710
1.89E-02 0.73 -124 2.22E-02 8710
1.89E-02 0.38 -109 2.31E-02 8710
3.08E-02 6.44 -12 3.51E-02 8100
3.08E-02 0.38 -126 3.43E-02 8100
3.08E-02 0.26 46 3.43E-02 8100
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Cluster Source Stokes  RMS; Ay @iy RMS,.;, Corr
A\ 3.08E-02 0.15 165 3.45E-02 8100

a3558_1e.4736 I 1.86E-02 5.44 4 2.20E-02 8775
Q 1.86E-02 2.29 173 2.13E-02 8775

U 1.86E-02 0.15 -172 2.08E-02 &775

\Y 1.86E-02 1.26 -124 2.10E-02 8775

a35b8_1e.6528 I 3.04E-02 1.44 -3 3.52E-02 8100
Q 3.04E-02 0.33 -98 3.44E-02 8100

U 3.04E-02 0.47 21  3.46E-02 8100

Vv 3.04E-02 1.11 -106 3.44E-02 8100

a3558_2.4736 I 1.85E-02 4.13 -11 3.04E-02 8775
Q 1.85E-02 3.11 -169 2.28E-02 8775

U 1.85E-02 0.75 161 2.24E-02 8775

Vv 1.85E-02 1.3 -115 2.27E-02 8775

a3558_2.6528 I 3.03E-02 1.26 -68 3.50E-02 8100
Q 3.03E-02 1.27 59 3.42E-02 8100

U 3.03E-02 0.31 45  3.42E-02 8100

A% 3.03E-02 0.39 -99 341E-02 8100

a3558_5.4736 I 1.85E-02 4.45 66 2.46E-02 8775
Q 1.85E-02 2.66 -175 2.25E-02 8775

U 1.85E-02 0.75 -169 2.19E-02 8775

A\ 1.85E-02 1.27 -113 2.29E-02 8775

a3558.5.6528 1 3.02E-02 2.64 57 3.47E-02 8100
Q 3.02E-02 0.55 -108 3.40E-02 8100

U 3.02E-02 0.34 -73 3.39E-02 8100

Vv 3.02E-02 0.43 177 3.40E-02 8100

a3558_7.4736 I 1.85E-02 36.92 -11 2.86E-02 8775
Q 1.85E-02 2.15 -164 2.26E-02 8775

U 1.85E-02 0.96 -169 2.20E-02 8775

Vv 1.85E-02 1.22 -112 2.27E-02 8775

a3558.7.6528 I 3.02E-02 25.78 -15 3.71E-02 8100
Q 3.02E-02 0.49 -161 3.38E-02 8100

U 3.02E-02 0.15 162 3.39E-02 8100

\Y4 3.02E-02 0.57 -147 3.42E-02 8100

a3558_8.4736 1 1.86E-02 34.45 31 4.05E-02 8775
Q 1.86E-02 5.66 -166 2.28E-02 8775

U 1.86E-02 1.28 -135 2.23E-02 8775

A% 1.86E-02 1.28 -109 2.29E-02 8775

a3558_8.6528 I 3.03E-02 16.05 43 4.45E-02 8100
Q 3.03E-02 1.71 -132 3.39E-02 &100

U 3.03E-02 0.27 -179 3.42E-02 8100

continued on next page
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Cluster Source Stokes  RMS; Apyy gy RMS,,;, Corr
3.03E-02 0.09 43 3.39E-02 8100
1.89E-02 4.45 28 2.37E-02 8775
1.89E-02 24 -173 2.33E-02 8775
1.80E-02 1.08 -121 2.25E-02 8775
1.89E-02 1.04 -98 2.32E-02 8775
3.07E-02 1.85 62 3.54E-02 8100
3.07TE-02 1.42 44 3.47E-02 8100
3.07E-02 0.53 -77 3.46E-02 8100
3.07E-02 0.73 -11 3.44E-02 8100
1.89E-02 547 19 2.27E-02 8580
1.89E-02 3.14 -169 2.34E-02 8580
1.89E-02 0.59 -113 2.23E-02 8580
1.89E-02 0.67 -90 2.30E-02 8580
3.07E-02 2.2 19 3.50E-02 7920
3.07E-02 0.67 1 3.49E-02 7920
3.07E-02 0.48 -36 3.44E-02 7920
3.07E-02 0.48 -18 3.50E-02 7920
1.72E-02 1.73 25 2.09E-02 7020
1.72E-02 291 -165 2.14E-02 7020
1.72E-02 0.56 96 2.08E-02 7020
1.72E-02 1.12 -89 2.12E-02 7020
2.88E-02 0.13 -170 3.25E-02 6480
2.88E-02 0.41 116 3.28E-02 6480
2.88E-02 0.54 -150 3.30E-02 6480
2.88E-02 0.76 98 3.32E-02 6480
1.71E-02 4.62 -14 2.07E-02 7020
1.71E-02 2.61 -171 2.13E-02 7020
1.71E-02 1.15 168 2.02E-02 7020
1.71E-02 1.11 -101 2.12E-02 7020
2.88E-02 2.61 -41 3.25E-02 6480
2.88E-02 0.7 -139 3.29E-02 6480
2.88E-02 0.97 146 3.25E-02 6480
2.88E-02 0.67 -43 3.26E-02 6480
1.74E-02 2,99 -27 2.23E-02 5265
1.74E-02 2.35 -169 2.15E-02 5265
1.74E-02 0.65 119 2.11E-02 5265
1.74E-02 1.17 -102 2.16E-02 5265
2.92E-02 1.42 -56 3.35E-02 4860
2.92E-02 0.69 -107 3.33E-02 4860
2.92E-02 1.06 -137 3.29E-02 4860
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Cluster Source Stokes RMS; Apjy  Paeg RMSp,;, Corr
A% 2.92E-02 0.36 -160 3.34E-02 4860

a3562.9.4736 I 1.74E-02 6.46 9 2.16E-02 5265
Q 1.74E-02 2.43 -167 2.16E-02 5265

U 1.74E-02 0.86 125 2.10E-02 5265

Vv 1.74E-02 0.96 -123 2.14E-02 5265

a3562_9.6528 I 2.92E-02 2.68 -7  3.24E-02 4860
Q 2.92E-02 0.36 -20 3.26E-02 4860

U 2.92E-02 0.79 159 3.26E-02 4860

Vv 2.92E-02 1.29 41 3.28E-02 4860

A3667 a3667.1.4736 I 1.87E-02 3.43 76  6.18E-02 8190
Q 1.87E-02 1.35 168 2.26E-02 8190

U 1.87E-02 0.29 -173 2.26E-02 8190

Vv 1.87E-02 1.41 -118 2.26E-02 8190

a3667.1.6528 I 3.10E-02 6.64 133 6.10E-02 7560
Q 3.10E-02 0.41 -125 3.49E-02 7560

U 3.10E-02 0.29 107 3.45E-02 7560

Vv 3.10E-02 0.54 160 3.50E-02 7560

a3667_11.4736/ 1 1.84E-02 1.35 0 2.31E-02 8190
Q 1.84E-02 1.31 179 2.33E-02 8190

U 1.84E-02 0.54 37 2.31E-02 8190

Vv 1.84E-02 1.61 -129 2.34E-02 8190

23667.11.6528 1 3.05E-02 0.79 82 3.69E-02 7560
Q 3.06E-02 0.39 -113 3.70E-02 17560

U 3.05E-02 0.28 83 3.69E-02 7560

A% 3.05E-02 0.51 99 3.67E-02 7560

a3667.16.4736 I 1.89E-02 1.04 19 2.79E-02 8775
Q 1.89E-02 1.35 -171 2.38E-02 8775

U 1.89E-02 0.41 -112 2.38E-02 8775

AV 1.89E-02 1.41 -138 2.41E-02 8775

a3667_16.6528 I 3.12E-02 1.58 135 3.89E-02 8100
Q 3.12E-02 0.75 156 3.79E-02 8100

U 3.12E-02 0.35 53 3.81E-02 8100

AY 3.12E-02 0.56 -76 3.82E-02 8100

a3667.17.4736 I 1.85E-02 4.06 56 2.40E-02 8710
Q 1.85E-02 1.6 -172 2.26E-02 8710

U 1.85E-02 0.25 -99 2.29E-02 8710

Vv 1.85E-02 1.7 -122 2.31E-02 8710

a3667_17.6528 I 3.08E-02 2.01 98 3.48E-02 8040
Q 3.08E-02 0.61 -126 3.50E-02 8040

U 3.08E-02 04 97 3.49E-02 8040

continued on next page
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Cluster Source Stokes  RMS; A,y ey RMS,;, Corr
\Y% 3.08E-02 0.63 -136 3.50E-02 8040
a3667_26e.4736 I 1.85E-02 7.54 19 4.67E-02 10530
1.85E-02 0.8 144 2.40E-02 10530
1.85E-02 1.82 37 243E-02 10530
1.85E-02 1.68 -109 2.41E-02 10530
3.06E-02 10.19 19 4.82E-02 9720
3.06E-02 039 -79 b 3.68E-02 9720
3.06E-02 0.56 75 3.67E-02 9720
3.05E-02 0.17 101 3.68E-02 9720
1.86E-02 5.29 -5  2.69E-02 8580
1.86E-02 1.24 165 2.29E-02 8580
1.86E-02 0.61 31 2.31E-02 8580
1.86E-02 1.44 -120 2.30E-02 8580
3.09E-02 3.61 -5 3.75E-02 7920
3.09E-02 0.3 51  3.59E-02 7920
3.09E-02 0.61 -61 3.58E-02 7920
3.09E-02 0.55 -7 3.61E-02 7920
1.87E-02 7.55 -14 2.46E-02 8710
1.87E-02 1.05 -170 2.28E-02 8710
1.87E-02 0.79 -66 2.28E-02 8710
1.87E-02 1.23 -116 2.29E-02 8710
3.09E-02 292 -17 3.61E-02 8100
3.09E-02 0.69 -19 3.50E-02 8100
3.09E-02 0.48 55 3.56E-02 8100
3.09E-02 0.61 -50 3.55E-02 8100
1.88E-02 4.14 -89 4.46E-02 8775
1.88E-02 1.06 -175 2.37E-02 8775
1.88E-02 0.21 -3 2.37E-02 8775
1.88E-02 1.27 -127 2.38E-02 8775
3.11E-02 478 151 5.22E-02 8100
3.11E-02 0.89 116 3.67E-02 8100
3.11E-02 04 49 3.70E-02 8100
3.11E-02 0.68 84 3.67E-02 8100
1.75E-02 6.32 -27 2.14E-02 7020
1.75E-02 1.94 -168 2.14E-02 7020
1.75E-02 0.79 -177 2.09E-02 7020
1.75E-02 1.51 -102 2.15E-02 7020
2.99E-02 4 -03  3.41E-02 6480
2.99E-02 0.64 130 3.34E-02 6480
2.99E-02 0.26 60 3.37TE-02 6480
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Cluster Source Stokes RMS; Apnjyy dgeg RMS,;, Corr
A\ 299E-02 0.48 -25 3.38E-02 6480

a3571_3e.4736 1 1.75E-02 26.15 21 2.84E-02 6630
Q 1.75E-02 5.16 -165 2.18E-02 6630

U 1.75E-02 1.23 -134 2.10E-02 6630

A 1.75E-02 1.2  -109 2.18E-02 6630

a3571_3e.6528 1 3.00E-02 13.32 28 3.62E-02 6120
Q 3.00E-02 123 -106 3.37E-02 6120

U 3.00E-02 0.44 -137 3.33E-02 6120

Vv 3.00E-02 0.66 -134 3.36E-02 6120

a3571_5e.4736 I 1.74E-02 3.22 23 2.09E-02 7020
Q 1.74E-02 2.41 -168 2.14E-02 7020

U 1.74E-02 0.93 -160 2.07E-02 7020

Vv 1.74E-02 1.62 -128 2.12E-02 7020

a3571_5e.6528 1 2.98E-02 0.52 32 3.30E-02 6480
Q 2.98E-02 0.87 47 3.32E-02 6480

U 2.98E-02 0.27 16 3.31E-02 6480

Vv 2.98E-02 0.73 -114 3.34E-02 6480

a3571.6.4736 1 1.74E-02 1.88 14  2.09E-02 7020
Q 1.74E-02 1.76 -173 2.13E-02 7020

U 1.74E-02 0.64 165 2.06E-02 7020

Vv 1.74E-02 1.42 -113 2.14E-02 7020

a3571.6.6528 I 298E-02 0.14 143 3.33E-02 6480
Q 298E-02 0.69 -162 3.35E-02 6480

U 2.98E-02 0.76 44  3.34E-02 6480

A\ 2.98E-02 0.92 -2 3.33E-02 6480

a3571.8.4736 I 1.75E-02 37.63 -19 2.86E-02 7020
Q 1.75E-02 2.14 167 2.16E-02 7020

U 1.75E-02 1.11 -56  2.06E-02 7020

AV 1.75E-02 1.41 -127 2.13E-02 7020

a3571_8.6528 I 2.98E-02 26.29 -28 3.98E-02 6480
Q 2.98E-02 0.77 -144 3.30E-02 6480

U 298E-02 0.76 -9 3.29E-02 6480

A\ 2.98E-02 0.74 -160 3.32E-02 6480
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Table A.2: Cluster pilot survey data obtained using the outputs of the
MIRIADtask UVFLUX: col 1 gives the name of the cluster; col 2 is the source
designation, which is comprised of the cluster name, the object number for that clus-
ter and the observing frequency; col 3 lists the Stokes parameters; col 4 is the phase
corrected amplitude in mJy; col 5 is the signal-to-noise; col 6 is the total linear po-
larisation in mJy; col 7 is the percentage polarisation and col 8 is the position angle
in degrees. A star in the cluster column indicates that the source was not detected.

Cluster Pilot Survey Data

Cluster Source Stokes Ay o Py %P PAg,
A3128 a3128.10.4736 1 503 0.2 2264 1.74+0.3 3.4 -17.9
Q -1.4 £ 0.2 7.6
U 1.0 & 0.2 5.4
A% -0.2 £ 0.2 0.9
a3128.10.6528 1 46.5 £ 04 1249 0.0=+04 0.1 -26.3
Q 00403 01
U 0.0 £0.3 0.1
\% 0.0 +0.3 0.0
a3128_1e.4736 I 3.4+ 0.2 16.6 1.6 £ 0.3 46.7 -5.8
Q  -16+02 88
U 0.3 +0.2 1.8
Vv -0.5 +£ 0.2 2.8
* a3128_1e.6528 I 0.8+ 0.3 2.7 02+04 24.9 -32.1
Q 01403 03
U -0.2£0.3 0.6
A% 0.1 +0.3 0.2
a3128_3.4736 I 3.8 +0.2 20.0 1.7+ 0.3 45.5 -12.5
Q -1.6+02 85
U 0.7+ 0.2 4.0
\Y% 0.0+0.2 0.0 * phase=90
* a3128_3.6528 I 1.0 £ 0.3 3.2 0.7+ 04 69.6 -3.9
Q 07403 22
U -0.1 £ 0.3 0.3
A% 0.8 +0.3 24
ad3128_5.4736 1 424+ 04 1082 2.6 +0.3 6.1 13.2
Q 2.3+ 0.2 13.1
U -1.2 4+ 0.2 6.5
Vv -0.2 £ 0.2 1.1
a3128_5.6528 I 24.0 £ 04 58.9 25+ 04 10.4 38.7
Q -0.5 &+ 0.3 1.8
U -2.4+ 0.3 8.3
A\ 04+0.3 1.4
a3128_7.4736 1 2.8 +£0.2 15.7 1.5+ 0.3 53.6 -6.0
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Cluster Source Stokes Aty o Py %P PAy,
Q -1.5+0.2 8.3
U 0.3 +0.2 1.8
A% -0.5 + 0.2 3.0
a3128_7.6528 1 1.7 £ 0.3 5.7 01+04 6.4 -5.5
Q 0.1 £ 0.3 0.4
U 0.0x+0.3 0.1
A% 0.1 £03 04
A3266 a3266_.1.4736 I 5.5 £ 0.3 20.6 1.0 £ 0.3 18.2 -24.7
Q -0.7 £ 0.2 2.6
U 0.8 £0.2 3.1
A% -0.2+0.2 0.8
a3266_1.6528 I 23+04 6.2 03+ 0.5 14.7 -34.8
Q 01+04 03
U -0.3+04 0.9
A% -0.3 £ 0.4 0.9
a3266.10.4736 1 202 +£ 0.3 64.7 0.6 +04 3.2 -11.0
Q -0.6 £ 0.3 2.4
U 0.2 +£0.3 1.0
A% -0.9 &+ 0.3 3.4
a3266_10.6528 1 119+ 04 299 1.0 £ 0.5 8.0 -30.5
Q -05+04 1.3
U 0.8+ 04 2.3
A% 0.0+04 0.1
a3266.11.4736 I 10.1 £ 0.3 29.8 04 +£0.3 4.3 -4.8
Q -04+02 17
U 0.1 £0.2 0.3
\% 0.1 £0.2 0.5
a3366_11.6528 I 6.7+ 04 16.9 0.5+ 0.5 7.8 33.2
Q -0.2+04 0.6
U -0.5+04 1.3
A% -0.4+ 04 1.1
a3266_2.4736 I 2.4+ 0.2 9.7 0.9 +0.3 39.0 -28.7
Q -0.5 + 0.2 2.2
U 0.8 +0.2 3.4
A% -0.2 £ 0.2 0.8
* a3266_2.6528 1 0.7+ 0.3 2.1 0.7+ 0.5 97.2 36.1
Q 0.2 +£0.3 0.6
U 0.7+ 0.3 1.9
\% -0.2 £+ 0.3 0.6
a3266_3.4736 I 9.1 £0.7 124 144+04 15.4 7.0
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Cluster Source Stokes Ay o Py %P PAgeg
Q  14+03 53
U -0.3 £ 0.3 1.3
A% 0.0+£0.3 0.1
a3266_3.6528 I 3.8+ 0.5 7.1 0.3 +0.5 7.9 2.5
Q -03+04 08
U 0.0+ 04 0.1
A% 00+ 04 0.0
a3266_4e.4736 I 1140 £ 1.2 96.6 27+04 24 10.3
Q -2.6 +0.3 10.0
U -1.0 £ 0.3 3.7
A% -0.7 £ 0.3 2.8
a3266_4e.6528 1 76.3 £ 1.3 59.1 0.9+ 05 1.2 -12.1
Q -0.9 + 0.3 2.5
U 04+ 0.3 1.1
Vv 0.1+03 0.3
* a3266_5e.4736 1 32+1 3.4 1.1 +04 34.0 11.9
Q -1.0+ 0.3 3.7
U -0.4 + 0.3 1.6
A% -0.7 £ 0.3 2.6
* a3266_5e.6528 1 -0.8 &+ 0.6 1.3 0.9 £ 0.5 -107.1  -18.5
Q  -07+£04 20
U 0.5 0.3 1.5
A\ -0.1+04 0.1
a3266_8.4736 1 675 +06 1127 03+04 0.5 -38.5
Q -01+03 0.3
U 0.3 +03 1.2
\% -0.3 £ 0.3 1.0
a3266_8.6528 1 408 £ 0.5 74.6 1.3 £ 0.5 3.1 -30.7
Q 06+04 16
U -1.1+04 2.9
A% -044+04 1.1
a3266_9.4736 I 10.5 £ 0.3 30.6 0.7+ 04 6.3 -0.1
Q  -07+03 26
U 0.0+ 0.2 0.0
A% -0.5+0.2 1.9
a3266_9.6528 1 59+ 04 14.1 0.5+ 0.5 8.3 33.2
Q 02404 05
U -05+04 1.2
A% -02+04 0.5
A3558 a3558_10.4736 I 8.4+ 0.3 314 2.7+03 32.2 6.7
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Cluster Source Stokes Ay o Py %P PAge,
Q  26+02 109
U -0.6 £ 0.2 2.7
\% -0.6 = 0.2 2.5
a35b8.10.6528 I 44+ 04 114 0.8+ 0.5 17.3 33.0
Q -03+04 08
U 0.7+ 04 1.9
\% 04+04 0.9
a3558.11.4736 I 3.1 £0.2 12.8 2.8 £ 0.3 89.4 8.1
Q -26+02 109
U -0.8 £ 0.2 3.2
A% -0.6 £ 0.2 2.3
* a3558_11.6528 I 04+04 0.9 0.4 +0.5 109.7  30.5
Q 02+04 05
U 0.3+0.4 0.9
A% 0.34+04 0.9
a35b58_13.4736 I 103 £ 0.3 384 294+ 0.3 28.5 4.0
Q -2.9+£0.2 11.9
U -0.4 £ 0.2 1.7
A% -0.1 £ 0.2 0.5
a3558_13.6528 I 6.3 +0.4 16.1 0.3 £0.5 4.6 -19.4
Q 02404 06
U 02+04 0.5
A% -0.2+04 04
a3558_1e.4736 I 54 + 0.2 23.1 23+ 0.3 42.0 1.9
Q -23+02 100
U -0.2 £ 0.2 0.7
A% -0.7 £ 0.2 3.2
* a3558_1e.6528 I 1.4+04 3.7 04+ 0.5 31.0 -42.1
Q -01+04 0.1
U 04 +04 1.2
A% -0.3+£04 0.8
a3558_2.4736 I 41+ 0.3 12.5 3.1 +£0.3 77.4 6.6
Q -3.1 £ 0.2 12.5
U -0.7+£ 0.2 3.0
\% -0.6 = 0.2 2.3
* a35b58_2.6528 | 05+04 1.2 0.7+ 0.5 146.0 9.3
Q 0.7+ 0.4 1.7
U 0.2+04 0.6
A% -01+£04 0.2
a3558_5.4736 I 1.8 £ 0.3 6.9 2.8 +£0.3 152.0 7.8
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Cluster Source Stokes Ay o Pty %P PAge,
Q -2.7+ 0.2 11.0
U -0.7 £ 0.2 3.2
A% -0.5 + 0.2 2.0
* a3558_5.6528 1 1.4+ 04 3.7 0.2+ 0.5 13.7 -15.1
Q -0.2 £ 04 0.5
U 01+04 0.3
A% -04 4+ 04 1.1
a3bb8.7.4736 I 36.2+03 1187 23+£0.3 6.3 12.2
Q 21402 86
U -0.9 £ 0.2 4.0
\% -0.5 £ 0.2 1.9
a3558._7.6528 I 249+ 04 604 0.5+ 0.5 1.9 8.4
Q -0.5 £ 04 1.2
U -0.1 £ 04 04
\% -0.5+ 04 1.3
a3558_8.4736 I 205+ 04 683 5.6 +£ 0.3 18.8 4.7
Q -5.5 + 0.2 22.6
U -0.9 £ 0.2 3.8
\% -0.4 £ 0.2 1.7
a3558_8.6528 1 11.7 £ 0.5 23.7 1.2+ 0.5 10.0 6.6
Q -L1+04 3.0
U -0.3 £ 04 0.7
V. 01404 02
A3562 a3562_1.4736 I 3.9+0.3 15.5 24104 62.2 6.6
Q -2.4 4+ 0.2 9.6
U -0.6 £ 0.2 2.3
A% -0.1 £ 0.2 0.6
* a3b62_1.6528 1 09+04 2.2 1.0+ 0.5 118.5 3.3
Q 1.0+ 04 2.7
U 01+04 0.3
A% 0.7+ 04 1.9
a3562_3.4736 I 5.2+ 0.2 21.1 3.1+ 04 59.7 2.2
Q -3.1 0.3 12.2
U -0.2 £ 0.2 1.0
Vv 0.0+ 0.2 0.0
a3562_3.6528 I 21 +04 5.3 0.8 £ 0.6 37.0 15.0
Q 07404 1.7
U 04 +04 1.0
Vv 05+04 1.2
a3562_4.4736 I 1.6 + 0.2 6.3 2.8 £ 04 179.5 0.6
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Cluster Source Stokes Ay o Pry %P PAgeg
Q -2.8 +£0.3 11.0
U -0.1 £ 0.2 0.2
A% 0.0 £ 0.3 0.1
* a3562_4.6528 I -0.1 £ 0.4 0.3 0506 -388.3 34.6
Q 02+04 04
U -0.5+ 0.4 1.2
A% -0.1 04 0.3
a3562_5.4736 I 4.5+ 0.2 18.1 2.8+ 04 62.7 11.8
Q -2.6 £ 0.3 10.1
U -1.1 £ 0.2 4.7
A% -0.2 £ 0.3 0.8
* a3562_5.6528 I 20+ 04 4.9 1.0 + 0.6 48.8 28.4
Q -0.5+04 1.3
U -0.8 £ 04 2.0
A% 05+04 1.2
a3562_6¢.4736 I 2.7 £ 0.3 8.7 23+ 04 87.6 3.9
Q -23+03 78
U -0.3 £ 0.3 1.1
\% -0.2 +£0.3 0.8
* a3562_6e.6528 I 0.8 £ 0.5 1.7 0.8 0.7 100.7 37.6
Q 02405 04
U -0.8 £ 0.5 1.6
A% -0.3 £ 0.5 0.7
a3562.9.4736 I 6.4+ 0.3 21.4 244+ 04 37.9 5.9
Q 24403 80
U -0.5 £ 0.3 1.7
\% -0.5 £ 0.3 1.8
a3562_9.6528 I 2.7+ 0.5 5.7 0.8 = 0.7 30.5 -32.5
Q 03+05 07
U -0.7 £ 0.5 1.6
A3667 A% 1.0 £ 0.5 2.1
* a3667_1.4736 I 0.8 £ 0.7 1.2 1.4+ 04 162.6 6.2
Q -13+02 53
U -0.3 £ 0.2 1.2
A% -0.7 £ 0.2 2.7
* a3667_1.6528 I -4.5 £ 0.7 6.5 0.3+ 0.6 -5.5 10.1
Q -02+04 06
U -0.1 + 0.4 0.2
A% -0.5+04 1.3
a3667.11.4736 I 1.4+ 0.3 5.3 144+ 04 101.7 -9.1
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Cluster Source Stokes Ay o Py %P PAge,
Q  -13+03 51
U 04 +03 1.7
\Y% -1.0 £ 0.3 3.9
* a3667_.11.6528 1 01+04 0.3 0.2 £ 0.6 140.4 -6.4
Q -02+04 04
U 0.0x£04 0.1
A% -0.1+£04 0.2
* a3667.16.4736 I 1.0 =+ 0.3 3.3 1.3+04 136.0 3.3
Q 13403 52
U -0.2+ 0.3 0.6
A% -1.1 £ 0.3 4.1
* a3667.16.6528 I -1.1+04 2.6 0.7+ 0.6 -63.8 -8.6
Q -07+04 16
U 02+04 0.5
A% 01+04 0.3
a3667.17.4736 1 2.3+ 0.3 8.8 1.6 £0.3 69.9 0.7
Q -16+02 66
U 0.0+ 0.2 0.2
A% -0.9 4+ 0.2 3.6
* a3667.17.6528 I -0.3+04 0.7 0.4+ 0.6 -129.6 3.9
Q -04+04 009
U -0.1+04 0.1
A% -0.5+04 1.2
a3667_26e.4736 1 7.1+ 0.5 15.7 1.6 + 22.3 -33.0
Q -0.7 £ 0.2 2.8 0.3
U 1.5+ 0.2 6.1
A% -0.6 + 0.2 2.3
a3667_26e.6528 1 9.6 + 0.5 19.7 0.2 +05 1.7 31.5
Q  01+04 02
U 0204 0.4
A% 00+04 0.1
a3667_28.4736 I 53 £ 0.3 18.1 1.3+ 0.3 24.8 -11.7
Q  -1.2+02 49
U 0.5+02 2.1
A% -0.7 £ 0.2 2.9
a3667_28.6528 I 3.6 +£04 8.5 0.4 £ 0.6 9.8 28.7
Q 02+04 0.5
U 03+04 0.7
A% 05+04 1.3
a3667_a.4736 1 7.3 + 0.3 27.8 1.1 £ 0.3 14.8 -8.6
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Cluster Source Stokes Ay o Pty %P PAgyeg
Q  -10+02 42
U 0.3 £0.2 1.3
A% -0.5 £ 0.2 2.2
a3667_a.6528 I 2.8 £ 0.4 7.0 0.7+ 0.5 25.4 11.3
Q 0.7+ 04 1.7
U 0.3+04 0.7
A% 04 +£04 1.0
* a3667_dif2.4736 I 0.1 0.5 0.2 1.1 +04 14874 -5.6
Q -1.1 £ 0.3 4.2
U 0.2 £0.3 0.8
A% -0.8 £ 0.3 3.0
* a3667_dif2.6528 I -4.2 + 0.6 7.2 0.5+ 06 -11.3  -17.1
Q -04+04 10
U 0.3+04 0.7
A\ 0.1 +04 0.2
A3571 a3b71_.1.4736 I 5.6 &+ 0.3 22.1 21+04 36.5 11.2
Q -1.9 £ 0.3 7.4
U -0.8 = 0.2 3.1
A% -0.3 £ 0.3 1.2
a3571_.1.6528 1 24+ 04 5.7 04 +0.6 18.0 -8.7
Q -04+04 1.0
U 0.1 +£04 0.3
A% 04+04 1.0
a3571_3e.4736 I 244+ 0.3 70.0 51+ 04 20.7 4.9
Q H5.0+03 186
U -0.9 £ 0.3 3.3
A% -0.4 £ 0.3 1.5
a3571_3e.6528 I 11.8 £ 0.5 254 0.5 £ 0.6 4.0 21.7
Q -0.3+04 0.8
U -0.3 04 0.8
A\ 0.5+ 04 1.1
a3571_5e.4736 I 3.0 £ 0.2 11.9 25+ 04 84.8 10.2
Q -2.4 £+ 0.3 9.2
U -0.9 £+ 0.2 3.5
Vv -1.0 £ 0.3 3.9
* a3571_5e.6528 I 04404 1.1 0.6 + 0.6 147.3 11.6
Q 0.6 £04 1.4
U 0.3 £04 0.6
A\ -0.3 £ 0.4 0.7
a3571.6.4736 I 1.8 £ 0.2 7.3 1.9+ 0.4 101.6 9.8
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Cluster Source Stokes Ay o Py %P PAge,
Q 18403 69
U -0.6 + 0.2 2.5
A% -0.6 = 0.3 2.2
* a3b71.6.6528 I -0.1 £ 0.4 0.3 09+06 -787.8 -19.9
Q -0.7 £ 04 1.6
U 06 04 1.3
A% 09+04 2.2
a3b571.8.4736 I 356 £03 1042 224+04 6.1 -8.3
Q 21403 81
U 0.6 £ 0.2 2.5
\Y% -0.9 + 0.3 3.4
a3b71.8.6528 1 23.2+ 05 47.0 0.7 £ 0.6 3.2 -16.0
Q -06+04 15
U 04+04 1.0
A% -0.7£ 0.4 1.7

Table A.3: Radio Sources in A3158: col 1 and 2 are the right accension and decli-
nation of the sources observed using the J2000 equinox; col 3 is the peak flux density
in mJy at 1.4 GHz measured using a 6 arcsecond beam; col 4 is the peak flux density
in mJy at 2.4 GHz measured using a 3 arcsecond beam; col 5 gives brief comments
for sources with multiple components.

Radio Sources in A3158
RA jo000 Dec 2000 S1.4 (mJy) Ss4 (mJy) Notes
33943 -53629.0 0.70
34149 -5425.7 0.55
34153 -54224.0 0.65
34141 -535927.0 11.76
34256 -54232.0 0.92
342 2 533674 15.32 0.72 south lobe
342 4 533574  2.00 core
3426 -53 33 59.5 8.83 north lobe
34219 -532613.0 0.63
34219 -532611.4 0.70
34234 -533319.0 0.69
34253 -533753.0 4.11
34333 -541118.0 1.79
3437 -53 41 41.0 0.64
34316 -53 39 36.0 0.85
34322 -532841.0 1.80
34323 -532815.0 0.95
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RA j2000  Dec 2000 Sia (mJy) S,4 (mJy) Notes
34329 -534130.0 0.83

34345 -534246.0 1.02

34349 -532526.0 1.26

34359 -535519.0 1.41

34416 -54423.0 6.15

34411 -534335.0 1.95 1.00

34418 -534152.0 1.59 1.02

34421 -534430.0 2.12 0.95

344 22 -535922.0 2.26 double
34424 -535944.0 1.91 double
34430 -535312.0 45.00 7.75 double
34430 -535314.0 42.07 4.71 double
344 32 -53 52 59.0 8.46

34441 -534223.0 1.17

344 43 -534155.0 0.70 1.04

344 44 -53 41 45.0 12.96 5.07

34525 -534129.0 14.52 2.13 double
34527 -534125.0 12.36 2.00 double

34537 -534020.0 1.90
34542 -533251.2 1.50
34553 -53046.0 1.53
3465 -531521.0 2.26
3473  -534440.0 0.66
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Appendix B

Rotation Measure Catalogue

B.1 RM Data used to produce Interpolated All-Sky
RM Map

Table B.1: The dataset used to produce the interpolated all-sky RM maps. Data are
collated from several catalogues in the literature and the fit of each source individually
verifed. Where a source is observed more than once the most reliable fit was used.
Col 1 is the J2000 Galactic Longitude; col 2 the J2000 Galactic Latitude; col 4 is the
RM in rad m~2, col 5 is the error in the RM in rad m™? specified in the literature
and col 5 shows if the source was used in the final dataset after the two stage culling
was performed.

Extragalactic RM Catalogue
1J2000 b.]2000 RM 6RM Used
0.8 146.9 19 3.4 Y
1.0 48.0 22 2 L 4
1.0 140.3 4.1 3.4 Y
14 24.2 19 1 2 ¢
1.8 62.2 -16 2 2 &
1.8 116.1 40 11.3 Y
1.9 92.5 9 2 Y
2.1 124.2 14 5 Y
2.2 109.7 90 1 Y
2.3 94.3 26 3 Y
2.6 138.9 3 4 b 4
2.7 118.8 -1 2 Y
3.9 1389 124 4 Y
4.3 35.1 57 1 Y
4.3 125.1  -130 b} Y
4.7 157.0 -10 ) Y

continued on next page
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continued from previous page

132000 bJ2000 RM (SR,M Used

5.1 59.2 6 2
9.2 132.6 7 2
5.6 94.0 2 3

6.0 19.8 57 4
6.3 46.8 167 20

6.7 96.7 1 3
6.8 82.9 -7 21
7.1 59.0 -10 4
7.4 78.7 -2 0.2
7.7 47.6 81.2 5.8
7.7 56.4 -65 2
7.9 168.2 11 1
8.0 47.5 26 4
8.1 90.0 -270 19
8.1 136.8 14 3

8.3 138.7 14 0.3
8.4 97.0 69 15
8.5 84.3 30 4
8.6 68.2 386 5
8.6 113.6 12 10

9.0 153.0 17 7
9.6 53.3 72 4
9.6 89.4 708 8
9.7 45.2 91 4
10.0  145.0 25 7
104 62.6 -3 i
105 111.8 81 3
11.1 98.7 62 2
111 1264 45 2
112 1034 20 2
114 444 -15 2
1.7 117.9 5} 17
11.8  165.0 -3 2
13.1 983 71 3
13.2 54.8 -33 9
13.5  88.0 -50 6

13.9 122.6 15
14.2 1423 -130 10
15.2  113.2 5.6 4.9
153 56.9 -24.3 3.8

continued on next page
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1J2000 ngooo RM 0RM Used
15.5 62.2 22 14 Y
16.5  129.7 38 3 Y
16.6 473 19 1 Y
16.6  90.2 -90 2 Y
17.2  61.5 71 2 Y
17.5 68.6 28 1 Y
176 755 84 3 Y
17.8 1288 -35 26 Y
179 67.2 -7 33 Y
179 1164 20 2 Y
194 1684 -354 0.5 Y
19.7  35.1 -336 6 N
20.0 74.6 -13 2 Y
20.2 1427 42 1 N
204 69.0 41 5) Y
206 118.5 43 ) Y
21.3 255 6 2 Y
21.5 64.7 -170 17 Y
21.5 159.0 2 17 Y
21.8 108.1 1 3 Y
22.1 104.5 37 6 Y
22.3 101.5 93 4 Y
22.8 104.0 66 1 Y
234 1054 32 4 Y
23.8 104.6 02 3 Y
24.8 100.1 7 2 Y
249 482 -14 2 Y
25.50 43.7 -36 3 Y
25.8 132.7 13 2 Y
26.1 122.0 10 1 Y
26.5 139.7 26 6 Y
26.8 125.8 -176 2 Y
27.3 122.5 31.1 0.7 Y
276 215 13 ) Y
276 111.8 114 14 Y
28.5 52.2 -144 4 Y
29.6 53.7 53 2 Y
29.8 25.0 ) 1 Y
30.3 114.2 54 4 Y
30.7 1444  -308 32 N

continued on next page
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2000 byzeoc0 RM  JRM  Used
31.9 111.0 89 2

31.9 127.2 31 2
32.3 46.3 -8 4
32.3 156.9 -25 3
33.0 120.0 27 1
33.2 145.7 18 20
33.6 123.6 33 4
33.7  123.2 1510.8 7.8
34.0 124.5 140 3
35.4  82.0 111 1
354 1171 44 1
35.8 77.0 93 3
36.5 55.8 17 3
36.5 130.6 225 7.3
36.5 138.4 -3 1
36.9 46.8 7 6
37.0 1014 22 1
37.1  96.2 80 18
37.3  102.8 20 3
37.7  97.2 92 1
37.7  109.0 13 6
37.7 109.1 16 9
38.1 113.0 26 2

38.3 145.5 153 0.8
389 97.0 41
40.0 134.0 -25
40.3 55.6 -49
404 136.0 5
40.7  108.6 57
41.1  109.5 -24
424 1329 1014
42.5 106.0 -81
42,5 1531 -183 43
42.6 73.8 63 4
44.1 975 -43 6
44.5 39.1 23 6
446  39.7 78.4 2.5
449  98.7 464 (
45.1 139.1 -16 5
45.2  132.7 12 2

continued on next page
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1 J2000 b 72000 RM 6RM Used
454 47.6 46 8 N
454 929 800 21 N
45.7 107.1 159 12 N
46.1  84.7 200 16 b
46.4 1222  47.8 0.9 b
46.8 108.2 34 34 Y
46.9 13.2 -1 2 Y
471  91.0 13 9 Y
47.2 1121 -11 0.7 Y
472  163.8 18 4 Y
477 823 -1 4 Y
478 93.1 -2 11 Y
48.3 61.8 29.3 5.8 Y
48.5 51.1 88 2 Y
48.6  132.3 -7 2 Y
49.0 53.0 46 7 Y
49.0 103.2 -339 9 N
494 101.3 -32 ) Y
49.9 776 49 2 Y
50.1 1283 75 11 Y
51.1 15.5 2 12 2
51.4 102.0 -69 2 2 4
514 153.6 -7 1 b
51.6 53.0 4 2 2 4
51.8 53.6 -373 3 N
52.1 136.6 141 ) N
52.4 126.8 -11 1 Y
53.1  56.7 3 2 2 4
53.1 1463  26.9 0.6 28
53.7  85.0 633 ) N
54.0 136.7 50 4 4
54.9 38.0 16 2 Y
55.6  80.7 216 2 Y
55.7  163.0 16 8 YA
56.5 58.6 6 4 Y
56.6 36.4 30 3 2 §
56.7 154.1 8.1 5.9 0 4
57.2 1074  -105 7 08
57.6 129.0  -20 2 ) 4
58.1 84.1 154 2 Y
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].J2000 b_)2000 RM 6RM  Used
08.2 66.7 393 12
08.8 46.7 45 3
99.1 40.7 23 2
59.1 130.8 -6 1
09.4 370 ) 6
59.4 1553 -112 39
60.1 33.0 -2.4 0.4
60.3 33.6 -3 1
60.6 58.3 9
61.1 142.7 14.3 3.7

—

62.3 110.7 9 1
62.4 100.3 199 3
62.9 115.0 -1850 15
63.3 102.6 75 4
63.5 70.0 45 4
63.9 98.8 366 2
64.1 1224 35 13

64.7 68.0 0
64.8 35.9 91
65.1 92.8 90
66.3 105.0 -104
66.6  80.7 203
66.8 61.4 48
68.3 79.0 =75
68.3  85.9 458
69.4 72.4 44
69.5 81.1 242
69.8 93.7 -395
71.5 1428  -45
71.6 55.4 53
71.7  157.5 7
71.8 103.4 71
72.0 51.2 13
73.5 271 2
74.0 1449 22
74.2  34.8 8
74.7  54.0 28
74.8  159.7 0
7.0 171.7 -7
75.7  95.7 70

continued on next page
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1_]2000 b_]2000 RM 6RM  Used
75.7 1413 16 2 Y
75.8 86.8 272 4 Y
76.6 57.8 34 ) Y
76.7  64.7 -9 2 N
78.3 81.0 458 4 N
79.0 111.8 38 3 Y
79.9 107.1 97 8 Y
80.2 1334 0 3 Y
81.1 644 -232 ) Y
81.7 130. 6 | N
824 476 -268 4 Y
82.4 65.0 64 2 by
83.0 1425 95 14.4 N
86.4 97.2 -20 2 Y
86.9 149.1 ) 4 N
88.7 163.4 12 7 Y
89.2 32.0 10 10 D
89.8 26.5 =27 {0 L
89.9 173.2 -4 0.3 Y
90.6 54.0 28 4 Y
925 1254 18 i Y
92.5 14838 1 1 2
94.2 163.0 26.2 1.2 Y
94.7 87.2 420 4 N
948 353 21 2 Y
95.2 1513 4.8 0.8 Y
95.3 102.2 -89 2 Y
95.3 133.6 33 1 Y
954 86.1 99 3 Y
95.6 101.8 -37 3 Y
96.1 83.0 185 2 Y
975 1354 -26 1 Y
98.2 164.5 -8 1 Y
100.1 19.5 9 2 Y
101.2 146.4 0 2 Y
101.8 157.4 12 1 Y
103.8 164.5 872 10 N
103.9 114.3  -105 4 Y
104.1 168.9 -27 12 Y
105.0 121.6 -63 2 Y

continued on next page
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1J2000 b_]2000 RM 0RM Used
105.7 118.0 -50 3 Y
106.4 62.8 19 2 Y
106.7 103.4 -12 3 Y
107.0 82.9 -14 2 Y
107.2 118.9 -25 4 Y
107.7 117.5 -42 4 Y
108.9 120.9 -4.3 3.8 Y
1094 70.1 9 2 Y
109.8 141.7 -3 2 Y
110.0 1544 2 0.2 Y
111.0 20.8 8 2 Y
113.2 150.0 -52 2 Y
113.4 169.1 -11 1 Y
115.0 18.2 -27 2 Y
1159 131.0 -29 4 Y
116.2 83.7 -100 3 Y
116.9 106.5 175 5} N
117.5 50.0 36 3 Y
118.2 1424 13 2 b4
118.4 127.5 -29 2 )¢
118.6 148.0 -10 3 Y
120.2 42.0 18 2 Y
120.4 131.6 -81 27 )4
122.4 16.0 -9 2 hd
123.2 161.8 12 3 Y
124.1 140.3 -13 1 Y
124.5 56.1 26 2 Y
125.1 147.1 15 0.3 N
125.5 168.6 -3 1 Y
126.0 165.5 18.5 0.6 Y
126.6 15.0 2 1 .4
127.0 91.2 185 1 Y
128.6 17.2 -17 4 Y
129.1 1304 69 9 Y
129.5 109.4 -56 1 p.¢
130.1 142.8 169.4 5.9 N
130.2 57.2 20.8 2.4 Y
130.5 42.0 47 7 Y
130.8 70.2 38 1 Y
131.2 70.5 -122 11 Y
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132000 bJ2000 RM 5RM Used

132.3 8.5 3
132.9 152.3 4
133.0 67.0 7
133.3 118.1 -30
1334 71.1 98
133.5 118.1 -29
134.0 34.9 18
1343 41.2 28
1344 70.0 49
134.7 130.3 12
135.6 95.4 -86
136.2 109.2 -28
137.3 100.8 -41
137.7 151.2 11 0.4
137.7 151.2 344 4.6
139.2 171.6 4.1
139.6 33.5 1
140.4 159.1 -3
141.0 149.6 0
141.3 49.3 37
141.4 107.3 116
141.4 113.0 -37
142.8 81.5 92
142.8 101.3 11
143.2 144.6 -27
144.3 1324 -29
145.3 82.8 -124
145.3 82.8 247
146.3 153.0 1
146.7 121.2 -12
147.3 32.0 24
147.4 67.6 8
148.0 162.5 0
148.8 109.9 3
149.0 137.7 2
150.7 69.0 70
151.7 74.4 -4
153.5 95.3 39
153.8 62.0 44
153.8 73.0 -186
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]._]20[)0 b.]2000 RM 0RM Used
154.2 154.8 -2 3
155.0 334 -3 4
155.7 25.9 25 2
155.8 62.0 50 4
155.9 32.8 32 12
156.1 52.7 15 7
156.8 1344 -15.9 0.7
157.5 146.4 17 19
159.5 36.9 138 5
159.8 168.5 2 2
159.9 40.1 21.5 23.5
160.0 51.3 95 4
160.0 55.0 16 4
160.1 111.6 53 5
160.7 117.6 -20 2
162.3 55.8 41 4
162.7 44.7 -3 )
162.8 58.6 -312 4
2
3
7
31
6
6

162.8 130.1 -7

163.6 125.1 -19

163.8 41.2 -62

165.3 131.3 39

165.8 21.3 30

166.1 143.1 64

166.2 107.2 -33 11
167.2 160.2  -351 16
167.8 102.5 312 18
168.4 1656.8 -156.2 23
168.8 103.3 -48 1

169.7 134.9 0 1

170.2 220 43 3

170.5 1243 -182 14
170.6 1134 -22 7

171.2 136.6 -7 1

171.3 130.1 -15 1

171.7 74.0 1) 3

172.2 634 138.2 10.3
172.2 150.7 -42.5 0.8
172.3 151.5 -36 1

172.6 49.6 40 3

continued on next page
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1J2000 bJ2000 RM 6RM Used
173.9 132.9 -25 1 Y
1743 1454 -54 30 Y
175.3 74.0 76 5) Y
175.6 28.0 15 2 b ]
1772 41.0 ) 2 Y
1776 104.7 -12 3 b
178.0 154.0 -3 2 Y
178.3 78.2 160 11 b
178.5 31.2 -304 8 N
179.6 161.8 6 4 Y
181.6 1375 =75 3 Y
181.9 120.5 -3 1 Y
182.9 87.2 -390 6 N
183.3 111.1 -87 4 Y
185.1 61.6 -80 3 Y
185.8 148.2 18 4 Y
187.8 bH4.4 2 1 Y
188.7 94.9 139 3 Y
188.8 16.5 -90 10 Y
189.0 163.0 6.5 0.5 Y
189.2 141.8 15 ) Y
189.4 140.1 257 7 N
189.6 127.7 -23.2 0.6 Y
189.7 6.4 6.8 2.5 Y
190.7 1576 -14 1.1 Y
190.8 130.9 10 1 Y
191.1 126.0 13 3 Y
1914 144.6 6 3 Y
192.0 100.8 -56 1 Y
192.2 84.5 3 4 Y
1924 93.8 129 2 Y
192.5 127.8 9 1 Y
1929 77.2 145 30 b
194.2 1322  27.7 1.6 2
195.6 102.3 55 1 Y
195.7 46.4 28 2 Y
197.8 50.4 13 2 Y
198.1 1264 8.9 3.2 Y
198.1 157.7 -6 4 Y
198.3 54.7 -19 3 Y
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1J2000 bJ2000 RM 5RM Used
198.9 150.2 41 1
199.5 157.5 -29
200.1 107.9 62
200.2 39.5 -39
201.0 92.0 5
201.2 109.6 38
201.4 49.8 42
201.6 103.0 301
201.7 58.0 -24
202.5 171.0 -58
203.0 118.9 21
204.3 138.8 13
2044 72.2 =77
205.0 78.7 -39
205.4 99.8 61
206.7 20.3 10
207.1 54.0 -8
207.2 179.3 6
207.9 49.9 -22
208.6 140.1 24
208.7 101.0 -102
209.1 61.8 -60
209.1 1794 -1
209.4 90.0 o1
209.4 113.1 45
209.5 734 30
209.7 1794 -54
210.0 158.5 33
211.6 134.5 -1
212.8 100.6 -699
213.2 131.1 41
213.3 138.2 24
213.7 137.3 o8

TR RN U WHOXEAENBRDWNNIR W BRSNS TDeo=

213.9 139.5 14 0.4
215.0 139.2 42 2
215.3 125.8 -32 2
216.0 41.0 12 )
216.6 159.2 9 6
216.7 38.8 -64 38

o 2 e 2 e

217.2 143.8 12 1
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132000 szooo RM 0RM Used
2177 105.2 -98 8 Y
218.4 46.7 21 2 Y
218.4 150.2 10 3 Y
218.6 175.6 -4 1 Y
2189 75.8 257 2 N
219.3 78.0 -58 4 Y
219.4 148.3 -1 0.4 Y
220.2 37.6 1 2 Y
220.5 49.0 -1 1 Y
221.1 95.8 -840 2 N
221.3 130.9 24 1 N
2214 1321 33 3 Y
2216 177.3 3 il Y
2219 44.7 -1 1 Y
222.3 5.8 18 9 b 4
2223 71 -36 1 Y
223.7 31.9 -86 9 Y
224.0 151.0 -35 60 Y
2240 1685 -10.6 0.8 Y
2246 63.2 -14.8 16.5 Y
225.4 94.2 274 2 Y
226.0 1044 125 4 Y
226.2 130.3 34 1 Y
226.7 156.7 8 3 Y
226.8 132.3 18 0.3 Y
227.0 100.5 90 3 Y
2273 177.1 13 9 Y
228.6 41.2 5 1 Y
229.1 144.9 21 3 Y
229.6 6.7 4 2 Y
229.8 177.2 18 9 Y
231.7 125.1 62 4 Y
2324 53.5 10 8 Y
232.7 634 -11 21 Y
232.7 135.3 2 1 Y
232.8 75.0 -117 3 Y
233.8 68.0 -39 4 b 4§
234.6 166.1 -3 2 Y
2346 178.2 -65 7 Y
235.2 38.3 -17 7 Y
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lyooo0 byzeoo RM  6RM  Used

235.5 120.6 2 2
236.5 170.7 -1 0.2
237.0 49.1 1 6
2374 178.1 50 11
238.1 178 -32 10
239.0 41.2 -28

1
239.0 434 -7 9
239.0 178.2 47 7
2394 177.7 45 2
239.9 148.3 10 2
2404 130.7 19 4
241.1 132.3 28 3
241.3 1074 1486 9.7
2419 433 12 2
242.1 745 -91 6
242.3 1775 -37 10
242.3 1775 0 9

MHKHEHKZHAK AR ZRK KKK KZZ KRR

2424 437 483 3
2424 88.9 5564 1.9
242.7 98.5 60 1
2429 19.5 -5 5
2429 133.7 -85 9
243.0 101.8 169 1
243.0 129.0 14 4
243.0 133.7 141 1
243.0 1775 -2 9
2434 54.0 -30 3
2434 83.9 1111 3
243.4 1314 45 13
243.5 130.9 22 0.2
243.7 55.9 20.5 0.6
243.7 87.7 -60 8
2444 79.2 -148 5
245.5 18.1 -19.5 128
245.5 134.3 35 3
2477 81.7 96 2
2479 67.2 -124 4
248.5 1175 -23.9 4
249.2 86.2 -222 2
249.2 177.9 0 9
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1 J2000 b J2000 RM 6RM  Used
249.5 133.6 37 2 Y
249.8 52.4 -13 1 Y
250.9 60.5 -21 ) Y
250.9 61.6 -15 1 Y
251.8 126.2 8 2 Y
252.2 179.2 3 | Y
253.0 128.2 12 2 Y
2534 1779 -55 9 Y
254.5 72.3 -73 1 Y
254.5 103.2 -89 5 Y
254.7 110.2 1154 9.8 Y
255.1 55.9 -31 3 Y
2565.1 178.0 -7 11 Y
255.3 104.0 -13 9 Y
255.3 104.5 -8 1 Y
255.6 103.5 9 6 Y
255.7 103.2  -199 8 Y
255.7 1034 151 6 Y
255.7 103.5 90 ) Y
255.8 103.1 -9 4 Y
255.8 103.2 -56 3 Y
2566.0 112.5 25 1 Y
256.3 103.6 -51 6 Y
256.6 65.2 -37 1 Y
267.2 113.5 15 3 Y
257.4 b51.4 -53 0.4 b
257.9 124.2 10 4 Y
259.5 178.0 10 2 Y
260.2 71.2 -53 0.4 Y
2604 32.2 -25 2 Y
261.4 20.2 28 16 Y
261.6 48.7 -21 3 Y
262.8 48.1 28 4 Y
262.9 40.2 2.1 3.5 Y
263.0 38.7 -6 1 b 4
263.2 60.0 -125 2 Y
263.9 50.8 -3 15 Y
264.3 49.3 7 6 Y
264.9 69.1 -125 1 Y
2654 28.8 -25.8 1.7 Y
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1J2000 bJ2000 RM O0RM  Used
265.7 127.9 -8.4 5.9
265.7 127.9 21.5 0.8
265.8 164.7 -62.8 3.2
266.1 51.8 -57 0.2
266.1 119.2 95 3
266.2 43.6 -12
2674 54.4 -87 0.4

N

2679 138.4 -10 2
268.1 141.0 7 3
268.8 96.0 -258 1
269.7 152.3 39 2
270.3 98.2 440 16.5
270.5 91.3 -359 1
270.5 147.5 18 2

2716 121.3 284 0.5
271.7 29.6 6 12
271.7 59.0 -558 43
271.7 90.1 347 3
272.1 359 6 4
272.6 79.6 -183 0.4
273.1 429 -307 3
273.3 1413 -11.1 0.7

273.5 16.3 -4
2754 74.1 -162
276.3 134.1 -9
276.8 70.5 -231
2773 2.0 92
277.5 39.9 1

277.5 150.8 2250
277.7 55.3 -60
278.1 729 -275
278.8 130.7 13
279.3 29.1 12
279.7 58.7 -269
279.7 58.8 -254
279.7 98.0 -166
280.1 119.2 13
280.3 994 -208
280.5 120.7 8
281.0 58.0 42.1 4.5
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1J2000 b32000 RM 6RM  Used
282.1 60.1 -76.6 3.7 Y
282.8 48.3 -39 6 b
283.2 29.5 -11 2 Y
283.2 139.1 37 4 Y
283.4 163.4 -17 3 Y
283.5 57.0 102 1 Y
283.9 439 -22 1 Y
284.9 95.8 -378 2 N
284.9 1514 224 10.2 Y
285.3 117.8 -36 3 Y
285.6 1179 -30 3 Y
285.7 415 -17 2 Y
2874 41.1 -4 2 Y
288.3 132.2 139 7.7 Y
290.0 132.1 63 2 2
290.6 94.7 9 8 Y
291.0 109.3 19 17 Y
2914 117.1 -5 1 Y
291.8 145.7 4 7 24
292.0 43.5 -22 1 2
293.0 72.2 -20 2 b 4
293.6 100.9 -49 2 b 4
293.7 78.0 -182 29 Y
204.8 26.2 -12 2 2 4
204.9 128.3 -57 10 b 4
295.2 25.2 10 3 Y
295.2 128.3 -24 13 0 4
295.3 166.8 -24 4 YA
295.7 50.2 -57.1 8.9 Y
296.5 92.6 17 8 Y
296.8 25.5 -24 8 Y
297.0 30.6 -18 2 W
2972 339 -18 1 A
297.9 45.9 44 12 Y
298.6 37.3 13 4 Y
299.0 °51.3 -1 ) Y
299.3 66.7 -92 9 Y
300.2 159.8 -17 1 Y
300.4 60.3 4 54 Y
300.4 107.3 9.9 3.5 Y
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1_]2000 b.]2000 RM 6RM Used
300.6 91.2 409
301.0 86.1 278
301.6 79.2 159
302.3 17.6 )

302.8 156.6 -12
302.9 78.3 -82
303.4 95.5 -91
304.2 53.5 106
304.3 1004 -15
304.5 96.6 11

306.1 53.1 -34
306.4 76.7 -354
306.5 25.8 1

306.9 59.6 -60
306.9 176.8 7.2
307.1 27.3 -1.2
307.6 59.1 -66
308.1 133.6 8

309.4 40.7 -12
3104 128.5 -29
310.7 93.1 428 1.3

310.9 142.2 86 11
311.4 60.9 -66 1
311.5 81.6 -98 3
311.8 29.0 -11 1
312.1 96.2 -36 1
3124 26.8 8 6
312.4 65.9 -87 1
312.6 56.9 -47 1
312.7 174.9 11 9
313.6 118.9 -14 8
314.0 61.3 -67 7
314.2 51.6 -65 3
314.2 139.7 6 4
3144 47.1 -9 2
314.5 36.2 -344 17
315.0 72.4 =75 3
315.3 14.9 3 2
316.1 30.8 9 11

R 2 e e e 2 e 2 2 e 22

316.2 89.1 -180 2

continued on next page




185

continued from previous page

1J2000 b_]2000 RM (SRM Used

316.5 26.3 -13 6
316.8 49.3 -23 1

317.1 31.7 -9 13
317.2 62.7 -31.2 3.3
3173 38.4 -4 6

318.9 66.2 -2.5
319.9 58.2 -94
320.0 117.3 -29
320.2 73.2 -67
320.5 34.9 6
320.8 164.1 -3
321.2 28.2 16
321.4 1306  -225
321.5 70.5 -81
322.2 27.1 54
322.3 23.9 -3
3233 11.7 2
323.5 1244 -11
323.9 89.0 -130
325.1 1194 10
3254 116.1 86
325.6 66.0 -63
326.8 59.3 -64
326.8 69.2 -81
327.0 76.6 612
3273 63.6 16
3275 1614 -1
327.8 86.0 -136
328.0 1184 -20
329.7 425 -21 4.4
330.1 77.0 18 1
330.3 125.5 1844 6.1

(21
(=]

U = W W oo = Nk WWJWrFE JNUtwwhwhs w:

330.6 62.7 -60 o
331.0 140.7 -4 2
334.1 70.7 29 3
334.2 13.6 3 3
334.3 43.5 -6 3

6

3354 95.1 17
336.6 45.0 5.4 3.8
336.8 50.9 81.2 5.8

M L 2 K KRR Z K

continued on next page
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continued from previous page

112000 bJ2000 RM 6RM  Used
336.8 83.4 -42 1 D%
337.5 15.6 9 8 Y
337.8 41.8 -11 2 Y
338.6 137.9 1 1 Y
338.8 97.8 -3 2 Y
339.0 71.2 o8 1 Y
339.3 126.9 -15 1 Y
341.0 85.7 45 3 Y
341.7 81.2 -19 2 Y
341.7 100.3 -1510 50 N
342.1 1444 -11.7 3.6 Y
342.2 112.2 53 2 Y
3429 64.4 72 47 Y
343.1 54.0 -18 0.3 Y
343.3 44.6 -6 3 Y
344.1 55.5 -19 0.4 Y
344.1 86.3 512 5 N
344.5 1074 11 3 Y
3454 1034 34 3 Y
345.8 69.0 49 1 Y
346.3 170.6 0 0.4 Y
346.6 56.4 246 6 N
347.1 33.0 4 2 Y
347.1 34.8 6 3 Y
347.6 88.1 -21 3 Y
347.6 129.1 0.6 ) Y
348.1 14.0 -7 3 Y
348.1 70.3 42 2 Y
349.6 22.6 11 2 Y
350.3 45.1 -125 10 Y
350.5 143.2 18.5 11.5 Y
350.6 53.8 -15 2 Y
350.6 78.3 -324 14 N
350.7 152.3 19 1 N
351.1 107.9 30 7 h 4
361.2 123.2 -142 5] Y
361.2 123.2 1168 0.8 Y
351.4 82.2 330 3 N
361.7 1706 -11.8 2.4 Y
361.9 33.1 157 18 Y

continued on next page
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132000 b_]200() RM 0RM Used
351.9 70.0 -4 4 Y
352.1 38.1 136.7 7.3 Y
352.5 35.2 12 3 Y
352.6 155.9 -18 3 Y
352.7 124.5 -5 2 Y
353.1 22.7 6 1 Y
353.2 56.7 -2 5 Y
3563.9 169.9 4.1 8.4 Y
354.4 34.0 5) 1 Y
354.4 134.8 -19 2 Y
354.5 88.7 -1 3 8 4
354.9 45.5 14 2 Y
357.0 49.2 145 6 Y
367.3 67.8 -2 3 Y
358.1 41.5 41 1 Y
358.1 85.7 72 4 Y
368.3 1329 -170 6 Y
358.5 79.5 -22 1 b 4
368.9 77.5 -38 1 b 4
359.0 108.3 -11 6 Y
359.0 114.0 13 18 Y
359.3 34.0 8 2 Y
359.3 64.3 -9 4 Y
359.7 82.3 -172 2 Y
359.8 59.0 79 1 Y

B.2 Two Dimensional Solutions to Poisson’s Equa-

tion

A common application of interative methods is the numerical solution of a particular

equation to give the value of some measurable in regions were no data is present.

If we consider a two dimensional function z = f(z,y) then when know from calculus
that the partial derivatives of the function will describe a curved surface in the zy-plane
with a height z at every point (Kreyzig 1994). In situations where data is only given for
some points in the zy-plane it is still possible to extrapolate the value of those points
to regions where there is not measured data. One such method is the two dimensional

solutions to Poisson’s equations.

Traditionally Poisson’s equation is of the form:

V3V = —p/e
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where V is the electric potential and p/e is the charge density. Now

2V 8V &V

2y, —
L 0x? +(5y2 +6z2

A finite difference solution of the two dimensional Laplace equation (V2V = 0) can
be found in the following manner. Let h represent a small distance from any point
(x,y). Then by Taylor series expansion

héV (z, h2 52V (z,
Viz+hy)=V(z,y)+ (v,y) W OV(@y)

ox 2 x?
héV{(z,y) h26*V(z,y
V(e — hy) = Viey) - 20 BIVEY)

Combining these equations gives

2V(z,y) _ V(z+hy) =2V (e,y)+ V(- hy)

oz h?

Similarly the second partial derivative with respect to y can be found. Substituting
these partial difference approximations into Laplace’s equation gives

V(ig+hy)+V(z—hy)+V(z,y+h) +V(e,y—h) - V(z,y) =0

Now solving for V(x,y) we obtain

Vz+hy)+V(z—hy +V(z,y+h)+V(z,y—h)
4

Solving this on a grid of points with one spacing equal to h says that the function,
in this case the potential, is the average of the four points surrounding it, which are in
turn the average of the four points surrounding them and so on. Thus, the function can
be determined across the entire xy-plane by inserting values where there are measured
quantities and then iteratively applying equation B.1 until an unchanging set of values
is obtained. Thus, for ever grid point, Vi1(x,y) we have

V(z,y) = (B.1)

Vilz +1,y) + Vi(z — Ly) + Vi(z,y + 1) + Vi(z,y — 1)
4

Viri(z,y) = (B.2)
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The method of succesive approximations used above can be improved by a simple
change which causes it to converge more rapidly. This difference is effected by calcu-
lating the difference between the current grid point, Vi(x,y), and the average of the
four surrounding cells at each iteration. This quantity is multiplied by a number called
a relaxation constant, 3, which is usually between 1 and 2 and is added to the existing
grid potential as shown below:

‘/k+1(x’ y) . Vk(x+7 y) S B(Ek/4 - ‘/k) (B3)

The rate of convergence can be increased by choosing a suitable value for the relax-
ation constant. The optimum value of § varies according to the problem being solved.
In the case of the interpolated RM map, the voltage term in the above equation was re-
placed by a rotation measure value and the co-ordinate system converted into spherical
polar co-ordinates. This gave the interpolated RM map seen in Chapter 4.
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Appendix C
2dF Redshift Information

C.1 Redshift Data for A3667

Table C.1: 2dF redshift data for A3667: col 1 is the J2000 right accension; col 2 is
the J2000 declination; col 3 is the magnitude; col 4 is the absorption derived redshift;
col 5 is the emission derived redshift; col 6 is the average redshift between emission
and absorption spectral fits and col 7 is the software derived spectral quality, being
a number from 1 - 4, 4 being the best quality.

2Df data for A3667

RA 2000 Decj2000 Mag  z4 Zem Zave Q
2053749 -56416.1 16.89 0.0558 4
206 26.98 -56 19 50.9 18.16 0.0586 il
207 22.03 -56 39 44.0 16.41 0.0535 4
207 29.09 -57 28 46.2 18.09 0.0553 0.0553 0.0553 4
20 7 30.08 -572258.6 16.75 0.0521 0.0518 0.056195 4
20 7 32.50 -56 34 45.9 17.43 0.0560 0.0557 0.05585 4
20 7 56.06 -56 16 1.3 16.65 0.05643 0.0545 0.0544 4
20 8 1.56 -56 6 7.6 17.60 0.0594 0.0594 0.0594 4
20 8 9.17 -56 30 21.7 16.80 0.0523 4
20 8 27.61  -56 20 42.5 17.79 0.0572 0.0569 0.05705 4
20 8 28.97  -56 43 12.2 16.63 0.0487 0.0486 0.04865 4
20 8 30.27 -56 39 16.7 17.21 0.0592 4
20 8 35.33 -57356.3 18.04 0.0623 4
20 8 39.10 -56 56 24.8 16.90 0.0532 4
20 8 41.88 -56 47 16.4 17.91 0.0526 0.0520 0.0523 4
20 8 52.33 -56 28 5.3 18.22 0.0624 0.0618 0.0621 4
20 8 53.06  -56 45 16.8 18.05 0.0538 0.0542 0.054 4
20 8 56.81 -56 57 4.8 17.72 0.0577 1
20912.53 -56 30 58.5 16.97 0.0580 4

continued on next page
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continued from previous page

RAJ 2000

Decja000

Mag

Zab

Zem

Zave

20 912.93
209 15.35
20 9 19.68
209 49.45
20 9 52.60
20 9 58.26
20 9 59.72
20 10 3.67
20 10 7.63
20 10 8.24
20 10 10.62
20 10 16.06
20 10 16.30
20 10 16.79
20 10 26.49
20 10 27.50
20 10 36.28
20 10 40.25
20 10 42.90
20 10 44.78
20 10 46.27
20 10 46.88
20 10 47.57
20 10 49.20
20 10 50.14
20 10 50.46
20 10 53.26
20 10 54.38
20 10 54.66
20 10 57.64
20 10 58.91
20 11 0.43
20 11 2.71
20 11 4.80
20 11 6.77
20 11 14.06
20 11 17.20
20 11 27.50
20 11 30.17
20 11 34.74

-56 37 36.0
-06 44 12.4
-66 46 30.9
-56 4 58.6

-56 14 13.3
-56 30 32.2
-56 27 57.8
-56 22 7.9

-56 42 25.4
-56 39 40.6
-66 31 36.0
-56 38 30.4
-56 45 10.6
-56 13 46.2
-56 26 55.0
-66 17 48.4
-56 52 9.0

-7 2 40.8

-56 21 54.8
-96 45 22.7
-56 13 38.0
-56 58 9.3

-57 19 53.4
-56 41 52.5
-07 18 24.5
-56 32 59.5
-56 50 21.4
-56 29 54.3
-56 23 28.4
-56 38 38.4
-56 39 54.5
-56 45 55.5
-56 19 22.7
-56 31 47.4
-56 23 23.0
-96 57 23.5
-96 56 18.1
-56 44 7.0

-56 56 16.0
-56 44 38.2

17.99
17.88
17.86
17.68
17.73
17.96
17.74
17.67
18.11
16.82
17.67
17.63
17.54
17.06
18.20
16.05
17.97
16.95
16.71
18.22
18.07
18.05
17.26
17.42
17.06
16.66
16.96
17.39
16.07
16.71
16.75
15.64
17.14
17.55
16.39
17.39
16.37
16.14
18.27
17.55

0.0549
0.0490
0.0540
0.0621
0.0563
0.0602
0.0538
0.0570
0.0580
0.0552
0.0607
0.0524
0.0543
0.0519
0.0530
0.0522
0.0590
0.0530
0.0529
0.0545
0.0616
0.0594
0.0533
0.0513
0.0557
0.0536
0.0647
0.0568
0.0503
0.0591
0.0601
0.0594
0.0588
0.0544
0.0578
0.062

0.0608
0.0549
0.0601
0.0465

0.0549
0.0487
0.0537
0.0618

0.0527

0.0522

0.0615

0.0533

0.0533

0.0587

0.0549

0.04885
0.05385
0.06195

0.05255

0.05205

0.06155

0.05345

0.0518

0.05875

e N e T T S N e e e i T T i I NN !
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RA y2000 Decj2000 Mag 74 Zem Zave Q
20 11 36.15 -56 5529.8 16.33 0.0622 0.0618 0.0620 4
20 11 36.27 -56 28 56.2 16.92 0.0561 4
20 11 37.82 -56 20 39.6 16.96 0.0556 4
20 11 38.04 -57258.0 16.97 0.0511 0.1584 0.10475 4
2011 39.57 -56423.5 17.89 0.0556 4
2011 42.86 -57328.5 16.94 0.0552 0.0545 0.05485 4
20 11 50.63 -57027.4 17.17 0.0541 1
20 11 54.80 -56 55 58.3 17.76 0.0490 2
20 11 58.32 -57512.3 16.00 0.0547 0.0547 0.0547 4
20 11 58.60 -56 30 47.7 16.40 0.0509 4
20120.79 -57120.5 16.57 0.0503 4
20121.27 -563337.0 17.84 0.0569 4
2012 3.53 -561322.0 16.52 0.0511 4
20124.22 -5639384 17.75 0.0595 4
2012 11.60 -56511.2 17.57 0.0506 4
20 12 13.07 -56 14 54.3 17.65 0.0516 0.0516 0.0516 4
20 12 14.92 -56 35 58.8 17.58 0.0564 0.0563 0.05635 4
2012 15.02 -56 38 18.7 17.43 0.0562 1
2012 16.52 -56582.9 16.90 0.0551 4
2012 16.54 -57937.7 17.51 0.0567 4
20 12 18.73 -562354.1 17.91 0.0543 4
2012 21.24 -561529.6 17.56 0.0517 4
2012 32.59 -563137.9 17.24 0.0549 0.0549 0.0549 4
2012 32.99 -56 30 50.7 16.77 0.0578 4
20 12 34.80 -573946.3 17.15 0.0573 4
2012 38.65 -57124.2 16.78 0.0585 1
20124095 -56290.2 17.73 0.0555 1
2012 41.76 -56 45 59.1 18.21 0.0618 4
2012 46.03 -571812.2 16.84 0.0566 4
20 12 52.21 -571526.0 17.77 0.0534 1
20 12 58.79 -565911.4 16.64 0.0533 4
2013550 -571043.5 17.28 0.0577 0.0573 0.05675 4
20132761 577179 16.73 0.0532 1
20 13 30.96 -56 57 48.8 17.23 0.0540 4
2013 31.55 -56 53 39.2 16.97 0.0466 4
20 13 3496 -57532.1 18.21 0.0542 3
20 13 40.23 -56 54 37.0 17.80 0.0542 4
201344.76 -57210.1 16.99 0.0565 0.0564 0.05645 4
20 13 46.06 -56 47 33.2 17.70 0.0545 4
20 13 52.67 -56 32 47.0 16.68 0.0607 4

continued on next page
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1:{iA‘.HOOO

Decj2000

Mag

Zab

Zave

20 13 58.67
20 13 59.05
20 13 59.63
20 14 5.27

20 14 5.80

20 14 6.30

20 14 8.03

20 14 8.66

20 14 10.50
20 14 13.40
20 14 16.57
20 14 17.45
20 14 33.61
20 14 34.07
20 14 35.26
20 14 41.50
20 14 44.86
20 14 47.97
20 14 51.94
20 14 55.39
20 14 56.07
20 15 9.28

20 15 30.53
20 15 34.69
20 15 42.55
20 15 43.65
20 15 45.89
20 15 47.00
20 15 56.67
20 15 58.12
20 16 3.58

20 16 4.41

20 16 6.79

20 16 9.80

2016 12.81
20 16 22.69
20 16 44.88
20 16 48.39
20 16 59.45
20 17 25.75

-57 2 22.6

-56 57 42.0
-56 33 3.2

-97 29 58.0
-57 0 28.0

-7 7 28.7

-85 52 54.4
-96 23 5.6

-96 57 49.8
-7 19 2.9

-56 35 30.2
-57 8 25.0

-97 28 33.0
-07 16 24.7
-57 21 58.4
-56 52 56.0
-96 45 24.0
-97 18 58.7
-57 26 0.9

-97 12 33.5
-56 45 22.0
-57 10 31.6
-56 29 47.2
-57 18 38.7
-97 15 59.9
-57 40 4.6

-56 58 26.7
-57 19 56.1
-57 34 50.1
-97 23 35.2
-97 3 39.1

-56 2 35.4

-56 52 9.8

-57 12 39.0
-96 22 46.7
-56 51 45.5
-57 33 14.9
-57 11 41.2
-57 14 45.0
-57 21 57.9

15.50
16.20
17.82
17.76
17.10
17.35
18.30
17.40
17.39
17.18
17.74
17.85
17.39
17.32
18.12
17.74
17.33
17.60
16.63
17.87
16.54
16.40
17.78
17.41
17.40
18.23
18.28
16.71
16.86
17.73
17.37
17.57
17.42
18.00
17.58
16.71
16.01
15.87
17.39
17.60

0.0523
0.0601
0.0574
0.0549
0.0515
0.0586
0.0595
0.0569
0.0536
0.0564
0.0563
0.0527
0.0549
0.0554
0.0553
0.0543
0.0572
0.0548
0.0539
0.0567
0.0536
0.0568
0.0571
0.0526
0.0556
0.0512
0.0549
0.0563
0.0569
0.0569
0.0559
0.0590
0.0622
0.0551
0.0562
0.0543
0.0642
0.0557
0.0572
0.0563

0.0596
0.0574

0.05985
0.0574

0.0565 0.0567

0.0564 0.0564

0.0547 0.05475

0.0587 0.05885

%A#QHWP—‘%#%D—'.-lkr—*»-fk#kb—‘hlk%%##%%%#AHH%%»&%%QH%%%#@

0.0562 0.05625 4
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RAj2000 Decj2000 Mag

Zab

Zem

Z(we

20 17 52.66 -56 43 33.7 17.65
20 18 21.40 -56 25 14.5 18.01
20 18 52.66 -57021.9 17.42
20 19 35.34 -56 47 49.4 17.69

0.0629 0.0631 0.0630

0.0598
0.0569
0.0553

o W W5

Table C.2: Published redshift data for A3667: col 1 is the J2000 right accension;
col 2 is the J2000 declination; col 3 is the velocity; col 4 is the redshift and col 5 is
the reference number, here 1 correponds to data from (Sodre et al. 1992) and 2 is
data from (Proust et al. 1988). It should be noted that although the velocities are
quoted to five significant figures they are only measured with an accuracy of three,

thus the redshift values have all been rounded to reflect this.

previously published redshift data for A3667
RA 39000 Dejoooc  Velocity z ref
20 755.8 -562651 14334 0.0478 1
20 7 55.8 -56 1558 16025 0.0535 1
208 9.2 -56 30 22 15706 0.0524 1
208 10.3 -56 26 14 15104 0.0504 1
208 15.7 -57111 18558 0.0619 1
20 8 25.1 -56 39 23 15456 0.0516 1
20 828.6 -56439 15065 0.0503 1
208304 -5639 17 17835 0.0595 1
20 8 38.5 -56 56 23 15960 0.05632 1
20 8 45.7 -56 1514 18327 0.0611 1
209126 -56 30 59 17364 0.0579 1
20919.1 -56185 16610 0.0554 1
209 34.1 -56 27 53 18105 0.0604 1
20946.3 -56 2139 15763 0.0526 1
209 51.2 -5642 22 18215 0.0608 1
20 959.8 -56 27 58 16075 0.0536 1
20100.3 -56 56 15 18573 0.0620 1
201019 -5619 14 15250 0.0509 1
20103.4 -564151 18692 0.0624 1
20108.3 -56 39 41 16561 0.0552 1
20 10 10.4 -56 31 35 18146 0.0605 1
2010 11.0 -56363 17241 0.0575 1
20 10 19.3 -56 30 11 17727 0.0591 1
20 10 19.6 -56 44 46 16921 0.0564 1
2010 20.7 -56127 15778 0.0526 1
20 10 21.6 -56 27 57 17268 0.0576 1
201026.2 -57529 15940 0.05632 1
continued on next page
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RA 12000 Decjogeo  Velocity z ref
2010 27.6 -56 17 48 15640 0.0522 1
20 10 31.7 -5724 16662 0.0556 1
20 10 32.6 -56 21 48 16462 0.05649 1
2010399 -57240 15812 0.0527 1
20 1043  -56 21 55 15817 0.0528 1
20 10 46.8 -56 31 57 14138 0.0472 1
2010474 -56412 14984 0.0500 1
20 10 49.3 -56 41 53 15361 0.05612 1
2010 50.5 -56330 15897 0.0530 1
20 10 50.7 -56 40 24 16842 0.0562 1
2010 51.5 -56412 17145 0.0672 1
2010 53.3 -56261 16069 0.0536 1
20 10 53.4 -56 50 21 19340 0.0645 1
20 10 54.4 -56 29 54 17031 0.0568 1
20 10 54.7 -56 23 25 15060 0.0502 1
20 10 57.6 -56 38 36 17605 0.0587 1
20 10 59.0 -56 39 55 18320 0.0611 1
20 10 59.8 -56 42 52 14408 0.0481 1
2011 0.5 -56 45 56 17868 0.0596 1
20116.8 -562320 17650 0.0589 1
201183 -57020 15927 0.0631 1
2011 8.7 -56 41 58 16125 0.0538 1
20 11 13.7 -56 5723 18940 0.0632 1
2011 17.3 -56 56 19 18254 0.0609 1
2011 194 -56 21 59 16430 0.0548 2
2011209 -56423 16893 0.0563 1
2011 24.8 -56415 15960 0.0632 1
20 11 25.5 -56 33 50 17331 0.0578 1
2011275 -56448 16543 0.0552 1
20 11 28.6 -56 45 17 17403 0.0581 1
20 11 34.8 -56 44 39 13940 0.0465 1
20 11 36.2 -56 50 31 16764 0.0559 1
20 11 36.3 -56 55 30 18597 0.0620 1
20 11 36.3 -56 28 56 16989 0.0567 1
20 11 36.6 -56 20 28 16749 0.0559 1
20 11 379 -56 20 37 16794 0.0560 1
20 11 38.1 -57258 15230 0.0508 1
20 11 43.0 -57329 16411 0.0547 1
20 11 50.3 -57 14 49 16300 0.0544 1
20 11 50.7 -57 027 16306 0.0544 1

continued on next page
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RA.J2000 Dechgoo Velocity Z ref
20 11 584 -57512 16361 0.0546 2
20 11 58.7 -56 30 45 15117 0.0504 1
20 11 59.2 -56 45 37 18965 0.0633 1
20120.7 -57120 18050 0.0602 1
2012 3.7 -561319 15210 0.0507 1
201243 -56 39 39 17850 0.0595 1
2012 6.8 -56 31 38 15030 0.0501 1
2012116 -56510 15217 0.0508 1
2012 12.1 -56 48 42 18120 0.0604 1
2012151 -57642 17244 0.0575 1
2012 16.3 -57459 16015 0.05634 1
2012164 -56582 17328 0.0578 1
20 12 18.2 -56 41 48 16800 0.0560 1
20 12 20.9 -56 42 33 17550 0.0585 1
2012 21.4 -56 15 27 15395 0.0514 1
2012 21.6 -56 47 55 15790 0.0527 1
20 12 22.0 -56 48 10 16566 0.0553 1
2012 22,9 -56 50 24 14703 0.0490 1
2012 23.4 -56 50 18 14878 0.0496 1
20 12 25.7 -56 47 52 17472 0.0583 1
2012 274 -56 49 37 16725 0.0558 1
2012 29.5 -56 47 59 14669 0.0489 1
2012 30.1 -56490 16668 0.0556 1
20 12 30.5 -56 47 56 14624 0.0488 1
20 12 30.7 -56 49 36 16396 0.0547 1
20 12 32.7 -56 31 36 16252 0.0642 1
20 12 33.1 -56 42 51 15665 0.0523 1
2012 33.2 -56 30 48 17410 0.0581 1
2012 38.7 -57124 17607 0.0587 1
20 12 40.7 -56 49 48 17094 0.0570 1
2012 40.9 -56 28 59 16740 0.0558 1
2012 42.2 -57056 16463 0.0549 1
20 12 46.1 -57 18 12 16899 0.0564 1
20 12 46.6 -56 51 28 16850 0.0562 1
2012534 -572015 16732 0.0558 1
20 12 55.0 -56 53 12 17464 0.0583 1
20 12 58.9 -56 59 11 16015 0.05634 1
20132.0 -56 56 54 15838 0.0528 1
201334 -571121 16480 0.0550 1
201353 -57028 16630 0.0555 1
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continued from previous page

RAJQ()OO DeCJgooo Velocity Z ref
20135.3 -56 5230 18956 0.0632 1
201356 -571044 17206 0.0574 1
20138.0 -56 48 30 18045 0.0602 1
2013 17.0 -56 53 18 16024 0.0535 1
2013 22.8 -5649 56 15854 0.0529 1
2013 264 -56 41 43 17418 0.0581 1
2013277 -57 718 15967 0.0533 1
2013 31.1 -56 57 49 15954 0.0532 1
2013 31.6 -56 53 39 13955 0.0465 1
2013449 -57210 17001 0.0567 1
2013453 -56 3711 16625 0.0555 1
2013 53.1 -56 32 45 18223 0.0608 1
2013 53.1 -57 1413 17040 0.0568 1
2013 58.3 -56 54 51 16363 0.0546 1
2013 58.7 -37223 15709 0.0524 1
2013 59.3 -56 57 42 13260 0.0442 1
2013 59.7 -56 59 56 16066 0.0536 1
2014 0.8 -56 5249 13370 0.0446 2
20141.3 -56 5139 17245 0.0575 1
2014 1.7 -56 58 10 16633 0.0555 1
201417 -57141 17244 0.0575 2
2014 3.0 -57549 15579 0.0520 1
201448 -37514 15107 0.0504 1
201459 -57028 15484 0.0516 1
20146.6 -37 729 15510 0.0517 1
201484 -572110 16078 0.0536 1
2014106 -56 57 50 16114 0.0538 1
2014138 -57193 16831 0.0561 1
2014178 -57825 16390 0.0547 1
2014 23.9 -56 56 51 18234 0.0608 1
2014 34.1 -57 16 25 16642 0.0555 1
20 14 56.7 -56 45 22 16244 0.0642 1
2014570 -57249 16827 0.0561 1
2014 59.8 -56 57 29 13260 0.0442 2
201576 -564917 17673 0.0590 1
201582 -57312 15847 0.0529 1
201594 -571032 17091 0.0570 1
2015140 -57113 17225 0.0575 1
2015182 -56 57 36 15213 0.0507 1
2015 31.6 -57 1751 16270 0.05643 1
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continued from previous page

RA 52000 Decjago0  Velocity =z ref
20 15 36.8 -57 18 45 16624 0.0555 1
2015426 -57160 16717 0.0558 1
20 15 47.1 -5719 56 16884 0.0663 1
2016 4.5 -57339 16982 0.0566 1
20 16 23.7 -56 51 45 16159 0.05639 1
20 16 49.7 -57 11 43 16695 0.0557 1
20 16 59.1 -5714 46 17207 0.0674 1
20 16 59.4 -56 59 57 18416 0.0614 1

Table C.3: Comparison of 2dF and literature redshifts for A3667. Col 1 is the
J2000 right accension given by SuperCOSMOS; col 2 is the J2000 declination given
by SuperCOSMOS; col 3 is the magnitude; col 4 is the 2Df redsift; col 5 is the
published redshift; col 6 is the difference between the 2dF and published redshift
and col7 is the 2dF software spectral fit quality, being a number between 1 and 4, 4
being a the best quality.

A3667: Redshift dataset comparison

RA j2000 Dec 32000 Mag zapy  Zut J, Q
207 56.06 -56161.3 16.65 0.0543 0.0535 0.0008 4
20 8 9.17 -56 30 21.7 16.80 0.0523 0.0524 0.0001 4
208 28.97 -564312.2 16.63 0.0487 0.0503 0.0016 4
208 30.27 -563916.7 17.21 0.0592 0.0595 0.0003 4
20 8 39.10 -565624.8 16.90 0.0532 0.0532 0 4
209 12.53 -56 30585 16.97 0.0580 0.0579 0.0001 4
209 59.72 -562757.8 17.74 0.0538 0.0536 0.0002 4
20108.24 -563940.6 16.82 0.0552 0.0552 0 4
20 10 10.62 -56 31 36.0 17.67 0.0607 0.0605 0.0002 4
2010 27.50 -56 17 48.4 16.05 0.0522 0.0522 0 4
20 10 40.25 -57 2 40.8 16.95 0.0530 0.0527 0.0003 1
20 10 42.90 -56 21 54.8 16.71 0.0529 0.0528 0.0001 4
20 10 49.20 -56 41 52.5 17.42 0.0513 0.0512 0.0001 4
20 10 50.46 -56 32 59.5 16.66 0.0536 0.0542 0.0006 4
2010 53.26 -56 50 21.4 16.96 0.0647 0.0645 0.0002 4
20 10 54.38 -56 29 54.3 17.39 0.0568 0.0568 0 1
20 10 54.66 -56 23 28.4 16.07 0.0503 0.0502 0.0001 1
20 10 57.64 -56 38 38.4 16.71 0.0591 0.0587 0.0004 4
20 10 58.91 -56 39 54.5 16.75 0.0601 0.0611 0.001 4
2011 0.43 -56 45 55.5 15.64 0.0594 0.0596 0.0002 1
2011 6.77 -562323.0 16.39 0.0578 0.0589 0.0011 4
20 11 14.06 -56 57 23.5 17.39 0.0620 0.0632 0.0012 4
2011 17.20 -56 56 18.1 16.37 0.0608 0.0609 0.0001 4
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continued from previous page

RAJ 2000

Decj2000

Mag

72D f Zlit d,

20 11 27.50
2011 34.74
20 11 36.15
20 11 36.27
20 11 37.82
20 11 38.04
20 11 42.86
20 11 50.63
20 11 58.60
20 12 0.79

20 12 3.53

20 12 4.22

20 12 11.60
20 12 16.52
2012 21.24
20 12 32.59
20 12 32.99
20 12 38.65
20 12 40.95
20 12 46.03
20 12 58.79
20 13 5.50

20 13 27.61
20 13 30.96
20 13 31.55
20 13 44.76
20 13 52.67
20 13 58.67
20 13 59.05
20 14 5.80

20 14 6.30

20 14 10.50
20 14 13.40
20 14 17.45
20 14 34.07
20 14 56.07
2015 9.28

20 15 34.69
20 15 42.55
20 15 47.00

-56 44 7.0
-56 44 38.2
-06 55 29.8
-06 28 56.2
-56 20 39.6
-97 2 58.0
-57 3 28.5
-57 0 27.4
-56 30 47.7
-57 1 20.5
-56 13 22.0
-56 39 38.4
-96 51 1.2
-56 58 2.9
-56 15 29.6
-56 31 37.9
-56 30 50.7
-97 12 4.2
-56 29 0.2
-97 18 12.2
-56 59 11.4
-57 10 43.5
-57 7 17.9
-56 57 48.8
-96 53 39.2
-97 21 0.1
-96 32 47.0
-97 2 22.6
-56 57 42.0
-57 0 28.0
=57 7 28.7
-56 57 49.8
-57 19 2.9
-57 8 25.0
-57 16 24.7
-56 45 22.0
-57 10 31.6
-57 18 38.7
-7 15 59.9
-57 19 56.1

16.14
17.55
16.33
16.92
16.96
16.97
16.94
17.17
16.40
16.57
16.52
17.75
17.57
16.90
17.56
17.24
16.77
16.78
17.73
16.84
16.64
17.28
16.73
17.23
16.97
16.99
16.68
15.50
16.20
17.10
17.35
17.39
17.18
17.85
17.32
16.54
16.40
17.41
17.40
16.71

0.0549 0.0552 0.0003
0.0465 0.0465 O

0.0622 0.0620 0.0002
0.0561 0.0567 0.0006
0.0556 0.0560 0.0004
0.0511 0.0508 0.0003
0.0552 0.05647 0.0005
0.0541 0.0544 0.0003
0.0509 0.0504 0.0005
0.0503 0.0602 0.0099
0.0511 0.0507 0.0004
0.0595 0.0595 0O

0.0506 0.0508 0.0002
0.0551 0.0578 0.0027
0.0517 0.0514 0.0003
0.0549 0.0542 0.0007
0.0578 0.0581 0.0003
0.0585 0.0587 0.0002
0.0555 0.0558 0.0003
0.0566 0.0564 0.0002
0.0533 0.0534 0.0001
0.0577 0.0574 0.0003
0.05632 0.0533 0.0001
0.0540 0.0532 0.0008
0.0466 0.0465 0.0001
0.0565 0.0567 0.0002
0.0607 0.0608 0.0001
0.0523 0.0524 0.0001
0.0601 0.0442 0.0159
0.0515 0.0516 0.0001
0.0586 0.0517 0.0069
0.0536 0.0538 0.0002
0.0564 0.0561 0.0003
0.05627 0.0547 0.0020
0.0554 0.0555 0.0001
0.0536 0.0530 0.0006
0.0568 0.0570 0.0002
0.0526 0.0555 0.0029
0.0556 0.0558 0.0002
0.0563 0.0563 0

b—lp-lkﬂkrlkﬂkrhﬂkn-lk.bb—‘%%%%%%%#%&%AQQQQH%%A&%»-lk»-lkdkﬂkl—‘Hkb—'ﬂkﬂkto
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RA 52000 Dec 2000 Mag zop;  Zut d,
2016 3.68 -57339.1 17.37 0.0559 0.0566 0.0007
20 16 22.69 -56 51 45.5 16.71 0.0543 0.0539 0.0004
20 16 48.39 -57 11 41.2 15.87 0.0557 0.0557 0

20 16 59.45 -57 14 45.0 17.39 0.0572 0.0574 0.0002

el B

C.2 Cross-correlation

The standard technique to determine redshifts is via cross-correlation between the
spectra in question and a template spectra of the same spectral type but at zero redshift
(Tonry & Davis 1979). In this case, if g(z) is the function that describes the spectrum
of the object at unknown redshift and t(z) is the function describing the template
spectra of the same type as the object under investigation, then the cross-correlation
function, c(z) is defined, such that:

o(z) = g(z) * t(z) Z g(i)t(i — 2). (C.1)

Here, the amount that the object function, g(z), is displaced from the template func-
tion, t(z), is the redshift. If the object function and template function are identical,
aside from this displacement, the cross-correlation code will produce a delta function at
the redshift value. However, should the object function differ from the template func-
tion slightly, a Gaussian peak will be produced centred on the displacement or redshift
value will be produced. The size and shape of such a Gaussian will provide informa-
tion on how closely the object and template spectra match. This gives a quantifiable
measure of the error in such a technique.
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