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Probing Magnetic Fields in Clusters of Galaxies

Tracy Clarke
Dactor of Philosophy, 1999

Department of Astronomy, University of Toronto

ABSTRACT

Galaxy clusters represent the largest gravitationally bound objects in the universe. De-
tailed morphological studies of galaxy clusters indicate that they are relatively young ob-
jects, currently in the formation process. Observations toward these objects reveal that
the major components of the clusters are the galaxies, the diffuse, thermal cluster gas, and
the dark matter. There is, however, evidence that the intracluster medium also contains
magnetic fields distributed through the intracluster gas.

The presence of magnetic fields within the intracluster medium can lead to significant
effects on the dynamics, and energy transport throughout the cluster. Embedded magnetic
fields can modify the pressure of the intracluster medium, suppress thermal conduction,
which may lead to the onset of cooling instabilities, and magnetic fields may even bias the
initial mass function of star formation. Therefore, in order to understand the overall picture
of the evolution of galaxy clusters, it is necessary to understand the role magnetic fields
have played in this evolution.

The most direct method of probing intracluster magnetic fields relies on the Faraday
rotation effect. As linearly polarized radiation passes through a magneto-ionic region, the
rotation of the plane of polarization displays a characteristic wavelength dependence.

This thesis combines radio and X-ray observations, in a statistical study of Faraday

rotation toward a sample of nearby galaxy clusters. A comparison of the Faraday rotation



measures of sources viewed through the intracluster medium, to the rotation measures of
sources falling beyond the edge of the X-ray emitting gas, reveals the presence of excess
Faraday rotation in the former sample. This excess rotation is interpreted as originating in
the diffuse intracluster medium.

A detailed investigation of the Faraday rotating medium indicates that the Faraday
screen is well represented by a model of Faraday cells distributed through the intracluster
medium. An analysis of the cluster impact parameter distribution over the rotation measure
sample indicates that the Faraday cell scales vary from < 1 kpc in the central regions of
the clusters, to over 100 kpc at large impact parameter. Further, the rotation measure
distribution indicates the widespread existence of intracluster magnetic fields out to the
edges of the X-ray emitting gas. The overall distribution of magnetic field strengths inferred
from the data suggests that the fields may play a dynamically important role in the evolution

of galaxy clusters.
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Chapter 1

Introduction

Magnetic fields (and their inevitable offspring fast particles) are found
everywhere in the universe where we have the means to look for them.

E.N. Parker, Cosmical Magnetic Fields (1979)

The tendency for galaxies to cluster was noted in the late eighteenth century, although
the significance of this clustering was not fully understood at that time. Systematic cluster-
ing studies, undertaken in the early to mid 20th century (e.g. Wolf 1906, Shapley & Ames
1932, Abell 1958, and Zwicky, Herzog & Wild 1968), catalogued cluster positions, richness
and other optical properties, and showed that galaxy clusters are gravitationally bound
systems. It was not until more recently, however, that the diffuse thermal and relativistic
plasma components of galaxy clusters were identified through X-ray and radio observations.

Early X-ray observations toward galaxy clusters with the Uhuru satellite revealed that
clusters are the most common bright sources of extended X-ray emission in the sky (Jones &
Forman 1978). Subsequent X-ray spectra from various missions revealed that the emission
is mainly from thermal gas at temperatures of 107 —108 K, and densities of 10-2—10~*cm™3
(Sarazin 1992). The X-ray emission traces the cluster potential, and thus the surface bright-
ness distribution can provide some information on the physical state of clusters (Jones &
Forman 1992); relaxed, non-interacting clusters often reveal a profile which is strongly
peaked in the central regions (cooling-flow), while the more disturbed, interacting galaxy
clusters have a much shallower central X-ray profile. Since the majority of the X-ray emis-
sion is due to thermal bremsstrahlung, the X-ray surface brightness distribution reflects the
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plasma density distribution within the cluster.

Radio observations toward galaxy clusters reveal the presence of both embedded radio
galaxies as well as (occasionally) diffuse synchrotron halo emission. Embedded radio sources
located in the central regions of galaxy clusters often show very distorted morphologies
(Burns 1998) which indicate an interaction between the radio plasma and the thermal
cluster gas. Radio halos, on the other hand, are characterized as fairly symmetric regions of
extended (400-600 kpc), diffuse, steep spectrum synchrotron emission (Feretti & Giovannini
1996) located in the central regions of clusters. These rare, low surface brightness halos
do not appear to be associated with a parent galaxy, but rather are associated with the
intracluster medium (ICM) itself. The presence of this diffuse synchrotron component
indicates ipso facto the co-existence of a relativistic electron population and magnetic fields
within the ICM. The presence of relativistic electrons is further indicated by the detection of
inverse Compton emission (Bagchi et al. 1998; Fusco-Femiano et al. 1999), and the presence
of intracluster magnetic fields is revealed through their effects on polarized radio probes
(Kim et al. 1991; Feretti et al. 1995).

As the polarized emission passes through a magnetized, ionized region, the plane of po-
larization of linearly polarized synchrotron emission is rotated through the Faraday effect.
Radio polarimetry therefore provides a rotation measure estimate along lines of sight to-
ward polarized radio sources. This rotation measure is proportional to the electron density
weighted magnetic field along to line of sight to the radio source. Combining the rotation
measure with the X-ray determined electron density in the intracluster medium, provides
a measure of the line of sight component of the magnetic field in the Faraday rotating

medium.

1.1 Why Study Intracluster Magnetic Fields?

Magnetic fields embedded in the intracluster medium can have strong effects on the cluster
dynamics. These effects are due to the fact that the intracluster medium is composed of
a plasma of free electrons and ions, whose motion is tied to magnetic field lines. A region
of high magnetic field strength will effectively reflect electrons back into low field regions.
Further, tangled magnetic fields will significantly alter the diffusion time for tke electrons
in the intracluster medium. This section briefly considers some of the dynamical effects
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which are associated with the presence of intracluster magnetic fields.

In the hot dense cores of galaxy clusters, thermal conduction should result in an isother-
mal temperature distribution on timescales much shorter than the Hubble time. In contrast,
X-ray observations toward galaxy clusters often reveal cooling flows, where the gas in the
central regions of the clusters is cooler than the gas further out (Forman 1988). Due to
the short timescale required by thermal conduction to erase these temperature gradients,
there must be some mechanism in place which suppresses the thermal conduction. This
suppression mechanism is generally considered to be tangled magnetic fields.

The motion of the electrons in the intracluster gas is tied to the magnetic field lines, thus
thermal conduction perpendicular to the field lines is significantly reduced, even for very
weak magnetic fields. The resulting thermal instabilities may, in fact, trigger the onset of
the observed cooling flows (David & Bregman 1989). Further, the magnetic fields embedded
within the cooling flow are expected to be stretched, and compressed by the inflowing gas
(Soker & Sarazin 1990). Recent Faraday studies of extreme cooling flow clusters (Ge &
Owen 1993) show that the magnetic fields within the cores of these clusters are amplified
(> 20u@G) over that in the outer regions. This magnetic field amplification may be the first
direct evidence of motion within cooling flow cores.

Further implications of magnetic fields embedded in the intracluster gas are related to
magnetic pressure support. Magnetic field estimates determined for the cores of cooling flow
clusters (Ge & Owen 1993; Taylor & Perley 1993) often indicate that the magnetic pressure is
in rough equipartition with the ambient gas pressure. This extra pressure support term has
been invoked to explain the discrepancies in the measurements of the mass of galaxy cluster
determined by lensing, as compared to X-ray determined cluster mass estimates (Loeb &
Mao 1994; Miralda-Escude & Babul 1995; Makino 1997). An additional implication noted
by Loeb & Mao is that the magnetic pressure support could shift the mass to light ratio to
higher values, and thus increase the estimates of 2.

One of the mysteries remaining about cooling flows is what happens to the gas which has
piled up in the central regions of the cluster. Conversion of the material into massive stars
would result in a detectable blue emission component in the cores of cooling flow clusters.
Although there is some evidence of star formation activity in cooling cores (Allen 1995) the
emission does not account for the amount of material which has been deposited into the
cooling core. It has therefore been suggested that the star formation in these cooling flow
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regions must be biased toward low mass stars. The role of intracluster magnetic fields in
biasing the initial mass function (IMF) has been investigated by Friaca & Jafelice (1999).
They conclude that magnetic fields embedded in cold star-forming clouds in the cooling
flow can reproduce the observationally predicted radial bias in the IMF.

1.2 Overview of Previous Statistical Faraday Studies

One of the first statistical surveys of the Faraday rotation of a sample of Abell clusters
was performed by Dennison (1979). In order to search for excess intracluster Faraday
rotation measure, he examined the rotation measures of 16 sources located within and
behind 16 galaxy clusters and compared this to the rotation measure sky at high Galactic
latitudes. Unfortunately, due to the limited availability of polarized radio sources to probe
the intracluster medium at the time of this study, no statistically significant conclusion
could be drawn.

A larger Faraday sample of 24 sources was presented in Lawler & Dennison (1982), where
a Faraday excess of ~ 50 rad m~2 was observed for sources viewed through the intracluster
medium of 24 cluster, as compared to those beyond the influence of the cluster gas. Based
on Monte Carlo simulations, Lawler & Dennison concluded that their results were consistent
with an intracluster magnetic field strength of ~ 1 xG. Further, they suggested that these
fields were tangled on scales of order 15 kpc.

Hennessy et al. (1989) studied a sample of high redshift radio probes behind relatively
low redshift Abell clusters. This study determined the rotation measures for 16 radio
galaxies which were viewed through the intracluster medium at impact parameters smaller
than one-quarter of a modified Abell radius (equivalent to ~ 500 kpc). The determination
of the source rotation measures for the Hennessy et al. sample was obtained from a fit
to four 20 cm wavelengths which they selected to provide unambiguous rotation measures
up to approximately 600 rad m~2. A statistical comparison of their central radio probes,
with radio sources at impact parameters beyond the edge of the cluster gas, placed an
upper limit of 55 rad m~2 on any excess cluster-induced Faraday rotation. Hennessy et al.
therefore concluded that there is no evidence for excess Faraday rotation attributable to
the intracluster medium. As with the previous studies, however, these results suffered from

a small sample size.
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In contradiction to the Hennessy et al. analysis, the statistical Faraday study by Kim
et al. 1991 indicated a clear excess Faraday rotation for radio sources viewed along lines
of sight toward galaxy clusters compared to a control sample located beyond the edge of
the intracluster gas. Their study examined the rotation measure distribution of 65 radio
sources at impact parameters less than ~ 700 kpc and compared it to the rotation measure
distribution of sources falling at large cluster-centric radii. At a confidence level exceeding
99%, the Kim et al. results indicate the presence of an excess Faraday rotation of order 100
rad m™2 in the central regions of the clusters.

Note, however, that the cluster sample of Kim et al., although much larger than the
Hennessy et al. sample, is dominated, in the central regions, by radio sources embedded
within the intracluster medium. The possibility that this dependence on embedded sources
may cause the observed Faraday excess led Goldshmidt & Rephaeli (1993) to re-examine
the Kim et al. sample with an emphasis placed on examining the effects of potential biases
in the sample. They concluded, however, that the presence of embedded radio sources did
not affect the results presented by Kim et al. (1991).

A further, as yet unaddressed, complication with the Kim et al. sample is the unknown
X-ray properties of many of the clusters probed. A re-examination of the Kim et al. clusters
shows that a number of the clusters probed were not detected in X-rays by EINSTEIN. This
lack of X-ray flux indicates that those clusters are either very poor clusters or are not
gravitationally bound systems, but rather a line of sight projection of galaxies. In either
case, the rotation measure toward these clusters would be much less than that toward
clusters which contain a significant intracluster gas component. It is therefore important
to limit statistical Faraday rotation measure studies to clusters which are known to be
gravitationally bound systems, with a detectable intracluster gas component. The inclusion
of “clusters” which have little or no intracluster gas, in a Faraday sample will tend to
mask the true Faraday signal. The uncertainties introduced by the unknown intracluster
gas distribution are therefore eliminated in this thesis through selection of a cluster sample
with known X-ray properties.
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1.3 This Thesis

This thesis undertakes a statistical Faraday study of magnetic fields in clusters of galax-
ies. The goal is to address some of the fundamental questions concerning the nature of
intracluster magnetic fields. The main questions that are addressed are: Is there statisti-
cally significant evidence for the presence of excess Faraday rotation toward sources viewed
through the intracluster gas? If so: What is the radial extent of the region of Faraday ex-
cess? What is the location of the Faraday rotating medium which gives rise to the Faraday
excess? What is the structure of the magnetic fields within the Faraday rotating medium?
Insights into the answers to these questions are determined from the combination of radio
polarimetric, and X-ray observations.

Chapter 2 outlines the basic theory behind the radiation mechanisms which are used
throughout this thesis. This Chapter also gives a brief overview of the properties of radio
galaxies and the intracluster medium, and discusses the methods used to detect intracluster
magnetic fields. In the final section of Chapter 2 interferometry theory is outlined, with
emphasis placed on polarization.

The investigation of intracluster magnetic fields in this thesis is based on radio polariza-
tion observations of radio sources viewed toward a sample of 24 low redshift Abell clusters.
The radio sample was selected to provide one set of (cluster) sources which probed the
intracluster gas at a variety of radii, and a second set of (control) sources which are located
beyond the influence of the cluster medium. The target selection and observing strategy
for the radio sample are discussed in Chapter 3. This Chapter also presents an overview of
the radio imaging process, and provides tables of the radio parameters of the polarization
probes. The galaxy cluster sample probed in this thesis was selected based on X-ray data
from the ROSAT satellite. As the Faraday effect requires the presence of both magnetic
fields and free electrons, it is important to ensure that the clusters probed contain X-ray
emitting (thermal) intracluster medium. The galaxy cluster selection criteria are presented
in Chapter 4, together with an overview of the ROSAT satellite and X-ray observations.
This Chapter also provides a detailed discussion of the X-ray analysis procedure, as well as
the plots of the surface brightness profiles for the cluster sample, and tables of the cluster
properties.

The rotation measure fitting procedure for the radio sample studied in this thesis is
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presented in Chapter 5. This Chapter outlines the sources of error present in the observa-
tions and provides thumbnail images of the rotation measure fit for each source in the radio
sample. Tables of the rotation measure fit parameters and radio source identifications are
presented in Chapter 5, together with estimates of the Galactic contribution to the rotation
measure toward each galaxy cluster.

The questions of the presence, extent, and location of the Faraday rotating medium are
addressed in Chapter 6. Comparison of rotation measures of the sample of sources which
are viewed through the intracluster medium, to those of sources beyond the influence of
the cluster gas reveals a statistically significant Faraday excess in the former sample. This
Faraday excess is traced to the outer edge of the thermal intracluster medium. Further, the
rotation measure distribution indicates that the majority of the Faraday excess originates
in the diffuse intracluster medium.

The nature of the magnetic field distribution is investigated in Chapter 7. This Chapter
explores a range of models for the intracluster magnetic field distribution, and compares the
model predictions to the observed properties of the radio sample. One of the predictions
from this Chapter is that the coherence length of intracluster magnetic fields increases
toward the outer regions of galaxy clusters. Faraday mapping of radio sources viewed
through the intracluster medium of three Abell clusters indicates that the magnetic fields
contain both large scale order, and small scale variations. These observations are consistent
with the picture presented by the analysis of the rotation measure distribution.

Chapter 8 summarizes the main results from this thesis, and further develops the picture
of the intracluster magnetic fields by fitting these results into the overall framework which
has been developed in the literature. The final section of this Chapter outlines some of the
fundamental issues which must still be addressed, and discusses some exciting prospects for
future work.

Note that throughout this thesis the Hubble constant was taken to be 75 km s~ Mpc™!,
and q=0.5.



Chapter 2

Theory

Overview: This chapter will provide a brief overview of the background theory on which
this thesis is based. Section 2.1, on emission mechanisms, provides an overview of the
synchrotron, thermal bremsstrahlung, and inverse Compton processes as they apply to the
regimes of interest. The following section, § 2.2, provides a brief overview of the classifi-
cation of extragalactic radio sources. The physical properties of the intracluster medium
are outlined in § 2.3. The methods used to probe intracluster magnetic fields are discussed
in § 2.4, while the following section, § 2.5, outlines the relevant interferometry theory that
underlies much of the work in this thesis. The interferometry section covers the theory of
total intensity observations and polarization observations. The polarization theory is writ-
ten in terms of coefficients observed with the VLA interferometer, and includes a section
on instrumental polarization specific to the VLA. Section 2.5 also develops the notation
for understanding the Stokes parameters that are used throughout this work. Section 2.6
discusses instrumental depolarization effects which are relevant to VLA observations, and

gives estimates of the magnitude of these effects on the data in this project.

2.1 Emission Mechanisms

2.1.1 Synchrotron Radiation

Synchrotron radiation (also known as magnetobremsstrahlung) is generated by charged
particles gyrating about magnetic fields. The energy of the particle is distributed among
the harmonics of the gyration frequency; for an ultra-relativistic population of electrons the
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harmonics are so closely spaced that the spectrum is a continuum.

Synchrotron theory is described in detail by Pacholczyk (1970), Rybicki & Lightman
(1979), and Longair (1981), and its application to extragalactic radio sources is discussed
in Begelman, Blandford, & Rees (1984). A single charged particle moving relativistically

in a magnetic field, has motion described by

d - e, =
;E('ymv) = _¥x B
gt-('ymcz) = ev-E=0, (2.1)
ay —1/2
where v = (1 - ‘-;-}) / is the Lorentz factor. These equations describe helical motion of

the particles, which is a combination of uniform motion along the field lines and circular
motion around the field lines.

Following the notation of Rybicki & Lightman (1979), for an isotropic distribution of
pitch angles (angle between the magnetic field and the particle velocity), the total emitted
radiation from each electron is given by

P= §0T6ﬂ2’)‘2U3, (2.2)

where 8 = v/¢, or = 8xr2/3 is the Thomson cross section, and Up = B2/8x is the mag-
netic energy density. Individual electrons gyrate about the field lines with at the Larmor

frequency
eB

2am.c’

vL (2.3)

Due to the relativistic nature of the particles, beaming effects cause the emitted radiation
to be concentrated in a narrow cone, of width 4, centered on the instantaneous velocity of
the electron. A distant observer will see pulses of radiation with a characteristic frequency
of

3 ,eB
= — 8l 2.4
Ve E‘rz e sina, (2.4)

where « is the pitch angle of the particle. The emitted spectrum from each electron is given
by

P(v) = Vie? 1;’_::2&.7-‘ (Ulc) : (2.5)

where F(v) is a dimensionless function discussed in Rybicki & Lightman (1979).
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For a power-law distribution of electron energies, N(E)dE = sE~%dE, E, < E < E»,
and an isotropic distribution of pitch angles, the synchrotron emissivity can be approximated
as (Longair 1981)

. — 20"1'6 e (ﬂ—l) (C!+I) —-a
jlv) = o (o) (Zﬂme) kB v, (2.6)

The resulting synchrotron spectrum is thus a power-law with a spectral index a related to

the particle distribution index by @ = (z — 1)/2. A complete analysis yields
18\ *
I(v) = 1.7 x 10~ a(z)xV Blo+1) (Qﬁ_’_"/_ﬂ_) ergs s~! Hz ™!, (2.7)

where V' is the volume of the source, and the constant a(z) is given in Table 18.1 of Longair
(1981). The use of a power law energy spectrum of the relativistic electrons is generally
justified by the fact that the observed radio spectra of many objects display a power law
dependence. The characteristic spectral index for extragalactic radio sources is a =0.8

(Longair 1981).

Polarization

The emission from a single relativistic electron moving in a magnetic field is elliptically
polarized, and the direction of rotation of the electric vector depends on the sign of the
angle between the magnetic field and the line of sight (Rybicki & Lightman 1979). In the
case of a large, incoherent, ensemble of electrons, as expected in astrophysical situations, the
elliptical components of the emission will almost cancel out due to the distribution of pitch
angles, and thus the observed radiation will be partially linearly polarized perpendicular
to the magnetic field direction. The fractional polarization of the observed radiation will
depend on the degree of order in the magnetic fields of the source. Well aligned magnetic
fields produce a higher intrinsic fractional polarization than very disordered fields. For
a general source containing both an ordered (B,) and random (B,) magnetic field, Burn

(1966) gives the fractional polarization as

_z+l1 B?

0o = Tm+ 82

(2.8)
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In the case of a completely ordered magnetic field in an extragalactic source which has
a spectral index of a=0.8, the fractional polarization reaches a maximum of 73%. Note
that the polarization percentage has no frequency dependence, and depends only on the

power-law index of the energy distribution of the electron population.

2.1.2 Thermal Bremsstrahlung

Bremsstrahlung, or free-free emission results from the acceleration of a charge in the Coulomb
field of another charge. A complete understanding of bremsstrahlung emission requires a
quantum treatment and is beyond the scope of this overview. Below is a brief outline of
the classical treatment, together with the quantum corrections following the notation of
Rybicki & Lightman (1979).

Electrons are the primary radiators in electron-ion bremsstrahlung since the relative
accelerations of the particles are inversely proportional to the particle masses. The treat-
ment below considers the electron to be moving in a fixed Coulomb field of the ion. In the
small-angle scattering regime, the electron moves rapidly enough that it follows a straight
line path. The change in velocity as an electron passes by an ion of charge Ze, with an

impact parameter b, is
_2Ze?

= . 2.
Av — (2.9)
The electron interacts with an ion for a collision time of
= 9, (2.10)
v

and the emission from a single collision can be given as

W _ | it b<vfw
dw 0, b> vjw.

For a medium with an ion density n; and electron density n., the total emission per

unit time, volume, and frequency range is given as

dw 16me® 2
dwdVdt 3\/3-c3m2uneniz 95w w),

(2.11)

where the emission is from electrons of a fixed speed v, and gsf(v,w), called the Gaunt
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factor, is the quantum correction to the classical formalism.
In the more general case of a thermal distribution of electron speeds, Rybicki & Lightman
(1979) give the emissivity of thermal bremsstrahlung as

dL
ff = = (2.12)
25 86 2 1/2 a
- 3rr::c3 (31::;,) ZineniT~H2e ™ gy, (2.13)

in CGS units (ergs s™' cm™3 Hz~!), where gy is the velocity averaged Gaunt factor which
varies slowly with frequency and temperature. The above equation shows that the emissivity
due to thermal bremsstrahlung produces a roughly exponential continuum variation with

v, in the X-ray regime.

2.1.3 Inverse Compton

Inverse Compton (IC) emission results from energy transfer from very high energy electrons
into a lower energy photon field. In the context of this work, the relevant mechanism is
the scattering of cosmic microwave background photons off cosmic ray electrons, which
produces X-ray photons (Felten & Morrison 1966).

In the case of an isotropic distribution of photons scattering off an isotropic distribution
of electrons, Rybicki & Lightman (1979) express the expected inverse Compton power from

a single scattering as

4
= SorerBUpn, (2.14)

where Upn = [evde is the initial photon energy density, and € is the photon energy. The
average frequency of the scattered radiation (¥) can be related to the initial frequency of
the photon field (1), as

AN
e
A

(2.15)

in the ultra-relativistic limit (v > 1).
For a power law distribution of relativistic electrons N.(y)dy = sy %dy, 71 <7 < 72,

the total Compton power per unit volume is given as

4 - _ -
P = §0TCUph(3 —1I) 1(‘!% 7 — ). (2.16)
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The inverse Compton radiation spectrum from a power law distribution of relativistic

electrons is given by Sarazin (1988) as

dL 2 + 4z + 11

—_— = T (« 73
& = deThe R e e )@ £ 5)

V&= no(vo)duo, (2.17)

where n,(v,) is the number density of the background photons as a function of initial
frequency. Note that the X-ray spectral index a; = (z — 1)/2 is identical to the synchrotron
spectral index a, due to Equation 2.15.

The above expression can be generalized for the 3K background radiation, by taking a
blackbody radiation field of temperature T}, which gives

dL _ 3mor 3 [ KTbs\ =
o = L ba)n(KTi) (TE’) : (2.18)

This equation is valid for frequencies in the range v? <« (h#/kTh) < 73, and

b(z) = 2°+3

2 +4z +11 P(x+5)C(z+5), (2.19)

(z+3)%(z+5)(z+1) 2 2

where I’ is the gamma function, and ¢ is the Riemann zeta function.

2.2 Radio Sources

Early observations of radio galaxies in the 1950’s and 1960’s revealed that the sources were
composed of a core (generally associated with an optical counterpart), and two bright spots.
Initial theories suggested that the outer regions were some form of ejecta from the core, but
these theories required enormous energy densities in the initial ejection which were difficult
to account for (Burbidge 1956). Higher resolution observations in the 1960’s and 1970’s
revealed that the outer bright regions were connected to the core of the source by jets.
These jets, predicted by Rees (1971) and Blandford & Rees (1974), provide a continuous
energy supply from the nucleus to the outer hot spots.

Further detailed studies of large samples of radio galaxies by Fanaroff & Riley (1974) re-
vealed that most extragalactic sources could be divided phenomenologically into two groups.
The division point of the two populations is based on the radio source power at 1400 MHz;
sources with Py400 < 1024-25 W Hz ™! are called FR I type sources, while the more pow-
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erful radio sources are called FR II. The FR I sources show bright emission in the cores
and jets which fades outward toward the lobes, with no clear hot spots. Above the division
point, the FR II sources are characterized by the presence of large, edge-brightened lobes,
with clear hot spots. The remaining radio sources are generally compact sources which are
characterized by their spectral properties as compact steep spectrum (CSS) or compact flat
spectrum (CFS) sources. These sources account for ~20% of radio sources selected at 1400
MHz. Detailed reviews of extragalactic radio source properties and classification are given
by Miley (1980), Bridle & Perley (1984), and Fanti et al. (1990).

2.3 Clusters of Galaxies

It has been well known for some time that the space between the galaxies within galaxy
clusters is filled with a hot, diffuse gas, which radiates X-ray emission. Following the nota-
tion of Sarazin (1988), this section briefly outlines the physical properties of the intracluster
medium, as well as the relation between the X-ray surface brightness distribution and the

intracluster gas density.

2.3.1 Properties of the Intracluster Medium

For a plasma of electron temperature T, and electron density n., the mean free path for an
electron that suffers energy exchanging collisions with another electron, is given by (Spitzer

1956)
_ 33/2(kT¢)2
7 4xl/2n,enA’

(2.20)
where A is the ratio of the largest to the smallest impact parameters for the collision.
For temperatures and densities representative of galaxy clusters, the Coulomb logarithm is
InA = 38 (Sarazin 1988), and the electron mean free path can be written as

T. N, -1
A =23 (1 O;K) ( 103 cm‘3) kpc. (2.21)

For a plasma in thermal equilibrium, the electron and ion temperatures are equal to the gas
temperature, T, = T; = T,. In this situation, the mean free path of the ions will be much
the same as that of the electrons. In general, these particle mean free paths are smaller
than the length scales of interest within galaxy clusters, and the intracluster medium (ICM)
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must be treated as a collisional fluid.

Consider the assumption above, that galaxy clusters are in thermal equilibrium at some
time after the initial collapse of matter into the cluster’s potential. An initial homogeneous
plasma with a non-Maxwellian particle distribution will experience elastic collisions which
will tend to relax the plasma to a Maxwellian distribution. This relaxation will occur on
a timescale determined by the mean free path of each component of the plasma. The
equipartition timescale for electrons is set by the ratio of the mean free path and the r.m.s.

velocity of the electron:

tlere) = ST
@ T gmilinetnA
T. 3/2 n -1
~ 3. B === < . 2.
3.3x10 (108 K) (10_3 cm_:,) yr (2.22)

The timescale for the proton component to reach equilibrium is given by Sarazin (1988)
as teq(p,p) = (mp/m.)!/?teq(e,€), which is approximately 43 x t.q(e,e). At the end of
this time, the electrons and protons will be in equilibrium with their own species, but
not with each other. The timescale for all components of the plasma to be in ther-
mal equilibrium is set by the timescale for the proton and electron fluids to equilibrate,
teq(p,€) = (mp/me)teq(e,e), which is roughly 1870 x te,(e,e). Although this timescale
is actually the proton-electron equilibrium timescale, it is generally appropriate also for
the heavier ions in the plasma, as the increased charge on the ion compensates for the
increased mass in relation to the equilibrium timescale. Typical ICM temperatures of
T, ~ 10°K, and electron densities of n, = 10~ cm™3 give a plasma equilibrium timescale
of teq(p, €) = 6 x 10® yr. This equilibrium timescale is short compared to the typical cluster
ages, T4 = 10'%yr, which means that the cluster can be treated as a collisional fluid with a
smooth radial pressure gradient (assuming d¢/6t = 0).
A hydrostatic gas distribution is characterized by

VP = —p,V(r), (2.23)

where P = pgkT,/um,, is the gas pressure, p, is the gas density, and ¢(r) is the cluster’s
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gravitational potential. For a spherically symmetric cluster, this equation reduces to

1P __GM) (2.24)

where M (r) is the total cluster mass within radius r. Individual galaxies within the cluster
will also respond to the same gravitational potential as the gas, thus, if the velocity distri-
bution of the galaxies orbits is isotropic, the galaxies also satisfy a hydrostatic equation

1 d(pgaic?) __GM(r)
Pgal dr r2

, (2.25)

where pgq is the number density of the galaxies, and o is their one-dimensional velocity
dispersion. Equations 2.24 and 2.25 can be combined to eliminate the total mass terms,

which gives
1dP — 1 d(pyalog)

; dr  pga dr (2.26)

Under the assumption of an isotropic velocity distribution for the galaxies, Equation 2.26

can be solved to yield

P Py (2:27)
where \ ,
< o) ()

B= kT, 0.76 103 km s-! 108K/ (2:28)

The mean mass per particle in the gas is 4=0.63 in units of the proton mass. The parameter
B is the square of the ratio of the average galaxy and gas particle speeds.

A convenient form for the gas distribution is the King analytic form

-38/2

p(r) = po [1 + (r%) 2] , (2.29)

where p, is the central gas density, b is the impact parameter, and r. is the cluster’s core

radius. This gas distribution can be used to parameterize the X-ray surface brightness in

21 -36+1/2
Lr)=1I° [1 + (") ] : (2.30)

any spectral band

re
This parameterization has been shown to provide a good fit to the radial surface brightness
profiles of clusters by Jones & Forman (1984).
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2.4 Detecting Intracluster Magnetic Fields

2.4.1 Synchrotron Halos: Equipartition

In addition to synchrotron emission from individual cluster galaxies, a few galaxy clusters
reveal extended diffuse synchrotron emission, which does not appear to be associated with
any optical counterpart (Feretti & Giovannini 1996). Although it is still a rare phenomenon,
this diffuse emission appears to fall within two distinct morphological categories, which are
correlated with the location of the emission within the cluster. Diffuse synchrotron emission
within the central regions of galaxy clusters has a fairly relaxed morphology, appearing as a
central synchrotron halo with typical sizes of order 500 kpc. The prototypical example of a
synchrotron halo is Coma-C in the Coma cluster. In the outer regions of galaxy clusters, the
diffuse synchrotron emission often appears very irregular and elongated. This peripheral
emission has a similar scale to that of the central halos. The elongation of the emission has
led to the hypothesis that these outer synchrotron sources are relics of currently inactive
radio galaxies. The prototype for this class of synchrotron emission is 12534275, also in the
Coma cluster. Both the halo and relic synchrotron sources are observed to have very steep
spectral indices, a 2> 1.0, however they differ significantly in their polarization properties.
The central halos show little or no polarized radio flux, while the outer relic sources are
often very highly polarized. A recent review of the properties of synchrotron halo and relic
sources is given by Feretti & Giovannini (1996).

A convenient method of estimating the strength of the magnetic field with these syn-
chrotron sources is to consider equipartition between the relativistic particles and the mag-
netic fields within the source. Minimizing the total energy within the synchrotron source,
the corresponding magnetic energy is given by (Pacholczyk 1970)

Eg = %(1 +k)E., (2.31)

where k is the ratio of the energy in the heavy particles to that in the electrons, and
E. = x [ E~**1dE is the total energy in the electrons. The minimum total energy is at-
tained at a magnetic field strength of

Beg = (4871 + KY "S5 ¢~ TR/, (2.32)
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where the function ¢)2 is tabulated in Appendix 2 of Pacholczyk (1970), ¢ is the fraction of
the source’s volume occupied by magnetic fields and relativistic particles, R is the radius of
the source, and L is the radio luminosity of the source. Note that the equipartition estimate
of the magnetic field relies on the unknown filling factor, ¢, and energy ratio parameter, k.
The standard assumption used for calculations are ¢ = 1, and k=1, which provide lower
limit estimates on the equipartition field strength. The magnetic field strengths determined

from these estimates are discussed in § 8.2.1.

2.4.2 Synchrotron Haloes and Inverse Compton Radiation

In § 2.1, the equations describing the synchrotron and inverse Compton (IC) losses for rela-
tivistic electrons were outlined. This section will consider how the two emission mechanisms
can be used to constrain the magnetic field strength in clusters of galaxies.

Comparing Equations 2.2 and 2.14, it can be seen that the ratio of the radiation losses

for electrons in the intracluster medium

%S—(:'- = %ﬁs (2.33)
is determined by the ratio of the energy density in the cosmic microwave background ra-
diation, and in the magnetic field. This relation holds for arbitrary values of the electron
velocity, not just the ultra-relativistic regime, but relies on the assumption that Thomson
scattering is valid in the electron’s rest frame (Felten & Morrison 1966; Rybicki & Lightman
1979).

In terms of observational quantities, Sarazin (1988) gives the ratio of the single-

frequency synchrotron and inverse Compton fluxes as

( %) (:_:) o _ 247 ; :&i},ﬁb(x) (496;;%5)“” (2.34)

where

, (2.35)

3)1/”'(%)1‘ =) r (=)

a(z) = 2(==N/2 (_1; i ()

and b(z) is given by Equation 2.19. Since the temperature of the cosmic microwave back-
ground is known at any epoch, (Th(z) = 2.74(1 + z); Mather et al. 1990), Equation 2.34
gives the magnetic field strength, B, in a region containing relativistic electrons. While the



THEORY 19

majority of the X-ray emission from galaxy clusters appears to be thermal bremsstrahlung
in origin, recent measurements with BeppoSAX (Fusco-Femiano et al. 1999) claim to detect
a hard X-ray excess due to inverse Compton. Section 8.2.1 describes the magnetic field
strengths derived from these combined synchrotron and IC measurements as well as the

limits placed on the intracluster fields from upper limits on intracluster IC emission.

2.4.3 Faraday Rotation

A more direct method to measure intracluster magnetic fields is through their effects on
the propagation of linearly polarized radiation, as it passes through a magnetized plasma
(Faraday rotation). The signature of this Faraday rotation depends on the location of the
magneto-ionic plasma in relation to the source of polarized emission. Below, three possible
situations are briefly outlined. In the simplest case, the rotating medium can be assumed to
be completely outside the polarized source, forming an external screen between the polarized
emission and the observer. The second situation considers internal rotation, which assumes
that the polarized emission and the Faraday medium come from the same location. The
most complicated situation is mixed internal and external Faraday rotation. The basic

theory of Faraday rotation in different media is covered in a classic paper by Burn (1966).

External

External Faraday rotation results from a Faraday screen, composed of a magnetized, ion-
ized plasma, located between the polarized radio source and the observer. As the polarized
emission travels through the magneto-ionic medium, the plane of polarization of the ra-
diation will be rotated. This rotation of the plane of polarization can be understood by
considering a linearly polarized wave to be resolved into equal components of two opposite
hand elliptical polarizations. In the limit where the gyrofrequency, vy, is much less than
the observing frequency, v, the refractive indices for the two polarized modes are (Longair
1981)

n2=1

(vp/v)?
Tz (U:/U) cosf)’ (2.36)

where v, =9.1x 103N/ Hz is the plasma frequency, and 8 is the angle between the wave
propagation direction and the magnetic field. As the two waves propagate through the
magneto-ionic media, they will have different phase velocities, which results in a rotation of
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the plane of polarization of the radiation as the two orthogonal modes are added together
after some propagation distance df. In the regimes of interest to this research, the difference
in the refractive indices is

”3”9
An = 3 cosé@, (2.37)

which results in a phase difference between the polarization modes of

Ag = 2TVAT (2.38)

c

After a propagation distance d¢, the two orthogonal polarizations are recombined, to reveal
a rotation of the plane of polarization of
1I'V2Vg

Ax = p2 cosf de, (2.39)

v

where x is the position angle of the polarized emission. Integrating this equation, and
re-writing it in terms of useful astronomical units, gives the amount of rotation of the

polarization angle as
L
Ax = x — Xxo = 811.9)2 / neBydf = RMA? radians, (2.40)
0

where RM is the rotation measure in radians m~2, y, is the intrinsic polarization angle of
the radiation, n, is the (thermal) electron density in cm™3, B, is the line of sight component
of the magnetic field in 4G, and L is the path length through the rotating medium in kpc.
Through a set of polarization observations at a minimum of three wavelengths, the RM
of a source can be determined by plotting the polarization angle versus the square of the
wavelength, and performing a linear least squares fit. By standard convention, a positive

rotation measure corresponds to a magnetic field pointed toward the observer.

Internal

Another possible origin for Faraday rotation is when thermal electrons are mixed with the
synchrotron emitting relativistic electrons within the radio source. The simple slab model,
considered below, follows the notation of Dreher, Carilli, & Perley (1987) for an optically
thin synchrotron plasma. A more general development of the theory can be found in Burn
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(1966), and Pacholczyk (1970).
The total intensity, /, and complex polarized flux density, P=Q+iU, change with path
df through the source as
dI

-&E =—rkl+¢ (2.41)

% = 2%ARP — kP + I1(z)ee® X8, (2.42)

where x is the absorption coefficient, € is the mean emission coefficient, R = Ax,/df =
811.9A2neB|| is the rate of rotation of the polarization angle per element d¢, and y, is the
intrinsic polarization angle of the radiation. In a medium with a uniform magnetic field
direction (Ay, = 0) no thermal absorption {x=0) and no random magnetic field component

(B, = 0) integration of the above equation, through a source of depth L, yields

I =eL, (2.43)
and
_M=z)e, . _are
P=—-(l-e ), (2.44)

where the reference frame has been rotated so that x, = 0°. The degree of polarization,

m = |P|/I, is given by

sin(RL)
RL |’

m = [I(z)

(2.45)

Physically, Equations 2.44 and 2.45 show that the polarized flux density will vary sinu-
soidally with depth through the source, since the radiation emitted from different regions
within the source will interfere as they will be rotated by different amounts. Note, however,
that the total flux density, I, does not vary with source depth, thus the degree of polar-
ization will drop with increasing wavelength! This behaviour of the degree of polarization
with wavelength is shown by the solid lines in Figure 2.1, and gives meaning to the term
“Faraday depth”.
In the uniform slab model, the polarization angle (Equation 2.64) follows the relation

— 1 (1=cos|2RL{
x“z( sin|2RL] ) (246)

which indicates that, relative to the intrinsic polarization angle x,, the observed polarization
angle can be rotated from 0 to 7/2 as a function of A>. When RL reaches =, the source
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Figure 2.1: This plot shows the variation of the degree of polarization, m/f(x), and the polarization
angle, x, as a function of the Faraday depth RL. The degree of polarization, solid line, drops from the
intrinsic value toward long wavelengths. The polarization angle, dashed line, follows a A2 relation with
increasing wavelength to the point at which the polarization degree reaches zero. At this Faraday depth,
the polarization angle jumps discontinuously from /2 to zero.
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will be completely depolarized, m=0, and the polarization angle will change discontinuously
from the maximum of w/2 back to 0 radians. This discontinuous behavior, as a function
of increasing A2, produces a characteristic sawtooth plot shown by the dashed lines in
Figure 2.1. This polarization angle signature can then be used to diagnose the presence
of internal Faraday rotation in sources. It is important to sample a sufficient range of A2

space, that one expects the polarization angle to rotate by more than n/2 radians.

Mixed Internal and External

Radio sources which are embedded in a thermal medium, such as the intracluster medium,
may be subject to a mixture of internal and external Faraday effects. If the thermal electrons
from the ICM mix into the magnetized relativistic plasma within the radio source, there
will be a region of internal Faraday rotation which would likely take on the form of a
sheath surrounding the radio source. The degree of polarization, and the polarization angle
measured for lines of sight toward the radio source would reveal a mixture of internal Faraday
rotation from the sheath, and external Faraday rotation from the foreground intracluster
medium.

Taylor (1991) considered a situation where the synchrotron source was divided into
two regions. The first, most distant, region contained only relativistic electrons and a
uniform magnetic field. In the second region, the relativistic electrons are mixed with
thermal electrons and a uniform magnetic field. Each element in the second region will emit
synchrotron emission, which will then experience Faraday rotation through the remainder
of the path out of the source. The second region will also serve as an external Faraday
screen for the emission from the first region. Taylor conducted simulations in which the
fraction of thermal material in the source ranged from 0.2 to 0.8. The varying fraction of
thermal material was obtained by increasing the size of the region containing only relativistic
electrons so that the thermal region would have a fixed size, and thus the rotation measure
would be constant. Taylor found that in the limit of a small amount of thermal material,
the position angle follows the A2 behaviour of an external screen fairly closely. A large
thermal fraction produces a polarization angle which displays significant deviations from a
A2 law, which should be visible in multi-frequency observations. The large thermal fraction
also produces strong depolarization of the source. In all simulations containing a fraction,
F., of thermal material, the fractional polarization at long wavelengths approaches (1 — F),
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and the polarization angle deviations from A2 become less severe. Further models of mixed

internal and external Faraday rotation are considered by Gardner & Whiteoak (1966).

nr Ambiguities

The above statement, that the rotation measure can be determined from a set of observations
at a minimum of three wavelengths, is not completely true. While it is possible to determine
a rotation measure from three observations, the wavelengths of these observations must be
carefully selected to prevent ambiguities in the rotation measure. The ambiguity results
from the fact that the observed position angle of the polarization is only a pseudo-vector
lying in the range of 0 < x < m radians. A measurement of this angle is uncertain by a
factor of +nm, which allows for an unknown number of half rotations of the polarization
plane along the line of sight between the source and the observer. An additional constraint
on the selected wavelenghts is the limited range of rotation measures that they are sensitive
to. For any particular line of sight to a source, there must be a unique rotation measure
and intrinsic polarization angle. The key to recovering the correct rotation measure is to
choose two closely spaced wavelengths to provide a range of rotation measures which has
no ambiguity. These measurements can then be combined with one or more measurements
at a more widely spaced wavelength, to pin down an accurate rotation measure.

To understand the rotation measure ambiguity, and method to avoid it, consider Fig-
ures 2.2 and 2.3 drawn from the work of Ruzmaikin & Sokoloff (1979). The first figure
represents observed measurements of the polarization angle (solid lines) at three uniformly
spaced points in wavelength squared space. Each measurement of the polarization angle
has an associated uncertainty of an integer number of half rotations, represented by the
dotted lines. A set of linear least square fits to the polarization angles is shown by the
dashed lines. The associated set of possible rotation measures for this particular source are
given by the slopes of the lines, and the set of intrinsic polarization angles are given by
the intercepts of the lines. In this situation, a determination of the best rotation measure
of the source requires an assumption about the nature of the expected magnitude of the
rotation measure, an unenviable situation for a researcher. A more acceptable situation is
shown in Figure 2.3 where the observations have been undertaken at a carefully selected set
of points in wavelength squared space. Although the measured polarization angles are still
uncertain by +n~r, the two points closely spaced in wavelength squared space can provide



THEORY 25

an unambiguous determination of the rotation measure up to some maximum value set by
the spacing of the points. The measured polarization angles will have associated measure-
ment errors which can be used to construct an error cone (dashed lines) within which the
source rotation measure lies. A least squares fit to these points and observations at one
or more wavelengths with a larger separation in lambda squared space provides an unam-
biguous determination of the source rotation easure (solid line). Details of observational

considerations for this method are described in Ruzmaikin & Sokoloff (1979).

2.4.4 Summary

This section discussed the methods available to measure, or place limits on the magnetic
field strength in clusters of galaxies. These methods involve two basic approaches. First, the
presence of cluster-wide synchrotron emission originating within the intracluster medium
indicates the presence of magnetic fields throughout the synchrotron emitting volume. The
strength of these magnetic fields can be estimated through minimum pressure arguments,
§ 2.4.1. Alternatively, upper limits on inverse Compton emission for the synchrotron halo
clusters places lower limits on the intracluster magnetic fields strength, § 2.4.2. The second
approach to measuring intracluster magnetic fields relies on Faraday rotation measures.
Section 2.4.3 discusses internal, external, and mixed internal plus external origins of Fara-
day rotation, and their associated Faraday characteristics. This section also outlines the

ambiguities associated with measurements of the position angle of the polarized emission.
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Figure 2.2: For a set of position angle measurements at three equaily spaced wavelengths, A;—\3, the
nm uncertainty allows for a number of shifts by = radians along the position angle axis. These shifts
are represented by the dotted errar bars in the plot. The three dashes lines indicate three possible fits
to the set of position angles. The slope of each line gives a different rotation measure for the source in

question.
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Figure 2.3: This figure shows a set of position angle measurements at non-uniformly spaced points in A2
space. The two points at closely spaced points in A2 set a cone of rotation measure values which are
constrained to fall within the dashed lines. The addition of a measurement at a widely spaced point in
A2 fixes the rotation measure of the source, solid line.
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2.5 Interferometry

2.5.1 Total Intensity Observations

The correlator output from any two elements in an interferometer array observing a point on
the celestial sphere, will provide an instantaneous measure of the visibility function V(u, »)!
at two points in the u-v plane. The rotation of the Earth will cause the u and v components
of the baseline to trace an elliptical locus, which is the projection onto the u-v plane of the
circular locus traced by the baseline vector. An array of antennas produces an ensemble
of such elliptical loci known as the sampling function S(u,v), which is a function of the
antenna spacings, and the source declination. This sampling function indicates the values of
u and v at which the visibility function is sampled. Under certain approximations (described
in Clark 1994, and Thompson 1994), the visibility function is related to the source intensity
distribution I(l,m) (multiplied by the primary beam of the array elements) through a

two-dimensional Fourier transform:
V(s,v) = / / I(1, m)e~2miu+vm) gy gy (2.47)

where the integral is taken over the entire sky. The direct inversion of this equation gives
the intensity distribution on the sky:

I(l,m) = / / V(u, v)e2milul+m) gy gy, (2.48)

In practice, an interferometer only measures a finite number of noise-weighted samples
of the visibility function, thus the source intensity distribution cannot be recovered directly.
Inserting the sampling function into the Fourier inversion equation provides an inferior

image called the dirty image:

°(,m) = [ [ V(u, v)S(u, v)e?™w+m) gy dy. (2.49)

The visibility or spatial coherence function is evaluated at projected baselines u and v measured in units
of wavelength.
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The dirty image is related to the true image I{l, m) through:
I°P=1+B, (2.50)
where * denotes convolution, and
B(l,m) = / / S(u, v)e2H+mgy, 4y (2.51)

is the synthesized beam, or point spread function, corresponding to the sampling function.
The true surface brightness distribution on the sky can be recovered through the use of a
Direct Fourier Transform (DFT), although the DFT requires a large investment in CPU time
since the number of multiplications required increases as N*. The Fast Fourier Transform
(FFT) on the other hand uses the periodic nature of the exponential to reduce the number
of operations to N2logoN. This increase in efficiency is obtained by gridding the visibilities
before applying the FFT. The sensitivity and resolution in the final image are controlled by
applying sampling and weighting to the measured visibilities before the Fourier transform
process (Sramek et al. 1994). The limited sampling of the visibilities results in defects in
deconvolution, in the form of the ‘CLEAN’ algorithm or the Maximum Entropy Method,
is required to correct for the sampling effects. These deconvolution methods are described
in more detail by Cornwell & Braun (1994), and are the standard methods employed for
most radio synthesis images. The application of non-linear deconvolution to the calibrated

data for this thesis is described in § 3.4.

2.5.2 Polarization Observations

The polarization state of electromagnetic radiation is characterized by the motion of the tip
of the electric field vector. This motion is generally described in terms of orthogonal linear,
orthogonal circular, or elliptical polarization as shown in Figure 2.4. Elliptical polarization
is a more general description of the polarization state, and is a combination of the circular
and linear components.

In general, emission from astrophysical phenomena are incoherent, with the emission
containing a mix of different polarization states. A source is labeled polarized if there is

statistically more of one polarization component present. Measurements of source polariza-
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vertical
linear

horizontal
linear

Figure 2.4: The polarization state of electromagnetic radiation is determined by the locus that the tip of
the electric vector traces out in the plane perpendicular to the direction of propagation (out of the page
in the above figure). The polarization of a source is generally characterized in terms of linear, circular, or
elliptical polarization, where elliptical polarization is a combination of the linear and circular polarization

states.
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tion are generally expressed in terms of Stokes parameters I, @, U, and V which represent
the total intensity, two orthogonal linear polarization components, and the circular polar-
ization component, respectively.

Stokes Parameters

Following the notation of Kraus (1986), for a completely polarized wave, referring to

Figure 2.5, one can write:

E; = E) sin(wt — ;)
Ey = B3 sin(wt — §2) (2.52)

where §; — d; is the phase difference of E, and E,, and

E, = Eg \/ cos? ecos? x + sin®esin® x

Ey = Eg\/cos? esin® x + sin® ecos? x. (2.53)

The magnitude of the total Poynting vector or flux density (watts m~2) of the electromag-

netic wave is
E} +EZ E}

S=Sx+5y= 7 Z'

(2.54)

where Z is the intrinsic impedance of the medium (ohms). S; and Sy, represent the Poynting
vectors for the wave components polarized in the z and y direction respectively, and are

given by:

E?
Sy = 71. = S(cos? € cos? x + sin’e sin’ x)

2
Sy = % = S(cos? e sin® x + sin®e cos® x) (2.55)

The Stokes parameters I, Q, U, and V are defined as (Stokes 1852):

Z z
= Sz -5 =—?——%§-—=Scos2ecos2x

= (Sz —Sy)tan2x = S cos2e sin2y = 2~E-"-Izﬁcos(51 - &)
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Ex E1 x
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[ ellipse

Figure 2.5: Relation of electric vector amplitudes E, and E. to polarization axes.

E, E;

V = (S; —Sy)tan2e sec2x = Ssin2e¢ =2 7 sin(d; — d2). (2.56)
For a completely polarized wave, it follows that
P = Q@+U%+Vv?
U
— = tan2
Q X
v = 8in2e = ——V— (2.57)
S VR +UZT+V?2

More generally, for a partially polarized wave, the £ and § components of the electromagnetic

wave can be written as

E. = Ey(t) sinjwt — 6,(t)]
E, = Ex(t) sinfut — 8(2)]. (2.58)
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In this case, the Stokes parameters must be time averaged so that

<E§>+<E§>_

I = 7 7 Sz +8, =8
< E} E?
QR = Zl>-<Zz>=Sz-—Sy=S<cos2ecos2x>
Uv = 2< BBy COSZ(JI —&) > = § < cos2e sin2x >
v = oSBE s“fz(‘sl “8)> _ g csin2e>, (2.59)
where <...> indicates a time average, and
P> @*+U%+Vv2 (2.60)

Each of the six standard receivers on the VLA is designed to record orthogonal right-
hand circular (RCP) and left-hand circular (LCP) polarizations. In this coordinate system,

the left and right hand circularly polarized components, £, and Eg, can be written as

E,

]

El eiwt

Ep = E,e iwt+d) (2.61)

where E|, and E, are constants, and ¢ is the phase difference between the two components.

The Stokes parameters can be expressed as

= ELE} + ErEp = E? + E}
= ELER+ EprE} = 2E.E; cosf
i(ELEy — ERE}) = 2EE; sinf

< T 0
I

= ELE; — ErEy = E} - E? (2.62)

where * denotes complex conjugation. The advantage of Equations 2.62 is that the Stokes
parameters are now represented in term of quantities that are measured by the interfer-
ometer. Note that Stokes 7 and V depend on the parallel hand correlator products, while
Stokes Q and U depend on the cross-hand correlator products.

Two main results which will be relevant throughout this thesis are the definitions of the
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polarized intensity of the radiation

P= \/Q2 +U?, (2.63)

and the polarization angle

1

X = iarctan (2.64)

v
iR
2.5.3 Instrumental Polarization

Due to the polarization leakage, the antenna receiver system responds to polarization signals

other than the nominal component. These instrumental polarization terms can be corrected

.....

(Conway & Kronberg 1969)

. 1
E[,EL = §(I+ V) = V;‘kLL

. 1
ErEp = (I -V)=Vikrr

2
. 1 )
ELER = §(Q ~iU) = Vierr
1 .
ErEL = 3(@Q+iU) = Vikne (2.65)

in terms of the measured correlations. Following the notation of Hjellming (1992), the

complex voltages of the j** antenna, before cross-correlation, can be written as

Rj = GjR(ERe'i¢P+DjRELei¢")

L; GjL(EL e®? + D;j Ege™"*"), (2.66)
where Gr and Gj, are the complex gains describing all the amplification and phase mod-
ification aspects of the j** antenna, Er and E; are the right and left circularly polarized
components of the electromagentic radiation, D;jr and D;r describe the coupling between
the polarizations (polarization leakage), and ¢p is the parallactic angle.

The parallactic angle is a result of the altitude-azimuth mount system employed at the
VLA. This type of antenna mount results in a time-dependent rotation of the sky relative
to the fixed reference system of the antenna. This angle is defined as the angle between the
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source meridian and the elevation of the great circle of the antennas:

ép = tan~! [ cos(Aat) sin H ] .

(sin(Xja;) cos & — cos(Aja, ) sind cos H) (2.67)

The VLA latitude is given by A, & is the source declination, and H is the source hour
angle.

The measured correlator visibilities are represented by

’

Viere = LjLg

’

Vikrn = R;B;
Vien = LjR:
Vienr = RiLi. (2.68)

Expanding this equation gives

t

Vikrn = GirGir(ErER + ELERD;pe*®? + ErE}Dipe¥*" + ELE} D;rDjg)

’

Vikee = GjLGiy (ELE} + EpE}DjLe™ %97 + ELE3Dyp €¥%% + EgrERD;1D}y)

!

Vikr = G;irGip (ERE} e #%P + ERERDyy, + ELERDirDiy €%F + ELE}Djg)

Vieer = GiLGir (ELER ™" + ELE} Dig + ERE}D;LDipe %" + ErERDjyL).

In practice, the D terms are found to be generally less than ten percent, and the linear
polarization of sources is generally under ten percent (Bignell 1982). In this situation, the
cross terms in the above equation are of order one percent of the parallel terms, thus the sec-

ond order and higher terms are neglected. Dropping these terms, and using Equations 2.65,

-----

Viere = GitGrrVikee

Viere = GirGirVikrr

Vier = GirGir (Vierce **® + VierrDir + VikrrDir)

Vier = GitGir (VieLre®™ + ViksrDig + VikrrDit)- (2.69)

Polarization calibration (discussed in more detail in § 3.3.3) consists of observing a calibrator
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source with known Stokes parameters. Applying Equations 2.65 to the calibrator source
provides a measure of the true source visibilities. Using Equations 2.69, the true and
measured visibilities for the calibrator source provide a measure of the complex constants

(Gjr, GjL, Djr, and Dj_) for each antenna. Defining

gir = L
iR Gir
L= 5o (2.70)
gJL - GjL 1] .
and rearranging Equations 2.69, gives
Vieee = 9iL9kLVikre
Vikrr = 9irgkrVikrR
Vier = (9L98rVikLr — DitVikrr — DirVikee) e™%%7
Vikr. = (9ir9kLVikre — DirViker — DiLVikrr) €7, (2.71)

From Equation 2.71, the true source visibilities can be determined from the measured
visibilities and the complex antenna constants determined from the calibrator. A more

detailed description of the VLA's on-line correction and calibration systems can be found
in Hjellming (1992).

2.6 Instrumental Depolarization

Observations of radio sources at a number of wavelengths often show a variation in the
degree of polarization measured. The standard method used to measure this depolarization

is through the depolarization ratio

Dp = Dhish (2.72)
Migw

where myg, and my,, represent the fractional polarization at the high and low frequency
respectively. One source of depolarization, discussed in § 2.4.3, is internal Faraday ro-
tation, which is an intrinsic property of a source. Depolarization can also result from a
specific choice of instrumental parameters. The two instrumental effects discussed below
are beamwidth depolarization, and bandwidth depolarization.
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2.6.1 Beamwidth Depolarization

Beamwidth depolarization results from a side-to-side averaging of different polarization
angles within the beam of the telescope. This effect is a result of having a rotation measure
gradient within the source on scales smaller than the telescope beam. In the limit of a
linear gradient in rotation measure across the beam, the depolarization will follow the
same pattern as that for internal Faraday rotation. It should, however, be possible to
distinguish between these types of depolarization, as the magnitude of the internal Faraday
depolarization depends on the magnitude of the rotation measure through the term RL in
Equation 2.45, while the beamwidth depolarization will depend on the size of the rotation
measure gradient, and should not be correlated with the magnitude of the rotation measure.

The effects of beamwidth depolarization will become severe when the position angle of
the radiation varies by more than n/2 radians across the observing beam. The change in
rotation measure associated with a polarization angle variation of Ax is ARM = Ax/\2.
For the wavelengths of interest in this work, a polarization angle variation of 7/2 radians
corresponds to a rotation measure gradient of 40 rad m~2 at 20 cm, and 440 rad m~? at
6 cm. Although rotation measure gradients have been observed across kiloparsec regions
by Feretti et al. (1999) for a source in the central regions of a cooling flow cluster,
these large rotation measure gradients are generally confined to the cooling cores of clusters
(Ge & Owen 1994). The sources observed for this work are generally probing regions of
galaxy clusters which are beyond the cooling radius, and thus should not be affected by
large rotation measure gradients. More detailed examinations of the effects of foreground
depolarization on radio sources can be found in Burn (1966), Tribble (1991), and Sokoloff
et al. (1998).

2.6.2 Bandwidth Depolarization

Bandwidth depolarization is important for observations of sources with very large rotation
measures and/or observations using very wide bandwidths. The depolarization results from
a variation in the polarization angle across the observing bandwidth. This effect follows a
similar sinc function to that of the depolarization resulting from internal Faraday rotation.

It is, however, fairly simple to estimate the expected rotation of the polarization angle

across the observing bandwidth, by considering the expected maximum rotation measure
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of the radio source. Considering Equation 2.40 one finds that the amount of rotation of the

polarization angle, across a bandwidth Av, centered on frequency v, is

,\22A_”

v

Ax = —RM (2.73)

In theory, the VLA is capable of observing with a bandwidth of 50 MHz within one observing
band. In practice, however, the maximal available bandwidth for continuum observations
in the 20 cm band is set by the width of the radio frequency interference (RFI) free re-
gion around any particular frequency of interest, and is generally limited to a maximum
bandwidth of 25 MHz. At a frequency of 1400 MHz, a rotation of 7/2 radians, across a
bandwidth of 25 MHz, will occur for sources whose rotation measure is 1100 rad m~2, much
larger than the rotation measures which are found in the regions outside cooling flow cores

probed in this research.

2.7 Summary

This chapter concentrated on outlining the relevant theory which is applied in the remainder
of this thesis. The first section discusses the radiation mechanisms for radio sources and the
intracluster medium. The next two sections briefly discuss the properties of radio sources
and the diffuse cluster gas. Section 2.4 provides the fundamentals for the methods which
are used to probe intracluster magnetic fields. In particular, the Faraday effect is discussed
in some detail, as many of the results presented within this thesis rely on calculating, and
interpreting, the Faraday effect. The final two sections of this chapter present an overview
of the instrument theory; § 2.5 outlines the background to interferometry, with emphasis
on polarization observations, and § 2.6 examines the effects of instrumental depolarization

on the observations.



Chapter 3

Radio Observations and Data

Reductions

Overview: All radio polarimetric observations for this thesis were undertaken between
October 1995 and September 1997 at the National Radio Astronomy Observatory (NRAO)
Very Large Array (VLA)!. This chapter discusses the target selection and observing strategy,
followed by a complete description of the data reduction procedure, with specific emphasis
placed on the details of the polarization calibration procedures. Section 3.4 provides an
overview of the imaging process for the data, and § 3.5 provides tables of the measured

radio source fluxes.

3.1 The Very Large Array

The Very Large Array is a connected-element interferometer consisting of 27 antennas, each
of diameter 25 meters, located on the plains of San Augustin, approximately 80 km west
of Socorro, New Mexico. Each element is a fully steerable antenna on an altitude-azimuth
mount with a Cassegrain feed system. The feed system consists of five receivers, centered
on A 20, 6, 3.6, 2 and 1.3 cm, located on a ring of radius 98 cm at the Cassegrain focus. All
antennas are also equipped with a 90 cm feed which consists of a crossed dipole mounted
near the prime focus. Additional receivers at 0.7 cm are currently (1999) mounted on

thirteen antennas, and removable dipoles for observations at 400 cm are also available.

!The NRAO is operated by Associated Universities, Inc., under contract with the National Science
Foundation.

39
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Elements of the VLA are mounted on a railroad track which runs along each of the
three arms of the instrument. The arms are arranged in a ‘Y’ shaped pattern with 9
antennas along each arm. Moving the elements to a set of fixed pads along the arms
provides different configurations (standard: A through D) for the instrument. The most
extended configuration (highest resolution) is A-array with a maximum antenna separation
of 36 km; the most compact array (D-array) has a maximum antenna separation of 1 km.

The diffraction limited resolution of the VLA can be approximated as
2
oypaw = % arcsec (3.1)

where D is the maximum antenna spacing in kilowavelengths. The precise shape of the
synthesized beam depends on the source declination and the details of the u-v coverage.
The VLA remains within a particular configuration for approximately four months. An
overview of the theory of total intensity and polarization observations with an interferometer
is given in § 2.5. The overview provides VLA-specific information, and also provides an
introduction to the Stokes parameters which are used throughout this work. Detailed

technical information on the VLA can be found in Perley (1998), and references therein.

3.2 Observations

As discussed in § 1.3, one of the goals of this research is to examine the radial distribution
of the strength and structure of intracluster magnetic fields. These fields cannot be directly
observed (see § 2.4), and are generally probed through their Faraday effects on polarized
radiation propagating through the magneto-ionic cluster medium.

This thesis relies primarily on compact polarized radio sources to probe the intracluster
magnetic fields at a variety of cluster impact parameters. Although the X-ray emitting
intracluster medium generally extends to ~ 2 Mpc from the cluster center, currently avail-
able levels of sensitivity in radio astronomy are such that a particular galaxy cluster rarely
has more than one or two strong polarized radio sources located (in projection) within its
perimeter. There is, therefore, an insufficient density of sources on the sky to undertake
a detailed probe of the radial Faraday distribution for individual clusters with the current
VLA in a reasonable integration time. Thus the Faraday distribution must be studied
through a large sample of radio sources viewed along the line of sight to a number of galaxy
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clusters.

3.2.1 Target Planning

Compiling a statistical sample of objects requires careful consideration of source properties
in order to build a database of a uniform population of targets. For the purposes of this
thesis, the target cluster population was selected from rich, low redshift, weak or non-
cooling flow Abell clusters. The parameter space selected for this research was optimized to
provide a subset of clusters which would have the best possibility of tracing the intracluster
magnetic fields from the central regions of clusters to the outer edges of the X-ray emitting
gas. Radio sources probing the central regions of strong cooling flow clusters were avoided
since these regions have been fairly well studied (Taylor & Perley 1993; Ge & Owen 1994;
Taylor et al. 1999), and can be used for comparison purposes.

Another issue is the realistic availability of telescope observing time. As discussed in
§ 2.4.3, Faraday studies require polarimetry observations at three or more wavelengths
in order to unambiguously determine the source rotation measure. Although the VLA is
capable of recording two simultaneous wavelengths within a single observing band, it is still
time consuming to add the extra observing time for each supplementary pair of wavelengths
(six wavelengths in total for most observations in this work). Additional observing time
must also be allocated for calibration at each of the observed wavelength. For polarimetry,
calibrations generally total an extra 30% overhead on the observing time. In order to
maximize the scientific use of observing time, the NRAO VLA Sky Survey (NVSS) was
used to preselect polarized radio source targets for the follow-up polarimetry. This step
eliminated the need to undertake an initial snapshot survey to find the polarized targets.

The NVSS survey (Condon et al. 1998), begun in September 1993, is a radio continuum
survey which covers the entire sky north of —40° declination, at a frequency of 1.4 GHz. The
survey consists of a set of over 200000 overlapping snapshots?, and has a resolution of 45".
The principal survey products are a set of 4° x 4° continuum data cubes which contain image
planes of Stokes I, Q, and U, a survey catalog of discrete radio sources, and a calibrated
u-v data set. In the context of this thesis, it is important to point out that the NVSS is

unique in that it is the only radio survey to date that provides simultaneous polarimetry

2A VLA observation with an integration time of less than 5 minutes is termed a snapshot.
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of all target sources. The total intensity images have r.m.s. brightness fluctuations of order
or =~ 0.45 mJy beam™!, while the Stokes Q and U images have 0 = 0.29 mJy beam™!.
The survey was undertaken in stages during D-configurations between 1993 and 1997, when
most of the final coverage gaps were filled. All NVSS data products were made publicly

available as they were verified.

General Outline of Target Selection

The development of the radio source target list proceeded in several stages which are briefly
outlined in this section. The basic procedure involved compiling a list of galaxy clusters
which were observed by ROSAT, then selecting polarized radio sources which are viewed
through these clusters. A more detailed description of the complete radio source target
selection process, including details of the selected source parameter space, follows the target

outline.

1. An initial list of all potential target clusters was compiled from the Abell (1958) and
Abell, Corwin & Olowin (1989) cluster lists. This preliminary target list contained all
high Galactic latitude clusters (|b| > 20°) which have known redshifts below z=0.1.

2. This cluster list was then compared to the ROSAT All Sky Survey, and ROSAT
Pointed Source catalogs to produce a secondary subset list of high X-ray flux clusters.
At this stage, the X-ray emission from each cluster was also analyzed for the presence
of extended soft X-ray emission (indicating an intracluster medium). Any cluster
showing only compact, active galactic nuclei- (AGN) type X-ray emission was excluded
from the secondary list.

3. The secondary cluster list was then cross-correlated with the positions of the currently
complete NVSS fields to provide a final list of all potential clusters falling within these
completed radio fields. In the initial stages of this work, the available fraction of the
sky for target selection was very small as only a fraction of the NVSS data products
had been verified and released. Figure 3.1 shows the fields publicly available at the
end of September 1995 which were used to select the targets for the October 1995

observing run.

4. The NVSS maps were then used to extract a list of all the strong (I, 4 > 100 mlJy),
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Maps available by FTP
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Figure 3.1: Gridded right ascension a and declination § plot of the survey region to be covered by the
NRAO VLA Sky Survey (NVSS). Each gridded element represents one 4° x 4° map. The elements that
contain a filled in region represent NVSS fields that were verified and publicly available at the end of
September 1995, just before the first observing run for this thesis. The figure is taken from NRAO's
NVSS website.

linearly polarized (P > 1%) radio sources that are viewed through the intracluster gas.
This list, referred to as the cluster list, generally contained one or two target sources
per cluster. A second list of radio targets with similar total intensity and polarization
fractions was selected to include sources at larger radii around each cluster. This list
is known as the control list, and contains the radio targets which will be used to
verify the Galactic rotation measure corrections as well as provide a “baseline” for
the intrinsic scatter in the rotation measure of sources which are not viewed through

a dense intracluster medium.

5. Finally, a list of target radio sources for the observing session was selected from the
cluster list to provide a fairly uniform distribution of radio sources probing impact
parameters from the cluster core regions to the edge of the X-ray emitting gas (~
2-4 Mpc, Bohringer 1995). Further, a subset of radio sources around each cluster
was selected from the control list and added to the target lists for each observing
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run. Tables 5.6 and 5.7 present the positions and identifications for the cluster and

control samples, respectively.

The goal of the target selection was to produce a follow-up target list of radio sources
which could be used to radially probe magnetic fields from the central regions to the outskirts
of a uniform sample of galaxy clusters. The control list of radio galaxies provides both
a measure of the scatter in intrinsic source properties, as well as a measure of large-scale
Galactic Faraday features which may exist in the direction of the galaxy cluster. These
control sources could then be used to correct for any Galactic contamination which may

be present in the Faraday rotation of the cluster sources (see § 5.4).

Source Details

Radio galaxy probes selected for this Faraday analysis must be particularly radio bright
to permit the use of the VLA in snapshot mode. As discussed below (§ 3.2.2), snapshot
observations involve integration times of less than five minutes at the VLA. To determine a
minimum acceptable total intensity flux density for target sources, consider the theoretical
noise reached in a 5 minute snapshot with 27 antennas at the VLA. The expected r.m.s.
noise level due to thermal fluctuations in a full synthesis observation can be calculated from

the following formula:

K 1

= A Jy b -
W= NN =DNiraTmbe 0o

(3.2)

where N represents the number of individual interferometer elements, N;r is the total
number of IFs to be combined in the final image, AT, is the total on-source integration
time in hours, and Av is the effective continuum bandwidth in MHz. The system constant,

K, expressed in terms of system temperature (Tyys), and antenna efficiency (n,) is given by

_ 0. lﬂl.sys
Tla

K (3.3)

which yields 8.0 and 7.8 for the 20, and 6 cm bands respectively (Perley 1998). For a 5
minute on-source integration of a radio source with all VLA antennas (N=27), at 20 cm,
a bandwidth of 25 MHz, and two IFs combined in the final image, Equation 3.2 predicts a

theoretical noise level of 0.15 mJy beam™!. To obtain a minimum signal-to-noise level of
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10, the peak polarized intensity of the radio source must be greater than 1.5 mJy beam™!.
A typical extragalactic radio source at 20 cm is generally found to be polarized at the few
percent level (Wright 1973), thus a peak polarized intensity of 1.5 mJy beam~! on average
corresponds to a peak total intensity of 50 mJy beam™!. This minimum peak intensity flux
estimate is actually a best case scenario since snapshot observations rarely reach theoretical
noise level due to confusion. Analysis of the NVSS fields predicts ~ 1 source per cluster at
this flux level.

3.2.2 Observing Considerations

The majority of the observations for this thesis were undertaken in one of the compact VLA
configurations to provide full sensitivity to large scale structure for the target radio sources
with a single observation. The multi-wavelength observations were undertaken in a single
epoch of observing. This method of simultaneous wavelength coverage provides a sample
of sources which are uncontaminated by intrinsic variability. In addition, the selection of
fairly powerful radio galaxies for this analysis provides sufficient signal to noise to use the

snapshot mode of observation at the VLA.

Snapshot Mode

With its ‘Y’ configuration of 27 antennas, the VLA can produce a reasonable synthesized
beam within a very short integration time. Although the beam contains fairly high sidelobes,
it is possible to use the snapshot mode to observe relatively bright, unconfused sources with
integration times as short as one minute. Unfortunately the high sidelobes severely limit
the sensitivity in the compact arrays, at long wavelengths, due to confusion with bright
off-center sources. An additional problem associated with the sparse u-v coverage of the
snapshoats is the restricted range of angular sizes which are recoverable. In order to correctly
reconstruct the true sky brightness distribution, the u-v plane must be sampled sufficiently
to satisfy the sampling theorem. Both the high confusion noise level, and restricted angular
sizes can be reduced by splitting observations into two or more snapshots separated by at
least one hour. This technique takes advantage of the Earth’s rotation to fill in a larger
fraction of the u-v plane. Figure 3.2 shows the typical u-v snapshot coverage for radio
sources at 20 cm and 6 cm for each of the VLA arrays used in this survey. The largest
baselines determine the resolution of the array in the image plane, and the shortest baselines



RADIO OBSERVATIONS AND DATA REDUCTIONS 46

determine the scale of the largest structure which a particular configuration will be sensitive
to.

Short observing runs make it very difficult to determine the proper instrumental po-
larization calibration properties. Polarization calibration requires several observations of a
polarization calibrator over the course of the observing run. The parallactic angle of the
polarization calibrator must change by more than 90° over the observing session (see § 3.3.3
for details). This parallactic angle requirement constraints the observing runs to extend

over at least three hours.

Specific Strategy

To compensate for the sparse u-v coverage of snapshot observations, all radio source inte-
grations were split into two snapshots, separated by at least one hour, and optimally as
close to two hours as possible. The u-v coverage of these split hour angle snapshots can
be seen in Figure 3.2. Although splitting the on-source time made planning the details of
the observing schedule more difficult, it greatly enhanced the sensitivity of the final data
through increased sampling of the u-v plane. Due to the short antenna move times between
sources within a single cluster (generally covering 1° on the sky), observations were designed
to point at all sources in the vicinity of a cluster, then move on to several other clusters
before returning for the second snapshot pass at a different hour angle. Each individual
pointing cycled through all observing frequencies during each snapshot. Through this tech-
nique, observations maximized the use of telescope time for polarimetry of a large sample
of target sources of varying morphologies, while also maximizing the output signal-to-noise
on each source.

As discussed in § 2.4.3, the degree of rotation of the position angle of linearly polarized
radiation depends on the product of the rotation measure (RM) and the wavelength squared.
The wavelength selection for these observations was designed to provide both closely spaced
points in wavelength squared space to constrain nmr ambiguities, and widely spaced points
in wavelength squared space to pin down an accurate rotation measure. Based on these
requirements, and the VLA's ability to simultaneously observe two wavelengths within an
observing band, observations undertaken in 1995 covered two wavelengths in the 20 cm
band and two wavelengths in the 6 cm band. Subsequent analysis of that data showed

that there was contamination from radio frequency interference (RFI) in at least one of the
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Figure 3.2: Typical u-v coverage for split hour-angle VLA snapshots. The left panels from top to bottom
show the snapshot coverage at 20 cm in B, CS, and D arrays respectively. The right panels display the
6 cm u-v coverage for each array.
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20 cm wavelengths for much of the observing run. This RFI resulted in significant data
loss and large errors on the extracted rotation measures in this observing session. Further
observing runs in 1996, and 1997 were designed with four wavelength coverage in the 20
cm band, and two in the 6 cm band to minimize the impact of time-variable interference in
one or more bands. Table 3.1 summarizes the configurations, run lengths, cluster targets
and calibrators used in this work. Individual cluster details and calibration procedures are

described elsewhere in this thesis.

" Date  Config Obs. Length Target Abell Polarization  Phase Calibrators
(Hours) Clusters Calibrator(s)  (J2000)
090ct95 B 10 A168, A399, A400, 3C48, 3C286  0059-+001, 0242-+110,
A401, A576 0259+077, 0238+166
07354478
21Dec95 B 10 Al119, A194, A569  3C48, 3C286  0059+001, 0713+438,
A576, A779 0614-+607, 0920446
04Augd6 D 12 A85, A496, A1185 3C138, 3C286 0059+001, 0423-013,
11254261
05Augd6 D 8 AT76, A147, A754, 3C138, 3C286 0022+002, 0108015,
A1314 0902-142, 1219+484
08Augdé D 8 AT76, A147, A754  3C138, 3C286  0022+002, 0108+015,
A1314 0902-142, 1219+484
16Sep97  CS 12 A75, A119, A194, 3C138, 3C286 0029+349, 0059+001,
A262, A376, A426, 01374331, 0237288,
A1060, A1367, 0303+472, 1018-317,
A1383, A2247 1150+242, 1146-+539,
1800+784

Table 3.1: Observing dates, configurations, Abell clusters, and calibrators for each of the observing
session for this thesis. Observations undertaken in 1995 involved two wavelengths around 20 cm, and
two around 6 cm. The remainder of the observations involved four wavelengths around 20 cm, and two
around 6 cm.

Wavelength Coverage

The Faraday rotation measure (RM) can be written in terms of observational parameters
as:

=—= rad m™2 (3.4)

where Ay is the position angle through which the polarized emission has been (Faraday)
rotated at wavelength A. Through observations at three or more carefully selected wave-
lengths, Equation 3.4 can be used to recover the rotation measure introduced along the line
of sight between the source of the polarized emission and the observer.

For the purposes of this research, polarimetry has been undertaken at wavelengths
ranging between 20 cm and 6 cm. Specifically, during the first observing session, polarimetry
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was undertaken at 21.978 cm, 18.018 cm, 6.615 cm, and 6.141 cm. As discussed above,
radio frequency interference was fairly severe in one data set (18 cm), and resulted in
significant data loss in most sources at this wavelength during the first observing session.
Attempts to determine the best fit rotation measure for the remaining three wavelengths
showed that the resulting fits had fairly large associated errors. Based on these findings,
subsequent observing sessions relied on four wavelengths in the 20 cm band (21.978, 20.906,
20.478, and 18.072 cm), and two wavelengths in the 6 cm band (6.615, and 6.141 cm).
The complete wavelength coverage permits the unambiguous determination of the rotation
measure of target sources up to a maximum of 2600 rad m~2, well above the expected

Faraday rotation outside of the cooling cores in galaxy clusters.

Calibration Strategy

Radio polarimetry observations require three to four individual sets of calibrators. The
observational setup for each calibration step, as applied to observing runs for this thesis, is

briefly outlined below. The application of the calibration solutions is discussed in § 3.3.

1. Absolute flux: Absolute flux calibration requires at least one observation of a pri-
mary flux calibrator at each wavelength during each observing session. The primary
flux calibrators for the VLA are 3C295, 3C48, 3C286, 3C147, and 3C138. Although
3C286 was used as the primary flux calibrator for each observing run, observations of
3C48, or 3C147 were also generally undertaken during the observing session. These
extra calibrator observations served both as a backup in case of the loss of 3C286, as
well as a redundancy check on the flux calibration.

2. Phase referencing: Proper phase calibration requires frequent observations of a
calibrator source which is located near the target source, preferably close enough
to be within the same isoplanatic patch. Unfortunately there is no a priori way to
estimate the size of the isoplanatic patch on any given day, or at any given time. The
phase calibration strategy undertaken for this thesis was to select a phase calibrator
near each galaxy cluster. These calibrators, listed in Table 3.1, are generally located
within ten degrees of the target cluster. Observing runs were designed to bracket
the cluster radio sources in the CALIBRATOR-TARGETS-CALIBRATOR sequence such
that all target sources (cluster and control) were located between observations of
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the cluster’s phase calibrator, and the maximum time between observations of the

phase calibrator was approximately 30 minutes.

3. Feed polarization: Due to polarization leakage, the measured polarization of a
source will be a sum of the source polarization plus an instrumental term. Obser-
vations of a calibrator source which covers more than 90° of parallactic angle can
be used to separate source and instrumental polarization terms. The requirement
for a large parallactic angle coverage places constraints on the length of a particu-
lar observing session: generally polarimetric observing runs require at least 3 hours
to provide the parallactic angle coverage to determine the instrumental polarization
calibrations. Observing sessions undertaken for this thesis spanned an average of 10
hours per session. These long sessions covered observations of several galaxy clusters,
and provided the parallactic angle coverage necessary to determine the instrumental

polarization terms.

4. Calibration of the origin of position angle: Phase referencing calibration pro-
vides independent calibration of the right- and left-handed receiver systems and thus
leaves a systematic phase difference between the two orthogonal polarization systems.
This phase offset is determined through calibration on a source of known polarization
properties. This calibrator source is generally observed once or twice during each
observing session. The recommended R-L/L-R phase (or absolute polarization angle)
calibrators for the VLA at frequencies of interest to this thesis are 3C286 and 3C138,
although 3C48 is also available for wavelengths of 6 cm and shorter. Since 3C286
was observed during each session as a primary flux calibrator, it was also used as the
R-L/L-R phase calibrator. Due to the importance of proper polarization calibration
for this thesis, one of 3C138 or 3C48 was also generally observed during each session,
particularly during the interval when 3C286 was not available. These redundant cali-
brators provided the opportunity to monitor the stability of the right minus left phase
through each observing session.

3.3 Data Reductions

All imaging, deconvolution, and calibration were undertaken within the NRAO Astronom-
ical Image Processing System (AIPS). The major steps in the data reduction process are
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briefly described below with specific references to the AIPS tasks employed.

3.3.1 Absolute Flux Calibration

The absolute flux density scale for an observing run is determined through observations
of an unresolved reference source, of known brightness, at all observed frequencies. The
standard flux density scale for calibrator sources is the Baars et al. scale (Baars et al. 1977),
although careful measurements in the VLA's D configuration show that these coefficients
are slightly in error. The follow-up calibrator measurements, undertaken by Perley & Taylor
(1996), provide an updated set of calibrator coefficients. For the purposes of this thesis, all
flux densities are tied to the 1995.2 epoch calibrator coefficients.

The absolute flux calibration for all observing runs undertaken for this thesis was de-
termined through observations of 3C286 or 3C48. Both of these primary calibrators are
unresolved at 20 cm and 6 cm in the compact configurations but require special restrictions
to be placed on the u-v range for proper flux bootstrapping in the more extended VLA con-
figurations (see Perley & Taylor 1996). Although these sources are well studied, and their
flux densities are fairly well known, recent measurements (Ott et al. 1994) indicate that
3C48 is variable, and in fact has become brighter at short wavelengths. In contrast, 3C286
does not show variability in excess of ~1% over the last couple of decades, thus, wherever
possible, 3C286 was used as the absolute flux calibrator with 3C48 employed for redun-
dancy checking. The best current estimates of the calibrator coefficients can be determined
through the analytic expression:

logS=A+B xlogv+C x (logv)? + D x (logv)® (3.5)

where S is the flux density of the source in Jy and v is the frequency in MHz. The 1995.2
epoch constants for the two calibrators of interest are listed in Table 3.2.

Calibrator A B C D
3C48  1.16801 +1.07526 -0.42254 -+0.02699
3C138 197498 -0.23918 +0.01333 -0.01389
3C286  0.50344 +1.05026 -0.31666 +0.01602

Table 3.2: Calibrator constants determined by Perley & Taylor (1996) for the 1995.2 epoch.

The absolute flux density scale for a VLA observing run is set using the AIPS task SETJY
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on the primary calibrator. In addition to the primary calibrator, observing programs also
include secondary calibrators for purposes of phase calibration and polarization calibration.
The program CALIB is used to determine the antenna gain solutions for both the primary
and secondary calibrators. Once the best set of gain solutions is found (generally through an
iterative process of calibrating and data editing), the task GETJY is used to determine the
flux density of the secondary calibrators from the flux density of the primary flux calibrator
and the antenna gain solutions. These calibrator solutions can then be interpolated through

the target sources to determine the target source flux densities on the absolute flux scale.

3.3.2 Phase and Amplitude Calibration

Amplitude and phase variation of radio antennae are due to a combination of slowly varying
instrumental effects and more rapidly varying atmospheric propagation effects. The instru-
mental variation is fairly easy to correct through calibration but, as discussed in § 3.2.2,
proper calibration of atmospheric effects requires that the calibrator be located in the same
isoplanatic patch as the program source. The phase calibrators are therefore selected as
close to the program sources as possible (generally within 10°).

All phase calibrators observed for this research are listed in Table 3.1 and were selected
from the VLA Calibrator Manual (Perley & Taylor 1996). Since the Abell clusters are spread
over a large range in right ascension, it was necessary to select a separate phase calibrator
for most clusters. During the observing sessions, the phase calibrators were observed for a
few minutes every half hour, and scheduled so that they bracketed all target sources for the
cluster of interest.

3.3.3 Polarization Calibration

There are two aspects to consider in polarization calibration for VLA observing sessions.
The first calibration addresses the non-ideal response of the antenna feed system. Any
particular feed will respond to polarizations other than the nominal one, adding a spurious
instrumental response to the source term. The second aspect of polarization calibration is
designed to calculate the phase difference between the two orthogonally polarized antenna
feeds. This R-L phase difference results from the fact that the phase referencing calibration
(described in § 3.3.2) is determined independently for each of the parallel hand systems,
which allows for an arbitrary offset between the two systems. This offset term is not
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important for total intensity observations since Stokes I only depends on the parallel hand
correlations, but, as seen from Equations 2.62, the polarized Stokes parameters (Q and
U) depend on the correlation of the cross-hand components, so any phase offset between
these systems must be removed for polarimetry. Both aspects of polarization calibration

are discussed in more detail below.

Instrumental Leakage Terms

In practice, an antenna feed will respond to polarizations other than the nominal one. This
polarization leakage is parameterized through the D terms in Equation 2.66, which represent
the instrumental leakage into the opposite orthogonal polarization. In the limit of weakly
polarized sources and near perfect feed/antenna combinations, the second order terms in D
can be ignored to produce Equations 2.69.

The instrumental polarization term will add vectorially to the source polarization terms,
as shown in Figure 2.5. For altitude-azimuth mounted antennas like the VLA, the source
and instrumental polarizations can be separated due to varying parallactic angle. As the
antennas track a source through different parallactic angles, the component of the interfer-
ometer response from the radio source will rotate, while the instrumental term will remain
constant. Calibration of the instrumental leakage terms normally requires observations of
a calibrator source which spans more than 90° in parallactic angle, in order to separate the
source and instrumental terms.

Many observing programs are able to make use of the phase calibrator for calibration
of the instrumental term, as the only requirements on the calibrator are that the source be
unresolved and observed over more than 90° in parallactic angle. Due to the nature of the
observations for this thesis, there are several different phase calibrators observed through
each session, although none cover the desired parallactic angle range. It was therefore
necessary to include a parallactic angle calibrator into each observing session, to be observed
at each frequency. The effective feed parameters for each antenna were determined using
the AIPS task PCAL. These feed parameters are then applied to the data during the imaging

stage.
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R-L Phase Calibration

The phase referencing procedure described in § 3.3.2 relies on independently referencing all
right- and left-hand antenna phases to that of a single reference antenna. The underlying
assumptions of this technique are that the phase difference between the two orthogonal
systems is stable over time for the reference antenna, and that the complex gain terms of
the other antennas are determined with sufficient frequency that any time-variable phase
changes can be calibrated out. In this case, the calibration of the right-left (R-L) phase
offset is determined through a single observation of a calibration source, with known Stokes
parameters (I, Q, U, and V), which provides a measure of the relative phase between the
orthogonal systems for the reference antenna.

In selecting a reference antenna for phase referencing, it is important to first check
the overall R-L phase stability of the antenna over the entire observing period. The R-L
phase stability of any antenna has been found to be fairly good over a period of up to
twelve hours. During this period one can expect to find phase changes of around 10°. The
exception to this R-L phase stability is seen as a phase jump in an antenna which is visible
as a discontinuous change in the antenna R-L phase, and can result in phase differences of
over 100°. Antennas displaying these R-L phase jumps must be excluded from the list of
possible reference antennas.

Correction of the phase offset between the right- and left-hand systems was determined
for calibration observations of 3C286. During each observing run, this source was observed
at two different hour angles for each wavelength. After applying standard total intensity
calibration procedures (§ 3.3.1 and § 3.3.2) to the data, the scan-averaged right minus left
phase angles for 3C286 was examined for signs of any large phase differences, indicating
corrupted data. Once all corrupted data had been removed, and any necessary calibration
steps had been re-applied, the average right minus left phase angle was determined for each
of the calibrator scans. These measurements of the phase difference were then averaged
to determine the phase offset term. The phase offset correction was then calculated from
the expected value (66° for 3C286) minus the measured phase values. This correction was
applied to all sources in the observing run using the task CLCOR.

After application of the phase correction, a visual inspection of the right minus left
phase matrix for 3C286 revealed phase variations of order 2°. For cases where the phase
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fluctuations were significantly larger than this, the data was further edited and re-calibrated.
Once the final right-left phase calibration stage was completed, the phase stability through
the night was examined by comparing the measured and expected phases for 3C138. The
total amplitude of the fluctuations of the matrix-averaged phases about the expected value
were generally found to be less than 5° at both the 20 cm, and 6 cm bands. The matrix-
averaged phases of 3C138 after right-left phase correction are shown in Table 3.3.

Time Frequency (MHz)
UT | 1365 1435 1465 1660 4535.1 4885.1
AC461 — August 4, 1996

1123 | -258 -23.9 -24.9 243  -234
SUNRISE

1252 | 254 -23.3 -22.7 262 -22.6

14:28 | -23.6 -226 -21.2 269 222

15:36 | -20.8 -20.3 -19.6 213 -20.8

17:25 [ -19.5 -184 -189 241 217

19:45 | -189 -17.0 -19.0 211 2203

AC461 — August 5, 1996

11:20 | -23.5 -23.0 -22.1 270 241
SUNRISE

13:44 | 210 -21.1 -18.3 244 -23.0

14:52 | -143 -150 -16.5 268  -24.0

17:14 | -154 -150 -14.7 225 228

18:47 | -15.1 -16.5 -155 251  -20.0

AC461 — August 8, 1996

11:08 | -16.5 -18.0 -20.8 -20.7 -21.1 -23.2
SUNRISE

13:28 | -15.7 -17.4 -18.7 -19.4 -186 -22.3
14:43 | -16.5 -16.5 -17.7 -18.3 -256 -26.5
16:36 | -15.5 -17.8 -15.6 -15.7 -25.7 -23.6
18:31 { -16.2 -16.9 -154 -16.9 -259 -22.9

AC483 — September 16, 1997

07:46 | -23.7 -24.2 245 -21.7

09:28 | -23.8 -24.6 202 -18.9

11:44 | -23.8 -22.8 222 227
SUNRISE

13:58 | -19.5 -20.1 230 -20.7

16:06 | -18.7 -18.8 211 -19.2

18:25 | -19.5 -18.6 223 -19.2

Table 3.3: Calibrated position angles for 3C138. Errors in the matrix-averaged position angles listed are
0°1 for each time and frequency.
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3.3.4 Ionospheric Faraday Rotation

At heights between 50 and 300 km in the Earth’s atmosphere solar ultraviolet rays and
X-rays dissociate molecules such as oxygen and nitrogen to produce a layer of free electrons
called the ionosphere. In this region, peak electron densities can reach 106 cm=3. As the
polarized source signal passes through the Earth’s atmosphere on its way to the radio
telescope the magneto-ionic plasma in the ionosphere will rotate the plane of polarization
of the incident radiation through the Faraday effect (see § 2.4.3). This ionospheric Faraday
rotation will be seen as a source- and time-variable right-left phase difference.

The amount of rotation depends on the path length through the ionosphere, the free
electron density, and the longitudinal component of the Earth’s magnetic field in the direc-
tion of the radio source. The Faraday rotation induced for a particular source will therefore
vary strongly with observing geometry. The ionospheric Faraday rotation also shows diur-
nal variations due to solar heating effects on the free electron density, and is also affected by
the solar cycle. Near times of solar maximum, the ionospheric Faraday rotation can reach
levels of tens of radians m~2. At A = 20 cm this can amount to a rotation in the position
angle of linearly polarized emission of up to 50°.

Observations for this thesis were undertaken between October 1995 and September 1997.
During these observing sessions, ionospheric Faraday rotations were expected to have been
fairly small as solar minimum occurred around July 1996, and the next solar maximum is
predicted to be in late 2000 or early 2001. During this time of fairly low solar activity,
a correspondingly low ionospheric effect of a few radians m~2 is expected (Perley, private
communication). For the observations near 20 cm this corresponds to a polarization angle
rotation of around 6°, while at 6 cm this effect results in less than 1° of rotation.

Until fairly recently, the ionospheric contribution to the rotation measure at the VLA
could be determined through the AIPS task FARAD. This task relies on total electron count
(TEC) information from the (nearby) Boulder ionospheric monitoring station to determine
the ionospheric rotation measure during a particular observing session. Unfortunately, as
of 1992, the TEC data are no longer available from Boulder. FARAD also provides the
flexibility of determining the ionospheric rotation measure from an empirical model using
the monthly mean Zurich sunspot number. This empirical model is very crude, however,
and was not applied to the data as it was found to provide limited information for times
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near solar minimum.

A more appealing approach to determining the ionospheric rotation measure during
observations involves the use of recently installed Global Positioning System (GPS) receivers
at the VLA site. The receivers measure GPS delay information between adjacent GPS
channels during an observing session. The AIPS tasks LDGPS and GPSDL are then used to
load the delay data and calculate the ionospheric rotation measure using a simple model that
takes the TEC measurement at the zenith, and models the sky TEC distribution assuming
a linear gradient is present. Unfortunately, due to technical difficulties beyond the control
of the observers®, the GPS delay data were unavailable during the observing sessions for
this thesis.

In the absence of TEC data for the VLA, the presence of variable Faraday rotation
was constrained through the redundant polarization angle observations of 3C138. Table 3.3
shows the mean polarization angle at each frequency during observations of 3C138, which
were undertaken approximately every two hours during the observing sessions. The table
also indicates the times of sunrise, when large fluctuations are expected in the ionospheric
electron densities, and hence large associated phase differences. The expected polarization
angle of 3C138 is —18°. Through the night, the variation in the calibrated polarization angle
was generally less than 5°, completely consistent with the predicted ionospberic effects of 6°
or less during solar minimum. The polarization angle variations at C-band were found to
be generally below 5°(|RM|< 20 rad m~2). These ionospheric contributions result in errors
of < 10% in the RMs of sources viewed through the central regions of galaxy clusters.

3.4 Imaging

The calibration procedures described in § 3.3 produce a final set of completely calibrated u-v
and the true sky brightness distribution form a Fourier pair, thus permitting the recovery
of the sky brightness distribution from Equation 2.48.

Although it is not within the scope of this work to give a detailed treatise on the imaging
process, a brief outline of the basic procedure is given below. A detailed description of the

3A severe lightning strike in 1997 disabled the GPS receivers as well as the computer containing the
stored delay data.
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imaging process can be found in Sramek et al. (1994), and references therein.

3.4.1 Deconvolution

Ideally the u-v plane would be completely and uniformly sampled across all baselines relevant
to the structure present within the radio source of interest. A Fourier inversion of these
measured visibilities would produce an ideal image of the source containing information at
all spatial frequencies while simultaneously being free of image defects. Unfortunately, such
an ideal instrument would be prohibitively difficult to construct for all radio frequencies
and sources of interest.

The next best approach is to use an interferometer to sample the u-v plane. Unfortu-
nately the process of sampling of the u-v plane results in the loss of spatial information due
to missing baselines (e.g. the unsampled central region of the u-v plane), as well as image
defects due to the non-uniform sampling. As discussed in § 2.5.1, the image recovered from
the Fourier transform of the sampled visibilities is known as the dirty image. This image is
simply a convolution of the true image with the dirty beam (Equation 2.50). Fortunately,
the precise shape of the dirty beam is known from the sampling function, thus the effects of
the beam can be corrected for through routines that attempt to interpolate for the missing
u-v samples.

The deconvolution routine used for all data in this research was the CLEAN algorithm
(Hogbom 1974). This algorithm attempts to describe the image as a set of delta functions
convolved with the dirty beam. Briefly, the CLEAN routine searches the image for positive
and negative peaks, and subtracts a dirty beam of suitable amplitude centered on the peak.
This process removes the sidelobes of this peak from the map, and reveals other sources
within the map, if present. This iterative process of removing the peaks from the map
is continued until some user defined threshold is reached. At this point, the final map is
reconstructed by adding the components convolved with the point-spread function (clean
bean) back into the map. A detailed description of the deconvolution process and the

associated routines is given by Cornwell & Braun (1994).

3.4.2 Self-Calibration

The deconvolution routine described above will produce final images that are often sufficient
for scientific analysis, however these images will still be limited by residual phase and



RADIO OBSERVATIONS AND DATA REDUCTIONS 59

amplitude errors which serve to lower the dynamic range of the image. These residual errors
are due in part to the fact that the external calibration of atmospheric phase and amplitude
fluctuations, discussed in § 3.3.2, is only effective if the target source and calibrator fall
within the same atmospheric cells. As was previously mentioned, calibration based on
a source that does not fall within the same isoplanatic patch as the target source can
actually serve to deteriorate the target signal since the atmospheric variations traced by
the calibrator will not be following those induced in the target source. For high dynamic
range imaging, the most reliable method to remove the effects of the residual atmospheric
fluctuations is to calibrate the phase and amplitude based on the target source itself, seif-
calibration (Pearson & Readhead 1984).

Self-calibration can only be undertaken for very bright sources as it requires the data
to have a high signal to noise on very short time intervals so that the antenna gains can be
determined on time scales similar to that of the coherence time of the atmospheric screen,
Tatm- The r.m.s. noise in the determination of the phase gain for a single VLA antenna

using self-calibration on a point source is given by

13AS

= ————— degrees, 3.6
¢7’m8 S’c m gr ( )

where AS is the sensitivity in Jy s"!MHz~!, S, is the flux density of the source in Jy, Av
is the observing bandwidth in MHz, and 7, is the averaging time used in the gain solutions.
In general, self-calibration will improve the data if ¢r;s < 60° on timescales of Tsc = Tatm.-
Once new antenna gain solutions are determined they are then applied to the source data,
and a new, hopefully improved, image is formed. This improved image can then be used in
the iterative process of self-calibration and imaging until the solutions no longer improve
on the previous iteration.

For the purposes of this thesis, iterative self-calibration was applied to all target sources.
The AIPS task SCMAP was used to undertake multiple iterations of self-calibration and
imaging. The self-calibration routine was restricted to phases only, as tests on amplitude
self-calibration did not reveal improvements in the final output map’s signal to noise ratio;
in fact the signal to noise generally deteriorated after amplitude self-calibration. In gen-
eral, convergence was found after three phase-only self-calibration loops. Following each
self-calibration loop, the clean component table was merged so that-all clean components
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corresponding to a given position were summed in the final table. The next self-calibration
loop was then restarted using all merged components that were brighter than 8 times the
r.m.s. residual of the previous CLEAN. In addition to these constraints, acceptable self-
calibration solutions were restricted to those with a signal-to-noise ratio greater than three.
The final output u-vdata set obtained from the self-calibration process is properly calibrated

for all Stokes parameters.

3.5 Radio Source Fluxes

The deconvolution and self-calibration routine described above provides a final u-v data set
where all Stokes images are fully calibrated. The Q and U maps were used to create the
polarized intensity map, P = /QZ + U2, which was corrected for the positive Ricean bias
introduced by the quadrature combination of the two linear polarization maps (Wardle &
Kronberg 1974). The AIPS task TVSTAT was then used to determine the I, Q, U, and P
fluxes for each source. Tables 3.4 — 3.7 present the total intensity and polarized fluxes (in
mJy), where measurable, for the sources at each of the observed wavelengths. Although all
sources were observed at all wavelengths, the presence of time- and location-variable radio
frequency interference occasionally resulted in a loss of data at one or more wavelengths in
the 20 cm observing band. Additional loss of data occurred in the 6 cm observing band
are generally due to spectral index effects which reduced the polarized signal-to-noise to

undetectable levels for a number of sources.

3.6 Summary

This chapter discussed the target selection, observations, and reductions of the polarized
radio galaxies selected to probe the intracluster medium. Specific emphasis was placed on
the planning of observing parameters and calibration strategy. Tables 3.3 to 3.7 summarize
the basic angle calibration data, and list the flux density and polarization resuits for all

sources and frequencies.
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Source Sizes o5 Swees os Saas 05 Sssas Os
Pizss op Pess op Pusas op  Piss ap

0108—-006 92245 2.66 886.14 166 64084 0.71 621.70 0.73
55.64 0.32 50.86 0.29 20.63 0.25 20.55 0.21

01134024 500.08 4.18 329.32 2.74 680.76 0.86 691.23 0.90
2396 0.34 2220 0.27 1096 0.29 829 0.20

0114+000 341.93 197 305.55 1.77 161.06 0.90 158.55 0.93
2162 0.35 20.12 0.46 879 041 9.50 0.38

01154000 36.89 0.67 38.40 0.69 13.53 043 7.16 0.24
409 0.20 3.04 0.23 093 0.26 1.11 0.16

0125-000U 105.29 6.54 89.11 4.52 33.58 1.22 33.05 1.06
10.28 0.43 788 0.44 3.56 0.32 290 0.30

0125-000L 5297 5.37 50.09 3.84 21.12 1.07 19.14 0.85
580 041 4.67 042 264 0.26 1.71 0.27

02384049 114.51 1.42 92.18 1.64 38.94 0.68 34.59 0.47
7.62 021 580 0.62 217 0.25 1.50 0.20

0251+062U 744.39 149 644.20 259 22594 0.61 206.09 0.46
8145 031 62.18 0.35 2148 0.27 20.11 0.27

0251+062L 297.48 140 25281 2.39 7205 045 65.60 0.36
26.78 0.24 22.27 031 828 024 7.50 0.24

02574130 45.66 0.20 45.21 0.21 3445 043 33.33 0.38
1.95 0.18 357 024 245 0.16 263 0.15

02594008 335.29 251 27761 3.38 96.58 1.47 76.51 1.02
25.55 0.34 2463 045 9.67 0.56 3.84 024

02594077 667.86 223 680.26 1.06 629.82 047 620.87 0.46
26.39 0.4 21.03 0.19 36.56 0.27 38.58 0.24

0259+139 69246 368 58449 290 23396 1.14 218.59 1.25
33.63 0.53 31.60 0.66 1534 0.42 14.10 0.33

0301+074 745.28 268 64038 246 29393 098 275.69 1.11
36.86 0.32 41.32 0.35 33.78 0.65 33.61 0.51

03054056 109.78 261 81.37 2.30 3593 0.60 7059 1.04
2141 0.22 18.73 0.26 9.37 0.21 9.21 0.22

0318+053L 124.16 3.70 11190 1.66 54.68 0.94 47.92 0.71
10.10 0.30 1040 0.42 1.03 0.15 1.18 0.16

0318+4+053R 4095 2.21 7737 181 20.31 0.53 14.43 037
1.63 0.16 420 032 048 0.13 0.37 0.14

0723+548 92.58 0.86 7799 0.81 33.68 0.51 32,02 0.533
10.72 030 986 0.24 390 028 385 0.27

Table 3.4: Total intensity (S) and polarized (P) flux in mJy for each source at each wavelength obtained
during the October 1995 observing session. The table also contains the errors assaciated with each flux
measurement.
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Source S1aes as Siess as S4sas  os S4ass as
Pi3ss ap Piges ap Pisas op Pusgs  op
0048-022L 256.03 2.29 227.01 2.42 93.99 1.06 99.29 0.91
10.46 0.51 10.01 0.56 349 0.24 3.57 024
0048—-022R 34.08 1.22 41.81 1.76 .. 10.21 0.44
3.86 0.28 6.25 0.49 .. - 1.57 0.23
0049-027 1306.10 3.19 1106.10 2.52 374.23 0.68 351.38 0.77
113.92 0.71 100.33 0.89 41.82 0.54 41.78 0.52
0050—-033L 256.23 2.06 205.59 1.87 71.80 0.52 65.07 042
12.93 0.20 14.01 0.27 7.15 0.21 7.09 021
0050-033R. 152.87 1.86 126.59 1.69 3787 0.42 38.26 0.52
7.30 0.21 7.29 0.28 1.56 0.21 1.54 0.20
0052-011L 78.80 1.18 64.19 0.95 19.43 0.90 22.16 0.86
6.08 0.22 4.98 0.31 1.54 0.20 1.73 0.20
0052-011U 78.28 1.04 66.39 0.94 25.60 0.80 2467 0.80
2.61 0.17 4.73 0.35 395 0.27 342 021
0057-013 4104.40 22.68 4981.00 27.69

892.60 7.63 876.52 7.76
0106-019 689.55 1.44 664.24 1.34 485.75 0.65 475.04 0.69
47.87 0.25 52.54 0.65 33.13 0.29 32.17 0.31
0122-063 328.50 2.74 283.24 2.50 123.53 0.73 110.76 0.55
29.38 0.29 27.76 0.47 2G.24 0.42 20.22 041
0125-001 1565.40 9.23 1646.70 8.05 162940 142 1612.50 1.51
52.75 0.42 52.20 1.61 44.25 0.27 48.66 0.25
0139+015 1141.20 2,30 1062.30 3.06 520.57 145 480.70 1.07
106.61 0.79 88.70 1.19 59.23 0.67 63.21 0.73
0654+503 434.16 2.31 370.40 1.89 137.33 1.83 119.86 1.42
25.00 0.38 29.00 0.49 8.77 0.60 8.89 048
0658+492U 94.65 1.65 71.44 1.14 16.29 0.28 15.54 0.22
9.36 0.28 9.20 0.33 1.34 0.18 1.35 0.18
07014497 324.78 1.57 274.89 1.42 103.14 0.72 94.21 0.52
18.38 0.32 17.82 0.31 7.24 040 7.38 0.39
0706+425B 546.75 10.97 400.67 8.59 50.72 0.92 49.71 1.31
48.40 1.20 47.69 1.20 491 043 3.37 0.39
0709+486 282.16 2.19 259.85 2.25 153.24 1.03 125.19 047
15.51 0.36 18.49 0.50 1.85 0.30 1.34 0.35
07124565 199.06 1.09 169.03 0.75 66.54 0.74 61.36 0.66
15.09 0.28 14.88 0.29 7.57 0.36 7.81 0.34
0713+488 544.86 2.44 448.02 1.69 168.22 1.29 15391 1.06
27.40 0.34 27.57 0.47 1197 0.63 11.63 0.51
0713+579L 84.07 2.35 71.50 1.72 21.47 0.30 2220 041
2.98 0.18 4.76 0.23 3.19 0.19 3.48 0.18
0713+579R 182.87 2.01 161.39 1.62 60.93 0.37 57.82 0.35
4.25 0.17 8.25 0.19 3.98 021 3.83 0.20
0714+456 1233.40 13.70 1024.30 13.25 351.22 1.69 352.86 1.84
109.17 095 111.11 1.13 28.49 0.50 38.39 0.70
07284505 1034.30 3.32 931.42 3.25 311.78 344 281.00 3.00
165.22 1.79 143.64 1.67 22.18 0.70 26.34 081
09154320 190.06 1.43 162.45 1.13 66.11 1.03 5795 0.69
14.20 0.23 13.78 0.27 6.00 0.25 6.12 0.30
0919+334 193.69 1.55 202.21 1.59 21986 0.50 220.29 0.51
14.27 0.18 16.18 0.20 19.78 0.25 20.63 0.20
0921+368L 107.92 2.81 81.04 1.74 26.77 0.70 22.83 0.69
10.75 0.22 9.17 0.23 1.57 0.19 246 0.19
0921+-368R 99.04 2.93 80.59 1.84 27.28 1.05 2791 1.07
471 0.19 5.08 0.22 2.83 0.19 286 0.17

Table 3.5: Total intensity (S) and polarized (P) flux in mJy for each source at each wavelength obtained
during the December 1995 observing session. The table also contains the errors associated with each
flux measurement. Entries containing “..." indicate wavelenghts at which the source flux could not be
measured due to low signal to noise.
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Source S136s gs St43s os Si46s as Sisas  Os Sisss 05
_Puses op Phr4as ap Phaes ap Pisas  op Pisss op

0033+064 792.43 2.26 751.32 2.50 732.73 1.82 208.02 0.38 190.42 0.37
38.35 0.38 40.44 0.35 40.40 0.30 2144 0.19 20.53 0.17

0035+067 152.88 1.63 151.97 1.46 147.65 1.45 59.23 0.42 52.70 0.32
13.22 0.35 12.59 0.31 11.45 0.34 541 0.24 4.66 0.19

0038+071A 125.20 1.85 123.19 1.76 115.97 1.21 47.79 0.50 4494 048
18.35 0.19 18.42 0.26 18.03 0.24 6.00 0.22 6.20 0.24

0038+071B 170.59 2.08 164.47 1.92 153.01 1.29 67.36 0.56 64.93 0.39

6.70 0.18 684 021 6.67 0.21 286 0.16 3.04 0.16

0040+072 165.11 216 163.39 1.94 160.70 1.68 62.72 0.52 59.07 0.52
7.66 0.30 731 023 730 0.25 1.66 0.16 1.81 0.18

0040—-098 361.80 3.10 340.72 256 339.10 2.44 95.16 0.66 89.30 0.57
1496  0.30 1524 0.32 14.72 027 283 023 278 0.4

0041+069 570.66 2.89 54863 199  534.65 1.83 181.11 048 171.58 0.51
2691 0.24 28.76  0.28 2822 0.27 12.85 0.24 12.02 0.22
0041+076 193.25 1.13 18797 093 18750 089 11959 0.39 116.61 0.36
11.54 0.28 9.79 024 10.83 0.23 545 0.16 5.55 0.16
0042--078  156.25 3.83 15278 3.13 145.61 2.44 95.17 0.66 91.84 0.69
6.55 0.37 7.57 040 6.69 0.38 4.59 035 3.51 031
0042-080A 10646 200 11077 1.95 11214 2.03 35.65 0.48 37.01 0.59
7.59  0.36 7.58 031 7.3  0.28 293 o021 322 021
0042—-080B 11548 2.25 11065 196 111.%4 1.96 36.91 0.37 37.83 0.3
733 036 7.17 031 6.50 0.28 244 020 266 0.19
0042—-092 17400 220 17422 199 17508 1.95 76.36 0.66 74.46 0.66
836 024 7.57 031 843 0.27 5.13 024 5.34 025
0042-098 158.73 147 15047 141  149.88 1.31 48.27 0.52 45.71 0.53
835 0.29 913 024 998 0.30 4.67 0.25 467 0.25
0043+060 13295 149 12527 120 12183 L11 45.17 0.28 42.66 0.27
768 0.23 7.16 027 7.76  0.32 321 0.16 226 0.12
0047-095 198.07 196 19528 244 19240 241 87.77 0.40 84.63 0.43
18.20 0.33 17.86 037 16.89  0.25 7.13 0.20 6.41 0.18
0059+001 2471.00 1.86 2411.00 196 238680 237 1378.10 0.93 1328.30 0.4
9244 0.29 8741 0.29 88.11 0.30 109.81 0.27 96.45 0.22
0102+020A 74696 L.75 700.74 1.70  690.02 1.82 22349 0.39 208.56 0.34
76.10 040 73.19 035 76.32 044 28.54 0.23 28.36 0.21
0102+020B 70.75  1.23 61.22 1.13 60.00 1.21
317 027 1.7 0.18 250 024
0107+015 52.15 1.87 46.71 240 17.56 0.52 16.50 043
231 031 1.54 027 1.20 0.15 066 0.13
0108+015 2493.10 4.05 2463.80 3.65 2450.90 3.44 201230 1.80 2006.60 2.42
88.79 0.26 86.12 0.28 8391 0.28 41.04 0.20 41.15 0.19
0108+028 156.11 2.09 149.24 1.74 152.75 2.04 62.43 0.37 58.16 0.28
13.19 031 12.82 0.26 12.81  0.32 9.57 0.17 10.46 0.19
0110+015 97.91 342 91.76  2.61 91.76  2.76 39.86 0.40 37.01 041
357 035 563 0.28 419 034 146 0.14 1.79 0.15
0110+018 13400 150 12881 141 12569 1.81 50.16 0.53 47.81 047
849 027 754 027 6.78 0.29 319 021 279 023
0113+027 7441 193 69.79 1.88 71.26 178 2475 0.50 24.17 045
834 032 762 0.36 731 0.29 335 0.15 310 0.16
0427-116 354.34 590 32656 3.86 32851 221 12965 0.89 12229 0.95
1795 046 1721 0.39 18.28 032 9.63 0.33 913 025
0430-130 268.21 4.65 240.12 3.51 228.39 2.58 87.73 131 8236 044
11.29 036 10.85 0.27 10.80 0.30 213 0.22 237 o021
0434—131 1659.00 1495 1564.00 12.58 1564.50 13.53 54442 0.92 507.23 1.13
152.04 101 14828 1.05 146.29 1.43 77.19 040 7293 0.34

Table 3.6: Total intensity (S) and polarized (P) flux in mJy for each source at each wavelength obtained
during the 1996 observing session. The table also contains the errors associated with each flux measure-

ment. Entries containing “...” indicate wavelenghts at which the source flux could not be measured due
to low signal to noise.
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Source  Siass as  Suas s Sues Oas Sisas  os Sigss  Os
Py3es ap  Puas op Pues ap Pisss  ap Piggs  op
0434--133 755.41 12.58 752.60 14.21 687.27 9.59 252.76 1.85 238.07 1.76
36.60 0.72 43.77 0.84 40.08 0.82 25.30 0.50 23.23 0.40
0436—133 116.40 2.84 102.40 2.85 96.80 292 30.75 0.61 2042 0.61
6.28 0.27 7.70 0.39 6.96 0.29 2.81 0.33 221 0.20
0439—-113 105.52 2.33 96.98 2.23 9496 154 29.99 0.50

6.09 0.32 7.40 0.41 13.11 045 1.56 0.16
0444—135 302.77 4.12 283.83 3.04 268.67 2.64 80.04 098 80.45 0.83
10.15 0.44 9.98 0.46 9.25 0.37 284 0.29 3.01 0.25
0906—090 75.07 3.49 93.77 0.61 95.71 0.52
4.78 0.91 e 450 0.21 4.00 0.20
0906—103 146.71 241 126.52 2.04 147.80 2.46 4144 0.37 38.63 0.37
9.09 0.62 7.36 0.48 16.37 1.26 206 0.18 1.80 0.16
0908-100 337.69 11.16 172.17 1.59 166.00 1.47
19.70 3.21 6.24 0.39 6.51 0.36
0908—107 422.79 4.17 402.17 3.90 380.36 6.46 162.11 0.44 149.18 0.36
54.92 0.88 51.52 0.82 44.30 1.54 24.00 0.19 23.32 0.19
0909-093 394.73 13.73 18048 1.23 173.74 1.11
14.39 1.80 11.36 0.46 10.86 0.50
0913—-092 158.85 5.40 155.68 3.36 61.73 031 57.87 0.29
5.07 1.33 6.46 0.64 525 0.16 4.55 0.15
10594283 210.23 2.58 196.62 341 6183 0.55 57.68 0.56
11.81 1.00 11.49 1.02 836 0.29 7.54 031
11064300 326.79 297 277.71 232 287.59 2.75 92.26 0.57 84.52 0.61
24.14 0.61 16.48 0.48 23.72 0.86 548 0.25 441 0.19
11074288 80.54 1.88 71.64 1.84 2699 048 23.98 0.36
3.30 0.26 3.43 0.29 225 0.24 2.08 0.20
1108+279 76.77 2.21 80.51 2.40 77.12 1.65 3791 0.39 35.34 0.38
4.54 0.25 6.02 0.32 3.73 041 2.11 0.20 2.43 0.18
1108+292A 56.40 247  49.82 1.83 47.69 1.75 17.75 0.50 17.78 045
1.80 0.40 0.83 0.31 2.52 0.36 2.00 0.22 1.76 0.19
1108+292B 53.44 2.36 41.43 1.711 51.51 1.85 19.60 0.44 17.45 0.43
4.07 0.43 4.20 0.41 5.74 0.35 246 0.23 2.12 0.17
11094289 67.59 2.77 65.93 1.83 65.65 2.03 21.85 0.52 21.16 0.42
2.57 0.43 4.73 0.24 3.22 0.34 091 0.20 1.17  0.23
11104293 161.69 2.81 151.82 3.63 14949 197 48.77 0.42 44.23 0.36
4.66 0.28 3.58 0.56 432 0.39 1.60 0.18 1.87 0.19
11184+279A 480.44 591 487.53 4,32 470.72 4.82 11065 3.14 103.41 2.06
23.12 0.82 22.78 0.86 25.76 1.40 474 0.25 5.27 0.27
1118+4-280B 68.96 2.86 70.90 2.99 7707 2.02 28.12 0.66 25.68 0.57
6.96 0.46 5.98 0.67 821 0.79 3.48 0.28 3.81 0.25
11214501 149.26 242 148.21 2.10 143.27 2.30 5134 033 48.00 0.34
22.82 0.46 20.82 0.68 20.04 0.52 753 0.19 7.04 0.17
11254261 92241 1.34 937.13 1.07 947.07 1.68 108940 0.84 1075.20 0.82
17.95 0.30 17.49 0.38 18.17 0.35 8.07 0.20 5.27 0.15
1133+490 834.45 6.76 788.71 879 79798 5.31 427.13 1.72 403.19 1.76
14.33 0.40 11.33 0.91 14.25 0.50 26.64 0.53 30.14 0.59
1134+489A 395.21 6.84 36248 4.87 36862 634 155.23 0.62 149.76 0.44
7.31 0.71 9.88 047 720 0.65 5.74 0.20 5.00 0.19

Table 3.6 — Continued
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Source S13es as S143s as Si4es as
Piaes ap Pi4as ap Piaes ap

0039+212 153.47 2.02 122.14 2.54 125.87 2.09
10.31 0.41 11.44 0.53 10.36 0.43

0040+212 49.50 0.88 48.00 1.11 45.10 0.87
2.42 0.16 2.50 0.20 1.78 0.21

0056-013 1080.30 7.25 1098.30 10.76 1083.50 6.22
20.39 0.62 24.11 0.83 26.81 0.82

0126—-013a 947.55 3.72 399.41 1.50 580.60 1.31
108.16 1.26 62.57 0.98 67.54 1.04

0154+364 212.80 1.39 204.23 1.60 202.20 1.28
14.74 0.44 14.58 0.47 13.41 0.41

1650+-815U 158.43 2,01 163.30 2.23 125.11 1.32
3.43 0.19 4.66 0.31 4.04 0.21

1650+815L 89.47 1.64 120.95 2.38 76.28 1.34
10.37 0.38 11.00 0.53 8.98 0.41

0245+ 368 54.22 0.89 54.97 1.46 50.21 091
3.78 0.23 3.55 0.19 3.27 0.18

0316+412 627.54 6.02 482.61 5.94 450.07 6.80
39.62 1.06 32.46 1.78 19.79 0.99

0318-+419 6393.50 30.90 6364.60 25.31 6560.40 20.65
492.48 7.26 660.99 8.68 618.44 6.80
0319+415® 23905.00 21.36 24790.00 44.09 25047.00 32.08

19.11 0.82 29.36 0.99 18.95 L.15
0317+440L 183.01 L.10 175.32 1.31
25.29 0.23 24.05 0.27
0317+440R 196.68 1.08 191.66 1.33
36.39 0.24 34.57 0.28
1036-267 131.00 1.96 119.59 2.11 118.85 1.58
8.30 0.66 9.92 0.43 8.19 0.55
1037-281 89.79 1.53 84.48 1.89
1.76 0.30 .18 023
1037-270 202.54 2.48 196.61 2.17
6.64 0.51 8.41 0.41
1039-273 67.47 1.26 67.54 1.19 -
6.44 0.43 5.28 0.45
1039272 68.74 1.29 64.83 1.53
4.24 0.44 297 0.27
1023-278 261.46 1.66 233.256 2.03
19.54 0.47 e 17.68 0.48
1145+196 5694.70 44.46 5134.50 25.12 5305.40 38.89
55.05 6.22 80.73 3.03 22.56 2.97
11474545 85.55 1.28 80.75 1.24 74.76 0.91
5.45 0.30 4.66 0.32 4.59 0.28

“Note that the measured polarization for this source falls at the
limit of the VLA’s capabilities (~0.1%). Results determined for
this source should therefore be regarded with extreme caution.

Table 3.7: Total intensity (S) and polarized (P) flux in mJy for each source at each wavelength obtained
during the 1997 observing session. The table also contains the errors associated with each flux measure-
ment. Entries containing “..." indicate wavelenghts at which the source flux could not be measured due
to low signal to noise.
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Saurce S1e60 os  Sas3s oS S4sss as
Pisso op  Pysas op  FPusss ap
0039+212 98.40 1.92 .
11.70 0.47 -
00404212 43.81 0.84
1.70 0.22
0056-013 971.36 536 391.76 L.15 379.52 1.40
28.46 0.96 39.79 0.88 3289 0.83
0126-013a 642.01 5.40 roe
96.17 1.53
01544364 195.28 .33 136.24 0.69 134.34 0.60
16.19 0.54 6.18 0.34 595 0.36
1650+-815U 76.65 0.66 44.36 0.26 41.31 0.29
4.25 0.32 2.65 0.20 1.77  0.17
1650+815L 57.02 0.83 23.25 0.33 23.3 046
6.23 0.34 432 0.36 1.80 0.22
0245+368 46.22 0.85 18.t11 0.32 17.78 0.36
2.73 0.23 1.38  0.20 0.62 0.16
03164412 229.75 1.18 22754 1.07
1570 0.64 13.80 0.76
0318+419 5665.50 13.44 .
801.19 9.86
03194415
0317+440L 59.81 0.37 53.15 0.46
8.04 0.33 6.37 0.29
03174+440R 68.46 0.38 61.85 (.48
s 11.06 0.32 10.17 0.30
1036-267 103.84 1.58 314 04l 2921 043
7.7% 0.53 249 0.23 1.20 0.19
1037-281 33.26 0.37 -
.- 0.56 0.16 .. -
1037270 190.44 3.35 240.12 0.73 24298 0.68
10.00 0.78 399 0.22 3.60 0.20
1039-273 53.10 1.34 20.28 0.33 29.2 0.29
3.28 0.39 1.06 0.16 2.01 0.28
1039-272 56.36 1.59 27.81 045 24.44 036
1.86 0.38 1.33 0.16 1.29 0.13
1023-278 . 83.99 042 81.15 045
res 6.60 0.32 6.27 0.20
11454196 461:.00 33.43 14843 4.16 13298 4.12
114.24 7.09 259.11 230 24767 2.29
11474545 71.77 1.14 .
3.46 0.29 . o .

Table 3.7 - Continued



Chapter 4

X-ray Observations and Data

Reductions

Overview: Each of the 24 galaxy clusters included in this analysis have been imaged by the
ROSAT X-ray satellite. This chapter presents an overview of the X-ray observations and
data reductions for these clusters. Section 4.1 outlines the relevant parameters, and history
of the ROSAT satellite. The cluster images analyzed in this thesis were extracted from both
the ROSAT pointed observations, and all-sky survey archives. The detailed target selection
process for the galaxy clusters is described in § 4.2, and the X-ray reductions of the cluster
data is discussed in § 4.3. The X-ray fits to the clusters are presented in § 4.4, together

with tables of the fit parameters.

4.1 ROSAT

The initiative for the Rontgensatellit, or ROSAT satellite, came from the Max-Planck-
Institut fiir extraterrestrische Physik (MPE) in 1975. The initial proposal suggested under-
taking an all-sky survey with a resolution of less than an arcminute. During the planning
stages, the concept of the satellite expanded to include an international collaboration with
a Wide Field XUV Camera (WFC), through the University of Leicester, and a high reso-
lution imager (HRI) for the focal plane of the X-ray telescope (XRT), through NASA. The
other XRT focal plane instruments are the two Position Sensitive Proportional Counters
(PSPCs), each with a filter wheel carrying a boron filter, which were developed at MPE.
The WFC is described in detail by Kent et al. (1990), and Wells et al. (1990) and will not

67
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be discussed here.

The satellite was launched into a nearly circular 575 km orbit on June 1, 1990. The first
phase of the ROSAT mission was to conduct an all-sky X-ray imaging survey (RASS) during
the first six months of operation. Following the all-sky survey, the satellite was designed to
take deeper pointed observations of individual targets proposed by observers. A detailed
overview of the ROSAT mission can be found in Triimper (1983). ROSAT operated the
XRT with both the PSPC and HRI as focal plane detectors until September 1994, when
the PSPC detector was taken off-line due to the depletion of the gas supply. The satellite
continued to successfully operate the HRI until September 1998 when it was damaged by

an accidental slew across the Sun. The satellite was de-commissioned on February 12, 1999.

4.1.1 ROSAT’s XRT

The imaging mirror assembly of ROSAT's XRT consisted of a fourfold nested Wolter type I
mirror. This assembly combines parabolic and hyperbolic surfaces to enable proper focusing
of the incoming photons (Wolter 1952) which strike the mirror surface at typical grazing
angles between 1° and 2°. The effective aperture of the XRT was 83 cm, and the focal
length was 240 cm. The instrument was designed to be sensitive to photons in the soft
X-ray range of 0.1 to 2.4 keV, and had a total collecting area of 1141 cm? and a focal
plane plate scale of 11.64 um arcsec™!. A detailed description of the mirror assembly and
performance is given by Aschenbach (1988).

The XRT was operated with one of the three focal plane detectors. Two of the detectors
were identical position sensitive proportional counters (PSPCs), and the third detector was
a high resolution imager (HRI), similar to the one flown on the EINSTEIN observatory'.
With the HRI as the focal plane detector for the XRT, the field of view was 36’, with a
spatial resolution of 1.7 (FWHM) at 1 keV. The PSPC + XRT combination resulted in
a field of view of 2°, and a spatial resolution of 25" (FWHM) at 1 keV. The large angular
diameter subtended by low redshift galaxy clusters made the XRT + PSPC combination
the natural choice for studies of extended emission from galaxy clusters.

The PSPC was developed at the Max-Planck-Institut fiir extraterrestrische Physik, and
is described in detail in Briel & Pfeffermann (1986). In addition to the position and

L A significant improvement of the ROSAT HRI was the increased quantum efficiency (to 30 %) at 1 keV.
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energy sensing counter, the PSPC also contained a lower layer which acted as an anti-
coincidence counter for the rejection of background events. Figure 4.1 shows that the

angular resolution of the detector was only a weak function of the photon energy in the
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Figure 4.1: This plot shows the radial dependence of the on-axis PSPC pointing PSF density as a function
of photon energy. In the hard X-ray region used in this work, 0.5-2.4 keV, the PSF density is only a weak
function of photon energy.

4.1.2 ROSAT All Sky Survey

The first two months after the launch of the ROSAT satellite were devoted to the calibration
and verification of the instrument package. Following this period, ROSAT began the six
month all-sky survey during which nearly the entire sky was covered in scans consisting of
2° strips centered on great circles through the ecliptic poles in the plane perpendicular to
the Earth-Sun axis. This survey was designed so that no Earth occultation occurred, and
the zenith angle was minimized. The survey, begun in August 1990, was designed to be
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Figure 4.2: This plot shows the radial dependence of the PSPC pointing PSF density at a photon energy
of 1 keV as a function of increasing off-axis angle. Note the increase in the width of the point spread
function at large off-axis angles.



X-RAY OBSERVATIONS AND DATA REDUCTIONS 1

completed at the end of January 1991. Unfortunately about a week prior to the nominal
completion date of the survey, the satellite’s attitude control suffered a catastrophic failure
which sent the satellite into a tumbling orbit. As a result of the failure, the solar panels
were no longer capable of drawing power from the Sun and satellite was forced to switch
to its backup batteries for power. After a few hours the battery power was drained and
the satellite switched into an enforced hibernation state which made the ground controller’s
task of re-establishing contact very difficult. Fortunately, for this thesis (and many other
research projects!), contact was re-established with the satellite. As the satellite tumbled,
however, the telescopes slewed across the Sun which destroyed the focal plane detector
(PSPC-C) which was being used for the survey. The payload, however, included a spare
detector (PSPC-B) which was used to complete the unobserved regions of the survey during
observing periods in February and August 1991.

The primary products derived from the RASS are the source catalog, and maps of the
diffuse X-ray background (Snowden et al. 1995; Snowden et al. 1997). The source catalog
contains 18,811 sources which have a PSPC count rate above 0.05 counts/second (cts/s)
in the 0.1-2.4 keV energy band. All catalogued sources contain at least 15 photons. For
a brightness limit of 0.1 cts/s there are 8547 sources, and the catalogue represents a sky
coverage of 92%, with a typical position accuracy of 30”. The catalog, presented in Voges
et al. (1999), lists the source positions in equatorial co-ordinates, the positional error, the
source count rate and associated error, the background count rate, the on-source exposure
time?, the hardness-ratio and error, the extent and likelihood of extent, and the likelihood
of detection of the source. An earlier pass through the RASS (Voges et al. 1996) found that
of the 40% of sources having a counterpart in SIMBAD, 53% were stars, 16% were galaxies,
31% were clusters of galaxies, AGNs, quasars, and miscellaneous (known) objects3. Nine
of the galaxy clusters analyzed for this thesis are taken from the RASS observations. The
remainder of the cluster sample was observed during ROSAT’s pointed observation phase.

2Due to the scanning process used for the RASS, the exposure time varies from ~ 100 seconds at the
ecliptic equator, to ~ 40000 seconds at the ecliptic poles.
3The coincidental association error was estimated to be 15% for these identification.
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4.1.3 Pointed Observations

Following the six-month all-sky survey, ROSAT entered into the pointed observation phase
of the mission. During this phase, the guest observer program provided the opportunity
for researchers to carry out observations with either the PSPC, while available, or the HRI
as the focal plane detector. The average exposure time during the pointed observations
phase was 13 kiloseconds (ksec). Investigators retained proprietary use of their data for 12
months, after which time the data became publicly available.

During this second phase of operation, the telescope’s pointing direction was generally
moved slowly back and forth a distance of +3 arcminutes in a period of 400 seconds. This
motion was in a direction diagonal to the coarse wire mesh of the PSPC window support
structure. This wobbling of the telescope prevented unwanted shadowing of X-ray sources
which fell behind the mesh by providing a method of smoothing out the mesh when it was

projected in sky coordinates.

4.2 Galaxy Cluster Targets

The general properties of the galaxy cluster targets selected for this analysis are briefly
touched upon in § 3.2.1. The main goal of that section was to provide a detailed description
of the targeting procedure used to select the polarized radio sources. Below is an outline of
the counsiderations taken into account in the selection of target galaxy clusters. Table 4.1
provides the relevant selection parameters for the galaxy cluster sample selected for this

work.

e Location: A positional limit on the available galaxy clusters is set by the declination
limits of the VLA. Although the interferometer is capable of observing sources down
to declinations of —40°, the foreshortened u-v coverage, even for hybrid configurations,
at these low declinations makes recovery of the source structure of the radio probes
difficult. The selection of galaxy clusters was therefore limited to those at declinations
greater than —15°, with the exception of Abell 1060, which falls at a declination of
—27°. Further restrictions on the position of galaxy cluster candidates were set by
i) the requirement of obtaining radio probes at high Galactic latitudes, |[b} >20°, to
avoid contamination from Galactic Faraday rotation, and ii) the sky coverage of the
NVSS available at the time of observations.
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The Galactic latitude restriction was determined from detailed maps of the Faraday
sky (Simard-Normandin & Kronberg 1980) which revealed enhanced Faraday rotation
at low Galactic latitudes in the disk of the Milky Way. Rotation measures in the
plane of the Galaxy were found to be of order 100 rad m—2, which is the same order
of magnitude as expected from non-cooling flow regions of galaxy clusters. At higher
Galactic latitudes, the Faraday sky maps show typical rotation measures are of order
10 rad m~2. These small Galactic contributions are easily corrected for using the

method described in § 5.4.

e Redshift: Analysis of the fields available from the initial release of the NVSS sur-
vey products revealed that there are approximately three strong (I> 100 mJy) radio
sources per square degree with polarized radio flux greater than 1.1 mJy*, the approx-
imate polarized flux limit for a three sigma detection in the VLA's snapshot mode.
Further, the X-ray emission within relatively rich galaxy clusters is generally found
to extend to radii of 2 Mpc from the cluster cores (Bohringer 1995). At a redshift of
0.1, a rich cluster, which has X-ray emission extending to a radius of 2 Mpc, covers
an angular region of 0.36 square degrees. Galaxy clusters selected for this study have
therefore been restricted to redshifts below z=0.1, to provide a large angular extent

on the sky for the selection of polarized radio probes.

o Richness: Faraday rotation of polarized emission will occur if there is a co-spatial
distribution of magnetic fields and thermal electrons. In order to use this effect to
probe the intracluster magnetic fields, sufficiently rich galaxy clusters must be selected
to ensure a relatively high thermal electron density within the cluster.

Ebeling et al. (1996) present the properties of the X-ray-bright Abell-type clusters of
galaxies (XBACs) from the ROSAT All-Sky Survey. This cluster sample is limited
to high Galactic latitude (|b] >20°) ACO clusters at redshifts of less than 0.2, and
X-ray fluxes above 5.0 x 1012 erg cm~2 s~! in the 0.1-2.4 keV band. All but four
galaxy clusters within the thesis sample are drawn from the X-ray flux-limited XBACs
sample. The four clusters outside the XBACs sample fall below the flux cutoff. Two
of the galaxy clusters were observed prior to the release of XBACs, Abell 569 and
Abell 779, and were selected based on EINSTEIN IPC luminosities. The other two

*Flux estimate at the NVSS frequency of 1.4 GHz.
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clusters, Abell 1383 and Abell 2247, were selected based on the presence of polarized
radio probes at small cluster impact parameter. The lower limit on the rest frame
0.1-2.4 keV X-ray luminosity of the galaxy clusters selected for analysis in this thesis

is 0.1x10% ergs s~!.

e Morphology: X-ray images of the hot intracluster gas trace the potential of the
galaxy cluster. In the case of a relaxed virialized system, the X-ray emission will
be spherically symmetric. Many clusters, however, display very distorted X-ray mor-
phologies which have been associated with the merging of clusters or subclusters of
galaxies. In the case of a merger situation, it is very difficult tc model the X-ray
emission in the region affected by the merger, due to the (unknown) variations in
the gas density and temperature. These uncertainties lead to an increased error in
the determination of the electron column density through the intracluster medium
toward polarized radio probes. On the other hand, clusters which display relaxed
morphologies often reveal an X-ray surface brightness profile which is strongly peaked
in the central regions of the cluster, suggesting the presence of some amount of a
cooling-flow. As discussed in § 1.3, one of the goals of this thesis is to probe the
underlying intracluster magnetic field in non-cooling flow regions of galaxy clusters,
and to compare this to the results of work by other researchers which concentrated
on the magnetic field in the central cooling flow regions of galaxy clusters. This goal,
therefore, makes selection on morphology somewhat difficult.

The majority of galaxy clusters selected for this analysis which do have fairly relaxed
X-ray profiles are known to have cooling rates below 50 Mg, yr~!. The remainder
of the cluster sample contains several galaxy clusters whose X-ray surface brightness
profiles reveal various stages of cluster merger events. In these clusters, the X-ray
surface brightness profiles are fit for both the entire galaxy cluster, and for an angular
region of the cluster covering the radio probe. These profiles are then compared to

determine the best-fit parameters.

One additional morphological consideration was the presence of extended X-ray emis-
sion. All target clusters were examined to ensure that the cluster X-ray emission was

indeed extended, and not simply dominated by compact AGN-type X-ray emission.

e Central cooling time: As discussed above, the majority of galaxy clusters selected
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for this analysis are weak or non-cooling flow clusters. Although the cooling rate for
the target clusters was initially taken from the (unpublished) cooling flow catalog of
Arnaud 1988, the numbers presented in Table 4.1 are extracted from the EINSTEIN
analysis by White et al. (1997), where available. The four clusters with cooling rates
above 50 M yr~!, Abell 85, Abell 376, Abell 426, and Abeil 496, have radio galaxy
probes which fall beyond the cooling radius of the cluster. The cooling radius is
defined as that at which the cooling time for the gas is equal to the age of the galaxy
cluster. Typical values of the cooling radius are ~ 100 kpc.

e Polarized radio probe: Of course, in addition to the above constraints on the
target galaxy clusters, one of the most important constraints was that there must be
a polarized NVSS radio probe viewed through the intracluster medium at an impact

parameter interior to the edge of the X-ray emitting gas.
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2

Abell RA (J2000)° Dec (J2000)°  2° RS* M! Reoat®
khms °m s Mg yr™' Mpe

i
o
‘

1383 11 47 56.1 5442429  .0603
2247 16 50 17.7 8139026  .0392

75 00 39 35.7 2113 23.5 0626 0O La

76 00 40 01.8 06 50 44.0 0416 O La 0 0
85 00 41 50.9 -09 18 26.0 .0518 1 cD 81 07
119 00 56 15.6 -0114560 .0440 1 C 0 0
147 0108119 0210530 0438 0O Is

168 0115113 00 20 41.0 0452 2 Ic 0 0
194 01 25 49.3 -01 23 40.5 0178 O La 0 0
262 01 52 47.2 3609240 .0161 O C 9.4 04
376" 02 46 02.6 36 53 28.5 0489 0 C 92 .08
399 02 57 51.6 13 02 52.5 0715 1 cD 0
400 02 57 38.8 06 00 41.5 0232 1 Ic 0 0
401 02 58 57.3 13 34 48.5 0748 2 cD 0
426 03 19 49.3 41 30 51.0 0183 2 L 283 1
496 04 33 38.0 -131534.5 .0320 1 cD 134 .09
569 07 09 08.3 48 36 47.0 0196 0O B >5.2 >.06
576 07 21 29.1 55 47 03.0 0381 1 Ic 17 .05
754 09 09 14.2 -094041.5 0528 2 cDs 0 0
779 09 19 46.6 3345 01.5 0226 0 cDsp 3.1 .03
1060 10 36 41.6 -273146.5 .0114 1 C .05
1185 11 10 33.5 28 43 00.0 0304 1 C 0
1314 11 34 45.7 4905284 .0341 O C 0 0
1367 11 44 53.2 19 43 13.5 0215 2 F 23 .03

1
0

c

SRight ascension of X-ray centroid in J2000 coordinates as determined by the
author.

bDeclination of X-ray centroid in J2000 coordinates as determined by the author.

“Redshift from Abell, Corwin & Olowin (1989).

9Richness class from Struble & Rood (1987).

“Revised Rood-Sastry type from Struble & Rood (1987).

/Cooling rate in solar masses per year from White et al. (1997) unless otherwise
indicated.

9The radius as determined by White et al. (1997) at which the cooling time
reaches 2 x 10'° yrs.

ACooling rate and radius from Arnaud 1988.

Table 4.1: General observational parameters of the target Abell clusters.
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4.3 Reductions

As discussed above, fifteen of the galaxy clusters selected for analysis were observed by the
ROSAT satellite during the Pointed Observation phase of the mission. The X-ray data
on these target clusters were extracted from the ROSAT Data Archive. The other nine
clusters were observed during the All-Sky Survey phase of the ROSAT mission, and the
data were extracted from the survey database through collaboration with H. Béhringer of
the Max-Planck-Institut fiir extraterrestrische Physik. The relevant ROSAT observational
parameters for the cluster sample are listed in Table 4.2. The reduction of the ROSAT X-
ray data was undertaken within the Extended X-ray Scientific Analysis Software (EXSAS)
package under the European Southern Observatory’s (ESO’s) Munich Image Data Analysis
System (MIDAS). The analysis of the ROSAT X-ray emission was undertaken for each of
the three PSPC energy bands: the broad band (0.1-2.4 keV), the soft band (0.1-0.4 keV),
and the hard band (0.5-2.0 keV). The main results, however, concentrate on the hard X-ray
band, since the majority of the X-ray emission from gas at typical intracluster medium
temperatures (107 — 108K) falls above the carbon Ka break in Figure 4.3. In addition,
the soft ROSAT band is also strongly contaminated by Galactic emission. Below is a brief
outline of the steps involved in the analysis of the extended cluster emission. A detailed
technical description of the reduction techniques for extended ROSAT sources is given by
Snowden et al. (1994).

4.3.1 Calculating the Radial Surface Brightness Profile

As discussed in § 2.3.1, the intracluster gas density can be traced by the surface brightness
profile of the X-ray emission. This section outlines the process of determining the radial
distribution of the intracluster surface brightness. The first step toward determining a
proper background subtracted cluster surface brightness profile is to determine the emission
center of the cluster. Although the analysis presented below assumes spherical symmetry
for the clusters, it is often the case that the X-ray emission from galaxy clusters is elongated.
It is, therefore, important to consider the distribution of the cluster photons to sufficiently
large radii that the true center of mass of the photons can be determined. In the case
of elongated cluster emission, which is not intrinsic to the individual cluster under study,

but, rather, is due to a merging sub-cluster component, it is desirable to determine the
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emission center after masking the sub-cluster component. The masking of the sub-cluster
emission is possible through either excision of the photons from a region around the sub-
cluster, or, for sub-cluster components at large radii, through restriction of the centering
to a cluster radius interior to that of the sub-cluster component. The latter approach was
employed for the current cluster sample. Note that, although the differentiation between
intrinsic X-ray elongation, and X-ray elongation due to a sub-cluster component is somewhat
ambiguous, for the purposes of determining an X-ray emission centroid, the X-ray excess
is attributed to a sub-cluster component if it clearly disobeys the emission gradient in its
general vicinity. Therefore an elongated cluster with a smoothly varying radial emission
profile will be considered intrinsically elongated.

Briefly described, the centering program begins with an initial estimate of the emission-
weighted center of the cluster, usually the map center. The program then begins an iterative
loop through all photon events in the ROSAT hard X-ray band, 0.5-2.0 keV, to determine the
center of mass of the photons within a radius of 3’ to an accuracy of 2”. When convergence
occurs the programs continues with an iterative loop to determine the centroid of the photon
emission within 5’, and a final loop for the center of mass of photons within 7/5.

The next step is to determine the background level in the image. This first requires an
estimate of the outer significant radius (Roy.) of the cluster emission. This radius is defined
as the point at which the (Poisson) error curve rises faster than the integrated hard band
count rate. The background level is then determined by examining 12 individual sectors
which lie in an annulus beyond Roy. Specifically, the count rate is determined in each
annular sector for the broad, hard, and soft energy bands. The clipping algorithm then
examines each energy band individually to exclude any sector where the count rate is more
than 20 off the median value for that energy band. The background surface brightness
and associated error are then determined for each band from the sectors remaining after
clipping. This method of determining the background properly excludes any regions which
are contaminated by neighbouring X-ray sources.

The final step is to determine the hard-band radial profile of the cluster. Each cluster
image is examined for the presence of X-ray emission from discrete sources. All photons
in an area surrounding these sources are removed from the photon event table before the
radial profile is calculated. Note that the photon event table contains information on the
arrival time, detector location and energy of all PSPC photon events. The projected radial
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Figure 4.3: This plot shows the on-axis response curve for the puise-height band definitions suggested by
Snowden et al. (1994). The sharp edge at 0.284 keV is caused by the carbon Ka absorption edge of the
PSPC entrance window. Bands falling below the Ka edge cover the ROSAT soft energy band (0.1-0.4

keV), while bands above the edge cover the ROSAT hard energy band (0.5-2.0 keV). The ROSAT bands
R4 to R7 cover the energy range relevant to intracluster X-ray emission.
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profile of the X-ray surface brightness is then obtained by averaging over all remaining
photons in radially increasing annular regions of 15" width, centered on the center of mass
of the photon distribution. This averaging process neglects any deviations from spherical
symmetry in the cluster and should therefore be used with caution. For a few clusters which
showed a deviation from spherical symmetry, the radial profile was determined for both the
entire cluster, and also for the sub-portion of the cluster containing the radio source of

interest.
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Abell ROSAT® Sequence® Exposure count® PI
Phase number ksec rates”!
75 RASS 0.422 0.17
76 PO 800317p 1.697 0.63 S. Murray
85 PO 800250p 10.238 3.51 C. Jones
119 PO 800251p 15.197 1.90 C. Jones
147 RASS 0.425 0.20
168 RASS 0.426 0.42
194 PO 800316p 24.482 0.52 S. Murray
262 PO 800254p 8.686 2.50 L. David
376 RASS 0.560 0.55
399 PO 800235p 7.457 0.94 J. Henry
400 PO 800226p 23.615 1.11 F. Owen
401 PO 800235p 7.457 1.93 J. Henry
4264 PO
496 PO 800024p 8.857 3.54 G. Kriss
569 PO 800575p 4.176 0.06 W. Voges
576 RASS 0.275 0.99
754 PO 800550p 8.156 3.33 U. Briel
779 PO 600547p 17.860 0.35 T. Maccacaro
1060 PO 800200p 15764  4.16 G. Stewart
1185 RASS 0.260 0.33
1314 PO 800392p 2.932 0.44 R. Schwarz
1367 PO 800153p 18.745 3.65 W. Forman
1383 RASS 0.441 0.09
2247 RASS 1.397 0.09

%Phase of the ROSAT mission during which the cluster was
observed: RASS - ROSAT All-Sky Survey, or PO - Pointed
Observation

*ROSAT Data Archive sequence number for pointed
abservations.

¢X-ray count rate in the ROSAT hard band, 0.5-2.4 keV

4Due to the large angular extent of this cluster, the final ROSAT
image is a mosaic of multiple pointings.

Table 4.2: General ROSAT observational parameters for the target Abell clusters.
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4.3.2 Fitting the 3 Model

As discussed in § 2.3.1, the X-ray surface brightness of the intracluster gas can be parame-
terized by a hydrostatic isothermal model of the form

~3+1/2
S(r) = So (1 + (ri)z) +5, (4.1)

[4

where Sy is the central surface brightness, r. is the core radius, S} is the background, and
B is the ratio of the galaxy to gas temperature. The central surface brightness is initially
determined for each cluster from the count rate in the central bin of the radial profile, with
the final central surface brightness being determined from the best fit model. Similarly the
background surface brightness is initially determined from the outer regions of the X-ray
image, with the final background level being determined by the best fit model. The best-fit
parameters for Sg, 7. , 5, and S, are determined by minimizing the x? difference between
the model, and the observed surface brightness profiles. The x* minimization follows the
Levenberg-Marquardt method (Press et al. 1988).

The fitting procedure provides the flexibility to exclude the inner or outer region of the
observed surface brightness profile during the model fitting. This feature is particularly
useful for clusters which display excess central emission, which can be due to a cooling flow,
or a central point source. Attempts to fit a S model to the entire radial profile for clusters
where there is excess central emission, result in fits that produce artificially small core radii,
and S values. The artificially small values can be understood, since a decreased core radius
provides a better fit of the central regions of the cluster, while a decreased § parameter
compensates for small core radius by providing an increase in the emission at larger radii.
It is important to be careful, however, when selecting regions for exclusion in the central
parts of the cluster, as a selection of too large an exclusion region will result in an increased
uncertainty in the determination of the cluster’s core radius. The core radius in such a
situation will also be biased toward larger values.

An additional flexibility that the program provides is the ability to fix one or more of
the fit parameters. In a situation where the radial profile of the cluster under study is well
determined through a large signal-to-noise throughout the cluster, the data are sufficient to
constrain all four fit parameters for the 8 model. If, however, the signal-to-noise within the
cluster is fairly low, as in the case of clusters observed during the All-Sky Survey, then the
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data are often insufficient to accurately determine all four fit parameters. In this situation
it is often necessary to fix either the central surface brightness or the background based on
the observed radial profile.

4.3.3 Extracting the Cluster Gas Distribution

The final step in the analysis of the intracluster gas distribution is to convert the fitted
count rates to an estimate of the X-ray flux in the rest-frame of the cluster. This conversion
assumes the emission is due to an appropriately redshifted Raymond-Smith thermal spec-
trum (Raymond & Smith 1977) from intracluster gas at a given emission weighted mean
ICM temperature. Although it is known that the temperature of the intracluster gas has
a radial dependence, the assumption of a single temperature component for the ROSAT
analysis appears to provide an adequate constraint on the ICM density distribution (Mohr
et al. 1999). This reasonable fit is due to the fact that the spectrum of a thermal plasma has
very little variation as a function of temperature within the spectral range of the ROSAT
PSPC. This spectral variation is shown in Figure 4.4, where the PSPC count rate for a
Raymond-Smith thermal spectrum is plotted as a function of the plasma temperature. The
abundance of heavy elements is fixed at a value of 35% of solar for the thermal emission.
The flux conversion also takes into account the absorption of soft X-ray emission due to
the foreground Galactic neutral hydrogen. The neutral hydrogen column density toward
each galaxy cluster was determined from the maps of Stark et al. (1992), and Cleary et al.
(1979).

4.4 'The Cluster Fits

Figure 4.5 displays the smoothed X-ray contour map of each cluster in our sample in J2000
coordinates in the left panel. Note that Abell 399 and Abell 401 are in shown in the same
contour plot, with Abell 399 located in the lower right of the panel. The right-hand panels
of Figure 4.5 show the radially binned X-ray surface brightness profile of each cluster. This
profile displays the binned count rate as a function of radial distance from the cluster
centroid in arcmin, where 1’=120 detector pixels. Overlaid on each surface brightness plot
is the best-fit 8 profile for the cluster. The profile for Abell 401 is displayed in the panel
beside the contour plot, while that for Abell 399 is displayed below the Abell 401 profile.
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Figure 4.4: Plot of the normalized (at 6.0 keV) PSPC count rate in the 0.5-2.0 keV band as a function
of plasma temperature for the ROSAT PSPC detector. The emission model is a Raymond-Smith thermal
model. Note that above 4 keV, the PSPC count rate shows a variation of less than 10% with gas
temperature. The solid line represents 35% solar abundance in the emitting plasma, as used in the
analysis. For comparison, the dotted line represents 20% solar abundance and the dashed line is for
50% solar abundance. Note also that there is very little variation in the count rate with abundance for
temperatures above 4 keV.
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Following the cluster plots, there is a section containing notes on the fits for individual
clusters. Table 4.3 lists the Galactic Hydrogen column density toward each cluster, the
emission-weighted mean gas temperature of the cluster, physical scale at the redshift of the
cluster, and the radial bin size in arcseconds for the surface brightness profile. Table 4.4
provides the best-fit values of the central surface brightness, core radius, 8, background
surface brightness, the associated reduced x2, and the total X-ray luminosity and flux of
the cluster in the rest-frame 0.1-2.4 keV band.
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Figure 4.5: ROSAT hard band contour maps of Abell clusters are shown in the left panels. The right
panels show the binned surface brightness profile in counts s=2 arcmin—2 versus distance in arcmin. The
solid line indicates the 8 fit model.
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Notes on individual clusters

o Abell 75 The elongated nature of the X-ray emission from this cluster, together
with the short exposure time from the RASS pointing make it difficult to provide an
accurate fit to the surface brightness profile. Due to the sparse information available
on this cluster, the best fit was determined by fixing the background level for the
cluster, and allowing the central surface brightness, core radius, and # parameters to
be fitted.

¢ Abell 78 This boxy cluster contains several embedded X-ray point sources which were
masked before binning the surface brightness profile. Despite the flattened nature of
this cluster, the 8 model was found to be a reasonable approximation to the cluster

emission.

e Abell 85 This cluster displays fairly regular X-ray emission with a slight extension
to the south, and a couple of X-ray point sources in the outer periphery of the diffuse
X-ray emission. These regions were masked before determining the radial surface

brightness profile.

e Abell 119 The diffuse X-ray emission for this cluster contains several embedded X-
ray point sources which were removed before determining the radial surface brightness
profile of the cluster. The profile was determined both for the entire angular region of
the cluster, as well as for a region excluding the X-ray extension to the North. There
was no significant difference within the errors in the best-fit beta model to these two
profiles. The profile displayed in Figure 4.5 is the fit to the entire angular region of
the cluster.

e Abell 147 The sparse data available for this RASS cluster results in a poorly con-
strained fit to the surface brightness profile.

e Abell 168 The amorphous nature of this cluster results in a radial profile which
drops in the two bins around 50” from the cluster centroid. Although the best-fit 8
model cannot recover this radial variation, due to the spherical symmetry involved,
the 8 model does provide a good fit to the outer regions of the cluster where the radio

probes lie.
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e Abell 194 There are several X-ray point sources embedded within the diffuse cluster
emission which were masked before determining the radial profile of this cluster.

e Abell 262 This cluster displays very symmetric, diffuse X-ray emission. Note, how-
ever, that the high central count rate of 10~° photons pixel~2 s~! suggests the pres-
ence of an X-ray point source. This dominant central emission is, in fact, associated
with the central D galaxy of this cluster (Amram et al. 1994). The best-fit 8 model
was constructed by removing the central excess, and fitting the remaining diffuse

cluster emission.

e Abell 376 The contour plot for this RASS cluster displays fairly smooth X-ray emis-

sion.

e Abell 399 This cluster is located in the outer regions of the PSPC image of its com-
panion cluster Abell 401. The X-ray contours of Abell 399 display smooth, spherically

symmetric X-ray emission, and the cluster is well fit by a 8 model.

e Abell 400 Abell 400 contains several point X-ray sources embedded within the diffuse

cluster emission. The surface brightness profile, excluding these sources, is well fit by
a  model.

e Abell 401 There are three point X-ray sources visible in the western periphery of the
X-ray emission for this cluster. They were masked out prior to the determination of

the X-ray surface brightness profile.

e Abell 426 Although this cluster, also known as Perseus, contains the largest cooling
flow of the sample, it is well fit through the entire profile by a single component 8

model.

e Abell 496 The central region of this cluster is dominated by X-ray emission from
the cooling flow. As the radio probes for this cluster are located beyond the cooling
radius, the surface brightness profile fit is determined from a single 8 model fit to the
data outside the cooling radius.

e Abell 569 There is very little diffuse X-ray emission visible in the RASS image of this
cluster. The X-ray emission is mainly dominated by compact X-ray sources. In fact,
the central radio probe for this cluster lies within the central compact X-ray clump.
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Due to the dominance of the X-ray emission from the central compact clump, it is
not possible to obtain a reasonable fit to the radial profile through a single 8 model.
The sparse RASS data also excludes the possibility of fitting this cluster through a
two-component 3 model. For a spherical clump of free-free emitting gas, the X-ray
luminosity, L., between energies £, and Ej is related to the electron density, n., by
(Rybicki & Lightman 1979)

Ly =1.96 x 10727y ,fng’Rg‘,,,m,,T'/ 2 (e—E‘/ KT _ B2/ w) ergs s™!, (4.2)

where gg¢ > 1.2 is the Gaunt factor, and Rejump is the radial extent of the clump. A
one-dimensional slice through the X-ray clump provides a radial extent of ~38 kpc.
The ROSAT X-ray luminosity between 0.1 and 2.4 keV for the clump was found to
be 2.3 x 102 ergs s~!, yielding an electron density of 0.0167031% cm=3 for the clump.
The error associated with the electron density of the clump was determined from the

error associated with the measurement of the radial extent of the clump.

e Abell 576 The X-ray contours for this cluster reveal a compact, fairly symmetric,
diffuse X-ray component. Although the surface brightness profile displays an X-ray
deficit in the central bin (1’), the outer regions of the cluster appear to be well fit by

a 3 model.

e Abell 754 This cluster shows a very prominent central east-west elongation which is
a result of the fact that the cluster is in the late stages of a merger event (Henriksen
& Markevitch 1996; Roettiger et al. 1998). Additionally, the X-ray peak of the cluster
emission is offset from the central region of the cluster. The best-fit 8 model was
determined by varying the selected X-ray centroid and determining the model with

the lowest overall reduced x2.

e Abell 779 The diffuse X-ray emission from this cluster contains several embedded
point X-ray sources in the outer periphery. The central region of the cluster also
appears to be dominated by a compact X-ray source. This central excess, together
with the outer point sources, was masked prior to fitting the surface brightness profile.
This removal of the central excess will not affect the results at the position of the radio
probe as the radio source lies well beyond the excised central region.
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¢ Abell 1060 This nearby galaxy cluster contains a weak cooling flow which is visible
as a slight excess in the central 50” of the surface brightness profile. The best-fit 8
model was determined from the binned profile outside this radius as the radio probes
lie well beyond it.

e Abell 1185 This cluster displays very patchy X-ray emission with slight extensions
to the east. Note that the sparse nature of the RASS data is clearly visible in the
binned X-ray surface brightness profile.

e Abell 1314 The X-ray emission for this cluster is elongated in the east-west direction,
and contains several embedded point X-ray sources. It is also interesting to note that
the X-ray contours in the outer regions of this cluster show a very steep edge to the

emission.

¢ Abell 1367 The X-ray emission from the cluster displays a clear elongation to the
north-west. This extended X-ray emission coincides with the location of a peripheral
radio relic in this cluster. The extension to the north-west was masked during the
determination of the surface brightness profile as the radio probe for this cluster lies

in the central symmetric region of emission.

e Abell 1383 Although the central region of this cluster contains a fairly high count
rate, the surface brightness profile is sparsely sampled due to the combination of the
compact nature of this cluster, and the fact that the data are obtained from the RASS

archive.

e Abell 2247 The RASS image for this cluster shows a patchy, extended region of
X-ray emission. Due to the sparse nature of the available data, the best-fit 5 model
was determined by holding the central surface brightness fixed and allowing the fitting
routine to determine the best fit values of the core radius, 8 and X-ray background.

4.4.1 Estimating the Fit Errors

The uncertainties associated with the best-fit values of 3, and r. are determined by examin-
ing the x? surface associated with these two fit parameters. The error surface is constructed
by taking the central surface brightness, and background surface brightness as free parame-
ters, and calculating the x? values between the model and data on a grid of 8 and r.. This
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X2 surface is then used to calculate the lo errors on the 8 and r. which are presented in
Table 4.4.

4.5 Summary

This chapter presented the details of the X-ray observations and reductions for the galaxy
cluster sample. The details of the cluster selection criteria were also outlined. The final
sections of the chapter presented the X-ray determined cluster gas properties which will be

used in the analysis in the remainder of this thesis.
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s e
————

Abell = Nm Tg kpc/' Rbin  Rout®
1020 cm~2  keV " kpc

75 0.0626 345 300 65 30 620

76 0.0416  4.02 1.5 45 15 990

85 0.0518  3.82 62 55 15 1410

119 0.0440 415 59 47 15 1640
147 0.0438 3.21 24° 47 30 400

168 0.0452  3.20 26 49 30 660
194 0.0178 3.44 144 20 15 560
262 0.0161  5.78 24 18 15 660
376 0.0489  6.61 50 52 30 660
399 0.0715 13.90 58 74 15 1220
400 0.0232 10.80 25 26 15 840
401 0.0748  13.90 78 77 15 1650

426 0.0183  14.45 6.3 21 . 3000
496 0.0320 4.37 3.9 35 15 1000
569 0.0196 8.50 1.4¢ 22 3304

576 0.0381 5.51 4.3 42 40 650
754 0.0528 4.49 9.1 56 15 1740
779 0.0262 1.83 1.5¢ 25 15 570
1060 0.0114 5.03 3.9 13 15 650
1185 0.0304 1.62 3.9 34 30 400
1314 0.0314 1.45 5.0 37 15 750
1367 0.0215 J.16 3.7 24 15 1050
1383 0.0603 1.07 1.0 63 30 250
2247 0.0392 4.52 44 43 30 430

2Quter radius of X-ray emission as traced by ROSAT observations.

Ebeling et al. 1996

“White et al. (1997)

YEstimate based on radial slices through the ROSAT images
Table 4.3: Input parameters for cluster fits, Galactic hydrogen column density Ny from Stark et al.
(1992), and Cleary et al. (1979), emission weighted gas temperature T, from David et al. (1993)

except where noted otherwise.
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Abell Se Re B Bo /v Le[01-~24] £ [0.1-24]

10-13 10—15 1044 10-12

ergs/s/cm?/0  kpe ergs/s/cm?® /0" ergs/s ergs/s/cm?
75 0.92 63*%  0.40+0%) 4.14 1.00 0.26 3.39
76 0.68 223178 0.50%13, 4.48 1.04 0.43 12.61
85 58.95 50%] 0.53*:0%3 4.68 6.28 3.96 75.16
119 2.21 248t 0599 5.41 1.99 1.55 41.01
147 0.69 180%14°  0.68%1} 5.28 0.91 0.15 4.08
168 1.49 n7+e o053t 3.53 2.08 0.34 8.62
194 0.36 74%3 0.417:003 4.13 241 0.06 9.97
262 9.88 27t} 0.44%-500 3.19 4.85 0.28 55.32
376 2.15 TR 0.59% L 5.75 111 0.57 12.26
399 3.99 30143 0723 7.53 1.10 2.60 25.66
400 1.65 101 0.53% 008 4.19 1.53 0.29 27.94
401 16.31 160 0.60%:007 5.87 147 5.85 52.76

426 164.49 4343 0.55+-9%% 4.82 1.22

496 9.00 11578 0.6350%9 9.63 1.35 1.52 76.46
576 1.80 22871 .72t 3, 5.05 1.00 0.61 21.61
754 5.57 308+ 0.72%% 3.88 2.08 3.98 72.73
779 0.21 12073 0.50% 335 4.25 1.82 0.07 6.56
1060 6.16 50%} 0.54+208 9.85 2.14 0.23 91.33
1185 0.63 113+9%7  0.53+43 2.75 1.37 0.12 6.54
1314 0.63 176+15  0.60%:043 4.61 143 0.20 8.78
1367 1.35 262719 0.+ 5.84 2.00 0.68 76.24
1383 3.72 3gHils 074tk 11.46 0.87 0.09 1.31
2247 0.30 39728 0.34+0% 4.69 1.26 0.06 1.94

Table 4.4: Central surface brightness, core radius, 3, and background surface brightness determined from

the ROSAT X-ray fits. The associated reduced x? for each fit is also listed. Note that the errors in Rc

and 8 are 1o. The last two columns in the table show the X-ray luminosity and flux for each cluster in

the rest-frame 0.1-2.4 keV energy band.



Chapter 5

Rotation Measure Fitting

Overview: This chapter describes the method of determining the radio source rotation
measures. Section 5.1 outlines the potential sources of error associated with the measured
position angle of the polarized radiation. Some concerns which must be addressed during
the determination of the rotation measure are discussed in § 5.2, together with the fitting
routine used for the rotation measure determination. Section 5.3 provides the regression
plots for the best-fit rotation measure of each radio source. At the end of this section, there
are notes on the rotation measure fits of a few of the individual sources. The determination
of the Galaxy-corrected rotation measure (residual rotation measure) for each radio source

is discussed in § 5.4, and the radio source identifications are given in § 5.5.

5.1 Determining the Polarization Angle Error

The rotation measure induced along the line of sight between a polarized radio source and an
observer is determined through observations of the position angle of the polarized emission
at three or more wavelengths (§ 2.4.3), RM = Ax/\2. Before discussing the method of
determining the rotation measure for each source in the radio sample, it is necessary to
consider the errors associated with the measured position angle, x. Recall that the position
angle of the polarized emission is x = jarctan g, Equation 2.64. Formally, the error in the

position angle, due to the (Gaussian) noise in the Stokes Q and U maps, is

1 .
oy = op3(QP0 +U%03)'/? radians, (5.1)

101
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where P = (Q? 4+ U?)1/2 is the polarized intensity. In the limit of ideal calibration and zero
ionospheric contributions, Equation 5.1 would accurately represent the error associated with
the position angle measurement. In reality, however, there are several other sources of error
which must be taken into account, as they will affect the measured position angle of the

polarized emission. Briefly, these contributions are:

¢ Intrinsic: The error in the intrinsic position angle of the emission from any source can
be traced to the error associated with determining the right minus left phase offset
correction. As discussed in § 3.3.3, the phase corrected matrix for 3C286 showed

variations of approximately oi,;==22° in phase around the expected value.

e Instrumental: Polarization spill-over in antenna feeds results in an instrumental
error term, which is vectorially added to the polarization percentage of the radio

source, dips = 0.1/%P.

e Ionospheric: Section 3.3.4 discusses the magnitude of the ionospheric Faraday ro-
tation measure contribution to the measured position angles. Due to the timing of
the observations near solar minimum, it was found that the ionospheric contribution
(Gion) to the position angles in the 20 cm band was less than 5°, while at 6 cm the
ionospheric contribution is expected to be of order 1°. Note, however, that the mea-
sured polarization angle of 3C138 at 6 cm, listed in Table 3.3, displays variability at
the level of 5°. Although the source of this variation is not completely understood, the
effect is similar to ionospheric fluctuations at the level of 5°, and was thus included

as such in the position angle error analysis.

The final error in the position angle measurements is determined from the summation in

quadrature of each of the above sources of error:

Ox = (072(' + aiznt. + aizns + aizon)l/z' (5.2)

5.2 Rotation Measure Fitting

As discussed in § 2.4.3, the determination of a reliable rotation measure from a set of
position angle observations at a number of wavelengths is complicated by the presence of

nm ambiguities in the measured position angle. It is therefore necessary to investigate a suite
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of solutions to Equation 3.4, each of which provides a range of nr rotations for the source
data. The ‘best’ solution can then be determined through use of a regression coefficient.
It must be noted, however, that as the number of nx rotations increases, the goodness of
fit to extreme values of rotation measure becomes artificially high due to the simplicity of
fitting the data to a nearly vertical line. This tendency toward extreme rotation measure
fits must be kept in mind when performing the regression analysis.

An additional consideration to keep in mind during the rotation measure fitting proce-
dure is the variation of the degree of polarization of the radio source at different wavelengths.
Depolarization of radio sources at long wavelengths is discussed briefly in § 2.6, and the
depolarization ratio, DP, is given by Equation 2.72. Care must be taken in the analysis
of sources which display large variations in the degree of polarization between short and
long wavelengths, as this depolarization may be accompanied by non-linearities in the x-A2
plot. In general, the data at any wavelength could be considered potentially corrupted
when the degree of polarization drops below 25% of the maximum polarization (i.e. DP>
4). The choice of the 25% level is suggested by the internal depolarization models of Burn
(1966), and Gardner & Whiteoak (1966). In these models, the x-A2 plot begins to deviate
from a linear relation when the polarization drops below 25% of the maximum polarization.
Note, however, the clear exception provided by the Crab nebula, where high depolarization
ratios are not associated with significant deviations from a linear y-A? law (Burn 1966).
Figure 5.1 shows a histogram of the depolarization ratio for the radio sources in the thesis
sample. Note that there are 8 sources in the sample that do not have a depolarization
ratio calculated due to a lack of 6 cm data. The mean depolarization ratio for the sources
below the 25% limit is DP = 1.2. Although there are five sources whose depolarization
ratio is above the cutoff at DP=4, four of these are only slightly above the cutoff. The
rotation measure fitting of these sources is discussed individually at the end of this section.
Figure 5.2 shows a histogram of the maximum polarization percentage for the radio source
sample.

Although sources displaying a high depolarization ratio have been specifically singled
out in the fitting procedure for careful visual follow-up, it should be noted that all fits were
verified individually and generally tested for robustness of fit through the variation of the
combinations of wavelengths fitted, and multiple regression searches described below.
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Figure 5.1: Histogram of the depolarization ratio for the radio source sample. Note that the depolarization
ratio was calculated only for those sources which were detected in polarized flux at both 6 cm and 20 cm.
There are 8 sources which were not detected at 6 cm, and thus do not have calculated depolarization
ratios. In addition, one source, 1145+196, has a depolarization ratio of 19, and is not represented in
the histogram. The data at long wavelength for sources whose depolarization ratio is above the dashed
vertical line (DP=4) must be carefully examined during the rotation measure fitting procedure. The
radio source sample contains a total of 5 sources, including 1145+196, which fall above this cutoff.
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Figure 5.2: This histogram displays the maximum polarization percentage observed for the radio sample.
The polarization percentage for the 8 sources, which were not observed at 6 cm, was calculated from the
20 cm data.
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5.2.1 nr Fitting Routine

The regression analysis routine used in the determination of the rotation measures is based
on a routine developed under the supervision of P.P. Kronberg at the University of Toronto.
Each session of the nm program runs twice through a set of six searches for the best fit rota-
tion measure. The first run through the program considers only the input data and associ-
ated errors during the fitting procedure, while the second performs a wavelength weighted
fit to the data. The wavelength weighted fit depends heavily on the short-wavelength data
and was only used as a tool to examine the robustness for the best-fit rotation measure.
The rotation measure presented in this thesis are determined solely from data gathered
during the course of this thesis. There is, however, additional polarimetry available in the
literature on several of the sources studied. As a robustness check of the best fit rotation
measure, a second session of nr, which included all available data, was undertaken. In
general, the best fit rotation measure from the second session was in fairly good agreement
with that of the first session. Note, however, that the rotation measure determined from
multiple epoch observations should be regarded with extreme caution due to the potential
time variability of sources. For this reason, the multi-epoch fits are not considered further
in this thesis.

The six search routines followed for the analysis are:

1. All input observations have an associated flag to indicate the reliability of the polar-
ization data for a particular source. This flag also takes into account measurements
which are only for part of a source so that they will not be combined with full source
data when fitting the rotation measure. The first step in the fitting routine is to throw
out all unreliable data based on the polarization flag. Although cutting on this flag
is not necessary for the data obtained for this thesis, it was helpful for the robustness
check which included polarization observations from the literature. At this stage, the
program also rejects all data from wavelengths longer than 31 cm as these data are
almost certainly corrupted by source depolarization and Galactic background contam-
ination of the polarization. The remaining data set is then used in a least squares
regression analysis which allows for nr ambiguities in the polarization angle measure-
ments. The rotation measure fit is constrained by upper and lower limits to avoid the

problem of arbitrarily good fits to extremely high values of rotation measure. For the
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purposes of this work, the rotation measure limits were set to + 1000 rad m~2. The
best fit plots in Figures 5.3 and 5.4 show the resuit of this search.

2. Using the data set from Step 1, the program then searches for nearby data points
which have A2 < 10 cm™2. Points satisfying this criterion are averaged together,
and the regression analysis is performed on these data plus the remaining unaveraged
points. In the case of observations undertaken for this thesis, the two 6 cm points are

averaged for this second rotation measure fit.

3. Again using the unaveraged data from Step 1, all data points with polarized flux below
25% of the maximum observed polarization are cut from the dataset. The remaining

points are then used in a regression analysis to determine the rotation measure.

4. The fourth search takes the database from Step 3 and performs an average of nearby
wavelengths as in Step 2. The regression analysis is then performed on the averaged
data.

5. In this rotation measure search, all measurements from Step 1, at wavelengths shorter
than that displaying the maximum polarization for the source, are removed. The

regression analysis is then performed on the remaining data.

6. The final search involves averaging nearby wavelengths in the data from Step 5, and

performing the regression analysis.

Note that in all six steps of the rotation measure fitting, the regression analysis is only
performed if there are three or more wavelengths present after all selection cuts.

The best-fit rotation measure selected from each of the six searches is determined
through the associated F ratio, which is the ratio of the mean variance from the fit to
the mean variance calculated from the uncertainties associated with the polarization an-
gles, an F ratio of 1 therefore represents a perfect fit. Following the completion of the fitting
procedure, all output rotation measure fits were visually inspected to determine the quality
of the fit. This visual inspection involved individually comparing the rotation measure fits,
and F ratios calculated from each of the six steps. As mentioned above, the final rotation
measure estimate was selected from the best-fit result from Step 1. The error associated
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with the best-fit rotation measure is given by

ORM = N 21 (5.3)

N i
1 2 _i=l
Sa -5

\ =t > 2

i=l *

where N is the number of position angle measurements, and o; is the error associated with

each position angle measurement.

5.3 The Fits

This section presents the plots of the best-fit regression analysis to the x-A? data for all
radio sources which had data at three or more wavelengths. The source plots are split
between two separate figures depending on the impact parameter of the radio source with
the nearest Abell cluster centroid. Figure 5.3 shows the rotation measure fits to sources
which are viewed through the intracluster gas, while Figure 5.4 shows the fits for sources
which fall beyond the edge of the intracluster gas. The distinction between these two samples
is discussed in detail in § 6.1. For each source, the rotation measure plot contains four axes,
and two sets of points: the left axis, associated with the solid points, shows the position
angle of the polarized emission, while the right axis, associated with the open points, shows
the polarization percentage for the source at each of the given wavelengths. The bottom and
top axes of each graph are the wavelength (cm), and wavelength squared (cm?), respectively,
associated with the polarization angle measurement. The source name in J2000 coordinates
is shown in light grey within each plot, and the best-fit regression is shown by the solid line.
Near the top of each graph, the best-fit rotation measure and its error, and the intrinsic
position angle at the source (xo) and its error are listed. The F ratio values are also listed
for each of the fits. Note that the rotation measure fit for a resolved source is derived
from the integrated polarization measurements at each wavelength. Following the rotation

measure plots, there is a brief section containing notes on a few of the rotation measure fits.
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Figure 5.3: Polarization angle (closed points) versus wavelength squared for sources in the cluster sample.

The slope of the best-fit line is the rotation measure, RM. Open circles indicate polarization percentage

at the associated wavelength.
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Figure 5.4: Polarization angle (closed points) versus wavelength squared for sources in the control sample.
The slope of the best-fit line is the rotation measure. Open circles indicate the polarization percentage

at the associated wavelength.
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Notes on individual sources

e 0052-011U The depolarization ratio of 4.2 for this source places it in the regime of
potential non-linearities in the x-\? relation. Although it is possible that y-A? plot
may flatten to long wavelength, this flattening cannot be verified with the current
data which contains two 6 cm, and two 20 cm measurements. Despite the high depo-
larization ratio for this source, a visual inspection of the rotation measure fit shows
that it is a reasonable fit. It is also interesting to note that the nearby, although
apparently unrelated, source, 0052—-011L, has a much smaller depolarization ratio of
1.0.

¢ 0056-013 Although the rotation measure fit in Figure 5.4 only contains data within
the 20 cm band, there is data available at one 6 cm wavelength for this source. This 6
cm measurement provides a depolarization ratio of 4.6 for this source. Fitting the data
to the 20 cm measurements of the polarization angle results in a good fit to the x-\?
data. Including the 6 cm data point in the fit increases the fitted rotation measure
from —157 rad m~2 to —197 rad m~2. The lower of the two rotation measures was
selected for the analysis as any bias introduced will lead to lower estimates of the

intracluster magnetic field strength.

e 03194415 The measured polarization percentage of this source is at the limits of
the instrumental polarization error of the VLA, and thus the results for this source
should be regarded with extreme caution. In fact, the locations of this source in the
cooling core of Perseus (Abell 426) suggests that the rotation measure is likely to be
in the range of several thousand radians m~2. This prediction is based on observed
rotation measures toward other cooling cores (Ge & Owen 1993; Taylor et al. 1999).
Therefore, the rotation measure of ~ 190 rad m~2 presented herein likely significantly
underestimates the true rotation measure. The associated magnetic field calculated
from this rotation measure should therefore be considered a lower limit. Note that
although this source is included in the sample for the analysis, the results presented
in this thesis are not affected by the removal of 0319+415.

e 07134-579L This source is similar to 0052—011U in that the effects of the relatively
high depolarization ratio, DP=4.4, cannot be determined with the limited data avail-
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able (four wavelengths). An additional parallel is the presence of a nearby source,
0713+579R in this case, whose depolarization ratio is much smaller (2.9). In contrast,
it appears that the 0713+579L and its companion may represent the outer hot-spots
in a double lobed system. There is, however, no current optical identification of this
system. It is also interesting to note that the more depolarized source is the weaker

of the two sources.

e 11334490 An analysis of this source reveals a depolarization ratio of 4.4. Although
the 18 cm observation of this source was lost due to RFI, the remaining five wave-
lengths show no visible deviations for a linear x-A? fit. Due to the potential flattening
of the fit at long wavelengths for this source, the fit was also determined with the 6
cm wavelengths removed. The rotation measure from the 20 cm measurements alone

fell within the errors of the fit to all available data.

e 11454196 This source has the distinction of being both the most highly polarized
source, %P=18.6, and the source with the highest depolarization ratio, DP=19.3, in
the radio sample. It is not surprising, however, that these distinctions fall on the same
source, since a source of lower polarization percentage with such high depolarization
ratio would not be visible in polarized flux at 20 cm (§ 6.3). A visual inspection of
the fit to all measurements for this source shows a linear x-A? behaviour, with a best
fit RM of 254 rad m~2. To test the robustness of the rotation measure, the fit was
was also determined from the data near 20 cm only. The resulting rotation measure
of 264 rad m~2 is found to be consistent within the associated errors to the previous
best-fit value. Although basically meaningless, the fit to the two 6 cm measurements
provides a rotation measure of 160 rad m~2. The rotation measure selected was the

best-fit value to all available data.

Fit Results

The best-fit rotation measures and their associated error estimates are listed in Tables 5.1
and 5.2. The tables also list the intrinsic position angle of the polarized emission, x,, and
its associated error, as well as the depolarization ratios and maximum percent polarizations
for the sources. The depolarization ratio is only calculated for those sources which had
measurements at both 20 cin and 6 cm. The tables are split, as in Figures 5.3 and 5.4,
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to show the parameters for sources viewed through the intracluster gas, and sources falling
beyond the edge of the cluster gas, respectively.
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Source DP opp %P ogp RM orM  Xo Oy
rad m~2 degrees
0039+212 6.7 0.3 -7707 8.25 2349 20.2
0040+212 49 0.3 -48.45 10.32 1859 25.3
0056013 459 023 87 02 -15455 8.54 410 20.6
0057—013 21.8 0.2 863 790 1443 194
0126—-013a . 114 0.1 90.81 9.29 2658 22.1

0154+364 064 005 44 03 -241.90 230 898 438
02454368 050 014 35 09 -71.00 251 1128 5.5
0257+130 18 026 79 05 -18234 236 862 4.3
0318+419 77 01 -11.13 12.54 200.7 28.5
0319+415° 01 0.0 189.64 3595 323.3 89.3
0316+412 096 006 61 03 57.64 240 1465 5.6
0434—-131 1.57 002 144 0.1 59.16 1.99 1358 4.2
0434—-133 201 007 98 02 42.14 211 869 4.2
0709+486 019 005 11 02 -22223 367 773 5.2
0908—-100 067 016 39 0.2 28.32 345 1241 4.8
0909-093 .72 031 63 03 -4.50 2.60 153.9 4.5
0919+334 1.27 003 94 0.1 12.87 2.18 0.7 4.1
1036—-267 065 013 41 0.7 39.36 15.17 34.0 37.2
1037270 045 006 15 0.1 2298 224 486 4.5
1037—-281 08 032 17 05 3881 5.82 589 145
1039-272 08 015 53 05 11733 997 129.1 25.1
1039273 072 012 69 10 11759 263 145.7 6.0
1133+490 435 019 75 01 -47.20 228 1335 4.2
1134+489A 180 026 33 0.1 71.23 234 355 44
1145+196 1927 3.08 186 0.2 25413 234 754 43
1650+815L 067 009 7.7 1.0 -129.87 217 58.0 44
165048150 198 025 43 04 -12548 218 136.1 45

%Note that the polarization determined for this source is at the limit of the VLA's
capabilities. Results from this source should be regarded with extreme caution.

Table 5.1: Depolarization ratio, maximum polarization percentage, rotation measure, and intrinsic posi-

tion angle calculated for each source in the cluster sample.
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Source DP opp %P ogp RM orM Xo Oy,
rad m~2 degrees
0033+064 223 004 108 0.1 1535 211 2714 14
0035+067 1.02 006 88 04 -1208 231 268 438
0038+071A 094 004 138 0.6 981 213 168.0 4.2
0038+071B 1.19 008 4.7 02 1283 217 405 44
0040+072 066 0.07 31 0.3 071 237 31 5.0
0041+069 149 003 70 0.1 1.37 211 1774 4.2
0041-+076 080 004 48 0.1 -5.07 214 226 1.2
0043+060 092 006 53 03 -2697 219 249 19
0040—098 075 007 31 03 -1961 308 701 7.1
0042-078 091 011 38 03 235 216 971 44
0042—-080A 122 0.12 87 06 -047 216 1234 44
0042—-080B 111 011 70 0.5 346 212 1232 4.2
0042-092 149 009 72 03 444 212 959 4.2
0042098 194 0.14 102 06 -17.76 2.13 1159 4.2
0047-095 082 003 76 02 -1451 212 1086 4.2
0048—022R 1.36 025 154 23 -7.08 3.22 19 6.5
0048—-022L 088 009 36 02 -1280 281 934 6.0
0049-027 1.36 002 119 02 -1019 249 171.7 4.2
0050-033R 0.84 0.2 40 0.5 363 249 1147 4.2
0050—-033L 2.16 0.08 109 0.3 396 250 381 4.2
0052-011L 101 013 78 1.0 051 279 551 5.1
0052-011U 4.16 048 139 1.0 -340 263 36 46
0102+020A 133 0.01 136 0.1 951 212 676 3.6
0102+020B ... 45 04 1203 2528 379 649
01074015 090 025 40 08 299 278 3360 59
01084015 058 000 21 01 -11.75 210 1269 4.2
0108+028 213 0.08 180 03 -1353 212 345 1.1
0110+015 133 021 48 04 -1206 254 787 54
0110+018 092 0.09 58 035 568 210 1592 4.2

Table 5.2: Depolarization ratio, maximum polarization percentage, rotation measure, and intrinsic posi-

tion angle calculated for each source in the control sample.
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Source

DP

%P

opp oxgp RM aorM X0 Oy,
rad m—2 degrees

01134027 1.14 009 128 0.7 546 212 3371 19
0108-006 0.55 001 33 01 520 216 1209 4.1
0113+024 025 001 12 0.1 321 181 3.6 27
0114+000 095 004 60 0.2 1459 2.18 1068 4.2
01154000 1.40 023 155 23 608 339 609 68
0125-000L. 0.80 0.15 89 1.5 1720 423 200 89
0125-000U 090 0©.11 88 1.0 1734 299 609 6.8
0059+001 194 001 73 0.1 435 210 820 4.1
0106-019 097 001 68 01 -1042 211 78 4.1
0122-063 204 005 183 04 -789 298 958 5.8
0125-~001 090 001 30 01 944 217 381 4.1
0139+015 141 0.02 131 02 1429 224 101 43
0238+049 065 009 43 06 -11.37 281 1036 6.1
0251+062U 0.89 001 98 0.1 -21.25 249 586 4.2
0251+062L 127 0.04 114 04 -1648 251 47.1 4.2
0259008 066 004 50 03 -831 266 130.1 5.7
0259+077 157 002 62 0.1 218 216 333 4.1
0301+074 246 005 122 0.2 -5.70 283 1068 5.7
0305+056 067 0.02 130 04 224 222 526 43
0318+053R 0.64 026 26 1.0 21.27 625 151 138
0318+053L 030 004 25 03 704 335 289 68
0259+139 133 004 6.5 02 -1595 269 1046 5.7
0317+440R 0.89 0.03 164 0.5 13.16 233 1405 43
0317+440L 0.87 0.04 120 0.6 18.15 238 1443 4.5
0427116 147 007 75 02 719 214 1791 43
0430-130 068 007 29 03 271 311 1019 72
0436—-133 139 015 7.5 0.7 1834 297 59.7 6.8
0439-113 090 012 52 04 -833 3.15 83 173
0444-135 1.12 012 3.7 03 1066 2.11 1145 4.5
06544503 129 008 74 04 1528 259 289 44

Table 5.2 - Continued
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Source DP opp %P ogp RM orM  Xo Ox.
rad m~2 degrees
0658+492U 0.88 0.12 87 1.2 060 237 1174 4.7
0701497 138 0.08 78 04 213 247 767 5.1
0706+425B 0.77 010 68 0.8 -17.13 240 1556 4.8
0713+488 1.50 0.07 76 03 -2.57 2.82 1095 53
0714+456 1.23 0.03 109 0.2 237 24 729 48
0728+505 059 002 94 03 -13.37 282 9.2 6.1
0712+565 168 009 127 06 3086 250 1096 4.2
0713+579R 2.85 022 66 03 -20.70 250 108.0 4.2
0713+579L 4.42 045 157 09 193 265 338 4.5
0723+548 1.04 009 120 09 3164 228 1144 44
0906—090 066 018 42 02 2535 288 1011 4.2
0906103 075 010 4.7 04 4.56 2.22 62 48
0908-107 120 0.03 156 0.1 0.38 213 9.7 11
0913-092 246 092 79 0.3 441 236 884 43
0915+320 141 0.08 106 0.5 12.57 2.50 143.0 4.2
0921+368L 1.08 0.10 108 0.9 1460 255 1698 43
0921+368R 2.15 0.20 102 0.7 -4.15 829 426 20.6
1023278 103 005 7.7 03 -8.60 2.19 36 4.5
1059+283 233 029 131 0.6 -0.31 3.33 54 6.0
1106+300 0.71 004 52 02 630 213 1399 43
1107+288 2.12 031 87 08 1560 7.70 484 198
1108+279 116 013 69 05 -5.19 249 840 5.2
1108+292A 3.10 103 99 11 -1634 265 480 5.2
1108+292B 1.59 0.27 121 1.0 1.11 221 451 48
1109+289 145 045 35 1.1 -1.74 3.58 678 8.0
1110293 147 020 42 04 1.86 253 242 5.7
1118+279A 1.06 008 51 03 -1533 3.10 1029 43
1118+280B 147 0.17 148 1.0 471 271 396 5.7
1121+501 096 004 147 04 1413 230 279.7 15
1125+261 025 001 05 00 -2685 212 810 4.3
11474545 . - 64 04 -3528 9.14 1203 225

Table 5.2 - Continued
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5.4 Determining the Intracluster Contribution to the Rota-

tion Measure

The observed rotation measure for a radio source is a linear combination of all sources of
Faraday rotation along the line of sight between the source and the observer. Polarized
radiation from a typical extragalactic radio source may be influenced by some combination

(or all) of the following Faraday rotating regions:

e Intrinsic: Intrinsic Faraday rotation may result from a mixture of thermal plasma
in the environment surrounding the radio source with the synchrotron plasma of the
source. This internal Faraday rotation, discussed in § 2.4.3, produces a characteristic
signature whereby the position angle of the polarized emission will obey a A2 law over
at most 90°. As can be seen from the plots of x-A2 for the source sample, the linear
nature of the fit is generally extended well beyond 90° of rotation, thus indicating the
dominance of another source of rotation. The small depolarization ratios associated

with the sample also argue for an external source of rotation.

e Local galactic: The parent galactic environment around radio sources can induce
substantial Faraday rotation. An example of this is shown in the work of Venturi &
Taylor (1999) which shows that the observed rotation measure of ~700 rad m~?2 in
3C216 results from interactions between the radio jets and the local galactic environ-
ment. This source of Faraday rotation cannot, in general, be dominant in extragalactic
radio sources as the observed rotation measures for the control are consistent with

zero with very little scatter.

o Intercluster: An intercluster contribution to the observed rotation measure might
be expected for sources at high redshift which have a very long path length through
intercluster space to a radio telescope. A limit on any possible intercluster contribution
can be placed by examining a large sample of rotation measures at various redshifts
and looking for a correlation between the rotation measure and redshift (Kronberg &
Simard-Normandin 1976; Welter et al. 1984). An examination of the rotation measure
catalog of Broten et al. (1988) by Vallée (1990) found no significant Faraday rotation
in a sample of high redshift radio sources.
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¢ Intracluster: The intergalactic region within galaxy clusters is known to be filled
with a tenuous X-ray emitting plasma bound to the potential well of the cluster. If
magnetized, such a thermal plasma provides an ideal environment for Faraday rotating
polarized emission. It is, of course, this component of the rotation measure that is

targeted by this thesis.

e Galactic: This is the overwhelming non-cluster contribution to RMs. An examination
of a plot of the Faraday sky in Galactic coordinates, Figure 5.5, displays a clear trend
of large rotation measure in the galactic plane, and much smaller values at high
latitudes. The rotation measure sky at low Galactic latitudes is well fit by a large-
scale ordered field located within the disk of the Milky Way (Simard-Normandin &
Kronberg 1980). In order to minimize the possible effect of the Galactic Faraday
rotation, the source sample selected for this thesis was restricted to high latitudes

where the Galactic contribution is found to be on the order of a few rad m~2.

o Ionospheric: The magnitude of the ionospheric contribution to the observed rota-
tion measure is discussed in § 5.1. Due to the timing of the observations near solar
minimum, the ionospheric contribution is expected to be very small, and has thus

been included as an uncertainty in the measured polarization angles.

Based on the above arguments, the main intervening Faraday rotation component to
consider when searching for an intracluster contribution to the rotation measure, is the
Galactic component. The cluster contribution of the rotation measure, or the residual
rotation measure (RRM), is therefore defined to be the observed rotation measure minus
the Galactic contribution:

RRM = RM, - RMg. (5.4)

The error in the residual rotation measure

ORRM = dzm + Gém, (5.5)

is determined from the quadrature summation of the error in the fitted rotation measure,
Equation 5.3, and the error associated with the Galactic rotation measure.

The Galactic contribution to the rotation measure, Table 5.3, was determined by taking
the median rotation measure of all sources located within 15° of each cluster, after outliers
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(> 20) had been removed. The source sample used in determining the Galactic rotation
measure was a combination of the control sample obtained from this thesis, and sources

from the literature.
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Abell 1° b° GRM ogry
rad m~2
75 11933 -41.53 -1445  3.66
76 117.76 -55.98 -7.97  6.05
85 11506 -72.06 -044 9.54
119 12576 -64.11 -539 6.4l
147 13144 -6043 -7.58  6.16
168 135.67 -62.04 -596  5.92
194 14207 -63.10 -341 7.98
262 136.59 -25.09 -39.54  3.64
376 147.08 -20.59 -22.94 5.36
399 164.38 -39.47 3.55 6.02
400 170.25 -44.93 1095 5.72
401 164.19 -3887 442  6.52
426 150.39 -13.38 -17.30 894
496 209.58 -36.48 6.25 6.39
569 168.58 22.81 751  6.83
576 161.42 26.24 240 7.60
754 239.26 24.76 15.97 8.78
779 191.07 4441 -3.68 8.09
1060 269.64 26.51 13.60 5.76
1185 203.05 67.75 -3.88 1293
1314 151.84 63.57 3.18 598
1367 234.81 73.03 -3.33 1149
1383 14144 60.17 -2.03 6.74
2247 11449 31.22 1.88 828

Table 5.3: The median Galactic rotation measure (GRM) calculated from all sources located within 15°

of the respective Abell cluster.

Finally, the residual rotation measure for the radio sources are provided in Tables 5.4,
and 5.5. The separation of the radio sample into two populations (cluster, and control) is
based impact parameter of the radio source, compared to the radial extent of the intracluster
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gas. Each table presents the J2000 epoch source name according to IAU convention, the
radial impact parameter to the nearest Abell cluster, the name of the nearest Abell cluster,
and the Galaxy-corrected rotation measure (RRM) and its 1o error. Additionally, Table 5.4
contains the electron density, and its 1o error at the impact parameter of the radio source
calculated assuming spherical symmetry of the cluster gas distribution. The error in the
electron density was determined from the x? error surface as described in § 4.4.1, through
Equation 2.29. Note, however, that it was not possible to fit a § model to Abell 569. The
method of determining the electron density, and associated error, at the impact parameter
of the radio source for this cluster is discussed in § 4.4.

The impact parameter for each radio source was determined from the ROSAT X-ray
centroids of the clusters, Table 4.1, and the radio source positions, Tables 5.6 and 5.7. In

general, the angular separation between two sources is given by
b=cos™'[sin §; sin & +cos &, cos 8y cos (o - az)], (5.6)

where a; and 4; are the right ascension and declination of the cluster, and a2 and 4, are
those of the radio source. Note, however, that the above equation breaks down when the
angular separation is very near 0° (or 180°), due to the fact that jcos b| is very close to one.
Therefore, for angular separations of less than ~ 10', the impact parameter was determined

from (Meeus 1991)

b= \/ﬁal —ag) cos & |2 + (8; — 82)2, (5.7)

where ¢’ is the average of the declinations of the galaxy cluster and radio source.

5.5 Radio Source Identifications

Identification of sources within the radio sample was mainly undertaken through the use
of NASA’s Extragalactic Database. For previously unidentified radio sources which fell
near galaxies of known redshift, the candidate galaxy and the radio source were further
examined in an image overlay for potential identification. In addition to the source name
and position in J2000 coordinates, Tables 5.6 and 5.7 provide alternate source names and
redshifts, where available, for the cluster and control samples respectively. The final
column in Table 5.6 contains a flag to indicate the line of sight position of the radio source,
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compared to the relevant galaxy cluster. An ‘e’ in the flag column indicates that the source
is a cluster member which is embedded within the ICM, while a ‘b’ indicates that the source
is identified as a high redshift, background source. Sources which have no identification do

no contain an entry in the flag column.
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Source Abell b RRM  carras ne(b)

kpc rad m~? 103 cm™?
0039+212 75 100 -6262 9.03 1.01%)3%
0040+212 75 480 -34.00 1095 0.19%9%
0042092 85 960 488 977 0.20%39%
0056013 119 280 -149.16 10.68 0.96%50%7
0057013 119 1020 1402 1017 0.1675g01
0126—-013a 194 140  94.22 1225 0.43%2977
0154+364 262 570 -202.36  4.31 0.1979:3%)
0245+368 376 630 -48.06 592  0.66%332
0257+130 399 280 -185.89 647  1.40%307

0318+419 426 550 6.17 1540 0.1113:98
0319-+415° 426 10 20694 37.04 6.94%032
0316+412 426 740 7494 926 0.07733%3
0434~-131 496 310 5291  6.69 0.80%333
0434—133 496 360 3580 673  0.629%
0709+486° 569 3 22074 775 16.0%5%°

0908~—100 754 1460 1235 943 0.11+%%%
0909—093 754 1010 -2047  9.16 0.22+00%4

0919+334 779 560 1655 838 0.08%00%¢
1036-267 1060 640  25.76 16.23 0.11}3:30
1037-270 1060 410 938 618 0.22%3003
1037281 1060 510 2521 819 0.16133%3
1039-272 1060 620 103.73 1151 0.11%30%3
1039-273 1060 530 103.99 633 0.15%0007
1133+490 1314 310 -50.38 640 035700}
1133+489A 1314 270 6805 642 0.4270(;
1145+196 1367 170 25746 1173  1.06103;
1650+-815L 2247 270 -131.75 856 0.1813%3
1650+815U 2247 200 -127.36 8.56 0.2570%

“The location of this source in the core of a cooling flow
cluster, combined with the Jow fractional polarization suggests
that the RRM listed severely underestimates the true RRM.

*The error associated with n. is determined from the uncer-
tainty in the determination of the X-ray clump size.

Table 5.4: This table presents the calculated residual rotation measures (RRMs) and associated error
for each source in the cluster sample. The table also indicates the cluster probed, the source impact
parameter and the projected electron density at that impact parameter for each source.
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Source Abell b RRM oraMm
kpc rad m™?
0033+064 76 4660 23.32 6.41
0035-+067 76 2770 -4.11 6.48
0038+071A 76 1600 -1.84 6.41
0038+071B 76 1200 20.80 6.43
0040-+072 76 1190 8.68 6.50
00414069 76 1070 9.34 6.41
0041+076 76 2220 2.90 6.42
0043-+060 76 3270 -19.00 6.43
0040098 85 1860 -19.17 10.02
0042078 85 4810 2.79 9.78
0042—080A 85 4360  -0.03 9.78
0042-080B 85 4290 3.90 9.77
0042098 85 1950 -17.32 9.77
0047095 85 4380 -14.07 9.77
0048—-022R 119 6200 -1.69 7.17
0048—022L 119 6160 -741 7.00
0049027 119 6230 -4.80 6.88
0050-033R 119 7180 9.02 6.88
0050-033L 119 7170 9.35 6.88
0052-011L 119 2380 5.90 6.99
0052-011U 119 2390 1.99 6.92
0102+020A 147 4230 -1.93 6.51
0102+020B 147 4090 19.61 26.02
0107+015 147 1840 4.59 6.76
0108015 147 1720 -4.17 6.51
01084028 147 1850 -5.95 6.51
0110+015 147 2260 448 6.66
0110+018 147 2000 13.26 6.51
01134027 147 3640 13.04 6.51
0108-006 168 5670 11.16 6.30
01134024 168 6010 9.17 6.19
0114000 168 1100 20.55 6.31
01154000 168 1000 12.04 6.82
0125-000L 168 7390 23.16 7.28
0125-000U 168 7370 23.30 6.63
0059+-001 194 8250 -0.94 8.25

Table 5.5: This table presents the calculated residual rotation measures and associated error for each
source in the control sample. Also indicated is the nearest Abell cluster and source impact parameter to

that cluster.



ROTATION MEASURE FITTING

145

Source Abell b RRM orem
kpc rad m~?
0106019 194 5880 -7.01 8.25
0122-063 194 6030 -4.48 8.52
0125-001 194 1560 12.85 8.27
01394015 194 55206 17.70 8.29
0238+049 400 7540 -22.32 6.38
025140620 400 2570 -32.20 6.25
02514-062L 400 2570 -27.43 6.26
0259008 400 8080 -19.26 6.32
0259-+077 400 2860 10.93 6.12
0301+074 400 2720 -16.65 6.39
0305-+056 400 3120 -13.19 6.15
0318+053R 400 8120 10.32 8.48
0318+053L 400 8140 -3.91 6.64
0259+139 401 1720 -20.37 7.05
0317+440R 426 3060 30.46 9.24
0317+440L 426 3080 35.45 9.25
0427-116 496 4650 0.94 6.74
0430-—-130 496 1670 -3.54 7.11
0436-133 496 1600 12.09 7.05
0439-113 496 5160 -14.58 7.12
0444-135 496 5560 441 6.73
0654-+503 569 3920 7.77 7.30
0658+492U 569 2390 -6.91 7.23
0701+497 569 2280 -5.38 7.26
0706+425B 569 8030 -24.64 7.24
0713+488 569 980 -10.08 7.39
0714+456 569 4070 -9.88 7.25
0728505 569 4820 -20.88 7.39
07124565 576 3470 2846 8.00
0713+579R 576 5800 -23.10 8.00
0713+579L 576 5790 -047 8.05
0723+548 576 2150 29.24 7.93
0906-—090 754 3120 9.38 9.24
0906—103 754 3460 -1141 9.06
0908-107 754 3610 -15.59 9.03

Table 5.5 — Continued
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Source Abell b RRM  orrm
kpc rad m~?
0913-092 754 3930 -11.56 9.09
0915+320 779 3020 16.25 847
0921+368L 779 4860 18.28 8.48
0921+368R 779 4850 -0.47 11.58
1023-278 1060 2480 -22.20 6.16
1059+283 1185 4930 3.57 13.35
1106+300 1185 3180 10.18 13.10
1107+288 1185 1590 1948  15.05
1108+279 1185 1810 -1.31 1317
1108+292A 1185 1430 -12.46 13.20
1108+292B 1185 1430 499 13.12
1109+289 1185 700 2.14 1342
11104293 1185 1260 5.74 13.18
1118+279A 1185 4080 -11.45 13.30
1118+280B 1185 3880 -0.83 1321
11254261 1185 8560 -22.97 13.10
1121+-501 1314 4990 1095 6.41
11474545 1383 610 -33.25 11.36

Table 5.5 - Continued
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Source D R.A. Dec. z Flag
J2000 hms ms

0039+212 MCG +03-02-021 00 39 42.58 +21 14 08.20 0.0579 e
0040+212 00 40 07.04 +21 13 46.49 -
0042092 PMN J0043-0913 0042 58.89 -091343.26 00766 b
0056~013 CGCG 384-032 00 56 02.70  -01 20 01.10  0.0425 e
0057-013 3C 029 00 57 3490 -012327.50 0.0448 e
0126~013a NGC 547/545 01 26 05.24 -01 13 09.90 0.0184 e
0154+364 73W200 01 54 51.44 +36 27 48.20

0245+368 02 45 05.06 +36 49 55.70

0257+130 02 57 37.18  +13 00 49.30

0318+419 NGC 1265 03 18 1541 +41 51 26.89 0.0251 b
0319-+415 NGC 1275 03 19 48.18 +41 30 41.80 0.0176 e
0316-+412 IC 310 03 16 43.16 +41 19 32.08 0.0189 e
0434131 04 34 10.37 -13 11 41.81

0434-133 GIN 190 04 34 09.15 -13 22 32.87 0.0346 e
0709-+486 NGC 2329 07 09 07.95 48 36 56.49 0.0193 e
0908-100 NPMIG -09.0307 09 08 04.21  -10 00 14.72 0.0533 e
0909-093 A0907-0910 09 09 30.27 -09 22 60.00 0.0585 e
0919+334 MG2 J091909+3324 09 19 08.80 +33 24 42.20

1036—267 10 36 36.04 -26 46 26.00

1037-270 10 37 39.79  -27 05 24.50

1037-281 10 37 18.99  -28 06 51.10

1039-272 10 39 41.08  -27 12 55.72

1039-273 10 39 23.69  -27 22 07.17

1133+490 IC 0708 11 33 55.79 +49 03 54.23 0.0320 e
1134+489A IC 0711 11 34 39.47 +48 58 18.96 0.0324 e
1145+196 NGC 3862 11 45 04.78 +19 36 45.59 0.0214 e
1650+-815L UGC 10638 16 50 3885 +81 323848 00382 e
1650+815U UGC 10638 16 50 58.46 +81 34 28.88 0.0382 e

Table 5.6: Radio source positions for each source in the cluster sample. For each radio position, the
source identification and redshift is listed, where available. The flag column indicates the line of sight
location of the identified sources refative to the cluster probed, ‘e’ indicates that the source is embedded
within the intracluster medium, and ‘5’ indicates that the source is a background probe.
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Source D R.A. Dec. z
J2000 hms °ms

0033-+064 4C +06.02 00 33 15.02 +06 28 16.25
0035+067 00 35 55.40 +06 45 07.80

0038+071A  PMN J0038+0712 00 38 08.44 +07 12 32.66
0038+071B  PMN J0038+07066 00 38 36.93 +07 07 08.66
00404072 PMN J0040+0716 00 40 23.33 +07 16 38.87

00414069 4C +06.03 00 41 32.54 +06 57 47.20
00414076 PMN J0041+0736 00 41 1232 +07 36 54.50
0043+060 00 43 37.88 406 02 00.75
0040098 MRC 0038~100 00 40 48.75  -09 48 33.91

0042-078 PMN J0042-0753 00 42 57.62  -07 52 47.62
0042-080A  PMN J0042—-0800 00 42 16.48  -07 59 35.16
0042-080B  PMN J0042—-0800 00 42 03.83  -08 00 39.16
0042--098 00 42 35.52  -09 52 03.58
0047-095 PMN J0047-0932 00 47 08.54  -09 32 07.33
0048—022R.  PMN J0048-0212 00 48 18.02  -02 13 07.80 0.5350
0048-022L PMN J0048-0212 00 48 22.18 -02 13 08.70 0.5350
0049-027 4C -03.02 00 49 45.74  -02 42 59.40
0050-033R  PMN J0050—0322 00 50 49.24  -03 22 23.60
0050-033L  PMN J0050-0322 00 50 50.48  -03 22 19.40
0052-011L PKS 0050-014 00 52 56.56  -01 09 15.90
0052-011U PKS 0050-014 00 52 56.70  -01 08 42.90

0102+020A 4C +01.01 01 02 15.03 +02 03 10.30
0102+020B 4C +01.01 01 02 26.51 +02 04 30.30
01074015 PMN J0107+0133 01 07 26.97 -+01 33 34.43
0108-+015 4C +01.02 01 08 38.77 +01 35 04.32 2.0990
0108+028 4C +02.02 01 08 24.89 +02 49 52.70

0110+015 PMN J0110+0131 01 10 04.56 +01 32 14.81
0110+018 7PMN J0110+0153? 01 10 43.54 +01 52 06.59

0113+027 4C +02.03 01 1217.11 +02 57 41.62
0108--006 4C -01.06 01 08 26.84  -00 37 24.10 1.3780
0113+024 PMN J0113+0222 01 1343.15 +022217.50 0.0470
0114+000 4C -00.07 01 14 29.61 00 00 36.80 0.3890
0115+000 4C -00.07 01 1527.71  +00 00 39.50
0125-000L 01 25 12.07 -00 01 53.40
0125-000U 012511.25 -000111.40
0059-+001 4C -00.06 00 59 05.51 +00 06 47.70 0.7170

Table 5.7: Radio source position for each source in the control sample. For each radio paosition, the
source identification and redshift is listed, where available.
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Source D R.A. Dec. z
J2000 hms °ms

0106—019 PMN J0106—-0155 01 06 23.02  -01 55 39.00 2.2010
0122-063 MRC 0120-065 01 22 31.89  -06 19 58.90
0125-001 MRC 0122-003 0125 28.86 -00 05 55.50 1.0700
0139+015 4C +01.04 01 39 57.30 +01 31 45.30 0.2600
0238-+049 02 38 40.03 +04 55 16.50
0251+062U 4C +05.12 02 5103.03 +061219.50
0251-+062L 4C +05.12 02 51 02.61 +06 11 35.70
0259--008 4C +00.11 02 59 00.41 +00 49 24.00
0259+-077 PKS 0256-+075 02 59 27.08 +07 47 39.64 0.8930
0301+074 4C +07.10 03 01 49.20 +07 25 13.40
03054056 PMN J0305+0537 03 05 32.21 +05 36 37.50
0318+053R  PMN J0318-+0518 03 18 26.45 +05 18 10.20
0318+053L PMN J0318+0518 03 18 30.65 +05 18 59.40
0259-+139 4C +13.17 02 59 38.29 +13 54 56.60 7 0.0748
0317+440R IRAS F03144+4350 03 17 40.85 +44 00 52.30
0317+440L TRAS F03144+4350 03 17 46.08 -+44 01 34.30
0427-116 MRC 0425-117 04 27 23.97 -11 40 19.00
0430130 MRC 0428-131 043031.59 -1301 23.84
0436-133 04 36 42.25  -13 22 09.89
0439113 04 39 57.12  -11 22 11.30
0444135 PMN J0444—1333 0444 23.24  -13 33 53.70
0654-+503 4C +50.19 06 54 10.56 +50 18 52.20
0658-+492U 06 58 46.68 +49 12 51.00
0701+497 07 01 03.82 +49 43 20.00
0706-+425B 0707 03.20 +42 32 48.69
0713+488 4C +48.20 07 13 27.93 +48 49 21.30
0714-+456 4C +45.13 07 14 31.06 +45 40 07.70
0728+505 4C +50.22 07 28 06.17 +50 34 43.60 0.3500
0712+565 07 125797 +56 31 03.50
0713+579R 8C 0709+579 0713 39.55 +57 51 09.90
0713+579L 8C 0709+579 0713 42.74 +57 51 16.50
0723+548 07 23 52.02 +54 49 10.90 .
0906—090 PMN J0906—0905 09 06 18.50  -09 05 50.11 "
0906—-103 PMN J0906-1020 09 06 05.02 -10 21 03.10 -
0908107 MRC 0905105 0908 04.41  -10 42 38.90

Table 5.7 — Continued
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Source D R.A. Dec. z
J2000 hms ‘ms

0913092 09133782 -0914 24.75
0915+320 7C 0912+3213 09 15 23.79 +3201 16.20
0921+-368L MG2 J092130+3652 09 21 32.60 +36 52 52.90
0921+368R MG2 J092130+3652 09 21 28.18 +36 52 39.70
1023278 PMN J1023-2749 1023 33.24  -27 49 07.50
10594283 7C 105642836 10 59 32.56  +28 20 01.60
1106+300 7C 1103+3017 11 06 24.15 +30 00 44.15
1107+-288 7C 110442910 1107 01.78 +28 53 11.25
1108+279 7C 1105+2814 11 08 16.58 +27 58 05.64
1108+292A 7C 11052930 11 08 25.75 +29 15 06.02
1108+292B 7C 110642930 1108 1994 +29 13 50.03
1109289 11 09 18.04 +28 55 45.17
1110+-293 7C 110742936 11 10 18.41  +29 20 16.85
1118+279A 7C 1116+2810 11 18 59.37 +27 54 11.98 0.0672
1118+280B 11 18 46.68 +28 02 55.98
1121+501 11 22 4435 +50 10 09.96
11474545 11471725 +54 34 55.70
1125+261 7C 1123+2626 11 25 53.71 +26 10 19.98 2.3410

Table 5.7 ~ Continued
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5.6 Summary

A detailed description of the rotation measure fitting, and error analysis for the radio sample
was presented in this chapter. Plots of the rotation measure fits for each source were shown
in Figures 5.3 and 5.4. The division of the sources into two samples was based on the
impact parameter of the radio sources compared to the outer radius of the X-ray emitting
intracluster gas. In order to determine the cluster contribution to the observed rotation
measure, the Galactic rotation measure was calculated toward each cluster, and removed
from the observed rotation measure for each source. Tables of the residual rotation measures

for the sources were presented, as well as identifications for sources in the radio sample.



Chapter 6

Rotation Measure Analysis

Overview: This chapter presents the analysis of the Faraday rotation measure data. As
explained in Chapter 3, the sample of extragalactic radio sources is divided into a cluster
sample, and a control. Section 6.1 compares the width of the rotation measure distribu-
tion of the cluster sample to that of the control sample to search for the signature of
an intracluster magnetic field. This section also investigates the radial distributions of the
observed rotation measure samples. The location of the Faraday rotating medium is consid-
ered in § 6.2, where the observed properties of the radio sample are used to place constraints
on the location of the medium responsible for the observed rotation measure distribution.
Section 6.3 discusses the consequences of selection effects introduced by targeting NVSS
sources. The final section, § 6.4, provides a summary of the main results determined from

this chapter.

6.1 Rotation Measure Analysis

The radio source sample observed for this thesis can be split into two separate populations,
based on the impact parameter of the radio source to the relevant galaxy cluster. Sources
lying at impact parameters which are interior the edge of the X-ray emitting gas for a
particular cluster are included in the cluster sample. The lines of sight to these sources
pass through the intracluster medium, and thus provide a probe for the intracluster magnetic
fields. The second population consists of radio sources at impact parameters beyond the
edge of the X-ray emitting gas, and are designated as the control sample. These control
sources provide the baseline for searching for excess Faraday rotation within the cluster
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sample. They are also included in the determination of the Galactic contribution to the
observed rotation measures. The dispersion in the RRM of the control sources also provides

a measure of the intrinsic scatter in the rotation measure of extragalactic radio sources.

6.1.1 Comparing the Cluster and Control Samples

One point to keep in mind during the comparison of the cluster and control rotation
measure samples is the large variation in sample sizes, which is largely a result of the
different volumes sampled. The cluster sample contains 28 sources distributed across
impact parameters between 3 and 1460 kpc. The median impact parameter for the cluster
sample is 445 kpc. The control sample, on the other hand, contains 89 radio sources
distributed at impact parameters between 610 and 8550 kpc. The median impact parameter
of the control sample is 3460 kpc. Figure 6.1 displays RRM histograms of the cluster and
control samples. This figure clearly shows that the RRM distribution of the cluster sample
is much broader that that of the control sample. One potential source of such a broadening
could be associated with the distribution of the errors in the two rotation measure samples.
In Figure 6.2, the distributions of the errors in the two samples are shown. The errors in
the cluster sample appear to be marginally broader, but this effect could not produce the
excess broadening seen in Figure 6.1.

To determine the statistical significance of the excess broadening, the Kolmogorov-
Smirnov (K-S) test was applied to the two data sets to test the null hypothesis that the two
samples are drawn from the same population. The cumulative K-S probability distribution
for the two samples is shown in Figure 6.3. Based on this cumulative distribution function,
the K-S test rejects the null hypothesis for these two samples at the 99.4% confidence level,
confirming the detection of excess Faraday rotation within the cluster sample. This Faraday

ezcess further indicates the presence of intracluster magnetic fields.
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Figure 6.1: The top panel displays the histogram of the residual rotation measure distribution for the
cluster sample, while the bottom panel displays that of the control sample. Comparing the width of
these histograms reveals a statistically significant excess rotation measure distribution within the cluster

sample.
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Figure 6.2: The top panel shows the distribution of the errors in the RRMs of the cluster sample while
the lower panel shows that for the control sample. Although the cluster sample is slightly broader than

the control sample, the difference cannot account for the observed RRM excess.



ROTATION MEASURE ANALYSIS 155

o o o
> (o)} @

cumulative KS probability

o
M

lelll]Ili‘ﬁrrI[l[l

control

-4

K-S test rejects null hypothesis —

of two samples from same population |

|

at confidence level of 99.4 % _

1 l | I N S | l L1 1 L I ] L ! 1 l A L 1 ] l 1

50 100 150 200 250
|IRRM| (rad m~2)

Figure 6.3: The cumulative Kolmogorov-Smirnov probability distribution is plotted for both the cluster

and control samples. Based on this probability distribution, the K-S test rejects the null hypothesis of

the two samples being drawn from the same population at a confidence level of 99.4%.
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6.1.2 Rotation Measure Distribution

The rotation measure distribution of the radio sources falling at impact parameters out to
6 Mpc is shown in Figure 6.4. The open points represent the radio sources in the cluster
sample, while the closed points represent the control sample. The error bars associated
with the RRM points are the 1o errors discussed in § 5.4. The residual rotation measure
distribution of the control sample has a mean of 0.1 + 1.6 rad m~2, and a standard devi-
ation of 15.1 rad m~2. The standard deviation of the control sample sets the significance
level for probing the radial distribution of the region of enhanced cluster-induced Faraday
effects. Although the mean of the cluster sample, —4.6 rad m~2, is not significantly differ-
ent from that of the control sample, the standard deviation, 113.8 rad m~2, is nearly an
order of magnitude larger.

The magnitude of the residual rotation measure distribution clearly increases toward
small impact parameters, reaching values of over 200 rad m~2 in the central regions of
the clusters. Given the confirmed detection of excess Faraday rotation toward the cluster
sample, the next question to consider is, to what impact parameter is the rotation measure
excess observed?

Although Figure 6.4 clearly indicates that there is excess Faraday rotation toward lines
of sight probing the central regions of galaxy clusters, it is difficult to determine the extent
of this Faraday excess from this figure. Determining a measure of the extent of the excess
rotation measure over a statistical sample of galaxy clusters is complicated by the intrinsic
variations in the radial distributions of the intracluster medium in individual clusters. For
instance, the RRM at a given physical impact parameter to an X-ray compact galaxy cluster
is probing a completely different specimen of cluster gas when compared to a source at the
same physical impact parameter to a cluster with very extended X-ray emission. To estimate
the extent of the rotation measure excess, Figure 6.5 displays the magnitude of the RRM
for the radio sample plotted as a function of the impact parameter expressed in units of
Rout, the maximum extent of the X-ray gas. The solid line at 15 rad m~2 represents the
1o intrinsic variation in extragalactic rotation measures as determined from the control
sample. Note that the majority of the RRMs for the cluster sample (b/R, < 1) are above
the 1o line out to the edge of the X-ray emitting gas. Although this statement is qualitative,

it is important to note that the rotation measure ezcess is not merely confined to the central
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Jraction of the galazy cluster, but, in fact, eztends to large radii within the cluster sample.
At this point, it is useful to take note of a couple of individual points within Figure 6.5,
which do not appear to follow the general trend.

e The source located at (b/R,, [RRM|) ~ (0.63, 202) is 0154+365, which probes
Abell 262.

e The two sources falling at (b/R,, |RRM|) ~ (0.81, 104), and (0.95, 104) are 1039-273,
and 1039-272, respectively. Both of these sources probe the intracluster medium in
Abell 1060.

The residual rotation measure for these three radio sources appears to fall well above the
general trend for sources at similar impact parameter within the cluster sample. Note,
however, that these sources are probing the intracluster medium of the two lowest redshift
galaxy clusters in the thesis sample. At the redshift of Abell 262, the PSPC field of view
of 2° provides a maximum radial extent of 1080 kpc, while at the redshift of Abell 1060,
the field of view probes a maximum radial extent of 780 kpc. The limitations provided by
the PSPC field of view, combined with the low redshift of these two clusters, suggests that
the maximum radial extent of the X-ray emitting gas in these clusters is underestimated.
If this is the case, the three sources indicated above would be shifted inward in Figure 6.5.
There is currently, however, no better estimate available for the radial extent of the X-ray
emission in these two galaxy clusters.

In order to smooth out some of the variations introduced by the uncertainties in the
measurement of Rgy, the radial distribution of the dispersion of the rotation measure
distribution has been plotted in Figure 6.6. The rotation measure dispersion was calculated
through the use of Tukey’s biweight estimator (Hoaglin et al. 1983), and is determined in
bins each containing 9 sources. The figure plots the dispersion as a function of the mean
value of the bin center in units of Rqy, together with the 20 confidence limits. Within this
20 confidence interval, the three central bins, which cover the cluster sample, fall above
the intrinsic dispersion in extragalactic rotation measures, as determined from the control

sample.
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Figure 6.4: The residual rotation measure (RRM) is plotted as a function of the source impact parameter
in kpc. The cluster sample is plotted with open points, and the control sample with filled points. The

width of the distribution shows a clear increase toward small impact parameters.
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Figure 6.5: The magnitude of the residual rotation measure of the cluster sample is plotted as a function
of the source impact parameter in units of Roy:, the outer radius of the X-ray emission. The solid line
at 15 rad m~? indicates the intrinsic variation in the rotation measure distribution of extragalactic radio
sources. The plot shows that the majority of the RRM measurements lie above the background level out

to the edge of the cluster gas distribution (b/Rouc=1).
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Figure 6.6: The dispersion in the RRM is plotted as a function of the mean impact parameter of the bin
in units of the outer radius of the cluster gas (Rou.). The dispersion is calculated for bins of 9 sources,
and the error bars represent the 20 confidence interval. The central three bins cover the sources in the
cluster sample, with the remainder of the bins representing the control sample. Note that the dispersion
in the cluster sample is well above that of the control sample, thus indicating that the Faraday excess

(and hence magnetic field) extends to the edge of the intracluster gas.
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6.2 Location of the Faraday Rotating Medium

Before estimating the magnetic field strength associated with the observed rotation measure
excess, it is necessary to consider all plausible locations for the origin of the excess. Recall
that the observed rotation measure is a sum of all rotation measure contributions along the
line of sight between the source and the observer. The potential Faraday rotation media
were briefly touched upon in § 5.4, where the Faraday rotation was considered to originate

from any combination of the following media:

o the local environment within the radio source

the local galactic medium

the intercluster medium

the intracluster medium

the interstellar medium within our Galaxy
e Earth’s ionosphere

Based on the arguments presented in § 5.4, and the clear correlation of the magnitude of
the RRM with the source impact parameter, it is possible to rule out all media but the
intracluster medium as the source of the observed Faraday excess. This does not, however,
provide a unique physical location for the origin of the Faraday excess within the clusters, as
there are several possible components within the intracluster medium which may generate

Faraday rotation:

e a mixing layer, within the radio source, of thermal cluster gas and the radio source

magnetic fields

e a dense sheath of thermal gas and intracluster magnetic fields surrounding embedded
radio galaxies

e magneto-ionic plasma filling the intracluster medium

The potential contributions from each of these components are considered below.
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6.2.1 Mixing Layer

The synchrotron emission from the radio sources under study indicates the presence of
magnetic fields distributed within the sources (§ 2.1.1). For the sources embedded within
the hot intracluster gas, it is possible that the thermal cluster gas may mix into the radio
plasma, causing internal Faraday rotation (§ 2.4.3). In this case, the radio emission from
the back of the source is rotated by a different amount from that on the near edge. In
the simplest geometry of a uniform slab of constant density and magnetic field through the
source, the Faraday depth increases uniformly from 0 at the forward edge of the radio source,
to ne B 45, at the far edge of the slab. The position angle of the polarized emission will
follow a A2 law with increasing wavelength, as shown by the dashed lines in Figure 2.1. The
solid lines in the figure show the decreasing behaviour of the polarized intensity in the case
of internal Faraday rotation. Toward long wavelengths, the polarization amplitude drops to
zero, and the position angle of the polarized emission jump discontinuously from /2 to zero.
This behaviour of internal Faraday rotation is characterized by severe depolarization of the
radio sources. This simple picture of a uniform mixing layer for the origin of the Faraday
excess can be ruled out by recalling that the radio sample does not display significant
depolarization, even at the relatively long observing wavelengths of 20 cm, (Figure 5.1).
In a more realistic geometry, the magnetic field and the electron density vary along the
line of sight through the radio source. The general trend found by Gardner & Whiteoak
(1966), for these non-uniform geometries, is that the zeros in the polarization amplitude
vanish, and the position angle no longer follows a A2 law, but turns over to approach 45°.
Note that the non-vanishing polarized intensity means that the depolarization in this case
is less severe than for the uniform slab. The majority of the sources in the cluster sample,
however, follow a A2 law very closely over more than 90° in position angle. It can therefore be

concluded that the majority of the observed Faraday ezcess is external to the radio sources.

6.2.2 Dense, Magnetized Sheath

Van Breugel et al. (1984) considered a shell of thermal cluster material surrounding embed-
ded radio sources. This shell could be generated through the expansion of the radio source
within the ICM. This expansion sweeps up the intracluster gas, and compresses it. The

magnetic fields associated with the radio source serve to decelerate the accreting, ionized
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gas in the Van Breugel model. This deceleration of the gas results in a clumpy bound-
ary layer of relatively high density surrounding the radio source. According to the Van
Breugel model, Rayleigh-Taylor and Kelvin-Helmholtz instabilities in the boundary layer
mix the thermal and synchrotron plasmas, thus creating a Faraday rotating medium. A
more detailed numerical simulation of this scenario, by Bicknell et al. (1990), predicts that
there should be large rotation measure excursions across the radio source. The scale of the
RM variations is the half-wavelength of the surface waves formed by the Kelvin-Helmholtz
instabilities, where the typical scale is estimated to be of order 4 kpc.

The current observations of the radio source sample presented in this thesis do not
provide the resolution necessary to detect these predicted rotation measure excursions,
and thus cannot rule out this model as a source of at least some of the observed Faraday
excess. Note, however, that a number of the high residual rotation measure sources in
the cluster sample are currently unidentified. The lack of optical identification for the
sources suggests that the sources are, in fact, high redshift background galaxies, and thus
presumably not embedded within the intracluster gas. Therefore, the high rotation measures
of these sources must originate in the diffuse, foreground iniracluster gas. Further, the

foreground intracluster gas must also contain magnetic fields.

6.2.3 Diffuse Intracluster Medium

The detection of cluster-wide synchrotron halos in a small number of galaxy clusters (Fer-
etti & Giovannini 1996), provides evidence for the existence of magnetic fields distributed
through the ICM in these galaxy clusters. It is not, however, known if the rarity of syn-
chrotron halos results from a general lack of strong magnetic fields within clusters of galaxies,
or from a paucity of energetic particles. Further evidence of the presence of maguetic fields
within the diffuse intracluster medium is presented in the work of Kim et al. (1991). In their
paper, Kim et al. find evidence, at a confidence level above 20, of excess Faraday rotation
in the RRM distribution of a sample of background-only radio sources. Further evidence
of the intracluster magnetic fields are provided by the observed rotation measure excess of
the background sources within the sample of this thesis. Note, however, that the study by
Hennessy et al. (1989) found no evidence of excess Faraday rotation toward galaxy clusters
for a sample of background-only radio probes.

The question of what constraints the current sample places on the presence of an intr-
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acluster magnetic field is considered next. This question is addressed through Figure 6.7,
which shows the magnitude of the RRM plotted against the projected electron density at
the impact parameter of the radio source for each source in the cluster sample. This figure
shows that the RRM values are correlated with the intracluster gas density. This correla-
tion further indicates that the RRMs are related to the intracluster medium, although the
nature of this relation is not unique. One interpretation of this correlation could be that the
lines of sight through the cluster gas are indeed probing the general intracluster magnetic
fields. It is also possible, however, that the correlation is more directly related to the mag-
netized sheath model described above. To resolve this issue, the data for embedded sources
are plotted in Figure 6.7 with open circles, while the remaining (background) source data
are plotted with filled circles. This separation of the source population shows that both
samples display similar correlations between the magnitude of the RRM and the projected
intracluster electron density. This persistence of this correlation suggests that the residual

rotation measures are at least partially tracing an overall intracluster magnetic field.
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Figure 6.7: The absolute magnitude of the residual rotation measure is plotted as a function of the
projected intracluster electron density at the impact parameter of the radio source for the cluster sample.
The open points represent the embedded sources, and the closed points indicate the background sources.
The similar trends of increasing |[RRM| with increasing n, for the embedded and background samples

points toward the diffuse ICM as the origin of at least part of the observed Faraday excess.
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6.3 Sample Selection Effects

The radio targets selected for follow up polarimetry for this thesis were identified from the
NVSS survey. The observations for this survey were undertaken within the 20 cm band at
the VLA, with a resolution of 45”. This combination of long wavelength, low resolution
observations introduces a selection effect into the target sample. A radio source viewed
through a foreground region of highly tangled magnetic cells would be severely depolarized
in the NVSS survey. Such a source would not meet the polarization criteria required by the
target selection in this thesis.

These highly depolarized sources are generally located in the central regions of galaxy
clusters, with associated rotation measures of over 500 rad m~2. It could be argued that
selection against these high rotation measure sources results in a sample which is biased
toward probing lines of sight through fairly ordered magnetic fields. As the magnetic field
strength scales inversely with the square root of the coherence length of the field (for a
given rotation measure) the field strengths presented in this thesis should be considered

lower limits.

6.4 Summary

This chapter examined the rotation measure distribution of the radio source sample with
a goal of providing a basic framework for understanding intracluster magnetic fields. The
results from the chapter were mainly based on comparing the distribution of the RRMs of
sources viewed through the intracluster gas (the cluster sample), to that of sources viewed
beyond the detectable X-ray edge of the gas (the control sample).

Comparing the rotation measure distribution of the cluster sample to that of the con-
trol sample provided clear evidence of excess Faraday rotation toward the sources in the
cluster sample. Further, the Kolmogorov-Smirnov test rejected the null hypothesis of the
cluster and control samples being drawn from the same parent population at the 99.4%
confidence limit. It was therefore concluded that the observed Faraday excess was indeed
tracing the effects of a magnetic field associated with the intracluster medium.

The radial variation and extent of the observed Faraday excess helps to distinguish
between models of the distribution of the intracluster magnetic fields. The residual rotation
measures of the cluster sample showed a radially decreasing distribution from absolute
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magnitudes of ~ 200 rad m~2 in the central regions of the clusters, to background levels
of around 15 rad m~? near the outer edges of the clusters. The dispersion in the rotation
measure distribution plotted as a function of radius indicated that the excess broadening
of the distribution extends out to the edges of the X-ray emitting gas. This was therefore
interpreted as indicating the widespread presence of magnetic fields, within the intracluster
medium, out to the edges of the thermal cluster gas.

Although the data indicated a statistically significant excess Faraday effect toward lines
of sight through the intracluster medium, there are several possible media which may be
responsible for this excess. Based on the depolarization properties of the radio sample, and
the fact that the data were well fit by a A? relation, the mixing layer model of thermal gas
within the synchrotron boundaries of the radio sources was rejected as the source of the
majority of the observed Faraday excess. Another possibility for the Faraday rotating media
was a dense sheath of magneto-ionic material built up around radio galaxies embedded
within the intracluster gas. Although the resolution of the source sample was insufficient
to detect the predicted Faraday variations for this model, the presence of excess Faraday
rotation along lines of sight toward background radio probes indicated that these sources
were tracing magnetic fields in the general ICM. Also, the absence of any small rotation
measures at small impact parameter in the cluster sample further supports the diffuse ICM
as the origin of the Faraday excess.

The conclusion that the Faraday excess originates in the diffuse intracluster medium was
further supported by the comparison of the magnitude of the residual rotation measures
with the projected intracluster electron density. The high redshift background radio sources
followed the same distribution as sources embedded within the intracluster gas, indicating
that the Faraday excess was not local to the source, but was universal to the foreground
intracluster medium.

Based on the results from this chapter, the magnetic field estimates presented in the
next chapter are determined under the assumption that the Faraday rotating medium is
associated with the general intracluster gas. Note that for a given residual rotation measure,
the inferred magnetic field strength for the intracluster origin model will be lower than that
inferred from the magnetized sheath model, due to the longer path length through the
Faraday rotating gas in the former model. The application of the intracluster origin model
to the data therefore provides a conservative estimate for the associated magnetic field
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strength.



Chapter 7

Intracluster Magnetic Fields

Overview: This chapter develops an overall picture of the distribution of the intracluster
magnetic fieids which produce the observed rotation measure excess. Section 7.1 investi-
gates the nature of the geometry of intracluster magnetic fields. Several models for the
distribution of magnetic fields within the ICM are considered, and the predictions from
each model are compared to the observed properties of the cluster sample. Based on these
models, a range of magnetic field strengths for lines of sight toward the radio sources are
presented in § 7.2. Although the majority of the radio sources within the cluster sample are
marginally resolved, there are a few sources which have sufficient resolution to permit Fara-
day mapping of the rotation measure structure. The rotation measure maps of four sources
observed through the ICM of three Abell clusters are presented in § 7.3. The final section
in this chapter, § 7.4, summarizes the main results from the analysis of the intracluster

magnetic fields.

7.1 What is the Nature of the Intracluster Magnetic Field

Distribution?

In order to interpret the RRM distribution for the radio sources, it is necessary to have a
physical picture of both the electron density distribution, and the magnetic field structure
within the intracluster medium. In this section, several possible models of the intracluster
magnetic field structure will be explored. For each model, the underlying assumptions are
discussed, and the predictions of the rotation measure distribution are compared to the

169
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observed rotation measure distribution to assess the applicability of the model to the data.
Note that the magnetic field strength referred to in Equation 2.40 is the component of the
magnetic field parallel to the line of sight. The magnetic field distribution in the intracluster
medium is likely to have components perpendicular to the line of sight, which would, on
average, increase the overall field by v/3 from By.. The magnetic field strengths discussed
within this chapter, therefore, refer to the total field, unless otherwise indicated.

7.1.1 “Uniform Slab” Intracluster Field

The simplest model for the magnetic field within the intracluster medium is the uniform
slab model. In this model, the magnetic field has a constant strength and direction over the
entire path through the intracluster medium. The electron density can also be assumed to be
uniform, although more physically it is generally modeled as a King profile, Equation 2.29.
The mean line of sight magnetic field strength at impact parameter b to the cluster centroid

is given by /i ‘
3|RRM
811.97n.(b) €paen

B(b) = V3 < By >= uG, (7.1)

where £pan is the path length in kpc through the intracluster gas. This model further
assumes that the magnetic field within the intracluster gas has a filling factor of one. In this
picture, the rotation measure distribution would be expected to increase, with increasing
electron column density through the intracluster medium. This prediction can be compared
with Figure 7.1, where the magnitude of the residual rotation measure for the cluster
sample is plotted as a function of the electron column density along the line of sight to the
radio source. This figure shows a clear trend of increasing magnitude of the RRM with
increasing electron column density, as predicted by the uniform slab model. Note, however,
that there does not appear to be a single field estimate which is appropriate for the sample
of clusters studied. The three solid lines on the plot provide the range of magnetic field
strengths required to constrain the majority of the observations under this model. This plot
shows that the uniform slab model is broadly consistent with the observations, for magnetic
field strengths between 0.1 and 1.5 uG. Note, however, that high resolution Faraday maps of
extended radio sources often show small scale structure in the rotation measure, indicating
that the field is not uniform on all scales.
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Figure 7.1: The absolute magnitude of the residual rotation measure is plotted as a function of the
electron column density along the line of sight to the radio source. The error bars represent the 1o errors
on RRM, and N.. The three solid lines at magnetic field strengths of 1.5, 0.5, and 0.1 uG show the
predicted relation, at each of these field strengths, for the uniform slab model.
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7.1.2 Tangled Cells

Perhaps a more realistic model for the distribution of intracluster magnetic fields is a geom-
etry where the field direction is constant within some cell scale, £, and varies randomly
from cell to cell. Such a field geometry was considered in the statistical rotation measure
study of Lawler & Dennison (1982), and could be generated by galaxy motions as discussed
by Jaffe (1980).

Rotation Measure Distribution

Consider, initially, a configuration where the magnetic field strength is uniform throughout
the Faraday cells. The observed rotation measure in the tangled cell model is generated
by a random walk process, where each cell along the line of sight contributes a rotation
measure of

RMe; = 81197, B" Leell- (7.2)

For a random distribution of many such cells, the average line of sight magnetic field will
be zero as there will be an equal number of cells with fields pointed toward, and away from
the observer. The expectation value for the observed rotation measure in an ensemble in

this geometry is (Lawler & Dennison 1982)

The variance for a line of sight through a cluster which experiences a random walk in

RM through many cells is (Lawler & Dennison 1982)

811.9° L -
Thn = —5—Llea f n2(b)B2, (b)de rad m2. (7.4)
For a random walk through A Faraday cells, the observed rotation measure is related to

the rotation measure of the Faraday column with a uniform magnetic field by

RMcol

RMobs = m ’ (7'5)

while the Faraday column rotation measure is related to the individual cell rotation measure

by RM., = RMN, thus the observed rotation measure is related to the cell rotation
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measure by

RMyps = RMce \/‘A_f (7.6)

This equation follows from Equation 7.4, and simply states that the typical rotation measure
observed is the root mean square value.

For a path length of 1 Mpc through the ICM, and a typical cell size of 10 kpc, the
observed rotation measures of 200 rad m~2 at small impact parameter corresponds to a
magnetic field strength of order 5 uG in the cells. This cell field estimate places that
magnetic pressure within the cell at 10% of the local ICM gas pressure. As the lines of
sight toward radio sources probe larger impact parameters, the equipartition magnetic field
strength within the cells would drop due to the declining ambient gas pressure. Further, if
the tangling of the intracluster magnetic field is indeed a result of turbulence from galactic
wakes, one would expect that the tangling frequency would increase toward the central
regions of galaxy clusters, where the galaxy density is highest. Thus, in the turbulent wake
model, the radially decreasing magnetic field strength would be accompanied by a radial
increase in the cell sizes.

Next consider what the rotation measure distribution of a tangled cell model, with
radially increasing cell size, would look like. For radio sources probing the outer regions
of such a distribution, the line of sight would pass through a small number of randomly
distributed cells, and, on average, the observed rotation measure would only be slightly
higher than that produced in a single cell. On the other hand, lines of sight passing through
the central regions of this distribution would encounter many Faraday cells. The observed
rotation measure toward the central regions would therefore be increased by a larger amount,
compared to that from individual cells. In this case, the rotation measure distribution would
be expected to increase from moderate values near the outer edges of the cluster gas, to
fairly large values at small impact parameters through the cluster core. This prediction
is in agreement with what is seen in Figure 6.5, and observed toward the central regions
of cooling flow clusters (Ge & Owen 1994; Taylor et al. 1994) where the observational
trend is for the residual rotation measure to significantly increase toward small impact
parameters. It is also interesting to note the lack of small rotation measures at small
impact parameters. This distribution indicates that either the filling factor of the cells
is near unity, or alternatively, that the cluster also contains a large scale, ordered field
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such that all lines of sight experience Faraday rotation. Further evidence for a large scale
field is discussed in § 7.3. The combination of tangled cells plus a uniform component is

investigated below through the rotation measure dispersion.

Polarization Properties in the Tangled Cell Model

It is worth considering what effects a tangled cell model, with radially varying cell size,
would have on the polarization properties of the radio sources. The main issue to consider
is that an observation of a radio source through a region of many small-scale Faraday
cells will be depolarized at long wavelengths, through beam depolarization (§ 2.6.1). This
depolarization is not, however, observed within the cluster sample (Figure 5.1) which
indicates that the lines of sight probed are not dominated by small scale Faraday features.
A detailed discussion of the depolarization created by a foreground screen is given in Burn
(1966). Note, however, that the study by Tribble (1991) indicates that the depolarization
predicted by the Burn model was severely overestimated at long wavelengths. Based on
the Tribble results, the tangled cell model is therefore not ruled out by the depolarization

properties of the radio sample.

Rotation Measure Dispersion

For a line of sight passing through an intracluster medium filled with cells of randomly
distributed magnetic field directions, the observed rotation measure distribution would be
a Gaussian with a mean RM given by Equation 7.6, and the variance given by Equation 7.4.

The projected electron density, at the impact parameter of the radio sources, has been
determined for each source in our sample. It is therefore possible to calculate the rotation
measure dispersion of the sources in units of BeenvZeen. Using the 20 confidence limits
for the (binned) rotation measure dispersion of the cluster sample (the first three bins in
Figure 6.6), the radial distribution of Bcejjv/Zcey for the cluster sample can be determined.
Assuming that the magnetic field strength within the ICM follows a radial distribution
such that the magnetic pressure in the individual cells is some fraction of the ambient gas
pressure:

Bl

—& =~ ankT, (7.7)
87

the radial distribution of cell sizes can be recovered.
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A reasonable approach to estimating the magnetic field strength would be to assume that
throughout the cluster, the magnetic pressure reaches some uniform fraction of the ambient
gas pressure. Taking the scaling constant a=0.1, the associated magnetic field represents
the limiting case where the magnetic pressure begins to be dynamically important within
the ICM. The field strengths determined for this scaling constant are given in Table 7.1 for
each of the embedded sources. Using these field strengths, and binning the data into radial
bins containing nine sources, as in Figure 6.6, the radial distribution of the cell sizes, and
the associated bin centers (in units of the outer radius of the gas distribution) are estimated

as

02 < ecgu <1l kpc, < b/Ro >=0.13 (7-8)
21 < £ <108 kpe, < b/R, >=0.44 (7.9)
224 < £l <1140 kpe, <b/Ry, >=0.81. (7.10)

This predicted radial distribution of cell sizes is unique as it represents the first estimate of
the radial distribution of Faraday cells within the ICM. Further, the cell scales presented
herein represent the only estimate of cell sizes outside the cores of galaxy clusters. Note,
however, that these cell scale estimates are based on a very simplified model and are simply
intended to provide a first order estimate of the physical distribution of the Faraday cells.

Consider next, a situation where the magnetic pressure is in equipartition with the local

gas pressure throughout the cluster. The cell estimates become

0.02 < & <0.08 kpe, <b/Ry;>=0.13 (7.11)
21 < €,y <104 kpc, <b/R,>=0.44 (7.12)
17 < £ <86 kpe, <b/Re >=0.81. (7.13)

The small cell sizes within the central regions of the ICM are consistent with estimates from
high resolution Faraday mapping (Feretti et al. 1999).
7.1.3 Cluster Dynamo

A more complex model of the intracluster magnetic fields can be developed by invoking
dynamo effects. Eilek (private communication) has pursued the possibility of a turbulent
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dynamo within the intracluster medium. In the case of helical turbulence, inverse cascades
could generate and support fields on scales much larger than the turbulence scale. The con-
ditions required for helical turbulence are that < v -V x vy >#0or <b; -V x b; >#0,
where v;, and by are the turbulent velocity and magnetic field, respectively. Eilek solves
the dynamo equation, and finds that the magnetic fields for the higher order modes, m >
2, are

B(ri o (r/Ap)™ ! r < rmax (7.14)
B(r) o (r/Ap)™! > Tmax (7.15)

where Ap is the length scale of the dynamo solution, and rpax =1.4mAp.

The predicted rotation measure structure for the Eilek model has fluctuations on scales
of 2-3 Ap, which corresponds to 40-60 kpc. This model further predicts that there will be
a rapid decrease in the rotation measures beyond the cluster core due to the r~! scaling.
Additionally, in all but the m=1 mode, the maximum field strength occurs at an impact
parameter of several 10’s of kpc from the cluster cores. The higher order modes, therefore,
have a central hole in the magnetic field structure which produces a signature of maximum
rotation measure at an impact parameter of several tens of kpc from the cluster core. Nu-
merical simulations by Eilek also show that for a statistical sample of Faraday observations,
the dynamo model predicts that the rotation measure distribution will range between zero
and an envelope maximum which is determined by the properties of the dynamo. The ob-
served distribution, on the other hand, shows that the central rotation measures fall on what
appears to be an unfilled envelope, with the largest values observed at the smallest impact
parameters. This discrepancy suggests that the dynamo model for intracluster magnetic

fields is not the source of the majority of the observed Faraday excess.

7.1.4 Summary

Although the rotation measure analysis presented in Chapter 6 indicates that the majority
of the observed Faraday excess originates within the intracluster medium, a model of the
field distribution is necessary to interpret the RRM-impact parameter distribution. The
simplest model for the magnetic field distribution is a geometry where a field of uniform
direction fills the entire intracluster medium. The observed RRM distribution is constrained
by the uniform slab model for field strengths between 0.1 uG and 1.5 uG.
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The presence of turbulence within the intracluster medium (e.g. galactic wakes and
merger effects) would tend to disrupt a uniform field and produce a distribution which can
be characterized by Faraday cells. A line of sight passing through a simple tangled cell
distribution would be characterized by a Gaussian distribution with a zero mean and radi-
ally decreasing rotation measure. The dispersion in the observed rotation measures places
constraints on the product of BeejvZen. Using the X-ray properties of the intracluster
medium, the magnetic field strength at the impact parameter of an embedded radio source
can be estimated from the local ICM gas pressure. By assuming that the magnetic pressure
reaches some constant fraction of the gas pressure throughout the intracluster medium,
the radial distribution of the magnetic field strength was estimated. Combining this field
strength with the RRM distribution allowed the tangling scale of the field can be recovered.
Although the estimated cell scales for the outer regions of galaxy clusters remain to be
observationally verified, the small, < 1 kpe, cell scales estimated for the central regions are
similar to the observed Faraday scales determined from high resolution Faraday mapping.

The final distribution considered for the intracluster magnetic fields relies on a dynamo
effect to maintain the fields. The predictions of an offset in the maximum rotation measure,
and a filled envelope of rotation measures, are not supported by the observed rotation
measure distribution.

In conclusion, the observed rotation measure distribution was found to be broadly con-
sistent with the predictions from a uniform slab model. In addition, the tangled cell model
was also found to adequately reproduce the observed distribution, and was further used to
make predictions about the radial distribution on cell scales within the intracluster medium.

7.2 Magnetic Field Estimates

In this section, the estimates of the intracluster magnetic field strength derived from the
two models supported by the observations, the uniform slab model, and the tangled cell

model, are provided.

7.2.1 Uniform Slab Model

The intracluster magnetic field estimates for the uniform slab model are determined from
Equation 7.1. The field estimates across the cluster sample range from 0.02 to 5 uG for
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lines of sight toward the radio probes. The magnetic field strength determined from this
model for each source sightline is listed in Table 7.1.

7.2.2 Tangled Cell Model

The intracluster magnetic fields have also been modeled for a foreground screen composed
of a number of Faraday cells. Based on the observed rotation measure dispersion, the scale
length of the Faraday cells along the line of sight can be determined if the radial distribution
of the magnetic field strength is known. The field strength, and associated cell sizes were
determined from the assumption that the magmetic pressure within the individual cells
reaches some fraction of the ambient gas pressure. The cell sizes in three radial bins were
determined for the equipartition magnetic field strength, as well as the field strength derived
from setting the magnetic pressure to be 10% of the local gas pressure. The magnetic field

strengths determined for these two distribution are listed in Table 7.1.
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Pg=0.1P,, | Pg =P,
Source RRM ogrpm b Bgaw 8., Beell 9By | Beell B
rad m—? kpc uG uG uG
0039+212 -62.62 903 100 021 0.03 35 0.7 11.1 21
00404212 -34.00 1095 480 048 0.20
0042-092 4.88 9.77 960 0.02 0.02
0056—013 -149.16 10.68 280 0.21 0.02 48 03 15.1 0.2
0057—-013 1402 10.17 1020 0.14 0.10 1.9 0.1 6.2 0.03
0126—013a 94.22 1225 140 0.87 0.10 i.6 02 48 0.1
0154+364  -202.36 431 570 1.63 0.03
0245-+368 -48.06 592 630 0.40 0.05
0257+130 -185.89 6.47 280 0.12 0.003
0318+419 6.17 1540 550 0.03 0.03 1.7 0.2 52 0.1
0319+415 206.94 37.04 10 0.02 0.003 13.3 0.1 419 0.03
0316+412 74.94 926 740 0.78 0.10 1.3 0.01 42 0.1
0434—-131 52.91 669 310 0.07 0.01
0434—133 35.89 6.73 360 0.14 0.02 3.1 0.1 99 0.2
0709+486 -229.74 7.75 3 0.09 0.003 9.5 25 30.0 8.0
0908—-100 12.35 943 1460 0.26 0.19 2.0 0.01 64 0.1
0909—-093 -20.47 9.16 1010 0.14 0.07 2.8 003 9.0 02
0919+334 16.55 838 560 2.08 1.06
1036—-267 25.76 1623 640 2.20 1.39
1037-270 9.38 6.18 410 0.09 0.05
1037-281 25.21 8.19 510 042 0.14
1039-272 103.73 11,51 620 5.16 0.57
1039-273 103.99 633 530 196 0.12
1133+490 -50.38 640 310 045 0.05 2.7 0.1 83 0.2
1133+489A 68.05 642 270 0.50 0.05 29 0.1 9.2 0.2
1145+196 25746 11.73 170 0.50 0.02 4.0 0.03 126 0.2
1650+815L -131.75 856 270 191 0.12 1.8 0.2 5.7 0.7
1650+815U -127.36 856 200 1.30 0.09 2.1 03 6.6 0.9

Table 7.1: Magnetic field estimates for the uniform slab model (Byan), and for the cell model (Been)

where the magnetic pressure traces the gas pressure. The field strength in the cell model has been

calculated at two values of the scaling constant, Pg = 0.1Pyas, and Pp = Pgas.
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7.3 Faraday Mapping of Extended Sources in Three Galaxy

Clusters

The majority of the radio sources studied in this sample are only marginally resolved.
Although ideally one would like to have a large sample of well resolved radio probes to study
the intracluster medium, the increased integration times required for such a study make it
unfeasible. There are, however, several socurces within the sample which are sufficiently
resolved to permit Faraday mapping of the rotation measure structure. Each of these
sources is discussed briefly below.

The rotation measure maps for each source were determined from the individual-frequency
position angle maps by blanking the final image where the flux in the total intensity image
was less than five times the noise level on the map. Further blanking on the rotation mea-
sure map removed all regions where the position angle error in any one map was greater

than 30°, unless otherwise indicated.

7.3.1 Abell 75

This section presents the Faraday maps of two polarized radio probes which are viewed
through the intracluster medium of Abell 75. One source, 0039+212, appears to be a
double lobed source, but is rather unique in that the lobes are very diffuse and weak, even
at high resolution. The second source, 0040+212, appears very compact, with a slight

east-west elongation visible.

00394212

It is interesting to note that although this source displays a double-lobed morphology,
there is no evidence of radio hotspots within the lobes, even at high resolution. An optical
identification by Owen et al. (1995) places this radio source within the intracluster medium
of Abell 75. This source is located at an impact parameter of 100 kpc from the cluster
core. The rotation measure map for this source, Figure 7.2, shows a somewhat patchy RM
distribution. The majority of the source is covered by rotation measures of order --100
rad m~2, although there are several patches with rotation measures around 100 rad m~2.
The histogram of the rotation measure distribution, Figure 7.3, displays a double peaked
distribution. The majority of the source is characterized by a distribution with a mean
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of —62 rad m~2, and dispersion of 40 rad m~2. The small scale Faraday features seen in
the figure are characterized by a distribution with mean +99 rad m~2, and dispersion 15
rad m~2. Note that the Galactic rotation measure toward this source is —14.5+3.7 rad m—2.

The overall properties of the RM map indicate the presence of large scale order, although
there is a Faraday patch of significantly different rotation measure (~ 100 rad m~2) located
across the western lobe. The width of this Faraday feature is approximately 13", which
corresponds to a linear scale of approximately 14 kpc at the redshift of the source. The
fact that this Faraday feature does not correspond with any features in the total intensity
map of this source, suggests that the feature is generated in the foreground medium, and
is superimposed on the source.

The dispersion in the rotation measure for a random walk through N cells is

811.9
ORRM = —Tie < B2 >Y2 feq N2, (7.16)

V3

The line of sight to 0039+212, which is at an impact parameter of 100 kpc from the cluster
core, passes through approximately 600 kpc of the intracluster medium. Assuming this
foreground medium is filled with randomly distributed cells with a typical scale of 14 kpc,
Equation 7.16 estimates a field strength of 1.0 £ 0.5 4G for each cell. This estimate places
the field within the cell at approximately 20% of that required for dynamical importance
within the ICM. Note, however, that the assumed distribution of the entire foreground path
filled with cells of 14 kpc scale is fairly unlikely. A more realistic estimate of 200 kpc for
the path through the region of cells tangled on a scale of 14 kpc increases the estimated
field strength in each cell to approximately 1.7 u4G.

00404212

The second, more compact, source imaged in Abell 75, is 0040+212, which is seen at
an impact parameter of 480 kpc from the cluster core. There is no optical identification
available for this source, and an examination of the POSS plates does not reveal an optical
counterpart. The lack of optical ID, and the compact size of this source suggest that it
is a high redshift radio source which is being viewed through the foreground intracluster
medium. The rotation measure map, Figure 7.4, shows a very smooth rotation measure

over the majority of the source. There is some evidence on the northern edge of this source
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of a small patch of positive rotation measure of order 50 rad m~2. The rotation measure
histogram for this source, Figure 7.5, shows a non-Gaussian distribution with a long tail
to negative rotation measures. The mean rotation measure from the histogram is —51
rad m~2, and the dispersion is 46 rad m™2.

Once again, the overall rotation measure distribution is fairly uniform over this radio
source. A slice through the Faraday patch in the northern region of the source estimates
the observable width to be approximately 12”, which corresponds to a scale of 13 kpc at
the redshift of the galaxy cluster. Using the complete path length through the intracluster
medium to 00404212, Equation 7.16 yields a field strength of 5.1 + 1.3 uG. At the point of
highest intracluster gas density along the line of sight to this source, the magnetic pressure
from a field of strength of 5.1 4G is in equipartition with the ambient gas pressure. A larger
scale length for the Faraday cells toward this source, as might be expected for the larger

impact parameter, would result in a decrease in the estimated field strengths.

Summary for Abell 75

Both radio sources probing the intracluster medium in Abell 75 display large-scale ordered
rotation measures. Further, the sign, and magnitude of the rotation measures for the two
sources are nearly identical. In fact, the rotation measure histograms in Figures 7.3, and

7.5 display remarkably similar distributions:

e The histograms of 0039+212, and 0040+212 indicate a large peak centered on rotation

measures of —62, and —51 rad m~2, respectively.

e The measured dispersions in the RM distribution for the two sources are 40 and 46

rad m—2.

e Although both Faraday maps display a general trend of ordered RMs, there is also
evidence with both maps of Faraday patches of significantly different RM.

e The Faraday patches observed across 0039+212 and 00404212 have rotation measures
of order +100 rad m~2 and +50 rad m~—2, respectively.

o The estimated scales of the Faraday patches calculated for the two sources, assuming
that the feature is at the redshift of the galaxy cluster, are 14 kpc, and 13 kpc. Note,
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however, that the location of the Faraday patch on the edge of 0040+212 only permits

a minimum estimate of the scale.

The similar rotation measure distributions observed for these two sources located at
widely different impact parameters within this cluster strongly argues for the origin of the
Faraday excess within the foreground intracluster medium. The additional indication that
one source is embedded within the ICM, while the other is a background source, together
with the superimposed Faraday features, serve to further strengthen the arguments for a

foreground Faraday screen which contains large scale, ordered magnetic fields.
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Figure 7.2: Rotation measure map of 00394212 in Abell 75. Note that the majority of the radio source
is covered by rotation measures of order —50 rad m~2, although there is a rotation measure patch of
+100 rad m~2 toward the upper hotspot.
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Figure 7.3: Histogram of rotation measure distribution for 00394212 in Abell 75. This histogram clearly
displays both the large negative rotation measure peak, and the small positive peak associated with the
rotation measure patch.
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Figure 7.4: Rotation measure map of 0040--212 in Abell 75. The majority of this compact source displays
rotation measures around — 45 rad m~2, although there is some evidence for a positive rotation measure
patch on the edge of the source.
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Figure 7.5: Histogram of rotation measure distribution for 0040+212 in Abeli 75.
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7.3.2 Abell 119

The presence of three extended, polarized radio sources at impact parameters within the
boundary of the thermal cluster gas makes Abell 119 an ideal cluster for the study of the
radial distribution of intraciuster magnetic fields. Although a recent paper by Feretti et al.
(1999) provides a more detailed analysis of the intracluster medium within this cluster, a
brief outline is presented below of the rotation measure distribution of one of the central
radio galaxies. Note that the blanking on the position angle error for this source was relaxed
to 40°. The purpose of the relaxed blanking is to provide some insight into the rotation
measure distribution in the outer regions of 0056—013, as the relaxation of the position angle
error by 10° reveals rotation measure features in the tail of this source, but does not alter
the rotation measure distribution of the central region of 0056—013. The results presented
for the outer regions of this radio source should therefore be regarded with caution due to

the increased uncertainties involved.

0056-013

This source displays a classical narrow-angle-tail morphology, and is identified as a cluster
member. The source falls at an impact parameter of approximately 280 kpc from the X-
ray centroid of Abell 119. The rotation measure distribution for this source, shown in
Figure 7.6, has a fairly ordered structure across the source, to a distance of approximately
2!5, or 118 kpc, from the cluster core. Beyond this region, there are large variations in
the RM through the tail of the radio source. Figure 7.7 displays the rotation measure
histogram of the central ~120 kpc of this source. The central RM distribution is double
peaked, and runs from —300 rad m~2 to +100 rad m~2, with the majority of the pixels
displaying negative rotation measures. The mean rotation measure in Figure 7.7 is —116
rad m~—2, and the dispersion is 75 rad m~2.

Figure 7.8 displays the rotation measure histogram for the positive Faraday features
within the tail of 0056—-013. The choice of plotting only positive RMs in the histogram
was designed to more clearly display the distribution of the positive features. The mean
RM determined from the histogram is 486 rad m~2, and the dispersion is 91 rad m=2.
The typical scale of the Faraday patches in the tail of this radio galaxy is 12", which
corresponds to a physical scale of 10 kpc at the redshift of the cluster. Using this scale
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length in Equation 7.16, the rotation measure dispersion of the positive Faraday features
predicts a magnetic field strength of 1.6 + 0.6 4G in the tail region of this source. The
RM dispersion across the head of this source finds a similar field strength of 1.3 & 0.6
uG. Note, however, that this source is highly depolarized, which indicates that the true
structure of the Faraday screen in not being resolved, thus these magnetic field estimates
should be considered a lower limit on the field strength. Comparing these field strengths
to the values calculated for dynamical importance, we find that the estimates are ~ 20% of
the dynamically significant field strength.

Summary for Abell 119

The embedded radio source 0056—013, probing the central regions of the intracluster medium
in Abell 119, displays fairly ordered rotation measures over scales of over 100 kpc. The ro-
tation measure distribution presented here can be compared to that presented in Feretti et
al. (1999). Comparing the Faraday map in Figure 7.6, with their Figure 12, shows similar
distributions of uniform negative RM in the central regions, with an increasing patchiness
containing positive RMs through the tail region. The rotation measure histograms shown
in Figure 7.7, and the Feretti et al. Figure 13, display a nearly identical double peaked RM
distribution. Although both histograms show RMs ranging from —300 rad m~? to +100
rad m~2, the histogram presented herein displays a significant increase in the height of the
more negative of the two peaks. The higher resolution available to Feretti et al. permit
them to estimate the tangling scale of the Faraday screen to be 3 kpc.

The Feretti et al. paper also investigates two other radio sources in Abell 119. One
source, 0056—012, is located closer to the X-ray centroid of the cluster, while the other
source, 0057—013, is located on the periphery of the cluster. Feretti et al. find a maximum
rotation measure of 450 rad m~2 for 0056—012, and 30 rad m~2 for 0057—013. They find an
average rotation measure of 4 rad m~2 for 0057013 which is consistent with the rotation
measure of ~ 10 rad m~2 presented in this thesis. Note, however, that 0056—012 was
not included in the source sample for this thesis as it is severely depolarized at the NVSS
wavelength of 20 cm, and thus did not fit the radio source selection criteria described in
§ 3.2.1. Feretti et al. point out that both the radio source depolarization and observed
rotation measure increase with decreasing impact parameter for the sources in this cluster.

They interpret this polarization behaviour as the results of a foreground, tangled intracluster
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Faraday screen with a magnetic field strength of order 5-10 uG.
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Figure 7.6: Rotation measure map of 0056—013 in Abell 119. The rotation measures in the head of
this source range from approximately 0 rad m~2 to —200 rad m~2, while the tail displays very complex
rotation measure patches with large positive rotation measure regions visible.
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Figure 7.7: Histogram of rotation measure distribution for the central regions of 0056013 in Abell 119.
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Figure 7.8: Histogram of rotation measure distribution for the tail of 0056—013 in Abell 119 scaled to
display the rotation measure distribution across the positive Faraday patches.
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7.3.3 Abell 2247

The X-ray image of Abell 2247 displays a very elongated, clumpy morphology. The radio
probe for this cluster lies in a region near one of the X-ray clumps, and falls well within the
boundary of the X-ray emitting gas.

16504815

This source displays double lobed morphology, and is identified with a galaxy in the group
UGC 10638, which lies at the redshift of A2247. The impact parameter for 1650+815 is
270 kpc. Unlike the previous sources, the Faraday map of this source, Figure 7.9, displays
a significant patchiness, with only a few regions of fairly uniform rotation measure. The
distribution of the Faraday features is similar for both the northern and southern lobes,
although the features do not appear to correlate with any total intensity structure for the
source. The histograms shown in Figures 7.10, and 7.11, display the RM distributions across
the southern and northern lobes, respectively. Both histograms display a non-Gaussian
distribution in rotation measure with the majority of the RMs concentrated around —100
rad m~2. There is also a weak distribution in both lobes of RMs around 150 rad m~2. The
mean rotation measure in the southern lobe is —75 rad m~2, and the dispersion in this lobe
is 142 rad m~2. The northern lobe has a mean RM of —35 rad m~2, and a dispersion of
122 rad m—2.

The typical scale of the rotation measure features in 1650+815 is ~ 10”, which corre-
sponds to a physical scale of 7 kpc at the redshift of the cluster. The estimated magnetic
field strengths from the rotation measure dispersions are 22 + 3 G, and 14 + 2 uG, for
the southern and northern lobes respectively. These field estimates correspond to a mag-
netic pressure which is well above the ambient gas pressure. Note, however, that both the
rotation measure and X-ray distributions used in these calculations are very complex, thus

the field estimates should be regarded with caution.

Summary for Abell 2247

The rotation measure distributions across the lobes of 1650+815 display similar, but com-
plex, signatures. Each lobe contains several Faraday features, with only a fairly small region
of uniform Faraday rotation visible. The complex nature of the Faraday distribution for
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this source makes it difficult to determine reliable magnetic field estimates from the Faraday

maps.
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Figure 7.9: Rotation measure map of 16504815 in Abell 2247.
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Figure 7.10: Histogram of rotation measure distribution for the southern lobe of 1650815 in Abell 2247.
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Figure 7.11: Histogram of rotation measure distribution for the northern fobe of 1650+815 in Abell 2247.
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7.4 Summary

In this chapter, several possible models for the distribution of magnetic fields in the intr-
acluster medium have been considered. The predictions from each model were compared
to the observed rotation measure distribution. Fitting the RRM observations to a uniform
slab model, which assumes that the ICM is filled with magnetic fields of constant strength
and direction, provides a range of magnetic field strengths between ~ 0.5 uG, and ~ 1.5
pG for the majority of the sources. The presence of turbulence within the intracluster
medium is, however, likely to disturb intracluster magnetic fields, and generate a tangled
field distribution. A simplified view of this tangled field distribution considers the ICM to
be filled with Faraday cells of uniform size, where the magnetic field varies randomly in
direction from cell to cell. The rotation measure excess for the sample studied in this work,
combined with the depolarization ratios calculated for the sources, argue for a magnetic
field distribution which contains both large and small scale magnetic fields. Assuming the
magnetic pressure in the region around embedded sources traces the gas pressure, the rota-
tion measure dispersion indicates a radial increase in the cell size from the central regions
to the edges of the galaxy clusters. Further, the cell sizes predicted for the central regions
of the clusters are in agreement with the scales determined from high resolution Faraday
mapping studies of cluster core sources. The final model considered for the field distribution
was the dynamo model, however, the predicted rotation measure distribution for the model
does not reproduce the observed distribution, thus this model was not further considered.
Estimates of the magnetic field strength for the uniform slab model can be compared
to the field strengths required for dynamical importance in (Pg > 0.1Pg;), or equipartition
with (Pg = Pgag), the intracluster gas pressure. In general, a uniform slab model predicts
magnetic pressures in the intracluster medium which are only a few percent of the local
gas pressure. On the other hand, in a tangled cell model, dynamically significant magnetic
pressures are predicted for Faraday cell sizes similar to those determined in the literature.
To further probe the structure of intracluster magnetic fields, Faraday maps were pro-
duced for four extended radio sources viewed through the ICM of three Abell clusters.
Although the maps varied from source to source, the general trend across the four sources
indicated a large scale ordered intracluster field (scales > 100 kpc), in which smaller scale
Faraday features (scales ~ 10 kpc) were embedded. The presence of the observed Faraday
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patches, and ordered structures, support a model in which the intracluster magnetic field
consists of tangled cells, or flux ropes, which have a variety of scales along the line of sight.
The data in this Chapter confirms that the “uniform slab” model is ruled out. Hence |B| <
1 4G is also ruled out.



Chapter 8

Discussion and Future Work

8.1 Summary of Thesis Results

This thesis investigates the nature of intracluster magnetic fields through the Faraday effect.
The magnetic fields are revealed through the wavelength-dependent rotation of the position
angle of polarized synchrotron emission, as it propagates through the magnetized, ionized
region. Multi-frequency radio observations, toward polarized radio sources, provide a means
of determining the magnitude of the Faraday rotation.

The observed rotation measure is a linear sum of the individual Faraday rotations from
all magneto-ionic media along the line of sight between the radio source and the observer.
In order to isolate any individual contribution to the rotation measure, all potential sources
of Faraday rotation must be considered and removed (corrected), or otherwise accounted
for. The presence and magnitude of an intracluster contribution to the corrected rotation
measure is then determined by comparing the magnitude of the observed Faraday effect
of sources viewed through the intracluster gas (cluster sources), to that of sources which
are not influenced by the intracluster medium (control sources). Once the magnitude
of the intracluster contribution to the Faraday excess has been determined, the magnetic
field strength required to produce the observed excess can be estimated, provided that the
geometric distribution of the magnetic fields is known.

201
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8.1.1 Main Issues

Although evidence for the presence of magnetic fields within the intracluster medium is
fairly common in the literature (Lawler & Dennisonr 1982; Kim et al. 1991; Goldshmidt &
Rephaeli 1993; Ge & Owen 1994; Taylor et al. 1999), there are many important questions
about the nature of these magnetic fields which remain unanswered. This section addresses

three of these questions which have been investigated in this thesis:

e What is the location of the Faraday rotating component within the intracluster

medium?

e What is the geometric distribution of the magnetic fields within the dominant Faraday

component?
o What is the radial extent of the dor:i.nant Faraday component?

These issues have remained open due to the combination of sparse data, and the dependence
of Faraday rotation on the product of the intracluster electron density and the line of
sight magnetic field strength - parameters which are likely to display a radial dependence.
A further complication introduced by turbulence within the intracluster medium is the
tangling scale associated with the magnetic fields.

This thesis takes advantage of the relatively recent availability of the NRAO VLA Sky
Survey (NVSS) archive, and the ROSAT archive, to resolve a number of the complications
described above. Follow-up polarimetric observations, at four to six wavelengths, of NVSS
targets provide a relatively large statistical sample of Faraday rotation measures. Unlike
previous statistical studies which generally relied on (sometimes poorly determined) rotation
measure estimates from the literature, the rotation measure estimates presented within this
thesis have been systematically determined for a carefully selected set of wavelengths. The
availability of sensitive ROSAT X-ray observations for each galaxy cluster presented in
this thesis provides the first opportunity to incorporate the individual intracluster electron
density distributions into the rotation measure analysis. This individual-source decoupling
of the product of the electron density, and line of sight magnetic field, further simplifies
the analysis of the magnetic field distribution. Finally, the results from Faraday mapping
of four sources presented in this thesis, combined with Faraday mapping results from the
literature, yield estimates of the tangling scale for comparison with the calculated radial
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distribution.

8.1.2 Location and Extent of the Faraday Rotating Medium

Comparison of the width of the residual rotation measure distribution of the cluster sources,
to that of the control sources, reveals a statistically significant Faraday excess in the cluster
sample. The width of the residual rotation measure distribution of the control sample was
found to be ~ 15 rad m~2, while the width of the cluster sample increased from this
background level at the outer edge of the cluster, to a width of ~ 115 rad m™?2 in the
central regions of the cluster. The radial distribution of the residual rotation measures
indicates that the Faraday excess extends to the edges of the X-ray emitting intracluster
gas. These results are the first strong evidence of the widespread distribution of intracluster
magnetic fields to the boundary of the intracluster medium. Previous statistical studies of
the Faraday excess toward galaxy clusters were not able to determine the radial limits of
the excess, due to a lack of available X-ray distributions. Further, Faraday mapping has
been mainly confined to sources in the central regions of clusters, thus, again, providing
little information on the extent of the Faraday excess. An exception to this, is the work by
Ferettiet al. (1999) on Abell 119, where the large radial extent of the intracluster magnetic
fields is suggested by the Faraday rotation measure images of three extended sources that
are located at impact parameters between 190 and 1500 kpc.

Based on the excellent fits of the position angles to a A2 law across both thesis samples,
and the lack of internal depolarization, the majority of the Faraday excess is concluded
to originate external to the radio sources. Further, the similar radial distributions of the
RRMs for the embedded and background radio sources indicates that the majority of the
Faraday excess originates in the diffuse intracluster medium, rather than a magnetized
sheath surrounding the radio sources. The origin of the Faraday excess in the foreground
ICM is further supported by the correlation of the RRM with the projected electron density,
as similar correlations hold for both the embedded, and background sources.

8.1.3 Intracluster Magnetic Field Distribution

The radial variation and width of the observed residual rotation measure distribution indi-
cate that the intracluster magnetic field contains both small scale structure, and large scale
order. The field distribution was investigated through a simple model which considered the
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intracluster medium to be composed of tangled cells of magnetic field. In this model, the
magnetic field direction varies randomly from cell to cell, and the field strength is uniform
within a single cell, but varies radially throughout the cluster. Through a parameterization
of the magnetic pressure by the X-ray determined gas pressure, the approximate radial
distribution of the intracluster magnetic field strength was estimated. This magnetic field
strength, combined with the residual rotation measure distribution, provides the first es-
timates of the radial variation of the cells sizes. In the central region of the clusters, the
tangling length of the fields is found to be < 1 kpc. This tangling scale increases to over
100 kpc toward the outer regions of the cluster gas distribution. The small central tan-
gling scale estimated from these results are in good agreement with the measured tangling
lengths from Faraday mapping of extended radio sources in the central regions of clusters.
For example, studies by Feretti et al. (1995, 1999), Taylor & Perley (1993), and Ge &
Owen (1993) indicate that the foreground Faraday screen contains structure on scales of
a few kiloparsec in the central regions of clusters. Note, however, that the tangling scale
estimates presented in this thesis for the outer regions of the clusters represent the only
information available on the Faraday cells at these large radii.

Faraday mapping of radio sources in three Abell clusters confirms the picture presented
above. In general, the Faraday maps display ordered rotation measure structures over scales
of ~ 100 kpc, although the maps also display Faraday patches on scales of order 10 kpc.
The magnetic field strength in the foreground intracluster medium, determined from the
Faraday mapping results, was found to be ~ few uG for sources in two of the clusters, while
a field strength of ~ 15 uG was estimated for the third cluster. Note that these magnetic

fields may, in fact, be dynamically important within the intracluster medium.

8.2 Fitting the Pieces Together

Intracluster magnetic fields have been investigated through numerous techniques in the
literature. There is now sufficient information available to begin considering how these ob-
servatious fit together in the overall picture of the intracluster magnetic field distribution.
Developing a detailed picture, and fitting these results into it, is, however, a complex under-
taking, which is beyond the scope of this thesis. Instead, this section presents a summary of
some of the results available in the literature, and considers a broad overview of how these
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results might fit together.

8.2.1 Observations

There are several observational approaches to measuring the intracluster magnetic field. An
overview of the theory behind these approaches is given in § 2.4. Below, the magnetic field
strengths, or limits, determined from these observational approaches are summarized. Note,
however, that this section is not intended to provide a complete review of the literature,

but rather a sampling of a variety of the observations.

e Synchrotron haloes, equipartition: Minimum energy estimates of magnetic fields
associated with synchrotron haloces find equipartition magnetic field strengths of order
0.5 uG (Feretti & Giovannini 1996) extend over regions of ~ 500 kpc through the

intracluster medium.

e Synchrotron haloes and inverse Compton: Upper limits on inverse Compton
emission from clusters (Hanisch 1980; Ensslin & Biermann 1998) places lower limits
of order 0.1 uG on the strength of the volume-averaged intracluster magnetic field
strength. Recent evidence of the detection of IC from synchrotron halo clusters (Fusco-
Femiano et al. 1999; Bagchi et al. 1998), predict volume-averaged field strengths of ~
0.15 uG.

e Statistical Faraday Studies: Comparing Faraday rotation measures of sources
viewed through the ICM to those beyond the edge of the cluster gas (Lawler & Den-
nison 1982; Kim et al. 1990; Kim et al. 1991; Goldshmidt & Rephaeli 1993) yields
intracluster magnetic field estimates of order 1 G, tangled on scales of order 10 kpc.
Further, these magnetic fields are generally found to extend to large cluster-centric
distances. Note, however, the study by Hennessy et al. (1989), based on high redshift
radio probes, found no evidence of intracluster magnetic fields.

e Faraday Mapping: High-resolution Faraday mapping directly images the structure
of the Faraday screen. The majority of the Faraday mapping results (Dreher et
al. 1987; Ge & Owen 1993; Taylor & Perley 1993) concentrate on extended sources
embedded in the cores of cooling flow clusters. These results indicate magnetic field
strengths of order 50 uG, tangled on scales of a few kpc. Feretti et al. (1999) find
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similar field strengths and tangling scales for a source located at a slightly larger
impact parameter in Abell 119.

8.2.2 Emerging Picture

The overall consensus from the results of this thesis and the literature appears to be that
magnetic fields are a common property of all X-ray galaxy clusters, and probably all clusters.
Further, these magnetic fields appear to extend from the cluster core out to the edge of
the X-ray emitting gas. The geometry of the magnetic fields must contain both large scale
ordered features (to produce non-zero RMs), and small scale tangled features (observed in
Faraday mapping). The magnetic field strength associated with the uniform component of
the fields is predicted to be of order 1 uG, while the highly tangled component probably
reaches values of 50 uG, at least in the central regions of the clusters. Although a field
strength of 1 4G is probably not dynamically important, a field strength of 50 uG almost
certainly is. In general, these observations appear to be consistent with a picture of the
intracluster medium filled with magnetic cells, where the cells have a radially increasing
scale length.

The observational picture is similar to the picture emerging from the theory. Simula-
tions of magnetohydrodynamic turbulence indicate that the magnetic fields are generally
organized into elongated filaments or flux ropes through a plasma (Nordlund et al. 1992;
Miller et al. 1996). A line of sight passing through a region containing magnetized fila-
ments would likely experience a random walk in rotation measure similar to that in the cell
model. Note, however, that the lack of observations of Faraday holes toward galaxy clusters

indicates that the covering factor of the magnetized filaments must be near unity.



DiscussioN AND FUTURE WORK 207

8.3 Future Directions

The overwhelming picture developing from a variety of observations is that the intracluster
medium contains widespread magnetic fields. Despite, or perhaps because of, the growing
body of observations, there are several fundamental questions which remain unanswered.

Does the Faraday excess truly originate from magnetic fields embedded in
the diffuse intracluster medium? Although indications from this thesis and the litera-
ture point toward the diffuse intracluster medium as the source of the Faraday excess, the
presence of embedded sources in the Faraday samples leaves the issue unresolved. A solu-
tion to the issue would be provided by a large Faraday sample of background radio probes,
preferably located behind clusters in which embedded sources display a Faraday excess.

What is the radial distribution of the tangling length of the intracluster
magnetic field? The first estimates of this distribution are provided in § 7.1.2 of this
thesis. A more direct approach to determining the radial distribution of the field coherence
length is to undertake high resolution Faraday mapping of extended sources located at
impact parameters beyond the core radius of clusters. This approach provides a direct
mapping of the Faraday scale at the impact parameter of the source.

Do magnetic fields influence the dynamical evolution of galaxy clusters, and
if so how? The influence of intracluster magnetic fields on the dynamics of the cluster gas
will depend on both the field strength and structure. A magnetic pressure > 10% of the
local gas pressure will likely have dynamical significance on the evolution of the intracluster
medium. A partial answer to this question will therefore be determined by the answers to
the two questions posed above. The question of how the fields influence the evolution of
the clusters is best addressed through comparison of Faraday studies of high redshift galaxy
clusters, to the currently available low redshift samples.

Further issues to address include: What is the origin of intracluster magnetic fields?
What role to magnetic fields play in the development of cooling instabilities in clusters, and
how do the cooling instabilities influence the magnetic fields? How is the morphology of
embedded radio galaxies influenced by the intracluster gas? What effects do cluster mergers
have on the intracluster magnetic field distribution?

Beyond the observational investigation of intracluster magnetic fields, the theory must
also be developed. The growing awareness of the nearly universal presence and dynamical
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importance of magnetic fields in astrophysics has been driven by observation. A full un-
derstanding of the implications of these observations on the inferred properties of galaxy

clusters requires a combination of numerical and theoretical follow-up.

The larger one’s ignorance, the stronger the magnetic field.
Woltjer, Noordwijk, 1966
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