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ABSTRACT 

Gdaxy clusters represent the largest gravitationdy bound objects in the universe. De- 

tailed morphological studies of galaxy clusters indicate that they are relatively young ob- 

jects, current ly 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 aisa 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 intraciuster medium, suppress thermal conduction, 

which may lead to the omet of cooling instabilities, and magnetic fields may even bias the 

initial mass function of star formation. Therefore, in order to understand the overdl 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 pmbing intrac1uster magnetic fields relies on the Faraday 

rotation effect. As luiearly polarized radiation passes through a magneto-ionic region, the 

rotation of the plane of polarization dlsplays a characteristic wavdength dependence. 

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

rotation toward a sample of nearby galaxy dusters. A cornparison of the Faraday rotation 



- - 

measures of sources viewed through the intracluster medium, to the rotation measmes of 

sources falling beyond the edge of the X-ray emitting gas, reveals the presence of excess 

Faraday rotation in the former sampie. 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 mode1 of Faraday cells distributecl through the intracluster 

medium. An analysis of the clus ter impact parame ter distribution over the rotation measure 

sample indicates that the Faraday ce11 scales vary boom < 1 kpc in the central regions of 

the clusters, to over 100 kpc at large impact parameter. Further, the rotation measure 

distribut ion indicates the widespread existence of intracluster magnet ic fields out to the 

edges of the X-ray emitting gas. The overd distribution of magnetic field strengths interred 

nom the data suggests that the fields may play a dynamically important role in the evolutioa 

of galaxy clusters. 
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Chapter 1 

Introduction 

Magnetic fields (and their inevitable offspring fast particles) ara 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 signis~a~lce of this clustering was not hlly understood at t hat time. Systematic cluster- 

ing studies, undertaken in the early to mid 20th century (e.g. Wolf 1906, Shapley & Ames 

1932, A b d  1958, and Zwicky, Herzog & Wild 1968), catalogued cluster positions, richness 

and other optical properties, and showed that galaxy clusters are gravitationdy bound 

systems. It was not until more recently, however, that the diff'e thermal and relativistic 

plasma components of gaiaxy clusters were identified thmugh X-ray and radio observations. 

Eûrly X-ray observations toward galaxy clusters with the ühuru 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 nom various missions revealed that the emission 

is mainly fiom thermal gas at temperatures of 10'-108 K, and densities of 10"-  IO-^ cmw3 

(Sarazin 1992). The X-ray emission traces the cluster potential, and thus the d a c e  bright- 

ness distribution can provide some information on the physical state of clusters (Jones & 

Forman 1992); relaxeci, non-interacting clusteni oRen reveal a profile which is strongly 

peaked in the central regions (cooling-flow), while the more disturbed, interacting galaxy 

ciusters have a much shallower central X-ray profde. Sime the majority of the X i a y  emis- 

sion is due to thermal bLemSSfrahlung, the X-ray surface brightness distribution refiects the 



plasma density distribution within the cluster. 

Radio observations toward galaxy clusters reveal the presence of both embedded radio 

galaxies as weii 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 fkirly symmetric regions of 

extended (400-600 kpc) , diffuse, steep spectrum synchrotron emission ( Feret t i & Giovannini 

1996) located in the central regions of clustem. 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) i tself. The presence of t his difïuse synehro tron 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 ai. 1998; bco-Femiano et al. 1999), and the presence 

of intracluster rnagnetic fields is revealed thmugh their effects on polarized radio probes 

(Kim et al. 1991; Feretti et al. 1995). 

As the polarized emission passes through a magnetirecl, ionized region, the plane of po- 

larization of iinearly polarized synchrotron emission is rotated through the Faraday e k t .  

Radio polarimetry therefore provides a rotation measure estimate aloog lines of sight t e  

ward polarized radio sources. This rotation measure is proportional to the electron density 

weighted magnetic field dong to iine of sight to the radio source. Combining the rotation 

meosure with the X-ray determîned 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 c m  have strong effects on the cluster 

dynamics. These décts  are due to the faet that the intracluster medium is composed of 

a plasma of free electrons and ions, whose motion is tied to magnetic field lines. A regbu 

of high rnagnetic field strength wil l  &ectively rdect  electrons back into low field regions. 

Further, tangled magnetic fields u d l  signiscantly dter the diErnion t h e  for t b  déxtrom 

in the intracluster medium. This section briefiy considers aome of the dynamical effects 



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 cooiing flows, where the gas in the 

central regions of the clusters is cooler thm the gas further out (Forman 1988). Due to 

the short timescaie required by t hermai conduct ion to erase these temperature gradients, 

there must be some mechankm in place which suppresses the thermal conduction. This 

suppression mechanhm is generally considered to be taagled magnetic fields. 

The motion of the electrom 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 l989). hirther, the magnetic fields embedded 

within the cooling flow are expecteà to be stretched, and compresseci by the idowing 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 clustem are amplified 

(> 20pG) over that in the outer regions. This magnetic field amplification rnay be the k t  

direct evidence of motion within cooüng flow cores. 

hirther 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 ta 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-Esrrude & Babul 1995; Makino 1997). An additional implication noted 

by Loeb & Mao is that the magnetic pressure support could shüt  the mass to light ratio to 

higher values, and thus increase the estimates of R. 

One of the mysteries remaining about coohg  flows is what happens to the p which has 

pileci up in the centrai regions of the cluster. Conversion of the materiai înto massive stars 

would result in a detectable blue emission component in the cores of cooling Bow dusters. 

Although there is some evidence of star formation aaivity in cooiing cores (Men 1995) the 

emîssion does not account for the amount of materiai which haa been deposited into the 

cooling core. It has therefore b e n  suggested that the star formation in these cooling flow 



regions must be biased toward low mass stars. The role of intracluster magnetic fields in 

biasing the initial mass fiuiction (MF) has been investigated by hiaça k Jafelice (1999). 

They conclude that magnetic fields embedded in cold shr-forming clouds in the cooüng 

flow can reproduce the observationally predicted radial bias in the MF. 

1.2 Overview of Previous Statistical Faraday St udies 

One of the k t  statistical surveys of the Faraday rotation of a sample of Abell clusters 

was performed by Dennison (1979). In order to seardi for excess intracluster Faraday 

rotation measure, he examined the rotation measures of 16 sources located within and 

behind 16 gdaxy clusters and compared this to the rotation measure sky at high Galactic 

latitudes. Unfortunately, due to the limited availability of polarized radio sources t O 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 iu Lawler k Dennison (l982), where 

a Faraday excess of - 50 rad m-* was observed for sources viewed through the intracluster 

medium of 24 cluster, as compared to those beyond the uifluence of the cluster gas. Baaed 

on Monte Car10 simulations, Lawler & Dennison concluded that their resuits were consistent 

with an intracluster magnetic field strength of .- 1 pG. Fhrther, they suggested that these 

fields were taogled on scales of order 15 kpc. 

Hennessy et al. (1989) studied a sample of high redshift radio probes behind relatively 

low redshif't Abell clusters. This study determined the rotation measures for 16 radio 

gaIaxrCes which were viewed through the intracluster medium at impact parameters srnder 

than one-quarter of a modified Abeil radius (equivalent to - 500 kpc). The determination 

of the source rotation m e m e s  for the Hennessy et ai. sample was obtained fkom a fit 

to four 20 cm wavelengths which they selected to provide unambiguous rotation measures 

up to appraahately 600 rad m-*. A statistical comparison of their central radio probes, 

with radio sources at impact parameters beyond the edge of the cluster p, placeci an 

upper lïmit of 55 rad m-* on any excess cluster-induced Faraday rotation. Hemessy et ai. 

therefore condudeci that there is no evidence for excess Faraday rotation attributable to 

the intracluster medium. As with the previous studies, however, these results snffered fÎom 

a smali sample size. 



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 dong Lines 

of sight toward gdaxy clusteni compared to a control sample located beyond the edge of 

the intracluster gas. Their study examineci 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-* in the central regions of the dusters. 

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 examinhg the effects of potentid 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 hirther, as yet unaddresseci, complication with the Kim et al. sample is the unknown 

X-ray properties of many of the clusters probed. A reexamination of the Kim et al. clusters 

shows that a number of the clusters probed were not detected in X-rays by E~NSTEW. This 

lack of X-ray flux indicates that those clusters are either very poor clusters or are not 

gravitationaiiy 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 signiscant intracluster gas component. It is therefore important 

to iimit statistical Faraday rotation measure studies to clusters which are known to be 

gravitationdy 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 Faraàay signal. The uncertainties introduced by the unknown intracluster 

gas distribution are therefore eliminated in this thesis thmugh selection of a cluster sample 

with known X-ray properties. 



1.3 This Thesis 

This thesis undertalces a statistical Faraday study of magnetic fields in clusters of galax- 

ies. The goal is to address some of the fundamental questions conceming the nature of 

intracluster magnetic fields. The main questions that are addresseci are: 1s there statisti- 

cally significant evidence for the preaence of exceag 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 rotathg medium which gives rise to the Faraday 

excess? What is the structure of the magnetic fields within the Faraday rotating medium? 

Insights into the answen to these questions are determined from the combina tion 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 polarha- 

tion observations of radio sources viewed toward a sample of 24 low redshift Abel1 clusters. 

The radio sample war 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 polarisation 

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 preaence of both magnetic 

fields and kee 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 o d e w  of the ROSAT satellite and X-ray obeervations. 

This Chapter also provides a detailed disniseion of the X-ray andysis pmcedure, as well as 

the plots of the surface brightness proHes for the cluster sample, and tables of the cluster 

properties. 

The rotation measure fitting procedure for the radio sample studied in this thesis is 



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 

sampb. 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 gdaxy cluster. 

The questions of the presence, extent, and location of the Faraday roiating medium are 

adàressed in Chapter 6. Cornparison of rotation measures of the sample of sources which 

are viewed through the intracluster medium, to those of sources beyond the infiuence of 

the cluster gas reveals a statisticdy significant Faraday excess in the former sample. This 

Faraday excess is traced to the outer edge of the thermal intraduster medium. l?urther, 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 

mode1 predictions to the observed properties of the radio sample. One of the predictions 

from this Chap ter is t hat the coherence lengtb of intracluster magnet ic fields inmeases 

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 scaie order, and s m d  scaie 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 deveiops the picture 

of the intracluster magnetic fields by fitting these results into the overall lramework which 

has been developed in the literature. The final section of this Chapter outlines some of the 

fùndamental 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-' M~c-', 

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 mechmisms, provides an overview of the 

synchrotron, t hermd bremsstrahlung, and inverse Compton processes as t hey apply to the 

regimes of interest. The following section, 5 2.2, provides a brief overview of the clasaifi- 

cation of extragaiactic radio sources. The physicd properties of the intracluster medium 

are outlined in 5 2.3. The methods used to probe intracluster magnetic fields are discussed 

in 5 2.4, while the following section, 5 2.5, outlines the relevant interferometry theory thnt 

underiiea much of the work in this thesis. The interferometry section covers the theory of 

total intensity observations and polarization observations. The polarbation theory is wcit- 

ten in terms of coefficients observed with the VLA intderometer, 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 

disnisses instrumental depolariaation effects which are relevant to VLA observations, and 

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

2.1 Emission Mechanisms 

2.1.1 Synchrotron Radiation 

Synchrotron radiation (also knoani as magnetobremsstrahiung) is generated by chargeci 

particles gyrating about magnetic fields. The en- of the partide is distributed arnong 

the harmonies of the gyration hquency; for an ultra-rdativistic popuiation of electrons the 



harmonies are so ciosely spaced that the spectnun 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 diarged particle moving relativistically 

in a magnetic field, has motion described by 

- 1/2 
where 7 = (1 - $) is the Lorentz factor. These equatioris describe helical motion of 

the particles, which is a combination of d o m  motion dong the field h e s  and circular 

motion around the field lines. 

Following the notation of Rybicki & Lightmaa (1979), for an isotropie distribution of 

pitch angles (angle between the magnetic field and the particle velocity) , the total emitted 

radiation fiom each electron is given by 

where = vlc ,  c r ~  = 8rrr;/3 is the Thomson cross section, and ( IB = ~ ~ / 8 i r  is the mag- 

netic energy density. Individual electrons gyrate about the field lines with at the Larmor 

Due to the rehtivistic nature of the particles, beaming effects cause the emitted radiation 

to be concentrated in a narrow cone, of width 7-', centered on the instaataneous velocity of 

the electron. A distant observer wiU see pulses of radiation with a characteristic fiequency 

of 

where a is the pitch angle of the partide. The emitted spectrum fiom each electron is given 

where 3 ( v )  is a dimensionie~ function discussed in Rybicki & Lightman (1979). 



For a power-law distribution of electron energies, N(E)<IE = S E - ~ ~ E ,  El < E < &, 

and an isotropie distribution ofpitch angles, the synchrotron emissivity can be approximated 

as (Longair 1981) 

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

the particle distribution index by a = ( x  - 1)/2. A cornplete analysis yields 

I ( v )  = 1.7 x 1 0 - * ' o ( z ) r ; ~ ~ ( ~ + ' )  ergs s-' HZ-', 

where V is the volume of the source, and the constant a(x) is giveu in Table 18.1 of Longai. 

(1981). The use of a power law energy spectrum of the relativistic electrons is generdy 

justifieci by the fact that the observed radio spectra of maay objects display a power law 

dependence. The characteristic spectrd index for extragalactic radio sources is a 10.8 

(Longair 198 1). 

Polarilaat ion 

The emission fiom a single relativistic electron moving in a magnetic field is ellipticdy 

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 k Lightman 1979). In the 

case of a large, incoherent, ensemble ofefectrons, as expected in astrophysical situations, the 

eiliptical components of the emission will akaost cancel out due to the distribution of pitch 

angles, and thus the observed radiation will be partidy linearly polarized perpendicular 

to the magnetic field direction. The &actional 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 fiactional polarization than very disordered fields. For 

a general source containhg both an ordered (Bo) and random (8,) magnetic field, Burn 

(1966) gives the fiactional polarization as 



In the case of a completely ordered magnetic field in an extragalactic source which ha9 

a spectral index of a=0.8, the fiactional polarization redes  a m h u m  of 73%. Note 

that the polarization percentage has no fkequency 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-fkee emission results fiom the acceleration of a diarge in the Coulomb 

field of another charge. A cornplete understanding of bremsstrahlung emission requires a 

quantum treatment and is beyond the scope of this ove~iew. Below is a brief outline of 

the classical treatment, together with the quantum corrections foliowing the notation of 

Rybidci & Lightman (1979). 

Electrons are the primary radiators in electron-ion bremsstrahlwig 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 

smd-angle scattering regime, the electron moves rapidly enough t hat it lollows a straight 

line path. The change in velocity as an electron passes 

impact parameter 6, is 
2ze2 

Av = - 
mh' 

The electron interacts with an ion for a collision tirne of 

by an ion of charge Ze, with an 

(2.9) 

and the emission from a single collision can be given as 

For a medium with an ion density and electron density ne, the total emission per 

unit time, volume, and hquency range is given as 

where the emission is from electrons of a âxed speed a, and gf (v, w )  , d e d  the Gaunt 



factor, is the quantum correct ion to the classical formalism. 

In the more general case of a thermal distribution of electron speeds, Rybicki & Lightman 

(1979) give the emissivity of thermal brenisstrahlung as 

in CGS units (ergs sdL cmd3 Hz-'), where jff 711 the velocity averaged Gaunt factor which 

varies slowly with frequency and temperature. The above equation shows that the emissivity 

due to thermal bremsstrahiung produces a roughly srponentid continuum variation with 

v, in the X-ray regime. 

2.1.3 Inverse Compton 

Inverse Compton (IC) emission results from energy transfer fkom 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 scat terhg as 

where Uph J C V ~ C  is the initial photon energy density, and r is the photon energy. The 

average kequency of the scattered radiation (û) can be related to the initial fkequency of 

the photon field (y), as 

in the ultra-reiativistic Limit (7 > 1). 
For a power law distribution of relativistic electrons N,(r)dy = t ~ y - ~ d y ,  y1 < 7 < 72, 

the total Compton powei per unit volume is given as 



The inverse Compton radiation spectrwn from a power law ùistribution of relativistic 

electrons LO given by Sarazin (1988) as 

where no(u,) is the number density of the background photons as a huiction of initial 

fiequency. Note t bat the X-ray spectral index a, = (x - 1) 12 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 TM, which givw 

This equation is vaiid For frequencies in the range $ < (hD/kXM) « $, and 

where l? is the gamma function, and C is the Riemann zeta fundion. 

2.2 Radio Sources 

Eady obsemtions of radio gaiaxies 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 t h k a  suggested that the outer regions were some form of ejecta fiom the core, but 

these theories required enormous energy densities in the initial ejection which were difncult 

to account for (Burbidge 1956). Higher resdution observations in the 1960's and 1970% 

revealed that the outer bright regions were connected to the core of the source by jets. 

These jets, predicted by Reea (1971) and Blandford & Rees (l9?4), provide a continuous 

energy supply from the nucleus to the outer hot spots. 

Eivther detailed studies of large samples of radio galaxies by Fimuoff & RiIey (1974) r e  

vealed that most extragalactic sources could be divided phenomendogieally into hRo groups. 

The division point of the two populations is baseci on the radio source power at 1400 MHz; 

sourcea with PirW < 1024-25 W Hz-I are calleci FR 1 type sources, while the more pow- 



emii radio sources are callecl FR II. The FR 1 sources show bright emission in the cores 

and jets which fades outward towmd the lobes, with no clear hot spots. Above the division 

point, the FR II sources are &aSacferized 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 extragalaetic radio source properties and classification are given 

by Miley (l98Q), 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 filied with a hot, MW gas, which radiates X-ray emission. Foilowing the nota- 

tion of Sarazin (1988), this section briefly outlines the physical properties of the intraduster 

medium, as weii a s  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 Te, and electron density ne, the mean free path for an 

electron t hat sdenr energy exchanging collisions wit h anot her electron, is given by (Spitzer 

where A is the ratio of the largest to the smallest impact parameters for the collision. 

For temperatures and densities representative of galawy clusters, the Coulomb logarit hm is 

inA = 38 (Sarazin 1988), and the electron mean fiee path can be written as 

For a plasma in thermal equilibrium, the electron and ion temperatures are qua1 to the g 

temperature, Te = = Tg. In this situation, the mean fiee path of the ions will be much 

the same as  that of the electmns. In generdt these partide mean free paths are smRner 

than the Iength d e s  of interest within galaxy clusters, and the intracluster medium (ICM) 



must be treated as a collisional fluid. 

Consider the assumption above, that galaxy ciusters 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 MaxweUan distribution. This relaxation wili occur on 

a timescale determinecl by the mean ûee path of each component of the plasma. The 

equipartition timescale for electrons is set by the ratio of the mean &ee pat h and the r.m.s. 

velocity of the electron: 

The timescale for the proton component to reach equilibrium is given by Sarazin (1988) 

as t,@, p )  ~c (nz&ne)L/2t.q(e, e ) ,  which is approximately 43 x teq(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 @, e) = (9 /rne)teq (e, e) , which is roughly 1870 x teq(e, e) . Alt hough this timescde 

is actually the proton-electron equilibrium timescale, it is generaily appropriate also for 

the heavier ions in the plasma, as the increased charge on the ion compensates for the 

increacied masa in relation to the equilibrium timescale. Typicd ICM temperatures of 

T, zz ~ O ~ K ,  and electron densities of ne e  IO-^ cm-3 give a plasma equilibrium timescde 

of te, (p, e) ~c 6 x 108 yr. This equiiibriurn t imescale is short compared to the typical cluster 

ages, rd c 101Oy~, which means that the cluster can be treated as a collisional fluid with a 

smooth radial pressure gradient ( a d g  a+/& = O). 

A hydmtatic gas distribution is characterized by 

where P = poMs/pm, is the gas pressure, pg is the gas density? and b(r) is the duster's 



gravitat ional potent ial. For a spherically symmetric cluster, this equation reduces to 

where M ( r )  is the total cluster mass within radius r. Individual gdaxiea within the cluster 

will &O 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 

where pgal is the number density of the galaxies, and o is their onedimensional velocity 

dispersion. Equations 2.24 and 2.25 cm be combined to eliminate the total maas terms, 

which gives 

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

can be solved to yield 

p a  da-1, (2.27) 

where 

The mean mass per particle in the gas is p=0.63 in units of the proton mas.  The parameter 

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 

where po is the central gas density, b is the impact parameter, and r, is the cluster's core 

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

any spectral band 
-38+3/2 

L,, = , [1+ (:)*] 
This parameterization h a  been shown to provide a good fit to the radial d a c e  brightness 

profles of clusters by Jones & Forman (1984). 



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 associateci with 

any optical counterpart (Feretti k Giovannini 1996). Although it is stili a rare phenornenon, 

this M u s e  emission appears to f d  within two distinct morphological categories, which are 

correlateci with the location of the emission within the cluster. Diffuse synchrotron emission 

within the central regions of galaxy clusters hss a fairly relaxed morphology, appearing as a 

central synchrotron halo with typical sizes of order 5 0  kpc. The prototypical example of a 

synchrotron halo is Coma-C in the Coma duster. In the outer regions of galaxy clusten, the 

diffuse synchrotron emission oRen appears very irregular and elongated. This peripheral 

emission has a similar scde to that of the central halos. The elongation of the emission has 

leci to the hypothesis that these outer synchrotron sources sre relics of currently inactive 

radio galaxies. The prototype for this class of synchrotron emission is 1253+275, &O 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 Mer 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. Mlliimiaing the total energy within the synchrotron source, 

the correspondhg magnetic energy is given by (Pacholczyk 1970) 

where k is the ratio of the energy in the heavy particles to that in the electrons, and 

E, = n 1 E-= ' d ~  is the total energy in the electrons. The minimum total energy is ab 

tained at a magnetic field strength of 



where the function ci2 is tabulated in Appendbc 2 of Pacholczyk (1970), 4 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 f i g  fwtor, 4, and energy ratio parameter, k. 

The standard assumption used for calculations are q5 = 1, and k=l ,  which provide lower 

limit estimates on the equipartition field strength. The magnetic field strengt hs determined 

from these estimates are discussed in 5 8.2.1. 

2.4.2 Synchrotron Haloes and Inverse Compton Radiation 

In 3 2.1, the equations describing the synchrotron and inverse Compton (IC) losses for rela- 

tivistic electrons were outlined. This aect ion will conaider how the two emission mechanisms 

cm be used to constrain the magnetic field strength in clusten 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 

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 arbitrsry 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 kame (Felten & Morrison 1966; Rybicki & Lightman 

1979). 

In terms of observational quantities, Samin (1988) giws the ratio of the single- 

kequency synchrotron and inverse Compton fluxes as 

where 

and b(x) is given by Equation 2.19. Since the temperature of the cosmic mimwave baek- 

growid is known at any epoch, (Tb(") = 2.74(1+ 2); Mathe. et al. 1990), Equation 2.34 

gives the magnetic field strength, B, in a region containhg relativistic electrons. While the 



majority of the X-ray emission &om gdaxy cluters appears to be thermal bremstrahlung 

in origin, recent measurements with BeppoSAX (Fusc*Ferniano et al. 1999) claim to detect 

a hard X-ray exeess due to inverse Compton. Section 8.2.1 describes the magnetic field 

strengths derived Erom theae combineci synchrotron and IC measurements as well as the 

iimits 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 theu 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 mtating 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 interna1 rotation, which asurnes 

that the polarized emission and the Faraday medium corne kom the same location. The 

most complicated situation is mixed intemal and extemal Faraday rotation. The basic 

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

External 

External Faraday rotation results fiom a Faraday screen, composed of a magnetized, ion- 

ized plasma, located between the polariaed radio source and the observer. As the polarized 

emission travels through the magneto-ionic medium, the plane of polarbation of the ra- 

diation will be rotated. This rotation of the plane of polarbation can be understood by 

considering a linearly polarized wave to be resolved into equal components of two opposite 

hand elliptical polarizations. In the het where the gyrofrequency, ug, is much less than 

the observing frequency, v,  the tefiactive indices for the two polarized modes are (Longair 

uhere vp = ~ . I x ~ o ~ N : / ~  HZ is the plasma kquency, and 0 is the angle between the arave 

propagation direction and the magnetic field. As the two waves propagate through the 

magneto-ionic media, they will have diflerent phase velocities, which results in a rotation of 



the plane of polarization of the radiation as the two orthogonal modes are added together 

after some propagation distance d l .  In the regims of interest to this research, the Maence  

in the refkactive indices is .. 

which results in a phase Merence between the polarization modes of 

After a propagation distance CM, the two orthogonal polarizations are recombined, to reveal 

a rotation of the plane of polarization of 

where x is the 

re-writing it in 

position angle of the polarized emission. lntegrating t his equation, and 

terms of useful astronomical units, gives the amount of rotation of the 

polarization angle as 

AX = x - xo = 811.9~~ neBlldl = RMX? radians, BL 
where RM is the rotation measure in radians m-*, xo is the intrinsic polarhation angle of 

the radiation, ne is the (thermal) electron density in c d ,  BI, is the line of sight component 

of the magnetic field in pG, 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 poiarization angle versus the square of the 

wavelength, and perfonning a linear least squares fit. By standard convention, a positive 

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

Another possible origin for Faraday cotation is when thermal electrons are mixed with the 

synchrotron emitting relativistic electrons within the radio source. The simple slab model, 

considered below, foiiows the notation of Dreher, Carilli, k Perley (1987) for an opticdy 

thin synchrotron plasma. A more general riemiopment of the theory can be found in Burn 



(l966), and Pacholczy k (1970). 

The total intensity, I ,  and complex polarized flux density, P=Q+iU, diange with path 

de thmugh the source as 

- where K is the absorption coefficient, r is the mean emission coefficient, R = Ax,/d( - 
811.9)?n.~~~ is the rate of rotation of the polarization angle per elernent d l ,  and X, is the 

intrinsic polarhation angle of the radiation. In a medium with a uniform magnetic field 

direction (Ax, = O) no thermal absorption (n=O) and no random magnetic field component 

(Br = O) integration of the above equation, through a source of depth L, yields 

and 

where the reference kame has been rotated so that X,  = OO. The degree of polarization, 

m = IPIJI, is given by 

Physicdy, Equations 2.44 and 2.45 show that the polarized flux density wiIl vary sinu- 

soiddy with depth through the source, since the radiation emîtted kom Werent 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 wiil &op with increesing 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 dep th". 

In the d o m  slab model, the poiarization angle (Equation 2.64) follows the relation 

which indicates that , relative to the intrinsic polarization angle x,, the observeci polarbat ion 

angle can be rotated fiom O to 1r/2 as a fimction of ha. When RL reaches T, the source! 



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 h n d a y  depth RL. The degm of polariution. solid line. dropr fmm the 
inttinsic value towatd long wavelengths. The polatization angle, dashed line, follam a A2 relation with 
incteasing wavelength to the point at  which the polaiization degree reaches zero, At  this Faraday depth, 
the polarization angle jumps discontinuously from 7r/2 to zero. 



will be completely depolarized, m=O, and the polarizat ion angle will change diseont inuously 

nom the maximum of 7r/2 back to O radians. This discontinuous behavior, as a hinction 

of increasing A ~ ,  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 sunicient range of )iZ 

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

Mixed Interna1 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 extemal 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 intenial Faraday rotation which would ükely 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 reved a mixture of intenid Faraday 

rotation kom the shenth, and extemal Faraday rotation £rom the foreground intracluster 

medium. 

Taylor (1991) considered a situation where the synchrotron source was divided into 

two regions. The h t ,  most distant, region containeci only relativistic electrons and a 

uniform magnetic field. In the second region, the relativistic electrons are mixed with 

thermal electroes and a d o m  magnetic field. Each element in the second region will emit 

synchrotron emission, which wili then experience Faraday rotation thmugh the remainder 

of the path out of the source. The second region will also serve as an extenial Faraday 

screen for the emission h m  the first region. Taylor conducted simulations in which the 

fraction of thermal material in the source ranged nom 0.2 to 0.8. The varying traction of 

thermal material was obtained by increasing the size of the region containing only relativistic 

electrons so that the thermal region would have a h e d  size, and thus the rotation measure 

would be constant, Taylor found that in the limit of a s m d  amount of thermal material, 

the position angle follows the A* behaviour of an extemal screen fairly dosely. A large 

thermal fraction produces a polarbation angle which disphys signiscant deviations kom a 

A2 law, which should be visible in multi-fhquency observations. The large thermal &action 

also produces strong depolariaation of the source. In aU simulations containing a kaetion, 

Ft , of thermal material, the fiactional polarisation at long wavelengths approaches (1 - Ft ) , 



and the polariaation angle deviations from A* become less severe. hvther models of k e d  

intenial and extemal Faraday rotation are considered by Gardner k Whiteoak (1966). 

nr Ambiguit ies 

The above staternent , that the rotation tueasure 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 thege observations must be 

carewy selected to prevent arnbiguities in the rotation measure. The ambiguity results 

from the fact that the obsemed position angle of the polarization is only a pseudevector 

lying in the range of O < x < * radians. A measurement of this angle is uncertain by a 

factor of Ana, which allows for an unknown number of half rotations of the polarization 

plane dong the iine 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 particuiar line of sight to a source, there must be a unique rotation measure 

and intrinsic polarhation angle. The key to recovering the correct rotation measure is to 

choose two closely spaced wavelengths to provide a range of rotation meaputes which has 

no ambiguity. These measurements can then be combined with one or more mea~urements 

at a more widely spaced wavelength, to pin down an accurate rotation measure. 

To undentand the rotation measure ambiguity, and method to avoid it, consider Fig- 

ures 2.2 and 2.3 drawn from the work of Ruzrnaikin & Sokoloff (1979). The k t  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 angh is shown by the 

dashed lines. The associated set of possible rotation measuresi 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 m e w e  

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 carefidly seiected aet 

of points in wavelength squared space. Although the rnea8tllled polarization angles are still 

uncertain by km, the taro points closely spaeed in wavelength s~uared space can provide 



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 iines) 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 tneasure (soiid Lime). Details of observational 

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

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 approaehes. First , the 

presence of cluster-wide synchrotron emission originating within the intracluster medium 

indicates the presence of magnetic fields t hroughout the synchrotron emitting volume. The 

strength of t hese magnetic fields can be est imated t hrough minimum pressure arguments, 

5 2.4.1. Altematively, upper Limits on inverse Compton emission for the synchrotron halo 

clusters places lower Limits on the intracluster magwtic fields strength, 5 2.4.2. The second 

approaeh to measuring intracluster magnetic fields relies on Faraday rotation measures. 

Section 2.4.3 discusses intemal, external, and mixed internd plus externai ongins of Fara- 

day rotation, and their asaociated Faraday characteristics. This section ais0 outlines the 

ambiguities associated with meapurements of the position angle of the polarized emission. 



figure 2.2: For a set of position angle measurements at  three equally spaced wavetengths, At+, the 
n z  uncertainty allows for a number of shifts by f lr radians along the position angle axis. These shifts 
are represented by the dotted error bars in the plot. The three dashes lines indicate three possible fits 
to the set of position angles. The dope 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 spaceâ points in A* 
space. The two points at closely spaceâ points in A* set r cone of rotation measure values which are 
constrained to faIl within the dashed iines. The addition of a measurement a t  a widely spaced point in 
X2 fixes the rotation measure of the source, solid line. 



2.5 Interferometry 

2.5.1 Total Intensity Observations 

The conelator output from any two elements in an interfemmeter array observing a point on 

the celestial sphere, will provide an instantaneous measure of the visibiiity function V(u, u) l 

at  two points in the u-v plane. The rotation of the Earth wiiî 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 basdine vector. An array of antemas produces an ensemble 

of such elliptical loci known as the sampling function S(u, v ) ,  which is a hinction of the 

antenna spacings, and the source declination. This sampliig function indicates the vaiues of 

u and v at which the visibility function is sampled. Under certain approximations (describecl 

in Clark 1994, and Thompson MM), the visibility function is related to the source intensity 

distribution I ( l ,  rn )  (multiplied by the primary beam of the array elements) through a 

two-dimensional Fourier transform: 

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

the intensity distribution on the sky: 

In practice, an interferometer only measures a fmite aumber of noiseweighted samples 

of the visibility function, thus the source intensity distribution cannot be recovered directly. 

Inserthg the sampling function into the Fourier inversion equation provides an iderior 

image c d e d  the dirty image: 

I ~ ( I ,  m) = / ~ ( u ,  u ) ~ ( u ,  ~)e~"('+~lt iu du. 

'The visibiiity or spatial coherence hct ion is evaluated at projected baselines u and v measured in unifs 
of waveleagth. 



The dirty image is related to the true image I(1, m) through: 

P = I * B ,  

where * denotes convolution, and 

is the synthesized beam, or point spread h t i o n ,  correspondhg to the sampling hinction. 

The true surface brightness distribution on the sky can be recovered through the use of a 

Direct Fourier Tkansform (DFT), although the DFT requires a large investment in CPU tirne 

since the number of multiplications required increases as N ~ .  The Fast Fourier Tkansform 

(FFT) on the other hsnd uses the periodic nature of the exponential to reduce the number 

of operations to N * I O ~ ~ N .  This increase in efficiency is obtained by gridding the visibiiities 

before applying the FFT. The sensitivity and resolutioa in the final image are controlled by 

apply ing samphg and weighting to the measured visibiîi t ies before t be Fourier transform 

process (Sramek et al. 1994). The limited sampüng of the visibiiities results in defects in 

the final image fomed by a simple Fourier transform of the sarnpled visibilities. Non-hem 

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-lineu deconvolution to the calibrated 

data for this thesis is desmiecl in 5 3.4. 

2.5.2 Polarizat ion Observations 

The polarization state of electromagnetic radiation is characterized by the motion of the tip 

of the electric field vector. This motion is generally describeci in terms of orthogonal linear, 

orthogonal circulai., or ellipticd polarization as shown in Figure 2.4. EUiptical polarization 

is a more general description of the polarbation state, and is a combination of the circular 

and iinear components. 

in generd, emiasion nom asttophysical phenornena are Încoherent, with the emission 

containing a mix of Merent polarisation dates. A source is Iabeled polaRzed if there is 

statisticdy more of one poiarizatioa component present. Mea~nrements of source polarha- 



horizontal 
lincar 

Figure 2.4: The polarization state of electromagmtic 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 characteriml in terms of linear, circular, or 
ellipticai polarkation, where elliptical polarization is a combination of the linear and circular polarization 
States* 



tion are generally expresseci ui terms of Stokes parameters 1, Q, U, and V which represent 

the total intensity, two orthogonal linear polarbation components, and the circular polar- 

ization component, respectiveiy. 

Stokes Parameters 

Following the notation of Kraus (l986), for a completely polarized wave, referring to 

Figure 2.5, one can write: 

where Ji - is the phase difference of Ez and Egy and 

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

netic wave is 

where 2 is the intrinsic impedance of the medium (ohms). S, and S, represent the Poynting 

vectors for the wave components polarized in the x and y direction respectively, and are 

given by: 

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



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

v = (S, - 

For a completely polarized 

S,) tan 2e sec 2% = S sin 2c = 2- E2 sin(di - d2). z (2.56) 

wave, it follows that 

l2 = Q * + u * + v ~  

More generdy, for a partiaily polarized wave, 

wave can be written as 

the B and y'components of the electromagnetic 



In this case, the Stokes parameters must be time averaged so that 

where <...> indicates a time average, and 

Each of the six standard receivers on the VLA is designed to record orthogonal right- 

hand circular (RCP) and lefi-hand circular (LCP) polarbations. In this coordinate system, 

the ieft and right hand circularly polarized components, EL and ER, cm be written as 

where El, and Er are constants, and 6 is the phase ciifference between the two components. 

The Stokes parameters can be expressed as 

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 I and V depend on the p d e l  hand correlator products, while 

Stokes Q and U depend on the cross-hand correlator products. 

Two main d t s  which wil l  be relevant throughout this thesis are the dehitions of the 



polarized intensib of the radiation 

and the 

2.5.3 

polarization angle 
1 U x = -arctan - 
2 Q' 

Instrumental Polarization 

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

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

if the deviatiom are known. Inverting Equations 2.62, one can recover the true visibilities 

(Conway & Kronberg 1969) 

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

cornplex voltages of the jth antenna, before cross-correlation, can be written as 

where GjR and GjL are the complex gains describing al l  the amplification and phase mod- 

ification aspects of the jth antenna, ER and Et are the right and left circuiarly polariaed 

components of the electromagentic radiation, D R and D jL describe the coupling between 

the polarizations (polarization leakage), and # p  is the parallactic angle. 

The parallactic angle is a resdt of the altitude-aaimuth mount system employed at the 

VLA. This type of antenna mount r d t s  in a tixne-dependent rotation of the sky relative 

to the k e d  reference system of the antenna. This angle is d&ed as the angle between the 



source meridian and the elevation of the great circle of the antennas: 

cos(Xiat) sin H 
q5p = tan- ' [(sin(Alu) cos 6 - cos(&) sin 6 cos H) 1 

The VLA latitude is given by Aiat, 6 is the source declination, and H is the source hour 

angle. 

The measured correlator visibiüties are represented by 

Expanding t his equation gives 

In practice, the D terms are found to be generally Iess than ten percent, and the linear 

polarization of sources is generaiiy under ten percent (Bignell 1982). In this situation, the 

cross terms in the above equation are of order one percent of the paraliel terms, thus the sec- 

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

the relation between the true and measured visibilities can then be written as 

Polarization calibration (discussed in more detail in 5 3.3.3) consists ofobserving a caIibrator 



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 

(GjR9 GjLl D j R ,  and DjL) for each antexma. Defining 

and rearranging Equations 2.69, gives 

Rom Equation 2.71, the true source visibilities can be detemined from the measured 

visibilities and the complex antenna constants detemined h m  the calibrator. A more 

detailed description of the VLA's on-line correction and calibration systems can be found 

in Hjellrning (1992). 

2.6 Instrument al Depolarizat ion 

Observations of radio sources at a number of wavelengths often show a variation in the 

degree of polarization rneasured. The standard method used to measure this depolarkation 

is through the depolarization ratio 

where mhh and mi,. represent the Cractional polarization at the high and low fiequency 

respectively. One source of depolarization, discussed in 0 2.4.3, is interna1 Faraday ro- 

tation, which is an intrinsic property of a source. Depolarization can a h  r d t  h m  a 

s p d c  choice of instrumental parameters. The two instrumental efFects diScussecl below 

are beamwidt h depolarbat ion, and bandwidth depolarization. 



2.6.1 Beamwidth Depolariaation 

Beamwidth depolarization results from a side-to-side averaging of dinercnt polarization 

angles within the beam of the telescope. This e£€ect is a resiùt of having a rotation measure 

gradient within the source on scales smailer 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 thmugh the term RL in 

Equation 2.45, while the becuawidth depolarization wili depend on the size of the rotation 

measure gradient, and ahould not be correlated with the magnitude of the rotation measme. 

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 = A X / ~ 2 .  

For the wavelengths of interest in this work, a polarization angle variation of 742 radians 

corresponds to a rotation measure gradient of 40 rad m-* at 20 cm, and 440 rad 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 generdy confined to the cooling cores of clusters 

(Ge & Owen 1994). The sources observed for this work are generaily probing regions of 

galaxy clusters which are beyond the cooling radius, and thus should not be affkted by 

large rotation measure gradients. More detailed examinations of the effects of foreground 

depolarization on radio sources can be found in Burn (1966), Tiibble (1991), and Sokoloff 

et al. (1998). 

2.6.2 Bandwidth Depolarhation 

Bandwidth depolarization is important for observations of sources with very large rotation 

measures and/or observations using very wide bandwidths. The depolarizat ion results fiom 

a variation in the polarization angle acmss the observing bandwidth. This effeet follows a 

similar sinc function to that of the depolariaation 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 



of the radio source. Considering Equation 2.40 one h d s  that the amount of rotation of the 

poiarization angle, across a bandwidth Au, centered on fiequency v, is 

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 (RN) Eree re- 

gion around any particuiar frequency of interest, and is generally ümited to a maximum 

bandwidth of 25 MHz. At a kequency of 1400 MHz, a rotation of n/2 radians, across a 

bandwidth of 25 MHz, wiii occur for sources whose rotation measure is 1100 rad m-*, much 

larger than the rotatioc measures which are found in the regions outside cooling Bow cores 

probed in t his research. 

2.7 Summary 

This chapter concentrated on outlining the relevant theory which is applied in the remainder 

of this thesis. The 6rst section discusses the radiation mdanisms for radio sources and the 

intracluster medium. The next two sections briefly discuss the properties of radio sources 

and the dinuse cluster gas. Section 2.4 provides the fimdamentals for the methods which 

are used to probe intraduster 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 h a i  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 5 2.6 examines the effects of instrumental depolarization 

on the observations. 



Chapter 3 

Radio Observations and Data 

Reduct ions 

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 d i smes  the target select ion and observing strûtegy, 

foiiowed by a complete description of the data reduction procedure, with speciûc emphasis 

placed on the details of the polarkation calibration procedures. Section 3.4 provides an 

overview of the imaging process for the data, and 5 3.5 provides tables of the measured 

radio source fluxes. 

3.1 The Very Large Array 

The Very Large Array is a coanected-element interferorneter consisting of 27 antemas, each 

of diameter 25 meters, located on the plains of San Augustin, apprmcimately 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 X 20, 6, 3.6, 2 and 1.3 cm, located on a ring of radius 98 an at the Cassegrain focus. Ail 

antennas are &O equipped with a 90 cm feed which consists of a crossed dipole mounted 

near the prime focus. Additionai receivers at 0.7 cm are currently (1999) mounted on 

thirfeen antennas, and removable dipoles for observations at  4ûû cm are aiso available. 

'The MtAO is opetated by Aseociated Unidt i e s ,  Inc., under contract with the National Science 
Foudation. 



Elements of the VLA are mouated on a raihoad track which runs dong each of the 

three arms of the instrument. The arms are mangeci in a 'Y' shaped pattern with 9 

antennas dong each arm. Moving the elements to a set of £ixed pads dong the arms 

provides dinerent 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 

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 confsguration for approximately four months. An 

overview of the theory of total intensity and polarbation observations with an interferorneter 

is given in 5 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 5 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 5 2.4), and are generally probed through their Faraday effwts on polarized 

radiation propagat ing t hrough the magneto-ionic cluster medium. 

This thesis relies primarily on compact polaRaed radio sources to probe the intracluster 

magnetic fields at a vasiety of ciuster impact parameters. Although the X-ray emitting 

intracluster medium generdy extends to - 2 Mpc nom the cluster center, cunently a d -  

able levels of sensitivity in radio astronomy are such that a particular galaxy cluster nvely 

ha9 more than one or two strong polarized radio sources located (in projection) within its 

perimeter. There is, therefora, an iasufficient density of sources on the sky to undertake 

a detailed probe of the radid Faraday distribution for individuai clusters with the eurrent 

VLA in a reasonable integration tirne. Thw the Faraday distribution must be studied 

through a large sampIe of radio sources viewed dong 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 UILiform population of targets. For the purposes of this 

thesis, the target cluster population was selected fkom rich, low redshitt, wesk 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 possibiiity of tracing the intracluster 

magnetic fields h m  the centrai regions of clusters to the outer edges of the X-ray emitting 

gas. Radio sources probing the central regions of strong cooiing Bow clusters were avoided 

since these regions have been fairly well studied (Taylor & Perley 1993; Ge k Owen 1994; 

Taylor et al. 1999), and can be used for cornparison purposes. 

Another issue is the realistic availabiiity of telescope observing t h e .  As discussed in 

5 2.4.3, Faraday studies require polarimetry observations at three or more wavelengths 

in order to unarnbiguously determine the source rotation measure. Although the VLA is 

capable of recording two simultaneous wavelengths within a single observing band, it is still 

tirne consurning to add the extra observing time for each supplementary pair of wavelengths 

(six wavelengths in total for most observations in this work). Additional obaewing time 

m u t  &O be allocated for calibration at each of the o b s e ~ e d  wavelength. For polarimetry, 

calibrations generdy total an extra 30% overhead on the observing time. In order to 

m a . e  the scientific use of observing t h e ,  the NRAO VLA Sky Survey (NVSS) was 

used to preselect polarized radio source targets for the foliow-up polarimetry. This step 

eliminated the need to undertake an initial snapshot s w e y  to h d  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' dechation, a t  a frequency of 1.4 GHz. The 

swey  consists of a set of over 200 000 overlapping snapshots2, and has a resolution of 45". 

The principal survey products are a set of4" x 4' continuum data cubes which contain image 

planes of Stokes 1, Q, and U, a m e y  catalog of discrete radio sources, and a calibrateci 

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 ody radio survey to date that provides simuita~1eous polarimetry 

- -. 

'A VLA observation with an integration time of less than 5 minutes is termeci a snapshot. 
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of ali target sources. The total intensity images have r.m.s. brightness fluctuations of order 

01 = 0.45 mJy beam-l, while the Stokes Q and U images have a = 0.29 mJy beam-l. 

The survey was undertaken in stages during D-configurations between 1993 and 1997, when 

most of the final coverage gaps were fillecl. All NVSS data products were made pubticly 

available as they were verifid. 

General Outline of Target Seiection 

The development of the radio source target list proceeded in several stages which are b r i e  

outlined in this section. The basic procedure involveci compiling a iist of galaxy clusters 

which were obsewed 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, folIows the target 

outline. 

1. An initial list of al1 potential target clusters was compilai fiom the Abelî (1958) and 

Abell, Connrin & Olowin (1989) cluster lists. This prelirninsry target iist containeci d 

high Galactic latitude clusters (Ibl > 20') which have hown redshifts below z=0.1. 

2. This cluster List was then compared to the ROSAT All Sky Survey, and ROSAT 

Pointed Source catdogs to produce a secondary subset list of high X-ray flux clusten. 

At this stage, the X-ray emission fiorn each cluster was also analyzed for the presence 

of extended soR X-ray emission (indicating an intracluster medium). Any cluster 

showing only compact, active galactic nuclei- (AGN) type X-ray emission was excluded 

fiom the secondary k t .  

3. The secondary cluster list was t hen cross-correlated wit h the positions of the currently 

complete NVSS fields to provide a L a 1  list of ail potential clusters falling within these 

completed radio fields. In the initial stages of this work, the available fiaction of the 

sky for target selection was very s m d  as only a fiaction of the NVSS data products 

had been verifid 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 m. 

4. The NVSS maps were then used to extract a list of all the strong (ria > 100 mJy), 



Figure 3.1: Gridded right ascension a and declination 6 plot of the survey region to be covered by the 
NRAO VLA Sky Sutvey (NVSS). Each gridded element reptesents one 4' x 4' map. The elernents that 
contain a filled in region represent NVSS fields that wete vetified and publicly available a t  the end of 
September 1995. just before the firrt obrerving run for this thesis. The figure is taken from NRAO's 
NVSS website. 

Ilnearly polarized (P > 1%) radio sources that are viewed through the intracluster gas. 

This iist, refend to as the cluster list, generaiiy containeci one or two target sources 

per cluster. A second Est of radio targets with simila total intensity and polarization 

fiactions was selected to include sources at larger radü around each cluster. This List 

is known as the control kt, and contains the radio targets which wili be used to 

verify the Galactic rotation measure corrections as weil as provide a Ubaseline" for 

the intrinsic scatter in the rotation rneasute of sources which are not viewed through 

a dense intracluster medium. 

5. Findy, a list of target radio sources for the observing session was selected from the 

cluster List to provide a M y  d o m  distribution of radio sources probing impact 

parameters h m  the cluster core regions to the edge of the X-ray emitting gas (- 

2 4  Mpc, Biihringer 1995). Further, a subset of radio sources around each ciuster 

was selected h m  the control Liat and added to the target Iists for each observing 
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nui. 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 pmbe magnetic fields h m  the central regions to the outskirts 

of a uniform sample of galaxy clusters. The control üst of radio galaxies provides both 

a measure of the scatter in intrinsic source properties, as weU as a measure of large-scale 

Galactic Faraday Feattires 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 5.4). 

Source Details 

Radio galaxy probes selected for this Faraday analysis must be particdarly radio bright 

to permit the use of the VLA in snapshot mode. As diseusseci below (3  3.2.2), snapshot 

observations involve integration t h e s  of less thm five minutes at the VLA. To determine a 

minimum acceptable total intensity flux density for target sources, consider the t heoretical 

noise reached in a 5 minute snapshot with 27 antemas at the VLA. The expected r.m.s. 

noise level due to thermal fluctuations in a full synthesis obsemtion can be caldated kom 

the following formula: 

where N represents the number of individual interferorneter elements,  NI^ is the total 

number of IFS to be combined in the final image, AZnt is the total on-source integration 

tirne in hours, and Au is the aective continuum bandwidth in MHz. The system constant, 

K, expresseci in t m  of system temperature (Tw), and antema &ciency (7.) is given by 

whieh yieids 8.0 and 7.8 for the 20, and 6 cm bands rrspectively (Perley 1998). For a 5 

minute on-source integration of a radio source with dl VLA antennes (N=27), at 20 cm, 

a bandwidth of 25 MHz, and two IFS combined in the nnal image, Equation 3.2 predicts a 

theoretical mise Ievd of 0.15 mJy beam-' . To obtah a minimum signal-ta-noise lewl of 
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10, the peak polarized intensity of the radio source must be greater than 1.5 mJy beam-l. 

A typical extragalactic radio source at  20 cm is generaüy found to be polarized at  the few 

percent ievel (Wright 1973), thus a peak polarized intensity of 1.5 mJy beam-' on average 

corresponds to a peak total intensity of 50 mJy beam-l . This minimum peak intensity flux 

estimate is ac tudy a best case scenazio since snapshot observations rarely reach theoretical 

noise Ievel due to confusion. Analysis of the NVSS fields predicts - 1 source per cluster at 

this flux level. 

3.2.2 O bserving 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 muhi-wavelength observations were undertaken in a single 

epoch of O bserving. This met hod of simultaneous wavelengt h coverage provides a sample 

of sources which are uncontaminateci by intrinsic variability. In addition, the aelection of 

fairly powerful radio galaxies for this analysis provides sufncient 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, unconfusecl sources with 

integration times as short as one minute. Unfortuoately the hîgh sidelobes severely ümit 

the sensitivity in the compact arrays, at long wavelengths, due to confusion with bright 

off-center sources. An additional problem asmciated with the sparse u-v coverage of the 

snapshots is the restricted range of angular &es which are recoverable. In order to conectly 

reconstruct the true sky brightness distribution, the u-v plane must be sampled sufnciently 

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 hou. This technique taLes advantage of the EarthTs rotation to fill in a large. 

&action of the u-u plane. Figure 3.2 shows the typieal u-u 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 may in the image plane, and the shortest baselines 



determine the scale of the largest structure which a particular configuration wiii be sensitive 

to. 

Short obseMng nuis make it very difEicult to detemine the pmper instrumental po- 

larization calibration properties. Polarization calibration requires several observations of a 

polarization caiibrator over the course of the observing m. The paralactic angle of the 

polarization calibrator must change by more than 90° over the observing session (see 5 3.3.3 

for detaüs). This parallactic angle requirement constraints the observing nuis to extend 

over at least three hours. 

Speciflc Strategy 

To cornpensate for the sparse u-v coverage of snapshot observations, all radio source inte- 

grations were spüt into h o  snapshots, separated by at least one hou, 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 schedde more difficult, it greatly enhanced the sensitivity of the ha1  data 

through increased samphg of the u-v plane. Due to the short antenna move times between 

sources within a single cluster (generdy covering 1' on the sky), observations were designed 

to point at al1 sources in the vicinity of a cluster, then move on to several other clusters 

before retuming for the second snapshot pass at a dif5erent hour angle. Each individual 

point ing cycled through al1 observing frequencies during each snapshot . Through t his tech- 

nique, observations maximized the use of telescope time for polazimetry of a large sarnple 

of target sources of varying morphologies, while aLso maximizing the output signal-to-noise 

on each source. 

As discusaed in 5 2.4.3, the degree of rotation of the position angle of hearly polarized 

radiation depends on the product of the rotation measure (RM) and the waveIength squared. 

The wavelength selection for these observations was designed to provide both closely spaced 

points in wavelength squared space to constrain nlr ambiguities, and widely spaced points 

in waveiength squ& space to pin d o m  an accurate rotation measure. Based on these 

requirements, aad the VLA's ab- to simdtaneously observe two wavelengths within an 

observing band, observations undertaken in 1995 covered two waveiengths in the 20 cm 

band and two wavelengths in the 6 cm band. Subsequent anaiysie of that data showed 

that there aras contamination 6om radio hquency interference (RFI) in at Ieast one of the 
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Figure 3.2: Typical arv average for split hour-angle VIA snapshots T h e  left panels from top to bottom 
show the snapshot coverage at 20 cm in B. CS, and D arrays respectively. T h e  right panels display the 
6 crn u-v cowrage for each array. 
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20 cm wavelengths for much of the observing run. This RF1 resulted in signincant data 

Loss and large mors on the extracted rotation messures in this observing session. M h e r  

observing nuu, 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 the-variable interference in 

one or more bands. Table 3.1 sumarizes the configurations, nui lengths, cluster targets 

and calibrators used in t his work. Individual cluster det ails and calibration procedures are 

described elsewhere in this t hesis. 

Date Couftg Obs. Length Target AbeU Polarkation Phase Calibrators 

Table 3.1: Obsewing dates, configurations, Abell clusters, and calibraton for each of the obsewing 
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. 

Wavelengt h Coverage 

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

where Ax is the position angle through which the polarised exnisaion has been (Faraday) 

rotated at wavelength A. Through observations at three or more cazefully selected wave- 

lengths, Equation 3.4 can be used to recover the rotation measure introduced dong the h e  

of sight between the source of the polariaed emission and the observer. 

For the purposes of this research, polarimetry has been undertaken at waveIengths 

ranging between 20 cm and 6 cm. Speciûcally, during the first observing session, polarimetry 



was undertaken at 21.978 cm, 18.018 cm, 6.615 cm, and 6.141 cm. As discussed above, 

radio frequency interference was faidy severe in one data set (18 cm), and resulted in 

significant data los8 in most sources at this wavelength during the First observing session. 

Attempts to determine the b a t  fit rotation measure for the remaining three wavelengths 

showed that the resulting fits had fairly large associated errors. Based on these hdings, 

subsequent observing sessions reüed 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-*, well above the expected 

Faraday rotation outside of the cooling cores in galaxy clusters. 

Calibration Strategy 

Radio polarimetry observations require thme to four individual sets of calibrators. The 

observational setup for each calibration step, as applied to observing nuis for this thesis, is 

briefly outlined below. The appücation of the calibration solutions is discussed in 5 3.3. 

1. Absolute flux: Absolute flux cdibration requirea at least one observation of a pri- 

mary flux caübrator 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 prhary flux caübrator for each observing run, observations of 

3C48, or 30147 were also generaily undertaken during the observing session. These 

extra calibrator observations serveci both os a backup in case of the loss of 32286, as 

well as a redundancy check on the 0w calibration. 

2. Phase refewicing: Proper phase caiibration requires fiequent 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 p n m i  way to 

estimate the size of the isoplanatic patch on any given day, or at any given the. The 

phase calibration strategy undertaken for this thesis was to select a phase caübrator 

near each gaiaxy cluster. These calibrators, listecl in 'Iirble 3.1, are generally loeated 

within ten degrees of the target cluster. Observing nuu, were designeci to bracket 

the c1Uate.r radio sources in the CALI BRATOR-TARGM-CALIBRATOR sequence such 

that aU target sources (cluster and control) were located between observations of 



the cluster's phase calibrator, and the maxiniun time between observations of the 

phase caiibrator was a p p r h a t e l y  30 minutes. 

3. Feed polarisation: Due to poiarization leakage, the rneatmecl polariaation of a 

source wil l  be a sum of the aource 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 parailactic angle coverage places constraints on the length of a particu- 

lar observing session: generdy polarimetric observing nuis require at least 3 hours 

to provide the parailactic angle coverage to determine the instrumental polarhation 

calibrations. Obsenring sessions undertaken for this thesis apanned an average of 10 

hours per session. These long sessions covered observations of several galaxy ciusters, 

and provided the pasallact ic angle coverage necessary to determine the instrumental 

polarization terms. 

4. Caiibration of the origin of position angle: Phase referencing calibration pro- 

vides independent calibration of the right- and left-handed receiver systems and thus 

Ieaves a systematic phase diflerence between the two orthogonal polarization sys tems. 

This phase o&et is determined through calibration on a source of known polarization 

properties. This calibrator source is generdy 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 &O a d a b l e  for wavelengths of 6 cm and shorter. Since 3C286 

was observed during each session as a primary flux caübrator, it was also uaed as the 

R-L/GR phase calibrator. Due to the importance of proper polarization cdbration 

for this thesis, one of 3C138 or 3C48 was also generdy observed during each session, 

particularly during the i n t d  when 30286 was not avdable. These redundant c& 

brators provided the opportunity to monitor the stability of the right minus left phase 

through each obaerving session. 

3.3 Data Reductions 

AU imaging, deconvolution, and caiibration wem underth  within the NRAO Astronom- 

i d  Image Processing System (AIPS). The major steps in the data reduction process are 
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briefly described below wit h speeinc references to the Al PS tasks employed. 

3.3.1 Absolute Flux Calibration 

The absolute flux density scale for an observing run is determined through observations 

of an wesolved reference source, of known brightness, at ali observecl kequencies. The 

standard flux density scale for calibrator sources is the Baars et al. scale (Baars et al. 1977), 

although carefid measurements in the VLA's D configuration show that these co&cients 

are slightly in error. The follow-up calibrator meaaurements, undertaken by Perley & Taylor 

(l996), provide an updated set of calibrator coefficients. For the purposes of t his thesis, all 

flux densities are tied to the 1995.2 epoch calibrator coefncients. 

The absolute flux calibration for ail observing nuis undertaken for this thesis was àe- 

termined through observations of 3C286 or 3C48. Both of these primary calibrators are 

unreaolved at 20 cm and 6 cm in the compact configurations but require specid restrictions 

to be placed on the u-u range for proper flux bootstrapping in the more extended VLA con- 

figurations (see Perley Sr Taylor 1996). Although these sources are well studied, and their 

flux densities are fairly well known, recent measurements (Ott et al. 1994) indicate that 

3048 is variable, and in fact has become brighter at short wavelengths. In contrast, 3C286 

does not show variability in excess of -1% over the lut couple of decades, thus, wherever 

possible, 32286 was used as the absolute flux calibrator with 3C48 employed for redun- 

dancy checking. The best m e n t  estimates of the calibrator coefficients can be determined 

though the analytic expression: 

where S is the flux density of the source in Jy and v is the fiequency 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 1.97498 -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) fw the 1995.2 epoch. 

The abdute  flux density scale for a VLA obbswig grmi is set using the AlPS task S M  
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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 CALlB is used to determine the antenna gain solutions for both the primary 

and secondary caübrators. Once the best set of gain solutions is found (generally through an 

iterative process of caiibrating and data editing), the task GETJY is uaed to detennine the 

flux density of the secondary calibraton fiom the flux density of the primary flux calibrator 

and the antenna gain solutions. These calibrator solutions can then be interpolated through 

the target aources to determiDe 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 &ts and more rapidly varying atmospheric propagation effects. The instru- 

mental variation is fairly easy to correct through caiibration but, as dismsed in 5 3.2.2, 

proper calibration of atmospheric effects requires that the calibrator be îocated in the same 

isoplanatic patch as the program source. The phase cdibrators are therefore selected as 

close to the program sources as possible (generally within 10'). 

All phase calibrators observed for this research are iisted in Table 3.1 and were selected 

from the VLA Calibrator Manual (Perley & Taylor 1996). Since the Abel1 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 cdibrators were observed for a 

few minutes every half hour, and scheduled so that t hey bracketed ail target sources for the 

cluster of interest. 

3.3.3 Polarisation Caiibration 

There are two aspects to consider in polarization calibration for VLA observing sessions. 

The first caiibration addresses the non-ideal response of the antenna feed system. Any 

par t ida r  feed wiU respond to polarizations other than the nominal one, adding a spurious 

instrumentai response to the source term. The second aspect of polarization calibration is 

designed to c a l d a t e  the phase Merence between the two orthogonally polarized antenna 

feeds. This R-L phase Werence results fimm the faEt that the phase rderencing calibration 

(desuiied in 5 3.3.2) is determined independently for each of the paralle1 hand systems, 

whieh allm for an arbitrary ofhpet between the two systems. This o f k t  term is not 
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important for total intensity observations since Stokes 1 only depends on the pardel hand 

correlations, but, as seen fiom Equations 2.62, the polaRzed Stokes parameters (Q and 

U) depend on the correlation of the crosg-hand components, so any phase offset between 

these systems must be removed for polarimetry. Both aspects of polarization caübration 

are discussed in more detail below. 

Instrumental Leakage Terms 

In practice, an antenna feed will respond to polarizations other t han the nominai one. This 

polarizat ion leakage is parameteriaed t hrough the D terms in Equat ion 2.66, w hich represent 

the instrumental leakage into the opposite orthogonal polarbation. In the Limit of weakly 

polariaed sources and near perfect feed/antema combinations, the second order terms in D 

can be ignored to produce Equations 2.69. 

The instrumentai polarization term will acid 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 c m  be separateci due to vsrying parallactic angle. As the 

antennas track a source through Werent paraliactic angles, the component of the interfer- 

ometer response Çom the radio source wiU rotate, while the instrumental term will rernain 

constant. Calibration of the instrumental leakage terms nomaily requires observations of 

a calibrator source which spans more than 90' in parallactic angle, in order to separate the 

source and instrumental t erms. 

Many observing p rog rm 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 parailactic angle. Due to the nature of the 

observations for this thesis, there are severaI different phase caiîbrators observeci through 

each session, although none cover the desired parallactic angle range. It was therefore 

necessq to include a pardactic angle calibrator into each observing session, to be observed 

at each frequency. The effective feed parameters for each antenna were determineci using 

the AlPS 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 referenchg pmcedure described in 5 3.3.2 relies on independently referencing aii 

right- and left-hand antenna phases to that of a single rejetence antenna. The underlying 

assumptions of this technique are that the phase ciifference between the two orthogonal 

systems is stable over time for the reference antenna, and that the cornplex gain terms of 

the other a n t e ~ a s  are detennined with sufncient kequency 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 (1, 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 f i s t  check 

the overd 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 f&ly good over a period of up to 

twelve hours. During this period one can expect to 6nd 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 dif5erences of 

over 100'. Antennas displayhg these R-L phase jumps must be excludeci fkom the list of 

possible re ference antennas. 

Correction of the phase offiet between the right- and lefi-hand systems was determined 

for calibration observations of 3C286. During each observing nui, this source was observed 

a t  two Werent h o u  angles for each wavelength. After applying standard total intensity 

calibration procedures (5 3.3.1 and 5 3.3.2) to the data, the scan-averaged right minus leR 

phase angles for 3C286 was examined for signs of any large phase ciifferences, indicating 

corrupted data Once aiI compted data had been removed, and my necessary calibration 

steps had been reapplied, the average right xninus leR phase angle was determined for each 

of the calibrator scans. These measurements of the phase difference were then avesaged 

to determine the phase offset temi. The phase offset correction was then calculated fkom 

the expected value (66O for 30286) minus the measured phase values. This correction was 

applied to aJi sources in the obseMng nui using the ta& CLCOR. 

After application of the phase correction, a visual inspection of the rïght minus Ieft 

phase mat& for 36286 reveaIed phase variations of order 2O. For cases where the phase 
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fluctuations were signiIicantly larger than this, the data was huther edited and re-caiibratecl. 

Once the final right-left phase calibration stage was completed, the phase stability thmugh 

the night was examined by cornparing the measured and expected phases for 3C138. The 

total amplitude of the fluctuations of the matrix-averaged phases about the expected value 

were generdy found to be less than 5" at both the 20 cm, and 6 cm bands. The mat& 

averaged phases of 3C138 d e r  right-left phase correction are shown in Table 3.3. 
- - 

Time 
UT - 

J m u e n c y  
1365 1435 1465 1660 4535.1 41385.1 

AC461 - August 4, 1996 
-25.8 -23.9 -24.9 -24.3 -23.4 

SUNRISE 
-25.4 -23.3 -22.7 -26.2 -22.6 
-23.6 -22.6 -21.2 -26.9 -22.2 
-20.8 -20.3 -19.6 -21.3 -20.8 
-19.5 -18.4 -18.9 -24.1 -21.7 
-18.9 -17.0 -19.0 -21.1 -20.3 

AC461 - August 5, 1996 
-23.5 -23.0 -22.1 -27.0 -24.1 

SUNIUSE 
-21.0 -21.1 -18.3 -24.4 -23.0 
-14.3 -15.0 -16.5 -26.8 -24.0 
-15.4 -15.0 -14.7 -22.5 -22.8 
-15.1 -16.5 -15.5 -25.1 -20.0 

AC461 - August 8, 1996 
-16.5 -18.0 -20.8 -20.7 -211 -23.2 

SUNRISE 
-15.7 -17.4 -187 -19.4 -18.6 -22,3 
-16.5 -16.5 -17.7 -18.3 -25.6 -26.5 
-15.5 -17.8 -15.6 -15-7 -25.7 -23.6 
-16.2 -16.9 -15.4 -16.9 -25.9 -22.9 

AC483 - September 16, 1997 
-23-7 -24.2 -24.5 -21.7 
-23.8 -24.6 -20.2 -18.9 
-23.8 -22.8 -22.2 -22.7 

SUNRISE 

Table 3.3: Calibrated position angles for 3C138. Emus in the matrix-averaged position angles listed are 
El 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 caygen and nitrogen to produce a layer of free electrons 

celleci 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 5 2.4.3). This ionospheric Faraday 

rotation will be seen as a source- and the-variable right-left phase difference. 

The amount of rotation depends on the path length through the ionosphere, the fiee 

electron density, and the longitudinal component of the Eart hfs 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- 

na1 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 rn-2. At X = 20 cm this can amount to a rotation in the position 

angle of linearly polarized ernission of up to 50'. 

Observations for t h  thesis were undertaken between October 1995 and September 1997. 

During t hese observing sessions, ionosp heric Faraday rotations were expected to have been 

fairly s m d  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 conespondingly low ionospheric effeet of a few radians m-* is expected (Perley, p n ~ t e  

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 ionorrpheric contribution to the rotation measure at the VLA 

could be detemineci thmugh the AlPS task FARAD. This task relies on total electron count 

(TEC) information Irom the (nearby ) Boulder ionosp heric monitoring station to de termine 

the ionospheRc rotation messure during a particdar observing session. Unfortunately, as 

of 1992, the TEC data are no longer amable  fiom Boulder. FARAD also provides the 

flexibility of detennining the ionospheric rotation measure fÎom an empirical model using 

the monthly mean Zurich sunspot number. This empjrical model is very crude, however, 

and was not appiied to the data as it was found to provide W t e d  information for times 
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near solar minimum. 

A more appeaiing approach to detennining the ionospheric rotation measure during 

observations involves the use of recently installed Global Posit ioning S ystem (GPS) receivers 

at the VLA site. The receivers measure GPS delay information between adjacent GPS 

chameh during an observing session. The AlPS tasks LDGPS and GPSDL are then used to 

l o d  the delay data and calculate the ionospheric rotation measure using a simple mode1 that 

takes the TEC rneasurement at the zenith, and rnodeis the sky TEC distribution assuming 

a Linear gradient is present. Unfortunately, due to tecbaical cMEiculties beyond the control 

of the observers3, the GPS delay data were mavailable 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 30138, which 

were undertaken appraximately 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 dinerences. The expected polarization 

angle of X I 3 8  is - 1 8 O .  Through the night, the mciation in the calibrated polarization angle 

was generaily legs than 5 O ,  completely consistent with the predicted ionospheric effects of 6' 

or lese during solar minimum. The polarization angle variations at Gband were Found to 

be g n e r d y  below 5"(IRMI< 20 rad m-2). These ionospheric contributions resdt in errors 

of < 10% in the RMs of sources viewed through the central regions of galaxy clusteni. 

3.4 Imaging 

The calibration procedures described in 5 3.3 produce a bal  set of completely calibrated u-v 

data which c m  then be imaged. The basic premise behind imaging is that the visibilities 

and the true sky brightneas distribution form a Fourier pair, thus permitting the recovery 

of the sky brightness distribution kom Equation 2.48. 

Although it ie not w i t h  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 

- - - 

3~ sevtm iightaing stnke in 1997 disabkt the GPS receivers as weil as the compnter containhg the 
stored d&y data 
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imaging process can be found in Sramek et ai. (1994), and references therein. 

3.4.1 Deconvolution 

IdeaUy the u-v plane would be completely and unifonnly sampled mess ad 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 

al l  spatial fiequencies while simultaneously being free of image defects. Unfortunately, such 

an ideal instrument would be prohibitively difllrcuit to coustmct for all radio fkequencies 

and sources of interest, 

The next best approach is to use an interferorneter to sample the u-v plane. Unfortu- 

nately the process of sampling of the u-v plane resuits in the loss of spatial iaformation due 

to rnissing basehes (e.9. the unsampled central region of the u-v plane), as well as image 

defects due to the non-uniform sampling. As discuased in 5 2.5.1, the image recovered from 

the Fourier transform of the sampled visibilities is known as the dirtg image. This image is 

simply a convolution of the true image with the dirty beum (Equation 2.50). Fortunately, 

the precise shape of the dirty beum is known from the sampiing huiction, thus the effects of 

the beam can be corrected for through routines that attempt to interpolate for the missing 

u-v sarnples. 

The deconvolution routine med for all data in this research was the CLEAN algorithm 

(Hogbom 1974). This algorithm attempts to desaibe the image as a set of delta functions 

convolved with the didy  beam. Briefly, the CLEAN routine searches the image for positive 

and negative peaks, and subtracts a dirty b a r n  of suitable amplitude centereci on the peak. 

This pmcess removes the sidelobes of this peak from the map, and reveals other sources 

within the map, if present. This iterative process of removhg the peaks fÎom the map 

is continued until some user defhed threshold is reacbed. At this point, the final map is 

reconstructed by adding the components convolved with the point-spread function ( clean 

beam) badc into the map. A detaiIed description of the deconvolution process and the 

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

3.4.2 Self-Calibration 

The deconvolution routine d d b e d  above will produce final images that are often sufnaent 

for scientSc analysis, however these images will still be iimited by residual phase and 



amplitude errors which serve to lower the dynamic range of the image. These residual errors 

are due in part to the fact that the extemal calibration of atmospheric phase and amplitude 

fluctuations, discussed in 5 3.3.2, is only effective if the target source and calibrator f d  

within the same atmospheric ce&. 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 signai since the atmospheric variations traced by 

the calibrator will not be foilowing those induced in the target source. For high dynamic 

range imaging, the most reliable method to remove the effects of the residud atmospheric 

fluctuations is to calibrate the phase and ampiitude baaed on the target source itseif, self- 

calibmtion (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 intervais so that the antenna gains can be 

determined on time scales similar to that of the coherence time of the atmospheric screen, 

ratm. 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 

where A S  is the sensitivity in Jy s-' MH&, S, is the Bux density of the source in Jy, Av 

is the obsenring bandwidth in MHz, and r, is the averaging tirne used in the gain solutions. 

In general, self-caiibration WU improve the data if 4rnS << 60' on timescales of T,, = sacm. 

Once new antenna gain solutions are determined they are then applied to the source data, 

and a new, hopefdy improved, image is forrned. This improved image can then be used in 

the iterative process of seKealibration and imaging untü the solutions no longer improve 

on the previous iteration. 

For the purposes of thie thesis, iterative sekalibration was applied to ail target sources. 

The Al PS task SCMAP was used to undertake multiple iterations of ~e~cai ibrat ion and 

imaging. The self-calibration routine was restricted to phases only, as tests on amplitude 

~e~cal ibrat ion did not reveal improvements in the b a l  output map's signal to noise ratio; 

in fact the signal to noise generally deteriorated aRer amplitude self-calibration. In gen- 

mai, convergence was found aRer three pbmonly  s&-calibration Ioops. Following each 

seIf-dbration loop, the dean component table was merged so that all dean components 



correspondhg to a given position were summed in the b a l  table. The next self-calibration 

loop was then restarted using all merged components that were brighter than 8 times the 

r.rn.s. residual of the previous CLEAN. In addition to tbeae constraints, acceptable self- 

caübration solutions were restricted to those with a signal-to-noise ratio greater than three. 

The final output u-u data set obtained h m  the self-caiibration procesa is properly calibrated 

for a.ll Stokes parameters. 

3.5 Radio Source Fluxes 

The deconvolution and self-calibration routine described above provides a ha1 u-v data set 

where a l l  Stokes images are fuily calibrated. The Q and U maps were used to create the 

polarized intensity map, P = J-, which was corrected for the positive Ricean bias 

introduced by the quadrature combination of the two linear polarization maps (Wardle & 

Kronberg 1974). The AlPS task NSTAT was then useci to determine the 1, 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 al1 wavelengths, the presence of time- and location-variable radio 

frequency interference occasionally resuited in a Ioss of data at one or more wavelengths in 

the 20 cm obsewing band. Additional loss of data occurred in the 6 cm observing band 

are generally due to spectral index effects which reduced the polarized signadto-noise to 

undetectable levels for a number of sources. 

This chapter discussed the target selection, observations, and reductions of the polarized 

radio galacies selected to probe the intradusfer medium. Specific emphasis was placed on 

the planning of observing parameters and caübration strategy. Tables 3.3 to 3.7 summarize 

the basic angle calibration data, and List the flux density and polarization results for al1 

sources and frequencies. 
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Table 3.4: Total intensity (S) and polarized (P) flux in mJy for each source a t  each wavelength obtained 
during the October 1995 obawing session. The table also contains the mon asrociated with each flux 
measurernent- 



Source Sima us Sias us S a 3 a  US S4ms US 

Pi365 UP Rasa  UP Psaaa OP P4ma up 

0048-02% 256.03 2.29 227.01 2.42 93.99 1.06 99.29 0.91 

2.86 0.17 

Table 3.5: Total intensity (S) and polar id  (P) flux in rnJy for each source at each wavelength obtaind 
during the Decernber 1995 obsewing session. The table also contains the e n a s  associated with each 
flux measunment. Entries containhg I.." indiate wavelenghts at  which the source flux could not be 
measured due to low signal to noise, 



Source Si366 us Stlrsa US Straa us S4ma as S4ma US 

Tabk 3.6: Total intemity (S) and polarizeâ (P) fiux in mly for each source a each wavelength obtained 
during the 1996 o b m i n g  session- The table also contains the emar associateci with each flux meanire- 
ment. Entries containhg "..." indiate wavelenghts a t  which the source flux could not be measund due 
to law signal to noise- 
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Table 3.6 - Continued 



"Note that the measured polarbation for this source faIls at the 
limit of the VLA's capabilities (-0.1%). R,esuits determined for 
this source should thedore be regardmi with extreme cautiom 

Table 3.7: Total intensity (5) and polarized (P) flux in mJy for each source at each wavelength obtained 
during the 1997 obsewing sesion. The table also contains the e m  arsociated with each flux measure- 
ment. Entries containing "..." indicate waveienghts at  which the source flux could not be rneasured due 
to low signal to noise. 
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Chapter 4 

X-ray Observations and Data 

Reduct ions 

Overview: Each of the 24 gaiaxy 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 outiines 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 ail-sky survey archives. The detailed target select ion 

process for the galaxy clusters is described in 1 4.2, and the X-ray reductions of the cluster 

data is discussed in 5 4.3. The X-ray fits to the clusters are presented in 5 4.4, together 

with tables of the fit parameters. 

4.1 ROSAT 

The initiative for the Rontgensatellit, or ROSAT satellite, came fiom the Max-Planck- 

Uistitut fur extraterrestrische Physik (MPE) in 1975. The initial proposal suggested under- 

taking an ail-sky survey with a resolution of less than an arcminute. During the planning 

stages, the concept of the satellite expandeci to include an international collaboration with 

a Wide Field X W  Camera (WC),  through the Universiiy of Leicester, and a high r e s e  

lution imager (HRI) for the focal plane of the X-ray teleseope (XILT), through NASA. The 

other XRT focal plane instruments are the two Position Sensitive Proportional Counters 

(PSPCs), each with a filter wheel caftying a boron fiiter, which nare deveioped at MPE. 

The WFC is describeci in detail by Kent et al. (1990), and Weiis et al. (1990) and wiU not 
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be discussed here. 

The satellite was launched into a nearly circular 575 km orbit on June 1, 1990. The f is t  

phase of the ROSAT mission wae to conduct an all-sky X-ray imaging survey (RASS) during 

the k t  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 

o v e ~ e w  of the ROSAT mission can be found in Tkümper (1983). ROSAT operated the 

XRT with both the PSPC and tIRJ as focal plane detectors until September 1994, when 

the PSPC detector was taken off-line due to the depletion of the gas supply. The sateiIite 

continued to successfdy operate the HRJ until September 1998 when it waa damaged by 

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

4.1.1 ROSAT'S XRT 

The irnaging mirror assembly of ROSAT'S XRT consisted of a fourfold nested Wolter type 1 

mirror. This assembly combines parabolie and hyperbolic surfaces to enable proper Focusing 

of the incoming photons (Wolter 1952) which strike the mirror surface at typical grazing 

angles between l0 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 ares of 1141 cm2 and a Focal 

plane plate scale of 11.64 pm arcs&. A detailed description of the minor assembly and 

performance is given by Aschenbach (1988). 

The XlXT 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 (ARI), similar to the one Bown on the EINSTEIN observatoryl. 

With the HRI as the focal plane detector for the XRT, the field of view was 36', with a 

spatial resolution of 1.T (FWHM) at 1 keV. The PSPC + XRT combination r e d t e d  in 

a field of view of 2 O ,  and a spatial resolution of 25" (FWHM) at 1 keV. The Large angular 

diameter subtended by low redshift galaxy dusteni made the XIYT + PSPC combination 

the natural choice for studies of extended emission kom galaxy clusters. 

The PSPC was developed at the Max-Planck-Mitut fur extraterrestrisChe Physik, and 

is describeci in detail in Briel & Pfeffermann (1986). In addition to the position and 

'A signüicant improvement of the ROSAT BRf was the i n m d  qmuttun efficiency (to 30 %) at 1 LeV. 
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energy sensing counter, the PSPC ais0 containeci a lower iayer 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 huiction of the photon energy in the 

ANGLE tarcsecl 
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 wak 
function of photon energy. 

4.1.2 ROSAT AU Sky Survey 

The first two montbs &er the iaunch of the ROSAT satellite were demted to the caübration 

and verification of the instrument package. Following this period, ROSAT began the six 

month ali-sky survey during which nearly the entire sky was covered in scana consisting of 

2* stRps centered on great &des through the ediptic poles in the plane perpendicular to 

the EarthSua aris. This survey was designeci so that no Earth occultation ocnrrred, and 

the zenith angIe was minimiseci. The survey, begun in August 1990, was desi*ped to be 
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Figure 4.2: This plot shows the radial dependence of the PSPC pointing PSF density a t  a photon energy 
of 1 keV as a fundion of increasing off-axis angle. Note the increase in the width of the point spread 
function at large off-axis angles. 



completed at the end of Jan- 1991. Unfortunately about a week prior to the nominai 

completion date of the survey, the satellite's attitude control suffered a catastrophic failure 

which sent the satellite into a tumbling orbit. As a resuit of the failure, the solar panels 

were no longer capable of drawing power fiom the Sua and satellite was forced to switch 

to its backup batteries for power. M e r  a few hours the battery power was drained and 

the satellite switched into an enforceci hibernation state which made the ground controiier's 

task of re-establishing contact very d S d t .  Fortunately, for this thesis (and many other 

research projects!), contact was re-established wit h the satellite. As the satellite tumbled, 

however, the teiescopes slewed across the Sun which destroyed the focal plane detector 

(PSPGC) which was being used for the awey. The payload, however, included a spare 

detector (PSPC-B) which was used to cornplete the unobserved regions of the survey during 

observing periods in Februazy and August 1991. 

The primary products derived nom the RASS are the source catalog, and mops of the 

diffuse X-ray background (Snowden et al. 1995; Snowden et ai. 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. Ail catalogued sources contain at least 15 photons. For 

a brightness U t  of 0.1 cts/s there are 8547 sources, and the catdogue represents a sky 

coverage of 92%, with a typical position acmacy of 3û". The catalog, presented in Voges 

et al. (1999), lists the source positions in equatorial CO-ordinates, the positional errer, the 

source count rate and associated error, the background count rate, the on-source exposure 

t he2 ,  the hardness-ratio and error, the extent and ükeiihood of extent, and the iikelihood 

of deteetion 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 clustenr of galaxies, AGNs, quasars, and misceIlaneous (known) objects3. Nine 

of the gala;xy clusters analyzed for this thesis are taken kom the RASS observations. The 

remahder of the cluster sample was observed during ROSAT'S pointed observation phase. 

' ~ u e  to the scanning process d for the RASS, the expotme t h e  vafies hm - 100 seconds at the 
ecliptic equator, to - 40 000 seconds at the ecliptic poles. 

3The coincidentai assoaation mor was estimated to be 15% for these identification. 



4.1.3 Pointed Observations 

Following the six-month d-sky survey, ROSAT entered into the pointed observation phase 

of the mission. During this phase, the guest observer program provided the opportunity 

for mearchers 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 proprietacy 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 generdy 

moved slowly back and forth a distance of f 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 feil behind the mesh by providing a method of smoothiug 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 briefty 

touched upon in 5 3.2.1. The main goal of that section was to provide a detailed description 

of the targeting pmcedure used to select the polarized radio sources. Below is an outiine of 

the considerations taken into account in the selection of target galaxy clusten. Table 4.1 

provides the relevant select ion paramet ers for the galaxy cluster sample selected for t his 

work. 

0 Location: A positional Mt on the available galaxy clusters is set by the declination 

Limits of the VLA. Although the interferorneter is capable of observing sources down 

to declinations of -40"' the foreshortened u-v coverage, even for hybrid codgurations, 

at these low declinations makes recovery of the source structure of the radio probes 

dif&ult. The selection of galaxy ciusters was therefore limiteci to those at declinations 

p a t e r  than -lP, with the exception of A b 4  1060, which f& at a dechation of 

-2T.  Further restrictions on the position of galaxy duster candidates arere set by 

i) the requirement of obtIlining radio probes at high Galactic latitndes, 161 >20°, to 

avoid contamination h m  Galactic Faraday rotation, and ii) the slty coverage of the 

NVSS available at the time of ob6iervations. 
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The Galactic latitude restriction wa9 determined from detaüed maps of the Faraday 

sky (Sirnard-Normandin & Kronberg 1980) which reveaied enhanced Faraday rotation 

at low Galactic latitudes in the disk of the Milky Way. Rotation meaaures 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 fiom non-cooling flow regions of galaxy clusteni. At higher 

Galactic latitudes, the Faraday sky maps show typical rotation measuses are of order 

10 rad m-*. These smaH Galactic contributions are easily corrected for using the 

method described in 3 5.4. 

Redshift: Andysis 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 r n ~ ~ * ,  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 Iarge angular extent 

on the sky for the selection of polanÿed radio probes. 

Richnesr: Faraday rotation of polaRaed emission will occur if there is a CO-spatial 

distribution of magnetic fields and thermai electrons. In order to use this effect to 

probe the intracluster magnetic fields, sufEciently rich gdaxy 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 AbeU-type chsters of 

galaxies (XBACs) h m  the ROSAT Ail-Sky Survey. This cluster sample is Iunited 

to hi& Galactic latitude (Ib( >20°) AC0 clusters at redshifts of less than 0.2, and 

X-ray fluxes above 5.0 x 10-l2 erg cm-* s-' in the 0.1-2.4 keV band. Al1 but four 

galaxy clusters within the thesis sample are drawn from the X-ray flux-limited XBACs 

sample. The four clusters outside the XJ3ACs sample fd below the flux cutoff. Two 

of the galaxy clusters were observed prïor to the release of XBACs, A b d  569 and 

Abeii 779, and wexe salected based on EINSTEIN IPC liirninosities. The other h o  

'Flux estimate at the NVSS hqyency of 1.4 GHz. 
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clusters, Abell 1383 and Abell2247, were selected based on the presence of polarized 

radio probes at srnall 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 . 1 ~ 1 0 ~ ~  ergs s-l. 

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 sphecically symmetric. Many clus ters. 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 difficuit to mode1 the X-ray 

emission in the region aEected 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 t hrough the intracluster medium 

toward polarized radio probes. On the other hand, clusters which display relaxed 

morphologies oben 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 5 1.3, one of the goals of this thesis is to probe the 

underlyiqg intracluster magnetic field in non-cooling fiow regions of galaxy clusters, 

and to compare this to the results of work by other mearchers which concentrated 

on the magnetic field in the central cooling flow regions of galaxy clusters. This goal, 

therefore, makes selection on morphology somewhat d B d t .  

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 Ma yr-'. The remainder 

of the cluster sample contains several galaxy clusters whose X-ray d h c e  brightness 

profiles reveai various stages of cluster merger events. In these clusters, the X-ray 

d m e  brightness proûles are fit for both the entire galaxy cluster, and for an angular 

region of the cluster covering the radio probe. These profles are then compared to 

determine the best-fit parameters. 

One additional morphologicai consideration was the presence of extendeci X-ray emis- 

sion. Ail target dustem were examineci to ensure that the cluster X-ray emission was 

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

Centrai cooling time: As d i d  above, the majority of galaxy dusters seledeci 



for this analysis are weak or non-cooling flow cluters. Although the coolulg rate for 

the target clusters was initially taken from the (unpublished) coohg flow catalog of 

Arnaud 1988, the numben presented in Table 4.1 are extracted from the EINSTEIN 

analysis by White et al. (1997), where available. The four clusters with cooüng rates 

above 50 Ma yr-l, Abell85, Abell376, Abell426, and AbeU 496, have radio galaxy 

probes which fd beyond the cooling radius of the cluster. The cooling radius is 

defined as that at which the cooling time for the gaa is equal to the age of the galaxy 

cluster. Typical values of the cooling radius are .Y 100 kpc. 

Polarised 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 thmugh the intracluster medium at an impact 

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



- -  - - 

Abel1 RA (52000)' Dec (32000)~ zc R' RSe iff b o l g  

h m s  Om s Ma yr-' Mpc 

75 00 39 35.7 21 13 23.5 .O626 O L a ... ... 
76 00 40 01.8 06 50 44.0 ,0416 O L a O O 

=Right ascension of X-ray centroid in J2ûûû coordinates as determineci by the 
author. 

*~eclination of X-ray centroid in JZOOO coordinates as determined by the author. 
%hift fiom A b d ,  Corwin & 01owin (1989). 
d~icbness clam fiom Stmble & Rood (1987). 
'Rwised Rood-Sastry type fiom Strnble & Rood (1987). 
cooling rate in solar mages per year from White et ai. (199'1) d e s s  0th- 

indicatd 
gThe d u s  as detecmifled by White et al. (1997) at which the cooling time 

reaches 2 x 10" yrs. 
h~ooüng rate and radius fkom Arnaud 1988- 

Table 4.1: General observational parameters of the target A k l l  cfusters. 
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4.3 Reductions 

As discussed above, meen of the gaiaxy 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 kom the ROSAT Data Archive. The other nine 

clusters were obaerved during the Ail-Sky Survey phase of the ROSAT mission, and the 

data were extracted fiom the survey database through collaboration with H. BBhringer of 

the Max-Planck-Inst itut fur extraterrestrische Physik. The relevant ROSAT observational 

parameters for the ciuster sample are listed in Table 4.2. The reduction of the ROSAT X- 

ray data was undertaken within the Extended X-ray Scientific Analysis Sofiware (EXSAS) 

package under the European Southern Observatory's (ESO's) Munich Image Data Anaiysis 

System (MIDAS). The analysis of the ROSAT Xray 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 fiom gas at typid  intracluster medium 

temperatures (10' - I O ~ K )  falh above the carbon K a  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 ai. (1994). 

4.3.1 Calculating the Radial Surface Brightnees Profile 

As discussed in 5 2.3.1, the intraciuster gas density can be traceci by the surface brightness 

proûie of the X-ray emission. This section outhes the proceas of determining the radial 

distribution of the intracluster surfhce brightness. The step toward determining a 

proper background subtnreted cluster surface brightness profile is to determine the emission 

center of the cluster. Although the analysis presanted below assumes spherical symmetry 

for the clusters, it is often the case that the X-ray emission nom galaxy clusters is elongated. 

It is, therefore, important to consider the distribution of the duster photons to sdiciently 

large radü that the m i e  center of mass of the photons can be detemined. In the case 

of elongated ciuster emiasion, which b not intrinsic to the individuai ciuster unde. study, 

but, rathec, is due to a merging sub-cluster mmponent, 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 fkom a region around the sub- 

cluster, or, for sub-cluster components at large rad& thmugh restriction of the centering 

to a cluster radius interior to that of the sub-cluster component. The latter approach was 

employed for the m e n t  cluster sample. Note t hat, 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 smootâly varying radial emission 

profile will be considered intrinsicaily 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 ail 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 Ievel in the image. This first requires an 

estimate of the outer significant radius (but) 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 Ievel is then determineci by examinhg 12 individual sectom 

which lie in an annuius beyond kUt. Specifically, the count rate is determineci in each 

annular seetor 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 determineci for each band from the sectors remaining &ex 

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 hatbband radiai profile of the ciuster. Each cluster 

image is examineci for the presence of X-ray emisgion h m  discrete sources. AU photons 

in an area surrounding these sources are Lernoved h m  the photon event table before the 

radial profiie is caldated. Note that the photon event table contains information on the 

arrivai tirne, detector location and en- of d PSPC photon events. The projected radial 
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Figure 4.3: This plot shows the on-axis tesponse curve for the pulseheight band definitions suggested by 
Snowden et al. (1994)- The sharp edge at 0.284 keV is causeci 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 
W),  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. 



profile of the X-ray d a c e  brightness is then obtained by averaging over al1 remaiaing 

photons in radially increasing annular regions of 15" width, centered on the center of mass 

of the photon distribution. This averaging proces neglects any deviations from spherical 

symmetry in the cluster and shouid therefore be used with caution. For a few clusters which 

showed a deviation fiom sphericd symmetry, the radial profile was determined for both the 

entire cluster, and also for the sub-portion of the cl us te^ containing the radio source of 

interest. 



Abel1 ROSAT" sequenceb Expome counte P I  

Phase number ksec rate s" 

RASS 

PO 

PO 

PO 

RASS 

RASS 

PO 

PO 

RASS 

PO 

PO 

PO 

PO 

PO 

PO 

RASS 

PO 

PO 

PO 

RASS 

PO 

PO 

RASS 

RASS 

.p. 

S. Murray 

C. Jones 

C. Jones 

*.* 

.*. 
S. Murray 

L. David 

... 
J. Henry 

F. Owen 

J. Henry 

S.. 

G. Kriss 

W. voges 

6.. 

U. Briel 

T. Maccacaro 

G. Stewart 

... 
R. Schwarz 

W. Forman 

. ** 

... 

"Phase of the ROSAT mission during which the duster was 
observed: RASS - ROSAT All-Sky Survey, or PO - Pointed 
Observation 
'ROSAT Data Archive seqpence number for point& 

observations. 
"X-ray cotmt rate in the ROSAT hard band, 0.5-2.4 keX 
d ~ u e  to the large angnlar extent of this cluster, the final ROSAT 

image is a mosaic of multiple pointings- 

Table 4.2: Genenl ROSAT observational parameters for the target Abell clusters. 



4.3.2 Fitting the P Mode1 

As discussd in 2.3.1, the X-ray d a c e  brightness of the intracluster gas can be param* 

terized by a hydrostatic isothemd model of the form 

where So is the central surface brightness, r, is the core radius, Sb is the background, and 

p is the ratio of the gdaxy to gas temperature. The central surface brightness is initidy 

determined for e h  cluster fiom the count rate in the central bin of the radial profile, with 

the final central surface brightness being determined fiom the best fit model. Similarly the 

background surface brightness is initidy determined fiom the outer regions of the X-ray 

image, with the final background level being determined by the best fit model. The b a t - P  

parameters for Sot rc , 8, and Sb are determined by minimizing the X2 difierence between 

the model, and the observed surface brightness profiles. The X2 minimization follows the 

Levenberg-Marquardt met hod (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 P model to the entire radial profile for clusters 

where there is excess central emission, r e d t  in fits that produce artificidy small core radii, 

and p values. The artificidy smaU values can be understood, since a decreased core radius 

provides a better fit of the central regions of the cluster, while a decreased P parameter 

compensates for smaU 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 seleetion of too large au exclusion region wiU remit in an increased 

uncertainty in the detennination of the clusfer% core radius. The core radius in such a 

situation will slso 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 proHe of the cluster under study is weii 

determinecl through a large signal-to-noise throughout the cluster, the data are sitfficient to 

conshain alI four fit parameters for the fl model. If, however, the signal-to-no* within the 

cluster is W l y  low, as in the case of dustem obsemed duriog the AU-Sky Sumey, then the 



data are oRen insdEcient to accurately determine aU four fit parameters. In this situation 

it is often necessary to ûx either the central su$ce brightness or the background based on 

the observed radial profile. 

4.3.3 Extracthg the Cluster Gas Distribution 

The ha1 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-kame 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 f a t  that the s p e c t ~ m  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-Smit h thermal spectrum is plotted as a hinction 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 &O takes into account the absorption of soft X-ray emission due to 

the foreground Gaiact ic neutral hydrogen. The neut r d  hydrogen column demi ty toward 

each galaxy cluster was determined fkom the maps of Stark et d. (1992), and Cleary et ai. 

(1979). 

4.4 The Cluster Fits 

Figure 4.5 displays the smoothed X-ray contour map of each cluster in our sample in 52000 

coordinates in the left panel. Note that AbeU 399 and Abeil401 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 radiaiiy binned k r a y  surface bnghtness profle of each ciuster. This 

profile diaplays the binned count rate as a funaion of radial &ance fiom the cluster 

centroid in arcmin, where lr=120 detectot pixels. Overlaid on each sarfaoe brightness plot 

is the best-fit /3 profile for the duster. The profile for Abell401 is displayed in the panel 

beside the contour plot, while that for Abell 399 is disphyed below the Abell401 profile. 



Gas Temperature keV 

Figure 4.4: Plot of the normalized (at 6.0 keV) PSPC count rate in the 0.5-2.0 iceV band as a function 
of plasma temperature for the ROSAT PSPC detector. The emission rnodel 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 Iine represents 35% soht abundance in the emitting plasma, as used in the 
anafysis. For cornparison, the dotted lint repnscnts 20% solar abundance and the dashed line is fw 
50% solar abundance. Note atso that there is very little variation in the count rate with abundance fw 
temperatures abow 4 keV. 



Following the cluster plots, there is a section containhg notes on the fits for individual 

clusters. Table 4.3 iists the Galactic Hydrogen columa 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 bat-fit values of the central surface brightness, core radius, P, 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. 



Figun 4.5: ROSAT hard band contour maps of Abell clurtus an shown in the Mt panels The tight 

panels shcw the binned suhce brightness pronk in counts s - ~  arcmin-' venus distance in arcmin. The 

solid line indicates the /3 fit mode(- 
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Figure 4.5 - Continued 
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Figure 4.5 - Continued 
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Figure 4.5 - Continued 



Notes on individual clusters 

Abeii 75 The elongated nature of the X-ray emis8ion from this cluster, together 

with the short exposure tirne fkom the RASS pointing rnake it difncult to provide an 

accurate fit to the surface brightness profile. Due to the sparse information available 

on this duster, the best fit was detennined by fixing the background level for the 

cluster, and allowing the central surface brightness, core radius, and parameters to 

be fitted. 

Abell76 This boxy cluster contains several embedded X-ray point sources which were 

masked before binning the sudace brightness profle. Despite the lattened nature of 

this cluster, the p model was found to be a reasonable approximation to the cluster 

emission. 

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. 

AbeU 119 The diffuse X-ray emission for this cluster contains several embedded X- 

ray point sources which were removed before determinhg the radial surface brightness 

profile of the cluster. The profile was determineci 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 Merence 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. 

Abell 147 The sparse data available for this RASS cluster results in a poorly con- 

strained fit to the md&ce brightness profile. 

AbeU 168 The amorphous nature of this cluster resuits in a radiai profile which 

drops in the two bins amund 50" from the cluster centroid. Although the best-fit fl 
mode1 cannot recover this radial variation, due to the spherical symmetry inwlvecl, 

the /3 modd does provide a good fit to the outer regions of the duster where the radio 

  robes lie. 
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Abell 194 There are several X-ray point sources embedded within the di&ise cluster 

emission which were masked before detennining the radial profile of this cluster. 

Abell 262 This cluster displays very symmetric, difFuse X-ray emission. Note, how- 

ever, that the high central count rate of 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 galawy of this cluster (Amram et al. 1994). The best-fit /3 model 

was constructed by removing the central excess, and fitting the remrtiniag diffuse 

cluster emission. 

0 AbeU 378 The contour plot for this RASS cluster displays fairly smooth X-ray emis- 

sion. 

0 Abell 399 This cluster is located in the outer regions of the PSPC image of its com- 

panion ciuster Abeli 401. The X-ray contours of Abell 399 display smooth, spherically 

symmetric X-ray emission, and the cluster is weil fit by a 0 model. 

0 Abell 400 Abell400 contains several point X-ray sources embedded within the diffuse 

cluster emission. The surface brightness profile, excluding these sources, is weU fit by 

a p model. 

0 AbeU401 There are three point X-ray sources visible in the western periphery of the 

X-ray emiasion for this cluster. They were masked out prior to the determination of 

the X-ray sudace brightness pmûle. 

0 Abeii 416 Although this cluster, also known as Perseus, contains the largest cooling 

flow of the sample, it is weil fit through the entire profile by a single component f l  
model. 

0 Abeii 496 The central region of this cluster is dominateci by X-ray emission fiom 

the cooling flow. As the radio probes for this cluster are located beyond the moihg 

radius, the d k c e  brightness profde fit is determineci fiam a single fl model fit to the 

data outside the cooling radius. 

0 AbeN 569 There is very iittle di&iae X-ray eniission visible in the RASS image of this 

cluster. The X-ray emission îs mainiy dominatecl by compact X-ray sources. In fact, 

the central radio probe for this duster Iies within the central compact X-ray clump. 



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 fl model. 

The sparse RASS data also excludes the possibility of fitting this cluster through a 

two-component @ model. For a spherical ciump of fie-Erre emitting gas, the X-ray 

luminosity, L,, between energies El and & is related to the electron density, ne, by 

(Rybicki & Lightrnan 1979) 

where g l f  = 1.2 is the Gaunt factor, and RCiUmP is the radial extent of the clump. A 

onedimensional 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 1 0 ~ ~  ergs s- ' , yielding an electron density of 0.0162;:" cm-3 for the clump. 

The error associated with the electron density of the clump was determined Çom the 

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

a Abeii 576 The X-ray contours for this ciuster reveal a compact, fairly symmetric, 

diffuse X-ray component. Although the surface brightness profile displays an X-ray 

deficit in the central bin (l'), the outer regions of the cluster appear to be well fit by 

a B model. 

0 Abeii 754 T b  cluster shows a very prominent central east-west elongation which is 

a result of the tact 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 fiom the central region of the cluster. The best-fit f i  model was 

determined by varying the aelected X-ray centroid and determinhg the model with 

the lowest overall reduced x ~ .  

Abel1 779 The diffuse X-ray emission from this duster contains several embedded 

point X-ray sources in the outer periphery. The central region of the cluster ais0 

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 surf' brightness profile. 

This r e m 4  of the central excegs will not affect the d t s  at the position of the radio 

probe as the radio source Les weIi beyond the excised central region. 
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AbeU 1060 This nearby galaxy cluster contains a weak cooiing flow which is visible 

as a slight excess in the central 5û" of the surface brightness profile. The best-fit @ 

model was determineci fiom the binned profile outside this radius as the radio probes 

lie weU beyond it. 

AbeU 1185 This cluster àisplays very patchy X-ray emission with slight extensions 

to the eu t .  Note that the sparse nature of the RASS data is clearly visible in the 

binned X-ray surface brightness profile. 

Abell 1314 The X-ray emission for this cluster is elongated in the east-west direction, 

and contains several embedded point X-ray souces. I t  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 fiom 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 duster lies 

in the central symmetric region of emission. 

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 t his cluster, and the fact t hat the data are ob t ained fiom the RASS 

archive. 

Abe11 2347 The RASS image for this cluster shows a patchy, extended region of 

X-ray emission. Due to the spanie nature of the amilable data, the best-fit model 

was detennined by holding the centrai surface brightness ûxed and ailowing the fitting 

routine to determine the best fit values of the core radius, @ and X-ray background. 

4.4.1 Estimating the Fit Errots 

The uncertainties associated with the best-fit values of /3, and r, are determineci by examin- 

ing the x2 d a c e  associateci with these two fit parametm. The error d a c e  is constructed 

by taking the central &e brightness, and background sd' brightness as fke pmame- 

ters, and calculating the x2 d u e s  between the model and data on a grid of @ and r,. This 



X2 surface is then used to calculate the lo errors on the B and r, which are presented in 

Table 4.4. 

4.5 Summary 

This chapter presented the details of the X-ray observati IS and reductiom for the galaxy 

cluster sample. The details of the cluster selection criteria were also outlined. The final 

sections of the chapter presented the k a y  determineci duster gas properties which wiU be 

used in the analysis in the remahder of t his thesis. 



"Outer radius of X-ray emission as traced by ROSAT observations. 

b~beling et ai. 1996 

White et al. (1997) 

d~stimate based on tadiai slices throngh the ROSAT inrages 

Tabk 4.3: Input panmeten fa  durn t  fi, Gatactic hydmgen column density Na fmm Stark et al. 

(1992). and Cleary et al. (1979). emission wigfited gas temperature Tg h m  David a al. (1993) 

except where noted othemisc. 
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395:; 0.342:;: 4.69 2.26 0.06 1.94 

Table 4.4: Central surface brightness. core radius. P. and background surhce brightnerr determined from 

the ROSAT X-ray fits. The associated reduceâ x2 for each fit is also listed. Note that the errors in R, 

and B are la. The last two columns in the tabk show the X-ray luminosity and fiu for each ciuster 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 outiines 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 5.2, together with the fitting 

routine used for the rotation measure determination. Section 5.3 provides the regression 

plots for the bat-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 individuai sources. The determination 

of the Gakxy-corrected rotation measure (residual rotation measute) for each radio source 

is discussed in 5.4, aod the radio source identifications are given in 5 5.5. 

5.1 Determining the Polarization Angle Error 

The rotation measute induced dong 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 (5 2.4.3), RM = A X / d .  Before discussing the method of 

determining the rotation measure for each source in the radio sample, it is necessary to 

consider the errom associated with the measured position angle, X. R e c d  that the position 

angle of the pol&ed emission is x = farctan 5, Equation 2.64. Formdy, the error in the 

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



where P = (Q2 + u ~ ) ' / ~  is the polarized intensity. In the M t  of ideal calibration and zero 

ionospheric contributions, Equation 5.1 would accurately represent the error associated with 

the position angle measurement. In reality, however, t here axe several other sources of error 

which must be taken into account, as they will affect the measured position angle of the 

polarized emission. Briefiy, these contributions are: 

0 Intrinsic: The error in the intrinsic position angle of the emission fiom any source can 

be traced to the error ass~ociated with determinhg the right minus left phase offset 

correction. As discussed in 8 3.3.3, the phase corrected m a t h  for 3C286 showed 

variations of approximately cri,=& 2' in phase amund the expected value. 

0 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, ni, = O.l/%P. 

0 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 

(oion) to the position angles in the 20 cm band was Iess than 5 O ,  whüe at 6 cm the 

ionqheric 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 O ,  and was thus included 

as such in the position angle emr analysis. 

The final error in the position angle mea~urements is determineci fkom the summation in 

quadrature of each of the above sources of error: 

5.2 Rotation Measure Fitting 

As discussed in 5 2.4.3, the determination of a reiiable rotation measure h m  a set of 

position angle observations at  a number of wavelengths is compiicated by the presence of 

n r  ambiguitiea in the meseured position angle. It is therefore necessary to investigate a suite 



of solutions to Equation 3.4, each of which provides a range of UT rotations for the source 

data  The 'best' solution can then be determineci thmugh use of a remsion coefficient. 

It must be noted, however, that as the number of n?r rotations increases, the goodness of 

fit to extreme d u e s  of rotation measure becomes artificiaily 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 pexfoming 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. 

Depolarbation of radio sources at long wavelengths is discussed briefly in 5 2.6, and the 

depolarization ratio, DP, is given by Equation 2.72. Care mut  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 - ~ 2  

plot. In generai, the data at any wavelength could be coosidered potentially compted 

when the degree of polarization drops below 25% of the maximum polarization (i.e. DPL 

4). The choice of the 25% level is suggested by the interna1 depolarization models of Burn 

(1966), and Gardner & Whiteoak (1966). In these models, the X - A ~  plot begins to deviate 

nom a Iinear relation when the polarization drops below 25% of the mBximum polarization. 

Note, however, the clear exception provided by the Crab nebula, where high depolarization 

ratios are not associateci with significant deviations from a linear X - ~ 2  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 sarnple that do not have a depolarization 

ratio calculated due to a Iack of 6 cm data The mean depolarization ratio for the sources 

below the 25% limit is = 1.2. Although there are five sources whose depolarization 

ratio is above the cutoff at DP-4, tour of these are only slightly above the eutoff. The 

rotation meamre fitting of these sources is d i s d  individuaily at the end of this section. 

Figure 5.2 shows a histogram of the maximum polMzation percentage for the radio source 

sample. 

Although sources displayhg a high depoiarization ratio have been specincally singled 

out in the fitting procedure for careful visuai follow-up, it shouid be noted that ait fits were 

verified individually and generally tested for robustness of Pt through the variation of the 

combinations of wavelengths fitted, and multiple regression searches described below. 



Figure 5.1: Histogram of the depolarkation ratio for the radio source sample. Note that the depolarization 
ratio was calculatd only for those sources which were detectcd in polarized fi ux at both 6 cm and 20 cm. 
There are 8 sources which were not daected at 6 cm, and thus do not have calculated depolarization 
ratios. In addition, one source, f145+1%, has a depolarization ratio of 19, and is not reprexnted in 
the histograrn. The data a t  long wavdength 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+1%. which 611 above this cutoff. 



Figure 5.2: This histogram displays the maximum polarimtion percentage obsewed for the radio sample- 
The polarization percentage for the 8 sources, which were not obsewed a t  6 cm. was calculated from the 
20 cm data. 



5.2.1 nlr 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 n* program nuui twice through a set of six searches for the best fit rota- 

tion measure. The h t  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 oniy 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 avaiiable in the 

literature on several of the murces studied. As a robustness check of the b a t  fit rotation 

measure, a second session of nlr, which included ail available data, was undertaken. In 

general, the best fit rotation messure fkom the second session was in fairly good agreement 

with that of the first session. Note, however, that the rotation measure determined from 

mdt iple epoch observations should be regardeci wit h extreme caution due to the po tential 

tirne 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. AU input observations have an associated flag to indicate the reliability of the polar- 

ization data for a partidar source. This fiag also takes into account measurements 

which are oniy for part of a source so that they will not be combined with full source 

data when fitting the rotation m e m e .  The first step in the fitting routine is to tkow 

out ail unreiiable data baseci on the polarization flag. Although cutting on this flag 

is not necessary for the data obtained for thig thesis, it was helpfd for the robustnese 

check which included polarbation observations from the iiterature. At this stage, the 

program a h  rejects ail data fiom wavelengths longer than 31 cm as these data are 

almost certainly compted by source depolarization and Galactic background contam- 

ination of the polarization. The remaining data set is then used in a least squares 

regression aaalysis which ailours for nn ambiguities in the polarisation angle me- 

ments. The rotation measure fit is constrained by upper and lower limits to amid the 

pmblem of arbitrady good fits to extremely hi& values of rotation measme. For the 



purposes of this work, the rotation measure limits were set to f 1Oûû rad t ü 2 .  The 

best fit plots in Figures 5.3 and 5.4 show the resdt of this search. 

2. Using the data set from Step 1, the program then searches for neirrby data points 

which have AA2 < 10 un-2. Points satisfying this uiterion are averaged together, 

and the regression analysis is perfonned on these data plus the remaining unawraged 

points. In the case of observations undertaken for tbis thesis, the two 6 cm points are 

averaged for this second rotation measure fit. 

3. Again using the unaveraged data fiom Step 1, aü data points with polarized flux below 

25% of the maximum observed polarisation are cut fiom the dataset. The rernaining 

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

4. The fourth searcb takes the database kom Step 3 and performs an average of nearby 

wavelengths as in S tep 2. The regression analysis is then performed on the averaged 

data. 

5. In this rotation measure search, d meapurements 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 ha1 search involves averaging nearby wavelengths in the data kom Step 5, and 

performing the regression analysis. 

Note that in ail six steps of the rotation measure fitting, the regression analysis is only 

performed if there are thtee or more wavelengths present after all seiection n i t s .  

The best-fit rotation measure selected fiom each of the six searches is deterniined 

through the associated F ratio, which is the ratio of the mean variance kom the fit to 

the mean variance calculated h m  the uncertainties associated with the polarization an- 

gles, an F ratio of 1 therefore represents a pdec t  fit. Foilowing the completion of the fitting 

procedure, aU output rotation measwe fits were visually uispected to detennine the quality 

of the fit. This visual inspection involved individdy comparing the rotation measure fits, 

and F ratios calculateci h m  each of the six steps. As mentioned above, the fiaal rotation 

measure estimate was selected h m  the best-fit d t  h m  Step 1. The error associateci 



with the best-fit rotation rneasure is given by 

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

each position angle measurement . 

5.3 The Fits 

This section presents the plots of the best-fit regression snalysis to the X - ~ 2  data for ad 

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 AbeU 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 fali beyond the edge of the intracluster gas. The distinction between these two samples 

is discussed in detail in 5 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 a t  each of the given wavelengths. The bottom and 

top axes of each graph are the wavelength (cm), and wavelength squared (cm2), respectively, 

associated with the polarization angle measurement. The source name in 52000 coordinates 

is shown in iight grey within each plot, and the best-fit regression is shown by the solid line. 

Near the top of eaeh graph, the best-fit rotation m e m  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 

fiom the integrated polarization rneamrements at each wavelength. FoUowing the rotation 

measure plots, there is a brief section containing notes on a few of the rotation measure fits. 



Figure 5.3: Polarization angle (closed points) versus wawlength squared fw sources in the cluster ample- 

The dope of the best-fit Iine is the rotation measure, RM. Open cirdes indicate pobrization percentage 

at  the associateci wavelngth. 



Continued 
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Figure 5.3 - Conthecf 



Figure 5.3 - Continued 



figure 5.4: Polarkation angle ( c 1 d  points) venus wavelength squared for sources in the control ampIe. 

The dope of the best-fit line is the rotation measure. Open circles indicate the polarkation percentage 

at the associateû wavelength. 
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Figure 5.4 



Figure 5.4 - Confinued 



Figure 5.4 - Continucd 



Figure 5.4 - Continued 



Figure 5.4 - Conthued 



Notes on individual sources 

O 0052-011U The depolarization ratio of 4.2 for this source places it in the regime of 

potential non-linearities in the X - ~ 2  relation. Although it is possible that X - ~ 2  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 interesthg to note that the nearby, although 

apparently unrelateci, source, 052-011L, has a much smaller depolarization ratio of 

1.0. 

O 0056-013 Although the rotation measure fit in Figure 5.4 oniy 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 polarbation angle results in a good fit to the X - X ~  

data. hcluding the 6 cm data point in the fit increases the fitted rotation measure 

fiom - 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 wili lead to lower estimates of the 

intracluster magnetic field strength. 

0319+415 The measured polarhation percentage of this source is at the Iimits of 

the instrumental polazization error of the VLA, and thus the r d t s  for this source 

should be regarded with extreme caution. In fact, the locations of this source in the 

cooling core of Peraeua (Abeli 426) suggests that the rotation measure is lürely to be 

in the range of several thousand radians mh2. This prediction is based on observeci 

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 signiscantly 

underestimates the true rotation rneasure. The associateci magnetic field calcuiated 

h m  this rotation measure should therefore be considered a lower limit- Note that 

although this source is induded in the mnple for the andysis, the d t s  presented 

in this thesis are not &&ed by the removai of O319+415. 

0 0713+579L This source is s i m .  to 0052-011U in that the effects of the relatively 

high depolazhation ratio, DP4.4, caowt be determined with the limiteci data a d -  



able (four wavelengths). An additional pardel  is the presence of a nearby source, 

0713+579R in this case, whose depolarization ratio is much smaller (2.9). In contrat, 

it appears that the 0713+579L and its cornpanion may represent the outer hot-spots 

in a double lobed system. There is, however, no current optical identification of this 

system. It is also intereating to note that the more depolarized source is the weaker 

of the two sources. 

1133+490 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 Bve wave- 

lengths show no visible deviations for a ünear X - X ~  fit. Due to the potential flattening 

of the fit at long wavelengths for this source, the fit waa also determined with the 6 

cm wavelengths removed. The rotation measure fiom the 20 cm measurements done 

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

1145+196 This source has the distinction of being both the most highly polarized 

source, %P=l8.6, and the source with the highest depolarization ratio, DP=19.3, in 

the radio sample. It is not surprising, however, that these distinctiow fd on the same 

source, since a source of lower polarbation percentage with such high depoiarization 

ratio would not be visible in polarieeà flux at 20 cm (5 6.3). A visual inspection of 

the fit to aU measwements for this source shows a linear X - ~ 2  behaviour, with a best 

fit RM of 254 rad md2. To test the robustneas of the rotation measure, the fit was 

was also determined from the data near 20 cm only. The resulting rotation measure 

of 264 rad md2 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 measue selected was the 

bat-fit value to aU 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 a h  list the intrhsic position angle of the poIarized emission, x., and 

ite associateci error, as well as the depolariaation ratios and maximum percent polangations 

for the sources. The depolarisation ratio is ody calculateci for those sources which bad 

meaaurements at both 20 cm and 6 an. The tables are split, as in Figures 5.3 and 5.4, 



to show the parameters for sources viewed through the intracluster gas, and sources f a h g  

beyond the edge of the duster gas, respectively. 



=Note that the poiariaattion determirieci for this source is at the lit of the VLA's 

capabilities. Results fiom this source shouid be regarded with extreme caution. 

Tabk 5.1: Depobrization ratio, maximum polarization percentage, rotation measun. and intrinsic posi- 

tion angle calculateci Iw each source in the dwtcr simple. 



Source 

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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5.4 Determining the Intracluster Contribution to the Rota- 

tion Measure 

The observed rotation meaaure for a radio source is a linear combination of aiI sources of 

Faraday rotation dong the iine of sight between the source and the observer. Polariaed 

radiation from a typical extragalactic radio source may be influencecl by some combination 

(or dl) of the following Faxaday rotating regions: 

a Intrinsic: htrinsic F d a y  rotation may result h m  a mixture of thermal plasma 

in the environment surroundhg the radio source with the synchrotron plasma of the 

source. This intenial Faraday rotation, discussed in 5 2.4.3, produces a characteristic 

signature whereby the position angle of the polarized emisaion will obey a A* law over 

at most 90'. As can be seen from the plots of X - ~ 2  for the source sample, the h e m  

nature of the fit is genetdy extended well beyond 90' of rotation, thus indicating the 

dominance of another source of rotation. The smaU depùlarization ratios associated 

with the sample &O argue for an extemal source of rotation. 

Local galactic: The parent galactic environment around radio sources can induce 

substantial Faraday rotation. An example of this is showa in the work of Venturi & 

Taylor (1999) which shows that the observed rotation m e m e  of -700 rad rne2 in 

3C216 resdts 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 littie scatter. 

Intercluster: An intercluster contribution to the observeci rotation measure might 

be expected for sources at high redshift which have a very long path length thmugh 

intercluster space to a radio telescope. A limit on any possible intercluster contribution 

can be piaced by examining a large sample of rotation measures at various redshifts 

and looking for a correlation between the rotation measure and redshift (Kmnberg & 

Sirnard-Nomandin 1976; Welter et ai. 1984). An examination of the rotation rneasure 

cataiog of Broten et al. (1988) by Vallée (1990) found no significant Faraday rotation 

in a sampIe of high redshift radio soumea. 



a 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 mesure that is 

targeted by this thesis. 

a Galactic: This is the overwhelming non-cluster contribution to RMs. An examination 

of a plot of the Faraday sky in Galactic coorduiateri, Figure 5.5, displays a clear trend 

of large rotation measure in the galactic plane, and much smailer values at high 

latitudes. The rotation measure sky at low Galactic latitudes is well fit by a large- 

scale ordered field Iocated within the disk of the Milky Way (Sirnard-Nomandin & 

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 Gaiactic contribution is found to be on the order of a few rad md2. 

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 s m d ,  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 dehed to be the observed rotation measure minus 

the Galactic contribution: 

RRM=RM;r-RI&. (5-4) 

The =or in the residual rotation measure 

is determineci h m  the quadrature aummation of the error in the fitted rotation measure, 

Equation 5.3, and the ermr aesociated with the Galactic rotation measure. 

The Galactic contribution to the rotation measure, Table 5.3, was determined by taking 

the median rotation measnre of all sources located within 15" of each c1usteq aRer outliers 





(> 2 0 )  had been removed. The source sample used in determining the Gaiactic rotation 

measure was a combination of the control sample obtained from this thesis, and sources 

from the literature. 



Abeil Io bO GRM UGRM 

rad me* 

Table 5.3: The median Galactic rotation measure (GRM) calculatecl from al1 sources located within 1 5 O  

of the respecthe Abell duster. 

Finaiiy, the residual rotation measwe for the radio sources are pmvided in Tables 5.4, 

and 5.5. The separation of the radio sample into tno populations (cluster, and control) is 

b d  impact parameter of the radio source, compareci to the radial extent of the intracluster 



gas. Each table presents the 52000 epoch source name according to IAU convention, the 

radial impact parameter to the nearest A b d  cluster, the name of the nearest Abeii cluster, 

and the Galaxy-corrected rotation measure (RRM) and its lo error. Additionally, Table 5.4 

contains the electron density, and its lo error at the impact parameter of the radio source 

caldatecl assuming spherical symmetry of the cluster gas distribution. The error in the 

electron density was determined 6om the x2 error surface as described in 5 4.4.1, through 

Equation 2.29. Note, however, that it waa not possible to fit a P mode1 to AbeU569. The 

method of determining the electron density, and acrsociated 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 iiom 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 Ji sin ci2 + cos cos 6* cos (al - a2)] , (5.6) 

where ai and are the Rght ascension and dedination of the cluster, and a* and 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 fa t  that lcos bl is very close to one. 

Therefore, for angular separations of less t han - IO', the impact parameter was determined 

kom (Meeus 1991) 

where 6' is the average 

b = \/[(a1 - az) COS 6' 12 + (61 - &)2, (5.7) 

of the dechations 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 ExCragalactic Database. For previously unidentifid radio sources which fell 

near gal& of known redshift, the candidate galaxy and the radio source were W h e r  

examineci in an image overlay for potential identification. In addition to the source name 

and position in 52000 coordinates, Tâbles 5.6 and 5.7 provide aiternate source names and 

redshifts, where available, for the cluster and control samples respectively. The final 

column in Table 5.6 contains a Bag to indicate the line of sight position of the radio source, 



compared to the relevant galaxy cluster. An 'e' in the flag column indicates that the source 

is a cluster member wbich is embedded within the ICM, while a 'b' indicates t hat the source 

is identified as a high redshift, background source. Sources which have no identification do 

no contain an entry in the flag column. 



- -- -- -. . . . - - - - -- 

"The location of this source in the core of a cooling flow 
cluster, combmed with the low Ekactiod polarization suggests 
that the RRM Listeci severeiy undetestimates the true W. 

b ~ h e  errot associated with nt is deterniined h m  the tancer- 
tainty in the defermination of the X-ray clnmp &. 

Table 5.4: This taMe presents the calculateci residual rotation masures (RRMs) and associated error 
for each source in the clwter ample. The table also indicates the cluster probed, the source impact 
parameter and the projected electron density a t  that impact parametet for each source. 



Table 5.5: This table presents the calculated midual rotation measures and asuiciated emr for each 
source in the contml sample. Also indicated is the nearest Abell cluster and source impact parameter to 
that cluster. 



Source Abeli b RRM URRM 

kpc rad m-' 
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Source 

52000 

RA. 

h m s  

MCG +03-02-021 00 39 42.58 

... 00 40 07.04 

PMN JOQ43-0913 00 42 58.89 

CGCG 384-032 O0 56 02.70 

3C 029 00 57 34-90 

NGC 547/545 01 26 05.24 

73W200 01 54 51.44 

... 02 45 05.06 

... 02 57 37-18 

NGC 1265 03 18 15.41 

NGC 1275 03 19 48.18 

IC 310 03 16 43.16 

... 04 34 10.37 

GIN 190 04 34 09.15 

NGC 2329 07 09 07.95 

NPMIG -09.0307 09 O8 04.21 

A0907-0910 09 09 30.27 

MG2 J091909+3324 09 19 08.80 

... 10 36 36.04 

. . . 10 37 39.79 

... 10 37 18.99 

... 10 39 41.08 

... 10 39 23.69 

IC 0708 11 33 55.79 

IC on1 il 34 39.4'7 

NGC 3862 11 45 04.78 

UGC 10638 16 50 38.85 

UGC 10638 16 50 58.46 

Table 5.6: Radio source positions fa  each source in the cluster sampk For each radio position. the 
source identification and tedshii is Iined. where availabk. The flag d u m n  indicates the line of sight 
location of the identified sources relative to the cluster probed. 'e' inditates that the source is embedded 
within the intracluster medium, and 'Y indicates that the source is a background probe. 



Source 

52000 

ID R.A. Dec. z 

h m s  O ms 

4C +06.02 

m.. 

PMN J0038+0712 

PMN JQ038+0706 

PMN J0040+0716 

4C +06.03 

PMN 30041+0736 

.-. 
MRC 0038-100 

PMN JO042 -0753 

P M N  50042-0800 

P M N  50042-0800 

. ** 

P M N  J0047-0932 

PMN 50048-0212 

P M N  50048-0212 

4C -03.02 

PMN 30050-0322 

PMN J0050-O322 

PKS 0050-014 

PKS 0050-014 

4C +01.01 

4C +01.01 

PMN J0107+0133 

4C +01.02 

4C +02.02 

PMN J0110+0131 

?PMN J0110+0153? 

4C +02.03 

4C -01.06 

PMN JO1 I3+O222 

4C -00.07 

4c -00.07 

.-• 

... 
4c -00.06 

Table 5.7: Radio source position fw each source in the control sample. For each radio position, the 
source identification and redshift is listed. where available. 



PMN 50106-O155 

MRC 0120-065 

MRC 0122-003 

4C +01.04 

.*. 

4C f05.12 

4C +05.12 

4C i00.11 

PKS 0256+075 

4C +07.10 

PMN J0305+0537 

PMN J0318+0518 

PMN J0318+0518 

4C +13.17 

IRAS FO314ii4350 

IRAS F03144+4350 

MRC 0425-117 

MRC 0428-131 

... 
*.* 

PMN 50444-1333 

4C +50.19 

S.. 

..* 
S.. 

4C +48.20 

4C +45.13 

4C +50.22 

. .* 
8C 0709+579 

8C 0709+579 

... 
PMN J0906-O905 
PMN 50906-IO20 

MRC 0905-105 

Table 5.7 - Continued 



Source 

52000 

ID R.A. Dm. z 

h m s  O ms 

S.. 

7C 0912+3213 

MG2 J092130+3652 

MG2 J092130+3652 

PMN 51023-2749 

7C 1056+2836 

7C 1103+3017 

7C 1104+2910 

7C 1105+2814 

7C 1105+2930 

7C 1105+2930 

..* 

7C 1107+2936 

7C 1116+2810 

..- 

. . . 
*.. 

?C 1123+2626 
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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 bssed on the 

impact parameter of the radio sources compareci 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 measiue was calciilated toward each cluster, and removed 

fiom the observeci 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 sarnple to search for the signature of 

an intracluster magnetic field. This section also investigetes the radiai distributions of the 

obserwd rotation measure samples. The location of the Faraday rotating medium is consid- 

ered in 8 6.2, where the observed properties of the radio sample are used to place constraints 

on the location of the medium raponsible for the observeci rotation messure distribution. 

Section 6.3 discusses the consequences of selection efFects introduced by target ing NVSS 

sources. The final section, 5 6.4, provides a siimmary of the main results determined fiom 

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 parameteni which are interior the edge of the X-ray emitting gas for a 

particular ciuster are included in the cluster sample. The lines of sight to these souces 

pass through the intracluster medium, and thas provide a probe for the intracluster magnetic 

fields. The second population consiets of radio souma at impact parameters beyond the 

edge of the X-ray emitting gas, and are designated as the contml sample. These contml 

sources provide the baseline for searching for excess Faraday rotation nithin the cluster 



sample. They are &O included in the determination of the Gdactic contribution to the 

observed rotation measure. The dispersion in the RRM of the control sources also provides 

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

6.1.1 Comparing the Cluster and Control Samples 

One point to keep in mind during the cornparison of the cluster and control rotation 

measure samples is the large variation in sample sizes, which is largely a result of the 

diaerent 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 

distnbuted at impact parameters between 610 and 8550 kpc. The median impact panuneter 

of the control sample is 3460 kpc. Figure 6.1 displays RRM histograxm of the cluster and 

control samples. This figure clearly shows t hat 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 marginaily b r d e r ,  but this effect couid not produce the 

excas broadening seen in Figure 6.1. 

To determine the statîstical significance of the excess broadening, the Kolmogorov- 

Sminiov (K-S) test was applied to the two data sets to test the ndl  hypothesis that the two 

samples are drawn fiom the same population. The cumulative K-S probability distribution 

for the two sarnplea is shown in Figure 6.3. Based on this cumulative distribution function, 

the K-S test rejects the nul1 hypothesis for these two samples at the 99.4% confidence level, 

confnming the detection of excess Famday rotation within the cluster sample. This Famdoy 

ezeess further indicotes the presence of Mitmeluster magnetic fillds. 
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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 

samplc. 
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Figure 6.2: The top panel shows the distribution of the e i m  in the RRMs of the cluster sample while 

the lower panel shaws that for the control sample- Although the cluster sample is slightly broader than 

the contml sample. the difference cannot account for the obseweâ RRM excess. 
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Figure 6.3: The cumulative Kolmogorov-Smiinov pmbabiiity distribution is plotted for both the cluster 

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

the two sampks being dnwn hom the urne population a t  a confidence Ievel of 99.4%. 



6.1.2 Rotation Measure Distribution 

The rotation rneasure 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 c10sed points represent the control sample. The e m r  bars associated 

with the RRM points axe the lu mors discussed in 5 5.4. The residual rotation measure 

distribution of the control sample has a mean of 0.1 f 1.6 rad m-', and a standard devi- 

ation of 15.1 rad rn% The standard deviation of the control sample sets the significance 

level for pro bing the radial distribution of the region of enhanced clus t er-induced Faraday 

effects. Although the mean of the cluster sample, -4.6 rad m-*, is not signincantly differ- 

ent fiom that of the control sample, the standard deviation, 113.8 rad m-*, is nearly an 

order of magnitude larger. 

The magnitude of the residual rotation measure distribution cleariy increases toward 

small impact parameters, reaching values of over 200 rad rn-2 in the central regions of 

the clusters. Given the confmned detection of excess Faraday rotation toward the cluster 

sample, the next question to consider is, to what impact parameter is the rotation mensure 

excess obsewed? 

Although Figure 6.4 clearly indicates that t here is excess Faraday rotation toward lines 

of sight probing the central regions of galaxy clusters, it is difncult 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 compiicated by the intriasic 

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 physicai impact parameter to a cluster with very extendeci X-ray emission. To estirnate 

the extent of the rotation measure exeess, Figure 6.5 displays the magnitude of the RRM 

for the radio sample plotted as a hc t ion  of the impact parameter expressed in units of 

&,, the maximum extent of the X-ray gas. The solid line et 15 rad rn-l represents the 

lu intrinsic variation in extragalactic rotation messures as determined from the control 

sample. Note that the majority of the RRMs for the cluster sample (b/R,, < 1) are above 

the lo line out to the edge of the X-ray emitting gas. Nthough this statement is qualitative, 

it is important to note that the mfution meCrsurie ezcess is not mmlg confnied to the centml 



fmction of the galaxy cluster, but, in fact, extends to large mdii wàthin 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 foliow the general trend. 

0 The source located at (b/%, IRRMI) .- (0.63, 202) is 0154+365, which probes 

Abell 262. 

The two sources falling at (b&, JRRMI) .- (0.81, lO4), and (0.95, 104) are 1039-273, 

and 1034272, respectively. Both of these sources probe the intracluster medium iri 

Abell 1060. 

The residuai rotation measure for these three radio sources appears to faü well above the 

general trend for sources at similar impact parmeter 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 Abeli 262, the PSPC field of view 

of 2" provides a maximum radial extent of 1080 kpc, while at  the redshiR 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 Iow redshift of these two clusters, suggests that 

the maximum radiai extent of the X-ray emitting gas in these clusters is underestimated. 

If this is the case, the three sources indicated above would be shifked inward in Figure 6.5. 

There is currently, however, no better estimate available for the radiai extent of the X-ray 

emission in these two galaxy clusters. 

In order to smooth out some of the variations introduced by the uncertainfies in the 

measurement of but, the radial distribution of the dispersion of the rotation measure 

distribution has been plotted in Figure 6.6. The rotation measure dispersion was calculatecl 

thmugh the use of 'lW<eyls biweight estimator (Hoaglin et ai. 1983), and is determined in 

bins each containhg 9 sources. The figure plots the dispersion as a function of the mean 

d u e  of the bin center in units of but, together with the 2 0  cordidence limits. Within this 

20 confidence intenml, the three central b b ,  which cover the cluster sample, fd above 

the intrinsic dispersion in extragaiactic rotation measures, as determined fiom the control 

sasnple. 



Figure 6.4: The residual rotation measun (RRM) is plotted as a function of the source impact parameter 

in kpc. The cluster sarnple is plotted with open points, and the control sample with filled points. The 

width of the distribution shows a clear increase t m r d  small impact parameters. 



Figure 6.5: The magnitude of the residual rotation measure of the cluster sampk is plotted as a function 

of the source impact parameter in units of but, the outer radius of the X-ray emission. The solid Iine 

a t  15 rad rn-' indicates the intririsic variation in the rotation measure distribution of extragaladic radio 

sources. The plot shows that the majority of the RRM rneasurements lie above the background level out 

to the edge of the cluster gas distribution (b/%U~=l). 



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 cfuster giis (but). The dispersion is calculated fw bins of 9 sources, 

and the error bars represent the 2a confidence intenral. 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 wel  above that of the control sarnple, thus indicating that the Faraday exces 

(and hence magnetic field) extends to the edge of the intracluster gas. 



6.2 Location of the Faraday Rotating Medium 

Before estimating the magnetic field etrength associateci wit h the observed rotation measure 

excess, it is necessary to consider dl plausible locations for the origin of the excess. Recail 

that the observed rotation measure is a sum of al1 rotation measure contributions along the 

line of sight between the source and the obsmer. The potential Faraday rotation media 

were briefîy touched upon in 5 5.4, where the Faraday rotation was considered to originate 

from any combination of the following media: 

a the local environment within the radio source 

0 the local galactic medium 

a the intercluster medium 

a the intracluster medium 

the interstelm medium within our Galaxy 

Based on the arguments presented in 5 5.4, and the clear correlation of the magnitude of 

the R .  with the source impact parameter, it is possible to d e  out a l l  media but the 

intracluster medium as the source of the observed Faraday excess. This does not, however, 

provide a unique physicai location for the origin of the Faraday excess within the clusters, as 

there are several possible components w i t h  the intracluster medium which may generate 

Faraday rotation: 

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

magnetic fields 

a a dense sheath of thermal g and intracluster magnetic fields surrounding embedded 

radio gttkies 

a magneto-ionic plasma the intracluster medium 

The potentid contributions iiom each of tbese components are considered belon. 



6.2.1 Mixing Layer 

The synchrotron emission fkom the radio sources under study indicates the presence of 

magnetic fields distributeci within the sources (5 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, cauaing internal Faraday rotation (5 2.4.3). In this case, the radio emission fiom 

the back of the source is rotated by a dinerent amount from that on the near edge. In 

the simplest geometry of a d o m  slab of constant density and magnetic field through the 

source, the Faraday depth increases unifonnly fiom O at the forward edge of the radio source, 

to n,BtSIab at the far edp of the slab. The position angle of the polarized emission WU 

fdow a A* 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 cirops to 

zero, and the position angie of the polarized emission jump discontinuously nom 7r/2 to zero. 

This behaviour of internal Faraday rotation is characterized by severe depolarbation 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 signitrcant 

depolarhation, even at the relatively long observing wavelengths of 20 cm, (Figure 5.1). 

In a more realistic geometry, the magnetic field and the electron demity vary dong the 

line of sight through the radio source. The pneral trend found by Gardner & Whiteoak 

(l966), for these non-uniform geometries, is that the zeros in the polarization amplitude 

vanish, and the position angle no longer follows a law, but t u m  over to approach 4 5 O .  

Note t hat the non-vanishing polarized intensity means t hat the depolariaation in t his case 

is less severe than for the d o m  slab. The majority of the sources in the cluster sample, 

however, folîow a law very c l d y  over more thaa 90' in position angle. It can therefore be 

concluded that the majority of the obsewed Faraday excess r9 external to the radio soumes. 

6.2.2 Dense, Magnetized Sheath 

Van Breugel et ai. (1984) comidered a shell of thermal cluster materiai surroundhg embed- 

ded radio sources. This sheU could be generated through the expansion of the radio source 

within the ICM. This expaneion aweeps up the intracluster gas, and compresses it. The 

magnetic fields associatecl nith the radio source serve to decelerate the ameting, ionbed 



gas in the Van Breugel model. This deceleration of the gas results in a clumpy bound- 

ary layer of relatively high deasity surrounàïng 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 numericd simulation of this scenario, by Bicknell et al. (IWO), predicts t hat 

there shodd 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 curent 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 rde 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 rneasures 

of these sources must originate in the d i ' a e ,  foreground intracluster gas. firther, the 

foregwund intraclwter gas mwt also contain magnetic Jieids. 

6.2.3 Diffie  Intracluster Medium 

The detection of cluster-wide synchrotron halos in a s m d  number of galaxy clusters (Fer- 

etti & Giovannini 1996), provides evidence for the existence of magnetic fields distributad 

through the ICM in these gdaxy clusters. It is not, however, known if the rarity of syn- 

chrotron halos results fiom a general lack of strong magnetic fields within clusters of galaxies, 

or fÎom a pauuty of energetic particIes. Further evidence of the presence of magnetic fields 

withîn the diffuse intracluster medium is presented in the work of Kim et d. (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 backpound-only radio sources. Further evidence 

of the intracluster magnetic fields are provideci by the observecl rotation measure excess of 

the background sources nithin the sample of this thesis. Note, however, that the study by 

Hennessy et al. (1989) found no evidence ofexcms Faraday rotation toward g a i q  clusters 

for a sample of background-only radio probes. 

The question of what constraints the cnrrent sample places on the presence of an intr- 



aduster 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 correlateci 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 mode1 described above. To resolve tbis issue, the data for embedded sources 

are plotted in Figure 6.7 with open circles, while the remaining (background) source data 

are plotted with filleci 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 meusures are at kast partially t r u c h g  an ouemll intracluster magnetic field. 



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 IRRMl with increasing n, for the embedded and background samples 

points toward the diffuse ICM as the &gin of a t  least part of the obsewed Faraday exces. 



6.3 Sample Selection Effects 

The radio targets selected for foilow 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, Lou 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 siirvey. Such a source woiild not meet the polarization miteria 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 mW2. It could be argued that 

selection against these high rotation measure sources results in a somple which is biased 

toward pmbing luies 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 measme) the field strengths presented in this thesis should be considered 

lower limits. 

6.4 Summary 

Thh chapter examined the rotation rneasure distribution of the radio source sample with 

a goal of providing a basic kamework for understanding intracluster magnetic fields. The 

resuits fiom the chapter were mainiy based on comparing the distribution of the RRMs of 

sources viewed t hrough the Intracluster gas (the cluster sample) , to t hat of sources viewed 

beyond the detectable X-ray edge of the gai3 (the control sample). 

Cornparhg the rotation measure distribution of the cluster sample to that of the con- 

trol sample provideci clear evidence of excess Faraday rotation toward the sources in the 

cluster sample. nirther, the Kolmogonw-Smhov test rejected the nuU hypothesis of the 

cluster and control samples being drawn hom the same parent population at the 99.4% 

confidence limit. It was therefore concluded that the observeci Faraday excess was indeed 

tracing the &ects of a magnetic field associated with the intraclusfer medium. 

The radial variation and extent of the observeci Faraday excess helps to distinguish 

between models of the distribution of the intracluster magnetic fields. The residual rotation 

meamres of the cluster sample s h d  a radially decreasing distribution from abdute 



magnitudes of 200 rad m-* in the central regions of the clusters, to background levels 

of around 15 rad me* near the outer edges of the clusters. The dispersion in the rotation 

measure distribution plotted as a fiuzction 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 indicat ing the widespread presence of magnetic fields, within the intracluster 

medium, out to the edges of the thermal cluster gas. 

Although the data indicated a statisticaiiy signiscant 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 w d  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 

rnajority of the observed Faraday excess. Another possibility for the Faraday rotating media 

w u  a dense sheath of rnagneto-ionic material built up around radio galaxies embedded 

within the intracluster gas. Although the resolution of the source sample was insufncient 

to detect the predicted Faraday variations for this model, the presence of excess Faraday 

rotation dong lines of sight toward background radio probes indicated t hat these sources 

were tracing magnetic fields in the general ICM. Aho, the absence of any srnall rotation 

measures at s m d  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 

hirther supporteci by the cornparison of the magnitude of the residual rotation measures 

with the projected intracluster electron density. The high redshiR background radio sources 

foilowed the same distribution as sources embedded within the intracluster gas, indicating 

that the Faraday excess was not local to the source, but was universai to the foregound 

int raclust er medium. 

Based on the r d t s  fkom this chapter, the magnetic field estimates presented in the 

next chapter are determineci under the assumption that the Faraday rotating medium is 

associateci with the general intracluster gss. Note that for a given residud rotation measure, 

the infieci  magnetic field gtrength for the intracluster origîn model will be 10- than that 

inferreci h m  the magnetized eheath model, due to the longer path length through the 

Faraday rotating gas in the former model. The application of the intrmiuster origin modei 

to the data therefore provides a conservative estimate for the associated magnetic field 





Chapter 7 

Int raclust er Magnet ic Fields 

Ovewiew: This chapter develops an overall picture of the distribution of the intracluster 

magnetic fields which produce the observed rotation meaoure 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 observeci 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 5 7.2. Although the majority of the radio sources within the cluster sample are 

margindy resolved, there are a few sources which have sufncient resolution to permit Fara- 

day rnapping of the rotation measure structure. The rotation measure maps of four sources 

observed through the ICM of thme Aben clusters are presented in 1 7.3. The final section 

in th5 chapter, 1 7.4, s u m m e e s  the main results from the analysis of the intracluster 

magnet ic 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 

physid piehua of both the electmn density distribution, and the magnetic field structure 

within the intracIuster medium. Zn tbis section, severai possible modeis of the intracluster 

magnetic field structure will be explored. For each model, the underlying sssumptions are 

discussed, and the predictions of the rotation measure distribution are compared to the 



obsetved rotation measure distribution to asaess the applicability of the model to the data. 

Note that the magnetic field strength refmed to in Equation 2.40 is the componet of the 

magnetic field parallel to the LUie of sight. The magnetic field distribution in the intracluster 

medium is iikely to have components perpendicuiar to the iine of sight, which would, on 

average, inaease the overall field by fi from Bll . The magnetic field strengths discussed 

withïa this chapter, therdore, refer to the total field, unless otherwise indicated. 

7.1.1 Wniform Slabw Intracluster Field 

The simplest mode1 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 assumecl to be 

uniform, dthough more physicdy it ia generally modeied as a King profile, Equation 2.29. 

The mean line of sight magnetic field strengt h at impact parameter b to the cluster centroid 

where epuh is the path length in kpc through the intraduster 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, wit h increasing 

electron column density through the intracluster medium. This prediction can be compareci 

with Figure 7.1, where the magnitude of the residual rotation measure for the cluster 

sample is plotted as a funetion of the electron column density dong the line of sight to the 

radio source. This figure shows a clear trend of inmeashg magnitude of the RRM with 

increasing electron column deosity, as predicted by the uniform slab model. Note, howem, 

that there does not appear to be a single field estirnate which is appropriate for the sample 

of dusters 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 pG. Note, however, that high resolution Faraday maps of 

extendeci radio sources often show smaii scale structure in the rotation measure, indicating 

that the fieId is not d o r m  on all scaies. 



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 teptesent the la ermn 
on RRM, and Na. The thtee solid lines at magnetic field strengths of 1.5, 0.5, and 0.1 pG show the 
piedictecl relation, a t  each of these field strengths, f k  the u n i f m  slab model. 



7.1.2 Tangled Ceils 

Perhaps a more realistic model for the distribution of intracluster magnetic fields is a geom- 

etry where the field direction is constant within some ceil scale, EceIi, and varies randomly 

kom ceLl to cell. Such a field geometry was considered in the statistical rotation measure 

study of Lawler dc Dennison (1982), and could be generated by galaxy motions as discussed 

by Jaffe (1980). 

Rotation Measure Distribution 

Consider, initidy, a configuration where the magnetic field strength is d o m  throughout 

the Faraday cells. The observed rotation rneasiire in the tangled ce11 model is generated 

by a random walk process, where each ce11 dong the line of sight contributes a rotation 

measure of 

RMcelI = 81 1.9 ne Bll ICeli. (7.2) 

For a random distribution of many such cells, the average Line of sight magnetic field will 

be zero as there wiil be an equal number of ceils with fields pointed toward, and away boom 

the observer. The expectation value for the observed rotation measure in an ensemble in 

this geometry is (Lawler & Dennison 1982) 

The d a n c e  for a Line of sight through a cluster which experiences a random wak in 

RM through many cells is (Lawler & Dennison 1982) 

811.9~ gRM = - 
3 

&dl IL n : ( b ) ~ z ~ ~  (b)& rad m-2. 

For a random walk through N Faraday cells, the observed rotation meapure 

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

while the Faraday colump rotation me- is related to the individual ceii rotation measure 

by R M ,  = RIMdN, thus the observed rotation me- is relateci to the ceiI rotation 



This equation foliows 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 typicd cell size of 10 kpc, the 

obserwd rotation measures of 200 rad rn-2 at srnail impact parameter corresponds to a 

magnetic field strength of order 5 pG in the cells. This ceil field estimate places that 

magnetic pressure within the ce11 at 10% of the local ICM g pressure. As the lines of 

sight toward radio sources probe larger impact parameters, the quipartition magnetic field 

strength within the cells would drop due to the declinhg arnbient gas pressure. h t h e r ,  if 

the tangling of the intracluster magnetic field is indeed a result of turbulence from galactic 

wakes, one would expect that the tangihg fiequency would increase toward the central 

regions of galaxy clusters, where the galaxy density is highest. Thus, in the turbulent wake 

model, the radially deaeasing 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 celi size, would look like. For radio sources pmbing the outer regions 

of such a distribution, the lhe of sight wouid paas through a s m d  number of randornly 

distributeci ceh, a d ,  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 wouid encounter many Faraday cells. The observed 

rotation measure toward the centrai regions wouid therefore be increased by a larger amount, 

compared to that fiom individual ceh. In this case, the rotation measure distribution wouid 

be expected to increase fiom moderate values near the outer edges of the cluster gas, to 

fairly large values at s m d  impact parameters through the cluster core. This prediction 

is in agreement with what is seen in Figure 6.5, and observecl toward the central regions 

of cooling flow clusters (Ge & Owen 1994; Taylor et al. 1994) where the observationai 

trend is for the residnal rotation measure to significantly increase toward smalI impact 

parameters. It is a h  interesthg to note the la& of small rotation measures at small 

impact parameters. This distribution indicates that either the nIling factor of the cells 

is near llZUtyt or alternativdy, that the cluster also contains a Iarge scale, ordered fieM 



such that ail lines of sight experience Faraday rotation. Further evidence for a large scale 

field is discussed in 8 7.3. The combination of tangled celis plus a uniform component is 

inwstigated below through the rotation measure dispersion. 

Polariaation Properties in the Tangled Celi Mode1 

It is worth considering what effects a tangled cell model, with radially varying ce11 size, 

wouid 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 smd-scale Faraday 

cells wil l  be depolarid at long wavelengths, through beam depolarhation (5 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 mal1 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 Pibble (1991) indicates that the depolarization 

predicted by the Burn model was severely owrestimated at long wavelengths. Based on 

the Tkibble resdts, the tangled cell mode1 is therefore not d e d  out by the depolarization 

properties of the radio sample. 

Rotation Measure Dispersion 

For a line of sight passing through an intracluster medium fUed with cells of randomly 

distributed magnetic field directions, the observed rotation measure distribution would be 

a Gaussiao 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 

detennined for each source in our sample. It is therefore possible tu &date the rotation 

measure dispersion of the sources in units of B ~ ~ G ~ .  Using the 20 confidence limits 

for the (binned) rotation measure dispetsion of the cluater sample (the nrst three bins in 

Figure 6.6), the radial distribution of B,~* & for the cluster sample c m  be determineci. 

Assuming th& the magnetic field strength within the ICM follows a radial distribution 

such that the magnetic pressure in the individual cek is some fraction of the arnbient gas 

pressure: 

the radial distribution of cell abes c m  be recovered. 



A reaaonable approach to estimating the magnetic field strength would be to assume that 

throughout the cluster, the magnetic pressure reaehes some ~ ~ S o r m  &action of the ambient 

gas pressure. Taking the scaling constant a=O.l, 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 

This predicted radiai distribution of cell sizes is unique as it represents the first estimate of 

the radiai distribution of Faraday cells within the ICM. Further, the cell scales presented 

herein repreaent the only estimate of cell sizes outside the cores of galaxy clusters. Note, 

however, that these ceii scde estimates are based on a very simplified mode1 and are simply 

intended to provide a k t  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 ce11 estimates become 

0.02 < < 0.08 kpc, < b/& >= 0.13 (7.1 1) 

2.1 < < 10.4 kpc, < b/% >= 0.44 (7.12) 

17 < Cal, < 86 kpc, < b/& >= 0.81. (7.13) 

The small cell sizes withia the central regions of the ICM are consistent with estimates fiom 

high resolution Faraday mapping (Feretti et al. 1999). 

7.1.3 Cluster Dynamo 

A more complex modd of the intraciuster magnetic fields can be developed by involthg 

dynamo effecfs. Eilek (private communication) has p m e d  the possibility of a turbulent 



dynamo within the intracluster mediun. In the case of helical turbulence, inverse cascades 

could generate and support fields on scales much Iarger than the turbulence scale. The con- 

ditions required for helical turbulence are that < vt - V x vt ># O or < bt - V x bt ># 0, 

where vt, and bt are the turbulent velocity and magnetic field, respectively. Eilek solves 

the dynamo equation, and h d s  that the magnetic fields for the higher order modes, rn 2 

2, are 

~ ( t )  (t/.Ao)*-' < imax (7.14) 

where AR is the length scale of the dynamo solution, and r,, =1 . 4 d D  + 

The predicted rotation rneasure structure for the Eilek model has fluctuations on scales 

of 2-3 X D, 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-' scaiing. 

Additionaily, in d but the m=l mode, the maximum field strength occurs at an impact 

parameter of several 10's of kpc fiom the cluster cores. The higher order modes, therefore, 

have a central hole in the magnetic field structure w hich produces a signature of maximum 

rotation meapure at an impact parameter of several tens of kpc fkom the cluster core. Nu- 

merical simulations by Eilek ais0 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- 

se& distribution, on the other hand, shows that the central rotation measiws f d  on what 

appears to be an unfüed envelope, with the largest values observed at the smaiiest impact 

panuneters. This discrepancy suggests that the dynamo mode1 for intracluster magnetic 

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

Although the rotation measure andysis presented in Chapter 6 indicates that the majority 

of the observed Faraday excess originates within the intraclusfer 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 fdls the entire intracluster medium, The o b s d  RRM distribution is constrained 

by the uniform slab model for field strengths between 0.1 pG and 1 5  pG. 



The presence of turbulence within the intracluter medium (e.g. galactic wakes and 

merger effects) would tend to dimpt a unifonn field and produce a distribution which can 

be charxterized by Faraday cells. A iine of sight passing through a simple tangled cell 

distribution would be characterized by a Gaussian distribution with a zero mean and radi- 

aily deaeasing rotation measure. The dispersion in the observeci rotation memures places 

constraints on the product of B,~~&. 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 fiom the local ICM g pressure. By assuming that the magnetic pressure 

reaches some constant hct ion 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 ce11 s d e s  for the outer regions of galaxy clusters remain to be 

observationally verified, the s m d ,  ;5 1 kpc, cell scales estimated for the central regions are 

sirnilar to the observed Faraday scales determineci fiom 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 fi11ed 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 nom a uniform slab model. In addition, the tangled ce11 model 

was also found to adequately reproduce the observeci 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 ftom the 

two models supported by the observations, the uuîform slab model, and the tangled ceil 

model, are provideci. 

7.2.1 Unifotrn Slab Mode1 

The intracluster magnetic field estimates for the d o r m  slab modei are detemineci fiom 

Equation 7.1. The field estimates awss the duster sample range h m  0.02 to 5 pG for 



iines of sight toward the radio probes. The magnetic field strength determined kom t h  

mode1 for each source aightline is listed in Table 7.1. 

The intracluster magnetic fields have also been modeled for a foregound screen composed 

of a number of Faraday cells. Based on the observeci rotation measure dispersion, the scale 

length of the Faraday ceiis dong the line of aight can be determined if the radial distribution 

of the magnetic field strength is known. The field strength, and associated ceil sizes were 

determined fiom the assumption that the magnetic pressure within the individual ceils 

reaches some fiaction of the ambient gas pressure. The celi sizes in three radial bins were 

determined for the equipartition magnetic field strength, aa weil as the field strength derived 

fiom setting the magnetic pressure to be 10% of the local gas pressure. The magnetic field 

strengths determined for t heae two distribution are Listed in Table 7.1. 



Tabk 7.1: Magnetic field estimates for the u n i f m  dab model (B-), and for the dl model (&,il) 

where the magnetic pressure traces the gas pressure. The fidd ~ e n g t h  in the ceIl mode1 has been 

calculatecl at wo values of the scaling constant, PB = O.rPm, and Pa = P,,. 



7.3 Faraday Mapping of Extended Sources in Three Galaxy 

Clusters 

The majority of the radio sources studied in this sarnple are only rnarginally resolwd. 

Although ideally one would like to have a large sample of well resolved radio probes to study 

the intraduster medium, the increased integration times required for such a study make it 

unfeasible. There are, however, several aources within the sampie which are sufbciently 

resolveci 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 ha1  image where the flw 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 ali regions where the position angle error in any one map was greater 

than 30°, unless otherwise inàicated. 

7.3.1 Abell 75 

This section presents the Faraday maps of two polarized radio probes which are viewed 

through the intracluster medium of Abeil 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. 

It is interesting to note that although this source displays a doublelobeci 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 A b d  75. This source is located at an impact parameter of 100 kpc fiom the cluster 

core. The rotation measure rnap for this source, Figure 7.2, shows a somewhat patchy RM 

distribution. The majonty of the source is covered by rotation measures of order -100 

rad m-*, aithough there are s e 4  patches with rotation measures around 100 rad m-*. 

The histogram of the rotation measure distribution, Figure 7.3, displays a double peakecl 

distribution. The majority of the aource îs diaracterized by a distribution with a mean 



of -62 rad m-*, 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 r . ü 2 .  Note that the Galactic rotation measure toward this source is -14.5f 3.7 rad m-*. 

The overall properties of the RM map indicate the presence of large scde 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 ünear scale of a p p r h a t e l y  14 kpc at the redshiR of the source. The 

fact that this Faraday kature 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 

The line of sight to 0039+212, which is at an impact parameter of 100 kpc fiom the cluster 

core, passes through approximately 600 kpc of the intracluster medium. Assuming this 

foreground medium is Wed with randomly distributed cells with a typical scale of 14 kpc, 

Equation 7.16 estimates a field strength of 1.0 f 0.5 pG for each celi. This estimate places 

the 6eld within the celI at appmximately 20% of that required for dynamical importance 

within the ICM. Note, however, that the assurnecl distribution of the entire foreground path 

ûlled with cells of 14 kpc scale is fairly uniikely. A more realistic estimate of 200 kpc for 

the path through the region of celis tangled on a scale of 14 kpc increases the estimated 

field streagth in each ceil to approxhately 1.7 pG. 

The second, more compact, source imaged in Abeil 75, is 00QOf212, which is seen at 

an impact parameter of 480 kpc fiom 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 sise of this source suggest that it 

is a hi& redshüt radio 80mm which is being v i e 4  through the foreground intracluster 

medium. The rotation measute 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 



of a smaU 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 fkom the histogram is -51 

rad m-*, and the dispersion is 46 rad m-l. 

Once again, the overd rotation measure distribution is fairly d o r m  over this radio 

source. A slice through the Faraday patch in the northern region of the source estimates 

the observable width to be approximately l2", which corresponds to a scale of 13 kpc at 

the redshift of the gdaxy cluster. Using the complete path length thmugh the intracluster 

medium to 0040+212, Equation 7.16 yields a field strength of5.1 f 1.3 pG. At the point of 

highest intracluster gas density dong the îine of sight to this source, the magnetic pressure 

from a fieid of strength of 5.1 pG is in quipartition with the ambient gas pressure. A larger 

scale length for the Faraday cells toward this source, as might be expectd for the larger 

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

Summary foc Abell 78 

Both radio sources probing the intracluster medium in Abell 75 display large-scale ordered 

rotation measmes. muther, the sign, and magnitude of the rotation meapures for the two 

sources are nearly identical. In fact, the rotation meaeure histograms in Figures 7.3, and 

7.5 display remarkably similar distributions: 

a The histograms of OO39+212, and 0040+212 indicate a large peak centered on rotation 

measures of -62, and -51 rad m-*, respectively. 

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

rad m-2. 

a Although both Faraday maps display a genetal trend of ordered RMs, there is &O 

evidence ~ 6 t h  both maps of Faraday patches of significantly dinerent RM. 

a The Faraday patches observed across 0039+212 and 0040+212 have rotation measures 

of order +IO0 rad m-2 and +50 rad m-2, respectiveiy. 

a The estimated scales of the Faraday patcbes calculateci for the two SOUTCRS, assuming 

that the feature is at  the redshift of the g a h y  duster, are 14 kpc, and 13 kpc. Note, 



however, that the location of the Faraday patch on the d g  of 0040+212 only permits 

a minimiim estimate of the scde. 

The sMar 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 addit ionai indication that 

one source is embedded within the ICM, while the other is a background source, together 

with the superimposed Faraday features? serve to Wher strengthen the arguments for a 

foreground Faraday screen which contains large scale, ordered magnetic fields. 



Figure 7.2: Rotation masure map of 0039t212 in AbeH 75. Note that the majotity of the radio source 
is covered by rotation measures of order -50 rad m-l, although there is a rotation measute patch of 
+IO0 rad m-2 toward the upper hotspot. 
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Figure 7.3: Histogram of rotation measure distribution for 0039+212 in Abell75. This histogram clearly 
displays both the large negatiw 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 Abell75. The majarity d this compact soutce d i s p w  
rotation measunr amund - 45 rad m-l. although the= is some evidence for a positive rotation measun 
patch on the edge of the source, 
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Figure f -5: Histopam of rotation measure distribution fw 004ût212 in Abell 75. 



The presence of three extendecl, polarized radio sources at impact parameters within the 

boundary of the thermal cluster p makes Abeli 119 an ideal cluster for the study of the 

radial distribution of intracluster magnetic fields. Although a recent paper by Feretti et al. 

(1999) provides a more detailed anéùysis of the intracluster medium within this cluster, a 

brief outiine is presented below of the rotation measure distribution of one of the centrai 

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 di~tribution 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 t his 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 rqgarded with caution due to 

the increased uncertainfies involved. 

This source displays a classical nmow-angletail morphology, and is identified as a cluster 

member. The source f a h  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 an<ws the source, to a distance of approximately 

2!5, or 118 kpc, fiom 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 

histograrn of the central 4 2 0  kpc of this source. The central RM distribution is double 

peaked, and runs fiom -300 rad m-2 to +lûû rad mm2, with the majority of the pixels 

displayhg negative rotation measures. The mean rotation measure in Figure 7.7 is - 116 

rad m", 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-?, and the dispersion is 91 rad m-2. 

The typical scaie of the Faraday patches in the tail of th5 d o  galaxy is 12", which 

corresponds to a physical scale of 10 kpc at the redshift of the cluster. Using this scale 



length in Equation 7.16, the rotation measure dispersion of the positive Faraday features 

predicts a magnetic field strength of 1.6 & 0.6 pG in the tail region of this source. The 

RM dispersion across the head of this source h d s  a similar field strength of 1.3 f 0.6 

pG. Note, however, that this source is highly depolarized, which indicates that the true 

structure of the Faraday saeen in not being resolved, thus these magnetic field estimates 

should be considered a lower Mt on the field strength. Comparing these field strengths 

to the values calculateci for dynamical importance, we find that the estimates are - 20% of 

the dynarnicdy siknificant field strengt h. 

Swnmary for Abel1 119 

The embedded radio source 0056-013, probing the central regions of the intracluster medium 

in Abeii 119, displays faVly ordered rotation measures over scales of over 100 kpc. The CO- 

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 F M  in the central regiom, with an increasing patchiness 

containhg 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 fkom -300 rad m-2 to +lOO 

rad m-*, the histogram presented herein àisplays a significant increase in the height of the 

more negative of the two peaks. The higher resolution a d a b l e  to Feretti et al. permit 

them to estimate the tangling scale of the Faraday saeen to be 3 kpc. 

The Feretti et ai. paper also investigates taro other radio sources in A b d  119. One 

source, 0056-012, is located clowr 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 rn-l for 0057-013. They h d  an 

average rotation measure of 4 rad for 0057-013 which îs consistent with the rotation 

measure of - 10 r d  m-2 pregented in this thesis. Note, however, that 0056-012 was 

not included in the source sample for this thesis as it is severeiy depolmized at the NVSS 

wavelength of 20 cm, and thus did not fit the radio source seledion criteria describeci in 

3.2.1. Feretti et ai. point out that both the radio source depoiarization and observed 

rotation measure increase with decreasing impact parameter for the sources in this cluster. 

They interpret this polarbation behaviour as the r d t s  of a foreground, tangled intracluster 



Faraday screen with a magnetic field strength of order 5-10 pG. 
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Figure 7.6: Rotation measure map of 0056-013 in Abell 119. The rotation measutes in the head of 
this source range fmrn apprm<imtely O rad m-a to -2ûû rad md2. whik the tait displays vy cornplex 
rotation measure patdes with large positive rotation measure regions visible- 
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Figure 7.7: Histogram of rotation measure distribution for the central regions of 0056-013 in Abelt 119- 
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Figure 7.8: Histognm of rotation measwe distribution for the tail of 0056-013 in Abell 119 s a k d  to 
display the rotation measun distribution actoo the positive Faraday patches. 



The X-ray image of Abell2247 displays a very elongated, clumpy morphology. The radio 

probe for this cluster Lies in a region near one of the X-ray clumps, and falia well within the 

boundary of the X-ray emitting gas. 

This source dieplays double Iobed morphology, and iô identifieci 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 Fttraday 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 northem lobes, respectively. Both histograms display a non-Gaussian 

distribution in rotation measure with the majority of the RMs concentrated around -100 

rad rn-*. There is &O a weak distribution in both lobes of RMs around 150 rad m-*. The 

mean rotation measure in the southern lobe is -75 rad m-l, and the dispersion in this lobe 

is 142 rad md2. The northern lobe bas a mean RM of -35 rad m-*, and a dispersion of 

122 rad m-*. 

The typical scale of the rotation measure features in 1650+815 is - IO", which corre- 

sponds to a physical scale of 7 kpc at the redshift of the cluster. The estimated magnetic 

field strengths fiom the rotation measure dispersions are 22 f 3 pG, and 14 f 2 pG, 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 caldations are wry cornplex, thus 

the field estimates shouid be regardeci with caution. 

Summary for Abail2141 

The rotation measure distributions acrw the lobes of 1650+815 display similar, but corn- 

plex, signatures. Each Iobe contains several Faraday features, with ody a fairly small region 

of d o m  Faraday rotation visible. The cornplex nature of the Faraday distribution for 



this source makes iit difncult to determine reliable magnetic field estimates fiom the Faraday 

maps. 
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Figure 7.9: Rotation mcrnire map of 1650+815 in Abdl 2247. 
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Figure 7.10: Histograrn of rotation measure distribution for the southein lobe of 1650+815 in Abell2247. 
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Figure 7.11: Histognm of rotation measure dimibution for the nathern lobe of 1650+815 in Abell2247. 



7.4 Summary 

In this chapter, several possible models for the distribution of magnetic fields in the intr- 

acluster medium have been considered. The predictioas h m  each model were compsreà 

to the observeci rotation measure distribution* Fitting the RRM observations to a wiiform 

slab modei, which assumes that the ICM is iüied with magnetic fields of constant strength 

and direction, provides a range of magnetic field strengths between .- 0.5 pG, and .- 1.5 

pG for the majority of the sources. Thc presence of turbulence within the intracluster 

medium is, however, likely to disturb intracluster rnagnetic fields, and generate a tangled 

field distribution. A simplifieci view of this tangled field distribution considers the ICM to 

be filled with Faraday c e b  of uniform size, where the magnetic field varies randomly in 

direction fkom ceU to cell. The rotation measure excess for the sample studied in this work, 

combinecl with the depolarkation ratios calculated for the sources, argue for a magnetic 

field distribution which contains both large and smail scale magnetic fields. Assuming the 

rnagnetic pressure in the region around embedded sources traces the gas pressure, the rota- 

tion measure dispersion indicates a radial increase in the celi size from the central regions 

to the edges of the gdaxy clustem. Further, the ce11 sizes predicted for the central regions 

of the clusters are in agreement with the scales determined fiom 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 hirther considered. 

Estimates of the magnetic field strength for the uniform slab model c m  be compared 

to the field strengths required for dynamical importance in (PB 2 O.1PW), or equipartition 

with (PB = P*), the intracluster gas pressure. In general, a uniform slab modei predicts 

magnetic pressures in the intracluster medium which are only a few percent of the local 

g pressure. On the other hand, in a tangled cell model, dynamically significant magnetic 

presmes are predicted for Faraday ceU sises similar to those determineci in the iîterature. 

To fuaher probe the structure of intracluster magnetic fields, Faraday maps were pro- 

duced for four extendeci radio sources viewed through the ICM of three Abell clusters. 

Although the maps varieci h m  source to source, the general trend ~CTOSS the four sources 

indicated a iarge scale ordered intracluster field ( s a l e s  2 100 kpc), in which amaller seale 

&&y feafures ( d e s  -. 10 kpc) were embedded. The presence of the obserwd Faraday 



patches, and ordered structures, support a model in which the intracluster magnetic field 

consists of tangled celis, or flux ropes, which have a variety of scales dong the h e  of sight. 

The data in this Chapter confirms that the W o n n  slabn model is ruled out. Hence IB( < 
1 pG is also d e d  out. 



Chapter 8 

Discussion and Future Work 

8.1 Summary of Thesis Results 

This t hesis investigates the nature of intracluster magnetic fields t hrough the Faraday effect. 

The magnet ic fields are revealed t hrough the wavelengt h-dependent rotation of the position 

aagle of polarized synchrotron emission, as it propagates through the magnetized, ionieed 

region. Multi-frequency radio observations, toward polarized radio sources, provide a means 

of determining the magnitude of the Faraday rotation. 

The observeci rotation measure is a linear sum of the individual Faraday rotations from 

aU rnagneteionic media dong the üne of sight between the radio source and the observer. 

In order to isolate any individuai contribution to the rotation measure, ail potential sources 

of Faraday rotation must be considered and removeci (corrected), or otherwise accounted 

for. The presence and magnitude of an intracluster contribution to the corrected rotation 

measure is then determined by cornparhg the magnitude of the observeci Faraday effect 

of sources viewed through the intracluster gas (cluster sources), to that of sources which 

are not influenceci by the intracluster medium (control sources). Once the magnitude 

of the intracluster contribution to the Faraday excess has been determinecl, the magnetic 

field strength required to produce the o b m e d  excess can be estimated, provided that the 

geometric distribution of the magnetic fields is hm. 



8.1.1 Main Issues 

Although evidence for the presence of magnetic fields within the intracluster medium is 

f h l y  comrnon in the literature (Lawler & Dennison 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 unamwered. This section addresses 

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

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

medium? 

What is the geornetric distribution of the magnetic fields within the dominant Faraday 

component? 

What is the radial extent of the do~iisant Faraday component? 

These issues have remained open due to the combination of spme data, and the dependence 

of Faraday rotation on the product of the intracluster electmn density and the line of 

sight magnetic field strength - parameters which are likely to display a radial dependence. 

A further complication introduced by turbulence wit hin 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) mchive, and the ROSAT archive, to resolve a number of the complications 

described above. Follow-up polarimetric observations, at four to six wavelengths, of N V S S  

targets provide a relatively large statist ical sample of Faraday rotation measures. Unlike 

previous statistical studies whieh generally relied on (sometimes poorly determined) rotation 

measure estimates h m  the Literature, the rotation measure estimates presented within this 

thesis have been systematicaily determined for a carefully selected set of wavelengths. The 

availability of sensitive ROSAT X-ray observations for each galaxy cluster presented in 

thie thesis provides the first opportuni@ to incorporate the individual intraclueter electron 

density distributions into the rotation measure anlrlysis. This individual-source decoupling 

of the pmduct of the electron density, and line of sight magnetic fieid, furthet sîmplines 

the analysis of the magnetic field distribution. Finally, the results from Faraday mapping 

of four sowces presented in this thesis, combined with F'araday mapping results kom the 

iiterature, yield estimates of the tangling scale for cornparison with the caldated radial 



distribution. 

8.1.2 Location and Extent of the Faraday Rotating Medium 

Cornparison of the width of the residual rotation measure distribution of the cluster sources, 

to that of the control sources, reveals a statisticaüy sipificant Faraday excess in the cluster 

sample. The width of the residual rotation measure distribution of the control sample was 

fond  to be - 15 rad m-2, while the width of the cluster sample increased from this 

background Ievel at the outer edge of the cluster, to a width of - 115 rad m-2 in the 

centrai 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 finit 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 chsters 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 rnainly 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 

Feretti et al. (1999) on Abell119, where the large radial extent of the intracluster magnetic 

fields is suggested by the Faraday rotation measure images of three extendeci sources that 

are located at impact parameters between 190 and 1500 kpc. 

Based on the excellent fits of the position angles to a X~ law across bath thesis samples, 

and the lack of internal depolarization, the majority of the Faraday excess is concluded 

to originate exterd to the radio sources. hiaher, the similm radial distributions of the 

RRMs for the embedded and background radio sources indicates that the majority of the 

Faraday excess originates in the c i h  intracluster medium, rather than a magnetized 

sheath surrounding the radio sources. The orîgin of the Faraday excess in the foregmund 

ICM is hirther supported by the correlation of the RRM wit h the pro jected eiectron demi&, 

as similar correlations hoid 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 d e  structure, and adlarge d e  

order. The field distribution was invegtigated thrwgh a simple mode1 which considerrd the 
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intracluster medium to be composed of tangled ceiis of magnetic field. In this model, the 

magnetic field direction varies randomly fiom celi to cell, and the field strength is d o m  

within a single cell, but varies radidy 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 fVst 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 tu be 1 kpc. This tangling scale increases to over 

100 kpc toward the outer regions of the cluster gas distribution. The s m d  central tan- 

gling acaie estimated from these results are in good agreement with the measured tangling 

lengths fiom Faraday mapping of extended radio sources in the central regions of clusters. 

For example, studies by Feretti et al. (1995, 19991, Taylor & Perley (1993), and Ge 8 

Owen (1993) indicate that the foreground Faraday screen contains structure on scales of 

a few kilopmec 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 a d a b l e  on the Faraday cells at these large radii. 

Faraday mapping of radio sources in three Abeil clusters confirms the picture presented 

above. In pneral, the Faraday maps display ordered rotation measure structures over scales 

of .Y 100 kpc, dthough the maps also display Faraday patches on seales of order 10 kpc. 

The magnetic field strength in the foreground intracluster medium, determined from the 

Faraday mapping results, was found to be few pG for sources in two of the clusters, while 

a field strength of -- 15 pG was estimated for the third cluster. Note that these magnetic 

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

8.2 Fitting the Pieces Together 

Intraclus ter magnetic fields have been investigated t hrough numeroua techniques in the 

literature. There is now sirfficient iaformation available to begin considering how these ob- 

servations fit together in the o d  picture of the intracluster magnetic field distribution. 

Developing a detailed pictm, and fitting these results into it, is, howevq a cornplex under- 

taking, whieh is beyond the scope of this thesis. Instead, this section presents a summary of 

some of the resdts avairable in the literature, and considers a btoad ovemiew of how these 



results might fit together. 

8.2.1 Observations 

There are several obsenmtional approaches to measuring the intracluster magnetic field. An 

overview of the theory behind t hese approaches is given in 5 2.4. Below, the magnetic field 

strengths, or limita, determined from t hese observational approaches are summarized. Note, 

however, that this section is not intended to provide a complete review of the literature, 

but rather a sampbg of a variety of the observations. 

Synchrotron haloes, equipartition: Minimum energy estimates of magnetic fields 

associated with synchrotron haloes find equipartition magnetic field strengths of order 

0.5 pG (Feretti & Giovannini 1996) extend over regions of - 500 kpc tkough the 

intraclus ter medium. 

a Synchrotron haloes and inverse Compton: Upper timits on inverse Compton 

emission hom clusters (Hanisch 1980; Ensslin & Biermam 1998) places lower limits 

of order 0.1 pG on the strength of the volume-averaged intracluster magnetic field 

strength. Recent evidence of the detection of IC Ecom synchrotron halo clusters (Fusco- 

Ferniano et al. 1999; Bsgchi et al. l998), predict volume-averaged field strengths of - 
0.15 pG. 

S tatistical Faraday Studies: Comparing Faraday rotation measures of sources 

viewed through the ICM to those beyond the edge of the cluster g (Lawler & Den- 

nison 1982; Kim et al. 1990; Kim et ai. 1991; Goldshmidt & Rephaeli 1993) yields 

intracluster magnetic field estimates of order 1 pG, tangled on scales of order 10 kpc. 

Fùrther, these magnetic fields are generally found to extend to large cluster-centric 

distances. Note, however, the study by Hennessy et al. (l989), based on high redshiR 

radio probes, found no evidence of intracluster magnetic fields. 

a hraday Mappiiy: High-resolution Faraday mapping direetly images the structure 

of the Faraday screen. The majority of the Faraday mapping results (Dreher et 

al. 1987; Ge & Owen 1993; a y l o r  & Perley 1993) concentrate on extended sources 

embedded in the co ta  of cmlhg flow cIusters. These r d t s  indicate magnetic field 

strengths of order 5û pG, tangled on s d e s  of a few kpc. Feretti et ai. (1999) End 
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similar field strengths and tangling scales for a source located at a slightly larger 

impact parameter in Abell119. 

The overd consensus Crom the results of this thesis and the iiterature appears to be that 

magnetic fields are a common property of d 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 m u t  contain both large scale 

ordered features (to produce non-zero RMs), and small scale tangled features (obsewed in 

Faraday mapping). The magnetic field strength associated with the uniform component of 

the fields is predicted to be of order 1 pG, while the highly tangled component probably 

reaches values of 50 pG, at least in the central regions of the clusters. Although a field 

strength of 1 pG is probably not dynamicdy important, a field strength of 50 pG almost 

certainly is. In general, these observations appear to be consistent with a picture of the 

intracluster medium fiUed with magnetic cells, where the ceUs have a radidy increasing 

scaie length. 

The observational picture is similar to the picture emerging Erom the theory. Sirnulil- 

tions of magnetohydrodynamic turbulence indicate that the magnetic fields are generaiiy 

organized into elongated Naments or flux ropes through a plasma (Nordlund et al. 1992; 

Muer et ai. 1996). A iine of sight passing through a region containing magnetized ma- 

ments wouid likely experience a random w d k  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. 



8.3 Future Directions 

The overwhelming picture developing fkom 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 fkom magnetic fields embedded in 

the diffuse intracluster medium? Although indications fiom this thesis aad the litera- 

ture point toward the diffuee intracluster medium as the source of the Faraday excess? the 

presence of embedded sources in the Faraday sampIes 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 f 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 rnapping 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 intraduster magnetic fields on the dynamics of the cluster gas 

will depend on both the field strength and structure. A magnetic pressure 2 10% of the 

local gas pressure will iikely have dynamkal significance on the evolution of the intracluster 

medium. A partial ammer to this question will therefore be detennined by the answers to 

the two questions posed above. The question of how the fields influence the evolution of 

the clusters is b a t  addressed through cornparison of Faraday studies of high redshift galaxy 

clusters, to the currently available low redshift samples. 

M h e r  issues to adciresa include: What is the ongin of intraclusfer 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 rnorphology of 

embedded radio galaxies M u e n d  by the intraclusfer gas? What &bcts do cluster mergers 

have on the intracluster magnetic field distribution? 

Beyond the obserwtional investigation of intracluster magnetic fields, the t heory must 

&O be developed. The groaring aWBfeness of the nearly miversal presence and dynatnid 



importance of magnetic fields in astrophysics has been driven by observation. A N1 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 lar er one's ignorance, the stronger the magnetic field. 
Woltjer, k oordwijk, 1966 
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