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And to all Warriors of the Light
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Abstract

The existence of éiuse magnetic fields @fG strength in the hot intergalactic medium is now well
established. Our knowledge about them has greatly improved the last few decades, mainly
thanks to radio continuum observations, which have dedesyachrotron emission from cluster
diffuse sources (halos and relics) and Faraday rotation ofipethemission from embedded
andor background radio galaxies. Such fields are not thoughé tdyimamically significant, since

they provide typical magnetic pressures one or two ordemnnhadnitude below thermal values.
However, they are believed to strongly influence the headlgotivity in the intergalactic medium

and to inhibit the spatial mixing of gas and propagation ofraiz rays. Therefore, in order to

improve our knowledge of the physical processes in the gesevironment of galaxies, accurate
measurements of quantities such as magnetic field stresypglial variation, topology and power
spectrum are crucial. While most work until recently hasrbeevoted to rich clusters of galaxies,
little attention has been given to sparser environments) as groups of galaxies, although similar

physical processes are likely to be at work.

The purpose of this thesis is to investigate the strengthsandture of the magnetized medium
surrounding radio galaxies via observations of the FaraafBgct. This study is based on an
analysis of the polarization properties of radio galaxiglested to have a range of morphologies
(elongated tails, or lobes with small axial ratios) and tddmated in a variety of environments
(from rich cluster core to small group). The targets inclf@®ous objects like M84 and M 87. A
key aspect of this work is the combination of accurate ragliaging with high-quality X-ray data

for the gas surrounding the sources.

Although the focus of this thesis is primarily observatipnadeveloped analytical models and
performed two- and three-dimensional numerical simutetiof magnetic fields.

The steps of the thesis are: (a) to analyze new and archisdredtions of Faraday rotation
measure (RM) across radio galaxies and (b) to interpretetlzesl existing RM images using
sophisticated two and three-dimensional Monte Carlo satiris.



This thesis aims to pose and answer the following basic mumesst

1. What is the origin of the bulk of the Faradaffext observed across radio galaxies? Two
possible contributors have been discussed in the litexatilre intergalactic medium as a
whole and a local sheath formed through mixing layer surding the radio lobes.

2. How does the intergalactic magnetic field strength scéle thve thermal density? Is there
a connection with the richness of the environment? Is thenmidgfield ever energetically
important?

3. Can the intergalactic magnetic field always be descrilseanasotropic, Gaussian random
variable? If so, what is its power spectrum? Is there eviddoc Kolmogorov turbulence?
What are the maximum and minimum scales? Is there evideme@epeferred direction or

two-dimensionality?

4. How do embedded radio galaxieffegt the surrounding plasma and the structure and
strength of the field within it? What can be ascribed to thes®morphology? Recent X-
ray observations have detected regions of low emissivitg\ities”) in the X-ray emitting
gas at the position of the radio lobes. It appears that thie alirces have displaced the
surrounding thermal medium rather than mixing with it. Whaght be the consequences
for the magnetic field structure?

5. What is the content of the radio lobes and hence of ca®itisssome cases, the relativistic
plasma in the radio lobes can provide enough pressure tamsujiyem, but others require
an additional pressure component — most likely from enétdiand heatedk{ > 10 keV)
intergalactic medium. This heated component should bectistethrough polarization
studies since it may causgternal Faraday rotation.

The approach has been to select a few bright, very extenditighly polarized radio galaxies.
This is essential to have high signal-to-noise in polaiirabver large enough areas to allow
computation of spatial statistics such as the structuretiom (and hence the power spectrum) of
rotation measure, which requires a large number of indegnmieasurements. New and archival
Very Large Array (VLA) observations of the target sources have been analyzedvibination
with high-quality X-ray data from th&€handra XMM-Newton and ROSAT satellites. The work

has been carried out by making use of:

1. Analytical predictions of the RM structure functions toamtify the RM statistics and to
constrain the power spectra of the RM and magnetic field.

1The Very Large Array is a facility of the National Science Rdation, operated under cooperative agreement by
Associated Universities, Inc.



2. Two-dimensional Monte Carlo simulations to address tfeceof an incomplete sampling
of RM distribution and so to determine errors for the powesctfa.

3. Methods to combine measurements of RM and depolarizatiasrder to constrain the
magnetic-field power spectrum on small scales.

4. Three-dimensional models of the grgcipster environments, including fiikrent magnetic
field power spectra and gas density distributions.

The thesis is organized as follows: Chapters 1-3 are inttody; while 4—6 contain the original

work developed in the thesis.

Chapter 1 briefly outlines the essential physics requiraghiterstand the polarized emission and

energetic of radio galaxies.

The gaseous environment of radio galaxies and implicationtheir interaction are described in
Chapter 2.

Chapter 3 reviews the known properties of intergalactic metig fields and outlines fierent
methods of analysis.

Chapter 4 presents a study of the magnetic field in the hotumedurrounding the radio galaxy
3C 449, located in the centre of a nearby galaxy group. HigtitgtRM and depolarization images
have been produced by making use of archival VLA data at stregiiencies in the range 1365
— 8385 MHz. Structure-function and simulation techniquagehbeen used to model the magnetic
field power spectrum over a wide range of spatial scales ardtimate both the minimum and
maximum scale of the magnetic field variations. The centedd fstrength and its dependence on
density have been constrained. The work of this Chapter baa published in Guidetti et al.
(2010), reported in the sectidtighlighted paperf the journal Astronomy & Astrophysics.

Chapter5 concerns the analysis of the RM of the nearby raalaxigs 020635, 3C 270, 3C 353,
and M 84. This represents the most innovative part of theighééhe sources are embedded in
different environments, but show the same double-lobed radiphotogy. They all show highly
anisotropic RM structures (RM bands) which are clearlffedent from the isotropic variations
seen in previously-published RM images. This is a new RM phemon and a first attempt to
interpret it as a consequence of source-environment ictierais presented. Analytical models for
the magnetic field and simulations of the RM expected fronaaging sources in the magnetized
intergalactic medium are developed. This approach isedptirew and the main results are that a
simple compression mechanisrannotproduce all the observed properties of the RM bands, and
a two-dimensional draped magnetic field provides a muclebdéscription of the data. The work
of this Chapter will be published in Guidetti et al. (2011 piess).



Chapter 6 presents preliminary results from two-dimerai@malyses of the polarization of two
radio galaxies embedded in extremelytelient environments: 07537 in a very poor group and
M 87 at the centre of the cool core Virgo cluster. The work a$ W@hapter will be published in
two forecoming papers: Guidetti et al. (in preparation)jdetti et al. (in preparation).

Chapter 6.4 summarizes all the results presented and bligtlysome topics for further work.
It is pointed out that this thesis has shown that the mageetinedium surrounding radio
galaxies appears more complicated than was apparent frdraresork. Three distinct types
of magnetic-field structure are identified: an isotropic pament with large-scale fluctuations,
plausibly associated with the intergalactic medium rfig@ed by the presence of a radio source;
a well-ordered field draped around the front ends of the réabes and a field with small-scale
fluctuations in rims of compressed gas surrounding the itotees, perhaps associated with a
mixing layer.

In the Appendix new VLA polarization data for the nearby madalaxies 020635, 075537 and
M 84 are presented. This work will be published in the papendg.aGuidetti et al. (2011, in prep).

Throughout the thesis | assume a cosmology Wigh= 71 km s*Mpc?, Q= 0.3, and, = 0.7.



Chapter 1

Physics of radio galaxies

n this Chapter | will outline the essential physics requitedunderstand the polarized

emission of radio galaxies and their interactions with tbeal environment. Sec.1.1

introduces radio sources in the context of active galaxiageneral, and Sec. 1.2 discusses
their principal emission mechanisms. The morphologiesditr galaxies, the physical parameters
of their emitting regions and the implications for their @éraiction with the environment are
described in Sec.1.3.

1.1 Active galaxies

Active galactic nuclei (AGN) are the most powerful, persidt sources of luminosity in the
Universe. Their luminosities range from about4.0p to 1#’ergs s* and their emission is spread
widely across the whole electromagnetic spectrum. AGN areadled because of the current
accepted model explaining their nature. They are believdxtpowered by accretion onto super-
massive black holes-(10” — 101°M,) located at the nuclei of so-called “active galaxies”. lade
the radiation emitted by such nuclei cannot be explainetijusstarlight or normal supernova
activity and can exceed the total emission of the rest of #iaxy by many order of magnitude.
Moreover, the AGN emission is often variable on time-scatggjing from years down to hours
or even minutes. Causality arguments imply that an objecting in a timet must be smaller
than the light-crossing timet (wherec is the speed of light in the vacuum) and therefore must be
spatially small. Accretion mechanisms onto a such smadlahjith mass: 108M,, can dficiently
convert potential and kinetic energy to radiation and bulklow, and therefore account for high
luminosities and their rapid variations.

Since luminosity excesses have been observed across the edattromagnetic waveband,

there is no single observational signature of active galxihich can be classified in many

1



1. Physics of radio galaxies

ways. This has often lead to a confusing terminology. Themdisons between dierent types of
AGN reflect historical diterences in how objects were discovered or initially clasdifirather
than real physical dierences. Although the spectrum of these objects can extemdsathe
whole electromagnetic spectrum, the relative intensityvben diferent wavebands and spectral
lines features are extremelyfidirent and provide a basic classification for the AGMNy(radio
galaxies, quasars, Seyfert galaxies, blazars). AGN areectionally classified as either “radio-
loud” or “radio-quiet”, depending on the ratio of their lunaisities in the radio and optical bands.
Physically, this distinction reflects the relative impaoita of relativistic jets and their associated
non-thermal emission compared with radiation directhatedl to the accretion process. Jets are
an important, and often dominant, energy loss channel fdiosioud AGN. The cause of the
difference between radio-loud and radio-quiet AGN is a comfglittand unresolved issue, which
may involve the spin of the central black holed. Meier 2002) or the details of the accretion
process.

A major simplification for radio-loud and radio-quiet objeds the “unified model”, which
suggests that tferent classes of AGN are in fact the same objects seerffatatit angles to the
line of sight. There are two physical mechanisms: beamingadiation from relativistic jets
(radio-loud only) and obscuration of the central regionthef AGN by a dusty toruse(g.Barthel
1989; Antonucci 1993; Urry & Padovani 1995).

Since this thesis is based on the analysis of the polarizgiioperties of extended radio
galaxies, in the next sections | will concentrate on the nmain-thermal emission mechanisms
observed from radio-loud active galaxies and their impiaaabout the energy content of radio
galaxies.

1.2 Non-thermal emission mechanisms of active galaxies

The two main non-thermal radiation processes in radio-lastive galaxies are synchrotron
radiation and Inverse-Compton (IC) scattering. Their tieda importance depends on the
observing frequency: IC emission from a given populationaddtivistic electrons is emitted at
higher frequencies than the corresponding synchrotronpoo@nt. For example, in the extended
lobes of radio galaxies, synchrotron emission dominateadibd frequencies and IC in the X-ray
band.

1.2.1 Synchrotron radiation

Synchrotron emission is generated by the acceleration lativistic charged patrticles in a
magnetic fieldB. When detected, it provides therefore the more direct wagettiect magnetic

2



1.2. Non-thermal emission mechanisms of active galaxies 3

fields in astrophysical sources. The synchrotron powertethiby a relativistic electron with
Lorentz factory (electron energy = ymec?) is:

de [erg
dt

?] ~ 1.6 x 10°3(B,qSinf)2y2 (1.1)
where 0 is the pitch angle between the electron velocity and the miagrfield direction.
This equation illustrates the degeneracy between partinkrgy and magnetic field: a given
synchrotron power can be produced by a highly energetiégiaith a low magnetic field or vice

versa.

The spectral distribution for a single electron can be assurto be approximately
monochromatic since it peaks sharply at a frequency:

ve[GHZ ~ 4.2 x 10 %y?(By,g|SiN¥). (1.2)

From Eq. 1.2, it is derived that electronsjf 10* in magnetic fields oB ~ 10 4G produce
synchrotron radiation in the radio band. (~ 4 GHz), whereas electrons ¢f ~ 10’8 in the
same magnetic field radiate in the X-rays. A representatieengle is given by the nearby active
galaxy Pictor A, where the spectrum of the jet from radio toay-wavelengths can be described
as synchrotron emission from a population highly energaiticles with a distribution of Lorentz
factors (Wilson, Young & Shopbell 2001).

For a homogeneous population of electrons with an isotrpfigh-angle distribution and a
power-law energy spectrum with the particle density betwemergies ande+de given by

N(e)de = Noe°de, (2.3)
the total intensity spectrum, in optically-thin regionsstiae functional form:
S) «cv7?, (1.4)

where the spectral index = (§ — 1)/2. This spectrum of Eq. 1.4 is described ram-thermal
since the energy spectrum of the emitting particles is nokwdlian - i.e. it does not have a
single temperature.

1.2.2 Polarization of synchrotron radiation

In the optically-thin case, for a homogeneous and isotraistribution of relativistic particles
whose energy distribution follows the power law of Eq. 1.8 @&ma uniform magnetic field, the

3



1. Physics of radio galaxies

intrinsic degree of polarization has the value (Longair4)99

: (1.5)

and the electric vector is perpendicular to the projectibrine magnetic field onto the plane
of the sky. For typical values of the index of the energy speeté = 2.5, the intrinsic
polarization degree in an uniform field is expected toxh@0%, which represents the maximum
allowed value. Degrees of polarizatign 0.1 are often observed at 1.4 GHz; less commonly
they exceed 0.3-0.4. A reduction of the expected degree lafripation might stem from an
intrinsically complex magnetic field structure within theusce angbr depolarization fects, as
discussed in Secs. 3.2.1 and 3.3. If the magnetic field caxfressed as the superposition of
two components, one uniforB,, the other isotropic and randol., the observed degree of
polarization is approximately given by (Burn 1966):

BS

Pobs = Pint——2—. 1.6

which gives the ratio of the energy in the uniform field over #nergy in the total field, and is an
indicator of the field uniformity and structure. Howevemdam magnetic fields are likely to be
anisotropic, in which case Eq. 1.6 does not hold.

A mathematically convenient way to describe the linear fimd¢ion state is given by the
Stokes parametets Q andU (Stokes, 1852).

The polarized intensity and the polarization angle of Imhegolarized radiation can be
described by:
P, = (Q%+U3)Y2 (1.7)

and
1 U,
Y, = > arctar(@), (1.8)

Images of polarized intensity, degree of polarizatio®/l and position angl& (and in turn
magnetic field) can be derived across radio galaxies from tlig andU images through radio
observations in full polarization mode.

Once corrected for the Faraday rotation (Sec. 3.2) the giejemagnetic field in the plane
of the sky appears to be tangential to the edges of the lobkstinlow- and high-power radio
sources. The field orientation in the jetdtdrs between the two classes. Low-power jets usually
show magnetic field parallel to the jet axis close to the cdtk atransition to perpendicular field
as the jet expands. In contrast, in powerful sources the stegfield is usually parallel to the jet
axis for the whole length of the jets.




1.2. Non-thermal emission mechanisms of active galaxies 5

Therefore, the measurement of synchrotron emission fromioragalaxies provides
information about the index of the energy distribution oftjgdes and the strength of magnetic
fields inside the source, while the degree of polarizatioansmportant indicator of the field
uniformity and structure. The high degrees of linear paktion observed from radio-galaxy jets
and lobes make them ideal probes of the foreground magdetiselium (Sec. 3.2).

1.2.3 Inverse Compton emission

Relativistic electrons in a radiation field can scatter lemergy photons to high energy through
the inverse-Compton (IC)f¥act. The reason for the adjective “inverse” is that the ebest lose
energy rather than the photons as in the usual Compton sgttdC scattering increases the
frequency of the scattered photong, by a factor%yz, wherevy is the Lorentz factor of the
relativistic electrons €.g9. Rybicki & Lightman 1986). The low-energy scattered photame
often dominated by the ubiquitous 3K cosmic microwave bemkgd (CMB). In the presence
of relativistic particles withy ~ 10>4, CMB photons are scattered from the original frequency
around 18 Hz to about 1618 Hz, corresponding to the X-ray andray domains (0.8- 20 keV).

Since the power radiated via the IC process by an electrothkasmme functional dependence
on the electron energy as in Eq. 1.1, if the synchrotron andnssion originate from the same
relativistic electron population their fluxes are relat€dr the electron energy distribution of Eq.
1.3, the two spectra share the same spectral ind@he spectral index relates to the photon index
of the IC emission abx = a + 1.

Given that the synchrotron emissivity is proportional te thagnetic energy densitys, while
the IC emissivity is proportional to the energy density ia ffhoton fieldJ p, it follows that:

Ssm Us

o« -8B 1.9
Sic Upn (1.9

whereSsyn andS,c are the synchrotron and IC fluxes, respectively.

From the ratio between the IC and synchrotron fluxes, in jplacone can derive an
estimate of the total magnetic field, averaged over the Emitiolume. In terms of observational
parameters this is:

Ssyn(Vr)[J)d

1+2>"(0.0545,[MHZ)"x 1.10
Slc(El—Ez)[ergs_lcm—z] ( )7 rl 1) ( )

B[uG]** = h(a)

x (Ez[keV]*™* — Eq[keV]*,

where Sgyr,,) is the synchrotron flux at the radio frequenegy and the flux &g, -g,) is
integrated over the energy intenia{ — E,.




1. Physics of radio galaxies

1.3 Radio galaxies

Radio galaxies are radio-loud AGN hosted by massive eapyg tyalaxies (visual magnitude
My < -20), with radio powers at 408 MHz spanning the rang&®§WHz 1. Their radio spectra
have approximately power-law forms with typical spectradicesa = 0.8 + 0.2, consistent with
synchrotron emission from relativistic particles with pemlaw energy spectra (Sec. 1.2.1). The
electron Lorentz factors ase> 100 and magnetic field strengths ar@G. The synchrotron origin
of the radio emission is confirmed by the smooth broad-bardreaf the emission (10 MHz-
10 GHz) and the high degree of linear polarization (commaryl averaged across the source,
but reaching values of 0.7 in sub-regions).

The energy source for the relativistic particles and magrigtids is thought to be the central
black hole at the nucleus of the radio galaxy. The energyaissterred from this engine outwards
by more or less collimated, initially relativistic, flows beams, whose visible manifestations are

the radio jets.

1.3.1 Radio-galaxy morphologies

Radio galaxies show a wide range of structures and lineassigoing from a few ten of pc
up to Mpc (Bridle & Perley 1984; Laing 1993), and hence they ba more extended than the
parent galaxy. The main morphological classification okaged radio galaxies is that made by
(Fanardt & Riley 1974). This was based on the sharp change in morplabbdhe sources in
the 3C catalogue around the radio powef*PQVHz 1 at 1.4 GHz, close to the break in the radio
luminosity function. Fanarff®& Riley pointed out that low-power sources tend to be brightdose

to their nuclei (“edge-darkened”) whereas high-power aresbrightest at their outer extremities
(“edge-brightened”). These are respectively classifieffasargf-Riley | and Fanargf-Riley I
sources, (or FRI and FRII sources). The prototypes of FR IERd sources are respectively
3C 31 and Cygnus A (Fig. 1.1). The sources discussed in deettis thesis are mostly members
of the FR I class.

The main morphological components of FRI and FRII radio xjelR observed with
arcsecond resolution (e.g Bridle & Perley 1984) are as\Vlo

e The “core” is an unresolved component coincident to witlhie tbservational errors with
the optical nucleus. It represents the partially optic#tlick base of the jets (see below).
Cores are relatively stronger in FR | sources.

e The “jets” are long narrow features, which emerge from thee@nd propagate generally in
opposite directions. FR jets are typically bright, withdeiopening angles, while those of

6



1.3. Radio galaxies 7

FR 1l sources appear weak and well collimated, suggestingra eficient energy transport
than in FRIs. FRI jets are thought to decelerate to subivedat speeds on kpc scales,
while FR Il jets remain relativistic over their whole length

e The “hot-spots” are bright and compact regions observey anlFR Il sources, close
to the extremities of the radio structures. They are inetgd as the termination or
major disruption of the jets at strong shocks (which requiteat FR Il jets are internally
supersonic).

e The “lobes” are wide structures with small axial ratios whige on either side of the
parent galaxy and are often aligned across the nucleus ¢esaga to Mpc. Most of the
radio emission is therefore seen between the end of the fetdhee core. Synchrotron
spectra of lobes show steepening towards the nucleus anthériefore likely that lobes are
formed from relativistic particles left behind at or backvfling from the region where the
jet impacts the external medium. Lobes are found in both FRIIFER Il sources.

e The “tails” are elongated and sometimes irregular strgstumostly farther from the nucleus
than the end of a jet. Their synchrotron spectra steepen &maythe nucleus, suggesting
that they are flowing outwards. They are found almost exetgiin FR | sources.

1.3.2 Morphology and expansion of lobes and tails

The physics of the interaction between a radio source anguheunding IGM appears to be
significantly diferent for lobes and tails. Also, as will become apparent ter|€hapters, the
magnetization of the IGM around a radio source appears terdepn the morphology of the

extended emission. For these reasons, | briefly discusdfiieeashces between lobes and tails.

The richness of the environment may play a role in the foromatf tails rather than lobes.
Most of the tailed sources are observed in galaxy clusterglogroups and often show distorted
morphologies which are likely to be caused by gas sloshirtbarpotential well of the cluster or
by the high ram pressure exerted by the thermal gas on faginggalaxies (respectively Wide-
angle tails,e.g.3C 465, Eilek et al. 1984 and Narrow-angle tadsgy.NGC 1265, O’'Dea & Owen
1986). There is therefore clear evidence fofgavironment interaction in tailed sources. Indeed,
tails are likely to be formed if the jet entrains enough miateto slow it to below the external
sound speed aft if buoyancy causes the synchrotron plasma to be pushedhmg. For both
these reasons, FRI tails are thought to be expanslifigsonically basically buoyantly, and in
pressure equilibrium with their surroundings.

Lobes or bridges, on the other hand, do sometimes show addér shocks in the
surrounding X-ray emitting gas, suggesting that they amaegingsupersonically(Sec. 2.3.2).
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1. Physics of radio galaxies

So far, the best examples of strong shocks surrounding ésidge found only in two FR | sources
(Centaurus A, Kraft et al. 2003; NGC 3801, Croston et al. 200%tead, weak shocks appear to
occur more frequently and they are seen in both FRd.Perseus, Fabian et al. 2003; Hydra A,
Nulsen et al. 2005a; M87, Forman et al. 2005) and FR Il soyegsCygnus A, Wilson, Smith &
Young 2006; Hercules A, Nulsen et al. 2005b; 3C 444, Crostal. €010). Therefore, standard
models of supersonic radio-lobe expansion, which werdralty thought to apply only to FRII
sources €.g.Scheuer 1974; Kaiser & Alexander 1997), are also likely tecdee lobes in FRI's.
It may be that the expansion of FR | lobes is supersonic onlhénforward direction (driven
by the ram pressure of the jets) and that the lobes are irt sisgssure equilibrium with their

surroundings closer to the galaxy.

To conclude, the factors which determine the large-scalgphwogy of radio galaxies have
not been disentangled yet, although the initial speedsaojetis and their density contrast with the
external medium both seem to be important. Whether a lobetail & formed clearly makes a
substantial dterence to the interaction between a source and its surnogs.di

1.3.3 Internal physical conditions of radio galaxies

In order to understand the interaction of radio galaxieshwiiteir environments, we need to
quantify the internal conditions in the extended emittiegions (lobes and tails). From the
synchrotron emissivity alone, it is not possible to deriveambiguously the energy of the
relativistic particles and magnetic field, because of thgederacy between them (Eg. 1.1).
Constraints on the energy density in relativistic electrand magnetic field can be derived from
synchrotron emission if IC emission from the same electropufation is observed, in which

case the degeneracy between particles and fields can bee@g&lg. 1.10). The sum of particle
and field energy densities can then be compared with the #igrmassure in the surroundings.
If IC emission is lacking, in order to separate the magnetid eelativistic particles densities,

one must make some assumptions about the relation betweemnoeks and magnetic field. One
commonly used approach is to assume energy equipartitioveke them: this is described in the

next section.

1.3.4 Equipartition parameters

In the context of radio sources, the term “energy equipartitis commonly used to mean that the
energy densities in relativistic particles and magnetik fie equal. This is an assumption, with
no rigorous justification, but has some empirical suppartrfrobservations of FR Il lobes. It is

also close to the condition that the total energy densityamigles and field is a minimum.
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1.3. Radio galaxies 9

Radio Galaxy 3C31 =NGC 383
Copyright NRAO/AUT 2006

Figure 1.1: Examples of extended radio galaxies with lolsgdumes. Top panel: bridged radio
galaxy Cygnus A (FRI1I) in a cluster of galaxy at@.056. This is the brightest extragalactic
radio source in the sky. Bottom panels: montage by A.H. Brgllowing the tailed radio source
3C31 (FR1, in red) at the center of a galaxy groupa00169, superimposed on Hubble Space
Telescope WFPC2 imada) and on DSS imagg).

The field strength and pressure corresponding to the editiparcondition €.g.Longair
1994) are:

~nQ. 127 ~2/T ,2/7 -2/7
Beau o] = 0.9- L1 oy Vird &7 @ (1.12)

a4/7 =4/7 AT -4/
Peaayneen?] © Ligrgst Vikpe & @7 (1.12)

whereL andV are the radio luminosity and the volume of the soutcis,the ratio of the total
energy in particles to the energy in electrons alone, @nsl the so called “filling factor”, which
is the fraction of the total source volume occupied by engttinaterial. For a relativistic plasma
I' = 4/3, so the total minimum energy density of the souragig ~ 3x Peq SincePeqrepresents
the pressure exerted by the synchrotron-emitting plasimaughout the thesis it will be reported

as Psyn.

The comparison of the pressuRq with the external one provided by the surrounding
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medium (Chapter 2) is useful to understand the equilibriemd@ions of radio galaxies. In both
FR1 and FRII radio sources,dBand Psyn are found to be a fewG and 1612-10-3dynecn?,
respectively.

However, all the equipartition estimates must be taken withtion, because each of the
variables in Eqgs.1.11 and 1.12 is potentially a source oktamty. Indeed, the filling factor
® is unknown and often assumed to be 1 although in some radaxigalthere is evidence for
filamentary structure. Some assumptions on the geometriieosdurce must also be made in
order to compute the source volurie The ratio/ is also subject to major uncertainties, since
the energy density in relativistic protons is unconstrdindoreover, the equipartition parameters
are strongly related to the functional form of the particleery spectrum and therefore to the
synchrotron emission spectrum. Good constraints on theygmspectrum require wide frequency
coverage. Indeed, even small changes in the lower limit efrelativistic particle energy can
have a huge impact on the determinatiorBg§ and Pmin. This is particularly true for steep radio
spectra, where low energy particles contribute most of dted £nergy.

My personal conclusion is that minimum energy argumentefimited usefulness. The best
use of these estimates lies in making the most conservasigrgtions and treating the resulting

pressures as lower limits.

1.3.5 Field and patrticle content of radio lobes and tails

FR | radio galaxies with tails are believed to expand subesdly in pressure equilibrium with
the surroundings, and to rise buoyantly in the intergatasiedium. On the other hand, some
FR | sources with bridges appear to be surrounded by shockey ¥mitting gas, which suggests
supersonic expansion.

As already pointed out, when IC emission is detected fronralé® sources, then the total
energy density in relativistic electrons and fields can beneged and compared with the external
pressure, also derived from X-ray observations. For somél EBurces, this has been done
(e.g.Kataoka & Stawarz 2005; Croston et al. 2004; Laskar et al920bbe et al. 2011) The
conclusion is that most FR Il lobes are close to the minimuergyncondition, in the sense that
relativistic electron and field energy densities are coralpla; and that their sum is in turn close
to the external pressure, as expected for static thermdinemnent €.g.Hardcastle et al. 2002;
Croston et al. 2004; Konar 2009). So far, there are no unambigly detections of IC emission
from FR 1 lobes. Instead, several studies have shown thatythehrotron equipartition pressure
Psyn Within the FR | radio lobes is often an order of magnitude $emnahan the external pressure
exerted by the hot surrounding ga&sg.Morganti et al. 1988; Worrall & Birkinshaw 2000; Blanton
et al. 2001; de Young 2006; Croston et al. 2003, 2008). Witlzoturther source of internal
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1.3. Radio galaxies 11

pressure, the radio sources would then collapse.

To solve the pressure balance problem for FR | sources wetoemmhsider:

1. deviations from equipartition or

2. an additional source of pressure which is not detectalyleclorent radio or X-ray

observations.

Deviations from equipartition in the sense of electron dmmice could be given by a large excess
of low-energy electrons. These would be detectable via tkeradiation in at least some cases
(e.g.Croston, Hardcastle & Birkinshaw 2005). Therefore dewiasi from equipartition would
have to be in the direction of magnetic dominance.

An additional source of pressure could be provided by nékdic protons. These would have
to be accelerated in the lobes, since a relativistic protmpufation in the jets would exert too
high a pressure to allow collimation. Even cold protons cdre transported by the jets in large
enough numbers without violating constraints on the masg(Elaing & Bridle 2002a). The best
candidate to solve the pressure balance is therefore haateéntrained thermal material. This
would have to be hot (k¥10 keV,e.g.Nulsen et al. 2002) but tenuous, to provide enough pressure
without radiating sfficiently to erase the soft X-ray depressions (“cavitiesfiein observed at the
position of radio lobes (Sec. 2.3.1).

11
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Chapter 2

The X-ray environment of radio
galaxies

2.1 Introduction

arly Einstein X-ray observations discovered that early-type galaxiegugs and

clusters of galaxies are spatially-extended X-ray souvg#s luminosities in the range

10°%%erg st (e.g.Forman et al. 1979; Kriss et al. 1980; Biermann, Kronberg &
Madore 1982). Subsequent more sensitive and detailed Xarages provided by thQOSAT,
Asca XMM-Netwton and Chandrasatellites have led to the detection of components on devera

scales from several distinct emission mechanisms. These ar

e the end products of stellar evolution (point-like sources)
e emission spatially coincident with the bases of radio jets;
¢ the hot phase of the interstellar medium (ISM) of the galsgied

¢ the hot and dtuse intergalactic medium (IGM) in groups and clusters oxgials.

Itis now well-established that theflise X-ray emission arises from hot and dilute plasma
emitting via thermal bremsstrahlung (Sec. 2.2.2).

Radio emission from active galaxies therefore coexist$ wicomplex, hot medium, with
which it interacts in several ways.

e Radio jets can entrain the external medium, which is thouglte able to decelerate the
initially relativistic flows in FR | sources on typical scalef a few kpc €.g.Laing & Bridle
2002a).

13



2. The X-ray environment of radio galaxies

e Both the lateral expansion of a radio source and the projmmgat radio jets can do work
against the external hot gas, displacing and compressifnérgy can also be transferred,
for example by shock heating or dissipation of sound waves.

e This transferred energy can prevent the cooling of hot gastherefore suppress cooling
flows and star formation in massive galaxi@sg( Sarazin 1988; Binney & Tabor 1995;
Mathews & Brighenti 2003).

e Conversely, hot gaseous atmospheres confine the radio iemisifluencing its
morphology.

Therefore, X-ray observations of the hot gas are cruciahtaraderstanding of the dynamics
and energetics of radio galaxies as well their impact orr thevironment. X-ray imaging can
show signatures of interactions between the radio galatidshot gas, while X-ray spectroscopy
can shed light on the mechanisms by which energy is tramesfdrom the radio galaxy to the
surrounding plasma.

2.2 The thermal component

2.2.1 The continuum spectrum

Any hot, fully-ionized plasma with a temperature abové K@mits via thermal bremsstrahlung,
which results from the acceleration of free electrons deftkin the Coulomb field of a ion.
The thermal bremsstrahlung emissivity at frequendgr an optically-thin plasma in collisional
equilibriumt can be expressed as :

Ix(v) « NeNionsg(v, T)TYZ exp ™/KeT ergstem3Hz st (2.1)

where ne and nigns are the electron and ion number densities and T is the gasetetope?
g(»,T) o« In(kgT/hv ~ 1) is the Gaunt factor, which corrects for quantum mechareétfects
and for the #ects of distant collisions. The square-law density behlawvideg. 2.1 reflects the
collisional nature of the process. The emission of X-rapaflSM and IGM is well-described by
Eqg.2.1.

X-ray data can therefore be used to derive the physical ptiepeof the X-ray emitting gas
such as central density, temperature profile and total nféssto the X-ray spectra give average

Collisional equilibrium takes place when processes oftededonization are exactly balanced by recombination
processes.
2The electrons and ions are thought to have a Maxwellianiliigton with a common temperatuiie
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Figure 2.1: Panel (a): Chandra observation of the massagular) cluster of galaxies A 1689
(blue) superimposed on the optical image (yellow, HubblacgpTelescope). Panel (b): fitting of
the surface brightness profile with a douplenodel described in the inset. Taken from Xue & Wu
(2002).

gas temperatures increasing with the size and the mass ehtlimnment. Typical temperatures
for clusters, groups and individual galaxies are given inlg2.1.

2.2.2 Morphology of the X-ray emitting gas

Imaging of the X-ray emission from massive ellipticals, e and clusters of galaxies has shown
that the morphologies of the emitting gas are quite hetereges, but that they can be related to
the dynamical state of the systems. Much of work has beeredavut for galaxy clusters, but the
conclusions can be extended to sparser environments sgcowgss of galaxies and field galaxies,
which can be regarded as scaled-down version of rich cluster

Forman & Jones (1982) first proposed a classification intgula™” and “irregular” X-ray cluster
morphologies, with a connection to the evolutionary state.

Essentially, regular clusters are those which show apprately round, centrally condensed
X-ray brightness distributions, decreasing smoothly @uts. Their temperatures and X-ray
luminosities are usually high and they often host a centamhidant galaxy. Galaxy clusters
belonging to this class are thought to be evolved systemg&hwhave undergone dynamical
relaxation.

When the X-ray emission can be approximated as regulagitace brightness profile is well
parametrized by the function:

S(r) = S(0)

r2 -38+1/2
] 2.2)

1+—=
rg
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2. The X-ray environment of radio galaxies

where r is the projected radial distance from the centroid of thea)}{-surface brightness

2
distribution,S(0) is the central surface brightnesgjs the X-ray core radius angl= ’% Here,
1 is the mean molecular weight,gvs the proton mass, ang is the radial velocity dispersion of
the galaxies.

The model of Eg.2.2 has the advantage that its shape is uypidescribed by only two
parameters: the core radius and the sl@pdhe latter determines the sharpness of the turnover
beyond the core radius and the asymptotic slope of the gcafhysically,3 represents the ratio
between the specific kinetic energy of the gravitationathyiid galaxies and the specific thermal
energy of the hot gas. Fits to the X-ray surface brightnessilps generally givegs ~ 0.4-0.7,
indicating that the energy per unit mass is higher in the last than in the galaxies. The core
radiusr is highly correlated with the parameigrin the sense that largeg corresponds to higher
[ indeed, a given X-ray surface brightness can be reprodigedconcentrated distribution with
a rapid decline (small; and highg), or by a more difuse one with a flatter decline (largeand
low B). Typical ranges for the fitted X-ray parameters are sunuedrin Table 2.1.

Assuming that the gas-density distribution is isothermatl dwydrostatic, the surface
brightness profile of Eq. 2.2 corresponds to the density lprafalled a8 model and given by

(Cavaliere & Fusco-Femiano 1976):

2138

1+
£

Ne(r) = ne(0) (2.3)

whereng(0) is the central electron density.

The 8 model adequately describes the surface brightness profilegular X-ray emission
over a wide range of radii. However, it fails in reproducirte tstrongly peaked X-ray surface
brightness distributions observed in some systems. Tlak peght be interpreted as emission due
to the ISM of the central elliptical galaxy, superimposedtiwet from the intergalactic medium, or
as an indication of the presence of a cooling flewg(Trinchieri, Fabbiano & Kim 1997; Helsdon
& Ponman 2000; Croston et al. 2008). In both cases, the fit@oxdnay surface brightness is
significantly improved by using two distingtmodels, one for each componentd.Croston et al.
2008). Analogously, fits to the temperature profile ofterursgjtwo-temperature models. Fig. 2.1
shows an example of X-ray emission from a relaxed galaxytetuend the best fitting doubjg
model describing the surface brightness profile.

Models of this type are used later in the thesis (Chaptersldbaio parametrize the density

distributions of hot gas around radio galaxies.
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2.3. Radio source — environment interactions 17

Table 2.1: Typical parameters describing the Xiraynitting atmospheres in clusters, groups and
massive ellipticals.

environment Lx ne(0) re B kT
[ergs']  [em™] [kpc] [keV]
cluster 19345 1073 100-300 0.4-0.8 2-6
group 1¢+4 10°-10% 20-200 0.3-0.9 0.3-2
elliptical 107941 0.1 5-20 " 0.5-1.5

Lin the soft X-ray energy band0.2-10 keV.

Galaxy Cluster MS 0735.6+7421 CXO = HST = VLA

X-ray
Chandra X-Ray Observatory

Visible
Hubble Space Telescope

NASA, ESA, CXC/NRAO/STScl, B. McNamara (University of Waterloo and Ohio University) STScl-PRC06-51

Figure 2.2: Composite image of the galaxy cluster MS0738X.7Hubble Space Telescope

(optical) superimposed o@handra X-ray (blue) and Very Large Array at 330 MHz (red). The
X-ray data show the emission of hot gas-a x 10’ K and two cavities, each roughly 200 kpc in

diameter coincident with radio lobes. Taken from McNamaral g(2005).

2.3 Radio source — environment interactions

2.3.1 X-ray cavities and their content

An increasing number of clusters, groups and giant elgigicshow regions of X-ray surface
brightness depressions which appear as holes embeddedrighteb emission (see McNamara

& Nulsen 2007 for a review).

The surface brightness of such holes is around 20-40% bélatof the surroundings. They
are commonly observed coincident with radio lobes and gdiyereferred to as “cavities”. An

example is given in Fig. 2.2: th€handramage displays the soft X-ray emission of the cluster
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2. The X-ray environment of radio galaxies

MS0735.6 7421 with two large cavities, each roughly 20 kpgiameter (McNamara et al. 2005).
Other spectacular examples of cavities associated witttezlisources are Hydra A (McNamara
et al. 2000), Centaurus A (Fabian et al. 2000) and Cygnus Ail(iCz al. 1994). Cavities are
observed also in group environments of FR | soureeg. Croston et al. 2008; Giacintucci et al.
2011; Gitti et al. 2010). The cavities observed so far havavamnage radius of 10 kpeg.Birzan

et al. 2004), but there are examples with radii up to 100 kpal(Bl A, Nulsen et al. 2005a).

The absence of soft X-ray emission from cavities shows tiegt tannot contain much thermal
plasma, unless it is much hotter than the surroundikgds ¥ 10keV). One possibility is that
cavities are filled entirely with synchrotron-emitting pitaa associated with radio lobes (Nulsen
et al. 2002; Birzan et al. 2008 and reference therein), litiiference of an apparent pressure
deficit in the lobes of FR | radio galaxies (Sec. 1.3.5) sutggémat there may also be a significant
amount of heated and entrained thermal plasma.

The energy required to inflate a cavii,, adiabatically can be estimated roughly using only
X-ray observations. For cavities containing only relatiid mono-atomic ga%.ay = 4PV, where
P is the pressure internal to the lobe avids the volume of gas displaced by the radio lobe. A
power-law relation is found betwedf,, and the radio-source luminosity. However, this relation
shows a large scatter (Birzan et al. 2004, 2008; Cavagriah 2010). Ecay is a lower limit to
the energy supplied by the radio source, some of which mayds@dted (e.g. in shocks) or used
to inflate further undetected cavities.§. McNamara & Nulsen 2007)E.,, estimates based only
on enthalpy range from #Bup to 1¢*erg s, reaching the highest values in rich clusters. The
energy deposition rates are high enough to prevent gasngobklow 2 keV in several systems
(e.g.Birzan et al. 2008).

2.3.2 Gas compression and heating by radio galaxies

If radio lobes are expanding supersonicd/igt least in the forward direction of the jets, then a
bow shock is expected to form ahead of them (Fig. 2.3). Thelskelocity is essentially the
expansion velocity of the lobe. Shock waves are charaeii®/ a discontinuous and very sharp
change in the characteristics of the gas. Density and teahperjumps across the shock surface
(Rankine-Hugoniot conditions) can be derived from corstgon of mass, momentum and energy
across the shock. In a perfect gas and for an adiabatic shealihg normal to the gas flow the
jump conditions for the density and temperaturé (Landau & Lifshitz 1987) are:

p2__y+1 (2.4)
pLoy-1+5

Swith respect to the sound speed of the X-ray emittinfude gas.
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,,,,, S _—
Bow Shock
N /

Radio Lobe

Figure 2.3: Schematic diagram of the regions around a sopiealy expanding lobe in the

ISM. Region 1 is the radio lobe, region 2 the observed X-rayagaement region, region 3 is
a physically thin layer where the Rankine-Hugoniot shockditions are met, and region 4 is the
ambient ISM. The figure is taken from Kraft et al. (2003).

T, 2yM? - 1
To _oyM—y+1p (2.5)
T1 y+1  p2
where the subscripts 1 and 2 stand for the unshocked andesthggels, and\ is the Mach
number of the shock waveM is defined as the ratio between the shock velocignd the sound

speed in the un-shocked gast = v/c;.

In the limit of a very strong shockM >1), the two ratios become:

p2 _y+1 (2.6)
poy-1
LESPY N 2.7)
T, VYo v '

These show that for a very supersonic lobe expandicran be arbitrarily large, whereas the
density jump attains a finite maximum value, which is 4 for erhal mono-atomic plasma (a
reasonable approximation for the hot IGM). The gas compmesand heating take place over the
mean free path of the gas and hence the shock front is expechednarrow.

The presence of shocks surrounding radio lobes can be cadfirasing deep X-ray
observations by extracting surface brightness and sppodfdes. These allow the detection of
density and temperature jumps, respectively, (Eqs.2.32a2dand from these the shock Mach
number M can be estimated. So far the two known cases of strong shadariated with
expanding radio-galaxy lobes are found in the FR | sources’Cand NGC 3801. In these sources
the shocked hot gas is 10 and 4-5 times hotter than the sulirmgs) corresponding respectively
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Figure 2.4: (Left): Overlay of a 5GHz VLA map (red) of 3C444 06rb - 5.0 keVChandra
data (blue) indicating the relationship between the radio 4-ray structures, including cavities
coincident with the radio lobes, and a sharp elliptical a&cef brightness drop surrounding the
source. (right): temperature map in keV with 5 GHz contowrsrlaid. The spectral extraction
regions are numbered. The figure is taken from (Croston €04l0).

to shock Mach numbera1 of about 8 and 4 respectively (Kraft et al. 2003; Croston e2@07).

In both the cases, the total energies stored in the cavitieseseral times larger than the estimated
PV work.

Weak shocks withM ~ 1.2 — 1.7 surrounding cavities associated with FR | and FR Il souates
observed more frequentlye@.McNamara et al. 2005; Nulsen et al. 2005a; Croston et al. 2008
2010). Fig. 2.4 shows the case of the FR Il radio galaxy 3C 44dravthe surrounding intra-cluster
medium is characterized by cavities and a temperature juragactor~ 1.7, probably caused by

a spheroidal shock (Croston et al. 2010).

The dfects of these radio-galaxy shocks on the magnetic field in@hé are analysed in
detail in Chapter 5.
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Chapter 3

Magnetic fields in the hot phase of the
Intergalactic medium

n this Chapter | will briefly review the state of our knowledggintergalactic magnetic

fields. Most attention is given to the results of the analgdisaraday &ect across radio

galaxies, on which this thesis is based, while those froreraiachniques are summarized
more briefly. In particular | will show that detailed radios#yvations of polarized radio galaxies
indicate the presence of turbulent magnetic fields fluatgativer a wide range of spatial scales
and provide a means of measuring their power spectra.

3.1 Introduction

The existence of magnetic fields in the extragalactic us&ds now well established. Our
knowledge about them has greatly improved over the last fegades, mainly thanks to radio
continuum observations, which have detected magneticfalds levels in objects such as galaxy
disks and halos and intergalactic media in both groups amtars of galaxies. It is also possible
that intergalactic voids are permeated by a widespread atidield.

Despite their ubiquity, the role of extragalactic magnéttds has often remained an ignored
aspect of astrophysics, because of their low energy dessitiG-strength magnetic fields are
now thought to be important for multiple reasons. Fieldsoasged with the thermal IGM
are not thought to be dynamically significant, since theyviol® typical magnetic pressures
one or two orders of magnitude below thermal values. Howetery are believed to strongly
influence the IGM heat conductivity, inhibiting the spatralxing of gas and propagation of
cosmic rays£.g. Balbus 2000; Bogdanovic et al. 2009). Indeed, the IGM isx@oemely dilute
that is characterized by huge collisional mean free pati2f (kpc). In this condition, even for
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3. Intergalactic magnetic fields

a weak magnetic field, the expected Larmor radius (® cm for T=10°K and B=1uG) is much
smaller than the mean free path. It follows that the chargetigles are channeled only around
the magnetic field lines, so thermal conduction become®tofsc.

A detailed knowledge of the strength and structure (colmrdangths, fluctuations scales)
of intergalactic magnetic fields is therefore important tbedter understanding of the physical

processes in the gaseous environment of galaxies.

Magnetic-field analysis has until recently been restridtedich clusters of galaxies, while
little attention has been given in the literature to spaessironments, such as groups of galaxies,
although similar physical processes are likely to be at wdrkra-cluster magnetic fields have
been measured usingfidirent techniquese(g. Carilli & Taylor 2002) based mainly on the study
of:

e diffuse radio synchrotron sources within clusters;
e inverse Compton emission and

e Faraday rotation of polarised radio sources both within laglind clusters.

These analyses have led to slightly discrepant estimatabddield strength, which is some
cases could be reconciled taking into account the sevedatidierent assumptions on which are
the methods are based.

3.1.1 Difuse synchrotron sources in galaxy clusters

The most direct proof of presence of magnetic fields mixed e ICM is provided by the
detection of difuse radio synchrotron emission on scales up to Mpc in anaserg number of
galaxy clusters (see e.g. Ferrari et al. 2008 for a revieviceSthis emission appears not to be
associated with single active galaxies but to arise froml@id itself, it indicates the presence
of both relativistic particles and large-scale magnetitd§ien such plasma. These are globally
called the “non-thermal” component of galaxy clusters. iThedio spectra are well explained as
synchrotron emission from ultra-relativistic electroh®ientz factorz1000) moving in magnetic
fields of 0.1-1uG strength.

Diffuse cluster radio emission shows two types of morphologyionelics andhalos While
relics are irregular and polarized structures observeldeaperiphery of clusters, with size ranging
from few tens of kpc up to Bkpc (e.g. Harris et al. 1993; Clarke & EnRlin 2006; Bagchi et
al. 2006; Bonafede et al. 2009a; van Weeren et al. 2010)p fagdlios are regular, distributed
as the thermal X-ray emission of the ICM and typically shayvlow fractional polarization
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Figure 3.1: Example of a relicLeft: Westerbork Synthesis Radio Telescope (WSRT) image at
1.4 GHz overlaid on the X-ray emission from ROSAT showingtibelCM (red contours)Right:
Polarization electric field vectors at 4.9 GHz (correctedtfe dfects of Faraday rotation) and
with lengths proportional to the fractional polarizationtlae same frequency. A reference vector
for 100% polarization is drawn in the top left corner. Bothufigs are taken from van Weeren et
al. (2010).

(e.g.Giovannini & Feretti 2002; Clarke & Enf3lin 2006; Giacintuet al. 2009. Both radio halos
and relics show steep radio spectta ¥ 1) and low surface brightness (1076 Jy arcset® at
1.4 GHz).

The most widely accepted scenario for the origin of radiaseis that (primary) relativistic
electrons are injected into the ICM from AGN activity dadfrom star formation in galaxies. They
are then accelerated by shocks or mergers (Enf3lin et al.; F8&@ger, Burns & Stone 1999) or
by adiabatic compression of fossil radio plasma (Ensslind&-Krishna 2001). This picture is
supported by the typical high degree of polarization andotfientation of magnetic field vectors,
which appear to be oriented along the major axis of elongegéds with coherence scales of
several hundreds of kpc (Right panel of Fig. 3.1). Indeedhmession an@r shocks can locally

amplify and align the field with their surfaces.

In contrast, the formation of radio halos is still debatethc8 primary relativistic electrons
lose energy on short timescales (L0’-® yrs), they cannot diuse any significant distance in
the cluster before ceasing to radiate. To explain the laxgension, up to Mpc scales, of radio
halos, continuous injection processes /angbarticle re-acceleration are required. These might
be due to gas turbulenceffieient in energetic mergerpifmary models Another possibility
is that secondary electrons are continuously injected enl@M by hadronic collisions between
relativistic protons and ICM thermal protonsecondary models Because of their higher mass,
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Figure 3.2: Example of a radio hal@handramage of the hot ICM in the cluster RXCJ 2003.5—
2323 overlaid on contours of 235 MHz radio emission from tli@nEMetrewave Radio Telescope
(GMRT). Taken from Giacintucci et al. (2009).

relativistic protons have loss timescales of the order efHlubble time, thus they are able to travel
a large distance through the cluster.

The observed link between radio halos and relics and thelava@ state of clusters supports
the scenario of re-acceleratiam situ of particles by turbulence produced during cluster mergers
e.g.Schlickeise, Sievers & Thiemann 1987, Brunetti et al. 20®0diyosian 2001; Fujita, Takizawa
& Sarazin 2003).

Cluster mergers are indeed able to drive turbulence, shankscompression in the intra-
cluster medium. The energy dissipated in cluster mergardeachanneled into the amplification
of magnetic fields and particle acceleratieng(Carilli & Taylor 2002; Dolag et al. 2002; Briiggen
et al. 2005; Brunetti & Lazarian 2007; Pfrommer, Enf3lin & Bgel 2008).

However, not all dynamically disturbed clusters possedfrhalos. One of the reasons is
that they are dficult to observe, due to their low surface brightness andstpectrum. Cassano
& Brunetti (2005) have shown that only the most massive elgstwhere the energy density of the
turbulence is high enough, should possess radio halos gedday primary models.

3.1.2 Magnetic fields from difuse radio sources

Secondary models predict gamma-ray emission from neduial gecay from the same hadronic
collisions that create relativistic electrons. So far,lsdiffuse emission, which would corroborate
the secondary models for the origin of radio halos, has nehluketected from clusters, and only

upper limits can be inferrece(g.Ackermann et al. 2010). The expected gamma-ray flux is @late
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3.1. Introduction 25

to the relativistic electron energy spectrum, which togethith the magnetic field strength also
determines the observed radio emission. Consequentlypgerdimit to the gamma-ray flux
corresponds to a lower limit on the intra-cluster field sg#n To reproduce the observed radio
halo emissivity, current gamma-ray upper limits give ageréield strength of the order of several
uG (e.g.Jeltema & Profumo 2011).

When halos or relics are observed, minimum energy assungptiter an alternative approach
to estimate the magnetic field strengBa, averaged over the whole halelic volume. This
is the only estimate available for the preferred primary glsd Multiple uncertainties feect
this approach (Sec. 1.3.4). In particular, equipartitiafcalations can grossly underestimate the
field strength as they are based on the assumption of a homagemagnetic field throughout
the halgrelic volume, in contrast with evidence for its radial deeli(Sec. 3.5). With standard
assumptions{(= 1, ® = 1, emitting frequency rangel0 MHz + 10 GHz)Bgq ranges from 0.1 to
2uG in cluster halos and from 0.5 up tqu& in relics (Ferrari et al. 2008 and reference therein,
van Weeren et al. 2010).

3.1.3 Dfifuse inverse Compton emission

As in radio galaxies, the observation offdise IC flux from radio halos and relics would allow
a straightforward determination of both magnetic field it and relativistic particle density

(Sec. 1.2.3). IC emission from radio halos and relics, shbel observable at hard X-ray energies
(the “HXR excess”) where the exponential decline of thertt@rbremsstrahlung, dominating at
soft keV energies, is steeper than the expected non-thespeatrum (Rephaeli 1977).

So far, highly significant IC emission has been detected amlyhe Ophiuchus cluster
(e.g.Eckert et al. 2008), which possesses a mini-halo and theiethplveraged magnetic field
is ~0.3uG (Murgia et al. 2010). Earlier, less significant, detedigave predicted magnetic fields
strength in the range 0.1-QuiG, reaching the higher values in reliesd.Slee et al. 2001; Rephaeli,
Gruber & Arieli 2006; Eckert et al. 2008). Similar or slighthigher fields are derived as lower
limits from non-detections of IC emissios.@.Lutovinov et al. 2008; Wik et al. 2011).

Estimates of magnetic fields from IC emission in clustersmoblematic for a number of

reasons.

e It is difficult to distinguish the HXR excess from thermal emissionsdme clusters, the
observed spectrum can instead be reproduced by thermall wadea single or multiple
gas temperature®.(g.Lutovinov et al. 2008; Wik et al. 2011).

e An HXR excess might also be interpreted as synchrotron éomigeom highly relativistic
electrons £PeV, Timokhin et al. 2004) or non-thermal bremsstrahlurgnfisupra-thermal
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electrons (Blasi 2000; Ensslin & Gopal-Krishna 2001). Hweere the latter scenario
is problematic because of the ffieiency of such process which converts most of the
collisional energy into heat (Petrosian 2001, 2003).

e They assume the coincidence of IC and synchrotron emittantjgles, which is poorly
constrained if not unknown.

Taken at face value, IC detections predict slightly lowegrage field strengths than those
which assume equipartition between relativistic eledrand field in halos and relics. These
in turn are of about one order of magnitude below those deérfvem current upper limits on
gamma-ray emission for secondary models (any improvemethéd sensitivity of gamma-ray
observations, will give even higher magnetic fields in thase&). On the other hand, changes in
assumptions about the relative number densities of r&ttivprotons and electrons can lead to
increases irBeq by factors of 2-3¢.g.Beck & Krause 2005). Because of the various uncertainties
and assumptions of all the methods outlined above, a detedmparison of their results is not
sensible. We can just say that all of them agree titataveragemagnetic field strengths are
present in clusters.

The Faraday féect across radio galaxies discussed in the next sectionglpsoa much more

detailed, and | would say surprising, picture of magnetil&én the hot phase of the IGM.

3.2 Faraday Rotation

The Faraday féect (Faraday 1846) describes the rotatioffered by the plane of polarization
of linearly polarized radiation traveling through a magned thermal plasma. The presence
of magnetic fields induces ftierent indices of refraction (circular birefringence) fdret two
circularly polarized components (left versus right) intbieh linearly polarized radiation can be
decomposed. Theflierent propagation speeds of the two components cause astuiften them
and consequently a rotation of the plane of polarizatiorchSusituation occurs for example when
polarized radio galaxies are located behind or embeddedgnetized intergalactic media.

The rotationAY of the E-vector position angle of linearly polarized radiation bynagnetized

thermal plasma is given by:
A¥prad) = ¥(Vpad) — Yo frad] = Ay RMppag 2] (3.1)

where¥(1) and ¥, are theE-vector position angle of linearly polarized radiation eb&ed at
wavelengthtl and the intrinsic angle, respectively. RM is tlo¢gation measureFor a fully resolved
foreground Faraday screen, threlation of Eq. 3.1 holds exactly at any observing
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3.2. Faraday Rotation 27

The RM can be expressed as:

Ltkpey
RM[rad m? = 812]; Ne (e8] Bz [1G1dZkpc] » (3.2)

whereng is the electron gas density in the thermal plasByds the magnetic field along the line-
of-sight andL is the integration path. Therefore the study of the FaradBgceacross polarized
radio sources allows us to probe the magnetic field strenlgiingathe line-of-sight. As already
mentioned in Sec. 1.2.2, the polarization angle can be itbescby using the observables Stokes
parameters) andU (Stokes 1852):

1 U,
¥, = = arctan — 3.3
2 2arcar(QA), (3.3)

and it can be measured at several wavelengths by multi-éremyupolarimetric radio observations.
Then, RM across radio sources can be derived through a lfiteairthe observed polarization
angles as a function of? (Eq.3.1). As is well known, the determination of RM is coroplied
because of the mambiguities in the observeW,,s Removal of these ambiguities requires
observations at least at threéfdrent wavelengths, well-spacedifi An alternative is the method
of RM synthesis using simultaneous polarization obsesuatover a contiguous frequency range,
which will be available with the new generation of widebarmrelators (Brentjens & Bruyn
2005).

3.2.1 Internal Faraday Rotation

Internal RM occurs if thermal plasma and synchrotron engttparticles are mixed. In this
case, together with the rotation of the polarization plameoliserve a decrease of the degree of
polarization with increasing wavelength. Indeed, emissidsing from diterent depths within a
source sffers diferential Faraday rotation reducing the degree of poladmat The functional
form of the expected depolarization is in general relatedh#o geometry of the source. The
simplest modeling for such phenomenon is the opticallg-thiab with uniform density and
magnetic field located entirely within the source. In thisesahe degree of polarization is given

by (Burn 1966):

sin(RM’4?)
RM’ A2

where RM is theinternal FaradayRM and is equal t(% of that expected for a foreground slab

Pobg(1) = Pint | , (3.4)

screen of the same thermal density and field strength.

Even in the case of internal RM? rotation holds at dfficiently short wavelengths. In
particular, in the case of the slab model tiferotation is observed over 90 degrees then shows
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Figure 3.3: Examples of plots of tevector position angl& s againsti? at different locations

in PKS 2149-158 The exact position of the points in the sauiseshown in the insets of the
individual panels. The solid line represent the best fit @& AR-law to the data. Taken from
Guidetti et al. (2008).

an abrupt 90change. In more realistic geometries, it is the lack of sigant deviations fromi2
rotation over>=45°which allows us to exclude the presence of internal RM. Sotfeare is little
evidence for RM occurring within the radio sources. Thisgrsgis that either that there is little
thermal plasma in radio galaxies or that the internal fieledsa@ngled on small scales.

Fig. 3.3 shows some examples.Bfrotation of polarization positions angle for the extended
radio galaxy PKS 2149-158 in A 2382 (Guidetti et al. 2008)isTihdicate a foreground origin for
most of the RM across the source. The results from Faradagiontand depolarization analyses
presented in this thesis (Chapters 4, 5 and 6) are consistgmthis scenario.

3.2.2 Foreground RM contributions

The RM occurring in front of radio galaxies can be thought ®ftee combinedféect of multiple
intervening magneto-ionic media along the line-of-sight:

1. thermal gas in a skin local to the source;

2. the interstellar and intergalactic media surroundirgyrédio source;

3. the same components associated with other galaxiegtbaiing the line-of-sight;
4. the ISM of our Galaxy and

5. the Earth’s ionosphere.

A process able to form a magnetized local skin around thecesuis the growth of Kevin-
Helmholtz instabilities at the surface of the radio lobegdamtact with the surrounding medium

(Bicknell, Cameron & Gingold 1990). These surface wavesapected to cause advection of the
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Figure 3.4: RM (corrected for the Galactic contributionpted as a function of source impact
parameter in kpc for a sample of Abell clusters. The radiaxjak are split into clusters members
(red), background (blue) sources and sources whose lisggbt does not intercept the clusters
X-ray emission (black). Taken from Clarke (2004).

magnetic field internal to the radio galaxies into the sundbng thermal gas with the consequent

creation of a local Faraday screen. This model predicts etagfield reversals and depolarization

of emission from the surface layer.

Arguments in favour of an origin of the observed RM in the IGMtle radio source (item 2)

are as follows.

e The detection of dfuse synchrotron emission in galaxy clusters (Sec. 3.1nipliés that

the IGM must be is magnetized, so Faraday rotation is inigléta

e The more distant radio lobe of a source shows higher depgal#oih than the approaching
one (the Laing-Garringtonfiact; Laing 1988; Garrington et al. 1988). This is interpdete
as resulting from a diierence in the path length, and hence the Faraday depth,efdwth

lobes. Such anfiect is not expected for a skin model (item 1) since in this thsee is no

reason for dierent path lengths between the two lobes.

e A statistical comparison of the RM’s of point sources behigibedded in and away from

foreground galaxy clusters (Clarke 2004) has shown thagthacated behind clusters have

a large RM dispersion (Fig. 3.4).

e \ery large RM values are observed in cool core clusters.

e The dispersion in RM observed across individual sourcesoiscarrelated with Galactic

coordinates, implying that the Galactic contribution ist mmminant on small scales

(although it will influence the mean).
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3. Intergalactic magnetic fields

e The presence of RM fluctuations on small angular scales atates against a Galactic
origin.

The latter two points suggest a generally small Galactictrdmrtion, which nonetheless can
become significant for radio sources located at low Galdetitudes and when the Galactic
magnetic field is almost aligned along the line-of-sight. dewvive the properties of the RM local

to the source, the Galactic contribution must be estimatatithen properly removed; this is

discussed more in detail in the next section. Finally, the RM to the Earth’s ionosphere at cm
wavelengths is expected to be at most a few degrees (ledsuiatrsnimum) and is generally small

compared with the fitting errors.

3.2.3 Galactic Faraday rotation

Our Galaxy has a magnetic field which can be thought as sum ofdared component on kpc
scale and a random one fluctuating on smaller scales. Bottwth&elds have mean strength of
about 2uG e.g.(Beck 1996).

Most extragalactic radio sources show Faraday rotationsarea of the order of 10 rad Th
due to propagation of the emission through the magnetizesiellar medium of our Galaxy
(Simard-Normandin et al. 1981). fuse and ionized Galactic feature in front of the sources,
often associated with HIl regions, represent another goofd&RM. At Galactic latitudegh| <5°,
radio sources can show Galactic RM’s up#800rad m?. The Galactic RM can be estimated
by comparing the mean RM values of sources near the targdtassuming a smooth spatial
variation of the Galactic field. Dineen & Coles (2005) havesl spherical harmonic models
for the Galactic RM, by fitting to the RM values of large nunef extragalactic sources.

There is evidence for linear gradients in Galactic RM on ancite scales: Laing et al.
(2006) found a gradient of 0.025 radfrarcsec! along the jets of the radio galaxy NGC 315
(I =1246°,b = -325°). They argued that this gradient is almost certainly Gataotorigin,
since the amplitude of the linear variation exceeds thahefsmall-scale fluctuations associated
with NGC 315 (see also the case of 3C 449 presented in Chgpté&lthough the estimate of
the Galactic RM might be highly uncertain in some cases, tigilar size of radio galaxies are
usually small enough so that it can be reasonably approgunas constant across them. In this
case, the study of the RM local to the source is provided hysstal analysis techniques based
on the use of the structure function (Sec. 3.7.1) which isvagpful tool independent of the mean

level and (to first order) of structure on scales larger thenrheasurement area.
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3.3. Depolarization 31

3.3 Depolarization

Faraday rotation generally leads to a decrease of the degr@elarization with increasing
wavelength, odepolarization(DP) in different circumstances. We define j?P_- p(11)/p(12),
where p(1) is the degree of polarization at a given wavelengthWe adopt the conventional

usage, in whicthigher depolarization corresponds tdaver value of DP.

Laing (1984) summarized the interpretation of polarizatdata. Faraday depolarization of

radio emission from radio sources can occur in three pralaiays:

1. thermal plasma is mixed with the synchrotron emitting eriat (internal depolarization
Sec.3.2.1);

2. there are fluctuations of the foreground Faraday rotatammoss the beambéam
depolarization and

3. the polarization angle varies across the finite band ofréoeiving system bandwidth
depolarization.

The last two terms are globally named as external depotarizaand are due only to
limitations of the instrumental capabilities.

The beam depolarization is due to the presence of unresaivemmogeneities of thermal
density angbr magnetic field which causeftirential Faraday rotation of the polarization angle
within the observing beam, and in turn a decrease of the vbdalegree of polarization with
increasing wavelength. From a foreground Faraday scregmaxmall gradient of RM across the
beam, it is still possible to obserig rotation over a wide range of polarization angle. In thissgas
the wavelength dependence of the depolarization is exppéat®llow the Burn law (Burn 1966)

P(2) = p(0) expika?), (3.5)

wherep(0) is the intrinsic value of the degree of polarization &s@ VRM??c-?, with FWHM =
20(2In 22, Sincek « |[VRMP?, Eq.3.5 clearly illustrates that higher RM gradients asros
the beam generate highkrvalues and hence higher depolarization. The variatiorp efith
wavelength can potentially be used to estimate fluctuatidriRM across the beam, which are
below the resolution limit. We can determine the intrinsitguizationp(0) and the proportionality
constantk by a linear fit to the logarithm of the observed fractionalgsation as a function of
A%,

To distinguish between the external and internal depa#tdn, sensitive polarization data at

multiple frequencies and resolutions are needed. A deergadepolarization with increasing

31



3. Intergalactic magnetic fields

resolution, is expected from beam depolarization (Eq.3.9)he external depolarization is
correlated with the amount of the RM gradient, while thatuwdag internally is expected to
be correlated with the geometry of the source and the RM gainghe sense that regions of small

RM correspond to low depolarization.

Finally, bandwidth depolarization occurs when a signiftaatation of the polarization angle
of the radiation is produced across the finite bandwidth efréteiving system. The rotation of
the polarization angle across the observing band is:

AP = —2RMPZEY (3.6)
v

where Av is the bandwidth and is the central frequency. This will reduce the observed
polarization level by a quantitgin(A¥)/A¥ below that for monochromatic radiation. None of
the observations used in this work aifgeated by significant bandwidth depolarization.

3.4 RM analysis

Observations of Faraday rotation variations across extgmddio galaxies, once corrected for
the contribution from our Galaxy (Sec 3.2.3), allow us toigkeinformation about the integral
of the density-weighted line-of-sight field component. Fue (T ~ 10’ — 108 K) plasma emits

in the X-ray energy band via thermal bremsstrahlung (S€cl®. When high quality X-ray data
for a radio-source environment are available, it is possiblinfer the gas density distribution and
therefore to separate it from that of the magnetic field (E2), 3ubject to some assumptions about
the relation of field strength and density. Consequentlgeudainties on these field estimates come
from the assumed magnetic field topology and gas densitylgarofi

Faraday rotation measure analysis has a number of advantage other methods for
estimating the magnetic field. RM studies can be carried ordsa radio galaxies hosted in
less dense environments, allowing the study of magnetidsfigl systems too sparse for radio
halos to be detected. Moreover, the analysis fitide radio emission requires low-resolution and
low-frequency observations, making itflicult to derive detailed information on the structure of
the intergalactic magnetic field. These limitations do g RM maps, which can be produced
even at sub-arcsec angular resolution at high frequenei®&Hz) as long as the radio galaxies
are bright enough in polarized intensity.

A detailed study of intergalactic magnetic fields througé éimalysis of dtuse radio sources
is also limited by the fact that these arfegted by strong internal depolarization, intrinsically
related to the nature of theftlise synchrotron emission itself. In contrast, so far therkttie

evidence for internal depolarization in radio galaxies.
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3.5. The magnetic field profile 33

Faraday rotation studies also provide information aboatdiiection of the magnetic field,
being the positive (negative) when the magnetic field disecpoints towards (away from) the
observer. One potential problem is that there could be nousefield reversals along the line of
sight, which would be averaged out. The minimum field strergn be derived by assuming a
constant magnetic field along the line-of-sight. Such estia® generally give fields of about®.

Finally, through an extrapolation of Eqg.3.1 to zero wavgtén RM studies allow us to
determine the intrinsic distribution of the projected metinfield of radio galaxies, and its relation
to the environment.

3.5 The magnetic field profile

In order to estimate the magnetic field strength, the eqtiijper and IC analyses assume a constant
magnetic field through the whole halo or relic volume. Thisumsption is an oversimplified
picture as is clear from a simple energy-balance argumeétite ifield was uniform on Mpc scales,
the magnetic pressure would exceed the thermal pressureinutskirts of the clusters. fia
(1980) first suggested that the magnetic field distributioa tluster might be similar to those of
the thermal gas density and the volume density of massiaxigal and therefore would decline
with the cluster radius. Observations, analytical modats MIHD simulations of galaxy clusters
all suggest that the magnetic field intensity should scallk thie thermal gas densitg.g.Brunetti

et al. 2001; Dolag 2006; Dolag, Bykov & Diaferio 2008; Guiieit al. 2008). Govoni et al.
(2001a) found a two-point spatial correlation between theyand radio halo surface brightness
in the galaxy clusters of their sample suggesting that tkental and non-thermal components
might have similar radial scalings. Another indication ofagial decrease of the magnetic field
strength comes from the radial steepening observed in adew halos (Coma, A665, A2163,
Giovannini et al. 1993; Feretti et al. 2004a) which are elgeeen the modeling of radio halos

formation including such a radial decrease.

Multiple works based on RM simulations..Murgia et al. 2004; Govoni et al. 2006; Guidetti
et al. 2008; Laing et al. 2008; Kuchar & Enf3lin 2009; Bonafetlal. 2010) have considered a
radial field-strength variation of the form:

(@) - | 0| 37)
0]

Here, By is the rms magnetic field strength at the grmiyster centre andeg(r) is the thermal
electron gas density. The results from the simulations rafavour ofz in the range 0.5-1. This
functional form is consistent with other observations, gzl models and numerical simulations.

In particular,n = 2/3 corresponds to flux-freezing amd= 1/2 to equipartition between thermal
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and magnetic energy. Dolag et al. (2001, 2006) foynd 1 from the correlation between the
observed rms RM and X-ray surface brightness in galaxy gr@umal clusters and showed that this
is consistent with the results of MHD simulations.

3.6 Tangled magnetic field

Most of the published RM images of radio galaxies locatedfiiecent environments show random
structures with patches offtierent size, ranging from a few kpc up to tens of kpc (Fig. 33@m

these RM distributions it is clear that the magnetic fieldsrat regularly ordered on cluster (Mpc)
scales, but highly turbulent. It is indeed likely that amispies in the magnetic field would reflect
themselves in the RM images, since the projection conrgéigid and RM conserves anisotropy.

Faraday rotation by tangled intergalactic magnetic fields wonsidered in several early
theoretical paperse(g.Lawler & Dennison 1982; Tribble 1991; Felten 1996). The despRM
modeling invokes a Faraday screen in which the magneticffigdtuates on a single scalq. The
screen can be thought as made of cells of constant size angeti@field strength, but random
magnetic field direction. The RM from such a screen will bedoied by a random walk along the
line-of-sight. Because of the large number of cells, the Raitidbution is expected to be described
by a Gaussian function with zero mean and dispersigi given by:

0&y = (RM?) = 812A f (NeB,)%dz. (3.8)

Considering a thermal density distribution which followg-grofile (Eq. 2.3), and an isotropic
field (so thatB = V3B,), Eq. 3.8 can be integrated analytically and gives (Fel@96)

1/2 4, 1/2
rru1.) = o T 05 ) (3.9

whereA; is the cell sizer, is the projected distance of from the cluster ceritedg the Gamma
function, and K is a factor which depends on the location efridio source along the line-of-sight
(e.g.Carilli & Taylor 2002). The central field strength can be ewited by using Eq. 3.9rrm(r 1)
can be measured from spatially resolved RM images and attefird of approximatiomA; can
be assumed to be equal to the coherence length, deducea pgtdlye RM map. It must however
borne in mind that the magnetic fields in this model are natdjgnce-free (Enf3lin & Vogt 2003).

This method has been applied to both statistical samplesK€R004) and to single objects,
e.g.Hydra A (Taylor & Perley 1993) 1993), A 119 (Feretti et al. 289, 3C 295 (Allen et al.
2001), A514 (Govoni et al. 2001a), 3C 129 Taylor2001, A 406 Ar2634 (Eilek & Owen 2002).
The magnetic field strengths deduced from these analysés #re range 4-2QG, assuming\¢
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rad m2

Figure 3.5: RM images of radio galaxies with tails: PKS 2148 and PKS 2149-158fa), 3C 31
(b), and 3C 75(c). Figures respectively taken from: Guidetti et al. (20083jrg et al. (2008),
Eilek & Owen (2002).

of about 10 kpc, with the highest values found for radio g&lsvin cooling-core clusters. None
of these magnetic fields are thought to be dynamically ingodytsince they provide negligible

pressure compared with that of the thermal component.

Although RM images in general are not expected to show piyf€aussian distributions
because of the partial sampling of large spatial scalesGmgssian function is found to be a
good representation for many RM distributions, supporthgyscenario of a tangled and isotropic
magnetic field component along the line-of-sight. Howeuercontrast with this scenario the
majority of the RM distributions show non-zero meafiRM) if averaged over areas of size
comparable with that of the radio source, even after rengpttie Galactic contribution. These
(RM)’s are thought to be due to large-scale magnetic field strectwhose fluctuations occur
on scales larger than those producing the RM dispersion.refdre, the magnetic field cannot
be tangled only on a single scale, but it must have fluctuatiover a wide range of spatial
scales: small-scale components are necessary to prodeisenilest structures observed in the
RM images (Fig. 3.5) and structures on larger scales areedetdaccount for the non-zero RM
mean. For this reason, the investigation of the magnetid fielwer spectrum has been object
of many recent papers. Several studies (Enf3lin & Vogt 200®liE & Vogt 2005; Murgia et al.
2004; Govoni et al. 2006; Guidetti et al. 2008; Laing et al00Kuchar & EnfRlin 2009) have
shown that detailed RM images of radio galaxies can be usideionot only the strength of the
cluster magnetic field, but also its power spectrum. All agfsh studies agree that random RM
structures can be accurately reproduced if the magnetit iekotropic and randomly variable

with fluctuations on a wide range of spatial scales.
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3.7 The magnetic field power spectrum

In order to derive the three-dimensional magnetic field pospectrum from the analysis of the
RM images, it is necessary to assume statistical isotropthtafield, since only the component
of the magnetic field along the line-of-sight contributestiie observed RM. It is important
to underline that the turbulence in the intergalactic medican be locally inhomogeneous, as
expected in the MHD regime, particularly regarding smakllss fluctuations. However, it is
likely that the local anisotropies are isotropically distited, so that whenever the volume sampled
is large enough these anisotropies tend to average out alondine-of-sight. Therefore, the
assumption of magnetic-field isotropy must be taken in thmseehat the field has no preferred
direction when averaged over afBaiently large volume.

If the intergalactic magnetic field can be approximated agsSian random variable, then
its spatial distribution can be described by the power spatof the component along the line-
of-sight, or its Fourier transform (the autocorrelatiomdtion, Wiener-Khinchin Theorem). For
intergalactic magnetic fields, these assumptions ardiggty:

e the patchiness of most of the RM images across radio galaz@esistent with isotropic
random magnetic fields

e the fact that a sum of a large number of independent and wlytidistributed random
variables i.e., the field components) approaches a Gaussian distributiemt{& Limit
Theorem,Rice et al. 1955).

Following Laing et al. (2008), the three-dimensional mdgnield power spectrum can be
expressed as/(f) such thatv(f)d fd fyd f, is the power in a volumd f,d f,d f, of frequency space,
with f (magnitudef) representing a vector in the frequency space withfflmordinate along the
line-of-sight. The other interesting property of the magméeld is its auto-correlation length
which in term ofW(f) is given by:

1w fdf

- 3wt (3.10)

B
The constan% differs by a factor of # from that in the equivalent expressions in Enf3lin & Vogt
(2003, equation 39): a factor ofr2s due to the use of spatial frequentyather than wave-number
k (k = 27f) and a factor of 2 is due to theffrent integration limits.

EnRlin & Vogt (2003, 2005) have shown that typicalhgy > Ag since the former gives
more weight to the largest spatial scales. In the literatilnese scales have often been assumed to

!EnRlin & Vogt (2003) integrate fromco to +co inr andr .
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Figure 3.6: Comparison of thery profiles obtained from simulations of a Gaussian and random

magnetic field (solid line) and the expectations from thdydital model of Eq. 3.9 by assuming

three diterentA¢: Amin=6kpc, Ag= A= 16 kpc, Arm=69 kpc (dashed and dotted lines). The

best agreement is given y=Ag. The simulated magnetic field power spectrum has stope.

The source is assumed to be halfway through the cluster anohégnetic field strength and gas

density have the same radial profiles in both the simulatomkthe analytical formulation. Taken
from Murgia et al. (2004).

be identical and the approximatiox, = Arm has been used in the single-scale model (Eq. 3.9),
leading to underestimates of the magnetic field strengthrghdiet al. (2004) have shown thag

is a good approximation fak. in Eqg. 3.9 and therefore that this length must be used to compa
the analytical predictions from the single-scale modehviRiM analyses assuming a multi-scale
field (Fig. 3.6). Since\g depends on the underlying magnetic field power spectrum3E&aq), the
latter must be estimated first.

Multiple different estimators of spatial statistics of the RM distritm$i such as structure and
auto-correlation functions or a multi-scale statistic dnéeen used to derive the field strength, its
relation to the gas density and its power spectrum (Murga. &004; Govoni et al. 2006; Guidetti
et al. 2008; Laing et al. 2008). The technique of Bayesianimam likelihood has also been used
for this purpose (EnR3lin & Vogt 2005; Kuchar & Enf3lin 2009héke studies have shown that the

magnetic field power spectrum is well approximated by a peaer
W(f ) o 70 (3.11)

over a range of spatial frequencies, corresponding reispgcto the outer and inner fluctuation
scales of the magnetic fiéld Although the theory of intergalactic magnetic field fludtaas is

still debated, a power-law functional form is expected # thrbulence is mostly hydrodynamic,

2Spatial frequency and scale are related in the sehsei/A
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or in the

The analysis of Vogt & Enfi3lin (2003, 2005) suggests that thgmatic field power spectrum
has a power law form with the slope appropriate for Kolmogamarbulence and that the auto-
correlation length of the magnetic field fluctuations is a fge. Also Adaptive Mesh Refinement
(AMR) simulations by Briiggen et al. (2005) are consisteiththe Kolmogorov slope. However,
the Kolmogorov theory (1941), which assumes homogeneodsirmompressible turbulence,
cannot be rigorously applied because of the evidence inriteggialactic medium of gas radial
scaling and in some cases of shells of compressed gas. Mwyréoe deduction of a Kolmogorov
slope could be premature: there is a degeneracy betweelofie and the outer scale, which is
difficult to resolve with current Faraday rotation data (Murdiale 2004; Guidetti et al. 2008;
Laing et al. 2008). Indeed, Murgia et al. (2004) pointed bt shallower magnetic field power
spectra are possible if the magnetic field fluctuations hawetsire on scales of several tens of
kpc. Guidetti et al. (2008) showed that a power-law powecspen with a Kolmogorov slope,
and an abrupt long-wavelength cut-@t 35 kpc gave a very good fit to their Faraday rotation
and depolarization data for the radio galaxies in A 2382aalgh a shallower slope extending to

longer wavelengths was not ruled out.

In the next section | will describe the method used in thisitht derive the magnetic power

spectrum from our RM maps.

3.7.1 Magnetic field power spectrum from two-dimensional aalysis

The relation between the magnetic field power spectrum amaliserved RM distribution is in
general quite complicated, depending on the fluctuatiortsdarihermal gas density, the geometry
of the source and the surrounding medium, and tiieces of incomplete sampling. In order to
derive the magnetic field power spectrum, one must make tloeviog assumptionsg.g.Guidetti

et al. 2008; Laing et al. 2008):

1. The observed Faraday rotation is due entirely to a foragtaonized medium. This can be
addressed by lack of deviation froat rotation over a wide range of polarization position
angle and the lack of associated depolarization (Sec 3.2.1)

2. The magnetic field is an isotropic, Gaussian random variab
3. The form of the magnetic field power spectrum is indepehdéposition

4. The magnetic field is distributed throughout the Faraddégting medium, whose density is

a smooth, spherically symmetric function.
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3.7. The magnetic field power spectrum 39

5. The amplitude ofv(f) is spatially variable, but is a function only of the thernedéctron
density.

These assumptions guarantee that the spatial distribofitime magnetic field can be described
entirely by its power spectrui( f) and that for a medium of constant depth and density, the powe
spectra of magnetic field and RM are proportional (EnR3lin &¥003).

If the RM fluctuations are isotropic, the RM power spectr@f, ) is the Hankel transform
of the auto-correlation functio@(r ), defined as

C(r.) = (RM(r, +1)RM(r,)), (3.12)

wherer, andr’ are vectors in the plane of the sky afidis an average over,. One could
think of obtaining the magnetic field power spectrum diredty Fourier transforming Eq. 3.12.
In reality, the observations ardfacted first by the féects of convolution with the beam, which
modify the spatial statistics of RM, and secondly, by theitih size and irregular shape of the
sampling region (the region of the source over which the RBIbeen derived), which results in
a complicated window function (Enf3lin & Vogt 2003) for contational work in the frequency
space. Finally, most of the useful properties of the autoetation function are related to the
outer scale a€(r ) approaches the zero-level, which in most cases is unoértahe presence of
large-scale fluctuations.

The alternative strategy proposed by Laing et al. (2008) applied in the work of this
thesis, first estimates the power spectrum of the R¥, ), whereC(f, )d f,d fy is the power in
the aread fyd fy, and derives that of the three-dimensional magnetic-ifd. Laing et al. (2008)
demonstrated a procedure that takes into account the agimmEfects and minimises thefects
of uncertainties in the zero-level. In particular, theywsid that

1. in the short-wavelength limit (meaning that changes iraéfay rotation across the beam
are adequately represented as a linear gradient), the neelaRM distribution is closely
approximated by the convolution of the true RM distributisith the observing beam

2. the structure functionis a powerful and reliable statistical tool to quantify th&ot
dimensional fluctuations of RM, given that it is independafnthe zero-level and structure
on scales larger than the area under investigation.

The structure function is defined by

S(r.) = < [RM(r_ + 1) = RM(r)]? > (3.13)
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3. Intergalactic magnetic fields

(Simonetti, Cordes & Spangler 1984; Minter & Spangler 1996is related to the autocorrelation
functionC(r ) for a suficiently large averaging region &(r,) = 2[C(r.) — C(0)].

Laing et al. (2008) also derived théfects of convolution with the observing beam on the
observed structure function. For the special case of a ptamempower spectrum (their Eq.
B2), they showed that the observed structure function aftewolution can be heavily modified
even at separations up to a few times the FWHM of the obsetvaagn. Fig. 3.7 illustrates the
effects of the convolution in two fferent power-law power spectra and corresponding structure
function. After convolution the two power spectra are itidiguishable. This ffect must
be taken into account when comparing observed and predsattadture functions. However,
because the suppression of power on high spatial frequedaieto the convolution, this analysis
only constrains the power spectrum of the fluctuations omesclarger than the beam-width.
Complementary information can be derived from numericaiudations of depolarization with
fine spatial sampling (Laing et al. 2008; Guidetti et al. 20@8ich constrain fluctuations of RM
below the resolution limit. indeed, the use of the structurection together with the Burn lak
represents a powerful technigue to investigate the RM pspectrum over a wide range of spatial
scales (Laing et al. 2008).

In this thesis we have derived very detailed images of Fgradgtion and depolarization
across radio galaxies. The next Chapters will show thatfallio observations are consistent with
pure foreground Faraday rotation. Where the RM structusss lie reasonably approximated
as isotropic, the statistics of the magnetic-field fluctuati have been quantified by deriving
rotation measure structure functions, fitted using modets/ed from theoretical power spectra.
The minimum scale of the magnetic field variations have beerived from depolarization
measurements. However, | will also show that not all Faradégtion maps are consistent with
an isotropic magnetic field. This forms the most important jp& my thesis and describes an
unexpected phenomenon in the RM world.
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Figure 3.7:(a), (c), (e): the two model RM power spectra discussed for the radio ge8&x31 in
Laing et al. (2008). Solid line, broken power-law power sp@n with indicesghigh = 11/3, Qiow

= 2.32 and a break frequency of 0.062 arc3gtheir equation 8). Dashed line: power-law power
spectrum withq = 2.39 and a high-frequency cuff@t fay = 0.144 arcset (their equation 9).
(b), (d), (f): structure functions computed for the power spectra in [saf@, (c) and (d), with the
same line codes. (a) and (b) no convolution; (c) and (d) t$ear FWHM convolving beam; (e)
and (f) 5.5 arcsec FWHM convolving beam.
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Chapter 4

Structure of the magneto-ionic medium
around the Fanaroff-Riley Class | radio
galaxy 3C 449*

agnetic fields associated with galaxy groups deserve to\mstigated in more detail,
I\/I since their environments are more representative tharetbbsich clusters. Moreover,
observations, analytical models and MHD simulations ofagglclusters all suggest that the
magnetic-field intensity should scale with the thermal gassdty €.g. Brunetti et al. 2001;
Dolag 2006; Guidetti et al. 2008; Bonafede et al. 2010). A gegstion is whether the relation
between magnetic field strength and density in galaxy grdasips continuation of this trend.
This Chapter presents a detailed analysis of Faraday aotati3C 449, a bright, extended radio
source hosted by the central galaxy of a nearby group. Wahatm of shedding new light on
the environment around this source, | derive the statispoaperties of the magnetic field from
observations of Faraday rotation, following the methodedigped by Murgia et al. (2004). | use
numerical simulations to predict the Faraday rotation fdifedent strengths and power spectra of
the magnetic field.

With the assumed cosmology, at the distance of 3C 449 1 acosezsponds to 0.342 kpc.

4.1 The radio source 3C 449: general properties

| image and model the Faraday rotation distribution acrbssgiant FR | radio source 3C 449,
whose environment is very similar to that of 3C31. The opticaunterpart of 3C 449,
UGC 12064, is a dumb-bell galaxy and is the most prominent begraf the group of galaxies

“Guidetti et al. 2010, A&A, 514, 50
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Figure 4.1: Radio contours of 3C 449 at 1.365 GHz superposelddeoXMM-Newton X-ray image
(courtesy of J. Croston, Croston et al. 2003). The radioaaststart at 3, and increase by factors
of 2. The restoring beam is 5.5 arcsec FWHM. The main regidr3Cal49 discussed in the text
are labelled.

2231.2-3732 (Zwicky & Kowal 1968) The source is relatively nearby-0z017085, RC3.9, de
Vaucouleurs et al. 1991) and quite extended, both in angBtarcmin) and linear size, so it is an
ideal target for an analysis of the Faraday rotation distiiim: detailed images can be constructed

that can serve as the basis of an accurate study of magnédipdeer spectra.

The source 3C 449 was one of the first radio galaxies studidétail with the VLA (Perley,
Willis & Scott 1979). High- and low-resolution radio dataeddy exist and the source has been
mapped at many frequencies. The radio emission of 3C 449 4F1j is elongated in the N-S
direction and is characterized by long, two-sided jets veithtriking mirror symmetry close to
the nucleus. The jets terminate in well-defined inner loldsch fade into well polarized tails
(spurs), of which the southern one is more collimated. Thessm turn expand to form éuse
outer lobes.

The brightness ratio of the radio jets is very nearly 1, inmythat they are close to the plane

of the sky if they are intrinsically symmetrical and haveat#listic flow velocities similar to those
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4.1. The radio source 3C 449: general properties 45

derived for other FR | jets (Perley, Willis & Scott 1979; Ftret al. 1999a; Laing & Bridle 2002a).
Therefore the jets are assumed to lie exactly in the planiesosky, which simplifies the geometry
of the Faraday-rotating medium.

Hot gas associated with the galaxy was detected on both thg @nd the galactic scales by
X-ray imaging (Hardcastle, Worrall & Birkinshaw, 1998; Gton et al. 2003). These observations
revealed deficits in the X-ray surface brightness at thetiposi of the outer radio lobes, suggesting
interactions with the surrounding material. Figure 4.1veficadio contours at 1.365 GHz overlaid
on the X-ray emission as observed by the XMM-Newton sagel@iroston et al. 2003). The X-ray
radial surface brightness profile of 3C 449 derived from ¢héata can be fitted with the sum of a
point-source convolved with the instrumental responsesggwiodel (Cavaliere & Fusco-Femiano
1976):

ne(r) = no(L + r2/r2) %, (4.1)

wherer, ro andng are the distance from the group X-ray center, the group cadius, and
the central electron density, respectively. Croston e{2408) found a best fitting model with
B =042+0.05,r. =57.1arcsec andg = 3.7 x 10-3cm3. In these calculations, | assumed that
the group gas density is described by the model of Crostoh €G@08). The X-ray depressions
noted by Croston et al. (2003) are at distances larger thasetht which it is possible to detect
linear polarization, and there is no direct evidence of $enalavities close to the nucleus. |
therefore neglect any departures from the sphericallyrsgtrical density model, noting that this
approximation may become increasingly inaccurate whegestiurce widens (i.e. in the inner

lobes and spurs).

The source 3C 449 resembles 3C 31 in environment and in ragliphmlogy: both sources are
associated with the central members of groups of galaxiestreeir redshifts are very similar. The
nearest neighbours are at a projected distances of aboyic36 lboth cases. Both radio sources
have large angular extents, bending jets and long, narrilswté&h low surface brightnesses and
steep spectra, although 3C 31 appears much more distorfacherscales. There is one significant
difference: the inner jets of 3C 31 are thought to be inclinedb§’ to the line-of-sight (Laing
& Bridle 2002a), whereas those in 3C 449 are likely to be closthe plane of the sky (Feretti et
al. 1999a). It is therefore expected that the magnetizeefound medium will be very similar
in the two sources, but that the geometry will be significadifferent, leading to a much more
symmetrical distribution of Faraday rotation in 3C 449 camgul with that observed in 3C 31 by
Laing et al. (2008).
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46 4. The magneto-ionic medium around 3C 449

4.2 Total intensity and polarization properties

The VLA observations and their reduction were presented éneti et al. (1999a). The high
quality of these data make this source suited for a very leetainalysis of the statistics of the
Faraday rotation.

| produced total intensityl§ and polarization @ andU) images at frequencies in the range
1.365 — 8.385GHz from the combined, self-calibrated u-\asketis described by Feretti et al.
(1999a). The center frequencies and bandwidths are list@dhle 4.1. Each frequency channel
was imaged separately, except for those at 8.245 and 8.445 ®hich were averaged. The
analysis below confirms that these frequency-bandwidthbioations lead to negligible Faraday
rotation across the channels, as already noted by Feretti €1999a). All of the datasets were
imaged with Gaussian tapering in the u-v plane to give refola of 1.25 arcsec and 5.5 arcsec
FWHM, cLeaned and restored with circular Gaussian beams. The first angabkolution is
the highest possible at all frequencies and provides gamuhkio-noise for the radio emission
within 150 arcsec+£50 kpc) of the radio core (the well defined radio jets and theeiriobes),
while minimizing beam depolarization. The lower resolatiaf 5.5 arcsec allows imaging of the
extended emission as far as 300 arcset0Q kpc) from the core at frequencies from 1.365 —
4.985 GHz (the 8.385-GHz dataset does not have adequaiéviign® image the outer parts of
the source). Therefore it is possible to study the struabfitbe magnetic field in the spur regions,
which lie well outside the bulk of the X-ray emitting gas. Neilevels for both sets of images are
given in Table 4.1. Note that the maximum scales of structuteéch can be imaged reliably with
the VLA at 8.4 and 5 GHz are180 and~300 arcsec, respectively (Ulvestad, Perley & Chandler
2009). For this reason, | only use the Stokémages for quantitative analysis within half these
distances of the core. THg andU images have much less structure on these large scales and are
reliable to distances af150 arcsec at 8.4 GHz aneB0O0 arcsec at 5 GHz, limited by sensitivity
rather than systematic errors due to missing flux as in the cathel image.

Images of polarized intensity = (Q? + U%)Y2 (corrected for Ricean bias, following Wardle
& Kronberg (1974), fractional polarizatiop = P/l and polarization angl®# = (1/2) arctan{U/Q)
were derived from thé&, Q, andU images.

All of the polarization images (Fp, ¥) at a given frequency were blanked where the rms
error in ¥ > 10° at any frequency. | then calculated the scalar mean degrgmlafization
(py for each frequency and resolution; the results are listetainle 4.1. The values dfp) are
higher at 5.5arcsec resolution than at 1.25 arcsec becdus®e contribution of the extended
and highly polarized emission, which is not seen at the mighsolution. At 1.25 arcsec, where

the beam depolarization is minimized, the mean fractiomddnization shows a steady increase
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4.3. The Faraday rotation in 3C 449 a7

Table 4.1: Parameters of the total intensity and poladnaitinages.

v Bandwidth 1.25 arcsec 5.5 arcsec
o oQu (P o oQu (P
(GH2) (MH2) (mJybeam) (mJgbeam) (mJgbeam) (mJgbeam)
1.365 12.5 0.037 0.030 0.24 0.018 0.014 0.26
1.445 12.5 0.021 0.020 0.25 0.020 0.011 0.27
1.465 12.5 0.048 0.049 0.25 0.019 0.013 0.25
1.485 12.5 0.035 0.027 0.21 0.014 0.010 0.26
4.685 50.0 0.017 0.017 0.32 0.017 0.013 0.37
4,985 50.0 0.018 0.017 0.33 0.017 0.016 0.39
8.385 100.0 0.014 0.011 0.31 0.015 0.013 -

Col. 1: Observation frequency. Col. 2: Bandwidth (note thatimages at 8.385 GHz are derived from the average of tvequénecy
channels, both with bandwidths of 50 MHz, centered on 8.2868485 GHz); Cols.3, 4 : rms noise levels in total intengity)
and linear polarizationqu, the average afq andoy) at 1.25 arcsec FWHM resolution; Col. 5: mean degree of fraition at
1.25arcsec; Col. 6, 7: rms noise levels for the 5.5 arcsegasiaCol. 8: mean degree of polarization at 5.5 arcsec. rhagdi that
the uncertainty in the degree of polarization, which is deeted by systematic deconvolution errors onltirmages, is+0.02

at each frequency.

from 1.365 to 4.685 GHz, where it reaches an average value3@f &nd then remains roughly
constant at higher frequencies, suggesting that the dégatian between 4.685 and 8.385 GHz is

insignificant.

4.3 The Faraday rotation in 3C 449

4.3.1 Rotation measure images

| produced images of RM and its associated rms error by wedglgast-squares fitting to the
polarization angle maps (Eq. 3.1) with resolutions of 1/25ec and 5.5 arcsec (Fig. 4.2a and b)
using a version of tharrs taskem modified by G. B. Taylor. The 1.25 arcsec-RM map was made
by combining the maps of the polarizati@vector ) at all the seven available frequencies, so
that the sampling ai? is very good. The RM map was calculated with a weighted lsqares fit

at pixels with polarization angle uncertaintie40°at all frequencies. It is essentially the same as
the RM image of Feretti et al. (1999a), but with more strirtdgdanking. The average fitting error

is ~1.4rad m? and is almost constant over the whole RM image. The image oBRB5 arcsec
resolution was produced using the polarization positiogles at the six frequencies between
1.365 and 4.985 GHz (see Table 4.1) with the same blankitgyiom as at higher resolution.

Patches with dferent size are apparent in the 1.25 arcsec resolution maip fiwctuations
down to scales of a few kpc. The RM values range from ab@=20 rad n? up to—90 rad n2,
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Figure 4.2:(a): Image of the rotation measure of 3C 449 at a resolution d aresec FWHM,
computed at the seven frequencies between 1.365 and 8.385 (BH Image of the rotation
measure of 3C 449 at a resolution of 5.5 arcsec FWHM, compattdte six frequencies between
1.365 and 4.985 GHz. In both of the RM images, the sub-regisesl for the two-dimensional
analysis of Sec. 4.5 are labelledc) and (d): profiles of orym as a function of the projected
distance from the radio source center. The points reprébentalues oftrgy evaluated in boxes
as described in the text. The horizontal and vertical bagreesent the bin widths and the rms on
the mean expected from fitting errors, respectively. Rasitlistances are in the direction of the
north jet and the vertical dashed lines show the positiohefiucleus.

dominated by the Galactic contribution (see Sec. 4.3.2). e RM distribution peaks at
-161.7rad m?, with a rms dispersionrry =19.7radm?. Note that | have not corrected
the values ofory for the fitting errororwm,. A first order correction would berrm,, =

(0Bm — Taw,)"> Given the low value fowrrwy,, the dfect of this correction would be very

small.

As was noted by Feretti et al. (1999a), the RM distributiothminner jets is highly symmetric
about the core with RMx —197 rad m? at distancess15arcsec. The symmetry of the RM
distribution in the jets is broken at larger distances frdra tore: while the RM structure in
the southern jet is homogeneous, with values arount30 rad m?, fluctuations on scales of
~10arcsec 3kpc) around gRM) of —160rad nm? are present in the northern jet. The lobes
are characterized by similar patchy RM structures with meslnes(RM) ~ —164 rad m? and
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At 5.5arcsec resolution, more extended polarized regidn3Co449 can be mapped with
good sampling im?. The average fitting error is1.0 rad mT2. Both spurs are characterized by
(RM) =~ —160 rad m?, with orm =15 and 10rad ri? in the north and south, respectively. The
overall mean and rms for the 5.5 arcsec ima@yl) = —160.7 rad m? andogrym =18.9 rad m?,
are very close to those determined at higher resolution esdansistent with the integrated value
of —162+ 1 rad nT2 derived by Simard-Normandin et al. (1981).

It was demonstrated by Feretti et al. (1999a) that the patian position angles at 1.25 arcsec
resolution accurately follow the relation¥ o 12 over a wide range of rotation. | find the
same &ect at lower resolution: plots dE-vector position angleél againsti? at representative
points of the 5.5 arcsec-RM image are shown in Fig4.3. Asehtgher resolution, there are no
significant deviations from the relatiof¥ o« 12 over a range of rotation¥ of 600°, confirming
that a foreground magnetized medium is responsible for thinity of the Faraday rotation and

extending this result to regions of lower surface brighgnes
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In Fig. 4.2(c) and (d), | show profiles ofr\ for both low and high resolution RM images. The
1.25arcsec profile was obtained by averaging over boxesleriths ranging from 9 to 13 kpc
along the radio axis; for the 5.5 arcsec profile | used boxdls a/fixed length of 9 kpc (these sizes
were chosen to give an adequate number of independent panisox). The boxes extend far
enough perpendicular to the source axis to include all urkeld pixels. In both plots, there is
clear evidence for a decrease in the obseiwwrggl towards the periphery of the source, the value
dropping from=30 rad nT2 close to the nucleus te10radnt? at 50 kpc. This is qualitatively
as expected for foreground Faraday rotation by a medium v/lessity (and presumably also
magnetic field strength) decreases with radius. The symnudtthe ory profiles is consistent
with the assumption that the radio source lies in the plartbegky.

4.3.2 The Galactic Faraday rotation

For the purpose of this work, 3C 449 has an unfortunate lirgight within our Galaxy. Firstly, the
source is located at= 954° , b = —15.9° in Galactic coordinates, where the Galactic magnetic
field is known to be aligned almost along the line-of-sighec&dly, there is evidence from radio
and optical imaging for a ¢liuse, ionized Galactic feature in front of 3C 449, perhapsaated
with the nearby HII region S126 (Andernach et al. 1992). rgates of the Galactic foreground
RM at the position of 3C 449 from observations of other radiorses are uncertain: Andernach et
al. (1992) found a mean value eR212 rad m for six nearby sources, but the spherical harmonic
models of Dineen & Coles (2005), which are derived by fittiaghe RM values of large numbers
of extragalactic sources, prediefl35 rad m2. Nevertheless, it is clear that the bulk of the mean
RM of 3C 449 must be Galactic.

In order to investigate the magnetized plasma local to 3C ##9value and possible spatial
variation of this Galactic contribution must be constraindhe profiles oiorrym (Fig. 4.2) show
that the small-scale fluctuations of RM drop rapidly withtdige from the nucleus. | might
therefore expect the Galactic contribution to dominatehenlargest scales. At low resolution, the
RM can be accurately determined outatd00 kpc from the core. This is roughly 5 core radii for
the X-ray emission and therefore well outside the bulk ofittiea-group gas.

In order to estimate the Galactic RM contribution, | averhgige 5.5-arcsec RM image in
boxes of length 20 kpc along the radio axis (the box size has bereased from that of Fig. 4.2
to improve the display of large-scale variations). The peadif (RM) against the distance from
the radio core is shown in Fig. 4.4. The large deviations ftbexmean in the innermost two bins
are associated with the maximumdty and are almost certainly due to the intra-group medium.
The dispersion ifRM) is quite small in the south and the value(BM) = —160.7 rad m? for the
whole source is very close to that of the outer south jet. @laee significant fluctuations in the
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north, however. Given their rather small scale00 arcsec), it is most likely that these arise in the
local environment of 3C 449, and | include them in the staaanalysis given below.

There is some evidence for linear gradients in Galactic RMaaminute scales (Laing et
al. 2006a). In order to check thdfect of a large-scale Galactic RM gradient on these results, |
computed an unweighted least-squares fit of a funciRid) = RMg + ax, wherea and RM, are
constant and is measured along the radio axis. The two innermost binsgnd= were excluded
from the fit. The best estimate for the gradient is very sma#0.0054 rad m? arcsec!. | have
verified that subtraction of this gradient has a negligiliftea on the structure-function analysis
given in Sec. 4.6.3.

| therefore adopt a constant value-ef60.7 rad m? as the Galactic contribution.

4.4 Depolarization

| first estimated the bandwidthffects on the polarized emission of 3C449 using the RM
measurements from Sec. 4.3.1. In the worst case (the highsstute RM value 0£240 rad m?)

at the lowest frequency of 1.365 GHz) the rotation acrossbimed is~10°. This results in a
depolarization of 0.017, negligible compared with erraug do noise.

The analysis of the depolarization of 3C 449 is based on theoaph of Laing et al. (2008).

| made images ok at both standard resolutions by weighted least-squarésgfitb the
fractional polarization maps (Eg. 3.5), using theapay code by M. Murgia. The same frequencies
were used as for the RM images: 8.385 — 1.365 GHz and 4.98%5 GBz at 1.25 and 5.5 arcsec
resolution, respectively. By simulating the error distitibns for p, | established that the mean

values ofk were biased significantly at low signal-to-noise (cf. Lagtgal. 2008), so only data
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Figure 4.5: (a): image of the Burn lawk in rac® m™* computed from a fit to the relation
p(1) = p(0)expEka?) for seven frequencies between 1.365 and 8.385 GHy: as (a), but
the angular resolution is 5.5 arcsec FWHM, and khmage has been computed computed from
the fit to the six frequencies between 1.365 and 4.985 G¢jand (d): profiles fok as functions

of the projected distance from the radio source center ®asein Fig. 4.2). The horizontal and
vertical bars represent the bin widths and the error on thanneespectively. Positive distances
are in the direction of the north jet, and the vertical dadivezs show the position of the nucleus.

with p > 40, at each frequency are included in the fits. | estimate thathéay is negligible
compared with the fitting error. | also derived profileskoivith the same sets of boxes as for the
orwm profiles in Fig. 4.2.

The 1.25arcsec resolutidamap is shown in Fig. 4.5(a), together with the profile of the
values (Fig. 4.5¢). The fit to a* law is very good everywhere: examples of fits at selectedpixe
in the jets and lobes are shown in in Fig.4.6. The symmetnemis in theory profiles is
also seen in the 1.25arcskémage (Fig.4.5): the mean values lofre ~50 rad m=* for both
lobes, 107 and 82 r&an~* for the northern and southern jet, respectively. The regiith the
highest depolarization is in the northern jet, very clos¢h® core and along the west side. The
integrated value ok at this resolution is«56 rad m=#, corresponding to a mean depolarization
DP20cm . 0,87,

The image and profile df at 5.5-arcsec resolution are shown in Fig. 4.5(b) and (dp fith
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Figure 4.6: Plots of degree of polarizatiop,(log scale) against* for representative points at
1.25-arcsec and 5.5-arcsec resolution. Burn law fits (E5).&8e also plotted. The valueslotre
quoted in the individual panels.

to a1* law is in general good and examples are shown in in Figs. 466mantioned earlier, the
maximum scale of structure imaged accurately in total isitgrat 5 GHz is~300 arcsec (100 kpc)
and there are likely to be significant systematic errors @xdegree of polarization on larger scales.
| therefore show the profile only for the inneb0 kpc. Over this range, theprofiles are quite
symmetrical, as at higher resolution. Note also that thdlsegions of very highk at the edge of
the northern and southern spurs in the map shown in Fig. 4.bkaty to be spurious.

The mean values d&fare~184 rad m~* and 178 radm~* for the northern and southern lobes,
respectively; anad238 and 174 radm™ in the northern and in the southern spurs. The integrated
value ofk is ~194 rad m™, corresponding to a depolarizati@P22™ ~ 0.64.

To summarize, depolarization between 20cm and 3cm is oéder8ince | measure lower
values ofk at 1.25 arcsec than 5.5 arcsec, there is less depolariztiogh resolution, as expected
for beam depolarization. The highest depolarization issoled in a region of the northern jet,
close to the radio core and associated with a steep RM gtadipolarization is significantly
higher close to the nucleus, which is consistent with thédrgath length through the group gas
observed in X-rays. Aside from this global variation, | falmo evidence for a detailed correlation
of depolarization with source structure. Depolarizatiowl &M data are therefore both consistent
with a foreground Faraday screen. In Sec.4.5.2 | show thatdbkidual depolarization at 1.25-
arcsec resolution can be produced by RM fluctuations onscahaller than the beam-width, but
higher-resolution observations are needed to establisttdmclusively.
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4. The magneto-ionic medium around 3C 449

4.5 Two dimensional analysis

45.1 General considerations

In order to interpret the fluctuations of the magnetic fielsp@nsible for the observed RM and
depolarization of 3C 449, | first discuss the statistics ef @M fluctuations in two dimensions. |
use the notation of Laing et al. (2008) in whitk= (fy, fy, f,) is a vector in the spatial frequency
domain, corresponding to the position vectoe (X,y,2). The zaxis is taken to be along the
line-of-sight, so that the vectar, = (Xx,y) is in the plane of the sky anfi = (f, fy) is the
corresponding spatial frequency vector. The goal is tarest the RM power spectruﬁ(f )
whereCA:(fL)dfxd fy is the power in the aredf,df, and in turn to derive the three-dimensional
magnetic-field power spectrum(f), defined so thaw(f)df,df,df, is the power in a volume
dfydfydf, of frequency space.

In order to derive the magnetic-field power spectrum, | mdie gimplifying assumptions
discussed in Sec. 3.7.1, which can be summarized as foltsibserved Faraday rotation occurs
in a foreground screen (in agreement with the results in .8e@sand 4.4) whose density is a
spherically symmetric function; the magnetic field is disited throughout the Faraday-rotating
medium and it is an isotropic, Gaussian random variable selpower spectrum is independent of
position; the power spectrum amplitude is a function onlyhaf thermal electron density. These
assumptions guarantee that the spatial distribution ofrtagnetic field can be described entirely
by its power spectrumi( ) and that for a medium of constant depth and density, the pspeztra
of magnetic field and RM are proportional (Enf3lin & Vogt 2003)

In Sec.4.3.2, | showed that the Galactic contribution to38449 RM is substantial and
argued that a constant value ©160.7 rad m? is the best estimate for its value. Fluctuations
in the Galactic magnetic field on scales comparable with e af the radio sources could be
present; conversely, the local environment of the souraghtninake a significant contribution
to the mean RM. Both of these possibilities lead tfiiclilties in the use of the autocorrelation
function. Therefore, following the approach of Laing et @008), I initially used the RM
structure function (Eq. 3.13) to determine the form of fietwver spectrum (Sec. 4.5.2), while
for its normalization (determined by global variations @ngity and magnetic field strength), |
made use of three-dimensional simulations (Sec. 4.6).

4 5.2 Structure functions

| calculated the structure function for discrete region86#49, over which the spatial variations

of thermal gas density, rms magnetic field strength and mathth are expected to be reasonably
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small. For each of these regions, | first made unweighted ffitsanlel structure functions derived
from power spectra with simple, parametrized functionairfs, accounting for convolution with
the observing beam. | then generated multiple realizateires Gaussian, isotropic, random RM
field, with the best-fitting power spectrum on the observadsgragain taking into account the
effects of the convolving beam. Finally, | made a weighted fihgshe dispersion of the synthetic
structure functions as estimates of the statistical efrghe observedstructure functions, which
are impossible to quantify analytically (Laing et al. 2008These errors, which result from
incomplete sampling, are much larger than those due to nbigedepend only weakly on the
precise form of the underlying power spectrum. The meastifeecgoodness of fit ig2, summed
over a range of separations fram = FWHM to roughly half of the size of the region: there is no
information in the structure function for scales smallearttthe beam, and the upper limit is set
by sampling. The errors are, of course, much higher at thyelgpatial scales, which are less well
sampled. Note, however, that estimates of the structuretibmfrom neighbouring bins are not
statistically independent, so it is not straightforwardd&gine the &ective number of degrees of

freedom.

| selected six regions for the structure-function analysis shown in Fig.4.2. These are
symmetrically placed about the nucleus, consistent wighatientation of the radio jets close to
the plane of the sky. For the north and south jets, | derivedstiucture functions only at 1.25-
arcsec resolution, as the low-resolution RM image showsdulitianal structure and has poorer
sampling. For the north and south lobes, | computed thetsieidunctions at both resolutions
over identical areas and compared them. The agreementjig@ed, and the low-resolution RM
images do not sample significantly larger spatial scaled,skmw only the 1.25-arcsec results.
Finally, |1 used the 5.5-arcsec RM images to compute the tstreidunctions for the north and

south spurs, which are not detected at the higher resolution

The structure function has a positive bias given b;ﬁ(gse, whereooise iS the uncorrelated
random noise in the RM image (Simonetti, Cordes & Spangl@&4)9 The mean noise of the
1.25 and 5.5-arcsec RM maps<$ rad nt and is essentially uncorrelated on scales larger than the
beam. For each region | therefore subtracterﬁoge from the structure functions, although this

correction is always small. The noise-corrected structuinetions are shown in Fig. 4.7.

The individual observed structure functions have apprataty power-law forms. Given that
the structure function for a power-law power spectrum withfrequency limits is itself a power
law (Minter & Spangler 1996; Laing et al. 2008), | first trieal fit the observed data with a RM
power spectrum of the form

C(f) e £, (4.2)

over an infinite frequency range. This last assumption alag/to use the analytical solution of
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4. The magneto-ionic medium around 3C 449

the structure function, including convolution (Laing et2008), and therefore to avoid numerical
integration.

The fits were quite good, but systematically gave slightly nouch power on small spatial
scales and over-predicted the depolarization. | therefibra cut-gf power law (CPL) power

spectrum of the form

E(fJ_) =0 fL < fmin
= COfJ__q fL < fmax

Initially, | consider values off,in suficiently small that their £ects on the structure functions
over the observed range of separations are negligible. fHeedarameters of the fit in this case
are the slopeg, the cut-df spatial frequencyfnax and the normalization of the power spectrum,
Co. In Table 4.2, | give the best-fitting parameters for CPL fitall of the individual regions. The
fitted model structure functions are plotted in Fig. 4.7()-+together with error bars derived from
multiple realizations of the power spectrum as in Laing e{2008).

In order to constrain RM structure on spatial scales belavidbam-width, | estimated the
depolarization expected from the best power spectrum foh @d the regions with 1.25-arcsec
RM images, following the approach of Laing et al. (2008). Totdis, multiple realizations of
RM images have been made on an &188d with fine spatial sampling. | then derived tkge
andU images at our observing frequencies, convolved to the gpiate resolution and compared
the predicted and observed mean degrees of polarizatioeseltalues are given in Table 4.4.
The uncertainties in the expected k > in Table 4.4 represent statistical errors determined
from multiple realizations of RM images with the same set @ivpr spectrum parameters. The
predicted and observed values are in excellent agreemeasgngtant value ofay = 1.67 arcsect
predicts very similar values, also listed in Table 4.4. Idaot compared the depolarization data
at 5.5-arcsec resolution in the spurs because of limite@ére@e of large spatial scales in the

images (Sec. 4.2), which is likely to introduce systematiors at 4.6 and 5.0 GHz.

| performed a joint fit of the CPL power spectra, minimizing #f summed over all six sub-
regions, giving equal weight to each and allowing the noizatibns to vary independently. In this
case the free parameters of the fit are the six normalizatioms for each sub-region), the slope,
and the maximum spatial frequency. The joint best-fittimgykd power-law power spectrum has
g=268.

A single power law slope does not give a good fit to all of theaeg simultaneously, however.
Itis clear from Fig. 4.7 and Table 4.2 that there is a flattgninthe slope of the observed structure
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Figure 4.7: (a)-(f): Plots of the RM structure functions for the sub-regionsvata in Fig.4.2.
The horizontal bars represent the bin widths and the crabgsesentroids for data included in the
bins. The red lines are the predictions for the CPL powertspatescribed in the text, including
the dfects of the convolving beam. The vertical error bars are ithe variations for the structure
functions derived using a CPL power spectrum with the quetdde ofg on the observed grid of
points for each sub-regiortg)-(l): as (a)-(f), but using a BPL power spectra with fixed slope an
break frequency, but variable normalization.

functions on the largest scales (which are sampled prignbyilthe spurs). In order to fit all of the
data accurately with a single functional form for the powgearum, | adopt #roken power law

form (BPL) for the RM power spectrum:

e(fJ_) =0 fi < fmin

DO féCII ~0h) fJ_—QI fb > fJ_

DOfL_qh fmaxZ fJ_ > fb

0 fL > fmax. (4.4)

| performed a BPL joint fit in the same way as for the CPL powezca. In this case
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58 4. The magneto-ionic medium around 3C 449

Table 4.2: CPL power spectrum parameters for the six ind&lidub-regions of 3C 449.

Region FWHM CPL
(arcsec) Best Fit Min Slope Max Slope
q fmax q fmax q* fmax

N SPUR 5.50 2.53 1.96 1.58 0.23 3.44 0
N LOBE 1.25 287 1.60 231 0.55 3.35 x
N JET 1.25 3.15 121 2.29 0.30 4.27 oo
SJET 1.25 276 1.95 202 03 3.69 0
S LOBE 1.25 271 1.68 2.36 0.65 3.05 00
S SPUR 5.50 2.17 1.53 0.20 0.12 3.95 0.12

Lower and upper limits are quoted a90% confidence.

Table 4.3: Best-fitting parameters for the joint CPL and BR.th all six sub-regions of 3C449.

Best Fit Min Slope Max Slope
q fmax X 2 q fmax q* fmax
jointCPL 2.68 1.67 33.5 255 1.30 2.81 2.00
Best Fit Min Slope Max Slope
a fo oh x? g fo o o f o

jointBPL 2.07 0.031 297 17.7 199 0.044 291 217 0.021 3.09

Lower and upper limits are quoted @90% confidence. The values @fnd fmax for the joint CPL fit and
Oh, g and fy, for the joint BPL fit are the same for all sub-regions, while tiormalizations are varied
to minimize the overalk?. In the joint BPL fit, the maximum frequency is fixed fytax = 1.67 arcsec!.

the free parameters of the fit are the six normalizatiddg, one for each sub-region, the high
and low-frequency slopesy, and g, and the break and maximum spatial frequendiggnd
fmax. | found best fitting parameters gf= 2.07,0,=2.98, f,=0.031 arcse@. As noted earlier, |
also fixedfmay = 1.67 arcsec! to ensure consistency with the observed depolarizatiods2&t
arcsec resolution. The corresponding structure functemesplotted in Fig.4.7(g)—(l) and the
normalizations for the individual regions are given in Tabl4. As for the CPL fits, the errors bars
are derived from the rms scatter of the structure functidnauwtiple convolved RM realizations.

It is evident from Fig.4.7 that the structure functions esponding to the BPL power
spectrum, which gives less power on large spatial scalesgaguch better with the data. The
joint BPL fit has ay? of 17.7, compared with 33.5 for the joint CPL fit (the formestanly two
extra parameters), which confirms this resuilt.

| have so far ignored thefiects of any outer scale of the magnetic-field fluctuationsis Th
is justified because the structure functions for the spurdioe to rise at the largest observed
separations, indicating that the outer scale mustb@arcsec £30 kpc). The model structure
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Table 4.4: Normalizations and expected depolarizatiotHeiindividual CPL, joint CPL and joint
BPL fit parameters at 1.25 arcsec.

Region  Observed k > CPL JOINT CPL JOINT BPL
Co fmax <k> Co <k> Do <k>
[racd® m™] [arcsec!] [rad®m™] [rad® m™4] [rad® m™)]
N LOBE 61+6 0.96 1.60 633 1.52 66:3 1.91 524
N JET 10612 1.34 1.21 1065 4.76 1165 0.5 1095
SJET 9k11 1.50 1.95 705 1.94 735 1.52 654
S LOBE 55 1.18 1.68 532 1.28 5@-2 2.20 453

Col.1: region; Col. 2: observed Burn lawk >. Col. 3, 4 and 5: normalization consta®y, fitted maximum spatial
frequencyfmax for the best CPL power spectrum of each region and the pestlick > for

each power spectrum. Col. 6, 7 as Col. 3 and 5 but for the jditd 8ach CPL power spectrum;

Col. 8 and 9 as Col. 3, and 5 but for the joint BPL power spectrbor both the joint CPL and BPL fits,

the maximum frequency is fixed &hax = 1.67 arcsec!. In calculating each value of k > only data withp > 4o p are included.

functions fit to the observations assume that the outer ssaldinite and the realizations are
generated on ghiciently large grids in Fourier space that th€eets of the implicit outer scale
are negligible over the range of scales here sampled. | ussattige-function data for the entire
source to determine an approximate value for the outer st&ec. 4.6.3.

| now adopt the BPL power spectrum with these parameters avektigate the spatial
variations of the RM fluctuation amplitude using three-diasienal simulations.

4.6 Three-dimensional analysis

4.6.1 Models

| used the software packag&rapay (Murgia et al. 2004) to compare the observed RM with
simulated images derived from three-dimensional muklilesanagnetic-field models. Given a
field model and the density distribution of the thermal gasapay calculates an RM image by
integrating Eg. 3.2 numerically. As in Sec. 4.5, the fludtua of RM were modeled on the
assumption that the magnetic field responsible for the foretd rotation is an isotropic, Gaussian
random variable and therefore characterized entirely opaiwer spectrum. Each point in a cube
in Fourier space was first assigned components of the magrestior potential. The amplitudes
were selected from a Rayleigh distribution of unit varigrened the phases were random inZ6].
The amplitudes were then multiplied by the square root ofgberer spectrum of the vector
potential, which is simply related to that of the magnetiddfieThe corresponding components
of the magnetic field along the line-of-sight were then clat®d and transformed to real space.
This procedure ensured that the magnetic field was diveegre. The field components in real
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Table 4.5: Summary of magnetic field power spectrum and tessaling parameters.
BPL power spectrum

q =2.07 low-frequency slope

0h=2.98 high-frequency slope
f,=0.031 arcsect break frequencyA, = 1/ fp)=11kpc)
fnax=1.67 arcsect maximum frequencyAmin = 1/ fmax=0.2 kpc)

fmin fitted minimum frequencyAmax = 1/ fmin)

Scaling of the magnetic field
B, fitted Average magnetic field at group center
n fitted Magnetic field exponent of the radial profite)(r) = 511860[”;—?]”

space were then multiplied by the model density distributiad integrated along the line of sight
to give a synthetic RM image at the full resolution of the dation, which was then convolved to
the observing resolution.

For 3C 449, | assumed that the source is in a plane perpeadizuthe line- of-sight, which
passes through the group center and simulated the field arsitylstructure using a 204&ube
with a real-space pixel size of 0.1kpc. | used the best-Gt@PL power spectrum found in
Sec. 4.5.2, but with a spatially-variable normalizatiomdascribed below (Sec. 4.6.2), and a low-
frequency cut-& fn, corresponding to a maximum scale of the magnetic field fatmns? Amax
(= fr;#). The power spectrum of Eq. 4.4 was then set to Offer fin. | fixed the minimum scale
of the fluctuationsAmin = 0.2 kpc. This is equivalent to the valuga, = 1.67 arcsec! found in
Sec. 4.5.2 and also consistent with the requirement thanthenum scale can be no larger than

twice the pixel size for adequate sampling.

Multiple synthetic RM images were produced at resolutioh&.25 and 5.5 arcsec over the
fields of view of the observations for each combination ofapagters. In order to estimate the
spatial variation of the magnetic-field strength, | first madset of simulations with a large, fixed
value of Apmax and compared the predicted and observed profilessgf (Sec. 4.6.2). | then fixed
the radial variation of the field at its best-fitting form anstimated the value of\yax with a

structure-function analysis for the whole source (Sec.3}.6

4.6.2 Magnetic field strength and radial profile

In order to estimate the radial variation of field strengtfirdt fixed the value of the outer scale to
be Amax = 205 kpc, the longest allowed by the simulation grid. The apph was to make a large

IHere | refer to the scale length as a complete wavelength, i.a.= 1/f. This differs by a factor of 2 from the
definition in Guidetti et al. (2008), whetrk is the reversal scale of the magnetic field Asse 1/2f.
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number of simulations for each combination of field strengtid radial profile and to compare
the predicted and observed valuesgdy evaluated over the boxes used in Sec. 4.3.1 (Fig. 4.2). |
usedy? summed over the boxes as a measure of the goodness of fit. robedpire is independent
of the precise value of the outer scale, provided that it isimarger than the averaging boxes. |
express the results in termspﬁed, which is the value of? divided by the number of degrees of
freedom.

[ initially tried a radial field-strength variation of the rim

@0 - | 0| @5)
0

as used by Guidetti et al. (2008) and Laing et al. (2008). H&yés the rms magnetic field strength
at the group center anmi(r) is the thermal electron gas density, assumed to follonstheodel
profile derived by Croston et al. (2008) (Sec.4.1). As memidin Sec. 3.5, the field scaling
of Eq. 4.5 is consistent with other observations, analyticadels and numerical simulations. In
particular,n = 2/3 corresponds to flux-freezing amd= 1/2 to equipartition between thermal and
magnetic energy.

| produced simulated RM images for each combinatioBgéndz in the ranges 0.5 — 106G
in steps of 0.G and 0 — 2 in steps of 0.01, respectively. | then derived théhgficorm profiles
and, by comparing them with the observed one, calculateditieeightedy?. | repeated this
procedure 35 times at each angular resolution, noting Baer() pair that gave the lowegt? in
each case. These values are plotted in Fig.4.8. As in eartidr (Murgia et al. 2004; Guidetti
et al. 2008; Laing et al. 2008), | found a degeneracy betweewalues oBy andn in the sense
that the fitted values are positively correlated, but theeeckear minima iny? at both resolutions.
| therefore adopted the mean valuesBgfandn, weighted by 1y?, as the best overall estimates.
These are also plotted in Fig. 4.8 as blue crosses. Althdugltentral magnetic field strengths
derived for the two RM images are consistent at thdelvel (Bp=2.8+0.5uG andBg=4.1+1.2uG
at 5.5 and 1.25-arcsec resolution, respectively), theegatin are not. The best-fitting values are
n=0.0+0.1 at 5.5 arcsec FWHM ang-0.8+0.4 at 1.25 arcsec FWHM.

I next produced 35 RM simulations at each angular resolubiptiixing By and» at their
best values for that resolution. The weighjgds for the ory profiles were calculated evaluating
the errors for each box by summing in quadrature the rms dganwpling (determined from the
dispersion in the realizations) and the fitting-error of theservations. These values are listed in
Table 4.6. The observed and best-fitting model profiles &t bagular resolutions are shown in
Fig.4.9.

A model withn =~ 0 at all radii is a priori unlikely: previous work has foundlwas of
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0.5 £ £ 1in other sources (Dolag 2006; Guidetti et al. 2008; Laingle2008). The most
likely explanation for the low value of inferred from the low-resolution image is that the electron
density distribution is not well represented bg-anodel (which describes a spherical and smooth
distribution) at large radii. In support of this idea, Figl4hows that the morphology of the X-ray
emission is not spherical at large radii, but quite irreguroston et al. (2003, 2008) pointed out
that the quality of the fit of a singlg-model to the X-ray surface brightness profile was poor in
the outer regions, suggesting small-scale deviationsergts distribution. The singje-model
gave a better fit to the inner region of the X-ray surface tirighs profile, where the polarized
emission of 3C 449 can be observed at 1.25-arcsec resalufiom aim is to fit thergy profiles

at both resolutions with the same distributionrgafr)(B(r)2)¥/2. In the rest of this subsection |
assume that the density profitg(r) is still represented by the singlemodel, even though | have
argued that it might not be appropriate in the outer regidrth® hot gas distribution. Although
the resulting estimates of field strength at large radii meyubreliable, the fit is still necessary
for the calculation of the outer scale described in Sec34which depends only on the combined
spatial variation of density and field strength.

The best-fitting model at 1.25-arcsec resolution, whicthasracterized by a more physically
reliablen, gives a very bad fit to the low resolution profile at almostdiditances from the core
(Fig. 4.9a). Conversely, the model determined at 5.5-arossolution gives a very poor fit to the
sharp peak inrry 0bserved within 20 kpc of the nucleus at 1.25-arcsec resoluivhere the radio
and X-ray data give the strongest constraints (Fig. 4.9&lsd verified that no single intermediate
value ofy gives an adequate fit to tlezy profiles at all distances from the nucleus.

A better description of the observetky profile is provided by the empirical function

Mint
(BH(r)? = By [n‘;—(r)] r<rm
0

Nout

Ne(r

Bo[ﬁ] r>rm,
No

(4.6)

wherenint, nout are the inner and outer scaling index of the magnetic fieldrang the break
radius.

| fixed nint=1.0 andny,=0.0, consistent with the initial results, in order to reprod both the
inner sharp peak and the outer flat decline of atyg, observed at the two resolutions, keeping
rm as a free parameter. | made three sets of three-dimensiomalasions for values of the outer
scaleAmax= 205, 65 and 20 kpc. Anticipating the result of Sec. 4.6.3pttpd the results only for
Amax= 65 kpc, but the derived—ry profiles are in any case almost independent of the value of the
outer scale in this range. The new simulations were madeairdyresolution of 5.5 arcsec, since
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Figure 4.8: (a) and (b): Distributions of the best-fitting values @&y andn from 35 sets of
simulations, each covering ranges of 0.5 u@in By and 0 — 2 inp, at 5.5 and 1.25arcsec
respectively. The sizes of the circles are proportionaltéor the fit and the blue crosses represent
the means of the distributions weighted biy4. The plot shows the expected degeneracy between
Bo andn.

40\\‘\\\\‘\\\\{\\\\‘\\\\‘\\ L L BN T T
[ 5.5—arcsec RM I A,..=205 kpc]| [ 1.25-arcsec RM I A,.x=205 kpcT|
L | 4 b | i
L South : North] | South ! North
[ By= 2.8 uC | 1 By= 4.1 uc :
30 [ n=0.1 ! 1 [ 08 | _
b Xeea=2:23 | L x2,=0.48 )
g | |
- | |
£ 20 - | 1r | 7
~ I I
= | ’% 4 |
& ! 1t ! %
%‘% | % o L |
10 - w %%% 4k | ]
%‘ | |
I 7 I I
o w :
|- I B F I
L@ ! {1 () !
N PP AR SRFRNITIN ARTETITIN BTN B PR SRR AR SRR AR A
-100 -50 0 50 100 —100 -50 0 50 100
Distance from nucleus / kpc Distance from nucleus / kpc

Figure 4.9: (a). Observed and synthetic radial profiles for rms Faraday, at 5.5arcsec as
functions of the projected distance from the radio sourcsare The outer scale ismax=205 kpc.
The black points represent the data with vertical bars spording to the rms error of the RM fit.
The magenta crosses represent the mean values from 35 wthpl@files and the vertical bars
are the rms scatter in these profiles due to sampl(imgas (a), but at 1.25 arcsec.

the larger field of view at this resolution is essential to wietihe change in slope of the profile.

In order to determine the best-fitting break radiysin Eq. 4.6, | produced 35 sets of synthetic
RM images for a grid of values @ andr,, for each outer scale, noting the pair of values which
gave the minimum unweightegf for the ory profile for each set of simulations. These values
are plotted in Fig. 4.10, which shows that there is a degegdratween the break radiug and
Bo. As with the similar degeneracy betweBg andn noted earlier, there is a clear minimum in
x2, and | therefore adopted the mean value8gandr, weighted by 1x? as the best estimates
of the magnetic-field parameters.
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4. The magneto-ionic medium around 3C 449

Table 4.6: Results from the three-dimensional fits at bothahgular resolutions of 1.25 and
5.5arcsec.
FWHM  Amax singlen brokenn
(arcsec) (kpc) BowG)  n  x%; Bo(G) rm(kpo) xZ,
1.25 205 4311 0.804 0.48 - - -
5.50 205 2805 001 22 3507 1A9 19
5.50 65 - - - 3.51.2 16:11 1.8
5.50 20 - - - 3508 18 21

I then made 35 simulations with the best-fitting valuesBgfand r for each outer scale
and evaluated the weighted’s for the resultingory profiles. All three values of\may Under
investigation give reasonable fits to the obserwgg profile along the whole radio source. The fit
for Amax = 65 kpc is marginally better than for the other two valugéo(z 1.8), consistent with
the results of Sec. 4.6.3 below. In this case the central etagfield strength is 351.2G and
the break radius is 1611 kpc. For the power spectrum witty,ax = 65 kpc and these best-fitting
parameters, | also produced three-dimensional simukataira resolution of 1.25arcsec. Even
though the fitting procedure is based only on the low-regmiudlata, this model also reproduces
the 1.25-arcsec profile very welt4,,=0.7). Combining the values gf for the two resolutions,
using the 1.25-arcsec profile close to the core and the Bfigoat larger distances, | fir)pfedzl.&

Figure 4.11 shows a comparison of the observed radial psofde rms Faradayrgy and
(RM) with the synthetic ones derived for this model. The synthetiy profile plotted in Fig. 4.11
is the mean over 35 simulations and may be compared diredtiytihe observations. In contrast,
the(RM) profile is derived from a single example realization. It igontant to emphasize that the
latter isone example of a random proceasid is not expected to fit the observations; rather, | aim
to compare the fluctuation amplitude as a function of pasitio

The values 0By anerzed for all of the three-dimensional simulations, togethethwitandr
for the single and double power-law profiles, respectivatg, summarized in Table 4.6.

4.6.3 The outer scale of the magnetic-field fluctuations

The theoretical RM structure function for uniform field stggh, density and path length and a
power spectrum with a low-frequency cuffshould asymptotically approach a constant value
(2cr§M for a large enough averaging region) at separationsmax. The observed RM structure
function of the whole source is heavily modified from thisdtetical one by the scaling of the
electron gas density and magnetic field at large separatidnish acts to suppress power on large
spatial scales. In Sec. 4.5 | therefore limited the studyhefdtructure function to sub-regions of
3C 449 where uniformity of field strength, density and patigté (and therefore of the power-
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spectrum amplitude) is a reasonable assumption, ineyifahlting our ability to constrain the

power spectrum on the largest scales.

Now that | have an adequate model for the variationgf)(B?(r))*/? with radius (Eq. 4.6), |
can correct for it to derive what | call the pseudo-structiunection — that is the structure function
for a power-spectrum amplitude, which is constant over thece. This can be compared directly
with the structure functions derived from the Hankel transf of the power spectrum. To evaluate
the pseudo-structure function, | divided the observedascsec RM image by the function

1/2

f ) ne(r)?B(r)2dl
0

4.7)

(EnR3lin & Vogt 2003), where the radial variations mf and B are those of the best-fitting model
(Sec. 4.6) and the upper integration lirhihas a length of 10 times the core radius. The integral
was normalized to unity at the position of the radio cores fRiequivalent to fixing the field and
gas density at their maximum values and holding them cohstarywhere in the group. The
normalization of the pseudo-structure function shoulahthe quite close to that of the two central

jet regions.

The pseudo-structure function is shown in Fig. 4.12(a) ttogrewith the predictions for the
BPL power spectra withh5x=205, 65 and 20 kpc. As expected, the normalization of thediseu
structure function is consistent with that of the jets (Big.a and b).

The comparison between the synthetic and observed pséuaddse functions indicates
firstly that they agree very well at small separations, irtejent of the value oAnax. This
confirms that the best BPL power spectrum found from a contbiiteto all six sub-regions
is a very good fit over the entire source. Secondly, despitepthor sampling on very large
scales, the asymptotic values of the predicted structumetifons for the three values @fmax
are stfficiently different from each other that it is possible to determine ancmate outer

65



66

4. The magneto-ionic medium around 3C 449

40 T T T | T T .

[ 5.5-arcsec R I A,..=65 kpc |[ 1.25—arcsec RM | AL=65 kpc |

L i 1 | ]

L South ! North || South ! North |

[ By= 3.5 uG i 10 :
30 - r::16 kpe } A ! 7

[ Mm=10 !

[ Mew=00 i

Ogy / rad m~2

ok gt il

%‘ 1
L 11 i
F(2) 1t (© |
ol vt IS
A o e e e s e e [ S B B :
r 5.5—arcsec RM % | Apa=65 kpe 11 1.25—arcsec RM-#+ ALx=65 kpc A
I South | North {} South | North
r B I %\
~140 [ el bk i .
I I
" r I I
& L 1< ' @‘qﬁ“ e T ]
I I
=l r 1 %«’*‘E 1r Bt 1
= _leo | B i ™ | @hm B
N W’Q’T ”””” %”@%”’”””””L{j””T’% ”””””””
A r : %% 1r »—x—<+ : 1
E % | ;{4 \»w.%
v 1 % <P |
I ! + !
—180 ! - ! B
* L |
|- I 4+ I
|
I (b) | 1 (@) |
Capo it I
-100 50 0 50 100 -100 -50 0 50 100

Distance from nucleus / kpe Distance from nucleus / kpe

Figure 4.11: Comparison between observed and synthetilgzraf rms and mean Faraday
rotation at resolutions of 5.5arcsec (a and b) and 1.25anr@sand d). The synthetic profiles
are derived from the best-fitting model wittyhax = 65 kpc. The black points represent the data
with vertical bars corresponding to the rms fitting eri@) and(c): Profiles ofory . The magenta
crosses represent the mean values from 35 simulations -@résBc resolution, and the vertical
bars are the rms scatter in these profiles due to samp{mgand(d): Profiles of(RM) derived
from single example realizations at 5.5 and 1.25-arcsegugsns.

scale. The model witlh =65 kpc gives the best representation of the data. The fit isinvit
the estimated errors except for a marginal discrepancyeat/¢hny largest (and therefore poorly
sampled) separations. That withh,=20 kpc is inconsistent with the observed pseudo-structure
function for any separatiokh20 arcsec#£6 kpc) where the sampling is still very good, and is firmly
excluded. The model withnmax=205 kpc has slightly, but significantly too much power on éarg
scales.

| emphasize that such estimate of the outer scale of the RMuéltions is essentially
independent of the functional form assumed for the vamatibfield strength with radius in the
central region, which féects the structure function only for small separations. Tdslts are
almost identical if | fit the field-strength variation withtleer the profile of Eq. 4.5 (witly ~ 0) or
that of EQ. 4.6.

As for the structure functions of individual regions, theepdo-structure function at large
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4.7. Summary and comparison with other sources 67

separations is clearlyfi@cted by poor sampling: this increases the errors, but doeproduce
any bias in the derived values. At large radii, however, titegral in Eq. 4.7 becomes small, so
the noise on the RM image is amplified. This is a potentials®of error, and | therefore checked
the results using numerical simulations. | calculated tieamand rms structure functions for sets
of realizations of RM images generated with theapay code for diferent values o\ ax. These
structure functions are plotted in Figs. 4.12(b) and (c).

The main diterence between the model structure functions derived fiomlations and the
pseudo-structure functions described earlier is that dneér show a steep decline in power on
large scales in place of a plateau. This occurs because tatisiiall-of in density and magnetic
field strength with distance from the nucleus suppresseBiuttiations in RM on large scales.

The results of the simulations confirm the analysis usingofeudo-structure function. The
mean model structure function withyax = 65kpc again fits the data very well, except for a
marginal discrepancy at the largest scales. In view of tivatiens from spherical symmetry on
large scales evident in the X-ray emission surrounding 3Z(#4g. 4.1), | do not regard this as a
significant dfect.

In order to check that the best-fitting density and field maaleb reproduces the data at
small separations, | repeated the analysis at 1.25-aresetution. The observed pseudo-structure
function is shown in Fig. 4.12(d), together with the the pcadns for the BPL power spectrum
with Apnax= 205, 65 and 20 kpc. The observed structure function is coeaparth the mean from
35 simulations withAhax= 65 kpc in Fig. 4.12(e). In both cases, the agreemenifa= 65 kpc
is excellent.

In Fig. 4.13, example realizations of this model with thetdggng field variation are shown
for resolutions of 1.25 and 5.5 arcsec alongside the obdd®i¢ images.

4.7 Summary and comparison with other sources

4.7.1 Summary

In this work | have studied the structure of the magnetic fasdociated with the ionized medium
around the radio galaxy 3C449. | have analysed images adirlingolarized emission with
resolutions of 1.25arcsec and 5.5arcsec FHWM at sevendmmigs between 1.365 and 8.385
GHz, and produced images of degree of polarization andiootaeasure. The RM images at
both the angular resolutions show patchy and random stegtuln order to study the spatial
statistics of the magnetic field, | used a structure-fumctioalysis and performed two- and three-
dimensional RM simulations. | can summarize the result®beis.
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Figure 4.12:(a): Comparison of the observed pseudo-structure functiorhef®5-arcsec RM
image as described in the text (points) with the predictiohthe BPL model (curves, derived
using a Hankel transform). The predicted curves areNfgg=205 (blue dotted), 65 (continuous
magenta) and 20 kpc (green dashe@) and (c): structure functions of the observed (points)
and synthetic 5.5-arcsec RM images produced with Ag,=205,20 kpc andAnmax=65 kpc,
respectively.(d) and(e) as (a) and (c) respectively, but at 1.25-arcsec resolufldm error bars
are the rms from 35 structure functions at a giveux, in (a) and (d) are representative error bars
from the model withA55=65 kpc.
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10.

11.

. The absence of deviations frotf rotation over a wide range of polarization position angle

implies that a pure foreground Faraday screen with no miginmgdio-emitting and thermal
electrons is a good approximation for 3C 449 (Sec. 4.3).

. The best estimate for the Galactic contribution to the RN®449 is a constant value of

-160.7 rad m? (Sec. 4.3.2).

. The dependence of the degree of polarization on wavdieisgtvell fitted by a Burn

law. This is also consistent with pure foreground rotatiith the residual depolarization

observed at the higher resolution being due to unresolvedIRéfuations across the beam
(Sec. 4.4). There is no evidence for a detailed correlatioragio-source structure with

either RM or depolarization.

. There is no obvious anisotropy in the RM distribution, sistent with the assumption that

the magnetic field is an isotropic, Gaussian random variable

. The RM structure functions for six flerent regions of the source are consistent with the

hypothesis that only the amplitude of the RM power spectranieg across the source.

. A broken power-law spectrum of the form given in Eq.4.4hmMi= 2.07, 0,=2.98,

fy=0.031 arcset and fmax = 1.67 arcsect (corresponding to a spatial scalgin=0.2 kpc)
is consistent with the observed structure functions analdegations for all six regions.

No single power law provides a good fit to all of the structuredtions.

. The high-frequency cutfbin the power spectrum is required to model the depolariratio

data.

. The profiles ofory strongly suggest that most of the fluctuating component of RM

associated with the intra-group gas, whose core radiushgpacable with the characteristic
scale of the profile (Sec. 4.3.1). The symmetry of the prosileansistent with the idea that
the radio source axis is close to the plane of the sky.

. I therefore simulated the RM distributions expected foismtropic, random magnetic field

in the hot plasma surrounding 3C 449, assuming the densitiehaterived by Croston et al.
(2008).

These three-dimensional simulations show that thergigpee of magnetic field on density
is best modeled by a broken power-law function win) « ng(r) close to the nucleus and
B(r) ~ constant at larger distances.

With this density model, the best estimate of the cemradjnetic field strength I8y =
35+ 1.2uG.
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12. Assuming these variations of density and field strength vadius, a structure-function
analysis can be used to estimate the outer s&glg of the magnetic-field fluctuations. |
find excellent agreement fdmay ~ 65 kpc (fnin = 0.0053 arcsett).

4.7.2 Comparison with other sources

These results are qualitatively similar to those of Laingle(2008) on 3C 31. The maximum RM
fluctuation amplitudes are similar in the two sources, adta® environments. For spherically-
symmetric gas density models, the central magnetic fieldsknost the sameBy ~ 2.8uG for
3C 31 and 3uG for 3C 449. Both results are consistent with the idea thatRM fluctuation
amplitude in galaxy groups and clusters scales roughlyatigewith density, ranging from a
fewrad nT? in the much sparsest environments (e.g. NGC 315; Laing e2Gf6a), through
intermediate values 30 — 100 rad m? in rich groups such as 3C 31 and 3C 449-ta0* rad nT?

in the centers of clusters with cool cores.

The RM distribution of 3C 31 is asymmetrical, the northerppi@aching) side of the source
showing a much lower fluctuation amplitude, consistent withinclination of~ 50° estimated by
Laing & Bridle (2002a). Detailed modeling of the RM profilaleaing et al. (2008) to suggest that
there is a cavity in the X-ray gas, but this would have to beificantly larger than the observed
extent of the radio lobes and is, as yet, undetected in X-bmgwations. A broken power-law
scaling of magnetic field with density, similar to that fouiod 3C 449 in the present work, would
also improve the fit to the-gry profile for 3C 31; alternatively, theffects of cavities around the
inner lobes and spurs of 3C 449 might be significant. DeepexyXebservations of both sources
are needed to resolve this issue. In neither case is the ti@dietl dynamically important: for
3C 449 the ratio of the thermal and magnetic-field pressiges30 at the nucleus and400 at
the core radius of the group gas, = 19kpc. The magnetic field is therefore not dynamically
important, as in 3C 31.

The magnetic-field power spectrum in both sources can be fit bsoken power-law form.
The low-frequency slopes are 2.1 and 2.3 for 3C 449 and 3Csdeatively. In both cases, the
power spectrum steepens at higher spatial frequencie$pb8C 31 a Kolmogorov index (13)
provides a good fit, whereas | find that the depolarizatiom @t 3C 449 require a cuttbbelow
a scale of 0.2kpc and a high-frequency slope of 3.0. The bseales arex5kpc for 3C 31
and~11kpc for 3C 449. It is important to note that the simple patiired form of the power
spectrum is not unique, and that a smoothly curved functionlevfit the data equally well.

The gas-density structure on large scales in the 3C 31 gsoupciertain, so Laing et al. (2008)
could only give a rough lower limit to the outer scale of matigréield fluctuations Amax = 70 kpc.
For 3C 449, we findA\max ~ 65kpc. The projected distance between 3C 449 and its nearest
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neighbour isx33 kpc (Birkinshaw et al. 1981), similar to the scale on whilsé jets first bend
through large angles (Fig. 4.1). As in 3C 31, it is plausilblattthe outer scale of magnetic-field
fluctuations is set by interactions with companion galakigte group.
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Figure 4.13: Comparison of observed and representativihetja distribution of Faraday RM at
1.25arcsec and 5.5arcsec. The synthetic images have beduncpd for the best-fitting model
with Amax=65 kpc. The colour scale is the same for all displays.
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Chapter 5

Ordered magnetic fields around radio
galaxies: evidence for interaction with
the environment '

ost of the RM images of radio galaxies published so far shawhyastructures with no
I\/I clear preferred direction, consistent with isotropic fm@und fluctuations over a range
of linear scales ranging from tens of kpc $4.00 pc (e.g. 3C 449, Chapter 4; see also Govoni et
al. 2006; Guidetti et al. 2008; Laing et al. 2008; Kuchar & Em2009; Bonafede et al. 2010),
Numerical modelling has demonstrated that this type of dermiRM structure can be accurately
reproduced if the magnetic field is randomly variable witlcflations on a wide range of spatial
scales, and is spread throughout the whole group or cluskgroeament (Chapter 4; see also
Murgia et al. 2004; Govoni et al. 2006; Guidetti et al. 2008ijrlg et al. 2008; Bonafede et al.
2010). These authors used forward modelling, together @stimators of the spatial statistics of
the RM distributions (structure and autocorrelation fims or a multi-scale statistic) to estimate
the field strength, its relation to the gas density and itsgg@pectrum. The technique of Bayesian
maximum likelihood has also been used for this purpose {E&BVMogt 2005; Kuchar & Enf3lin
20009).

In order to derive the three-dimensional magnetic field pospectrum, all of these authors
had to assume statistical isotropy for the field, since ohy domponent of the magnetic field
along the line-of-sight contributes to the observed RM.sTégsumption is consistent with the
absence of a preferred direction in most of the RM images.

In contrast, the present Chapter reportsaoisotropicRM structures, observed in lobed radio

galaxies located in flierent environments, ranging from a small group to one ofittieest clusters

TGuidetti et al. 2011, MNRAS, in press
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of galaxies. The RM images of radio galaxies presented sGlmapter show clearly anisotropic
“banded” patterns over part or all of their areas. In somea#s) these banded patterns coexist
with regions of isotropic random variations. The magnettdfresponsible for these RM patterns
must, therefore, have a preferred direction.

One source whose RM structure is dominated by bands is gldeaavn: M 84 (Laing &
Bridle 1987). In addition, there is some evidence for RM lsimdsources which also show strong
irregular fluctuations, such as Cygnus A (Carilli & Taylor@2). It is possible, however, that some
of the claimed bands could be due to imperfect sampling ofsatrapic RM distribution with
large-scale power, and | return to this question in Secti@nl5

In this Chapter | present new RM images of three sources wstichv spectacular banded
structures, together with improved data for M84. The envinents of all four sources are
well characterized by modern X-ray observations, and | gieefirst comprehensive description
of the banded RM phenomenon. | present an initial attemphterpret the phenomenon as a
consequence of source-environment interactions and terstaohd the dierence between it and
the more usual irregular RM structure.

The RM images reported are derived from new or previouslyubtished archive Very Large
Array data for the nearby radio galaxies 02@%, M 84 (Laing et al. in preparation), 3C 270
(Laing, Guidetti & Bridle in preparation) and 3C 353 (Swagmivate communication; see Swain
1996).

5.1 The Sample

High quality radio and X-ray data are available for all of #murces. In this Section | summarize
those of their observational properties which are reletatitis RM study. A list of the sources and
their general parameters is given in Table 5.1, while Taleshows the X-ray parameters taken

from the literature and equipartition parameters derivedifradio observations in this work.

The sources were observed with the VLA at several frequsniidull polarization mode and
with multiple configurations so that the radio structure sllvéampled. The VLA observations,
data reduction and detailed descriptions of the radio &iras are given for 020685 and M 84
by Laing, Guidetti et al. (in preparation), for 3C 270 by LgirGuidetti & Bridle (in preparation),
and for 3C 353 by Swain (1996). All of the radio maps show a ctwe sided jets and a double-
lobed structure with sharp brightness gradients at thangastges of both lobes. The synchrotron
minimum pressures are all significantly lower than the tredrpressures of the external medium
(Table 5.2).

All of the sources have been observed in the soft X-ray bandnbye than one satellite,
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Figure 5.1: X-ray images overlaid with radio contours fdrsalurces:(a) 0206+35: 1385.1 MHz
VLA radio map with 1.2 arcsec FWHM,; the contours are spacethbtor of 2 between 0.06 and
15mJy beam!. The ROSATPSPC image (Worrall & Birkinshaw 2000), is smoothed with a
Gaussian ofr = 30 arcsec.(b) M84: 1413.0 MHz VLA radio map with 4.5 arcsec FWHM; the
contours are spaced by factor of 2 between 1 and 128 mJy Beafme Chandra(Finoguenov

& Jones 2001) image is a wavelet reconstruction on angukdesdrom 4 up to 32 arcseqc)
3C 270: 1365.0 MHz VLA radio map with 5.0 arcsec FWHM; the cams are spaced by factor of
2 between 0.45 and 58 mJy bedmThe XMM-Newton image (Croston, Hardcastle & Birkinshaw
2005) is smoothed with a Gaussianmof= 26 arcsec.(d) 3C 353: 1385.0 MHz VLA radio map
with 1.3 arcsec FWHM; the contours are spaced by factor oft®den 0.35 and 22 mJy beat
The XMM-Newton image (Goodger et al. 2008) is smoothed withaaissian ot- = 30 arcsec.
The Chandramage of 3C 270 is displayed in logarithmic scale.
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5. Ordered magnetic fields around radio galaxies

Table 5.1: General optical and radio properties: Col. Lr@umame; Cols. 2&3: position; Col.
4: redshift; Col. 5: conversion from angular to spatial sc&lth the adopted cosmology; Col. 6:
Fanardt-Riley class; Col. 7: the largest angular size of the radiarse; Col. 8: radio power at
1.4 GHz; Col. 9: angle to the line of sight of the jet axis; Ck): environment of the galaxy; Col.
11: reference.

source RA DEC z kparcsec FRclass LAS 10814 0 env. ref.
[J2000] [J2000] [arcsec] [W HZ] [degree]

0206+35 02 09 38.6+3547 50 0.0377 0.739 | 90 24.8 40 group 1

3C353 172029.1 -005847 0.0304 0.601 Il 186 26.3 90 pooraust

3C270 121923.2054931 0.0075 0.151 I 580 24.4 90 group 3

M 84 12 2503.7+1253 13 0.0036 0.072 I 150 23.2 60 richcluster 3

References for the environmental classification: (1) Mileal. (2002); (2) de Vaucouleurs et al. (1991); (3) Tradexd e(2000).

Table 5.2: X-ray and radio equipartition parameters fotta sources. Col. 1. source name; Col.
2: X-ray energy band; Col. 3: average thermal temperatunés.@,5,6 and 7,8,9 best-fitting core
radii, central densities angl parameters for the outer and inn@models, respectively; Col. 10:
average thermal pressure at the midpoint of the radio ldBeks. 11&12: minimum synchrotron
pressure and corresponding magnetic field; Col.13: ret@®ifor the X-ray models.

source band kT MeXout N0y Bout Fex No,, Bin Po Pmin Bpmin ref.
[keV] [keV] [kpc] [ecm~3] [kpc] [cm~9] [dyne cnT?] [dyne cnT?] uG
0206+35 0.2-2.5 1.3@&%8 22.2 2.4x10°20.35 0.85 0.42 0.70 981012 43110 570 1,2
3C353 " 4.33%% 1.66<102 11.2 3
3C270 0.3-7.0 1.4%2 36.8 7.7 10° 030 1.1 034 064 5751072 1.64x10°3 371 4
M 84 0.6-7.0 0.60003 5.28:0.08 0.42 1.480.03 1.7 10 1.0 102 9.00 5

~0.05
References: (1) Worrall & Birkinshaw (2000); (2)WorrallirBinshaw & Hardcastle (2001); (3) lwasawa et al. (2000);@4oston et al. (2008);

(5) Finoguenov & Jones (2001).

allowing the detection of multiple components on clygterup and sub-galactic scales. The X-
ray morphologies are characterized by a compact sourcewsded by extended emission with
low surface brightness. The former includes a non-thermatribution, from the core and the
inner regions of the radio jets and, in the case of @&®and 3C 270, a thermal component
which is well fitted by a small core radiggmodel. The latter component is associated with the
diffuse intra-group or intra-cluster medium. Parameters fafahe thermal components, derived
from X-ray observations, are listed in Table 5.2. Becausthefirregular morphology of the hot
gas surrounding 3C 353 and M 84, it has not been possible gonfibdels to their X-ray radial
surface brightness profiles.
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5.1.1 020&-35

0206+35 is an extended Fandfdriley Class | (FR |; Fanaifd & Riley 1974) radio source whose
optical counterpart, UGC 1651, is a D-galaxy, a member of mlabell system at the centre of
a group of galaxies. At a resolution of 1.2 arcsec the radigssion shows a core, with smooth
two-sided jets aligned in the NW-SE direction and surrouhdg a difuse and symmetric halo.
Laing & Bridle (in preparation) have estimated that the gats inclined by~40°with respect to
the line of sight, with the main (approaching) jet in the NVkegtion.

0206+35 has been observed with both tROSATPSPC and HRI instruments (Worrall &
Birkinshaw 1994, 2000; Trussoni et al. 1997) and v@tmandrdWorrall, Birkinshaw & Hardcastle
2001). The X-ray emission consists of a compact source snded by a galactic atmosphere
which merges into the much more extended intra-group gas ratius of the extended halo
observed by th’OSATPSPC isv2.5 arcmin (Fig. 5.1a). The ROSAT a@handraX-ray surface
brightness profiles are well fit by the combinationgafnodels with two diferent core radii and a
power-law component (Hardcastle, private communicafi@igle 5.2).

5.1.2 3C270

3C 270 is a radio source classified as FR | in most of the lileeaialthough in fact, the two lobes
have diterent FR classifications at low resolution (Laing, Guid&tBridle in preparation). The
optical counterpart is the giant elliptical galaxy NGC 42@tated at the centre of a nearby group.
The radio source has a symmetrical structure with a brigig aad twin jets, extending E-W and
completely surrounded by lobes. The low/¢etunter-jet ratio indicates that the jets are close to
the plane of the sky, with the Western side approaching @,aBuidetti & Bridle in preparation).

The XMM-Newton image (Fig.5.1c) shows a disturbed distiitou with regions of low
surface-brightness (cavities) at the positions of bothorémbes. A recenChandraobservation
(Worrall et al. 2010) shows “wedges” of low X-ray surfacedbriness surrounding the inner jets
(see also Croston, Hardcastle & Birkinshaw 2005, Finoguestoal. 2006, Jetha et al. 2007,
Croston et al. 2008). The overall surface brightness prdileccurately reproduced by a point
source convolved with th€handrapoint spread function plus a doubemodel (Croston et al.
2008, projb model). Croston et al. 2008 found no evidence for a temperajtadient in the hot
gas. The group is characterized by high temperature anddminbsity (Finoguenov et al. 2006),
which taken together provide a very high level of entropyisTight be a further sign of a large
degree of impact of the AGN on the environment.
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5. Ordered magnetic fields around radio galaxies

5.1.3 3C353

3C 353 is an extended FRII radio source identified with a xgalembedded at the periphery
of a cluster of galaxies. The best estimate for the incloratf the jets isx90°(Swain, Bridle &
Baum 1998). The eastern jet is slightly brighter and endswekl-defined hot spot. The radio
lobes have markedly fierent morphologies: the eastern lobe is round with sharpgdghile the
western lobe is elongated with an irregular shape. Theilmtatf the source within the cluster is of
particular interest for this work and might account for th&etent shapes of the lobes. Fig. 5.1(d)
shows the XMM-Newton image overlaid on the radio contourbe Tmage shows only the NW
part of the cluster, but it is clear that the radio source besthe edge of the X-ray emitting
gas distribution. so that the round eastern lobe is encdogte higher external density and is
probably also behind a larger column of Faraday-rotatingene (lwasawa et al. 2000, Goodger
et al. 2008). In particular, the image published by Goodgjat.€2008) shows that the gas density

gradient persists on larger scales.

5.1.4 M84

M 84 is a giant elliptical galaxy located in the Virgo Clusé¢mbout 400 kpc from the core. Optical
emission-line imaging shows a disk of ionized gas aroundtitdeus, with a maximum detected
extent of 20« 7 arcseé (Hansen, Norgaard-Nielsen & Jorgensen 1985; Baum et af; Ba8ver et
al. 1997, 2000). The radio emission of M 84 (3C 272.1) has gnlanextension of about 3 arcmin
(= 11 kpc) and shows an unresolved core in the nucleus of thaygadleo resolved jets and a pair
of wide lobes (Laing & Bridle 1987; Laing et al. in preparatjo The inclination to the line-of-
sight of the inner jet axis is-60°, with the northern jet approaching, but there is a noticeabl
bend in the counter-jet very close to the nucleus, which dmees modelling (Laing & Bridle
in preparation). After this bend, the jets remain straigit440 arcsec, then both of them bend
eastwards by-90°and fade into the radio emission of the lobes.

The morphology of the X-ray emission has a H-shape made upeilssof compressed gas
surrounding cavities coincident with both the radio lobem@guenov et al. 2008; Finoguenov et
al. 2006; Finoguenov & Jones 2001). This shape, togethérthv fact that the initial bending of
the radio jets has the same direction and is quite symmEtsizgggests a combination of interaction
with the radio plasma and motion of the galaxy within the ®ugFinoguenov & Jones 2001).
The ratio between the X-ray surface brightness of the sluélidie compressed gas and their
surroundings is«3 and is almost constant around the source. The shells damngegf enhanced
pressure and density and low entropy: the amplitude of theitleenhancements (a factore8)
suggests that they are produced by weak shock waves (Macheanunt ~ 1.3) driven by the
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5.2. Analysis of RM and depolarization images 79

expanding lobes (Finoguenov et al. 2006).

5.2 Analysis of RM and depolarization images

The observational analysis is based on the following proeed| first produced RM and Burn
law k images at two dierent angular resolutions for each source and searche@&dmmns with
high k or correlated RM and values, which could indicate the presence of internal Farad
rotation angor strong RM gradients across the beam (Secs. 3.2 and 3.3ggions with lowk
where the variations of RM are plausibly isotropic and randbthen used the structure function
(defined in Eq. 3.13) to derive the power spectrum of the RMudlaions. Finally, to investigate
the depolarization in the areas of isotropic RM, and heneerthgnetic field power on small scales,
| made numerical simulations of the Burn l&wusing the model power spectrum withfigirent

minimum scales and compared the results with the data.

| assumed RM power spectra of the form:

C(f)) = Cofi% f. < fmax
0 fL > fmax (5.1)

wheref, is a scalar spatial frequency and fit the observed structuretibn (including the fect

of the observing beam) using the Hankel-transform methattridwed by Laing et al. (2008) to
derive the amplitudeCy and the slopej. To constrain the RM structure on scales smaller than the
beamwidth, | estimated the minimum scale of the best fittdd fiewer spectrumAmin = 1/ fmax
which predicts a mean value kitonsistent with the observed one.

In this work, | am primarily interested in estimating the RMwer spectrum over limited
areas, and | made no attempt to determine the outer scalecafdtions.

5.3 Rotation measure images

The RM images and associated rms errors were produced byhtedideast-squares fitting to
the observed polarization anglg41) as a function ofi? (Eq. 3.1) at three or four frequencies
(Table 5.3, see also the Appendix) using thetask in thears package.

Each RM map was calculated only at pixels with rms polariratingle uncertainties10°at
all frequencies. | refer only to the lower-resolution RM akdmages for 3C270 and M 84
(Table 5.3), as they show more of the faint, extended reganthese sources and are fully
consistent with the higher-resolution versions. The RMdgmaf M 84 is consistent with that
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Figure 5.3: Burn law k images for all sources at the same angesolutions as for the RM images:
(a) 0206+35 at 1.2 arcsec FWHMp) M 84 at 4.5 arcsec FWHM{) 3C 270 at 5 arcsec FWHM;
(d) 3C 353 at 1.3 arcsec FWHM. The corresponding integratedldepation (DP; Section 5.4) is
indicated on the top right angle of each panel. The colouedsdhe same for all displays.
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Table 5.3: Frequencies, bandwidths and angular resokitisad in the RM and Burn lakimages
discussed in Sects. 5.3 and 5.4, respectively.
source v Av  beam
[MHz] [MHZz] [arcsec]
0206+35 1385.1 25 1.2

14649 25
4885.1 50
3C353 1385.0 125 1.3
1665.0 125
4866.3 12.5
8439.9 125
3C270 1365.0 25 1.65
1412.0 125
4860.1 100
1365.0 25 5.0
1412.0 125
1646.0 25
4860.1 100
M84 14130 25 1.65
4885.1 50
1385.1 50 4.5
1413.0 25
1464.9 50
4885.1 50

shown by Laing & Bridle (1987), but is derived from four-fieency data and has a higher signal-
to-noise ratio.

In the fainter regions of 020&35 (for which only three frequencies are available and the
signal-to-noise ratio is relatively low), them task occasionally failed to determine the n
ambiguities in position angle correctly. In order to remdhiese anomalies, | first produced
a lower-resolution, but high signal-to-noise RM image bynaving the 1.2 arcsec RM map
to a beamwidth of 5arcsec FWHM. From this map | derived thejmdtion-angle rotations at
each of the three frequencies and subtracted them from gerdd 1.2 arcsec polarization angle
maps at the same frequency to derive the residuals at higluties. Then, | fit the residuals
without allowing any m ambiguities and added the resulting RM’s to the values oeited at
low resolution. This procedure allowed us to obtain an RM ra&f206+35 free of significant
deviations fromi? rotation and fully consistent with the 1.2-arcsec measeras)

| have verified that the polarization angles accuratelyofelthe relationA¥ o« 12 over the
full range of position angle essentially everywhere exdeptsmall areas around the optically-
thick cores: representative plots Wfagainst1? for 0206+35 are shown in Fig.5.4. The lack of
deviations from? rotation in all of the radio galaxies is fully consistent wthe assumption that
the Faraday rotating medium is mostly external to the s@urce

The RM maps are shown in Fig.5.2. The typical rms error on thesft2radnt2. No
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correction for the Galactic contribution has been applied.

All of the RM maps show two-dimensional patterr@ M bands across the lobes with
characteristic widths ranging from 3 to 12 kpc. Multiple Harparallel to each other are observed
in the western lobe of 02@&5, the eastern lobe of 3C 353 and the southern lobe of M 84.

In all cases, the iso-RM contours are straight and perpatadito the major axes of the lobes
to a very good approximation: the very straight and wellttedi bands in the eastern lobes of
both 0206-35 (Fig. 5.2a) and 3C 353 (Fig. 5.2d) are particularly stiiki The entire area of M 84
appears to be covered by a banded structure, while in theat@airts of 020635 and 3C 270 and

the western lobe of 3C 353, regions of isotropic and randomfRRbMuations are also present.

| also derived profiles ofRM) along the radio axis of each source, averaging over boxes
a few beamwidths long (parallel to the axes), but extendedgpelicular to them to cover the
entire width of the source. The boxes are all large enouglotain many independent points.
The profiles are shown in Fig.5.5. For each radio galaxy, d plst an estimate of the Galactic
contribution to the RM derived from a weighted mean of thegnated RM’s for non-cluster radio
sources within a surrounding area of 10 @iégimard-Normandin et al. 1981). In all cases, both
positive and negative fluctuations with respect to the Gialaalue are present.

In 0206+35 (Fig. 5.2a), the largest-amplitude bands are in the quads of the lobes, with
a possible low-level band just to the NW of the core. The mosiinent band (with the most
negative RM values) is in the eastern (receding) lobe, abdipc from the core (Fig. 5.5a). Its
amplitude with respect to the Galactic value is about 40 rad ffhis band must be associated with
a strong ordered magnetic field component along the lineghftsilf corrected for the Galactic
contribution, the two adjacent bands in the eastern lobddvoave RM with opposite signs and
the field component along the line of sight must thereforenss.

M 84 (Fig.5.2b) displays an ordered RM pattern across thelaveource, with two wide
bands of opposite sign having the highest absolute RM valliesre is also an abrupt change of
sign across the radio core (see also Laing & Bridle 1987). Adgative band in the northern lobe
(associated with the approaching jet) has a larger amplituith respect to the Galactic value than
the corresponding (positive) feature in the southern Iéhg. 5.5¢).

3C 270 (Fig. 5.2c) shows two large bands: one on the front étladeceastern lobe, the other
in the middle of the western lobe. The bands have opposite sigd contain the extreme positive
and negative values of the observed RM. The peak positivevalwithin the eastern band at the
extreme end of the lobe (Fig. 5.5e).

The RM structure of 3C 353 (Fig.5.2d) is highly asymmetricheTeastern lobe shows a
strong pattern, made up of four bands, with very straightR86 contours which are almost
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Table 5.4: Properties of the RM bands: Col. 1 source names.@él3: overallRM) andorw ;
Col. 4. Galactic(RM) ; Col. 5: (RM) for each band; Col. 6: distance of the band midpoint
from the radio core (positive distances are in the westewtton for all sources, except for M 84,
where they are in the northern direction); Col. 7: width of thand; Col. 8: maximum band
amplitude.

source (RM) oRrm RMg band(RM) d. width A
[radn?] [radm™?] [kpc] [kpc] [rad m?]
0206+35 -77 23 -72
-140 -15 10 40
-60 -27 4
34 22 6
51 8 4
3C353 -56 24 -69
122 -12 5 50
102 -19 4
-40 -23 4
100 -26 4
3C270 14 10 12
-8 20 12 10
32 37 11
M 84 -2 15 2
=27 1 3 10
22 -6 6

exactly perpendicular to the source axis. As in 0285, adjacent bands have RM with opposite
signs once corrected for the Galactic contribution (Fi§g). In contrast, the RM distribution
in the western lobe shows no sign of any banded structure, irdnsistent with random
fluctuations superimposed on an almost linear profile. Itrseeery likely that the dferences
in RM morphology and axial ratio are both related to the endédensity gradient (Fig. 5.1d).

In Table 5.4 the relevant geometrical features (size, negtdrom the radio corg RM) ) for
the RM bands are listed.

5.4 Depolarization

In this section, | use “depolarization” in its conventiorsgnse to mean “decrease of degree of
polarization with increasing wavelength” and define B 4cHz/ PagcHz USing therarabay
code (Murgia et al. 2004), | produced images of Burn kaly weighted least-squares fitting to
In p(1) as a function oft* (Eq. 3.5). Only data with signal-to-noise rati@ in P at each frequency
were included in the fits. The Burn laimages were produced with the same angular resolutions
as the RM images. The 1.65 arcsec resolution Burrklavaps for M 84 and 3C 270 are consistent
with the low-resolution ones, but add no additional detaill @are quite noisy. This could lead
to significantly biased estimates for the mean value& ofYer large areas (Laing et al. 2008).
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Therefore, as for the RM maps, | used only the Burn kavwages at low resolution for these two

sources.

The Burn lawk maps are shown in Fig. 5.3. All of the sources show low avevafiges ofk
(i.e. slight depolarization), suggesting little RM powersmall scales. With the possible exception
of the narrow filaments of higk in the eastern lobe of 3C 353 (which might result from pdistial
resolved RM gradients at the band edges), none of the imagasany obvious structure related
to the RM bands. For each source, | have also compared the BREwn lawk values derived by
averaging over many small boxes covering the emission, &ind ho correlation between them.

| also derived profiles ok (Fig. 5.5b, d, f and h) with the same sets of boxes as for the RM
profiles in the same Figure. These confirm that the valuésneéasured in the centres of the RM
bands are always low, but that there is little evidence fgraetailed correlation.

The signal-to-noise ratio for 028@5 is relatively low compared with that of the other three
sources, particularly at 4.9 GHz (a small beam is necessangdolve the bands), and this is
reflected in the high proportion of blanked pixels on thienage. The most obvious feature of
this image (Fig. 5.3a), an apparentfdience in meatk between the high-brightness jets (less
depolarized) and the surrounding emission, is likely to heagefact caused by the adopted
blanking strategy: points where the polarized signal is &w.9 GHz are blanked preferentially,
so the remainder show artificially high polarization at thisquency. For the same reason, the
apparent minimum itk at the centre of the deep, negative RM band (Fig. 5.5a anddmpsbly
not significant. The averaged valueskofor 0206+35 are already very low, however, and are
likely to be slightly overestimated, so residual RM fluctaas on scales below the 1.2-arcsec

beamwidth must be very small.

M 84 shows one localised area of very strong depolarizatior500 rad m™, corresponding
to DP = 0.38) at the base of the southern jet (Fig. 5.3b). There isanesponding feature in
the RM image (Fig. 5.2b). The depolarization is likely to ss@ciated with one of the shells
of compressed gas visible in tiighandramage (Fig. 5.1b), implying significant magnetization
with inhomogeneous field afat density structure on scales much smaller than the beatmwid
apparently independent of the larger-scale field resptmd$dy the RM bands. This picture is
supported by the good spatial coincidence of the ighgion with a shell of compressed gas,
as illustrated in the overlay of the 4.5arcsec Burn laiwnage on the contours of th€handra
data (Fig. 5.6(a)). Cooler gas associated with the emidaierdisk might also be responsible, but
there is no evidence for spatial coincidence between emithdepolarization and ¢lemission
(Hansen, Norgaard-Nielsen & Jorgensen 1985). Despite dhglex morphology of the X-ray
emission around M 84, itk profile is very symmetrical, with the highest values at thatee
(Fig. 5.5(d)).
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5. Ordered magnetic fields around radio galaxies

3C 270 also shows areas of very strong depolarizatior 350 rad m™, corresponding to
DP = 0.35) close to the core and surrounding the inner and naortparts of both the radio
lobes. As for M 84, the areas of highare coincident with ridges in the X-ray emission which
form the boundaries of the cavity surrounding the lobes.(®i§b)). The inner parts of this X-
ray structure are described in more detail by Worrall et 2010), whose recent high-resolution
Chandramage clearly reveals “wedges” of low brightness surrongdhe radio jets. Asin M 84,
the most likely explanation is that a shell of denser gas idiately surrounding the radio lobes
is magnetized, with significant fluctuations of field strédnghd density on scales smaller than
the 5-arcsec beam, uncorrelated with the RM bands. KTfmefile of 3C 270 (Fig. 5.5(f)) is very
symmetrical, suggesting that the magnetic-field and dedgtributions are also symmetrical and
consistent with an orientation close to the plane of the Sk largest values df are observed in
the centre, coincident with the features noted earlier aitial tive bulk of the X-ray emission (the
high k values in the two outermost bins have low signal-to-noisgae not significant).

In the Burn lawk image of 3C 353, there is evidence for a straight and knotfioreof high
depolarizationr~20 kpc long and extending westwards from the core. This redmes not appear
to be related either to the jets or to any other radio feattissn M 84 and 3C 270, the RM appears
quite smooth over the area showing high depolarizationinagaygesting that there are two scales
of structure, one much smaller than the beam, but producing mean RM and the other very
well resolved. In 3C 353, there is as yet no evidence for hatomt ionized gas associated with
the enhanced depolarization (contamination from the veighbnuclear X-ray emissionfiects
an area of 1 arcmin radius around the core; lwasawa et al.,ZB@8dger et al. 2008).

Thek profile of 3C 353 (Fig. 5.5(h)) shows a marked asymmetry, witich higher values in
the East. This is in the same sense as tifiierdince of RM fluctuation amplitudes (Fig. 5.5(q))
and is also consistent with the eastern lobe being embeddadher-density gas. The relatively
high values ok within 20 kpc of the nucleus in the Western lobe are due piilsner the discrete
region identified earlier.

5.5 Rotation measure structure functions

| calculated RM structure function (Eq. 3.13) for discregégions of the sources where the RM
fluctuations appear to be isotropic and random and for whielempect the spatial variations of
foreground thermal gas density, rms magnetic field streagthpath length to be reasonably small.
These are: the inner 26 arcsec of the receding (Eastern)lo®206+35, the inner 100 arcsec of
3C 270 and the inner 40 arcsec of the western lobe of 3C 353. séleeted areas of 02885
and 3C 270 are both within the core radii of the larger-scafa Inodels that describe the group-
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Table 5.5: Power spectrum parameters for the individuatregions. Col. 1: source name; Col.
2: angular resolution; Col. 3: slopg Col. 4: amplitudeCp; Col. 5: minimum scale; Col. 6:
amplitude of the large scale isotropic component; Col. 7sepled meark; Col. 8: predicted
meank. The power spectrum has not been computed for M 84 (see 8L,

source FWHM q 10gCo Amin Aiso KoPs KSYn
[arcsec] [kpc] [radm?] [rad®m™] [rad?m™
0206+35 1.2 21 0.77 2 10 37 40
3C 270 1.65 2.7 0.90 0.1 5 30 26
5.0 2.7 0.90 0.1 5 71 64
3C 353 1.3 3.1 0.99 0.1 10 38 33
M 84 1.65 <0.1 25
4.5 <0.1 43

scale X-ray emission and the galaxy-scale components arentall to dfect the RM statistics
significantly (Table 5.2). In 3C 353, the selected area waseh to be small compared with the
scale of X-ray variations seen in Fig. 5.1(d). In all thresesg the foreground fluctuations should
be fairly homogeneous. There are no suitable regions in M¥ch is entirely covered by the
banded RM pattern.

The structure functions, corrected for uncorrelated ramdwise by subtracting oz”ﬁOise
(Simonetti, Cordes & Spangler 1984), are shown in Fig.5.7ll oA the observed structure
functions correspond to power spectra of approximately gydaw form over all or most of
the range of spatial frequencies here sampled. | initiadlyuaned that the power spectrum was
described by Eq.5.1 with no high-frequency ciit{dnax — o) and made least-squares fits to the
structure functions, weighted by errors derived from nplétirealizations of the power spectrum

on the observing grid, as described in detail by Laing et24108) and in Sec. 4.5.2.

The best-fitting slopeg and amplitude<Cy are given in Table 5.5. All of the fitted power
spectra are quite flat and have low amplitudes, implying tierte is little power in the isotropic
and random component of rotation measure. Indeed, the tamigd of the largest-scale RM
fluctuations sampled in this analysis is a few times less thanh of the bands (see Tables 5.4
and 5.5). This suggests that the field responsible for thdbmnstronger as well as more ordered

than that responsible for the isotropic fluctuations.

The structure functions for 028@5 and 3C 353 rise monotonically, indicating that the outer
scale for the random fluctuations must be larger than themmaxi separations here sampled. For
3C 270, the structure function levels outrat~ 100 arcsec (15 kpc; Fig. 5.7d). This could be the
outer scale of the field fluctuations, but a better understanof the geometry and external density
distribution would be needed before ruling out thEeets of large-scale variations in path length
or field strength (cf.3C 449, Sec. 4.6.3).
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Figure 5.4: Plots oE-vector position angl& againsti? at representative points of the 1.2 arcsec
RM map of 0206-35. Fits to the relationP(1) = ¥o + RMA? are shown. The values of RM are
given in the individual panels.

In order to constrain RM structure on spatial scales belasviitbamwidth, | estimated the
depolarization as described in Section 5.2. The fikedlues are listed in Table 5.5. | stress that
these values refer only to areas with isotropic fluctuati@ms! cannot usefully be compared with

the integrated depolarizations quoted in in Fig. 5.2.

For M 84, using the Burn lavk analysis and assuming that variation of Faraday rotation
across the 1.65-arcsec beam causes the residual deptidarizdind thatAmin < 0.1 kpc for any

reasonable RM power spectrum.

5.6 Rotation-measure bands from compression

It is clear from the fact that the observed RM bands are pelipalar to the lobe axes that they
must be associated with an interaction between an exparafiiigsource and the gas immediately
surrounding it. One inevitable mechanism is enhancemefielf and density by the shock or
compression wave surrounding the sourc&he implication of the presence of cavities in the

X-ray gas distribution coincident with the radio lobes iattthe sources are interacting strongly

1An alternative mechanism is the generation of non-linediase waves (Bicknell, Cameron & Gingold 1990). It
is unlikely that this can produce large-scale bands, for¢lasons given in Section 5.8.5.
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Figure 5.5: Profiles of mean and rms RM and Burn lewlong the radio axis. The profiles
have been derived by averaging over boxes perpendiculéeteatdio axis of length 5 kpc for all
sources except M 84, for which the box length is 2kpc. The geafdashed) and violet (long-
dashed) lines represent the Galactic RM contribution aadRiM) of the lobes, respectively. All
unblanked pixels are included.
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Figure 5.6: Burn lank images of M 84(a) and 3C 27Q(b) overlaid on X-ray contours derived
from Chandraand XMM-Newton data, respectively.

with the thermal gas, displacing rather than mixing withsé¢ McNamara & Nulsen 2007 for
a review). For the sources here presented, the X-ray olimmgaof M 84 (Finoguenov et al.
2008, Fig.5.1b) and 3C 270 (Croston et al. 2008, Fig.5.1opstavities and arcs of enhanced
brightness, corresponding to shells of compressed gasdeduny weak shocks. The strength of
any pre-existing field in the IGM, which will be frozen intoetlgas, will also be enhanced in the
shells. Therefore a significant enhancement in RM is exdeddemore extreme example of this
effect will occur if the expansion of the radio source is highlpsrsonic, in which case there will
be a strong bow-shock ahead of the lobe, behind which bottiethsity and the field become much
higher. Regardless of the strength of the shock, the fielddified so that only the component in
the plane of the shock is amplified and the post-shock fieldstér®come ordered parallel to the
shock surface.

The evidence so far suggests that shocks around radio safrbeth FR classes are generally
weak (e.g. Forman et al. 2005, Wilson, Smith & Young 2006,9dnlet al. 2005a). There are
only two examples in which highly supersonic expansion teenhkinferred: the southern lobe of
Centaurus A M ~ 8; Kraft et al. 2003) and NGC 380IM =~ 4; Croston et al. 2007). There
is no evidence that the sources here described are sigtificarer-pressured compared with
the surrounding IGM (indeed, the synchrotron minimum puesss systematically lower than the
thermal pressure of the IGM; Table 5.2). The sideways expard the lobes is therefore unlikely
to be highly supersonic. The shock Mach number estimatedlfftiie sources from ram pressure
balance in the forward direction is alsol.3. This estimate is consistent with that for M 84 made
by Finoguenov et al. (2006) and also with the lack of detactibstrong shocks in the X-ray data
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Figure 5.7: Plots of the RM structure functions for the isptc sub-regions of 026&5,3C 353
and 3C 270 described in the text. The horizontal bars reptabe bin width and the crosses
the centroids for data included in the bins. The red linestheepredictions for power law
power spectra, including theffects of the convolving beam. The vertical error bars are the
rms variations for the structure functions derived for riplét realizations of the data. The fitted
structure functions for 3C 270 are derived for the same p@pectrum parameters.

for the other sources.

In this section, | investigate how the RM could béeated by compression. | consider a
deliberately oversimplified picture in which the radio soeiexpands into an IGM with an initially
uniform magnetic fieldB. This is the most favourable situation for the generatiotaafe-scale,
anisotropic RM structures: in reality, the pre-existingdies likely to be highly disordered, or
even isotropic, because of turbulence in the thermal gasedssthat | havaot tried to generate a
self-consistent model for the magnetic field and thermasigrbout rather to illustrate the generic
effects of compression on the RM structure.

In this model the radio lobe is an ellipsoid with its majorsa&long the jet and is surrounded
by a spherical shell of compressed material. This shell igred at the mid-point of the lobe
(Fig.5.8) and has a standfalistance equal to/3 of the lobe semi-major axis at the leading
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5. Ordered magnetic fields around radio galaxies

Figure 5.8: Amplification and sweeping up of the magneticdfigtes inside the compression
region defined by the projected circular green and dashed Tihe driving expansion is along the
Z-axis and the-axis represents a generic line-of-sight.

edge (the radius of the spherical compression is therefgualeo 43 of the lobe semi-major
axis). In the compressed region, the thermal density andrhgnetic field component in the
plane of the spherical compression are amplified by the sacterf because of flux-freezing. |
use a coordinate systeryzcentred at the lobe mid-point, with ttzeaxis along the line of sight,
so x andy are in the plane of the sky. The radial unit vectoff4gX,y,2). B=(By, By, B;) and
B’=(Bi. B, By) are respectively the pre- and post-shock magnetic-fiettove. Then, | consider
a coordinate systemY Zstill centred at the lobe mid-point, but rotated with regpecthe xyz
system by the anglé about they (Y) axis, so tha is aligned with the major axis of the lobe.
With this choiceg is the inclination of the source with respect to the lineswjht (Fig. 5.8).

After a spherical compression, the thermal density and &etisfy the equations:

/

Ne = YNe
B, = B,=(B-r)f

where ne, B, and B represent the initial thermal density and the componentsheffield
perpendicular and parallel to the compression surface. séhee symbols with primes stand for

post-shock quantities andis the compression factor. The total compressed magneiticigie

B =B/ +B, =yB+(1-y)B-r)f (5.3)
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5.6. Rotation-measure bands from compression 93

The field strength after compression depends on the the bagleen the compression surface and
the initial field. Maximum amplification occurs for a field vahi is parallel to the surface, whereas
a perpendicular field remains unchanged. The post-shoakdghponent along the line-of-sight
becomes:

B,=B"-2=yB-2+(1-y)B-r)(r-2) (5.4)

| assumed that the compression faciok y(2), is a function of distanc& along the source
axis from the centre of the radio lobe, decreasing mono#&gidrom a maximum value/max at
the leading edge to a constant value from the centre of thee dslfar as the core. | investigated
values ofymax in the range 1.5 — 4= 4 corresponds to the asymptotic value for a strong shock).
Given that there is no evidence for strong shocks in the Xeaa for any of the sources under
investigation, | have typically assumed that the compogsfctor isymax = 3 at the front end of
the lobe, decreasing to 1.2 at the lobe mid-point and themeegmaining constant as far as the
core. A maximum compression factor of 3 is consistent wightthnsonic Mach numbeys{ ~ 1.3
estimated from ram-pressure balance for all of the sounsdglas choice is also motivated by the
X-ray data of M 84, from which there is evidence for a compi@ssatio ~ 3 between the shells
and their surroundings (Section 5.1.4).

| produced synthetic RM images forffirent combinations of source inclination and direction
of the pre-existing uniform field, by integrating the exmies

RO
RM3" = f n.B,dz (5.5)
lobe

numerically. | assumed a constant valuengf= 2.4 x 10-3cm™2 for the density of the pre-
shock material (the central value for the group gas asstiith 0206-35; Table 5.2), a lobe
semi-major axis of 21 kpc (also appropriate for 0286) and an initial field strength of 4G.
The integration limits were defined by the surface of theaddbe and the compression surface.
This is equivalent to assuming that there is no thermal gésirwihe radio lobe, consistent with
the picture suggested by the inference of foreground Fareatation and the existence of X-ray
cavities and that Faraday rotation from uncompressed gaegiggible.

As an example, Fig. 5.9 shows thffexts of compression on the RM for the receding lobe
of a source inclined by 4@o the line of sight. The initial field is pointing towards ustivan
inclination of 60with respect to the line-of-sight; its projection on thermaof the sky makes
an angle of 30with the x-axis. Fig.5.9(a) displays the RM produced without comgim@s
(y(Z2) = 1 everywhere): the RM structures are due only tfiedénces in path length across the
lobe. Fig. 5.9(b) shows the consequence of adding a modegiression ofmax = 1.5: structures
similar to bands are generated at the front end of the lobetlamdange of the RM values is
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Figure 5.9: Panefa): synthetic RM for a receding lobe inclined by ‘40 the line-of-sight and
embedded in a uniform field inclined by 86 the line-of-sight and by and 3@ the lobe axis on
the plane of the sky. PanglB) and(c): as (a) but with a weak compressioymgx = 1.5) and a
strong compressionyfax = 4) of the density and field. The crosses and the arrows irelidest
position of the core and the lobe advance direction, respeiet

increased. Fig.5.9(c) illustrates the RM produced in cdsbeostrongest possible compression,
vmax = 4: the RM structure is essentially the same as in Fig. 5.9, a much larger range.

This very simple example shows that RM bands with amplitudessistent with those
observed can plausibly be produced even by weak shocks ilGtHe but the iso-RM contours
are neither straight, nor orthogonal to the lobe axis ancethee no reversals. These constraints
require specific initial conditions, as illustrated in F5g10, where | show the RM for a lobe in the
plane of the sky. | considered three initial field configuwrasi: along the line-of-sight (Fig. 5.10a),
in the plane of the sky and parallel to the lobe axis (Fig.B)ldnd in the plane of the sky, but
inclined by 45to the lobe axis (Fig.5.10c). The case closest to reproduttia observations is
that displayed in Fig. 5.10(b), in which reversals and wefirmed and straight bands perpendicular
to the jet axis are produced for both of the lobes. In Fig. @} Ghe structures are curved, while
in Fig. 5.10(c) the bands are perpendicular to the initiddiftdrection, and therefore inclined with
respect to the lobe axis.

For a source inclined by 46 the line of sight, | found structures similar to the obserbands
only with an initial field in the plane of the sky and parallelthe axis in projection (Figs5.11a
and b; note that the synthetic RM images in this example haga made for each lobe separately,
neglecting superposition).

| can summarize the results of the spherical pure compressaxel as follows.

1. Aninitial field with a component along the line-of-sighdet not generate straight bands.

2. The bands are orthogonal to the direction of the initiddfigrojected on the plane of the
sky, so bands perpendicular to the lobe axis are only oldawith an initial field aligned
with the radio jet in projection.
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Figure 5.10: Synthetic RM images for a lobe in the plane ofsthewith an ambient field which

is uniform before compression. In pané€ and (b), the field is along the axis of the lobe in
projection and inclined to the line-of-sight by (a)°4bhd (b) 90. In panel(c), the field is in the
plane of the sky and misaligned by°4%th respect to the lobe axis. The crosses and the arrows
represent the radio core position and the lobe advancetidinecespectively.
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Figure 5.11: Synthetic RM images of the recedif@) and approaching lobé) of a source
inclined by 40with respect to the line-of-sight, in the case of a uniformb#nt field. The
field is aligned with the radio jets in projection and incliheith respect to the line-of-sight by
90°. The crosses and the arrows represent the radio core poaitid the lobe advance direction,
respectively.

3. The path length (determined by the precise shape of the laldes) has a second-order
effect on the RM distribution (compare Figs. 5.9a and b).

Thus, a simple compression model can generate bands withitageg similar to those
observed but reproducing their geometry requires impldysspecial initial conditions, as |
discuss in the next section.

5.7 Rotation-measure bands from a draped magnetic field

5.7.1 General considerations

That the pre-existing field is uniform, close to the planehef$ky and aligned with the source axis
in projection is implausible for obvious reasons:
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1. the pre-existing field cannot know anything about eitlher radio-source geometry or our
line-of-sight and

2. observations of Faraday rotation in other sources anth#wretical inference of turbulence
in the IGM both require disordered initial fields.

This suggests that the magnetic field must be aligngdther tharwith the expansion of the radio
source. Indeed, the field configurations which generatégbtrédands look qualitatively like the
“draping” model proposed by Dursi & Pfrommer (2008), for smangles to the line-of-sight. The
analysis of Sections 5.2, 5.4 and 5.5 suggests that the ti@diedls causing the RM bands are
well-ordered, consistent with a stretching of the initialdithat has erased much of the small-scale
structure while amplifying the large-scale component. dtragtempt to constrain the geometry of
the resulting “draped” field.

5.7.2 Axisymmetric draped magnetic fields

A proper calculation of the RM from a draped magnetic-fielafaguration (Dursi & Pfrommer
2008) is outside the scope of this work, but we can start teetstdnd the field geometry using
some simple approximations in which the field lines are st along the source axis. | assumed
initially that the field around the lobe is axisymmetric, lwitomponents along and radially
outwards from the source axis, so that the RM pattern is iadéent of rotation about the axis. It
is important to stress that such an axisymmetric fieltbisphysical as it requires a monopole and
unnatural reversals, it is nevertheless a useful benchfoaf&atures of the field geometry that are
needed to account for the observed RM structure. | first demnsd field lines which are parabolae
with a common vertex on the axis ahead of the lobe. For fielthgth and density both decreasing
away from the vertex, | found that RM structures, with isovours similar to arcs, rather than
bands, were generated only for the approaching lobe of diméutsource. Such anisotropic RM
structures were not produced in the receding lobes, noiarces in the plane of the sky. Indeed,
in order to generate any narrow, transverse RM structurels as arcs or bands, the line-of-sight
must pass through a foreground region in which the field Isteswv significant curvature, which
occurs only for an approaching lobe in case of a parabolid figlometry. This suggested to
consider field lines which are families of ellipses centradte lobe, again with field strength and
density decreasing away from the leading edge. This indesmtlped RM structures in both lobes
for any inclination, but the iso-RM contours were arcs, rnoaight lines. Because of the non-
physical nature of these axisymmetric field models, theltieguRM images are deliberately not
shown. In order to quantify the departures from straigtgrefshe iso-RM contours, | measured
the ratio of the predicted RM values at the centre and edgkeeolobe at constant, at different
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distances along the source ax¥s,for both of the example axisymmetric field models. The ratio
which is 1 for perfectly straight bands, varies from 2 to 3 wittbcases, depending on distance
from the nucleus. This happens because the variationseroliisight field strength and density
do not compensate accurately for changes in path lengtHielvbehat this problem is generic to
any axisymmetric field configuration.

The results of this section suggest that the field configematequired to generate straight RM
bands perpendicular to the projected lobe advance direti#s systematic curvature in the field
lines (in order to produce a modulation in RM) without a sfig@int dependence on azimuthal
angle around the source axis). | therefore investigateduatste in which elliptical field lines are
wrapped around the front of the lobe, but in a two-dimendioather than a three-dimensional

configuration.

5.7.3 Atwo-dimensional draped magnetic field

| considered a field with a two-dimensional geometry, in wahibe field lines are families of
ellipses in planes of constaNt as sketched in Fig.5.12. The field structure is then indegein
of Y. The limits of integration are given by the lobe surface andeipse whose major axis
is 4/3 of that of the lobe. Three example RM images are shown in &@&8. The assumed
density (24 x 10-3 cm3) and magnetic field (AG) were the same as the pre-shock values for the
compression model of Section 5.6 and the lobe semi-majeneas again 21 kpc. Since thext
of path length is very small (Section 5.6), the RM is also petedent oY to a good approximation.
The combination of elliptical field lines and invariance lwit allows us to produce straight RM
bands perpendicular to the projected lobe axis for any somdination. Furthermore, this model
generates more significant reversals of the RM (e.g. Fi@d.than those obtainable with pure
compression (e.g. Fig.5.11b).

I conclude that a field model of this generic type represdmssimplest way to produce RM
bands with the observed characteristics in a way that ddeequoire improbable initial conditions.
The invariance of the field with th¥ coordinate is an essential point of this model, suggesting
that the physical process responsible for the draping aetching of the field lines must act on
scales larger than the radio lobes in thdirection.

5.7.4 RM reversals

The two-dimensional draped field illustrated in the presgi®ection reproduces the geometry of
the observed RM bands very well, but can only generate aesimylersal, which must be very
close to the front end of the approaching lobe, where thptiglil field lines bend most rapidly. A
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Figure 5.12: Geometry of the two-dimensional draped modettie magnetic field, described
in Sec.5.7.3. Pan€h): seen in the plane of the direction of the ambient magnetid.fiBanel
(b): seen in the plane perpendicular to the ambient field; ordyinhermost family of ellipses is
plotted. For clarity, field lines behind the lobe are omitt@the colour of the curves indicates the

strength of the field, decreasing from red to yellow. The sessrepresent the radio core position.
The coordinate system is the same as in Fig. 5.8 and the lisiglaifis in theX — Z plane.
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Figure 5.13: Synthetic RM images produced for a two-dimamali draped model as described in
Section 5.7.3. The field lines are a family of ellipses dragexlind the lobe as in Fig. 5.12. Panel
(a): lobe inclined at 9&o the line-of-sight. (b) receding andc) approaching lobes of a source
inclined by 40to the line-of-sight. The crosses and the arrows repre$entadio core position
and the lobe advance direction.

prominent reversal is apparent in the receding lobe of 8386(Fig. 5.2a) and multiple reversals
across the eastern lobe of 3C 353 and in M 84 (Fig. 5.2b and l. simplest way to reproduce
these is to assume that the draped field also has reversessnpably originating from a more
complex initial field in the IGM. One realization of such a dietonfiguration would be in the
form of multiple toroidal eddies with radii smaller than thabe size, as sketched in Fig.5.14.
Whatever the precise field geometry, | stress that the $ireégs of the observed multiple bands
again requires a two-dimensional structure, with littlpeledence oly.
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5.8 Discussion

5.8.1 Where do bands occur?

The majority of published RM images of radio galaxies do rwoive bands or other kind of
anisotropic structure, but are characterized by isotrapid random RM distributionse(g.Laing

et al. 2008, 3C 449, Chapter4). On the other hand, | have mied@bservations of RM bands
in four radio galaxies embedded infidirent environments and with a range of jet inclinations
with respect to the line-of-sight. These sources are nawidrsom a complete sample, so any
guantitative estimate of the incidence of bands is preraatbut it is possible to draw some
preliminary conclusions.

The simple two-dimensional draped-field model develope8edotion 5.7.3 only generates
RM bands when the line-of-sight intercepts the volume dairtg elliptical field lines, which
happens for a restricted range of rotation around the saaxise At other orientations, the RM
from this field configuration will be small and the observed Rhy well be dominated by
material at larger distances which has not beffacéed by the radio source. | therefore expect
a minority of sources with this type of field structure to sheM bands and the remainder to have
weaker, and probably isotropic, RM fluctuations. In cortjrétse three-dimensional draped field
model proposed by Dursi & Pfrommer (2008) predicts RM bgpalsllel to the source axis for a
significant range of viewing directions: these have not)(peen observed.

The prominent RM bands here described occur onlgliedradio galaxies. In contrast, well-
observed radio sources with tails and plumes seem to be fiteends or anisotropic RM structure
(e.g.3C 31, 3C449; Laing et al. 2008, Chapter 4). Furthermorelothes which show bands are all
quite round and show evidence for interaction with the sumdng IGM. It is particularly striking
that the bands in 3C 353 occur only in its eastern, roundéd, [Ghe implication is that RM bands
occur when a lobe is being actively driven by a radio jet integion of high IGM density. Plumes
and tails, on the other hand, are likely to be rising buoyaintithe group or cluster and | do not

expect significant compression, at least at large distafinoesthe nucleus.

5.8.2 RM bands in other sources

The fact that RM bands have so far been observed only in a féw smurces may be a selection
effect: much RM analysis has been carried out for galaxy clsisterwhich most of the sources
are tailed (e.g. Blanton et al. 2003). With a few exceptidkes Cyg A (see below, Section 5.8.2),
lobed FR 1 and FR Il sources have not been studied in detail.
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Cygnus A

Cygnus A is a source in which we might expect to observed RMdgaby analogy with the
sources discussed in the present work: it has wide and rabes landChandraX-ray data have
shown the presence of shock-heated gas and cavities (\\Wisoith & Young 2006). RM bands,
roughly perpendicular to the source axis, are indeed sebatinlobes (Dreher et al. 1987; Carilli
& Taylor 2002), but interpretation is complicated by thegkr random RM fluctuations and the
strong depolarization in the eastern lobe. A semi-circEl&t feature around one of the hot-spots
in the western lobe has been attributed to compression Hyalveshock (Carilli, Perley & Dreher
1988).

Hydra A

Carilli & Taylor (2002) have claimed evidence for RM bandghe northern lobe of Hydra A. The
Chandraimage (McNamara et al. 2000) shows a clear cavity with shdgeg coincident with
the radio lobes and an absence of shock-heated gas, justressources analysed in this work.
Despite the classification as a tailed source, it may welhbethere is significant compression of
the IGM. Note, however, that the RM image is not well sampledeto the nucleus.

3C 465

The RM image of the tailed source 3C 465 published by Eilek &e®vw2002) shows some
evidence for bands, but the colour scale was deliberatalgarnto highlight the dierence between
positive and negative values, thus making ffidult to see the large gradients in RM expected at
band edges. The original RM image (Eilek, private commuitoq suggests that the band in
the western tail of 3C 465 is similar to those | have identifiids plausible that magnetic-field
draping happens in wide-angle tail sources like 3C 465 asualtref bulk motion of the IGM
within the cluster potential well, as required to bend thistdt will be interesting to search for
RM bands in other sources of this type and to find out whethenetis any relation between the
iso-RM contours and the flow direction of the IGM.

5.8.3 Foreground isotropic field fluctuations

The coexistence in the RM images of the sources here anabfsetdsotropic patterns with areas
of isotropic fluctuations suggests that the Faraday-rajathiedium has at least two components:
one local to the source, where its motion significantfieets the surrounding medium, draping
the field, and the other from material on group or clusteresxalhich has not felt theffects
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Figure 5.14: Geometry of a two-

Jet 7 dimensional toroidal magnetic field as

X described in Section 5.7.3, seen in the
plane normal to its axis. The cross
represents the radio core position.

of the source. This raises the possibility that turbulentehie foreground Faraday rotating

ol

medium might “wash out” RM bands, thereby making them imfimsgo detect. The isotropic
RM fluctuations observed across the sources are all dedchbejuite flat power spectra with
low amplitude (Table 5.5). The random small-scale strictirthe field along the line-of-sight
essentially averages out, and there is very little powercattes comparable with the bands. If, on
the other hand, the isotropic field had a steeper power spratrith significant power on scales
similar to the bands, then its contribution might become ithamt.

| first produced synthetic RM images for 02686 including a random component derived
from the best-fitting power spectrum (Table 5.5) in ordertieck that the bands remained visible.
I assumed a minimum scale of 2 kpc from the depolarizatiotyaisafor 020635 (Sec.5.4), and a
maximum scale oA max = 40 kpc, consistent with the continuing rise of the RM struetiunction
at the largest sampled separations, which requirgs, = 30 arcsec420 kpc). The final synthetic
RM is given by:
RMY" = RM¥3P 1 RMS™ = f n,Bdz+ f neB.dz (5.6)

where RM@ and RM®™ are the RM due to the draped and isotropic fields, respegtivehe
termsn; and B, are respectively the density and field component along tieedi-sight in the
draped region. The integration limits of the term M were defined by the surface of the lobe
and the draped region, while that of the term RVstarts at the surface of the draped region and
extends to 3 times the core radius of the X-ray gas (Table 3-8y the electron gas density
outside the draped region | assumed the beta-model profil2@8+35 (Table 5.2) and for the
field strength a radial variation of the form (Laing et al. 80@nd references therein)

(B2 = Bo[”E—“)] ' (5.7)
No

where By is the rms magnetic field strength at the group centre. | todkaped magnetic field
strength of 1.8G, in order to match the amplitudes for the RM bands in botle$otf 0206-35,
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40 60

Receding

Receding Approaching

Figure 5.15: Synthetic RM images of the lobes of 02856, produced by the sum of a draped
field local to the source and an isotropic, random field spteealigh the group volume with the
best-fitting power spectrum found in Sec. 5.5 (parfa)sand(b)) and with a Kolmogorov power
spectrum (panel&) and(d)). Both power spectra have the same high and low-frequeniogfisu
and the central magnetic field strengths are also identitlaé crosses and the arrows represent
the radio core position and the lobe advance direction.

and assumed the same value Bar

Example RM images, shown in Figs. 5.15(a) and (b), shouldobgpared with those for the
draped field alone (Figs.5.13b and c, scaled up by a factor8falaccount for the dlierence
in field strength) and with the observations (Fig.5.2a)raf@rrection for Galactic foreground
(Table 5.4). The model is self-consistent: the flat powecspen found for 020635 does not
give coherent RM structure which could interfere with the R&hds, which are still visible.

| then replaced the isotropic component with one having argiorov power spectrum
(q = 11/3). I assumed identical minimum and maximum scales (2 angbdPas for the previous
power spectrum and took the same central field strer8h1.8.G) and radial variation (Eq. 5.7).
Example realizations are shown in Fig. 5.15(c) and (d). Tddis are essentially invisible in the
presence of foreground RM fluctuations with a steep powesta® out to scales larger than their
widths.

It may therefore be that the RM bands in the sources heremiesbare especially prominent
because the power spectra for the isotropic RM fluctuati@we lunusually low amplitudes and
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flat slopes. | have established these parameters direct@2fa6+35, 3C 270 and 3C 353; M 84 is
only 14 kpc in size and is located far from the core of the Viofaster, so it is plausible that the
cluster contribution to its RM is small and constant.

| conclude that the detection of RM bands could be influengethé relative amplitude and
scale of the fluctuations of the isotropic and random RM camepb compared with that from any
draped field, and that significant numbers of banded RM sirestcould be masked by isotropic
components with steep power spectra.

5.8.4 Asymmetries in RM bands

The well-established correlation between RM variance/@ndepolarization and jet sidedness
observed in FR | and FR Il radio sources is interpreted asientation €fect: the lobe containing
the brighter jet is on the near side, and is seen through lesgeato-ionic material (e.g. Laing
1988; Morganti et al. 1997). For sources showing RM bands,iitteresting to ask whether the
asymmetry is due to the bands or just to the isotropic compone

In 0206+35, whose jets are inclined by 40°to the line-of-sight, the large negative band on
the receding side has the highest RM (Fig. 5.5). This mighgest that the RM asymmetry is due
to the bands, and therefore to the local draped field. Unfatly, 0206-35 is the only source
displaying this kind of asymmetry. The other “inclined” soe, M 84, ¢ ~ 60°) does not show
such asymmetry: on the contrary the RM amplitude is quitersgirical. In this case, however,
the relation between the (well-constrained) inclinatiéthe inner jets, and that of the lobes could
be complicated: both jets bend By’ at distances of about 50 arcsec from the nucleus (Laing et
al. in preparation), so that we cannot establish the reahtation of the lobes with respect to the
plane of the sky. The low values of the/miunter-jet ratios in 3C 270 and 3C 353 suggest that their
axes are close to the plane of the sky, so that little oriemtadependent RM asymmetry would be
expected. Indeed, the lobes of 3C 270 show similar RM angai&uwhile the large asymmetry of
RM profile of 3C 353 is almost certainly due to a higher colunemgity of thermal gas in front
of the eastern lobe. Within this small sample, there is floegeno convincing evidence for higher
RM amplitudes in the bands on the receding side, but neitieisach anféect be ruled out.

In models in which an ordered field is draped around the raabed, the magnitude of any
RM asymmetry depends on the field geometry as well as the patitH (cf. Laing et al. 2008
for the isotropic case). For instance, the case illustrateffigs 5.13(b) and (c) shows very
little asymmetry even fof= 40°. The presence of a systematic asymmetry in the banded RM
component could therefore be used to constrain the geometry
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5.8.5 Enhanced depolarization and mixing layers

A different mechanism for the generation of RM fluctuations wagestgd by Bicknell, Cameron
& Gingold (1990). They argued that large-scale nonlineafiase waves could form on the surface
of a radio lobe through the merging of smaller waves genérayeKelvin-Helmholtz instabilities
and showed that RM’s of roughly the observed magnitude wbalgroduced if a uniform field
inside the lobe was advected into the mixing layer. This ra@m is unlikely to be able to
generate large-scale bands, however: the predicted is@&titburs are only straight over parts
of the lobe which are locally flat, even in the unlikely eveality that a coherent surface wave
extends around the entire lobe.

The idea that a mixing layer generates high Faraday rotatiay instead be relevant to the
anomalously high depolarizations associated with regmhsompressed gas around the inner
radio lobes of M84 and 3C270 (Section 5.4 and Fig. 5.6). Thieldfieesponsible for the
depolarization must be tangled on small scales, since thegupe depolarization without any
obvious dfects on the large-scale Faraday rotation pattern. It iseanolvhether the level of
turbulence within the shells of compressed gas tficant to amplify and tangle a pre-existing
field in the IGM to the level that it can produce the observepbdrization; a plausible alternative
is that the field originates within the radio lobe and mixethwie surrounding thermal gas.

5.9 Conclusions and outstanding questions

In this work | have analysed and interpreted the Faradayioot@across the lobed radio galaxies
0206+35, 3C 270, 3C 353 and M 84, located in environments rangiog fa poor group to one
of the richest clusters of galaxies (the Virgo cluster). TRB images have been produced
at resolutions ranging from 1.2 to 5.5arcsec FWHM using Mesyge Array data at multiple
frequencies. All of the RM images show peculiar banded pattacross the radio lobes, implying
that the magnetic fields responsible for the Faraday rotadiee anisotropic. The RM bands
coexist and contrast with areas of patchy and random fluongstwhose power spectra have
been estimated using a structure-function technique. & laéso analysed the variation of degree
of polarization with wavelength and compared this with thedgctions for the best-fiting RM
power spectra in order to constrain the minimum scale of raigturbulence. | have investigated
the origin of the bands by making synthetic RM images usingpte models of the interaction
between radio galaxies and the surrounding medium and lséiveaded the geometry and strength
of the magnetic field.

The results of this work can be summarized as follows.
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1. The lack of deviation from? rotation over a wide range of polarization position angld an
the lack of associated depolarization together suggesatfueground Faraday screen with
no mixing of radio-emitting and thermal electrons is resgble for the observed RM in the
bands and elsewhere (Section 5.3).

2. The dependence of the degree of polarization on wavdiaaguell fitted by a Burn law,
which is also consistent with (mostly resolved) pure fooemd rotation (Section 5.4).

3. The RM bands are typically 3 — 10kpc wide and have ampliguofe10 — 50 rad im?
(Table 5.4). The maximum deviations of RM from the Galactues are observed at the
position of the bands. Iso-RM contours are orthogonal tcattess of the lobes. In several
cases, neighbouring bands have opposite signs comparkdhsitGalactic value and the
line-of-sight field component must therefore reverse betwiiem.

4. An analysis of the profiles dRM) and depolarization along the source axes suggests that
there is very little small-scale RM structure within the dan

5. The lobes against which bands are seen have unusually axialratios (i.e. they appear
round in projection; Fig. 5.2). In one source (3C 353) the talmes difer significantly in
axial ratio, and only the rounder one shows RM bands. This islon the side of the source
for which the external gas density is higher.

6. Structure function and depolarization analyses showfligpower-law power spectra with
low amplitudes and high-frequency cuit® are characteristic of the areas which show
isotropic and random RM fluctuations, but no bands (Sectibh 5

7. There is evidence for source-environment interacticgsh as large-scale asymmetry
(3C 353) cavities and shells of swept-up and compressedriadati®l 84, 3C 270) in all
three sources for which high-resolution X-ray imaging iaitable.

8. Areas of strong depolarization are found around the edfdise radio lobes close to the
nuclei of 3C270 and M 84. These are probably associated Wwihssof compressed hot
gas. The absence of large-scale changes in Faraday roiatioese features suggests that
the field must be tangled on small scales (Section 5.4).

9. The comparison of the amplitude @M) with that of the structure functions at the largest
sampled separations is consistent with an amplificatiorheflarge scale magnetic field
component at the position of the bands.

10. | produced synthetic RM images from radio lobes expandimo an ambient medium

containing thermal material and magnetic field, first coasity a pure compression of
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11.

12.

13.

14.

15.

both thermal density and field, and then including three- ®vmtdimensional stretching
(“draping”) of the field lines along the direction of the ragets (Sects. 5.6 and 5.7). Both
of the mechanisms are able to generate anisotropic RM struct

To reproduce the straightness of the iso-RM contoursycadimensional field structure
is needed. In particular, a two-dimensional draped fieldpsghlines are geometrically
described by a family of ellipses, and associated with cesgon, reproduces the RM
bands routinely for any inclination of the sources to the4oi-sight (Sec. 5.7.3). Moreover,
it might explain the high RM amplitude and low depolarizatambserved within the bands.

The invariance of the magnetic field along the axis petioeitar to the forward expansion
of the lobe suggests that the physical process responsibtad draping and stretching of
the magnetic field must act on scales larger than the lobk itsthis direction. It is not
possible to constrain yet the scale size along the linagbfts

In order to create RM bands with multiple reversals, noam@plex field geometries such as
two-dimensional eddies are needed (Section 5.7.4).

| have interpreted the observed RM’s as due to two magfietd components: one draped
around the radio lobes to produce the RM bands, the otheulamt) spread throughout
the surrounding medium, ufiacted by the radio source and responsible for the isotropic
and random RM fluctuations (Section 5.8.3). | tested this ehéat 0206+35, assuming

a typical variation of field strength with radius in the groagmosphere, and found that a
magnetic field with central strength 8 = 1.8 G reproduced the RM range quite well in
both lobes.

| have suggested two reasons for the low rate of detecfibands in published RM images:
our line of sight will only intercept a draped field structumea minority of cases and rotation
by a foreground turbulent field with significant power on kgrales may mask any banded
RM structure.

These results therefore suggest a more complex pictureeafnigneto-ionic environments

of radio galaxies than was apparent from earlier work. | fincké distinct types of magnetic-

field structure: an isotropic component with large-scalettlations, plausibly associated with the

undisturbed intergalactic medium; a well-ordered fieldpéich around the leading edges of the

radio lobes and a field with small-scale fluctuations in thellstof compressed gas surrounding

the inner lobes, perhaps associated with a mixing layerddlitian, | have emphasised that simple

compression by the bow shock should lead to enhanced RMmdrthe leading edges, but that

the observed patterns depend on the pre-shock field.
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MHD simulations should be able to address the formation a$adropic magnetic-field
structures around radio lobes and to constrain the inibatdions.
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Chapter 6

Faraday rotation in two extreme
environments*

n this Chapter | will present polarization analyses of twdicagalaxies embedded in very

different environments. The sources are: B2 07b5 located in a very sparse group, and

M 87, located at the centre of the cool core Virgo cluster. Il déscribed the results of two-
dimensional analyses of the RM and depolarization didiobg. In both sources, the geometry
of the surrounding X-ray emitting gas appears to be comphex tfor the sources studied in
Chapters 4 and 5, so a three-dimensional analysis will beraef to a later study.

6.1 The sources

The general parameters of the sources are listed in Tahlevhile Table 6.2 shows the X-ray
parameters taken from the literature and the equipartpp@ameters derived from radio data in
this work. | refer to parts of the sources by the abbreviaibh S, E, W (for North, South, East,
West).

6.1.1 B2075%37

B2 0755+37 (hereafter 0755637) is an extended FR1 radio source whose optical counterpar
NGC 2484, is a D-galaxy, classified as central member of eoyesrd very poor group of galaxies
(Mulchaey et al. 2003). The source is one of the most isoladi galaxies in the B2 catalogue.
Here | briefly summarize the radio properties of 083, which are described in detail in the
Appendix of this thesis along with a description of the VLAsebvations. At a resolution of

*Guidetti et al. in prep
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1.3 arcsec the source shows a very bright core and two-sedecmbedded in anftlise halo of
low surface brightness. The jet E of the nucleus is the beigbhe and the jets inclination to the
line-of-sight is estimated to be about 3Bondi et al. 2000; Laing & Bridle in preparation) The
radio source is highly polarized.

0755+35 has been observed with both the PSPC and HRI instrumeROSGAT (Worrall &
Birkinshaw 1994, 2000) and witGhandraWorrall, Birkinshaw & Hardcastle 2001).

The X-ray emission has extended thermal and partially vesbhon-thermal components,
respectively associated with the hot medium on group andctjel scales, and with the core
and jets (Canosa et al. 1999; Worrall & Birkinshaw 2000; Nhaley et al. 2003; Wu, Feng &
Xinwu 2007). However, the X-ray surface brightness profilee (sum of 88 model and a point
component) is very poorly constrained. The extent of thentla¢ X-ray emission is relatively
small with respect to other poor groups, particularly aldimg EW axis of the large-scale source
structure, and its luminosity is low (Worrall & Birkinshawd20). These arguments together with
the “isolation” of 0755-37 suggest that the fiiulse emission, at least on the scale of the radio
emission, is mainly due to the hot atmosphere surroundiegé#haxy.

6.1.2 M87

M 87 is one of the most famous radio galaxies and resides igakeich Virgo cluster, which is the
nearest, bright X-ray emitting cluster. This source pregidhe opportunity to study the magnetic
field fluctuations with excellent spatial resolution. It is@pular target of multiwavelength studies,
because of its one-sided jet observed at radig.©Owen 1989 (VLA); Kovalev 2007 (VLBA),
optical Biretta, Sparks & Macchetto 1999) and X-ray freqeies €.g.Forman et al. 2005, 2007;
Harris et al. 2006; Churazov 2008). The morphology of thésjsimilar at all these wavelengths,

suggesting a common synchrotron radiation mechanism.

M 87 is classified as an FR | source. On scales larger than the jet (~2 kpc), it has a
complex radio structure mapped out to linear scales of aBblipc, showing inner and outer
lobes, curved “ears”, and filaments (Fig. 6.2, Owen, Eilek &Kim 2000). The jet inclination is
estimated to be about 2@Biretta, Zhou & Owen 1995).

In this work, | used VLA datasets at 5 and 8 GHz (6 cm and 3 cmedsgely), which were
generously provided by F. N.Owen. The VLA observations i @ltm band and their reduction
were presented by Owen, Eilek & Keel (1990) while the 3 cm di@ee not been published. At
these frequencies and at 0.4 arcsec resolution the sounaghiy polarized. The images show the
main jet, pointing to NW, and two “inner lobes” extending abd kpc from the core (Owen, Eilek
& Keel 1990).
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Table 6.1: General optical and radio properties: Col. lra®mame; Cols. 2, 3: position; Col.
4: redshift; Col. 5: conversion from angular to spatial sc&lth the adopted cosmology; Col. 6:
Fanardt-Riley class; Col. 7: the largest angular size of the radiarse; Col. 8: radio power at
1.4 GHz; Col. 9: angle to the line of sight of the jet axis.

source RA DEC z kparcsec FRclass LAS ¢
[J2000]  [J2000] [arcsec] [degree]
0755+37 075828.1+3747 12 0.0428 0.833 I 139 30
M87 123049.4+122328 0.00436 0.089 I 489 22

Table 6.2: X-ray and radio equipartition parameters fotta sources. Col. 1. source name; Col.
2: X-ray energy band; Col. 3: average thermal temperatunés.@,5,6 and 7,8,9 best-fitting core
radii, central densities angl parameters for the outer and inn@models, respectively; Col. 10:
average thermal pressure at the midpoint of the radio ldBeks. 11&12: minimum synchrotron
pressure and corresponding magnetic field; Col.13: rete®ior the X-ray models.

source band KT 1oy, No,e  Bout fex, No,  Bin Po Psyn Be,,, ref.
[keV] [keV] [kpc] [ecm~3] [kpc] [em~3 [dyne cnT?] [dyne cnT?] [uG]
0755+37 0.2-2.5 0.7232 159 6.4x 104 0.9 1.7x 1012 3.14x 1022 4.4 1

M87 0.7-2.7 1.68%4, 234 0011 047 1.86 0.13 042 %70 211x10%° 55 2

References: (1) Worrall & Birkinshaw (2000); (2) Matsushétt al. (2002).

Fields in the Virgo cluster centred on M 87 have been obsebyedeveral X-ray satellites.
The extent of the X-ray emission is larger that @/hich is the field of view of th&ROSATPSPC,
and is centrally peaked, implying that M 87 harbours a cootco
At the ROSAT and XMM-Newton resolutions, the morphology of the X-ray esion appears
regular and smooth, but de€handrabbservationsd.g.Forman et al. 2007 and references therein)
have revealed a very complex structure suggesting interabetween the radio source and the
hot gas on several spatial scales (Fig. 6.3). In particlHamman et al. (2007) detected multiple
cavities, some of which coincide with the inner radio lobesis of enhanced X-ray emission,
loops, rings, and filaments. The cavities resemble the datge-scale radio structure and have
been interpreted as a system of buoyant bubbles produce@hauitbursts. At distances of about
10-20 kpc from the core, temperature and density jumps grarapt. These correspond to weak
shocks with Mach numberst ~1.4.

6.2 Two-dimensional analysis: rotation measure and depotaation

| produced RM images and related rms errors by weighted-Epastres fitting to the polarization
angle maps¥(1) as a function of1? (Eq.3.1) at respectively three and eight frequencies for
0755+37 and M 87 (Table 6.3) by using a version of the RM task in the@\package modified

111



112 6. Faraday rotation in two extreme environments

374900 - B

374800 |-

374700 |

DECLINATION (J2000)

374600 - B

374500 -

1 1 1
07 58 40 07 58 30 07 58 20
RIGHT ASCENSION (J2000)

Figure 6.1: Overlay of the X-ray emissioRQSATPSPC) around 07587 on radio contours at
1.385 GHz at 4.0 arcsec resolution.

Table 6.3: Frequencies, bandwidths and angular resokitimed in the RM and Burn lak
images. Details of the 075837 dataset are given in the Appendix.
source v Ay beam
[MHz] [MHZz] [arcsec]
0755+37 1385.1 125 1.3-4.0
1464.9
4860.1 100
M87 4635.1 50 0.4
4735.0
4835.1
4935.0
8085.1
8335.1
8535.1
8785.1

by G.B. Taylor. The RM maps were calculated only at pixeldwgiblarization angle uncertainties
<10°at all frequencies. The RM maps have not been corrected éoGtiactic contribution. For
0755+37, this is estimated to be negligible £2rad nT2; Simard-Normandin et al. 1981). For
M 87, the value is less well-determined, but the source ieat hiigh Galactic latitude, and the
associated RM must be very small compared with the measwaie@s/ (see below). Values of
orwm integrated over the maps are not corrected for the fittingrergw,, ,

| produced Burn lavk images at the same resolutions and using the same freqeasctbe
RM maps. Weighted least-squares fits were made to the frettamlarization maps Ip(1) as a
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MEASDem M&7 = Virgo A
: VLA 80cm

Figure 6.2: Composite radio image of M87 showing the comlencture on multiple spatial
scales and at several frequencies. In the present work,Nhid®n the central cone-like structure,
shown in more detail in the top-left panel, has been analyisedge courtesy of NRAGRUI.

XMM-Newton Chandra

Figure 6.3: X-ray images of the centre of the Virgo clusteowgimg different scales:ROSAT
(left) XMM-Newton (middle) Chandraright). The increasing resolution has shown a complex
structure in the hot gas. Courtesy of W. Forman.

function of 1* (Eq. 3.5), using a modified version of AIPS RM task. Only datthvp > 4op at
each frequency were included in the fits.

6.2.1 075%37:images

Two RM images have been produced, at resolutions of 1.3 &atdsec. Both of the fits are very
good, showing no evidence for deviations frafrotation, although the total range of rotation is
quite small. The RM maps are both shown in Fig. 6.4.
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114 6. Faraday rotation in two extreme environments

At 4.0 arcsec the RM distribution has a mean-&.4 rad m2 with ogm =5.1rad m? and
an average fitting errarry,, = 0.8radnT2. At 1.3 arcsec the mean RM is0.1rad m2 with
orm =6.0rad m? andory,, = 2.0rad nt?.

The small amplitude of the RM fluctuations is consistent veithorigin in the IGM of the
isolated host galaxy, rather than the atmosphere of a méea@sd group.

There is a clear asymmetry in RM structure between the E andb#fsl at both resolutions.
Firstly, most of the E (approaching) lobe is characterizgdabfairly uniform, positive RM, and
the largest RM fluctuations, of both signs, are seen in thedgkgting) lobe. Secondly, both lobes
show anisotropic features, but withfidirent characteristics. In the E lobe there is a thin, sttaigh
structure elongated parallel to the source axis with almei(RM) . This “stripe” is very striking
on the 1.3 arcsec map and appears to be almost coincidentheithain jet axis, extending beyond
the apparent termination of the jet as far as the boundariefdbe. It is probably the clearest
known example of kpc-scale, jet-related RM structure. ftloa interpreted in at least two possible
ways:

1. the jet is mostly in front of the Faraday screen. This mlwgqtpen if the jet has displaced a
relatively large amount of hot gas or if it is bending along time-of-sight.

2. The jet lies behind a Faraday screen with an intrinsidally RM along the stripei.e., the
magnetic field is feeble aywt preferentially aligned in the plane of the sky on the prige
jet axis.

The latter point requires that the Faraday screen somehowsabout the jet.

The 4.0-arcsec RM map reveals arc-like features at therigaatige of the W lobe. These have
alternating signs and must therefore be associated withreskrsals. They are confirmed by the
higher resolution map, where the iso-RM contours appeaettaily straight and perpendicular
to the jet axis. The resemblance to the RM bands discusselapt€r 5 is obvious. It is possible
that these features are also caused by draping of the madjieddi around the leading edge of the
lobe.

The Burn lawk maps are shown in Fig. 6.5. At 4.0 arcsec resolution, the nmalue ofk is
106 radm*, corresponding to a depolarizati@P3“™ = 0.79. The mean observedvalues for
sub-regions of 075837 at both the angular resolutions are listed in Table 6.dmFhis table, but
also by visual inspection of Fig. 6.5 (left), it is evidenatfat 4.0 arcsec the highest depolarization
is observed in the W (receding) lobe. This is consistent witigher path length through the X-ray
emitting gas (Laing-Garringtonfiect; Laing 1988; Garrington et al. 1988). In contrast, therBu
law k distribution at 1.3 arcsec is very symmetrical and has a nhmwlkr overall mean, implying

that the RM fluctuations are mostly resolved, consistertt witoreground screen.
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Figure 6.4: Images of the rotation measure for 0#¥%B, computed from weighted least-squares
fits to the position angle A2 relation at frequencies of 1385.1, 1469.1 and 4860.1 MHze Th
angular resolutions are 4.0 arcsec FWHBft) and 1.3 arcsec FWHMight).
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Figure 6.5: Images of Burn lak for 0755+37 computed from weighted least-squares fits to the
relation p(1) = p(0)exg—k1*) at frequencies of 1385.1, 1469.1 and 4860.1 MHz. The angula
resolutions are 4.0 arcsec FWHNéft) and 1.3 arcsec FWHMight).

This scenario is confirmed by the profiles &6 across the source (Fig. 6.6): at lower resolution
the profile is asymmetrical, with less depolarization ateegidistance from the core in the E lobe
and a peak which is displaced slightly W of the nucleus. Irtrest, the(k) profile at 1.3 arcsec
resolution is symmetrical and lies significantly below taa#.0 arcsec.

The highk values in the W lobe at the lower resolution are mostly seencione-like structure
(Fig. 6.5 left), as was already pointed out by Bondi et alO(®0 It is possible that the origin of
such structure may be gas and field compression or the deweltnf a mixing layer as discussed
for M 84 and 3C 270 (Sec. 5.8.5). To confirm this picture, higlesolution X-ray observations are
needed. In contrast, a region with very low and almost congtapolarization is observed at the
leading edge of the W lobe, beyond the end of the approaching j
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Figure 6.6: Profiles of Burn lakfor 0755+37 parallel to the jet direction, plotted against distance
from the nucleus. The angular resolutions are #efi)and 1.3 arcsec FWHMight).

Apart from the cone-like structure in the E lobe no correlatof depolarization with source

morphology is apparent. Together with the absence of sagmifideviations from? rotation, this

is again consistent with a Faraday rotating medium mostigraal to the source.

6.2.2

M 87: images

I made the RM image of M 87 at a resolution of 0.4 arcsec. kbtask did not solve correctly for

the nr ambiguities in position angle at some locations. In ordeetoove these ambiguities, the

RM map was produced using the following steps:

1. Fitto the four frequencies in the 3 cm band using the Gretpraersion of therm program

in atps. This produced a noisy, but smooth RM image.

(1.5 arcsec) smoothing kernel.

image.

. Runmwrrr in aes on this RM image, to apply a median-weight filter with a 15bix

. Correct all of the polarization angle maps (in the 6 and Jamds) using the filtered RM

. Run a modified version ofm task which minimises the absolutefférences between

the polarization angle maps at adjacent frequencies (§guraes that there are mer

ambiguities).

5. Add the result back to the filtered RM image.

The resulting RM map essentially confirms the results of Hieduency, C-band fit made by

Owen, Eilek & Keel (1990), but is significant improved bothiiaise level and overall reliability.
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Figure 6.7: Rotation measure of M 87 computed from fits to thsitipn angle —A2 rotation at
eight frequencies as described in the text. The angulatutiso is 0.4 arcsec FWHM.

The new map, shown in Fig.6.7, has an average fitting eregy, = 15radm?2. The RM
distribution has a mean of roughly 650 radfwith orm ~900 rad m?.

The main features of the RM image are as follows.

e The RM values are large and almost always positive, requigirmagnetic field pointing
towards us across most of the source. They range 02000 up to~6000 rad m?. This
compares with the much larger range-df000-8000 rad i found by Owen, Eilek & Keel
(1990). The most extreme positive values found by are Owdak & Keel (1990) not
consistent with the X-band position angles.

¢ The highest RM valuess3500-6000 rad 17¥) are seen only in a restricted patch in the E
lobe.

e The jet appears as a uniform RM structure characterized wyi#ues £100 rad n?), as
already pointed out by Owen, Eilek & Keel (1990).

e The RM distribution is asymmetrical: positive and smootfdyying in the W lobe, patchier
and associate with field reversals in the E lobe.

As in 0755+37, the low RM seen across the jet is surprising. Similar@&axalions may hold
for the two sources.
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Figure 6.8:Left: Image of Burn lawk for M 87 computed from weighted least-squares fits to the
relation p(1) = p(0)ex—k1%) at the eight frequencies listed in Table 6Rght: Profiles of Burn
law k along the jet direction, plotted against distance from theleus. The angular resolution is
0.4 arcsec FWHM.

The Burn lawk map for M 87 is shown in Fig.6.8. At 0.4 arcsec resolution therall k
distribution has a mean of 9820 Facth~#, corresponding to a depolarizati@P$" = 0.85. The
mean observel values for the two lobes are listed in Table 6.4. The highepbthrization occurs
in patchy structures in the E (receding) lobe, consistetti tie Laing-Garrington féect (Laing
1988; Garrington et al. 1988). These structures appearditdany and are likely to be caused by
steep (and therefore unresolved) RM gradients. Indeeg,afein the same areas as the highest
absolute values of RM arfdRM (Fig. 6.7).

In addition to low and constant RM, the jet also shows unifgriow k. The profile of
(k) across the source (Fig. 6.8, right) is qualitatively simiia that observed in 07587, but
more extreme: it increases monotonically from W to E acrdes dore, peaks in the E lobe
and then decreases at larger distances. Except in the regite jet, no detailed correlation
of depolarization with source morphology is apparent. Togewith the absence of significant
deviations fromi? rotation, this again requires a Faraday rotating mediumtiyjegternal to the
source.

6.3 Two-dimensional analysis: structure functions

| used the RM structure function (Eg. 3.13) to quantify the-simensional fluctuations of Faraday
rotation measure on scales larger than the observing bedtmior 075537 and M 87.
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Figure 6.9: RM structure functions for the sub-regions dé®737 indicated in the panels at 4.0
and 1.3arcsec FWHM. The horizontal bars represent the hitth&iand the crosses the mean
separation for data included in the bins. The red curvesterdest fits, including thefiects of
the convolving beam. The error bars represent the rms @mgfor structure functions derived
from multiple realizations of the indicated power spectromthe observed grid.
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Figure 6.10: RM structure functions for the sub-regions oBMindicated in the panels at

0.4arcsec FWHM. The horizontal bars represent the bin widthd the crosses the mean
separation for data included in the bins. The red curves lagebest fits including thefiects

of the convolving beam. The error bars represent the rmatianis for structure functions derived

for multiple realizations of the indicated cuffgpower-law power spectra on the observed grid for
each region.

Structure functions have been computed at the resolutibtteedRM images and binned by
separation over four areas of 0745%/ (the two jets and the two lobes), and in three areas of M 87
(the inner and outer E lobe and the W lobe). The reason fattigglithe E lobe of M 87 into two
sub-regions was that the structure function derived fomthele lobe showed a decrease at large
separation which probably indicates the presence of sigmfispatial variations in the field giod
density (cf. 3C 449, Chapter 4). All of these sub-regionsehemough data points to ensure that
the structure functions are robustly determined. A firgteorcorrection for uncorrelated random
noise, o, evaluated in each sub-region, has been applied to all o§ttiueture functions. A
cut-of power law (CPL) power spectrum (see also Eq. 4.3)

C(fy) =0 fL < fin
= CO f J__q fJ_ < fmax
= 0 fJ_ > fma)(. (61)

gives model structure functions in very good agreement thighdata for both sources (Figs.6.9
and 6.10). The values of,ax have also been estimated by fitting the mean valuek fafr
the sub-regions. | produced multiple RM realisations cponding to the CPL model power
spectrum on the observed grid, including tifEeets of the convolving beam, to evaluate the rms
deviations of their structure functions. These take intocoant the é&ects of undersampling and
are plotted as error bars attached to the observed points.b&st-fitting parameters are quoted
for each sub-region separately in Table 6.4, together wighdbserved and predicted values of
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Table 6.4: Best-fitting power spectrum parameters for thévidual sub-regions of 07587 and
M 87.

Source Region FWHM ¢ fmax fnin Kobs Ksyn
[arcsec] [arcsed] [arcsec!] [rad®m™] [rad®m™]

0755+37 E LOBE 4.0 2.48 8.33 00 64+3 69+3
EJET 2.45 K 0.017 1195 119:4
W JET 2.20 K 0.052 1567 164+5
W LOBE 2.19 0.69 0.028 1% 104+5
E LOBE 1.3 2.52 8.33 00 41+3 37+4
EJET 2.51 4.16 0.017 a3l 57+5
W JET 2.21 8.33 0.052 565 55+5
W LOBE 2.19 0.69 0.028 386 40+:4

M 87 Eout LOBE 0.4 2.98 0.5 00 12900-600 1340100
Ein LOBE ” 291 0.35 " 15800800 16406-250
W LOBE ” 2.95 15 K 9300500 1025@:250

Burn lawk. In M 87, the slopes and cutfdrequencies derived for the individual sub-regions are
mutually consistent. A combined fit, weighting all of the s@lgions equally and allowing their
normalizations to vary, giveg = 2.95 andfmayx = 2.75 arcsec!. The slopes for the ffierent parts

of 0755+37 differ significantly from each other, and no combined fit has bé&emated.

The structure functions for the lobes of M 87 show little firmdence for any levelling 1 at
large separations (the pointszt5 arcsec in the East lobe have very large errors). In the \&,lob
the field outer scale must &30 arcsec £2.7 kpc). The fits therefore assunfigi, = oo for this
source. In contrast, the structure functions for both ofjéige and the W lobe of 07587 level
off and clearly show the suppression of the RM fluctuations alsownee outer scale. Better fits
to these structure functions are provided by setting a firdtae for f,;, of 0.017-0.052 arcsed,
corresponding to a maximum field fluctuations on scalgsx ~ 15— 50kpc. The situation is
more ambiguous in the E lobe of 07657, because of the large errors, and in this case the fit
with fmin = oo is shown. Further work on the outer scale will require a thatgeensional analysis
which takes into account the spatial variations of density path length across the sources.

6.4 Preliminary conclusions

| have studied in detail the images of linearly polarized ssion from the FR 1 radio galaxies
0755+37, in a sparse group, and M 87 at the centre of the cool-cago\duster. | have produced
images of RM and Burn law with resolutions of 4.0 and 1.3 arcsec FWHM for 0#3%, and

0.4 arcsec FWHM for M 87. The spatial variations of the RM ritisttions in both sources have

been investigated using a structure-function technique.
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The results of this analysis can be summarized as follows:

e The polarization position angles accurately follow th® relation. Together with the
observed low depolarization, this confirms yet again thatRharaday rotation is primarily
in front of the radio emission. The residual depolarizai®oonsistent with unresolved RM
fluctuations.

e The amplitude of the RM fluctuations in 07857 is smaller than for FR | sources embedded
in groups of galaxies (Chapter 5) and comparable to that ICISG5, which is also in a
very sparse environment (Laing et al. 2006a). This reirdsiithe hypothesis the most of the
Faraday rotating material is due to the hot atmosphere cdiskeciated galaxy.

e In M 87 the amplitude of the RM fluctuations is typical of thatihd in other cool-core
clusters such as Cygnus A and Hydraédd. Carilli & Taylor 2002; Laing et al. 2008).

e The profiles oform (Which is not shown) andk) for both sources have higher average
values for the receding lobes. Thus both resolved and sabrifictuations of RM are
higher on the receding side (the Laing-Garringtdfeet; Laing 1988; Garrington et al.
1988).

e Both approaching jets show low and uniform rotation measulae M 87, the associated

depolarization is also anomalously low.

e There is other evidence for anisotropic RM fluctuations iB®737: the leading edge of
the W lobe shows arc-like RM structures with sign revers@llsese are reminiscent of the
RM bands discussed in Chapter5. The RM structures of both €33 and M 87 appear
reasonably isotropic elsewhere.

e Except in the restricted areas showing obvious anisotrgfriacture, it is reasonable to
treat the RM as a Gaussian, random, isotropic variable aedtimate its power spectrum.
The power spectra are well described by power laws with slopaging from 2.2 to 2.5
in 0755+37 and slightly steeper~@.0) in M87. These are comparable with the slopes
deduced for 3C 449, 3C 31 (Laing et al. 2008) and the regiohgominated by RM bands
in 0206+35, 3C 270 and 3C 353 (Chapter5). They are all significanttyefiaghan the value
of 11/3 expected for Kolmogorov turbulence.

e These power spectra are consistent with the observed digadian for minimum field
scales of 0.1kpc in 07587 and 0.06-0.25kpc in M87. The nearby location and high
surface brightness of M87 have allowed an accurate detatioin of its RM power
spectrum on scales smaller than those accessible for dbjests.
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e The derived magnetic-field auto-correlation lengths are 0.1-1.4kpc in 075837
(depending on the sub-region), and 0.2 kpc in M 87.

e The central magnetic field strength required to match the Ridtdations, deduced from
the single-scale approximation including cavities andiassg these values offs as scale-
lengths, is~1.0uG in 0755+37 and~35uG in M 87. This confirms the trend for stronger
fields to be seen in richer environments (Carilli & Taylor 200 although subject to
confirmation by three-dimensional modelling.

Significant imprecision is certainly introduced by the amption of constant integration path
required to interpret the RM structure functions over ligdlitsub-regions. This can be corrected
in future three-dimensional simulations, but better caists on the source geometries and the
distributions of hot gas will be required. This will be patrtlarly challenging for M 87, where the
hot-gas structure is extremely complicated (Forman etGil72
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Summary and conclusions

The goal of this thesis was to constrain the strength andtsirl of the magnetic field associated
with the extragalactic medium surrounding radio galaxgested in a variety of environments by
using observations of Faraday rotation and depolarizatianinterpret the RM structure, | have
derived analytical models and performed two- and threeedsional Monte Carlo simulations.

The picture that emerges is that the magneto-ionic enviemis of radio galaxies are
significantly more complicated than was apparent from eavliork. The unique feature of this
thesis is that the target radio galaxies are all large andlygplarized, enabling the determination
of Faraday rotation and depolarization at a large numbendépendent points with high signal-
to-noise ratio. This in turn allows global variations a&dise sources to be determined, as well as

accurate estimates of spatial statistics.

In Section 6.5, | summarize the main results obtained in @nad, 5 and 6. The general
conclusions are given in Sec. 6.6 as a set of answers to tistigue posed in the Abstract and
finally Sec. 6.7 briefly lists some topics for further work.

6.5 Summary

6.5.1 The tailed source 3C 449

The RM and depolarization across the source both appear tormgstent with a pure, mostly
resolved foreground Faraday screen. The RM structure simowsreferred direction anywhere
in the radio source. This is consistent with an isotropichulent magnetic field fluctuating over
a wide range of spatial scales. | quantified the statistichefmagnetic-field fluctuations by
deriving RM structure functions, which have been fitted gsinodels derived from theoretical
power spectra. The errors due to undersampling have be&nagstl by making multiple two-
dimensional realizations of the best-fitting power speantriDepolarization measurements have
also been used to estimate the minimum scale of the magradtic/firiations. | then developed
three-dimensional models with a gas density distributienveéd from X-ray observations and
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a random magnetic field with the previously-determined posmectrum. By comparing the
simulations with the observed Faraday rotation images,sttength of the magnetic field and
its dependence on density could be estimated. The RM andadliziation data are consistent with
a broken power-law magnetic-field power spectrum, with akrat about 11 kpc and slopes of
2.98 and 2.07 at smaller and larger scales, respectively.nfihimum scale of the fluctuations is
~0.2kpc. A particularly interesting result is the deterntioa of the outer scaleAmax ~65 kpc,
which gives the driving scale of turbulence. This is the fiiste that this quantity has been
estimated unambiguosly.

The average magnetic field strength at the group centre s12nG, decreasing linearly
with the gas density withir:16 kpc of the nucleus. At larger distances, the dependen&eldf
on density appears to flatten, but this may be fé@ct of errors in the density model. The ratio of
the thermal and magnetic-field pressures 3 at the nucleus and400 at the core radius of the
group gas. Therefore, the intra-group magnetic field is netgetically important.

These results indicate a magnetized foreground mediumsiariiar to that in 3C 31 (Laing et
al. 2008), as was expected from the close similarity betvileeenvironments, radio morphologies
and redshifts of the two sources. The RM fluctuation ampditudre comparable, as is the derived
central magnetic fieldBy ~ 2.8uG for 3C 31) and the magnetic field power spectrum which
in both sources can be fit by a broken power law steepeninggathispatial frequencies. The
low-frequency slopes are similag & 2.3 for 3C 31), but the high-frequency slope for 3C 31 is
consistent with the value for Kolmogorov turbulence={ 11/3). Because of uncertainties in the
density distribution around 3C 31, Laing et al. (2008) cauidly estimate a lower limit to the outer
scale of magnetic-field fluctuationg,max = 70 kpc, likely set as in 3C 449 by interactions with
companion galaxies in the group.

6.5.2 The lobed radio galaxies 020635, 3C 270, M 84 and 3C 353

In contrast to 3C 449, all of the sources show highly anigtrdanded RM structures with
contours of constant RM perpendicular to the major axes @f ttadio lobes. The bands have
widths of 3-10 kpc and amplitudes of 10-50 radm In several cases, they are associated with
field reversals. All of the sources except M 84 also have regia which the RM fluctuations
have lower amplitude and appear isotropic. Structure fancand depolarization analyses for
these areas have shown that flat power-law power spectrdomitamplitudes and high-frequency
cut-ofs give good descriptions of the spatial statistics. Thengtie of the field which gives
rise to the bands is significantly higher than that of thedatgscale component in the band-free
regions. The wavelength behavior of the polarization pmsiangles and the almost complete
absence of depolarization imply, as usual, that a mostlylved foreground Faraday screen is
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responsible for the observed RM in the bands and elsewhbeel presented an initial attempt to
interpret the banded RM phenomenon as a consequence @fatibeis between the sources and
their surroundings. Synthetic RM images have been prodimethe case of compression of a
uniformly-magnetized external medium. This simple modéhe source-environment interaction
predicts RM bands of approximately the right amplitude,dnly under special initial conditions.
A much better description of the data is provided bywa-dimensionaimagnetic structure in
which the field lines are a family of ellipses draped arourgl lrading edge of the lobe. This
draped-field model can produce RM bands in the correct @immtfor any source inclination
Moreover, it might explain the high RM amplitude and low digpization observed within the
bands. The two-dimensional draped-field model may alsowatdor the low rate of detection of
RM bands in published observations, since anisotropic Rdtstres will not be observed unless
the line-of-sight intercepts the wrapped field lines. Fenthore, superposed RM fluctuations with
significant power on scales comparable with the bands wikerthem dfficult to recognise.

This work has demonstrateshequivocallyfor the first time that the interaction between radio

galaxies and their immediate environmenfieets the magnetisation of the surrounding plasma.

Finally, | have reported rims of high depolarization at tliges of the inner radio lobes of
M 84 and 3C 270. Such highly depolarized structures had rest bbserved in earlier, less detailed
work. The magnetic fields responsible for such depolawmathust be tangled on small scales,
since they produce depolarization without any obviofisas on the large-scale Faraday rotation
pattern. The rims are spatially coincident with shells dfamed X-ray surface brightness, in
which both the field strength and the thermal gas densityikebyIto be increased by compression.

6.5.3 The radio galaxies 075637 and M 87

| have presented two-dimensional analyses of the RM andaégetion across the radio galaxy
0755+37, in a very poor group, and the inner 5kpc of the radio stmgcof M 87, located at the
centre of the cool-core Virgo cluster. 07557 shows the clearest known example of jet-related
RM structure. The amplitudes of the RM fluctuations acro$b837 and M 87 are typical of their
environments: in 075837 they are smaller than those detected in sources in grdiggsaxies and
much more than those in M 87, which are typical of a cool canstelr. The RM structure functions
have been evaluated for both sources over sub-regions wiinei®RM fluctuation amplitudes are
approximately constant. The structure-function analysis shown that the best-fitting power
spectrum of the RM fluctuations (and thus the magnetic fisld)power law with a cutfbat high
spatial frequencies. The best-fitting power spectra gferéint for the two lobes of 07587: the
slopes ara] ~ 2.5 in the eastern lobe argl~ 2.2 in the west. The minimum field scale derived
from depolarization measurements is 0.1 kpc and the maxifielchfluctuation scale is’50 kpc.
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In M 87, a power spectrum with sloge=~ 3.0 fits well everywhere. The minimum scale ranges

from 0.06 up to 0.25 kpc. An approximate lower limit to the@uscale is 2.7 kpc.

6.6 General conclusions

1. Origin of the bulk of the Faraday effect observed across radio galaxies

It is possible to establish that most of the RM is due to maltdretween us and the radio
source by verifying that the polarization angles hav# dependence and that the detected
depolarization, if any, is consistent with that expectamrfinstrumental fects (beam and
bandwidth depolarization). This is the case for all of thdigagalaxies analysed in this

thesis and in most earlier work.

This is consistent with the idea that radio sources haveuatad cavities in the IGM during
their expansion (as observed in X-rays) and that there has tatively little mixing of
thermal and relativistic plasma. The apparent under-presis FR | lobes and tails is most
easily explained if a small amount of thermal plasma has ba@ained and heated, but the
densities required are quite small, and consistent witimtmedetection of internal Faraday
rotation and depolarization at GHz frequencies.

Prior to the work described here, it was generally thouglatt tihe observed RM was
produced almost exclusively by the distributed hot compomé the intra-group or intra-
cluster medium and that interactions with the radio souregewunimportant. In the
present study, three distinct types of magnetic-field stinechave been found: a component
with large-scale fluctuations, indeed plausibly assodiatith the undisturbed intergalactic
medium; a well-ordered field draped around the leading edfeslio lobes and a field with
small-scale fluctuations in the shells of compressed gaswsuting the inner lobes, perhaps

associated with a mixing layer.

Foreground Faraday rotation in a spherically symmetricaldisturbed IGM provides a
natural explanation for the systematic asymmetry in RMarae angr depolarization
observed between the approaching and receding lobes ([LaB®g; Garrington et al. 1988;
Morganti et al. 1997; Laing et al. 2008). In contrast, somihans (e.g. Bicknell, Cameron
& Gingold 1990) have suggested that the RM could be localired thin layer around
the source, but simple shell models of this type finficlilties in reproducing the observed
asymmetries and are unlikely to be important on large sc#leslikely that the spherically-
symmetric group component dominates in large, tailed ssustich as 3C 449.

The results on banded RM structures presented in this tBagigest that the magnetised
medium producing them must have a scale comparable to thiwedbbe width. If the
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radio source is expanding supersonically, there will als@tbow shock ahead of the lobe
in the hot gas which will naturally produce higher densitesl stronger fields in the post-
shock material immediately surrounding the lobes. All & #ources which show banded
RM structure show evidence of strong interaction with theaunding medium, either from

expansion driven by the jets (02685, 3C 270, 3C 353) or from X-ray observations (M 84).

The best evidence for mixing between thermal and relativistasma comes from the
observation of enhanced depolarization in the inner lolded 84, 3C 270 and 075537.
It is in these regions that models like those of Bicknell, @aom & Gingold (1990) are
most likely to apply.

2. The connection between magnetic field and thermal gas
The results of this work are consistent with the idea thatRM: fluctuation amplitude in
galaxy groups and clusters scales roughly linearly withsitgnranging from a few rad nf
in the sparsest environments (07%7) through intermediate values ©f30-100 rad m? in
groups (020635, 3C 270 and 3C 449) to 10*rad nT2 in the centres of clusters with cool
cores (M 87).

The spatial variation of RM fluctuation amplitude in galaxyogps is consistent with a
distribution for the magneto-ionic medium which is sphallic symmetric, together with
cavities coincident with the radio emission. The radialetafence of the field strength can
be approximated by(r) = <Bo>(”;—g))", with 1 2 5 2 05. The central magnetic-field
strengthBy is typically a fewuG and the magnetic field is never dynamically dominant over
the modeled volumes.

Thus the relation between magnetic field strength and deimsijalaxy groups appears to
be a continuation of the trend observed in galaxy clusteig Brunetti et al. 2001; Dolag

et al. 2006; Guidetti et al. 2008; Bonafede et al. 2010): #ubal variations have similar
functional forms and the normalization scales with density

3. Magnetic-field structure

In this thesis, two types of RM structures have been founde with RM variations
reasonably approximated as isotropic and random (3C 4497,Mi& western lobe of
3C 353) and one with two-dimensional banded RM patterns§928, 3C 270, M 84, the
eastern lobe of 3C 353 and perhaps 0#53B). The first type of structure is well reproduced
by a Gaussian isotropic random magnetic field, as shown bigeaumerical modelling as
well as that performed in this thesis. The second type shueidece for a two-dimensional,
ordered magnetic field. One of the major results of this thésis been to demonstrate
that RM enhancements are expected from compression of theusding magneto-ionic
medium by expanding radio galaxies, but that such strustoem have band-like shapes

129



130

Summary and conclusions

with the observed propertiemly when the field is wrapped around the radio lobes in a two-
dimensional geometry. In order to create RM bands with mlgtreversals, more complex
field geometries such as two-dimensional eddies are needed.

. Magnetic field power spectrum: functional form and range of €ales

Recent observational work on galaxy clusters has led tandaihat the intra-cluster
magnetic field has a Kolmogorov-like power spectrum (i.e oavgr law with slopeq =
11/3). Kolmogorov turbulence would be expected over someialeenge if the turbulence
is primarily hydrodynamic (Kolmogorov 1941) or for the MHDascade investigated
by Goldreich & Sridhar (1997). However, the assumptions drictv the Kolmogorov
turbulence relies (homogeneity, isotropic and lack of nedigation) are not satisfied in the
intergalactic medium. Numerical simulations predict aswidnge of spectral slopes (albeit
with some preference for the Kolmogorov value; Dolag 20@@)] a comparison between
theory and observation therefore seems premature.

None of the RM distributions studied in this thesis show flations compatible with a
Kolmogorov power spectrum over the full range of observedles: Instead, they are
consistent with flatter power-law power spectta{ 3). A Kolmogorov form on scales
below the resolution limit cannot be excluded, althougk thinot the case on linear scales
as low as 60 pc in M87. Power spectra with slopes flatter th@d Hdve also been found
by other authors (Murgia et al. 2004; Govoni et al. 2006; gagéhal. 2008). Similar results
come from the analysis of magnetic turbulence in the Gal&or. example, Regis (2011)
found a flatter indexq = 2.7) by analysing the fluctuations in the Galactic synchrotron
emission (see also Minter & Spangler 1996).

It is worth noting that the power spectra for sources in thissts appear to be steeper in
richer environments. The slopes range frgm- 2 in groups (075537, 0206-35) up to
g~ 3inclusters (3C 353, M 87). The flatter slopes are found imeERIShowing anisotropic
RM’s, but this might be a selectiorffect. The idea of that the index of the power spectrum
is determined by the richness of the environment is probabérsimplified.

In 3C 449, the power spectrum cannot be a single power lawallier steepens on smaller
scales. A broken power law gives a good representation ofithe, as found for 3C 31
(Laing et al. 2008), but is not unique: a smoother functiorulddit just as well. The
precise location of the break in the broken power law may eqgbiysically significant, but
a change in slope might occur at the typical field reversdks€¢he field is produced by a
fluctuation dynamo (Schekochihin & Cowley 2006; Eilek & Ow&b02).

It is not clear what determines the minimum and the maximuatesoof the magnetic field.
Reconnection of field lines is expected to occur on much emnadlales than those sampled
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and is therefore not relevant. Energy can be injected orelacgles from the interactions
between the radio source and the magnetized gas, gas md@tsashing”) within the
grougcluster potential well €.g. merger-related) and motion of the host galaxy. All of
these provide energy input on roughly the outer scale estitnir 3C 449 and 07587
(the latter subject to confirmation by three-dimensionabeiling). In principle, the origin
of the maximum scale could be constrained by observatioti'eagame type of radio source

in different environments.

5. RM structure and its connection with the radio source morphdogy

| pointed out a potential correlation between radio sourcepimology and RM anisotropy.
RM bands have so far been unambiguously detected only irdlcd#io galaxies. This is
what expected if the process producing bands is relatedrte dorm of compression or
draping. Radio galaxies with lobes are indeed expected tmdne dfective than tailed
sources in compressing the surrounding gas. Productiorvbb&nds by draped fields in
tailed sources is not excluded, provided that there isivelabotion between the source and
the surrounding gas. This might occur in narrow-angle wilrses (where the host galaxy
is moving rapidly through the ICM) or in wide-angle tails fdre are sloshing motions of

gas in the cluster potential well.

6.7 Future prospects

The work described in this thesis raises a number of obdenadt questions, including the

following.

1. How common are anisotropic RM structures? Do they occimantly in lobed radio
galaxies with small axial ratios, consistent with jet-érivexpansion into an unusually dense
surrounding medium? Is their frequency qualitatively éstesnt with the two-dimensional

draped-field picture?

2. Why do we see bands primarily in sources where the isarBd component has a flat
power spectrum of low amplitude? Is this just because the$aan be obscured by large-
scale fluctuations, or is there a causal connection?

3. Are the RM bands suggested in tailed sources such as 30#bblydra A caused by a
similar phenomenon (e.g. bulk flow of the IGM around the jails

4. Is an asymmetry between approaching and receding lob&s isethe banded RM
component? If so, what does that imply about the field stre€tu
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5. How common are the regions of enhanced depolarizatidmeatdges of radio lobes? How
strong is the field and what is its structure? Is there eviddocthe presence of a mixing
layer?

It should be possible to address all of these questions @sitmmbination of observations
with the new generation of synthesis arrays (EVLA, e-MERIdh LOFAR all have wide-band
polarimetric capabilities) and high-resolution X-ray ignag. It will be possible to determine
rotation measures within a single observing band at highiadpasolution, allowing at the same
time a much quicker and more accurate RM determination aeditiilding of larger samples.
Higher resolution and improved image quality will allow saling of a larger range of spatial
scales and hence improve the constraints on the RM powetrgpec In particular, it should
be possible to determine with certainty whether the powecspm has the form expected for
Kolmogorov turbulence. An alternative to fitting paramsdd functions to the power spectrum is
provided by Bayesian methods, which are non-parametricstiodld improved error estimates
(EnB3lin & Vogt 2005). RM modelling should be conducted in exgy with jet modelling,
which provides constraints on the geometry of the sourcdseatimates of their jet powers, and
with X-ray observations. Finally more detailed MHD simudais of radio-source evolution in a
surrounding magnetised medium are needed.
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Appendix

Data reduction and imaging of the radio
galaxies 020635, 075537 and M 84+

he aim of this appendix is to present the VLA data reductiod high-quality radio
imaging of the FR | sources 02685, 0755-37 and M 84, which have been performed
in collaboration with R. A. Laing, A. H Bridle, P.Parma andBbndi.

Here, we describe:

1. details of the observations and data reduction
2. the source morphologies in total intensity at a range sxfltgions,

3. images of the degree of polarization and the apparent etiagield direction, corrected for

Faraday rotation.

.1 Observations and VLA data reduction

We made use of new and archive VLA observations. Deep imagdts amgular resolution
ranging from 4.5 down to 0.35 arcsec FWHM have been produwed fulti-configuration VLA
observations at 1.4 GHz (L-band) and 4.9 GHz (C-band). Analof the observations is given in
Table 5.

The VLA data listed in Table 5 were calibrated and imagedgitire AIPS software package,
following standard procedures, with a few additions. The-fliensity scale was set using
observations of 3C 286 or 3C 48 and the zero-poinEefector position angle was determined

*part of Laing, Guidetti et al. 2011, in prep.
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Table 5: Journal of VLA observationsy and Av are the centre frequencies and bandwidth,
respectively, for the one or two frequency channels obskard t is the on-source integration
time scaled to an array with all 27 antennas operational.

Source Config. Date v Av t Proposal
[GHZz] [MHz] [min] code
0206+35 A 2008 Oct 13  4885.1,4835.1 50 486  AL797
A 2008 Oct 18 4885.1,4835.1 50 401 AL797
B 2003 Nov 17 4885.1, 4835.1 50 254  AL604
C 2004 Mar 20 4885.1, 4835.1 50 88 AL604
A 2004 Oct24 1385.1, 1464.9 25 189 AL604
B 2003 Nov 17 1385.1, 1464.9 25 110 AL604
0755+37 A 2008 Oct 05 4885.1,4835.1 50 477  AL797
A 2008 Oct 06  4885.1, 4835.1 50 383 AL797
B 2003 Nov 15 4885.1, 4835.1 50 332 AL604
B 2003 Nov 30 4885.1, 4835.1 50 169 AL604
C 2004 Mar 20 4885.1, 4835.1 50 125 AL604
D 1992 Aug 02 4885.1, 4835.1 50 55  AM364
A 2004 Oct25 1385.1,1464.9 125 450 AL604
B 2003 Nov 30 1385.1,1464.9 125 160 AL604
C 2004 Mar 20 1385.1, 14649 12.5 21  AL604
M 84 A 1980 Nov 09 4885.1 50 223  ALO20
A 1988 Nov 23 4885.1, 4835.1 50 405 AwW228
A 2000 Nov 18 4885.1, 4835.1 50 565 AW530
B 1981 Jun 25 4885.1 50 156 AL020
C 1981 Nov 17 4885.1 50 286  ALO20
C 2000 Jun 04 4885.1,4835.1 50 138 AW530
A 1980 Nov 09 1413.0 25 86  ALO20
B 1981 Jun 25 1413.0 25 29  ALO20
B 2000 Feb 09 1385.1, 1464.9 50 30 AR402

using 3C 286 or 3C 138, after calibration of the instrumelgakage terms. The main deviations

from standard methods were as follows.

Firstly, we used the routing.caL to compute closure corrections for the 4.9 GHz observations

This was required to correct for large closure errors on lese between EVLA and VLA

antennas in the most recent observations (VLA{IS2810), but also improved a number of the

earlier datasets. Whenever possible, we included obsemgabf the bright, unresolved calibrator

3C 84 for this purpose; if it was not accessible during a paldir run, we used 3C 286. We found

that it was not adequate to use the standard calibratiorcfnahierages over scans) to compute the
baseline corrections, as phase jumps during a calibrator saused serious errors in the derived
corrections. We therefore self-calibrated the obsermatio amplitude and phase with a solution

interval of 10 s before runningLcaL. We assumed a point-source model for 3C 84 and the well-
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determined:Lean model supplied with the AIPS distribution for 3C 286.

Secondly, we imaged in multiple facets to cover the innet githe primary beam at L-band
and to image confusing sources at large distances from thseptentre in both bands. Before
combining configurations, we subtracted in thevj plane all sources outside a fixed central field.
For 0755-37, this procedure failed to remove sidelobes at the cerittheofield from a bright
confusing source close to the half-power point of the prini@am. The reason for this is that the
VLA primary beam is not azimuthally symmetric, so tHéeetive complex gain for a distant source
is not the same as that at the pointing centre and varies im#hih a diferent way. We used the
AIPS procedureeeLr to remove the fiending source from theu(v) data for each configuration
before combining them.

Finally, we corrected for variations in core flux density aathplitude scale between
observations as described in Laing et al. (2006b).

J2000 coordinates are used throughout this work. The astrgrfor each of the sources was
set using the A-configuration observations, referenced neaby phase calibrator in the usual
manner. Thereafter, the position of the compact core wasdmistant during the process of array
combination. If positions from archival data were origigah the B1950 system, then (u,v,w)
coordinates were recalculated for J2000 before imaginge Tband data were usually taken in
two adjacent 50 MHz frequency channels, which were imaggelth®r. We also madeimages at
L-band using the data from both channels; these were usegbéatral-index analysis which will
be presented elsewhere.

In order to avoid the well-known problems introduced by tloenentionalcLean algorithm
for well-resolved, difuse brightness distributions, total-intensity imagesathigher resolutions
were produced using either a maximum-entropy algorithmeflye& Perley 1991) or the multi-
scalecLean algorithm as implemented in the AIPS package (Greisen &019). In the former
case, bright, compact core and jet components werecfiraived out. The maximum-entropy
images were then convolved with a Gaussian beam and.ihe components restored. We found
very few diferences between the images produced by the two methods. taiaasl single-
resolutioncLean was found to be adequate for the lowest-resolutiomages. Stoke§) andU
images wereLeaned using one or more resolutions (we found fefatiences between single and
multiple-resolutionciLean, for these images, which have little power on large spatiales). All

of the images were corrected for thifexts of the antenna primary beam.

In general, the 4.9 GHz images hau@&source rms levels very close to those expected from
thermal noise in the receivers alone. The integrationshfeiLtband images are shorter than at the
higher frequency, and the noise levels are correspondinigliger. As a check on the amplitude
calibration and imaging of thé images used in spectral-index analysis, we have integtated
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Table 6: Resolutions and noise levels for the images usdddmiork. Col.1 source name; Col.2
angular resolution; Col.3 observing frequency; Col.4 Vigxtigurations; Col.5 imaging method;
Col.6 dt-source noise level on theimage ¢-) and the average of the noise levels @rand

U (op). Col.7 approximate maximum scale of structure imagedabdli (Ulvestad, Perley &
Chandler 2009). Col.8 corrected single-dish flux densjtigisin the standard scale of Baars et al.
(1977), as used at the VLA. Col.9 references.

Source FWHM Freq Config. Method rms noise level Max lint/Jy Ref.

[arcsec] [GHZ] I QU [ulybeam?] scale Image SD
o op [arcsec]

0206+35 1.20 4860.1 BC MR MR 12 12 300.9D+ 0.02 098+ 0.12 1
1.20 1464.9 AB MR MR 21 22 300.22+0.04 2.13 3
1.20 1385.1 AB MR MR 21 23 300.22+0.04 2.22 3
1.20 1425.0 AB MR - 19 - 300 212+0.04 2.18 4
4,50 4860.1 BC MR- 18 - 300 Q90+ 0.02 098+0.12 1
4,50 1425.0 AB MR - 38 - 300 213+0.04 2.18 4

0755+37 1.30 4860.1 BCD MR MR 7.8 7.9 300.26+0.03 127+0.02 2
1.30 14649 ABC MR MR 28 28 300.@0+ 0.05 253+ 0.09 2
1.30 1385.1 ABC MR MR 27 26 300.24+0.05 262+ 0.09 2
1.30 1425.0 ABC MR- 20 - 300 264+ 0.05 257+0.09 2
4.00 4860.1 BCD MR MR 14 12 300.25+0.03 127+0.02 2
4.00 14649 ABC MR MR 44 42 300.29+ 0.05 253+ 0.09 2
4.00 1385.1 ABC MR MR 46 36 300.23+0.05 262+ 0.09 2
4.00 1425.0 ABC MR MR 32 - 300 265+ 0.05 257+0.09 2

M 84 1.65 4860.2 ABC MR MR 15 11 300 2©4+0.06 288+0.08 3
1.65 1413.0 AB MR MR 140 140 120.@3+0.12 644+ 0.24 3
45 4860.% C MR MR 23 20 300 D28+ 0.06 288+ 0.08 3
45 14649 B MR MR 120 70 120.4+0.12 632+0.24 3
45 1413.0 AB MR MR 210 150 120.99+ 0.12 644+ 0.24 3
45 1385.1 B MR MR 130 69 120 .46+ 0.13 651+0.24 3

References: 1 Gregory & Condon (1991); 2 Kiihr et al. (1981)aing & Peacock (1981); 4 White & Becker (1992).

aAlthough the 1980 and 1981 observations have a centre fregua 4885.1 MHz, the weighted mean for the combined dataset
still close to 4860.1 MHz.

flux densities using the AIPS vetiystar. We estimate that the errors are dominated by a residual
scale error 0&2%. All of the results are in excellent agreement with sirdjih measurements
(Table 6).

The configurations, resolutions, deconvolution algorgtand noise levels for the final images
are listed in Table 6. The noise levels were measured betoreation for the primary beam, and

are appropriate for the centre of the field.

.2 Images

Our conventions are as follows:

1. images of total intensity are show as grey-scales, ovanger indicated by the labelled

wedges.

138



.2. Images 139

354830 — 71

15 -
/ %
47 45 — —

30— -

DECLINATION (J2000)

00 = -
Bl 1 1 1 1 1 1 1 1
02 09 43 42 41

| 5
34 0209 43 42 41

40 39 38 37 36
RIGHT ASCENSION (J2000)

40 39 38 37 36
RIGHT ASCENSION (J2000)

Figure 11: 020635 at 4.9 GHz with angular resolution of 1.2 arcsec FWHLElt: total intensity
distribution| in mJy (beam areaj. Right: apparenB, vectors with lengths proportional tm g
derived from the 3-frequency RM fit, superimposed on a fatsleur display ofl .

2. We also show intensity gradient for 0458/ and M 84,|VI|, derived using a Sobel filter
(Sobel & Feldman, 1968).

3. Linear polarization is illustrated by plots in which vers have lengths proportional to
the degree of polarization at 4.9 GHp4() and directions along the apparent magnetic
field (By). They are superposed on false-colour images of eith@gain with a labelled
wedge indicating the range) ¢vl|. By) vectors are plotted where > 50-. A value of
p = 1 is indicated by the labelled bar. The apparent field dioects yo + 7/2, where
o Is the E-vector position angle corrected to zero-wavelength byngtto the relation
x(1?) = xo + RMA? for foreground Faraday rotation. In some sources, we usedii
images at lower resolution to correct the position angldéss procedure is valid if the RM
varies smoothly over the low-resolution image, and max@sithe area over which we can

determine the direction of the apparent field.

4. The restoring beam is shown in the bottom left-hand cooheach plot.

5. We refer to parts of the sources by the abbreviations N,, $V Efor North, South, East,
West) etc.

6. We refer to thanain (brighter) andcounter(fainter) jets.
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2.1 0206-35

The left panel of Fig. 11 shows the total intensity distribotover all of 0206-35 at 4.9 GHz,

1.2 arcsec resolution.

At this resolution, both lobes are circular in cross-setémd show sharp outer boundaries,
particularly to the NW and SE of the source, plus some faidifuse emission to the N and S.
If the orientation ofg ~ 40° determined for the inner jets (Laing & Bridle, in preparafialso
applies to the lobes, then they are presumably ellipsoiddl &n axial ratio~1. The figure also
shows internal structure in both jets. NW jet has the brightese, and both bends and brightens
as it enters its lobe, after which its path meanders. The Siateojet appears to expand more
rapidly initially, then also meanders as it enters its lobke right panel of Fig. 11 illustrates that
the magnetic field configuration in both lobes is well ordesed basically circumferential, while
near the central lines of the jets it is predominantly pedienar to their axis, with evidence for
parallel field at the jet edges. The southern edge of the sdsistrongly polarized with magnetic
field tangential to the source boundary.

2.2 075%37

Figs. 12(a) and (b) show the total intensity distributioreoall of 0755-37 at two resolutions
and frequencies. Fig.12(a) at 1.4 GHz, 4.0 arcsec resolusioows that the large scale structure
consists of two lobes, again roughly circular in projectiarith well-defined but not particularly
sharp outer edges to the W and E, plus faintéiude emission to the N and S. The E lobe has a
series of narrow rings and brightness steps in the regiomenthe brighter jet appears to terminate.
They are recessed from the eastern boundary of this lobecene siay be the edges of thin shells.
The structure of the W lobe is unusual, containing some ikecfeatures. and other structure
suggestive of a rapidly decollimating counter-jet W of theleus, as previously described by
Bondi et al. (2000), with a “hole”, or deficit of emission inetltregion where the counter-jet
might be expected to terminate. Although partially resdleeit, all of these internal structures
are confirmed by the higher resolution image at 4.9 GHz, fic8ex resolution (Fig. 12(b)).

Figs. 12(c) and (d) show that the magnetic field in both lobesxteptionally well organised, and
mainly tangential to the lobe boundaries, at both the amgakolutions. At the lower resolution,
the degree of linear polarizatiop <0.6 over much of both lobes. Noteworthy is the excellent
alignment between the field vectors and the ridges of higghimiess gradient on both sides of the

source.
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Figure 12: images of 07587 at 4.0 arcsec (panels a and c) and 1.3 arcsec (panels b.af&) d)
Total intensity at 1.4 GHz in mJy beam (b) Total intensity at 4.9 GHz in mJy beam Apparent

B4 vectors with lengths proportional tpsg from the 3-frequency RM fits, superimposed on a
false-colour display at 4.9 GHz of the intensity gradi@mtand the total intensityd). The panels
show identical areas.

2.3 M84

The left panel of Fig. 13 shows the total intensity distribntover M 84 at 1.65 arcsec FWHM
resolution. The source appears to be an intermediate casedielobed and tailed sources: the
lobes, in particular the NE one, more closely resemble theriplumes in FR | sources(3C 31,
Laing et al. 2008), albeit on a much smaller linear scaleKpc) and somewhat rounder shape.
On the other hand, the spectral gradients (Laing et al. ipgregion) are more characteristic of
lobed sources, with no hint of steepening outwards. Bothg&pand rapidly and deflect within
about 1arcmin of the nucleus. They are surrounded bk emission, at least in projection,
everywhere except perhaps within a few arcsec of the nuclEus North jet is brighter at its base

and forms a plume-like structure without well-defined edafésr deflecting though approximately
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Figure 13: Images of M 84 at 1.65 arcsec resolutidreft: Total intensity at 4.9 GHz in mJy
(beam area). Right: ApparentB, vectors with lengths proportional tpso derived from the
4-frequency RM fits at 4.5 arcsec, superimposed on a faleexcdisplay of the total intensity
gradient at 4.9 GHz.

90°in projection. Lower-resolution observations were presgly shown by Laing & Bridle (1987)

S0 are not repeated here.

The right panel of Fig. 13 shows the apparent magnetic figlicstre. In the N lobe, the
magnetic field is predominantly perpendicular to the presdipath of the jet along its mid-line.
The magnetic field in the S lobe is broadly circumferentiad arsudden increase in the degree of

polarization at the edge of the lobe is apparent.
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