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Introduction

“The argument in the past has frequently been a processnoiingliion: one
observed certain phenomena, and one investigated whaifgghg phenom-
ena could be explained; then the unexplained part was takshdw the
effects of the magnetic field. It is clear in this case that, tihgelaone’s ig-
norance, the stronger the magnetic field.”

— Lodewijk Woltjer, Remarkson the Galactic Magnetic Field, 1967.

1.1 Prelude

Galactic magnetic fields have come a long way; from beingdafor their complexity
or naively invoked to explain cosmic phenomena, they areegtablished as a major and
ubiquitous constituent of galaxies and form part of the Qevarapidly expanding field of
Cosmic Magnetism. In fact, in the fast approaching era ofyaelescopesimagnetism

is explicitly named as key science for the current LOw FregyeARray (LOFAR) and
future Square Kilometre Array (SKA) radio telescopes. R&lio Astronomy that reveals
the nature of magnetic fields in the cosmos as most of therfadecosmic magnetism
lie in the radio domain. For example, the already operatifaa G. Jansky Very Large
Array (VLA), LOFAR, and Atacama Large Millimetggubmillimeter Array (ALMA) are
all able to provide detailed characterization of magnettdfi. The SKA with its two
precursors, the Australian Square Kilometre Array PatlefifdSKAP) and the Meer
(‘more of’) Karoo Array Telescope (MeerKAT), will providenprecedented sensitivity
and resolution, thereby revolutionizing the study of maignields not only in our own

1Proceedings from IAU Symposium no. 31 held in Noordwijk, Netands.
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Chapter 1. Introduction

Galaxy but also in external galaxies, the intracluster mwadjlCM), and the intergalactic
medium (IGM).

Although magnetic fields do not sculpt the dynamics of ga&sxin the whole, they
carry significant energy, not only in galaxy disks but alsgataxy halos (Haverkorn &
Heesen 2012), and exert influence on virtually all astrojlayprocesses in the interstel-
lar medium (ISM) (Ferére 2001; Landecker 2012; Haverkorn 2014) and, conseguentl
influence galactic evolution.

Detailed knowledge of galactic magnetic fields is benefi@alSM and star forma-
tion studies, as a significant foreground for studies of thermic Microwave Background
(CMB) B-mode polarization, the Epoch of Reionization (Ep&)d magnetization of the
cosmic web, and for tracing the arrival directions of Ultighhenergy Cosmic Rays
(UHECRS).

In the next section, the key constituent interactions ini§M are presented and dis-
cussed. This is followed by a discussion of the energy spectf turbulence and the
classification of magnetic fields according to field typese $iinchrotron radiation mech-
anism is subsequently discussed followed by radio obsksamnd polarization. Finally
the current status of magnetic field knowledge is addresseldding the inferred domi-
nant magnetic field modes in galaxy disks and halos, and thigilsotion of this thesis to
galactic magnetism is summarized.

1.2 The interactive ISM

The ISM is broadly composed of gas, magnetic fields, cosnyie (@Rs), and dust. The
gaseous phase of the ISM is classically composed of fourgshagher ionized or neutral
(for a review see Femre (2001)). The neutral phases are the Cold and Warm Neutral
Media (CNM and WNM) and consist of atoms (predominantly hg@mand helium with
traces of metals) and molecules. The ionized phases aredhm ¥hd Hot lonized Me-
dia (WIM and HIM). In this thesis, the WIM is the relevant gas gbaionized gas at a
temperature of 8000 K and density @ cnT2 (Tielens 2005), volume filling factor df

~ 20% and mass filling factor df, ~ 10%. The WIM is very inhomogeneous and almost
fully ionized (~ 0.9). lonizing photons from O stars are the main source of ation of
the WIM. There are low-density channels that enable thesgifmnphotons from the O
stars in the stellar disk to travel from the disk to far abdwedalactic mid-plane. This re-
sults in a large scale height of the WIM of about 1 kpc. The iedigas is tightly coupled
to the magnetic field and motions of the plasma can functioedenerate the large-scale
magnetic field, converting kinetic energy into magneticrgge Such a mechanism is
known as a dynamo.

CRs are comprised of relativistic electrons (CRES), pretand atomic nuclei, which
have a power-law energy spectrum ranging from (at leasf) @@ to ~ 10?° eV. A slight
break in the spectral slope occurs at abodt"i@V, thought to coincide with a transition
from lower-energy Galactic CRs to higher-energy extragaladCRs. These high-energy
CRs can not be of Galactic origin since their Larmor radiuseexls the thickness of
the Galaxy disk which allows them to immediately escape ftbenMilky Way. CREs
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1.2. The interactive ISM

Cosmic Rays

Magnetic Fields

Figure 1.1: The ISM network described by gas, cosmic rays, and magnetic fiekdscdnnecting
edges denote bidirectional interaction.

spiraling around Galactic magnetic field lines emit syntimmoradiation detectable in the
radio regime. In this way, CRsftluse through the ISM with a flusion codicient given
as the ratio of the mean-free path traveled by a CRE from itgroin the plasma to its
synchrotron lifetime.

In the ISM, the energy densities of the turbulent gas, thegaa, magnetic field
and cosmic ray electrons are all on the orderdf eV cnt® (Hennebelle & Falgarone
2012), implying that all these processes are dynamicalppitant and provide significant
feedback on each other. We now provide examples of the fekdbactionality of these
three components as it operates in the ISM, shown schernhatic&ig. 1.1.

1-2:
CRs are accelerated in astrophysical shocks found in gbfeath as supernova
remnants (SNRs) through Fermi acceleration as proposed. IRefni in 1949.

Acceleration continues as long the magnetic field is abletdain the CRs within
the shocked region.

1-3:
At the same time, turbulent motions also amplify and disteaignetic fields and
enhance magnetic fliusion. Plasma motions on afBaiently large scale actuate

thea — w (alpha-omega) dynamo (Parker 1955). The weight of the argimatter
serves to confine the magnetic fields.
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Chapter 1. Introduction

2—-1:
CRs heat dense interstellar clouds that are too dense ftoqdhto penetrate. They
also drive galactic winds (Breitschwerdt et al. 1991, 192330, the interaction of
CRs with interstellar gas and dust produces gamma rays.

2> 3:
CR driven dynamo (Parker 1992; Hanasz et al. 2004; Kulpaebgb al. 2015)
and CR pressure inflates buoyant loops of magnetic field$wei@arker instability
(magnetic buoyancy instability) (Parker 1966).

3- 1
Magnetic fields &ect charged particles via the Lorentz force and can acdelera
charged patrticles to high energies. They couple with bo#ingdd and neutral par-
ticles, via ion-neutral collisions, except for the dengesmstts of molecular clouds
(Ferriere 2001), participate in gas dynamics, regulate cloudps# and the subse-
guent onset of star formation, anffext motions of supernova remnants and bub-
bles (e.g., see Wolleben et al. (2010); lacobelli et al. &1

352

Magnetic fields regulate the energy and distribution of GRytgfect CR difusion
length and dtusion time scales (Beck 2004). Thefdsion codficient varies with
magnetic field strength and the field’s degree of ordering. ekample, Mulcahy
et al. (2014) suggest that the CRHEdsion codficient in M51 could be lower than
in the Milky as a result of M51 having a stronger and possiblyrenturbulent
magnetic field. Moreover, magnetic fields both decelerated@Rsing energy loss
through emission of synchrotron radiation and acceler&ei@ the mechanism of
Fermi acceleration.

1.2.1 Turbulent energy spectrum

Turbulence is a property of a random, (fluid) flow charactatiby spectral energy trans-
fer that proceeds through non-linear, multi-scale intéoas. In fact, from the electron
density power spectrum of the WIM, turbulence in the WIM sparisast 10 decades of
scale from 10° AU <1 < 100 pc (Armstrong et al. 1995).

The magnetized, multi-phase ISM is randomly stirred on #ingdst scales, most vig-
orously by old SNRs in the disk and by superbubbles and Pamk&bility in the halo,
as shown by Mao et al. (2015) for M51. SNe inpub46rgs (164 J) per event resulting
in an expanding SNR. Aftex 1 Myr, the SNR’s expansion speed has reduced to the ISM
sound speed afs ~ 10 km s, the size of the SNR has reached-5Q00 pc at pressure
balance, and SN shell merger with the ISM has commenced.

Although a gross simplification of the actual turbulencehia tSM, which requires
a detailed description of the astrophysical plasma, magyerodynamics (MHD) can
be used as a clean dynamical theory to treat non-relat\asiil slowly varying motions
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1.2. The interactive ISM

(on time scales much longer than the inverse of the plasnupudrecy) of the highly-
conducting plasma. This plasma is assumed to be subjectatiig action of mechanical
and magnetic forces. As magnetic fields are stretched artcbgehe turbulent motions
in the ISM, they resist deformation via magnetic tensionug;irom the combined action
of the turbulent advection of the magnetic field and the figdick reaction, a statistically
steady state of (incompressible) MHD turbulence can benasduo arise which is then
characterized by a power-law energy spectrum (SchekatBil@owley 2007).
Three main regimes for this energy-spectrum hold:

1. Integral scale: The driving force of turbulence injeatergy and momentum into
the largest eddies (cells) comparable to the object sizdaulent motions decay at
the turnover time of the largest eddy.

2. Inertial range: An energy cascade ensues, subject tbaihfarces, with energy
progressively removed from larger eddies (snialand deposited at small eddies
(largek) wherek is the wavenumber &1). Kinetic energy is conserved (does not
dissipate). The energy transfer rate proceeds indepdpddrit, with the eddies
unaware of either the driving force or of dissipation. Thisrthus a power law de-
pendence oE(K) on k which translates to a linear relationship in B¢k) vs logk.

3. Dissipation scale: Energy is transferred to heat by visdorces, marking the end
of the inertial range.

As proof of the necessity for dynamo action in the ISM, we fyieonsider the funda-
mental MHD equation which describes the time evolution efitagnetic field as

B
‘Z—t =V x (vxB)+7nV?B, (1.1)

whereB = B is the total magnetic field set equal to the large-scale fledaing assumed
the absence of a turbulent magnetic field)s the mean velocity, and whenéds a constant
Ohmicmagnetic difusivity depending only on the temperature of the plasma.eldegr,

n o« o1, whereo is the electric conductivity. First, consider the ideatizase of infinite
conductivity, withn = 0 in the above equation. This yields the so-called ideal MHD
equation. The ideal MHD equation describes the ‘frozerinit of Eq. (1.1) as a result
of magnetic fields moving perfectly with the fl§idAs an order of magnitude estimation,
the ideal MHD equation can be rewrittenas | /v for some characteristic time length

I, and velocityv. Forl ~ 100 pc and velocity equal tos, the ideal MHD limit then
implies that it would take ~ 10 Myr for turbulence to develop in the ISM. Next, without
loss of generality, let us assume that the ISM is a statioqda@ = 0) so that only the
second term on the right hand side of Eq. (1.1) remains. The$ave thatgig ~ |§iff/77
with a characteristic diusion timergig and difusion scaldgis. Assuming that charge

2Described by Alfén in 1942 and therefore known as Adivs theorem of flux freezing.
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Chapter 1. Introduction

Table 1.1: Nomenclature used to describe the three magnetic field types along witlsiagdhy
basis for these respective fields.

Field type Regularity Degree of ordering Scale Example
causes
Mean, average regular, uniform coherent (ordered) large-scale, dynamo
B global action
Anisotropic random, turbulent, ordered small-scale compression
b, tangled or shear
Isotropic random, turbulent, disordered small-scale supernovae
b tangled

separation in the plasma is negligible and that ions andrelexboth have a temperature
of 10* K, yieldsn ~ 10’ cn? s, Now, with gz ~ 500 pc for a galactic disk thickness,
Tair ~ 10?7 yr, a time much longer than the age of the universe of 3yr. In the real
ISM, however, the diusivity is strongly #fected by the turbulent motions of the plasma
resulting in they in Eq. (1.1) being replaced by an isotropicbulentmagnetic difusivity
given bynum = Y3 lgir Cs & 10°° e s71. This yields a large-scale magnetic field decay
time of rgir ~ 5 x 10 yr or aboutY/,, of the galactic lifetime. Since magnetic fields are
indeed observed in galaxies, this, in turn, necessitateardy action in the ISM.

1.3 Magnetic field classification

Magnetic fields can be classified according to three disfietd types as described in
Table 1.1 and illustrated in Fig. 1.2. Mean or regular fieldgehsizes of the spiral arms
and arise from large-scale motions of the plasma (e.fgrdntial rotation as part of a
dynamo), that drag the essentially ‘frozen-in’ field lindésray. Isotropic turbulent fields,

on the other hand, have directions which are completelyaemd hese are fields tangled
by supernovae and other outflows such as stellar winds arndspediar outflows. When

isotropic turbulent magnetic fields are compressed or shiday gas flows, they obtain a
preferred overall orientation, but with directions renmagnfrequently reversed on small
scales. The circular turbulent cells of the isotropic tlebtfield in Fig. 1.2 indicate that

the field equally correlates with all spatial directions Mthe elliptical turbulent cells

of the anisotropic turbulent field reflect a stronger spat@telation along a particular
direction.

1.4 Synchrotron radiation

Synchrotron radiation is one of the best tracers of the mtagfield because it is produced
throughout the galaxy on account of the Lorentz force. Sgotcbn radiation that arises
from relativistic cosmic ray electrons is highly linearlglarized, non-thermal continuum
emission with flux at cm and m (radio) wavelengths. The ensemibgyrating cosmic
ray electrons in the plasma is assumed to have an isotrofucityedistribution and to
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1.4. Synchrotron radiation

random

Anisotropic Isotropic

Turbulent
cells

Figure 1.2: lllustrations of field lines and turbulent cells corresponding to the threenataxfield
types.

follow a power law energy distribution within a prescribetkegy interval. The intensity
of synchrotron emission is a measure of the number densitpshic ray electrons (in
the relevant energy range) and of the strength of the totghetic field in the plane of the
sky? as illustrated in Fig. 1.3. Furthermore, Fig. 1.3 shows thatsignal detected by the
radio telescope at a particular wavelength comes from tlezriped electric field which
serves as a measure of the strengttBof The intrinsic polarization angle is, therefore,
perpendicular to the local magnetic field orientation in shg plane with the electro-
magnetic wave oscillating along the plane of the E-vectoilewbropagating alondg.
Consequently, to indicate the orientation of the headlessdors of polarized emission
in polarized radio emission maps, the polarization anglefpolarized electric field is
rotated by 90.

1.4.1 Radio observables

Information on magnetic fields, thermal electron densiggribution, and cosmic ray elec-
tron density distribution is encoded in radio observablds total synchrotron intensity
(Stokesl) is the total synchrotron radiation energy emitted per tinie from the vol-
ume enclosed by the telescope beam cylinder. St@kasd StokedJ and the polarized
intensity P), with P = /Q? + U2, are observables that describe the polarization of the
synchrotron radiation. As an example, Fig. 1.4 shévesd P radio synchrotron maps
of M51 along with an optical image indicating the B-vectofgolarized emission. To
explicitly show how these observables afieated by Faraday rotation it is handy to con-

3This is to say that the perpendiculd,() and parallel By) to the line-of-sight components of the total
magpnetic field lie in the sky plane.
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Chapter 1. Introduction

SYNCHROTRON
E EMISSION

FARADAY
ROTATION

Figure 1.3: Synchrotron emission and Faraday rotation, reproduced from Baskegebinski
(2013).

sider the expression for the complex linear polarizatiosyoichrotron emissiorf}) given
by
P =pexp2iY),

wherep = P/l is the polarization fraction an®¥ is the observed polarization angle.
Faraday rotation causes the intrinsic polarization aigleo rotate along the line of sight
as a function of observing wavelengttas

¥ =¥y + RM A2 (1.2)

The rotation measurdlk(M) is given by

(—RM ): O.SlfteleSCOpe( Ne )(Eu +b||)(ﬂ)
rad n2 source cm3 uG pc '

wheren, is the thermal electron densit, is the parallel component of the regular field
along the line of sighth, is the parallel component of the turbulent field along the b
sight, andll is an incremental distance along the line of sight from threkyotron source
to the telescope.

With the assumptions pertaining to cosmic ray electronsetiSn 1.4, the maximum
intrinsic polarization degrepy only depends on the spectral inde} ¢f the cosmic ray
electrons as (Le Roux 1961)

_oy+1
oy +7/3

Po

For typical values of the spectral indexor spiral galaxiespy ~ 73%— 75%. However,
the actual observed degree of polarization is much lowetaldepolarization.
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1.4. Synchrotron radiation

Figure 1.4: All three panels show M51. (Left) Polarized intensiB) contours are overlaid on a
Hubble Space Telescope optical image. Also featured are headlexstds/of polarized emission
with magnitude proportional to the polarized intensity. The polarized radisston is observed at
16.2 cm with 18’ resolution using the VLA andfEelsberg radio telescopes. (Center) Total
intensity () at16.2 cm at a 8 resolution. The color scale is in miiygam with red indicating
higher flux densities per synthesized beam. (Right) Polarized intensigywausat the same
wavelength and resolution as the total intensity but now with white indicating hfghedensity.
All three panels adopted from Fletcher et al. (2011) and the Atlas of @sléMPIfR Bonn)
available at httg/www.mpifr-bonn.mpg.de.

1.4.2 Polarization

We consider how the distinct magnetic field types, discugsétk preceding section, af-
fect the observed polarization. A starting scenario is snase a magnetized medium that
is devoid of thermal electrons. The variation in intrinsadgrization angle along the line
of sight only occurs when a turbulent magnetic field is preasrshown by Fig. 1.5. The
variation is strongest for a purely isotropic random field dacreases when a regular field
is added to this random field as the regular field serves t@afout more order as also
shown by Fig. 1.5. As a consequence of the cumulative adddigolarization vectors
along the line of sight, a purely mean field preserves their@igolarization (no de-
polarization) while an isotropic random field basically tegs all polarization (complete
depolarization). An anisotropic field yields polarizatloetween these two extremes. This
is a wavelength-independent depolarizatifiiee as the intrinsic polarization angle is an
intrinsic property of the magnetic field configuration.

We now consider thermal electrons in addition to the cosmajcalectrons in the
magneto-ionic medium. Now, instead of only having emissitomg the line of sight,
thermal electrons Faraday rotate the E-vector of polaremigsion as shown in Fig. 1.3.
Consequently, this Faraday rotation gives the strenglj,of the thermal electron density
distribution along the line of sight is known, and the direstof B, . This is a wavelength-
dependentféect which increases at longer observing wavelengths.
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Chapter 1. Introduction

Figure 1.5: Polarization from the dierent magnetic field types, reproduced from Haverkorn, M.
(2002). The three flierent lines of sight in the left hand panel describe situations with a regular
field, an isotropic random field, and a combination of a regular and isotrapdom field,
respectively. The double-arrowed lines in the right hand panelseptehe polarization vector at
points along these lines of sight. The two groups of schematics at the bateaaloof the two
panels represent the radio telescope and the resulting strength anidioéthe measured
polarization along the whole line of sight.

1.5 Current status of magnetic field knowledge in spiral
galaxies

Our vantage point from within the Milky Way disk, near the &atlc mid-plang, allows
for the study of magnetic fields in discrete objects on pa(perand sub-parsec scales
as well as large-scale field reversals along the Galactiosadn the Galactic disk, the
outer scale of fluctuations has a scale<oflO pc in the spiral arms and 100 pc in
the interarm regions as measured from observatiori®Mfby Haverkorn et al. (2008).
However, the nature of the Galactic Center magnetic fieldri@e 2009), the global
azimuthal structure of the Galactic field (Men et al. 2008} the number and locations of
large-scale field reversals is still under debate (HaverR615). Observations of external
(face-on) spiral galaxies provide ‘zoomed-out’ portraitpossible configurations for the
Galactic magnetic field.

Magnetic fields in galaxies typically have micro-Gaug&] field strengths. The to-

“We are situated in the Orion-Cygnus arm and are currenthhatght of 6- 28 pc above the galactic plane
(Joshi 2007).
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1.5. Current status of magnetic field knowledge in spiral galaxies

tal magnetic field tends to be strongest in the inner few hemhgarsecs of the galactic
center region with an estimated range of field strengths fsexrreral tens ofiG to as
high as several milli-Gauss (mG). With the exception oftatest galaxies, whose nuclear
starburst regions have some of the strongest total fieldeowuat of intense star forma-
tion rates (SFRs) and SN rates (Beck 2009), high field sthargtthe galactic center are
thought to arise from a regular vertical field pervading thtericloud mediu (Ferriere
2011) as a result of dynamo action #ordfrom extreme turbulent activity in the galactic
nucleus (Boldyrev & Yusef-Zadeh 2006). The concentratibmolecular gas in a thin
sheet parallel to the galactic plane, known as the centrieutar zone (CMZ), may also
compress regular magnetic fields to yield such high valugss ¢he case in the Milky
Way. Assuming equipartition between magnetic field and ¢osay energy densities,
Niklas & Beck (1997) inferred an average total magnetic feléngth of 9+ 3uG for

a sample of 74 spiral galaxies. Total magnetic field strengfhlO— 15uG are typical
of ‘grand-design’ spiral galaxies with high SFRs such as NHgtcher et al. 2011) and
NGC 6946 (Beck 2007). The strength of the ordered magnelitsfie spiral galaxies are
typically 1 — 5uG but can be higher in grand-design spiral galaxies perhasrasult
of a more d#icient galactic dynamo. In the spiral arms, the regular fisldi¢aker and
the turbulent field is stronger, probably due to star-foignimocesses and expansion of
SNRs tangling the field (Beck 2001). Moreover, the strendthe ordered field (regular
field plus anisotropic turbulent field) is at least five timesaker than the observed field
strength of the isotropic turbulent field in the spiral arlBe¢k & Wielebinski 2013). In
between the spiral arms the regular field may be much strahgeithe turbulent field and
sometimes forms so called ‘magnetic arms’ as in NGC 6946KR¢tal. 1996). In these
interarm regions, the strength of the ordered field is abalith twice the strength of the
disordered field (Beck & Wielebinski 2013). In general, tiresgth of the ordered field
in the halo is comparable to the strength of the regular fieltié disk (Krause 2014).

1.5.1 Spiral galaxies seen face-on

Observations of face-on spiral galaxies show a large-sgatal field along the disk plane
that is aligned with the spiral arms. The two most common retigfield configurations
observed are in fact the two lowest modes most easily exoit@dgalactic dynamo. These
are the axisymmetric mode and the bisymmetric mode showiginlF6. Higher modes
may also be present but would have small amplitudes. Pessibtles of magnetic fields
in the halo are the symmetric, ‘quadrupolar’, or even-pdiéld and the anti-symmetric,
‘dipolar’, or odd-parity field as shown in Fig. 1.7. In thelfaking, we refer to the vertical
and horizontal magnetic field components as poloidal araidal, respectively. The sym-
metric field in the left-hand panel of Fig. 1.7 has a revens#he direction of the poloidal
component across the galactic plane and a toroidal compuaese direction is the same
above and below the plane. The anti-symmetric field in thietfigand panel of Fig. 1.7
has a poloidal component that runs through the galacticepdenal a toroidal component
that reverses directions above and below the plane. Thalankchanisms governing the

5Composed of the WNM, WIM, and HIM.
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=1

Figure 1.6: lllustration of axisymmetric and bisymmetric regular magnetic field condiains in
the disk, respectively, reproduced from Widrow (2002).
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Figure 1.7: lllustration of symmetric and anti-symmetric regular magnetic field corditipms in
the halo reproduced from Haverkorn (2014).

structure of magnetic fields in galaxy halos still remainbedetter understood.

Beck & Wielebinski (2013) provide a comprehensive comlatof magnetic field
structure in both the disk and halo of spiral galaxies inrttegtalog of radio polarization
observations of nearby galaxies”.

1.5.2 Spiral galaxies seen edge-on

In the Krause (2014) sample of 11 nearby edge-on galaxiedfefent Hubble type and
covering a wide range in SFR, a disk-parallel field near ts& glane is observed which
fans out from the disk at large vertical distances. Vertiigdtl components that form an
‘X-shape’ pattern are observed in the halo. An outflow from diisk, such as a galactic
wind, that transports the magnetic field from the disk to thl®Imay cause this morphol-
ogy. A galactic dynamo may also be involved.
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1.6. This thesis

1.6 This thesis

In this thesis we reconstruct properties of magnetic figidbié disks and halos of spiral
galaxies by means of the polarization of synchrotron raahiatSpecifically, we use the
polarization fraction as a diagnostic. The goal of this aesle project has been to infer the
structure of the magnetic field across various angular s@ateur own Galaxy (Chapter 2)
and the strength and structure of the magnetic field in tHeadid halo of external galaxies
(Chapters 3 - 5) from the WIM phase of the ISM.

The main scientific objectives along with the areas to whiéhthesis has contributed
to can be summarized as follows:

Chapter 2
Investigation of the spatial scales of polarization stutes in terms of the energy
distribution of the magnetic field in the Milky Way using ssdical methods. The
power spectra of diuse synchrotron polarized intensity have been studied by a
number of radio polarization surveys at various Galactigltudes and latitudes,
observing wavelengths, and angular scales (Haverkorn. 208i3; Stutz et al.
2014). However, the interpretation of the values of thesgegpspectra is com-
plicated by the dependence of the radio observables on tigeetia field, outer
scale of turbulence, thermal electron density distribytmsmic ray electron den-
sity distribution, and path length.

Chapters 3 & 4
Development of methodology for describing the cumulatiffeas of various de-
polarization mechanisms and subsequent application diadetogy to constrain
magnetic field strengths in the spiral galaxy M51. Previogadarization models
have treated depolarization as arising solely from Faraokagion. Furthermore, it
has been customary to defiRé by a simple linear relationship between polariza-
tion angle change with the square of the observing wavetteagRM = d¥/dA?
based on Eqg. (1.2). However, if synchrotron emission andrdraday-rotating
medium are mixed or alternating along the line of sight, 8imple linearity no
longer holds. This probably applies to the majority of Fasadotation measure-
ments of the dfuse synchrotron emission in galaxies.

Chapter 5
Examination of a physically motivated ‘X-shape’ regulargnatic field model for
constraining magnetic field strength and structure in thiakgalaxy NGC 6946.
Traditionally, dipole and quadrupole magnetic fields hagerbused to model the
magnetic field in the halo. The dipole and quadrupole magfiietds are the sec-
ond and third terms, respectively, representing the totajmetic field in a multi-
pole expansiohin powers of inverse radial distance for a spherically symime

6The first term of the multipole expansion is zero as there amagnetic monopoles.
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object. This expansion assumes that the magnetic field caepbesented as the
gradient of a scalar magnetic potential resulting from hgwero current. With
zero current, there is no force to act on the magnetic fielthcdigh the halo is an
almost spherical rotating body, the galaxy encloses arsitetiéar plasma which en-
ables cross-field electric currents to flow, making the mtgrield generally not
force-free, and, thereby, causing departures from the gipae and quadrupole
geometries. This necessitates consideration of more exngglometries.

In Chapter 2, statistically independent realizations ofgital 3D random magnetic
fields with prescribed power spectra are generated. Theepiep of this random field
are assumed to reproduce some of the observed propertiabofence in the ISM. The
turbulence is assumed to be purely isotropic and repreasentd a high galactic latitude
environment. These magnetic field ‘cubes’ are then usednalate radio observables
of Stokesl, Q, U, and polarized intensity at several physically motivated observing
wavelengths together with varying parameters of cosmietagtron density, outer scale
of fluctuations, and integrated path length. Subsequethiéyangular power spectrum
(APS) prescription of Haverkorn et al. (2003) is used to meashe statistical angular
(auto)correlations for each of these resulting radio olz®es. The spectral indexes of
the observables awg, aq, ay, ap, respectively. Two aspects in particular contribute to
the novelty of our approach: (1) we use the recent methodega®iov et al. (2014) to
search for imprints of point-wise equipartition and pressequilibrium between cosmic
ray electrons and local magnetic field energy density on tveep spectra of radio ob-
servables and (2) we simulate a realistic cone-like field@fiwwvith diverging sight lines
as expected from radio sources that are at most only at a fewikfance. We find that,
traces the underlying magnetic field power spectrum buttinaay not be possible to use
a) to identify the actual magnetic field power spectrum due tasneement uncertainties.
We also find thatrg, ay, andap can not be used to determine the magnetic field power
spectrum since a wide range of values arise from a singlerlyimge magnetic field power
spectrum on account of a degenerate dependence on the peradescribed above. Fur-
thermore, assumptions of equipartitipressure equilibrium do noftfect the polarization
spectral indices but do have afiext on the amplitude of the power spectrum. An inter-
esting further prediction of our model is that the power $gzeaf Q, U, andP may have a
frequency dependent break whose angular scale dependsasngiars of the turbulence
and hence can be a useful diagnostic in establishing turbelparameters. This is neces-
sary to consider as a frequency dependent break has beéioivalty interpreted in the
literature as evidence for a hon-singular turbulent powecsum whereas in our models
it arises from a single turbulent power spectrum. Morediatror inverted power spectra
at low frequencies{ 200 MHz) are obtained which could be detected with LOFAR and
MWA.

In Chapter 3, we develop an analytical framework for treptiepolarization arising
from the superposition of all three distinct magnetic figldes occurring along the line
of sight. We account for the combined action of wavelengthashdent and wavelength-
independent synchrotron depolarization mechanisms itexda galaxy, modeled as a
synchrotron-emitting and Faraday-rotating multilayeigmeto-ionic medium.
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1.6. This thesis

In particular, we are able to probe thdtdrent depolarizationfiects of the two distinct
types of turbulent magnetic field which was previously a klbox with previous ap-
proaches in the literature. Subsequently, as a proof-néegt, a small-region case study
is performed in the grand-design, face-on spiral galaxy M5his allows for a direct
statistical comparison with the observed polarization sratithe observing wavelengths.
Seventeen distinct model types are constructed, compfsdbpossible combinations of
a regular, isotropic turbulent, and anisotropic turbulaagnetic fields in each of the disk
and halo. Although we only had three observing wavelengtheork with, our approach
was able to reduce the original pool of the 17 distinct mogeés to a smaller subset of
models that all required the presence of turbulent magfietas in both the disk and the
halo. Such models are a natural next step in complexity @Hetsdl. 2014), indicative of
the type of investigations that can be performed with lasyages of galaxies observed
with wideband, multichannel polarization capability sushwith the upcoming SKA.

In Chapter 4, we apply the developed methodology to theeMisl galaxy. We
assess the robustness of our approach via a bootstrapgaeh#issuming independence
of magnetic field strengths on azimuth providefiisient constraints to gauge the regular
and turbulent magnetic strengths. We find that a model withiae field types in the disk
and a regular plus isotropic turbulent field in the halo fitstlie the data. Furthermore,
the total magnetic field strength and the regular and turtbuteagnetic field strengths
in the disk are all several times higher than in the halo. &glaf magnetic fields are
in agreement with those previously inferred in the literatwhich gives confidence to
our methodology. Moreover, our multilayer approach corditime result from previous
literature that the far-side of the halo is completely dapakd and does not contribute to
depolarization.

In Chapter 5, we construct a so called ‘X-shape’ magnetid fia6 a model for the
regular field in the almost face-on spiral galaxy NGC 6946.isTleld is divergence-
free by construction and, thus, physical. An X-shape magfield gives rise to an X-
shape polarization pattern, typically observed in edgsjgral galaxies, and is thought
to be common in spiral galaxies. The global 3D magnetic fietdphology of the best-
fit model is explicitly shown along with this model’s predidt average magnetic field
strength which is consistent with earlier estimates in iteedture. Our model requires
additional complexity to fit the data well.
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