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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

12



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.

13



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

14



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

16



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.

18



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

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.

24



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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Abstract

We simulate a typical high Galactic latitude interstellagdium (ISM) envi-
ronment with characteristic requl® = 3uG and turbulenb = 6 G mag-
netic field strengths and both thermal and cosmic ray elecensities. The
solenoidal, random Gaussian magnetic field has a tunabitrapmdexay,.
We observe this synchrotron emitting and Faraday rotatiagmato-ionic
medium at a frequency of 350 MHz over a generic path lengthkgfclwith

a realistic cone-like field of view which is integrated alathg line of sight
to yield Stokesl, Q, U, andP maps with power spectra over a multipole
range of 150< ¢ < 1000. A power spectrum analysis PBis performed
on the resulting maps for physically motivated valuesypf We find that
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Chapter 2. Power spectra of synchrotron radio observables withd5aedects

total synchrotron intensity is a good tracer of the spedahdéx of the turbu-
lent magnetic field whereas spectral indices of polarizéghisity and of the
Stokes parameters cannot be used as these depend dedgoeratany fac-
tors characterizing the medium. We find a frequency depédriateak in the
polarized intensity and Stokes parameters which occuraatler angular
scales for lower frequencies.

2.1 Introduction

Efforts to characterize the turbulent magneto-ionic mediunowf Galaxy from syn-
chrotron radio emission and its linear polarization spagréentimeter to meter wave-
lengths, originate from the Wieringa et al. (1993) discgvef small scale structure in
this emission at 325 MHz using the Westerbork Synthesisdiatiéscope (WRST). The
production of synchrotron radiation throughout the Gatagblume and its depolariza-
tion (Burn 1966; Sokolft et al. 1998, 1999, and Chap. 3 of this thesis) by the intengeni
plasma - the interstellar medium (ISM) - along essentialisre line of sight through the
Galaxy, provides information on the spatial distributidnttee thermal and cosmic ray
electron densities and strength of Galactic magnetic fieldgs information is also im-
portant for cosmic microwave background (CMB) polarizat®-mode detection (Car-
retti et al. 2010), for high-resolution extragalactic atva¢ions with the SKA (Sun &
Reich 2009), as well as epoch of reionization (EoR) studieht(et al. 2008).

At wavelengths of just a few centimeters, the measuretugl) polarization directly
traces the magnetic field in the emitting region becausedaaraotation is negligible
whereas at longer wavelengths additional information omgmeéic field structure and
electron density along the entire line of sight is obtainEdraday rotation refers to the
rotation of the intrinsic polarization vector from its aaglon emission, by an amount
proportional to the square of the observing wavelength. grioportionality constant is
the rotation measuréx(V)

observer
RM= 081[ Ne (B” + bH) C“,
s

ource

which is comprised of the thermal electron densitycm3), the regulaB; and randonty,
components of the magnetic fiel@®) directed along the line of sight, and the path length
(pc) through the ionized ISM. Owing to the presence of bogula and random Galactic
magnetic field components in the disk and halo together viignmhal and cosmic ray
electrons, Faraday rotation causes depolarization figrdntial Faraday rotation (DFR)
(also known as depth depolarization) and depolarizatioRdraday dispersion (FD) (also
referred to as beam depolarization).

Consequently, a subset of existing radio polarization eygyranging from several
hundred MHz to a few GHz frequencies and covering maffigint parts of the sky at
various spatial and angular scales, have been analyzegl piver spectra (PS), angular
power spectra (APS), and structure functions SFs in ordpatametrize structure in ra-
dio maps of total synchrotron intensityStokes parametef@andU (or in CMB studies,
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the E- and B- modes, respectively (Tucci et al. 2002)), andrized intensityP. PS use
a (planar) fast Fourier transform (FFT) on a Cartesian gfRfS use a spherical harmonic
expansion on a spherical grid, and SFs are a measure of agtiation used to study ran-
dom processes whose power spectra are given by a power laar8iti et al. 1984) and
do not require a regular grid of data points as do both PS ar®I(ARverkorn et al. 2003).
Haverkorn et al. (2003) also studied both power spectra tadtare functions of diuse
polarization in the Galaxy frolRM maps. Most of these surveys focus on low Galac-
tic latitudes although there is observational evidencesigmificantRM structure at high
Galactic latitudest{ ~ 71°) at low frequencies (315388 MHz) (de Bruyn et al. 2006) and
possibly at high frequencies.@lGHz) from simulations of (Sun & Reich 2009). Signif-
icant magnetic field strengths are also present in the Galaalo (Haverkorn & Heesen
2012). For a compilation and application of PS, APS, and 8Rkdse various surveys
see Stutz et al. (2014, and refs. therein) and Haverkorn. ¢2@03). Present surveys
with the Low Frequency Array (LOFAR) such as the Multifrequg Snapshot Sky Sur-
vey (MSSS) (Heald & LOFAR Collaboration 2014), surveys by Murchison Widefield
Array (MWA) (Bowman et al. 2013), and future surveys suchythle Square Kilometre
Array (SKA) will be able to reveal polarized structure atdfuencies as low as several
tens of MHz making detailed study of the Galactic halo at leegtiencies possible.

However, the interpretation of the values of the power spezt!, Q, U, P andRM
is still uncertain. The diiculty comes from the dependence of these observables on mag-
netic field structure and direction, thermal electron dgndiistribution and path length.
The magnetic field fluctuations are coupled to the thermaltede fluctuations which
follow a power law extending over ten orders of magnitudengétrong et al. 1995; Chep-
urnov & Lazarian 2010). From here omy represents the angular power spectral index
of a parameteK. A given angular scalé, measured in degrees, is related to the multi-
pole number that would be obtained by a spherical harmonic transfornpbgscally
gridded data, through the relatiédn~ 180° /6 (Haverkorn et al. 2003; Stutz et al. 2014).
Spectral indices of polarized intensity vary widelyA®& ap < 3) for £ ~ 10 to¢ ~ 6000
among surveys at fierent frequencies and Galactic longitude and latitude €Harn
et al. 2003). La Porta & Burigana (2006) find<lap < 1.5 at 408 MHz to 2< ap < 3
at 14 GHz for 10< ¢ < 100. However, Stutz et al. (2014) showed that at the single
frequency of 14 GHz, ap also shows variations from abouf/to 4 along the Galactic
plane for¢ ~ 60 to¢f ~ 10*. ap varies with Galactic latitude, tracing the disk, halo, and
disk-halo transition but no correlation with Galactic |dngle is found (Stutz et al. 2014;
Haverkorn et al. 2003)«, is dominated by large scale structure and varies in roughly
the same range as with 0.4 5 @ ~ 2.2 or~ 3.0 bute; = 0 where extragalactic point
sources dominate (Baccigalupi et al. 2001; Bruscoli et @022. La Porta et al. (2008)
find 25 < o < 3 for ¢ < 200. Observationally, there is no clear relationship betwe
a; andap (Baccigalupi et al. 2001). Many interferometric surveysnib have reliable
a; due to missing large scale variationlibut do have reliabler. Furthermore, power
spectral indices of Stokes paramet&sandU are found to strongly correlate withs
(Stutz et al. 2014, see Fig. 8).

As a first-approach to the problem of interpreting the br@atdje of observed power
spectral indices, our aim is to discern trends between thepspectral index of the tur-
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bulent magnetic field, and the power spectral indices of the parameters of syrramrot
radiationa,, ag, ay, andap in the context of a generalized high Galactic latitude envi-
ronment. In this chapter, polarized structure is producetuimerical models by having
an isotropic turbulent (random) magnetic field with a nomeznergy spectrum dominate
over the regular field throughout the entire synchrotrortimgiand Faraday rotating vol-
ume. The regular field is separately oriented parallel aad trerpendicular to the line of
sight. We also determine théect on the power spectral indices aq, au, andep caused

by incorporating assumptions of point-wise equipartijiwassure equilibrium between
cosmic ray electrons and local total magnetic field and yikeVel of anti-correlation
between cosmic ray electron density and magnetic energgitgeénto our models.

In Sect. 2.2 we describe the physical model chosen for thedBalSM, the modeling
of magnetic field configurations, the correlation of cosnaig electron density with the
magnetic energy density, and arrive at synthetic maps obtbkes parameters from in-
dependent realizations using diverging lines of sight withsequent angular power spec-
trum analysis performed on these maps. We present and digesisits in Sections 2.3
and 3.7 and finally present conclusions in Section 2.5.

2.2 Model description

We consider the Galactic ISM at typical high Galactic latiés, with short 1 kpc and 2 kpc
sight lines, in order to avoid influence from discrete olkgestich as H Il regions, which
are concentrated in the disk, and model a synchrotron eqitihd Faraday rotating,
magneto-ionic medium. Since we are interested in smalesstalicture in polarization
caused by both depth depolarization and beam depolatizatachoose a low ‘observing’
frequency of 350 MHz. This is a typical frequency where piakat has been observed as
in (Haverkorn et al. 2003). We further compare our resul@s5& MHz with frequencies
of 1 GHz, 700 MHz, 500 MHz, 200 MHz and 50 MHz and also consitlerdase where
no Faraday rotation occurs.

The standard input parameters in this model are: a regulgnet@ fieldB (uG)
which is separately taken as being parallel and perperatituithe line of sight®, B, ),
an isotropic turbulent magnetic field(uG), a maximum turbulent cell siz# (pc), and
both thermal and cosmic ray electron densities ®m

We adopt a regular magnetic field strength giGBand add it to the turbulent mag-
netic field to have a regular field oriented parallel to the lof sightB: = By + b,
perpendicular to the line of sigBy,: = B, + b, or with By, = b (regular field absent).
The isotropic turbulent magnetic field has a root mean sqfrars) field strength (with
mean zero), given by its standard deviation, is fixed-to= 6 uG with each component
op, = (6/ V3)uG wherei = x,y,z Moreover, the turbulent field has a power spectrum
given by a power law with an adjustable spectral indgx The regular magnetic field
strength and isotropic turbulent magnetic field streng#h éne used are comparable with
values obtained earlier in the literature: for the reguleldfB ~ 2 uG (Zweibel & Heiles
1997; Sun & Reich 2009) oB ~ 4uG (Zweibel & Heiles 1997; Schnitzeler 2008) and
for the turbulent field in the halo, < 6uG (Jansson & Farrar 2012) or the slightly more
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conservative estimate, ~ 3uG assumed in (Sun & Reich 2009). A value of 100 pc
is used for the maximum turbulent cell size. We adapt 0.014 cnt? from the value
found by Gaensler et al. (2008). Whererss a constant, the cosmic ray electron density
may fluctuate about its constant mean value With = 0.2. Based on Haverkorn et al.
(2004, Appx. B) for our values of the the path length and oliegrfrequency, we choose
¢ = 0.6 wherec is a constant proportional to the cosmic ray electron dgmgjt The
square of the total magnetic field is also correlated withwith the correlation parameter
C taking on values of<1,-0.5,0, +0.5, +1).

We simulate a box of 128 128x (640 1280 pixels, where the 640 and 1280 pixels
are along the line of sight and represent 1 kpc and 2 kpc, cdgply. Then, the field of
view is 1.3 and 5.7, both corresponding to a distance of 200 pc at the far sidieeof
simulation volume (short edge of the box). This gives cqroesling angular resolutions
of 0.18 and Q09 per pixel, accounting for the Nyquist sampling frequencyichhre-
quires 2 pixels per wave. Thus, by construction, the aviléabange is 31< ¢ < 1005
and 63< ¢ < 2011 in our simulations which allows for comparison with gowpectra in
Haverkorn et al. (2003); Stutz et al. (2014).

2.2.1 Random magnetic field

We generate a divergence-free, random, isotropic Gausségnetic field with a pre-
scribed energy power spectrum following a similar constamcas used for chaotic or
turbulent flow modeling (Malik & Vassilicos 1999; Wilkin, &. 2006; Wilkin et al. 2007)
but with aperiodic boundary conditions. The random vectdfo = (by, by, b,) is posi-
tion dependent only and is given as the sum oveiNhmodes of the simulation by

N
b(x) = Z [Fnx kncos(kn - X) + Gq x kqsin(ky - x)]. (2.1)

n=1

Each unit vector )
cosdsing
kn =[ sin@sing ]
cos¢
and its corresponding wave vectqy = k,kn is constructed by selecting at eath pair of
angles ¢, ¢) randomly from the range 8 6 < 27,0 < ¢ < 7 such that the pair describes

a random point that has equal probability of being chosenyrsanall area on the surface
of a unit sphere. This is achieved by setting

6 = 2nu,

¢ = arccos(2 - 1),
with random variables, v picked from a uniform distribution on the open interva) 1D
(Weisstein 2002). It is apparent from Eq. (2.1) that the mefield is solenoidal since

V-b = Ois satisfied by construction sinkg Xx k) = 0 for any vectoiX. The wave number
kn is constrained by the resolution throukth= 27/l,,, wherel, is the wavelength of the
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sinusoidal mod@. The smallest wave number (largest scélg¥ given by the number of
turbulent cells selected for the box of £28ixels and the largest wave number (smallest
scale)ky is constrained by2/ (5/128 where 5 is the minimum number of pixels needed
to resolve a wave. The directions of the vectBrsandG, are chosen randomly with the
constraint that they be normal tg which ensures that the mean energy of each mode is
(F2 + G2) /2. The individual modes comprising the magnetic field thueliadependent
random phases and directions and the amount of energy cedtai each mode of the
magnetic field is controlled by the lengths of the vectefsandG,,. The magnitudes of

F, andG, are defined as

2 1/2
Fn:Gn: [éE(kn)Akn] s

where
(Kns1 = kn) /2 ifn=1,
Aky = {(kns1 —Kn-1) /2 if2<n<N-1,
(kn — kn-1) /2 if n=N,

and E(k,) is the energy spectrum of the inertial range. For our puepese assume a
power law energy spectrum of the for(k,) = A(K./ki)™® with o = 3/2, 5/3, and 2

and mode independent consténiThese values for the slope are physically motivated by
predictions from incompressible and compressible madyyeltmdynamic (MHD) turbu-
lence (Cho & Lazarian 2003; Galtier et al. 2005; Beresnyaka&drian 2006; Beresnyak
2014) and are chosen to examine the imprint of both steepkstzadlower magnetic field
spectra with respect to the expected spectrum,of 5/3 onay, ag, ay, andep. In par-
ticular, we setN = 256 to have a dense sampling of the energy associated withetiil
turbulence range betwedn andky and merge 20 such independent realizations to make
the final simulation cubels,, b,, b, isotropic. A total of 50 such independent simulation
cubes, each of which is 128128 x 128 pixels, are generated for each magnetic field
componently, b, b,) for each spectral index examined. This, therefore, allimwshe 1

kpc and 2 kpc path lengths to be modeled with 10 and 5 statilstindependent line-of-
sight volumes, respectively. The standard deviation oféisalting spectral indices of the
synthetic maps of, Q, U, P obtained for each of these independent lines of sight is then
taken as the error in the spectral index values.

2.2.2 Correlation method

We test whether the parameté(®,U, andP can trace correlations or anti-correlations
between the magnetic energy density and cosmic ray eledéwosity following Stepanov
et al. (2014). For this purpose, we consider a cosmic rayreledensity distributiom,,

1in the literature, there appear references to a Kolmogoreutspm for the magnetic field. We emphasize
here that a Kolmogorov spectrum strictly refers to the flubtues of thermal electron density in the local ISM
for scales ranging from 16 AU to 30 pc (Armstrong et al. 1995). A reasonable but unprossumption states
that because turbulent magnetic fields are frozen into thieedninterstellar medium they should follow the
Kolmogorov spectrum on these scales (Han 2009).
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2.2. Model description

which fluctuates around its mean valugo, given by

B2 - B2, -W
Ner = ncr,O{l"'(Sncr [C B~ B, o2 W WH 2.2)

T8, ow

whereén, = (o, /Nero) = 0.2 is the relative magnitude of cosmic ray number density
fluctuations andry denotes the standard deviation of a varia¥)ehe over-bar denotes
ensemble averagin®;.: = B+ b is the total magnetic field, and is an auxiliary positive-
definite, scalar random field which is uncorrelated with tregnetic energy densitgz,.
The correlation paramet€ris defined as

> >
NerBior — Ner,0Biot

One O-Btzot

C=

Equipartition and pressure equilibrium are introduced sgttingC = 1 andC = -1
respectively. A shortcoming of applying this method is thagative values ofi,; arise
whenC < 0 (in certain realizations at certain locations) becaBecan attain arbitrarily
large values (as a Gaussian random variable squared). Txienara percentage of all
such negative values attained from all trials is less th88% forC = —1 and less than
0.01% forC = —-0.5 of the total line-of-sight volume. These negative valuagcare then
set to zero in the numerical calculation. This makesxactanti-correlation betweeny,
andB2, impossible. However, the actudfect of this truncation of negative values on the
power spectrum is negligible.

2.2.3 Stokes parameters

Maps ofl,Q,U, andP are obtained through numerical integration of the linesight vol-
ume using the composite trapezoidal rule. These maps anebdlved with any beam
profile at any stage. Sight lines originate in the center diatsedge of the simulation
box and diverge to simulate a cone-like field of view using hicspline interpolation
method. We have,

L
)= [ et dz
Q(x) = ng(x) cos[Z(wo +0.8122 fL ne (B + by) (x)dz’)} dz
0 z

U(x,) = f Le(x) sin[z(z//0+0.81/12 f ) Ne (By +b”)(x)dz)]dz,
0 z
P(x.) = ‘/QZ (xo) + U2 (x.),

where the synchrotron emissivigyfrom each cell is given by

o ¢(B.+b.) (%) if C = 0 with 6, = O,
& =
c() (B.+b.) (0 if C#0withoy, =02,
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Chapter 2. Power spectra of synchrotron radio observables withd5aedects

with ¢ a constant proportional to the cosmic ray electron demgjtgefined in Eq. (2.2)
andB, andb, (L= {x,y}) the regular and turbulent transverse magnetic field compisn
in uG. Moreover,A is the ‘observing’ wavelength (m)y is the intrinsic polarization
angle,dZ anddz are increments along the line of sight with positive directpointing
toward the observen is the thermal electron density taken to be a constaisthe total
path length (pc), anddenotes the location of each emitting source along the fisegbt
with z = 0 marking the location of the farthest source from the oleervhe maximum
turbulent cell sizel affectsQ, U, andP through the dispersion &M within the simulated
volume given byory = 0.81neby (Ld)Y/2. As a check, histograms of the maps reveal
Gaussian distributions fdr, Q, andU while the map of has a Rician distribution, since
it is the sum of two Gaussian distributions, as expectedurgig@.1 shows example maps
of the Stokes parameters. StoKeappears ‘patchy’ whild® evolves from ‘patchy’ to
having one pixel wide ‘canals’ of low intensity values amigifrom abrupt changes in the
polarization angle to ‘grainy’ (more power on small scalegh increasing wavelength.
The structure of both Stok&3 andU are essentially the same.

2.2.4 Angular power spectrum

In order to quantify the structure in the total intensity quodarization maps and compare
with observations, we calculate angular power spectravatig Haverkorn et al. (2003)
but do not use the APS approach since our models maximallr @82 of the~ 41, 000
square degrees on the sky. Instead, we use the PS appro&cRS$¢} a function of
multipole £ where P{(¢) is given by the square of the discrete Fourier transformT(DF
¥ of a variableX as PS(¢) = |7 (X)|* with the DFT computed via the FFT algorithm.
The power spectrum df is calculated in three dimensions while the power spectia of
Q, U, andP are computed in two dimensions and averaged over azimutdialrbins.
The multipole spectral index, defined as PJ¢) « ¢~%x, is calculated from a log-log fit
to the power spectrum as in Fig. 2.2.

2.3 Results

We first consider the model with standard parameters as défirgection 2.2. PS of po-
larized intensity and Stoke3 at a range of observing frequencies, viz. 1 GHz, 700 MHz,
500 MHz, 350 MHz, 200 MHz and 50 MHz are shown in Fig 2.2. SifeeRS become
very noisy at large angular scales (small multipoles), dueur limited simulation box
size, we only consider multipoles> 150. At high frequencies (1 GHz and 700 MHz),
the PS show an unbroken power law with a spectral inggxxp ~ 2.8 (ap = 5/3).
However, at lower frequencies (500 MHz and 350 MHz), the P&vsh break, where
the spectral index is consistent with the high-frequencyaPSmall angular scales, but
flattens out at larger scales. At small angular scales, theni8itude increases while it
decreases at large scales due to the flattening of the PSod#isoh of the break is also
frequency dependent; the break occurs at smaller anguddesstor lower frequencies.
The flattening of the large-scale spectrum increases t@navder frequencies. At the
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Stokes 7

Stokes O

1 GHz 350 MHz 50 MHz

Figure 2.1: Sample simulated output map of Stokgop) and sample output maps of Stokgs
(middle) andP (bottom) observed at frequencies of 1 GHz, 350 MHz, and 50 MHpeetively.
All maps featured are for an input turbulent magnetic field power spectf 5/3 for the choice of
B = 3uG ando, = 6uG andC = 0, 6y, = 0. A cone line of sight with 1 kpc distance has been
used. Outer scale of turbulence is 100 pc. The gray scale range i®irdkg for each parameter
since this is more revealing of its structure with lighter shades correspptalirigh values and
darker shades to low values.

lowest frequencies (200 MHz and 50 MHz), the PS no longer shdseak, but rather
a flat to inverted PS. The flattening of the PS is more pronalint¢he PS of Stoke®
than inP. Flattening of PS of polarized radio emission has been ebddrequently (see
Section 3.7) and has been explained by increased Faraddiproand depolarization at
low frequencies (Haverkorn et al. 2003). These simulatesuits show that there is a
typical angular scale associated with a break in the PS,hwhifrequency dependent. In
the following, we choose to work with the high spectral indagsuming that the steep
part of the spectrum is representative.
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Chapter 2. Power spectra of synchrotron radio observables withd5aedects

Table 2.1: Output power spectral index of total intensityStokesQ and polarized intensit? as a
function of input power spectral index of turbulent magnetic field, The path length is 1 kpc and
the outer scale of turbulence is 100 pc. The error in the spectral indities $séandard deviation of
10 independent realizations. The subscripts ‘st’ and ‘sh’ denote atephallow parts of the
broken power spectrum observed at 350 MHz. The error is the sthddsiation of 10
independent realizations. These values are given for positive ajadiveecorrelation between
magnetic fields and cosmic rays represented by parafidte text) foB = 0.

Qp ) aQ ap
C=0
3/ 2t 24+.1 12+.2 22+ .2
3/2¢n 3+.2 12+.2
5/34t 25+.1 16+.2 25+.1
5/3sh 4+2 14+ .3
2st 26+.2 23+.2 32+.2
2sh 5+.2 18+.3
=-05
3/24t 22+.1 12+.2 20+.2
3/2sh 3+.2 12+.2
5/3st 23+.1 16+.2 23+.1
5/3sh A4+2 13+.2
2st 23+.1 23+.2 29+ .2
2sh 5+.2 18+.3
C=+05
3/2s; 23+.1 12+.2 21+.2
3/2sn 2+.2 12+2
5/3st 24+.1 16+.2 25+.1
5/3sh A4+2 14+ 3
2st 25+.2 23+.2 31+.2
2sh 5+.2 19+.3
=-1
3/ 2t 24+.1 12+.1 21+.2
3/2¢n 3+2 12+ 2
5/34t 25+.1 16+.2 24+.1
5/3sh A4+2 13+.2
2t 27+.1 23+.2 31+.2
2sh 5+2 17+.2
C=+1
3/24t 24+.1 12+.2 22+ .3
3/2sn 2+.2 12+ 2
5/3st 25+.1 16+.2 25+.1
5/3sh 4+2 15+.3
2st 26+.2 23+.2 32+.2
2sh 5+.2 19+.3
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Table 2.2: As in Table 2.1 but for an outer scale of 50 pc.

ap a) aqQ ap
CcC=0

3/2¢ 24+.1 6+.1 16+.2
3/24n -3+.1 3+.1
5/3¢ 26+.1 7+.2 18+.1
5/3sh -2+.2 3x.1
25t 28+.1 11+.1 22+.2
2sh -2+.2 5=+.1

Table 2.3: As in Table 2.1 but for an outer scale of 100 pc and path length of 2 Kpe efror is
the standard deviation of 5 independent realizations.

p [0]] aqQ ap
C=0

3/2¢ 23+.2 1+.1 12+.2
3/24n -6+.2 0=x.2
5/3¢ 26+x.1 3+.1 14+.1
5/3sh -6+.2 3x.1
24t 26+.1 6+.1 19+.1
2sh -6+.2 5+.1

Table 2.4: As in Table 2.3 but for an outer scale of 50 pc and path length of 2 kpc.

ap a) aqQ ap
C=0

3/2¢ 24+.1 -4+1 6=x.1
3/24n -5+2 -3+.2
5/3¢ 25+.1 -1+.1 9=+.1
5/3sh -5+1 -2+.2
2t 28+.1 -1+.1 12+.1
2sh -6+2 0zx.2
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Figure 2.2: Angular power spectra of Stok€x(right) and polarized intensit (left) in
simulations withay, = 5/3 and standard parameters (see text), for a range of observingfreigs
for B = 0 andC = 0. In the presence of a break, the red and blue solid lines give the telsipi
for the shallow and steep parts, respectively.
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. . . RS ‘
1.50 1.67 2.00 1.50 1.67 2.00
ay Qy

Figure 2.3: Trends of angular power spectralofQ, U, andP for input turbulent magnetic field
power spectrd at 350 MHz forB = 0 andC = 0. The solid green line correspondsatg the
dashed yellow line tap, the red dash dotted line ta,, and the blue dotted line t@,. The solid
black line indicates the locus of equality. The following trends are showma(h length of 1 kpc
and an outer scale of turbulence of 100 pc, (b) path length of 1 kpcrandtar scale of turbulence
of 50 pc, (c) path length of 2 kpc and an outer scale of turbulence opt0@) path length of 2
kpc and an outer scale of turbulence of 50 pc. In all these plots, onlyabp part of the spectrum
has been plotted.

2.3.1 Dependence on magnetic field spectral index

The spectral index of PS of polarized emission should departte spectral index of the
input turbulent magnetic field. Whether this dependence igugnand whether it can be
observed is a crucial question. If this is possible, then aredirectly determine magnetic
field spectral indices from radiopolarimetric observagiorThe dependence of spectral
indices ofl, Q, U andP on the spectral index of the input random, isotropic Gaussia
magnetic fields are shown in Fig. 2.3 for our standard frequeri 350 MHz. The four
plots show the variation with path length through the med{lirkpc and 2 kpc) and with
outer scale of turbulence (50 pc and 100 pc). All respectreesal index values for these
plots are provided in Tables 2.1 - 2.4,
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Table 2.5: As in Table 2.1 foB = 0 andC = 0 but for observing frequencies of 1 GHz and
50 MHz.

ap Q) aqQ ap

1GHz

3/2 24+.1 26+.1 26=+.1

5/3 25+.1 27+.1 27+.1

2 26+.2 28+.1 3.1
24+ 2

50 MHz

3/2 24+.1 -1.+.1 -9x.1

5/3 25+.1 -1.+.1 -9=x.1

2 26+.2 -1.+.1 -8=x.1

Notes: ®) B,

2.2

i i
1.50 1.67 2.00

Figure 2.4: Trends of angular power spectraloiQ, U, andP for B = 0 andC = 0 at a frequency
of 1 GHz (a) and 50 MHz (b). The path length is 1 kpc and the outer scaletmflence is 100 pc.
The legend is the same as in Fig. 2.3. Siacés not frequency dependent it is not reproduced in

(b).
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The spectral indices df, Q, U, andP increase with increasing, as expected. In
order to explain our results for the spectral index afe argue along the following lines.
For a, = 5/3 in 1D, one would expect a 3D magnetic field PSagf = 11/3. Since
synchrotron intensity (Stokd$ is theaddition of emissivity due to these fields along a
line of sight, and not an integration over scélehe spectral index of the 2D Stokés
map should also be?® = 11/3. Integrating the Stokelsmap to a one-dimensional PS
will thus result ina; = 8/3. By analogy, we might expect that = ap + 1 which is
supported by our simulations. The spectral index of Stdkdses not depend on outer
scale of turbulence or path length, as expected.

Spectral indices of polarized radiation depend on pathtleagd turbulent outer scale,
because these change the depolarization characterigtc®xpectedpg = ay. The
spectral indices of), U andP increase with increasingy, but there is no fixed relation
as fore,. In all situations presented in Fig. 2@ > aq, @y, which means that i and
U, turbulence creates more small-scale structure th&h in

Polarization spectral indices at 1 GHz and 50 MHz are givérabie 2.5 and Fig. 2.4.
At 1 GHz, a1 ~ ap = ag ~ ay, indicating that Faraday rotation and depolarization
only play a minor role at this frequency. This was also noteskeovationally at 4 GHz
(Stutz et al. 2014). In fact, Fig. 2.2 indicates that congbigpolarization already occurs
at 1 GHz sincey, has the same spectral index ag at 0 (c frequency).

2.3.2 Dependence on other input parameters

Figure 2.3 shows the dependence of output spectral inditcesit length. Doubling the
path length from 1 kpc to 2 kpc does not change the spectruno&eSl. However, the
spectra of polarized emissio®(U, andP) become considerably shallower. This result
is consistent with the additional depolarization resglfirom a longer path length, which
converts large scale structure into small scales. Simjlddcreasing the maximum scale
of magnetic field fluctuations from 100 pc to 50 pc leads to #i@iang of the polariztion
spectra.

Introducing a correlation or anti-correlation between tin@gnetic field energy den-
sity and cosmic ray density by the factor(see Section 2.2.2) does not alter polarization
spectral indices as seen from Table 2.1, but hasfi@tteon the amplitude of the PS, as
shown in Fig. 2.5. However, the PS of | f&r = —-0.5 is flatter than for other values of
C which is due to an upturn at the smallest scales as seen ih (@& the same figure.
The largest amplitude ih and P (and similarly forQ and U) arises from equipartition
(C = 1) whereas the lowest comes from pressure equilibridra -1). Since the (anti-)
correlation indicates a dependencengfon Byy; as in Eq. 2.2, this is indeed as expected.
Therefore, spectral index studies cannot be used to deterthé rate of correlation be-
tween magnetic field and cosmic rays in the interstellar mmadiAdditionally, spectral
indices are found to be insensitive to either the presentieeoorientation of the regular
field B for the regular and turbulent magnetic field strengths amrsid here.

43



Chapter 2. Power spectra of synchrotron radio observables withd5aedects

(a) (b)

1014

1013 i
2} N\“%&
A \o

1012 o

A

10™ E

103 103

Figure 2.5: Amplitudes of the power spectra bfa) andP (b) at 350 MHz forC = 0, +0.5, +1
(see text)ay, = 5/3, and standard parameters.

2.4 Discussion

The aim of this chapter is to establish the dependence otrgpdéadices of total and
polarized intensity and Stokes paramet@sandU on physical parameters in the ISM.
Our simulations suggest that total intensity Stokés a good tracer of the underlying
magnetic field power spectrum as long as magnetic field fltionmdominate over ther-
mal density fluctuations in the real ISM. However, it may netpgmssible to distinguish
between dferentay, usinge; .

Regis (2011) computes Stokepower spectra for five radio surveys from the litera-
ture and findsy, = 2.9j8€ for high latitudes, in agreement with our findingsaffor a
spectrum withey, = 2. However, as Regis expects to reproduce the 3D Kolmogorov
spectrum of thermal density fluctuations (i®. = 11/3), he concludes that his value of
a) is shallower.

Depolarization has been named as a cause of flattening ofrsp&etra of polarized
emission in a number of observational papers (e.g. Baaggat al. (2001); Haverkorn
et al. (2003)). We confirm numerically that depolarizatiatténs the power spectra of
the polarized emission. However, since depolarizatioreddp degenerately on many
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factors such as path length, turbulent magnetic field, aradale of fluctuations, spectral
indices ofQ, U or P cannot be used to determine the spectral index of turbulagnetic
field. In fact, a large variety of spectral indices of poladzemission is expected to
occur even for a single turbulent magnetic field spectrum. idewange ofxp is indeed
observed in the Canadian Galactic Plane Survey and itcakextensions by Stutz et al.
(2014). These authors find an averdgge) = 2.3 with significant spatial variation. Their
conclusion thatrp increases with Galactic latitude may be a path lendfiace as shown
in our simulations.

Their study also finds thatp = ag = @y at 14 GHz, in agreement with our results.
Our simulations also confirm the observed flatteningrpfas a function of observing
wavelength (Haverkorn et al. 2003). The simulation reddtép > aq, ay is generally
not confirmed by observations. At low frequencies,< aq, ay is observed (Haverkorn
et al. 2003). However, the steepeningaegf, ay is attributed to the presence of nearby
Faraday screens: these screens will add large-scalewstuctQ andU, but not toP.
Since our simulation does not contain Faraday screens, waotdope to reproduce
these observational results.

We show, to our knowledge for the first time, that the PR, andP may have a
frequency dependent break. The frequency dependence ahthdar scale of the break
depends on parameters of the turbulence such as magnatistfishgth, path length, and
thermal electron density. Therefore, measuring the anguakde of the break as a function
of frequency may help determine the turbulence parametéis.should be accompanied
by simulations testing the dependence of the angular sdéaleedoreak on turbulence
parameters, which is beyond the scope of this chapter.

An interesting prediction of our simulations is the flattemiof the PS at very low
frequencies. This means that low-frequency polarimetogeovations from e.g. LOFAR
or the MWA may seem pure noise, but may contain signal. Padrintensity PS con-
structed at very low frequencies should in theory show aaried power spectrum (to a
positive slope). However, in practice this may béidult to observe due to the low PS
amplitude and finite observing beams.

2.5 Summary and conclusions

We constructed static simulations of the magneto-ioni&dd using a power spectrum of
random magnetic field with random phases and a predeterrapeiral index, constant
thermal electron density, and cosmic ray density that cagither constant or (anti-) cor-
related with magnetic energy density. We simulate radiapoletric observations by cal-
culating the propagation of polarized synchrotron radiathrough the medium and study
the resulting spectral indicesof Stokesl, Q, U and polarized intensitf? as a function
of magnetic field power spectrum, path length, outer scakeriulence, correlation of
cosmic rays and magnetic field, and frequency.

Our models confirm that more depolarization leads to shall®pectra, where depo-
larization can be increased by increasing path length aredsing frequency. We show
that smaller outer scales of turbulence lead to smalierbut that (anti-) correlation of
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magnetic field and cosmic rays does not have a discernibleeimfe onvp. The depen-
dence of polarization spectral index on ISM parametergsatds that the variety iap in
observations, even within the same survey, can originadesingle spectrum of magnetic
field. Polarization power spectra not only flatten with desieg frequency, but show
a break at mutipoles that increase with decreasing frequefditvery low frequencies
(s 200 MHz), this can lead to flat or even inverted power spectii@is behavior may
become visible with the current low-frequency instrumesitsh as LOFAR or MWA.
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Depolarization of
synchrotron radiation
In a multilayer
magneto-ionic medium
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Abstract

Depolarization of diuse radio synchrotron emission is classified in terms
of wavelength-independent and wavelength-dependentiaégadion in the
context of regular magnetic fields and of both isotropic amida@ropic tur-
bulent magnetic fields. Previous analytical formulas fgpalarization due
to differential Faraday rotation are extended to include intéfaedday dis-
persion concomitantly, for a multilayer synchrotron eingtand Faraday
rotating magneto-ionic medium. In particular, depolaita equations for
a two- and three-layer system (disk-halo, halo-disk-hale) explicitly de-
rived. To both serve as a ‘user’s guide’ to the theoreticailmreery and as an
approach for disentangling line-of-sight depolarizatomtributions in face-
on galaxies, the analytical framework is applied to datanfeosmall region
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Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

in the face-on grand-design spiral galaxy M51. THediveness of the mul-
tiwavelength observations in constraining the pool of jpdaislepolarization
scenarios is illustrated for a two- and three-layer modwh@hwith a Faraday
screen system for an observationally motivated magnetitdnfiguration.

3.1 Introduction

Depolarization of linearly polarized synchrotron radiaticombined with multiwave-
length observations is a powerful diagnostic for probingdbnstituents of the fiuse in-
terstellar medium (ISM) in galaxies. The medium may be eislyachrotron-emitting and
Faraday-rotating or only Faraday-rotating (a Faradayesgrdepending on whether cos-
mic ray electrons occur conjointly with thermal electronsl anagnetic fields. Magnetic
fields encompass regular (mean) fields, which are ordered@merent on large scales
and turbulent fields on small scales. Turbulent fields arthéurclassified as isotropic
or anisotropic. An alternative definition of anisotropy @rrhs of field striation may be
found in Jansson & Farrar (2012). The three distinct comptinef the magnetic field -
regular, turbulent isotropic, and turbulent anisotropéontribute diferently to the three
observables of total synchrotron intensity, (polarized synchrotron intensity), and
the Faraday rotation measuiRNl) as discussed in ffe et al. (2010); Jansson & Farrar
(2012) (see Fig.1 of ¥ et al. (2010) for an illustration).

The study of depolarization signatures in synchrotronatiat has its origins in the
suggestion by Alfén & Herlofson (1950) that cosmic radio waves result froratreistic
electrons spiralling in magnetic fields. For an overviewlod@rvational tracers of galactic
magnetic fields, see Zweibel & Heiles (1997).

In the context of nearby spiral galaxies, the basic reswoiteerning polarization and
Faraday &ects stem from the seminal work of Burn (1966) who consideraeelength-
dependent depolarization contributions from regular @udropic turbulent magnetic
fields to describe the distribution of polarized radiatidong the line of sight. Depo-
larization of synchrotron radiation by anisotropic magméelds and the #ects of the
magneto-ionic medium on the propogation of radio waves hiaghdy been described
by Ginzburg & Syrovatskii (1965). In particular, Korchak&Syrovatskii (1962) had
arrived at wavelength-independent analytical formulameating the degree of polariza-
tion to the degree of regularity of the field for the presentarbanisotropicmagnetic
field superimposed on a regular magnetic field as in the spirak of the Galaxy. In
their introduction, Sokolfy et al. (1998, 1999) provide a concise summary of works on
applications of depolarization laws to characterize mégriields in radio galaxies, jets,
and other radio sources. Burn (1966) considered the casesyrhaetric, single-layer
uniform slab with constant emissivity and Faraday rotapen unit line of sight (for a
review of several other models see Gardner & Whiteoak (1966))

In the sole presence of regular magnetic fields permeatm@Bhrn) slab, the polar-
ization angle is a linear function of the square of the wawgtle, and the degree of po-
larization follows the (Burn) depolarization (sinc) fuimst. The Galactic foreground was
modeled as a Burn slab in the work of Brentjens & de Bruyn (2008hen an isotropic
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Gaussian random magnetic field is also present the Burn alépation formula is modi-
fied to include internal Faraday dispersion (IFD), with @isgion scaling with the quartic
power of the wavelength. As noted by Sokidlet al. (1998), a factor of ‘2’ was missed
in the dispersion formula. Moreover, Faraday dispersioarirexternal screen was also
examined and received criticism from Tribble (1991) who ified this result to scale
with the quadratic power of the wavelength since the dispensould cause the spatial
correlation length of the polarized emission to decreask iwcreasing wavelength until
it would drop below the size of the turbulent cells (see alskdkff et al. (1998)). Burn
(1966) also considered wavelength-independent depat@izarising from variations in
polarization angle by the presence of isotropic random ratigfields. This led to the
expression for the degree of polarization in terms of thio raft energy densities of the
regular and random magnetic fields as

Pobs Bl_2]

Pmax Bf + B?

which was corrected by Heiles (1996) to

2
Pobs Bu
Pmax B2+ 2B2

for a face-on spiral galaxy. Herpgns and pmax are the observed and maximum degrees of
polarization, andB, andB; denote the uniform (regular) and random (isotropic turbt)le
magnetic fields, respectively.

The work of Sokold et al. (1998) generalizes the results of Burn (1966) to descr
more complex lines of sight in which magnetic field reversadsur and which pass
though a multilayer magneto-ionic medium as characternigtspiral galaxies. Emissivity
and Faraday rotation are no longer constant and may arisedosmic ray electrons and
thermal electrons with diering extents along the line of sight. These authors conside
the cases of a symmetric nonuniform slab, an asymmetri¢ ataba multilayer slab and
show that the polarization angle is no longer a linear fumctf the wavelength squared
in all of these contexts. Additionally, formulas for wavedgh-independent depolariza-
tion arising from isotropic turbulent and anisotropic tldnt magnetic fields are derived
using the rms value for the turbulent magnetic field strength

We base our method on the multilayer slab approach but nolwdacdhe simulta-
neous action of dierential Faraday rotation (DFR) and IFD in each layer of a-tamo
three-layer magneto-ionic medium. An explicit analytitmimula for polarization aris-
ing from a three-layer medium is provided. We also combinealength-dependent and
wavelength-independentfects in this framework and allow for regular, isotropic ran-
dom, and anisotropic random magnetic fields. To the authko@iviedge, this is also the
first specific application (in modeling) of the analyticalnkalone on anisotropic fields.

This multilayer approach is intended for modeling nearlgefan galaxies where it
is difficult to disentangle the signal from the disk and halo. We \afip¢ developed
theoretical machinery to the face-on, grand-design spakelxy M51, which lends itself
to a decomposition into a disk and a halo thanks to its smalieaof inclination.
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Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

In this chapter, we lay the foundations for an improved ptsismodeling of the
galaxy, building on previous works (Berkhuijsen et al. 19Bletcher et al. 2011) by
taking depolarizing #ects into account directly, thus enabling a statistical jgarnson
with polarization maps at each observing wavelength. InpCHa we will apply the
method to constrain both regular and turbulent field sttemgt M51.

3.2 Method

3.2.1 Regular, isotropic turblent, and anisotropic turbulent

We model a nearly face-on spiral galaxy with a disk and a h@éle multilayer decom-
position along the line of sight is performed explicitly fartwo- (disk-halo) and three-
(halo-disk-halo, with the far and near sides of the halo @éitlentical) layer system, in
order to examine the depolarization contribution of thesifithe halo farthest from the
observer. Constant strength regular and turbulent magfielils along with a constant
cosmic ray densityy, as well as a constant thermal electron densitgerve as indepen-
dent input for the disk and halo. Théects of wavelength-independent and wavelength-
dependent depolarization are directly traced by the nazedbegree of polarization that
describes the degree to which the measured polarized gignates from its intrinsic
value. Several depolarization mechanisms are in play imtédium. We focus on the
main ones for our modeling and discuss these separately.

The total field is comprised of a regular and fluctuating (@leht) part and is given
by B = B + b, where the over-bar notation has been adopted to denoteehe field.
The fluctuating part is described by a three dimensionautartt vector fieldo which is a
random variable, with cylindrical componeris by, b, (in the galaxy plane) and whose
standard deviation is similarly,, o4, o>. A correlation between the transvetse and
longitudinalb, components of the turbulent magnetic fiéldrises from the solenoidality
or divergence free conditio%i- b = 0. It is assumed that thefect of such a correlation is
negligible, thereby allowing for these components to batée as uncorrelated (Sokélo
etal. 1998).

As soon as turbulent magnetic fields appear in the desanipdilb related quantities
have to be addressed through an expectation value given bjume average over the
random magnetic fluctuations in the source of synchrotrdration. Since volume av-
eraging will be equal to ensemble averaging in our treatpibatself consistency of the
above representation for the total magnetic field may beimdxebyensemblaveraging
both sides and noting thdt and its components are random variables with zero mean.
Hence,B is also an ensemble average of the total fgldUpon including the three di-
mensional turbulent magnetic fidhdand assuming the standard scaling of emissivity with
the square of the perpendicular component of the total nimgfield, £ « B2, it is the

expectation values ofBy) = By and<B§> = Ei + o-ﬁ whereo denotes the respective
standard deviation witk = {X,y,z} and({...) represent expectation values or ensemble
averages, which feature in equations describing depaliiz. Please consult Appx. 3.A
for a more detailed explanation and an alternative scalasgt on the equipartition as-
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sumption.
For isotropyo; = o = 0, = 0. We include anisotropy caused by compression along
spiral arms and by shear fromfiirential rotation and assume it to have the form

a'é = aa,z, oy = 0, (3.1)

with @ > 1. Isotropy may be seen as the case whetrel. We emphasize that the above
relations for isotropy and anisotropy, characterizedpare relations between the square
of the standard deviation or variance of the componentsafdnot among components
of bitself.

3.2.2 Projection from galaxy-plane to sky-plane coordinags

The total magnetic field and the intrinsic polarization @l synchrotron radiation must
be projected from the galaxy-plane onto the sky-plane. Rerrégular disk and halo
fields, the transformation from galaxy-plane cylindricalgr coordinates to sky-plane
Cartesian coordinates proceeds with the introduction of @artesian reference frames,
one with its origin at M51’s center and the second in the sy, with thex-axis of both
frames pointing to the northern end of the major axis, andvisrgas (Berkhuijsen et al.
1997)

By = B cos@) — B, sin(@),
B, = [Br sin(g) + By cos@)] cos() + B,sin(),

B =- [B, sin() + By cos@)]sin(l) + B cos(),
wherel is the inclination angle anfldenotes a component of the field parallel to the line
of sight.

The random fields, represented by their standard deviatioassform to the sky-
plane as

br cOS() — by sin(¢)]2>

ff[? cog(g) + o Sint(¢),

= <{[br sin@) + b, cosg)| cos() + bzsin(l)}2>

= |02 sirP() + 0% cos(9) | co(l) + o2 sirf(l),

- <{- [ sin) + b, cose)| sin() + b, cos()}2>

= |02 sirP() + 0% cos(9) | sirP(l) + o2 cos (). (3.2)

2
0-)(
2
O-y
2
a9

It follows from Eqgs. (3.1) and (3.2) that anisotropy is giv@n
ol=0? [cosz(qb) + asin2(¢)] ,
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(o

2 = g2 {[sinf(¢) + @ cog(g)| cog(l) + sir(l)},
ot = o2 {[sirP(¢) + @ co(g)| sirf(l) + cog ()} (3.3)

The intrinsic polarization angle in the presence of regfileids only is given by
(Sokoldf et al. 1998)
Yo =im + arctar(Ey/Ex)

which acquires an additional term under projection to thekne to (Berkhuijsen et al.
1997)
Yo = 3n — arctanjcos() tan@)] + arctar(ﬁy/ﬁx). (3.4)

With the inclusion of turbulent magnetic fields, the lastrién the above equation is
modified and the intrinsic angle becomes (see Sdkeloal. (1998) and Appx. 3.A for a
derivation of this modification)

2BB,

(Yo) = in — arctanfcos() tan@)] + %arctar‘{_2 ] (3.5)

=2
2 _ o2
B,-B,+ox—0}

which reduces to Eq. (3.4) for the isotropic case. Hencebddn regular fields without
any turbulence and for purely isotropic turbulence the saaugation for the intrinsic
angle applies.

3.3 The complex polarization

As a result of the assumption that the transverse and latigg@lcomponents of the tur-
bulent magnetic field are uncorrelated, both the emissasity the intrinsic polarization
angle become independent of the total Faraday depth whiclseguently, leads to a de-
coupling of the wavelength-independent and wavelenggeddent &ects, and the com-
plex polarizatior for the total magnetic field may therefore be expressed, based on
Sokoldf et al. (1998), as

P=( [ avutn <s<r)>WXh)_l

Z
X f dVPo (e(r))wxn exp[Zi (0.81/12f ne§||dl’)]
\% z

X <exp[2i (0.81/12 f ’ neb”dl’)]> (3.6)
z Wxh

where the intrinsic, complex polarizati@® is

(&(r) exp[ 2iyo(r) Dwsn

Do 3.7)

Po = pow(r)
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3.3. The complex polarization

The intrinsic degree of linear polarization of synchrotradiation is taken agy =
0.70. w(r) is the beam profile function of coordinates in the sky-planés the syn-
chrotron emissivity, and the quantity inside the expegtatialue angular brackets in the
numerator of Eq. (3.7) is known as the complex emissivByandb, are the mean and
random magnetic field components along the line of sig)( ne is the volume den-
sity of thermal electrons (cm), vy is the intrinsic value of the local polarization angle
Y at positionr, and2 is the observing wavelength (m).. )y denotes volume averag-
ing in the synchrotron source, encompassed by the beandeylivhereW is the area
covered by the telescope beam dné the extent encompassed by a slice within the
beam cylinder which should be much smaller than the scatghhef the constituents of
the magneto-ionic medium. Coordindtés measured in pc along the line of sight with
positive direction pointing toward the observer withdenoting the boundary of either a
synchrotron emitting region or a Faraday screen closesetobserver.

The complex polarization is linked to tiedservableolarization quantities, the Stokes
parameters, Q,U, as

P = pexp(2iP)
where
L V)
N
and

v=1 arctar(%).

P is the polarized synchrotron intensity with= |#| the degree of polarization, ar@
andU may be seen to be the real and imaginary part8,afespectively, normalized by
the total synchrotron intensity= fv edV and¥ is theobservedolarization angle.

The following additional assumptions are used in the sutiogeanalysis of depolar-
ization:

1. The degree of polarizatiomand the polarization angle are dfected exclusively
by depolarization mechanisms arising from thédie ISMwithin the galaxy itself

2. A suficiently large number of turbulent correlation cells forbetxp(2iyo) and
g, denoted as\y, is encompassed by the telescope beam area in order to have
deterministicvalues for the complex polarization and, consequentlytferdegree
of polarization and polarization angle.

3. The beam profile function is for a flat telescope beam profitle w(r) = 1.

4. The variation of parameters perpendicular to the lineigtitss negligible within
the telescope beam.

5. The expectation value of the intrinsic complex polai@at®,) is not a function
of the line of sight coordinate, whef®, is defined in Eq. (3.7) above. In general,
this assumption no longer holds if the equipartition asdiongs invoked as the
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Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

longitudinal component of the total fieB) enters the scene and it may be a function
of the line of sight coordinate (see Appx. 3.A).

For a multilayer system it may be shown by direct integratbiq. (3.6) along the
line of sightl, with appropriate boundary conditions, that

N -1 N L
“[Z (s Li] xZ<P0i><si>(fo exp
i=1 i=1

f ] |2i (08147 neiBy) — di *(0.81 (nei) by)?| dl'}dl) (3.8)

N I [1-exp(-203,,2* + 2iRA?)
=) Pa) T —
£ 202 A4 - 2iR A

2i [ZN: R 42]

where the per-layer total synchrotron emisslgnthe total Faraday deptiR;, and the
dispersion of the intrinsic rotation measuR\) within the volume of the telescope beam
oRrM are respectively given as

X exp , (3.9)

li =& L,
R =0.81ng By L, (3.10)
orm = 0.81 (ng) byi (L d)Y/2, (3.11)

and where
(i exp(2ivai))
(&)

is similarly given, as first introduced in Eq. (3.7), but nosvealayer-dependent, averaged
quantity. Theory of Eq. (3.11) will be used in our modeling of wavelength-degbent
depolarization due to isotropic and anisotropic turburaagnetic fields in Section 3.5.2.
In so doing, we make the implicit assumption tlaiy may be taken as independent
of observing angle as for a purely random magnetic field. FExmn(3.9) we observe
that wavelength-independent depolarization contrimgtimay be directly appended to
the terms expressing wavelength-dependent depolanizasid they were ectively con-
stants.

The sum in Egs. (3.8) and (3.9) is over independeniform layers indexed by and
N is the total number of layers in the medium with tNéh layer nearest the observer.

(Pai) = Po (3.12)

1Faraday depth and Faraday rotation measRid)(are equivalent when the observed polarization atigie
alinear function oft? such as in a medium where synchrotron emission and Faradipnase separated. They
differ only when this linearity no longer holds as for a medium withchrotron emission and Faraday rotation
mixed. A positive Faraday depth means that the magnetic fielttptoward the observer. See Brentjens &
de Bruyn (2005) for further discussion.
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Yoi is the initial angle of polarization (rad), = }; L; is the total path length through
the medium (pc)] = ;| is the total synchrotron intensity from all layers, afyds
the diameter of a turbulent cell (pc) in a layer. A constwetieature of the complex
polarization® is that it is anadditivequantity; the total combined complex polarization
from all layers is the sum of the complex polarizations agsn each layer weighted by
the fractional synchrotron intensity/|.

3.4 Wavelength-independent depolarization

From Eq. (3.12) we observe that wavelength-independertldepation can only modify

the intrinsic degree of polarization in the presence ofulabt magnetic fields. It stems
from a tangling of magnetic field lines in the emission redioth along the line of sight
and across the beam on all scales. Denoting the isotropgntempic, and isotropic with

anisotropic instances df(®gi)l /Po)) by (W)i, (Wa)i, and Wa))i, as well as a generic
wavelength-independent depolarizing term\ldy we have (Sokolfb et al. 1998)

1/2

(Wa)i = - , (3.13)
BZ

L

o 2 o
[(Bi —Bl4o2- (72) ; 4B§Bj}

-2 =2 =2 - =2 S
whereB, = B, + B, andB? = B, + 0% + o7 (see Appx. 3.A for a derivation). The
subscripted appears on the braces to indicate that all magnetic fieldsroeg in the
equation are representative of a particular layer. Eqod8dlL3) reduces in the isotropic
case to

§2
(W) = (_2—l] . (3.14)
B, +202);
When both isotropic and anisotropic fields are present inerlden
2 2 2, o]M?

= [(BX -Bj+of-of) + 4BXBy}

(Wa)i = [_2 = J — (3.15)
B, +20?), B2
TxF 0y

With the occurrence of both isotropic and anisotropic tiebtimagnetic fields in the
same layer, there is consecutive depolarization by thelsks fs contained in Eq. (3.15).
The two turbulent fields are viewed as describing two sgwtsdparate, bulk regions in
the galaxy that do not interact.

In the context of a purely random fieB = b, from Eq. (3.13) it is observed that
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complete depolarization may be avoided only witheaisotropicrandom magnetic field

o3 - 2]
(Wa)i :( x Y ],o- % 0, (3.16)
' oi+og ) X Y

Equation (3.16) implies that the smaller théfeience betweem, ando,, the nearer the
turbulent field to being purely random, and the closer theaitp being completely depo-
larized. On the other hand, the greater théedénce between the standard deviations, the
weaker the contribution of wavelength-independent dejzaltion, and the closer the sig-
nal to its intrinsic degree of polarization. In the absenfcany random fieldsy = 0, and

it is readily observed that there is no wavelength-indepandepolarization contribution,
with [{Poi)| = po, in Egs. (3.13) - (3.15).

3.5 Wavelength-dependent depolarization

3.5.1 Dfferential Faraday rotation

Differential Faraday rotation occurs when emission froffecént depths in the emitting
layer, along thesameline of sight, experience fferent amounts of Faraday rotation due
to the presence akgular fields. For a regular field onlyB = B, Eq. (3.9) becomes
(Sokoldft et al. 1998)

N ||S R|/12 . s N
DOZT (R./12)>eXp 2i (Yo +%/12+Z Rj/lz .

i= j=i+1

(3.17)

Equation (3.17) shows that the polarized emission comimm f given layer has an initial
degree of polarization determined by the Faraday depthainlélyer and that the signal’s
intrinsic polarization angle undergoes Faraday rotatidgh ®M = R, /2 in the originating
layer andRM = R; in each successive layer, which function as Faraday scifeetise
emission from layers deeper than themselves.

For the goal of this chapter, the above equation is explieipanded to a two- and
three-layer medium. For a two-layer system, with a halo betwthe disk and observer,
this is given by

( P ) sm(Rd/lz)
Po 2Iayer

| (R41?)
I SIN(RA®) iy 3
S oA

= (A3 + A2 + 20 A cos|2aan + Ra+ R}, (3.18)

sin(R1%)

“(R®)

SIMRI) o+ (3 )]

where

= (/1) === = (/1) sinc(R 4?). (3.19)
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The subscripts = d, h refer to the disk and halo, antyqn = (Yoq) — (Yon) is the diter-
ence in the intrinsic angle of polarization between the disé halo. Equation (3.18), in
particular, is a typo-corrected form of the equation as jtesps in Sokolfy et al. (1998),
and it was derived in the work of Chadderton (2011). The spoeading equation for a
three-layer (halo-disk-halo) system, where the far and sidas of the halos are identical,
is given by

Gy
3layer
A

= (ZAﬁ{l + cos[Z(Rd + Rh)/lz]}+A§
+ 2AdAh{Cos[—2Az//dh + Ry +Ro) 27|

1/2
+ cos[2Augn + (Ry + Ro) 7] }) . (3.20)

3.5.2 Internal Faraday dispersion

Internal Faraday dispersion results from polarized signdergoing dferent amounts of

Faraday rotation both along the line of sight and acrosstleetope beanvithin a region

of synchrotron emission when the telescope beam enconyoams®y turbulent cells.
For a purely random field = b, Eq. (3.9) becomes

|I Slnh(O'RM/l4)

W eXp(— O-I%Mi/l4)‘ (321)

PB=t) = Z (Pai)

In contrast to DFR, the intrinsic polarization angle rensaiompletely unfiected by any
contributions to the phase from Faraday dispersion becaugecontributions by random
fields are zero on average.

Upon comparing Egs. (3.17) and (3.21), it is apparent tha#fhin Eq. (3.19) has
been modified to (Burn 1966; Sokdlet al. 1998)

1-exp(-203, /14)}

20'§Mxl4

A= (h/')[
sinh(oZ,4%)

(rRm )

and that Egs. (3.18) and (3.20) are modified to

= (/1) exp(~ iy 1)

(B) = (WAq Ag + (WA Ay,
Po 2layer
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(B) = 2 (WA A + (WA Ag.
Po /3jayer

A fundamental physical change has bedieaed; the sinc function with its non-
monotonicr-periodic zero-crossings in Eq. (3.17) has now been reglhgea monoton-
ically decreasing function of Faraday depth in Eq. (3.21)hasproduct of ehyperbolic
sinc function with an exponential decay.

3.5.3 External Faraday dispersion

When polarized emission is modeled as arising exclusivelynfthe disk, by having the
halo devoid of any cosmic ray electrons, a two- and threerlayodel approach to depo-
larization becomes degenerate since there is no longer agendepolarization terms
but rather a single term that describes the Faraday depatimm contribution from the
disk, together with the influence of the near halo (nearetsta@bserver) on the polarized
signal. In particular, the far halo, coming from a threeelagnodel, would be completely
dormant in terms of polarized signal. With only regular feeforesent in the halo, the
halo contributes with just a Faraday rotating phase terindbes not fect the degree of
polarization.

With the inclusion of turbulent fields in the halo, the halmdtions as a Faraday
screen, contributing an external Faraday dispersion (EED). Externalrefers to the
turbulent fields between the observer and the source. Hadtigregular and turbulent
magnetic fields present in the disk and halo entails having® @BRd IFD in the disk,
together with EFD in the halo, and yields

(ﬂ) _ |Poa) 1—9Xp(—20§,\,h/l4+2iRd/12)
Po/eFp Po 20’%,\41/14—2iRd/12

X exp[2i (¢0d + Rh/lz) - ZJﬁMh/l“]

1- 2 2%m " cos(2 Rd/lz) + e R
(-202,,24)" + (2Ra?)”
x exp(—20Zy, *)- (3.22)

= Wd

A fractional synchrotron intensity terig/lI does not appear since all of the synchrotron
emission stems from the disk (i.¢g,= 1).

For regular magnetic fields in the disk alone, along with tilght magnetic fields in
the halo, the equation is the natural reduction of Eq. (3i22his limit and is given by
(Burn 1966; Sokolff et al. 1998)

( D ) sin(Rd/lz)
pO EFD B (Rd/lz)

R
S+ Rhﬂ) - zcrgwa“]

exp[Zi (lﬁoa +
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sin(Rd/lz)

=R exp(-20%y,1%). (3.23)

3.5.4 Depolarization from DFR with IFD

We derive equations for depolarization arising from IFD weimg concomitantly with
DFR from Eq. (3.9). For a two-layer system (with a halo betwte disk and observer
asin Eqg. (3.18)), this is given by

( p) _ |(Poa) 1 el 2Rt 2iRu0)
Po /21ayer Po |

i(vos +Red®)

203,44 — 2i Ry

(Pon) In|1- e(_z‘rg*"“ﬁﬂJrzi Re) Q2ion
Po 1 ZO'EQM A4 —2iRy2
{W2 ( ) [1 2e% cosCy + € md)
I Q3+ C3
w2 (Ih) (1 — 2 cosCh, + e‘mh)
| Q2+ C2
lalh 2
+ WgWh —- |2 =N G2|: {F,G} (ZAlﬁdh + Ch)

+ e‘(Qd +n) {F, G} (2Al//dh + Cd)
e % (F, G} (2A¢gn + Cq + Ch)

1/2
} : (3.24)

whereQq = ZO'ZRW/14, Qn = Z(TEQMh/ﬁ’ Cq = 2Rd/12, Ch = 2Rh/12, F = Q4Qn + Cy4Ch,
G = OnCqy — Q4Ch. The operatiofF, G} (a) is defined a$F, G} (a) = F cos(a) — G sin(a).

The corresponding equation for a three-layer system (withfd near halos identical
as in Eqg. (3.20)) is given by

- e {F,G} (2Ayqn)

202, 1*+2iRy1?
(E <5"0h> In ( T ) {ezi[w0h+(Rd+Rh)f]
Po 3Iayer I ZO—RNh/14 2|Rh/12
—202,, A*+2iRyA?
el T o 1IN
Po || 20344~ 2iRg2?

S (I (1 — 267 cosCh + e*mh) [1 + cos(Cq + Ch)]
2W2 ( )
( l Q2+C2
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+W2 (l_d)z(l - 2e% ;:ong + e—md)
I Qf + C3
cWewh a2 e Gy Congen + Co)
W7 Err ez (P Yah + Cq
+{F, G} (2Aygn + Cn)
+ e+ N[ (F, G} (2Aygn + Ca) + (F, ~G} (~2Aygn + Ci) |

— €[ {F, G} (2Agn + Cq + Cn) + {F. =G} (~2Ayqn) |
1/2
— e[ {F, -G} (~2Ayqn + Cq + Cr) + {F. G} (2Ayar) ]}) : (3.25)

The symmetry properties of these equations will be reseimediscussion in Appx. 3.B.
The above equations explicitly show the competition betwthe turbulent and regular
fields with theory andR strictly characterizing exponential decay and periogicit

Figure 3.1 contains the depolarization profiles, with ndizea degree of polariza-
tion plotted against wavelength, for a one-, two-, and thager magneto-ionic medium
with DFR, IFD, and DFR with IFD. The wavelength-independpalarization has been
assumed to be.D for illustration purposes. Its actual value should be fibbserva-
tions at a small enough wavelength to make wavelength-digeiepolarizationfeects
negligible. With an increasing number of magneto-ionielaymodeled, the DFR curve
has complete depolarization occurring at progressivelijegavavelengths. Comparing
the IFD curve for a single and multilayer medium reveals thatIFD curve persists at
longer wavelengths and thus is leskeetive as a depolarizing mechanism in a multilayer
medium. The ‘jagged’ profile of the DFR curve in (b) relatiegthie smooth profile of (a)
arises from there being two sinc functions witftefing Faraday depths. For a three-layer
system in (c), the halo sinc function alone determines thR Blirve thanks to the disk’s
small fractional synchrotron intensity, which accountstfe smoothness. Comparing the
Burn (1966) and Sokot® et al. (1998) result for DFR with IFD in a one-layer uniform
slab (a), represented by the sole presence of a disk, withrttzatwo-layer medium (b)
given by a disk plus a halo reveals that the presence of a li@loosts polarization at
longer wavelengths. Similarly, DFR with IFD in a three-layeedium (c) with identical
far and near sides of the halo undergoes a drastic changefitepwhich more closely
resembles a one-layer halo polarization profile.

3.6 Modeling example: application to M51

We illustrate our method for the case of the nearby graniydespiral galaxy M51, with
its high galactic latitude ob = + 68.6° and with an inclination anglé = -20°. Itis
assumed that the observed emission is exclusively from M&ause of the high galactic
latitude (Berkhuijsen et al. 1997). We use the Fletcher et2l11) model predictions
of a two-dimensional regular magnetic fielt},, Bm(r) cos(m¢ — ) for both the disk
and halo for a small region (a sector of radial siz2 Kpc and azimuthal extent 200f
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Figure 3.1: Normalized degree of polarization as a function of wavelength illustratea fo
one-layer (a), two-layer (b), three-layer (c) system with charatiepsofiles for DFR only (black
solid), IFD only (blue dashed), and DFR with IFD (red dotted). A total moitr turbulent
magnetic field strength of 8G together with a total regular magnetic field strength alsoud®5
has been used in the disk and in the halo. The parametegsmyf, L, d, « used in the construction
of these plots are the same as those for the example bin of Section 3.Gandthes are reported
in the bottom panel of Table 3.1.
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Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

the galaxy. The turbulent magnetic field in the disk and halthiee dimensional. We
compare the observed degrees of polarizatiomat.5, 6.2, 20.5 cm with those expected
from different models of the depolarization for this bin.

The regular disk and halo magnetic field configurations irndylcal polar coordi-
nates are

Br = Bosin(po) + B2 sin(pz) cos(2 — B2),
By = Bo COS(0) + B2 cOS(2) COS(2 — 32).
B, =0,
Bhr = BhnoSin(pno) + Bn1 Sin(pn1) COSE — Bna),
Bhs = BnoC0S(no) + Bn1COS(h1) COS® — Bh1),
Brz = O, (3.26)

wherepy, is the pitch angle of the total horizontal magnetic figg the azimuth at which
the corresponding nom = 0 mode is a maximum, arnddenotes the component of the
halo field. The parameter values are given in Table 3.1. Fso#aopic fields in the disk,
a has been measured to b&3 (Houde et al. 2013) while for the halo anisotropic fields
it is expected to be less than the disk value owing to weakiealsgensity waves and
differential rotation in the halo. In our model, the anisotrdpitors for the disk and halo
are 20 and 15, respectively.

Table 3.2 shows all the possible model constituents. Theshigdes are constructed
based on the following considerations:

1. The total synchrotron intensity (I) increases with theition of turbulent fields
since the ensemble average of the square of the transvebnséetut magnetic field
component is non-zer«bi # 0). This is also why the total intensity would be
non-zero in the absence of any regular fields.

2. Root mean square (rms) values are used for the field sh®mdtthe individual
components of the turbulent magnetic fields in the disk and. HEhe strength of
an individual square component of the fiehﬁ with k = {X,y, ||} is obtained by
substituting foro2 in Eq. (3.3) the normalized input isotropzijq2 or anisotropic
o= field strength ag? = ¢o?/3 for isotropy ¢ = 1) ando? = 03/(2 + «) for
anisotropy. For completenessg = ao?. The anisotropic normalization factor in
the galaxy plane is conserved upon projection to the skyeplan

3. The diameter of a turbulent cel] in the disk or halo is approximately given by
(Fletcher et al. 2011)

2/3
DO—RM,D /

~|os1 (ng) byi (L)Y2] ~

(3.27)

i
with ormp denoting theRM dispersion observed within a telescope beam of a
linear diameteD = 600 pc, andrrmp has been fixed to the observed value of
15rad m?.
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3.6. Modeling example: application to M51

Table 3.1: Parameters used to model the synchrotron polarization data for arplkexaimin M51
located in the innermost radial ring.42- 3.6 kpc) at an azimuth centered on 100

Disk Halo

Mode ratios By/By = (—-33)/(~46) Bni/Bho = (76)/(23)

Pm [°] Po=—20,p2 =12 pno =43, pn1 = —45
Bml°] p2=-8 B =44

Ne [cm™3] 0.11 001

Ner [cm™3]* const. const.

L [pc] 800 5000
d[pc]™ 40 240

a 2.0 15

Notes: The fitted model parameters appearing in the upper pandtéareigular magnetic
field of Eq. (3.26) are adopted from Fletcher et al. (2011hwiéntral values reported
only. The thermal electron densitg.§ and path lengthl() for the disk and halo are gath-
ered from Fletcher et al. (2011); Berkhuijsen et al. (1997).

) The cosmic ray density is treated as a constant of propailitgrbetween the syn-
chrotron emissivity and the square of the total transveragnatic field (G) ass = cB?
with constant = 0.1.

) The turbulent cell sizd in the disk and halo is obtained from Eq. (3.27) withRK
dispersionorwp fixed to the observed value of 15 radfwithin a telescope beam of
linear diameteD = 600 pc. The rms value for the strength of the turbulent magfietd
along the line of sighb? = o has been assumed, where the valuerfpis obtained via

consideration (2) witlr? = o2 = 104G in the disk andr? = o5 = 3uG in the halo.

Figures 3.2 - 3.3 constitute a snapshot, at a physicallyredse set of magnetic field
values for the disk and halo, of all observationally motehtombinations that may be
used to constrain field values for our example bin. The paeiamagnetic fields under-
lying these figures involve a total regular disk and halo nedigrfield strength of G
each, an isotropic and anisotropic disk turbulent randoid t'n'ao-,2 = o-,ﬁ = 10uG for
a total disk random field of about 145, and an isotropic and anisotropic halo turbulent
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Table 3.2: Model settings for Figs. 3.2 - 3.4 based on regular and turbulent etiagield
configurations in the disk and halo.

Disk Halo

Iso.  Aniso. Iso.  Aniso.

Py
]
«
Py
@
«

SENENEN ENENEN
NENENENENEN

N N N N N N N NN NN NENENEN
NN N N NN NN
SENEENENE NN SNEN

DAIHAI

D

]|

DI %

Dl m %
DA

DA *
DAI

DAI %
Dhl

Dihl
Dihl m
Dihl %
DIlhl m %
DAhI
DAhI %
DAIhI
DAIhI %

SENEN
SENENEN

AN NN NN

v
v

AN N N N N N N N N N N N N N N N N N N N N N NN N NENENEN

NN NENENEN

SENENEN

Notes: The three column headings below the principle headingseof@isk’ and ‘Halo’
denote the regular, isotropic turbulent, and anisotropibulent magnetic fields. The
rows contain a listing of all model types simulated with tbédwing nomenclature: ‘D’
denotes disk magnetic fields, ‘H’ and ‘h’ both denote halo n#ig fields, ‘I’ and ‘A’ are
the isotropic and anisotropic turbulent magnetic fiellgepresents the use of thd.5 cm
observations to gauge the wavelength-independ@atte, antk denotes the use of the
generalized opaque-layer approximation to describe thé&ibation of internal Faraday
dispersion (IFD) (in the disk) to depolarization, as detaiin Section 3.6.1. Upper case
letters ‘D’ and ‘H’ and the lower case ‘h’ are used to distirgjubetween the presence
or absence of a regular magnetic field in a given layer, rdéisec The row ordering
follows the model type order as in the legend of Figs. 3.2 aBd@& the top panel and
that of Fig. 3.4 for the bottom panel.
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Figure 3.2: Normalized degree of polarization as a function of wavelength for a tywerlsystem
description of M51. The measured polarization values for a sector widiziamuth centered at
100 in radial ring 1 (24 — 3.6 kpc) at the three observing wavelengis 3.5, 6.2, 20.5 cm are
displayed with error bars. All model profiles featured have beentnatsd from among the
following set of magnetic fields: a total regular field strength pf®bin the disk and in the halo, an
isotropic and anisotropic disk turbulent random field ofz@each, and an isotropic and
anisotropic halo turbulent random field ofi@ each. Please consult Table 3.2 for nomenclature
and description of the model types appearing in the legend.

random field ofe? = o3 = 3uG for a total halo random field of roughly,45. These
total turbulent disk and halo magnetic field strengths aegliue compute the disk and
halo turbulent cell sizes of 40 pc and 240 pc, respectively.

3.6.1 Generalized opaque-layer approximation

We applied a generalized version of an approach, which wed brg Berkhuijsen et al.
(1997) to provide an approximate description to IFD, in orepredict depolarization
values at the three observing wavelengths for M51 and testthad for parametrizing
the depolarization, which is most significant at th20.5 cm observing wavelength. The
opaque-layer approximation was defined by SoKatbal. (1998). It assumes a thermal
disk with uniform scale heighty,, a synchrotron disk with a wavelength-dependent, uni-
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Three— Iayer system
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Figure 3.3: Exactly the same model types and physical parameters as used in2Fadpd®e but
now for a three-layer system.

form scale heighhg,,, and a thermal halo. Sindg,, > hn, there is a narrow layer of
synchrotron emission extending into the thermal halo. Withassumption that only the
nearest part of the synchrotron emitting layer is visible ttudepolarization, Berkhuijsen
et al. (1997) estimate the contributions to the rotationsueafrom the disk and from the
halo as RM= &4 RMqy + &, RMy, where €4, &) parametrize the disk and halo fractional
RM contribution to the total observeRIM. The¢ parameters depend on the scale heights
of the synchrotron disk and of both the thermal disk and halb @n the relative depo-
larization between the fferent observing wavelengths. There may be a variation with
radius as well. In particular, the parameter values at 3.5,6.2 cm are close to unity,
which implies that there is hardly any change to the actushd&y depth at these two
lower wavelengths.

Fletcher et al. (2011) used the opaque-layer approximétisuppress Faraday rota-
tion by the disk at the longest observing wavelength, whilthtthe disk and halo Fara-
day rotate the emission at the shorter pair of observing leagéhs. As we are dealing
here with a Faraday screen system, we implement either of Bd&2) or (3.23) and
substitute the Faraday depgin Eq. (3.10) by theRM values from Berkhuijsen et al.
(1997). To determine the depolarization as predicted lsyaphproximation at the observ-

68



3.6. Modeling example: application to M51
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Figure 3.4: Normalized degree of polarization as a function of wavelength with the paysical
parameters and nomenclature as in Figs. 3.2 and 3.3. (a) One-yayemswith a synchrotron
emitting and Faraday rotating disk only. (b) The disk as in (a) but now witl@that is only
Faraday rotating.

69



Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

ing wavelengths, the scale heights of the synchrotron diskdd both the thermal disk
and halo are used from Berkhuijsen et al. (1997), but théiveldepolarization are deter-
mined from the Fletcher et al. (2011) data. The generalipeajoe-layer approximation
may be combined with the assumption that all wavelengtlepeddent depolarization ef-
fects are calibrated by observations of polarization atdhest observing wavelength of
13.5cm (Berkhuijsen et al. 1997). Comparing Fig. 3.4 (a) with.RB8.4 (b) indicates that
the presence of a turbulent magnetic field in the halo is reduiogether with both the
wavelength-independent gauge and opaque-layer apprtaima order to have the best
chance of fitting the data for the physically plausible regaind turbulent magnetic fields
examined for the disk and halo.

3.7 Discussion and conclusions

The dfectiveness of the method in generating a range of modelféodiffuse ISM in
M51, in terms of the number of magneto-ionic layers modelatitgpe of magnetic field
species occurring in the disk and halo, is illustrated insFig12 - 3.4 for our example
bin. With typical parameter values as in Table 3.1, one canédiately rule out models
with regular fields only in the disk or in the disk and halo, greement with ubiquitous
observations of turbulent magnetic fields in spiral galaxie

Even though the modeled magnetic field strengths can bedMariéndividual models
in order to match the data values, the variation in the degf@elarization predicted by
the range of models is much greater than the errors in theaasdegree of polarization.
This gives confidence that observations like these can éhbeaused to rule out at least
some of the depolarization models.

These models contain many potentially free parametersshwhill mean the opti-
mum solutions will be degenerate, however many of the paensiespecifically those in
Table 3.1, can be constrained using prior studies. The rentafree parameters are the
regular field strengths and isotropic and anisotropic tertufield strengths, both in the
disk and halo.

For these values to be well determined, &isient number of data points are needed.
For the data from Fletcher et al. (2011), containing onlgéwavelengths, data in one bin
only (as shown in Figs. 3.2 - 3.4) cannot constrain the méagfield strengths dfticiently.
However, some additional assumptions about these fieldgttre can break the degen-
eracy. For example, we show in Paper Il that the assumptiomaginetic field strengths
being independent of azimuth provides enough constraintietermine the regular and
turbulent magnetic field strengths. With the broadband loidipas of most current radio
interferometers, these depolarization curves can be sahegtremely well in wavelength
space, with higher sensitivity, thus allowing actual tngcof these depolarization curves.

Throughout the chapter, we have assumey af 70% corresponding to the theoret-
ical injection spectrum for electrons accelerated in supea remnantsa(g,n = —0.5), as
representative of the synchrotron spectral indgy in the spiral arms of M51 (Fletcher
et al. 2011). For realistic, optically thin astrophysicégmas, such as disks and halos
of galaxies,py ranges from 60% to 80% (Ginzburg & Syrovatskii 1965, Sec8ds).
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Fletcher et al. (2011) estimated a constpgidf 76% across M51dgn = —1.1) but ob-
served variations in this value. This would imply that ourreat reported values qf/ pg

at the three observing wavelengths are, on the whole, 8%ehthlan the expected polar-
ization value. However, this overestimate is small comgdoethe 20% to 50% margin
of error in the observations at each of the three observingl®agths. With better data
having errors of only a few percent, the spectral index mépsatcher et al. (2011, Fig.7)
would have to be binned in the same way as the polarizatiors pzag the resultingg
value per bin would have to be used.

In general, an anisotropic field has a higher degree of @altioin than an isotropic
field when comparing fields of equal total strength. The gretlie anisotropia term, the
higher the polarization. The anisotropic and isotropibtlent components are presently
modeled as yielding two independent depolarization coutions in separate parts of the
medium with the strength of IFD determined by the total tiehtfield. The next step in
modeling would be to include an anisotropic random compbimgine complete medium
and to modifyory to reflect an angular dependence in the presence of the oot
field. Moreover, if a non-constant spectral index were to deslered, then theffect
of (spatial) spectral variation on polarization would h&wée accounted for (Burn 1966;
Gardner & Whiteoak 1966). The purpose of this work is not tivarat exact equations
for depolarization that are able to incorporate tlfie@s of a greater number of depo-
larization mechanisms but rather tffer a useful approach to modeling and deducing
certain physical parameters of the magneto-ionic mediuimgbenalyzed from its polar-
ized emission.

We have shown that various models of depolarization in thle @ind halo give widely
differing predictions for depolarization at various wavel@ésgmaking them a useful tool
for estimating the disk’s and halo’s regular and turbuleaignetic fields. Our method
incorporates depolarizingtects in the disk and halo directly and allows for simultareeou
depolarization contributions from DFR and IFD. We also teedadepolarization due to
anisotropic turbulent fields, albeit with simplifying assptions described earlier. Mod-
eling the disk and halo as both a two- and three-layer symahw@mitting and Faraday
rotating system allows for the depolarization contribaotad the far side of the halo to be
examined. A model of the galaxy’s regular field is requireciasnput. The multilayer
modeling approach with the inclusion of anisotropic tudmtlmagnetic fields is found
to be a more suitable prescription for the data. For the tyeil system where the halo
functions as a Faraday screen, the opaque-layer appraaimragy work under certain
circumstances, but not always. This may be due to overdicgtion of the model andr
a lack of a synchrotron halo in the model.

Our method is more robust than the opaque-layer approamacause it is based
on more fundamental physical parameters of the galaxy rakiz on a wavelength-
dependent synchrotron scale height parametrization. Vehad the fects of wavelength-
independent and wavelength-dependent depolarizatiecttyir which allowed for a sta-
tistical comparison with the polarization maps at the olisgrwavelengths. The fier-
ent models provide ftierent enough results that existing multiwavelength olzt@ms of
nearly face-on galaxies can distinguish between them.
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3.A Derivation of wavelength-independent depolarization
equations for standard and equipartition scalings of
emissivity

We derive the results of Sokdtoet al. (1998) for wavelength-independent depolariza-
tion to explicitly show how the corresponding equationseufior two diferent scalings
of emissivity along with the independence of the intrinsitgpization angle from these
scalings. We also correct two slight errors in the formulagimissivity given in Sokolfy
et al. (1998) for the case of energy equipartition.

For a total magnetic field that is purely a regular (mean) fild= B, the complex
intrinsic (hence wavelength-independent) polarizatinper layeri is given by

Poi = Po €xp(2iyoi) , (3.28)

wherepy is the intrinsic degree of polarization, apg is the initial polarization angle per
layeri.

In the presence of a turbulent magnetic fieldthe total field becomeB = B + b
and, together with a shiciently large number of correlation cells encompassed by th
telescope beam cylinder, the volume average in the syromremitting source becomes
equal to the ensemble average via the ergodic hypothe&lsP@ris modified from the
above Eqg. (3.28) to what is given by Eq. (3.12)

(&1 expRiya)) (3.29)
(&)

whereg; is the synchrotron emissivity ard. .) denotes ensemble averaging. This expec-
tation value entails computing various moments of the to@dnetic field components.

To determine how the intrinsic polarization valpghas been modified, infiect, by
the presence of turbulence to a layer dependent vaju@y itself remains constant and
equal to 07), the quantity(Pq)| / po has to be evaluated.

Assuming that the total magnetic field is a random Gaussidabla, a Taylor expan-
sion of the moment-generating functidm for a normal or Gaussian distributed random
variableX defined as

(Paoi> = Po

Mx(s) = exp(su + 302 &%) (3.30)
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is performed abous = 0 to yield equations fom,, then™ moment ofMy, at eachn
derivative of the function. Thereforay, is to be identified with X").

The explicit computation of moments My in Eq. (3.30) may be explained as fol-
lows. For a given layer, whether disk or halo, substitu¥eby the successive components
of the total fieldB, which is a random variable because it is the sum of a reguldr a
random variable, and replacawith appropriate instances of the three spatial directions
in Cartesian coordinatesy, z. Then identifyu as an instance of the meﬁm,Z ando?
as an instance of the variar?aeﬁ,y,z of the corresponding componentstof

For completeness, the first through fourth moments are

my =,

mp =42 + a2,

mg = ,u3 + 3u o2,

my =,u4 +30% + 6/,120'2.
For the case of a purely random field= 0 leaving only the even (central) moments
andmy. For the case of a purely regular fietd = 0 and the four moments simply reduce

to the first through fourth powers of the mean field.
Assuming that the emissivity per layescales as

s =cB, (3.31)
the complex emissivity is, therefore, given by
& exp (2iya) = ¢ (B — Bf; + 2i By By), (3.32)

whereB,; = By +iB,i, B?, = |B,j|> = B + Bﬁi, andc is a constant depending on the
number density of relativistic cosmic ray electrans Taking the square of each of the
two equivalent representations of a complex nun#zes given byrRexp(id) = z= X + iy,
with R = |[x+iy| and tar® = Im (2) / Re(2) = y/x and identifying the coordinates y
with By;, B,i may serve as an aid in arriving at Eq. (3.32).

The absolute value of Eq. (3.29) with the emissivity scalofgeq. (3.31) there-
fore yields the following equation for the wavelength-ipdadent depolarization as in
Eq. (3.13) and as in Eqg. (19) of Sokdiet al. (1998).

=2 =2 5, N2 22 Y2
-~ [(BX —B+o2- ay) + 4BXBy]

Po Bi
i

=2 =2 =2 == =2
— 2 _ 2 2
whereB, =B, + B, B =B, + 0% + 0.

2The variance of a complex random variablés given by:
(rf( = (X = (X)) (X* = (X*))) = (XX — (X) (X*), where the asterisk denotes the complex conjugate.
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The intrinsic polarization angle is also modified and oldifrom the ratio of imag-
inary to real parts of the expectation value of the compleissivity via tan(2 (yqi)) =
Im ({(Eq. (3.32)) / Re({Eq. (3.32)) and is therefore given by

11 2B,B,
(Yoi) = 37 + 5 arctan — (3.33)

B, —E +og-o02)

as in Eq. (3.5) without the sky-plane coordinate transfdionaerm and as in Eq. (20) of
Sokoldt et al. (1998).

With the energy equipartition and pressure equilibriunuagstions the cosmic ray
number density scales as « B? if the energy densities of magnetic fields and cosmic
rays are completely correlated, and the scaling of synatmamissivity with magnetic
field becomes

& =CBB? (3.34)

with a certain constar@, therefore
& exp (2io) = C B (B — B + 2i B, By), (3.35)

whereB} = B+ B +BZ. The intrinsic polarization angles aneaffectedby the rescaling

of emissivity smce the constant teKﬁBl2 cancels out, exactly like theterm, in arriving
at Eqg. (3.33). In addition to the first two moments, the thind ourth moments of the
fields By with k = {X, y, Z} in Egs. (3.34) and (3.35) must be computed.

Consequently, the absolute value of Eq. (3.29) transfooms t

|<7;2.>| [B28% + 2(ct + ) + 4(BLo% + Ejoi)]fl
X {[Ej —E: + 3(0"; - 0';') + G(Eioﬁ —E}jaﬁ)

— — —\2 —22— 2\ 1/2
+ B (8, - B2)[ + 4BiB. [B2 + 3(02 + 02)] } , (3.36)

where the rlghthand side of the above equation is to be tageimgividual layeri, disk

or halo, BH = B + ot and B2=B + Bﬁ Isotropy is now given byry = o, = o = 0.
The form of Eq (3.36) would then imply the corresponding ifiodtion in Egs. (3.13)
- (3.15). The simple multiplicative relationship betweée wavelength-dependent and
wavelength-independent terms as represented in Eq. (8@pwontinue to hold only if

no dependence on the line-of-sight coordinate arose.
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3.B Symmetries and equation properties

Symmetry considerations are appropriate for discussighdrcontext of depolarization.
Layerorderingand line-of-sight magnetic fieletversalare two distinct symmetries that
arise in our modeling. Layer ordering involves a reflectidrthee physical system or
the placement of the observer at the opposite end of thenatlgioriented system. For
a two-layer medium this simply involves an exchange of thgein that also causes
Aygh — —Aygn. For a three-layer system, with identical far and near sadébe halo,
reflection is automatically satisfied. For magnetic fieldersal along the line of sight,
only the direction of the line-of-sightegular field has to be reverse, — —B,, in all
layers at once, since a change of sign for turbulent fields\baffect on polarization.

With only DFR present, the equation for depolarization inva-tayer system, given
by Eq. (3.18), indicates that the presence ofAlieterm breaks each of the ordering and
reversal symmetries but that symmetry is preserved onlyptifi tayer ordering and field
reversal are appliedimultaneously A three-layer system remains invariant under field
reversal as apparent from Eg. (3.20).

IFD occurring with DFR changes the previously encounteyadrsetry properties for
DFR alone in terms of layer ordering and field reversal for e-tand three-layer system.
In particular, it is always the cross terms (which mix thedies) that determine these sym-
metries. A two-layer system given by Eq. (3.24) remainstiiava under the line-of-sight
regular magnetic field sign inversion only when the disk aalb lintrinsic polarization
angles are equal\{/q, = 0) just as for the two-layer system with DFR alone. However,
the IFD ‘carrier’ ory terms break the previously achieved layer ordering synymsair
that the two-layer system becomes sensitive to whetheratherfnear side of the halo is
switched on alongside the disk. For a three-layer systeendiy Eq. (3.25), the presence
of IFD now imposes the extra condition that the disk and hatidrisic polarization angles
must be equal in order to have the field reversal symmetry rathéotwo-layer system.
For a Faraday screen system, Eq. (3.22) remsynsmetricunder the reversal of the to-
tal magnetic field direction along the line of sight —» —B,. When the symmetries are
broken, the amplitude and period are only slightffeated for our example bin. Both of
the three-layer Egs. (3.25) and (3.20) contain a non-tr{dia cos(2 (Ry + Ro) /12)) term
that contains the combined actions of the disk and near bgldar fields and arises from
the near and far sides of the halo being set identically equal
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Chapter 3. Depolarization of synchrotron radiation in a multilayer magiogiio-medium

3.C General expression for wavelength-dependent
depolarization for a three-layer system

For completeness, we provide the general expression falaggation in threalistinct
layers with diterential Faraday rotation (DFR) and internal Faraday d&pe (IFD)
occurring concomitantly in each layer.

(ﬁ) _|Po 1
Po /31ayer Po |

~20%y, A*+21 R

1-el
208, A4~ 2iRy22

& [wor+ (Re + Re)2?]

[ ~202, 1*+2iReA?) |
L P I2]1- e( e _ ) 21 (o2 + Re )
Po | | 203),4% - 2iRea?
Pop 13| 1l PR
+ _— 03
Po | | 20F,4% - 2iRsa?
_ w2 (I_l)2 1-2e*cosD +e A
I OEAY A2 + D2
12\2(1-2eBcosE + e28
v ()
T2 ( B2 1 E2
W2 ('_3)2 1-2eCcosF +e%
s\ C2+F2
L, 2
+WiW, T2 V23 N2 {M, N} (2Ay12 + E)

+ e AB M, N} (2Ay12 + D)
—e{M,N} (2A¢12 + D + E)

- e B {M,N} (2Ay12)

151 2
+ WaWs %W[ (S, T} (2Ay23 + F)

+ e B0 (S T} (2AY3 + E)
-eB(S, T} (2Ay23 + E+ F)

- e C{S, T} (2Ay29)

I3 2
12 U2+ V2
+e®O (U V) (2AY13+ D + E)

+W1W3 [{U,V} (2A{ﬁ13+ E + F)
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3.C. General expression for wavelength-dependent depolarifatiarthree-layer system

-e™U,V}(2Ay13+ D+E+F)

1/2
- e {U,V}(2Ay13 + E) } , (3.37)

whereA = 203, %, B = 204, 4%, C = 203, 4%, D = 2R14% E = 2Rp1%, F = 2Rs?
with the index subscript = 1,2, 3 labeling the far halo, disk, and near halo, respec-
tively. FurthermoreM = AB + DE, N = BD - AE, S = BC + EF, T = CE - BF,
U = AC + DF,V = CD - AF, Ayij = Yo — Yo for layers {, j), and{X Y} (a) =
Xcos(a) — Ysin(a) for general variableX, Y and argumend. ory denotes the disper-
sion of the intrinsic rotation measuRM within the volume of the telescope beam and
is given by Eq. (3.11) an® is the total Faraday depth given by Eq. (3.10) with both
quantities taken per layér The(®Pq ) are defined in Eq. (3.12) and thié are the generic
wavelength-independent depolarizing terms discussegtiios 3.4. This expression nat-
urally reduces to Eq. (3.25) for identical far and near halosn setting = 1 = 3.

Finally, we remark that for an-layer system, with each layer distinct, the total number
of terms following the second equal sign of Eq. (3.37) wouddgiven byn + 8(2); the
sum of direct squared terms given by the number of layesnd all cross terms that mix
the layers, @) wheren choose 2 is the total number of unique pairs of layers and the 8
comes from the four new term types per layer appearing inbigléarge square brackets,
with each of these terms being multiplied by a sum of a sinecasthe term as contained
in the operation(X, Y}. The pattern of the terms after the second equality in theebo
expression, in the context of increasing layer numberradgitforward in the first three
direct terms and emerges in the three groupings of crosssterath of which consists
of four distinct terms inside the large square brackets.elia the cross terms by the
pairings of the emissivitiek j, it is readily observed that the arguments inside the square
brackets ofl;» andl,3 have the same characteristics and combine in the same manner
That this is also the underlying property fars, which is a ‘long-range’ grouping as it
spans the entire medium, may by seen upon setting the madgte dsE = 0. We identify
these characteristics to hold for all ‘nearest-neighbayels, ad, , andl, 3, with longer
distance neighboring layer pairingd @ndF are the endpoints) containing the additional
terms of the layers between them in place of Bheerm. Thus proceeding, the direct and
cross terms for an-layer system may be explicitly derived.
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Constraining regular and
turbulent magnetic field
strengths in M51

via Faraday depolarization

C. Shneider, M. Haverkorn, A. Fletcher, A. Shukurov
Astronomyé Astrophysics, Volume 568, A83 (2014)

Abstract

We employ an analytical model that incorporates both wangghe dependent
and wavelength-independent depolarization to descritd& naolarimetric
observations of polarization ati13.5,6.2,205 cm in M51 (NGC 5194).
The aim is to constrain both the regular and turbulent magjfietd strengths
in the disk and halo, modeled as a two- or three-layer magjneto medium,
via differential Faraday rotation and internal Faraday dispersilmmg with
wavelength-independent depolarization arising fromuleit magnetic fields.
A reduced chi-squared analysis is used for the statist@malparison of pre-
dicted to observed polarization maps to determine thefiiesaignetic field
configuration at each of four radial rings spanning 2 7.2 kpc in 12 kpc
increments. We find that a two-layer modeling approach plewia better
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Chapter 4. Constraining magnetic field strengths in M51

fit to the observations than a three-layer model, where the aad far sides

of the halo are taken to be identical, although the resuliest-fit magnetic
field strengths are comparable. This implies that all of ftheal from the

far halo is depolarized at these wavelengths. We find a totgnetic field

in the disk of approximately 18G and a total magnetic field strength in the
halo of~ 4— 6 uG. Both turbulent and regular magnetic field strengths in the
disk exceed those in the halo by a factor of a few. About hathefturbulent
magnetic field in the disk is anisotropic, but in the halo atbulence is only
isotropic.

4.1 Introduction

Magnetic fields are important drivers of dynamical proceseahe interstellar medium
(ISM) of galaxies on both large and small scales. They ragule density and distribu-
tion of cosmic rays in the ISM (Beck 2004) and couple with bollarged and, through
ion-neutral collisions, neutral particles in essentiallyinterstellar regions except for the
densest parts of molecular clouds (Ferei 2001). Moreover, their energy densities are
comparable to the thermal and turbulent gas energy demsiti¢arge scales, as indicated
for the spiral galaxies NGC 6946 and M33 and for the Milky WBg¢k 2007; Tabatabaei
et al. 2008; Heiles & Haverkorn 2012), therelfjegting star formation and the flow of
gas in spiral arms and around bars (Beck 2009, 2007, andtrefeein). In the case of
the Galaxy, magnetic fields contribute to the hydrostatlatize and stability of the ISM
on large scales, while theyffact the turbulent motions of supernova remnants and su-
perbubbles on small scales (Ferg 2001, and refs. therein). Knowledge of the strength
and structure of magnetic fields is therefore paramount tiergtanding ISM physics in
galaxies.

Multiwavelength radio-polarimetric observations offdse synchrotron emission in
conjunction with numerical modeling is a way of probing metijnfield interactions with
cosmic rays and the fluse ISM in galaxies. Of particular interest are the total nedig
field and its regular and turbulent components, as well as thspective contributions
to both wavelength-dependent and wavelength-indepemiggaiarization in the thin and
thick gaseous disk (hereafter the disk and halo).

Physically, regular magnetic fields are produced by dynaatiors anisotropic ran-
dom fields from compression and shearing gas flows, and gotrandom fields by su-
pernovae and other sources of turbulent gas flows. In theepcesof magnetic fields,
cosmic ray electrons emit linearly polarized synchrotradiation. Polarization is at-
tributable only to the ordered magnetic fields, while unpge&d synchrotron radiation
stems from disordered magnetic fields. The degree of paléizp, defined as the ratio
of polarized synchrotron to total synchrotron intensityyg characterizes the magnetic
field content and may be used as #lieetive modeling constraint.

Except for edge-on galaxies, where the disk and halo aré#ipatistinct in projec-
tion to the observer, disentangling contributions to dappation from the disk and halo
is challenging. In this chapter, we apply the theoreticafrfework developed in Chap. 3
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4.2. Observational data

to numerically simulate the combined action of depolairamechanisms in two or three
consecutive layers describing a galaxy’s disk and halo tstrain the regular and turbu-
lent disk and halo magnetic field strengths in a face-on galax

In particular, M51 (NGC 5194) is ideally suited to studyingh interactions for sev-
eral reasons: (i) small angle of inclination=f —20°) permits the assumption of a mul-
tilayer decomposition into disk and halo components aldrgline of sight, (ii) high
galactic latitude (b= +68.6°) facilitates polarized signal extraction from the totahsy
chrotron intensity since the contribution from the Galadtireground is negligible at
those latitudes (Berkhuijsen et al. 1997), and (iii) proxynof 7.6 Mpc allows for a high
spatial resolution study. Besides a regular, large-scalgnetic field component and an
isotropic random, small-scale field, the presence of aro&moisic random field compo-
nent is expected since there is no large-scale pattern adBgrotation accompanying
M51’s magnetic spiral pattern observed in radio polarta{i-letcher et al. 2011). Addi-
tionally, M51’s galaxy type (Sc), linear dimension, and |&k/ironment are comparable
with that of the Milky Way (Mao et al. 2012), (see also Pavel &1@Gens (2012) for near
infrared (NIR) polarimetry), possibly allowing for the ma¢ of the global magnetic field
properties of our own Galaxy to be further elucidated.

4.2 Observational data

We use the Fletcher et al. (2011)1 3.5, 6.2, 20.5 cm continuum polarized and total syn-
chrotron intensity observations of M51, taken with the V0UAdeETelsberg and smoothed
with a 18’ beam resolution, to construct degree of polarizapanaps. Thep maps are
partitioned into four radial rings from.2— 7.2 kpc in 12 kpc increments with every ring
further subdivided into 18 azimuthal sectors, each with pening angle of 2Q follow-
ing Fletcher et al. (2011). We will call these rings 1 throdgfiom the innermost to the
outermost ring. This results in a total of 72 bins. In the outest ring, two of the bins are
excluded as the number of data points within them is too sfieask than five). For each of
the remaining bins, histograms are produced to check teanttividual distributions are
more or less Rician and the meanpis computed with the standard deviationpfaken
as the error. Thermal emission subtraction was done usimmstant thermal emission
fraction across the Galaxy (Fletcher et al. 2011). In thishoe, thermal emission may
have possibly been underestimated in the spiral arms in lgtetfer et al. (2011) total
synchrotron intensity maps, the valuespiay, consequently, be overestimated in the
bins that contain the spiral arms.

4.3 Model

4.3.1 Regular field

Following Fletcher et al. (2011), we use a two dimensiongiil@ magnetic field
>'m Bm(r) cos(m¢ — Bm) for both the disk and halo with integer mode numbeand
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Chapter 4. Constraining magnetic field strengths in M51

azimuthal angle in the galaxy plagemeasured counterclockwise from the northern end
of the major axis along M51's rotation. A superposition ofsganmetric modesti = 0, 2)
describes the disk magnetic field while mainly a bisymmetrizie (h = 1) describes the
halo magnetic field. These modes yield the individual amgésB,,,, pitch angle$ pn,
andgn, angles.

The regular disk and halo magnetic fields in cylindrical palaordinates are

Br = Bosin(po) + Bz sin(p2) cos(2 - B2),
B, = Bo COS(po) + B2 COS(p2) COS(2 — 32),
B, = 0,
Bir = BnoSin(pno) + Bn1Sin(pn1) COSE — Bna),
Bhs = BnoCOS(Pno) + Bn1 COS(h1) COS® — Bhi).
th = 0» (4-1)

whereh denotes the component of the halo field. Please consult Fablfor the asso-
ciated magnetic field parameters in Eq. (4.1) and see Fid.Eetcher et al. (2011) for
an illustration of their best-fit disk and halo modes. An aatous halo pitch angle of
—90r for the outermost ring was deemed unphysical and probabbeaswing to the low
polarization degrees in this ring. Therefore, we ignors thilue and instead us&0°,
the pitch angle in the adjacent ring.

Our model inputs only the regular magnetic fielidections described by the respec-
tive modes for the disk and halo in Eg. (4.1), along with tHatree strengths of these
modes, given byB,/By and B1/Byg in Table 4.1, while the regular disk and halo mag-
netic fieldstrengthsare allowed to vary.

The components of the regular magnetic field are projectasitba sky-plane (Berkhui-
jsen etal. 1997) as

By = B cos@) — By sin(),
B, = [Br sin@) + B, cos(/))] cos() + B,sin(),
By = —[B; sin() + B, cos)|sin() + B, cos(),

wherel is the inclination angle anfldenotes a component of the field parallel to the line
of sight.

4.3.2 Turbulent field

We explicitly introduce three-dimensional turbulent metjn fields with both isotropic
and anisotropic components. The random magnetic fieldsxagressed as the standard

1The pitch angle of the total horizontal magnetic field is gibgrarctar(Br/B¢) per modem. Hence, sir{pm)
and cogpm) correspond to th&, andB, components oB, respectively.
2Thep angle is the azimuth at which the correspondimg 0 mode is a maximum.
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4.3. Model

Table 4.1: Fitted Model Parameters adopted from Fletcher et al. (2011, TableRstios of mode
strengths are reported as this allows for the magnetic field strengths ta ae &fariable
parameter in our model.

Ring 1 Ring 2 Ring 3 Ring 4

rkpc] [2.4,36] [3.6,48] [4.8,6.0] [6.0,7.2]
B,/By  —33/-46 -25/-57 -40/-76 —44/-76

Pol°] 20 24 22 _18
P[°] ~12 16 8 3
Bo[°] -8 -6 _14 25
Bni/Bro  76/23

Prol’] -43
pral°] 45 49 50 _50°
Bral°] 44 30 -3 16

Notes: The indexh refers to the halo magnetic field. Dots mean that the corretipg
parameter was insignificant in the Fletcher et al. (2011 pfibis thus not an input in our
model.

@ changed from original value ef9(° to be in closer agreement with the halo pitch angle
value reported for inner three rings.

deviations of the total magnetic field and are given by

0% = 07 [coS(¢) + asirP(g)],
o} = o7 {[sir’(¢) + @ coS(g)| coS (1) + sir(l)},
ot = oF {[sirP(¢) + a cos(g) | sinf(l) + cog ()} (4.2)

Anisotropy is assumed to exclusively arise from compressiong spiral arms and by
shear from dierential rotation and is assumed to have the fofjn= a o7 with o > 1
ando, = o, Isotropy is the case whan = 1. For anisotropic disk magnetic fields in
M51, a has been measured to b&3 by Houde et al. (2013) who measured the random
field anisotropy in terms of the correlation scales in the drthogonal directionsxand

y) and not in terms of the strength of the fluctuations in the tivections, as we use.
For the halo anisotropic fields; is expected to be less than the disk value as a result
of weaker spiral density waves andfdrential rotation in the halo. In our model, the
disk and halo anisotropic factors are fixed t6 and 15, respectively, and are reported
in Table 4.2. Root mean square (rms) values are used foridgudivcomponents of the
turbulent magnetic field strengths in the disk or halo by radizing the square isotropic
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Chapter 4. Constraining magnetic field strengths in M51

Table 4.2: Model Standard Parameters. Thermal electron densijyafd path lengthl() values
are collected from Berkhuijsen et al. (1997) and Fletcher et al. (20HE parameter is used to
characterize anisotropic turbulent magnetic fields and is discussedtiors4@.2.

ne[cm=] Llpc] «

Disk Ring 1,2 0.11 800 2.0
Disk Ring 3,4 0.06 1200 2.0
Halo Ring 1,2 0.01 5000 1.5
Halo Ring 3,4 0.006 3300 1.5

o2 or anisotropicr? field strength as? = o2/3 for isotropy andr? = o3 /(2 + a) for
anisotropy in Eq. (4.2).

4.3.3 Densities

The thermal electron densityd) is assumed to be a constant at each of the four radial
rings and about an order of magnitude smaller in the halo ihahe disk. Table 4.2
displays these values along with the respective path lerigtbugh the (flaring) disk and
halo. The cosmic ray densityng) is assumed to be a global constant throughout the
entire galaxy whose actual value is not significant as it elEnout upon computing.
Synchrotron emissivity is described @as: cB? with constant = 0.1.

4.3.4 Depolarization

We model the wavelength-dependent depolarization meshenof diferential Faraday
rotation (DFR) and internal Faraday dispersion (IFD) conitantly to account for the
presence of regular and turbulent magnetic fields in a gasgeritogether with wavelength-
independent depolarization. The combined wavelengtlenident and wavelength-
independent depolarization for a two-layer system ancethager system, with identical
far and near sides of the halo, are given by (Chap. 3, Eqst(3225))

( P ) _ {W2 (I_d)2 ( 1 - 264 cosCy + emd]
Po 2layer d l Qﬁ + Cﬁ

In\?(1-2e 2
W2 (_h)( e ;:osC2+e )
| Qh+Ch
T+ WyWy Jaln 2 {F, G} (2Ayrgn + Cp)
W7 | P Ydh + Ch

+ e @) (F G} (2A¢gh + Cq)
— €% {F,G} (2Aygn + Cq + Ch)
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1/2
- e {F, G} (2Ayqn) }} , (4.3)

222 () ()
— =(2Wg (— X
(pO)SIayer ( h(l) Qﬁ"'cﬁ

(1 — 267 cosCh + e‘mh) [1 +0s(Cq + Cp) ]}

and

+ W2 (I_d)z (1 — 2 ;:ong + e‘md]
| Qf + C4
lglh 2
+ WyWh I_Zm {F, =G} (—2Aygn + Cq)
+{F, G} (2A¢/qn + Cn)
+ e W[ {F, G} (2Aygn + Cg) + {F, -G} (~2Aygn + Ci) |

_ efﬂd[ {F,G} (2A¢gn + Cq + Cp) + {F, -G} (—ZAWdh)]

12
- (-Gl (-2 + Co+ ) + G @ [} (44)

wherepy is the intrinsic degree of linear polarization of synchootradiation,{d, h} de-
note the disk and hal@Qq = 203, 1% Qn = 20%,, 4%, Ca = 2R4A% Ch = 2RyA%,
F= Q40 + CdCh, G= thd - QdCh.

In Egs. (4.3) and (4.4), the per-layer total synchrotronssionl;, the total Faraday
depthR;, the dispersion of the intrinskR M within the volume of the telescope bearay,
along with the wavelength-independent depolarizing tevnare respectively given as

li=e& L,
R = 0.81ng Byi L,
orm = 0.81 (na) by (Li )2, (4.5)
[(EZ Blrot-o?) + 4§2§2r2
X Y X Y X~y

W =

— , (4.6)
Bl
i
whereg; is the synchrotron emissivitlp; is the turbulent field parallel to the line of sight,
l; is the synchrotron intensity,; is the path length (pc), along witﬁi = Ei + E; and

B = Ei + 0% + o2 The form of W in Eq. (4.6) implicitly assumes that emissiv-

ity scales withe o« B? corresponding to a synchrotron spectral index of -1. Igitro
expressions for the intrinsic polarization angle and fovelangth-independent depolar-
ization are obtained by setting, = o,. The operationF, G} (a) is defined a$F, G} (a) =
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Fcos(a) — Gsin(a). Aydn = (Wod) — {(Yon) is the diference in the projected intrinsic
polarization angles of the disk and halo with the respectivgles given by (Sokolbet al.
1998, 1999, and Eq. (3.5) of Chap. 3) as

2B«B,

(Yoi) = 5 — arctar{cos() tan@)] + %arctar{_2 ] . 4.7)

=2
2_ 52
By-B,+o5 -0y ).

Expectation values denoted ky .) arise whenever turbulent magnetic fields are present.
Only the last term of Eq. (4.7) remains upon taking thiéedéence.
In our use of Eq. (4.5) to describe both isotropic and amgitrrandom fields we
implicitly treatogrm as a global constant, independent of the observer’s vieagle as
for a purely isotropic random field. Moreover, the diametea durbulent celld; in the
disk or halo, as it appears in Eq. (4.5), is approximatelggiby (Fletcher et al. 2011)
D O-RM,D 23

o = 0.81 (ng) by (L)Y2| (4.8)

with ormp denoting theRM dispersion observed within a telescope beam of a linear
diameterD = 600 pc.crup has been fixed to the observed value of 15 rad (Rletcher
et al. 2011).

4.4 Procedure

We use various magnetic field configurations of isotropibdilent angor anisotropic tur-
bulent fields in the disk and halo with the requirement thatdhbe at least a turbulent
magnetic field in the disk following Fletcher et al. (2011)sebvations. We also model
wavelength-independent depolarization directly Wain Eq. (4.6) instead of approxi-
mating it with the value ofp at the shortest wavelength. Consequently, these turbulent
configurations, given in Table 4.3, span 12 of the 17 modedsyisted in the upper panel

of Table 3.2 of Chap. 3, and are illustrated by Figs. 3.2 aBdd@. an example bin with

a particular choice of magnetic field strengths. These cordigpns may also be viewed

in terms of two distinct groups characterized by the presemcabsence of a turbulent
magnetic field in the halo.

The isotropic and anisotropic turbulent magnetic fieldrggths in the disk and halo
are each sampled from,[B 5, 8, 10, 15, 20, 25, 30] G in line with M51 observations of
having a 1Q«G isotropic and a 109G anisotropic turbulent field in the disk (Houde et al.
2013). We assume that the total turbulent field strengtherhtdo is less than or equal to
that in the disk. For each of these turbulent magnetic fieldfigarations, we allow the
regular magnetic fields in the disk and halo to separately wathe ranges of 8 50uG
in steps of L uG.

We apply a reduced chi-square statistic to discern a bastafifnetic field configura-
tion for each of the four radial rings, independently, at tiiveee observing wavelengths
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4.4. Procedure

Table 4.3: Model settings for a two- or three-layer system based on regular dmdéat magnetic
field configurations in the disk and halo.

Disk Halo
Reg. Iso. Aniso. Reg. Iso. Aniso.

DIH v v v

DAH Vv Vv v

DAIH v v v v

DIHI v v v v

DIHA v v v v
DAHI v v v v

DAHA Vv Vv Vv v
DIHAI Vv vV v v v
DAHAI v v v v v
DAIHI v v v v V4

DAIHA v v v v v
DAIHAI Vv Vv Vv Vv Vv v

Notes: The three column headings below the principle headingseofisk’ and ‘Halo’
denote the regular, isotropic turbulent, and anisotropibulent magnetic fields. The
rows contain a listing of all model types simulated with tbédwing nomenclature: ‘D’
and ‘H’ denote disk and halo magnetic fields, respectivélyand ‘A" are the isotropic
and anisotropic turbulent magnetic fields.

A143.5,6.2,20.5 cm. The reduced chi-square statistic is given by

X2 _ /\/_2 _ 1 Z (Pobs — pmod)2
red N ) _ o2 ’
binsering

wherepops and pmog are the observed and modelpdalues given in Egs. (4.3) and (4.4),
o is the standard deviation of the measupaghlues per bin in a given ring, and the sum is
taken over all bins comprising a given ring.is the number of degrees of freedom given
by (# observing wavelengths (# bins in a ring — (# independent parametgrsvith the
number of independent parameters being the variable dikalo regular magnetic field
strengths and, hence, always two, for a fixed input of turduteagnetic fields describing
a particular configuration.

For each turbulent magnetic field configuration sampledpts-fit combination of
total disk and halo regular magnetic field strengths cooeding to the Iowesgfed value
are found and a range Jgf-ed contours are plotted in order to examineﬂfg, landscape.
Repeating this procedure allows for a global minim)gﬁg]j value to be obtained for each
of the rings.
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(a) Two- layer x2, contours ring 1 (b) Two- layer x>, contours ring 2
10
) )
= =
o o
© ©
< <
1 [
0 5 _ 10 15 20 0 5 _ 10 15 20
B disk (uG) B disk (1G)
(c) Two- layer x2, contours ring 3 (d) Two- layer x>, contours ring 4
10 10
) )
= =
o o
2 st 8 5t
19 1
15 - 20

15 20 0 5

10 10
B disk (4G) B disk (uG)

Figure 4.1: (a)-(d) Contours of equal reduced chi-square values for regudgnetic field
strengthsB in disk and halo in a two-layer model for each of the four rings. The fieBAIHI
model, denoted byk, is composed of regular, isotropic turbulent and anisotropic turbulskt d
and halo magnetic fields with respective minimum reduced chi-squayg Yalues and field
strengths presented in Table 4.4. The dashed, solid, and dotted corgpresent 10, and 100
percent increases in thé,, value, respectively.

szed values larger than one are accepted in order to establigima itn turbulent mag-
netic field configurations and strengths. To test whetheatimeission of these highgfed
values yield regular disk and halo magnetic field configoretithat are statistically con-
sistent for each ring, we use a generalization error apprffzmotstrap technique) which
is independent of th,efed statistic. This approach stipulates to approximatelyimet@%
of the data while discarding around 30% of the data at rand@ngach independent trial
run, and to check the resulting fits again. In this way, thbikta of the Iowest/\grzed con-
tours for a particular configuration is tested. Followingsb@h independent trial runs for
each of the globaﬁed minimum found per ring reveals that all such Iow;gétd contours
arestablefor both a two-layer model and (quasi) stable for a threedayodel.

We examine a smaller subset of the turbulent field configumatifor a three-layer
model making sure to examine configurations that are botll goal poor fits for the
corresponding two-layer system.
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Two- layer 2, contours ring 2

10f

B halo (uG)

B disk (4G)

Figure 4.2: Contours of constant?,, for values of regular field in the disk and halo for ring 2 with
a deviating value for the isotropic turbulent field corresponding to the aligenbest-fit model
adopted, see text. Symbols are the same as used in Fig. 4.1.

45 Results

4.5.1 Two-layer model

The turbulent magnetic field strengths which correspondhéobiest-fit two-layer model
per ring are presented in Table 4.4 together with the bestditlar disk and halo field
strengths attained from the reduced chi-squared anal¥sisrs reported for these re-
spective regular field strengths are based on the solid apinté-ig. 4.1 which represents
a 50% increase in th,efnin value.)(ﬁ1in is the minimum)(rzed value corresponding to the
best-fit disk and halo magnetic field configuration compode@gular, isotropic turbu-
lent, and anisotropic turbulent magnetic fields.

Figure 4.1 and Table 4.4 clearly indicate that the best-fgme#c field values in ring 2
deviate from the trend in the other three rings, especBdyin the disk andB;s, in the
halo. To test how significant this deviation from the othags is, we calculated a best-fit
model with magnetic field values consistent with the othegsiand checked how much
the,\/fed increased. Insertin®s, = 2 uG in the halo for ring 2, results in a minimum
szed = 3.1 for best-fit regular field values of ®2uG and 15 uG in the disk and halo,
respectively (see Fig. 4.2). Considering the uncertantiehe model, an increase)jfﬁ]in
from 2.4 to 3.1 is not believed to be a significanffelience in ring 2. We conclude that
these field values are equally plausible and choose to allept s the best-fit model,
making all magnetic field values in all rings roughly consigt Fig. 4.3 illustrates these
regular and turbulent magnetic field values for the two-tdgst-fit models.

Global conclusions to be drawn from these magnetic fieldesaare:

e The total magnetic field strength in the disk is ab8 qisk * 18 4G, while the
total magnetic field strength in the halo is ab8u haio ~ 4 — 6 uG;
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(a) Two‘— layer mpdel disK magneti‘c fields
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Figure 4.3: Predicted magnetic field strength&3) with radial distance (kpc) from M51. The
best-fit two-layer model configuration consisting of an isotropic turbiyféso.’), anisotropic
turbulent (‘Aniso.”), and regular (‘Reg.’) magnetic field strengthghia disk (a) and halo (b) is
shown per ring.
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Table 4.4: Two-layer best-fit DAIHI model magnetic field strengths. Values in ptresis
correspond to the alternative best-fit model adopted for ring 2.

Ring 1 Ring 2 Ring3 Ring 4

Disk

1s0.[uG] 10 10 10 10
Aniso.[uG] 5 10 10 10
Reg.uG] 887 0073°(12473) 106+3 1287
d[pc] 47 40 52 52
Halo

1s0.[uG] 5 10 (2) 2 2
Aniso.uG] O 0 0 0
Reg.uG] 38+1 76+2(15+15) 25+1 33%3
d[pc] 215 135 (395) 638 638
Xoin 12 24 (31) 21 30

e Bothregular and turbulent magnetic field strengths in tek die a few times higher
than those in the halo;

e There is a significant anisotropic turbulent field comporerhe disk, but not in
the halo;

e Within the errors, none of the magnetic field strengths shavetear trend as a
function of galactocentric radius. A possible exceptiorehs a slightly stronger
(isotropic) random magnetic field strength in the inner halo

The Iower)(zmin value and more sensitiw%ed range in ring 1 suggest that the regular
and turbulent magnetic fields may be best fit in ring 1 of the-kay@r model. This may
arise from dfferent magnetic field strengths and thermal electron desdigtween arm
and interarm regions. Ring 1 contains mostly spiral armdlewings 2 - 4 trace both arm
and interarm regions which makes a single fit for magnetid fi¢tengths in the entire
ring less of a good fit. Ar-periodic modulation is apparent in the best-fit polarizati
profiles of all rings in Fig. 4.4, indicating depolarizaticaused by the regular, mostly
azimuthal, magnetic field component. It can also be cleatyghat smaller errors in the
observedp/ pp decrease the width of the shaded gray corridor in Fig. 4.4.

A model withonly regular fields does not yield any good fits as expected on géilysi
and observational grounds. A one-layer model is excludedusymodeling as a non-
zero regular magnetic field in the halo is predicted by all nadig field configurations
sampled. This is consistent with the expectation of two Epa-araday rotating layers
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Table 4.5: Three-layer best-fit DAIHI model magnetic field strengths.

Ringl Ring2 Ring3 Ring4

Disk

150.[uG] 10 10 10 10
Aniso.[uG] 10 10 10 5
Reg.uGP2  1.873° 0073° 2277 10978
d[pc] 40 40 52 61
Halo

1S0.[uG] 5 8 10 8
Aniso.[uG] 0 0 0 0
Reg.uGP? 36+1 537 687 6879
d[pc] 215 157 218 253
X 30 36 21 36

Notes: @ A value of OuG is to be used for the lower regular field strength bound when
the lower error bound exceeds the actual regular field value.

(Berkhuijsen et al. 1997; Fletcher et al. 2011). We also icemobservations of M51 at
610 MHz which show thap/po < 1% in spiral arms (Farnes et al. 2013). Applying the
criterion thatp/po < 1% in the bins that contain the spiral arms in each ring, tesal
the exclusion of all field configurations which do not have otilent magnetic field in
the halo. This also automatically rejects a one-layer model

4.5.2 Three-layer model

For a three-layer model, with identical near and far sidethefhalo, the(fed landscape
consists of an archipelago of minimmfgd values as shown in Fig. 4.5. If a minimum
szed were to be taken as representative of a global minimum, toerthe purposes of
comparison with the two-layer model, we present the beshifde-layer model results
per ring in Table 4.5. The three-layer best-fit models arergrofits to the polarization
observations than the two-layer models owing to the higerin the innermost pair of
rings and the outermost ring. Both three- and two-layer risof#&or the absence of an
anisotropic turbulent halo field in all rings. Summarizittyg three-layer models result in
roughly the same magnetic field values as the two-layer rsodel
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Two- layer model A 3.5 cm ring 1 Two- layer model A 6.2 cm ring 1 Two- layer model A 20.5 cm ring 1
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Figure 4.4: Normalized polarization degrg® po as a function of azimuthal angle for observing
wavelength oft11 3.5, 6.2, 20.5 cm for each of the four rings for a two-layer model. Columns
provide the polarization profiles per ring at a fixed observing wavelenptte rows provide
polarization profiles at all three observing wavelengths at a fixed ringo®esponds to the North
major axis of M51 with sectors counted counterclockwise. The solid blatkgpcorrespond to
the predicted polarization value, at each azimuth, from the best-fit rtiadieéd strengths. The
shaded gray region corresponds to the range of polarization valedisted by all regular disk
and halo magnetic field configurations encompassed by the sdlielx%,,, contour in Fig. 4.1 for
rings 1,3,4 and in Fig. 4.2 for ring 2. The turbulent magnetic fields aras#ime as described in
Table 4.4. The following sectors have been discarded as they are (gkertext): sector at 60
for the inner two rings, and sectors at 22800, and 320 in the outermost ring.
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(a) Three- layer y2, contours ring 1 (b) Three- layer y2, contours ring 2
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Figure 4.5: (a)-(d) Same as in Fig. 4.1 but now for a three-layer DAIHI model.

45.3 Robustness of results

The stability of the Iowes,ytfrzed contours for the two-layer models and the (quasi) stability
of such contours for the three-layer models, following thetstrap technique discussed
in Section 4.4, gives confidence as to the robustness of Hudtse In addition, the elon-
gated shape of thefed contours in both these figures indicates that the halo is iseme
sitive to variation in its regular field value and is therefar stronger depolarizing region
than the disk. The models also yiqi@d contours for the innermost and outermost pair of
rings which are morphologically similar among themseldsrphological similarity be-
tween the rings constituting each pair may be expected bas#tk physical parameters
of thermal electron density and path length being equaldoheair as listed in Table 4.2.

An area of very strong polarized intensity observeds3.5, 6.2 cm in Fletcher et al.
(2011, Fig. 2) coincides with the ring 1 sectors at 388d 320 and plausibly accounts
for the underestimateplvalues at those locations at all observing wavelengths eblar,
the ring 1 and ring 2 bins at 6@&long with the ring 4 bin at 320are outliers as a result
of an area of sparse data in the same maps and are consegliscdlisded. The results
shown in Tables 4.4, 4.5 are obtained from the outlier frea.da

Using the innermost ring which traces the data the closestnmdels allow consid-
erable variation in the turbulent magnetic field values ia disk, while magnetic field
values in the halo are tightly constrained. In particulaplacing the best-fit ring 1 con-
figuration in Table 4.4 with isotropic and anisotropic tudnt disk fields of 2Q:G each,

94



4.6. Discussion

while retaining the %G isotropic turbulent halo field, results in less than a 20&tease
in Xﬁm whereas only changing the isotropic turbulent halo fieldGg:®, while keeping
the isotropic and anisotropic turbulent disk fields ag@®and 5uG, respectively, results
in more than a 25% increase/kﬁ]in. Correspondingly, total turbulent field values of up
to 30uG are allowed in the disk. However, Houde et al. (2013) reanrvbserved value
of the total turbulent disk field of 156G in M51, so that any models with a total turbulent
field greater than 1pG are excluded observationally. Finally, tfegular disk and halo
field strengths vary only slightly for all allowed values aftbulent disk and halo fields,
indicating that they are robust for all rings.

4.6 Discussion

The picture that emerges is the following: in the disk, mdigrfeeld strengths ar&.g ~
10 uG andByp ~ 11 - 14 uG, whereBy,, includes both the isotropic and anisotropic
random components. In the haBeg = 3 4G andByy is about equal tdeg and con-
sists only of an isotropic component; there is no anisotropndom field in the halo. If
anisotropy in magnetic field fluctuations is caused mostlyheystrong density waves in
M51 and shearing flow, the anisotropy would indeed mostlyxaiusively occur in the
disk. The regular and total magnetic field strengths in tisk dire in agreement with
equipartition values oByeg = 8 — 13 uG andBy = 15— 25uG as calculated by Fletcher
etal. (2011).

In the halo, maximum cell sizes of the turbulence appeardeease towards the outer
part of the galaxy (for a two-layer model), whereas the tlghucell sizes in the disk
are approximately equal. The smaller the turbulent fielelhgjth, the larger the turbulent
cell size for the representativ@M dispersion as given by Eq. (4.8). If the turbulent cell
size in the halo were equal for the inner and outer parts ofjétexy, theRM dispersion
would decrease towards the outer part of the galaxy, for digeg of turbulent magnetic
field resulting from the model, which is not observed. Howetlee cell size in the halo
is uncertain since Eg. (4.8) is only valid fdr« D andd < L, which might not be the
case in the halo.

The field strengths we find are broadly consistent with easliedies. Berkhuijsen
etal. (1997) discussed the magnetic fields in M51 in termejpégate disk and halo for the
first time. They found a slightly lower regular magnetic figidhe diskByey disk = 7 uG,
constant across the disk. Their (assumed isotropic) terbdield strength is compara-
ble to our results; they show that for even larger galactmeradii out to 15 kpc, this
turbulent magnetic field is expected to decrease 1 uG. Fletcher et al. (2011) finds
regular magnetic field strengths in both the disk and halawéen roughly - 4uG with
a slight increasing trend in disk regular field strength watius. They ascribed these
anomalously low values to ignoring anisotropic random 8dld the equipartition esti-
mate for the regular field strength. There is still an anonrathe estimated regular field
strengths though since the polarization angle RiMigive 1— 4 uG while depolarization
and equipartition both give 168G field strengths. Possible explanations include ignoring
the (unknown) filling factor of the thermal electrons in tR& based estimate, correla-
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tions in the line-of-sight distributions d; andne, and equipartition not holding.

The resulting magnetic field strengths in the two-layer nwaad the three-layer
models are in agreement. In fact, if the best-fit turbulengmegic field configurations for
all rings for the two-layer model were to be used for a thageet model, then the result-
ing best-fit regular disk and halo fields would still be ddsed by the three-layer model
within the stated error. This implies that all of the sigreatiepolarized from the far side
of the halo, at all wavelengths. Our models therefore corntfieconclusions from Horel-
lou et al. (1992) and Berkhuijsen et al. (1997) based on Bgreatation and polarization
angle measurements. Analyzing polarization data of 21hyegalaxies from the WSRT
SINGS survey (Heald et al. 2009), Braun et al. (2010) coregfifdom RM Synthesis that
M51 shows polarized intensity at Faraday degths+13 rad n72, coming from a region
of emissivity located just above the midplane. They alsosuesd Faraday depth com-
ponents of about180 and 200 rad n, interpreted as emission from the far side of the
mid-plane, which is highly Faraday rotated because of ipagation through the mid-
plane. The positive and negative Faraday depth comporadbly coincide to the hemi-
spheres of the disk where the an azimuthal magnetic fielddvoaint towards or away
from the observer. The high Faraday depth components agstent with our model,
assuming the path length and electron density as in TablertiB, = 10sin{) uG. The
turbulent cell sizes found for the disk agree with the valué&letcher et al. 2011; Houde
et al. 2013) and the turbulent cell sizes in the halo are dteniatic of the typical cell size
expected for spiral galaxies of between 200000 pc (Sokolff et al. 1998).

The expected total magnetic field strength may also be egihfieom the interdepen-
dence of the magnetic field strength, gas density, and stavatoon rate (SFR) as sug-
gested by the far-infrared - radio correlation (Niklas & Be®97). Schleicher & Beck
(2013) demonstrated that the observed relation betweefostaation rate and magnetic
field strength arises as a result of turbulent magnetic fieldldication by turbulent dy-
namo action, with turbulence driven by supernova (SN) esiplts. The expression they
derived, applied at a redshift= 0, is given by

Bot ~ V fsa7 lo(l)/6 (fmase ESN)l/3 Zé/FgR’ (4.9)

wherepy ~ 102*gcent? is the typical ISM densitySser ~ 0.1 Mg kpc2yrtis a
reference SFR per unit arefg ~ 5% is the expected saturation level for supersonic
turbulence or fraction of the turbulent energy averaged timeescales o~ 100 Myr,
fmas ~ (8%/My) is the mass fraction of stars yielding core-collapse SNs,5% is the
fraction of SN energy converted to turbulence, &g ~ 10°* erg is the typical energy re-
leased by an SN. ThByy; o< Zéf‘R scaling of Schleicher & Beck (2013) is comparable with
the observed relation between equipartition magnetic §ieghgth and star formation rate
for spiral galaxies by Niklas & Beck (1997). We takgrg = 0.012M, kpc2yr? for
M51, adopted from Table 3 of Tabatabaei et al. (2013), whiebgga total magnetic field
strengthBo: ~ 10uG via Eq. (4.9), as an order of magnitude estimate. Consigehe
roughness of the estimates of the parameter values in B, Bl ~ 10uG in the disk

is consistent with our results.
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4.7 Conclusion

We have shown that it is possible to use our analytical dejzaféon models with radio
polarimetric observations, consisting of only three obisgy wavelengths ati1 3.5,6.2,
20.5 cm, assisted by the criterion found from the 610 MHz M51 datd-arnes et al.
(2013), to constrain both regular and turbulent magnetid f&engths in M51. By nu-
merically simulating dierential Faraday rotation (DFR) and internal Faraday dgpe
(IFD) as the main wavelength-dependent depolarizatiorhar@sms along with the con-
tribution of isotropic and anisotropic turbulent magndigtds to wavelength-independent
depolarization, we have arrived at estimates for both ergqarid turbulent magnetic field
strengths in the disk and halo consistent with literatusesteown in Table 4.4.

This agreement with earlier studies gives confidence trestettmodels are realistic.
However, our model is more sophisticated than earlier workesit directly simulates
the wavelength-dependent depolarizing mechanisms of DiERRED thanks to the pres-
ence of both regular and random magnetic fields. Previousd8erkhuijsen et al.
1997; Fletcher et al. 2011) did not include synchrotron siais from the halo, relied
primarily on rotation measurdk(M) measurements, and did not model the actual contri-
bution of isotropic and anisotropic turbulent magneticdéeto wavelength-independent
depolarization.

We find that anisotropic turbulent magnetic field strengthshie disk of M51 are
comparable to isotropic turbulent field and regular fielémsgths of~ 10 uG. However,
no anisotropic turbulent field is detected in the halo, whbeeisotropic field is~ 2 uG,
comparable to the regular field strength in the halo.

Comparison of disk-halo models including and excludingep(darizing) halo at the
far side shows that the far side halo is mostly depolarizediatadio wavelengths, mak-
ing a two-layer model of disk and near side halo a good appration.

These models show that even with observational data atlorgg ivavelengths, useful
results on magnetic field strengths and configurations casbtaned. Current observa-
tional capabilities of broadband radio polarimetry wouldw the data to be constrained
to a greater extent. This would make it possible not only tiiebedetermine whether
a two-layer or three-layer modeling approach is best sditediescribing the data but
also to have tighter estimates for the regular and (isatrapd anisotropic) turbulent field
strengths in the disk and halo.

Recent studies by Tabatabaei et al. (2013) and Heesen 2044)(have observation-
ally revealed local correlations between the mean and kembmagnetic field compo-
nents with the star formation rate with a theoretical mdibrafor such scenarios recently
provided by Schleicher & Beck (2013). Future investigasioim conjunction with tests
of models for magnetic field amplification by dynamo actioowd, therefore, focus on
the dynamical physical quantities that give rise to the fa@tdcture found in this work.
Valuable for this purpose would be spectroscopic data frenmahid far-infrared to probe
the star formation rate, Hand H, for estimating gas density, and HI line emission for
determination of rotational and turbulent velocity.
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Abstract

Context Spiral galaxies generally host regular, large-scale re@gfields in
their disks, following spiral arms. For highly inclined gales, large-scale
vertical magnetic field components are also usually obseat®ve and be-
low the disk, in the gaseous halo. These magnetic field lindsalos are
generally observed to have an X-shape. This could indicételieal mag-
netic field structure, naturally produced by a combinatibrpaoidal and
toroidal magnetic fields.

Aims We would like to determine whether an X-shape magnetic Serilac-
ture in the almost face-on galaxy NGC 6946 can explain olbsiemns of the
degree of linear polarizatiorp] in this galaxy, at various wavelengths.
Methods We construct a 3D divergence-free magnetic field model. The
model contains axisymmetric spiral magnetic fields in thiewgadisk, and
helical fields in the halo, which are symmetric about the piEhe. Using
suitable thermal electron and cosmic ray electron didtiobs, we simulate
synchrotron emission from this galaxy. We ysas a diagnostic, and com-
pare our findings to polarimetric observations at wavelenétom five radio
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bands between.8 cm and 23 cm. We assume that wavelength-dependent
depolarization is negligible at our shortest wavelengtid ase the observa-
tions at this wavelength to determine the amount of wavélemglependent
depolarization. The other wavelengths are then scaledibyathount. We
simulatep maps for varying regular magnetic field strengths and usecthe
duced chi-square statistic to determine the best-fit redidhl strength for
the whole galaxy.

Results An X-shape field is a feasible model for the 3D regular magnet
field configuration of NGC 6946. Our best-fit field model yields 10uG
field strength in good agreement with earlier estimatesubatl radio syn-
chrotron observations and equipartition arguments. Thadatapproximately
reproduces the azimuthal variation in polarized intenisitthe inner galaxy,
but still overproduces polarization at certain azimuthesgibly due to lack
of turbulent fields in the models.

5.1 Introduction

Magnetic fields are important dynamical constituents ofxgjals. They thread the inter-
stellar medium (ISM) and influence virtually all interstglimatter, except for the densest
interiors of molecular clouds, via the Lorentz force. logutral collisions ensure that
even cold atomic clouds, with an ionization degree 0f*010-3, remain tightly coupled
to charged particles and, consequently, to the magnetit (frrriere 2001). Moreover,
magnetic fields fiect the thermal conductivity of the ISM (Orlando et al. 2Q@B¥ prop-
agation of cosmic rays (Strong et al. 2007; Yan 2015), anddtimamics of molecular
clouds and star formation (Hennebelle & Falgarone 20123e#isally, the magnetic field
lines are mostly ‘frozen-in’ into the interstellar gas. Asansequence, their field geome-
try is subject to distortion by plasma flows such as from sogpeéa remnants, i regions,
jets, and stars. Additionally, their field strength is vdrieamplified, for example, by
the combination of large-scalefféirential rotation and small-scale turbulent motions in
galactic disks, as in the Milky Way (Steenbeck & Krause 19&#rker 1971; Vainshtein
& Ruzmaikin 1971), and locally diminished by magnetic recection. Turbulent mo-
tions are also responsible for the dramatic decrease inldhge{scale) magnetic field
diffusion time (Parker 1979). Besides being present in the ditgslaxies, significant
magnetic fields are also present in (gaseous) galactic kadlese they provide pressure
support against the gravity of the halo gas and, therebyribake to the hydrostatic bal-
ance of the ISM (Boulares & Cox 1990). They also play a roldandisk-halo interaction
by transporting magnetic flux from the disk to the halo (Haneisal. 2009b), influenc-
ing superbubble break-out (Ferre 2001; Heesen et al. 2009), and transferring charged
particles from the galaxy into the intergalactic medium.

Diffuse synchrotron emission traces magnetic fields in galgigéding information
on the integrated magnetic component perpendicular toitlkeeof-sight. Traditionally,
galactic magnetic fields are divided into small-scale angelacale fields (see for exam-
ple Haverkorn (2014)). The term ‘large-scale’ fields (alatlexd mean, average, global,
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regular, uniform or coherent) indicates the component @ftiagnetic field that is coher-
ent on length scales of the order of a galaxy. ‘Small-scaddd$i (also called random, tan-
gled, or turbulent) describe the magnetic field componetiteascale of ISM turbulence.
A large-scale spiral field structure along the disk plang thaligned with the optical
or gaseous spiral arms is observed in nearby spiral galéiesise 2014). Synchrotron
emission from halos is more straightforward to study in edgealaxies than in face-on
galaxies since emission from the disk and halo is not sugers®d. From linear polar-
ization studies of edge-on galaxies (e.g., Dahlem et aB{}9Tullmann et al. (2000);
Krause (2009); Hanasz et al. (2009b); Heesen et al. (2008)a%t al. (2011); Mora &
Krause (2013)) we learned that many halos possess vertaghatic field components,
with field orientation fanning out from the center, forming A-shape. Following the
terminology used by other authors (Fere & Terral 2014, and refs. therein), we refer
to such fields as ‘X-shape’. Whether the X-shaped field is olasienally attributable to
either the regular field or to the anisotropic turbulent figddered field with randomly
varying direction on small scales) remains open. Based deripation data from the
WSRT-SINGS (Braun et al. 2007) (Westerbork Synthesis Radlestope - Spitzer In-
frared Nearby Galaxies Survey) (Kennicutt et al. 2003, SH)@alaxy sample, Braun
et al. (2010) modeled quadrupolar fields that can be intergdras X-shape fields. An
X-shape field is thought to be common in galaxies and its sichuin the magnetic field
models of the Milky Way by Jansson & Farrar (2012a,b) impcoweerall fits to the ro-
tation measureRM) data. Horizontal and vertical components of the regulagmatc
field in the disks and halos of spiral galaxies have been dezun earlier models (e.g.,
see Berkhuijsen et al. (1997); Fletcher et al. (2011) forctse of M51).

X-shaped magnetic fields may be caused by various physiocakpses. When the
X-shape arises from a large-scale magnetic field it is mketidue to a galactic wind
which transports the disk field into the halo where the galaeind occurs in conjunction
with dynamo action (Brandenburg et al. 1993; Hanasz et &192M; Moss et al. 2010;
Hanasz et al. 2013; Gressel et al. 2013). MagnetohydrodigafitMHD) simulations
also show that an X-shape field naturally develops from dymaation (e.g., Kulpa-Dybet
etal. (2011)). However, simulations incorporating alekelnt physics such as turbulence,
cosmic rays, supernovae, superbubbles, and the multephatsire of the ISM are still
to be performed (Gressel et al. 2013). As the magnetic fiebdigpled to the gas, these
X-shape fields may be related to the bi-conical gas outflowsytirodynamical (HD)
simulations (e.g., Dalla Vecchia & Schaye (2008, 2012)).

In this chapter, we study a magnetic field with a vertical neigrfield component in
a face-on galaxy. We construct a simple magnetic field mddeldescribes the disk and
halo fields of a spiral galaxy and compare with radio polatitn®@bservations. The aim
is to test whether the observed synchrotron (de)polacmaatan be explained by an X-
shaped field in the halo. We choose the grand-design, spgilakgNGC 6946 for several
reasons: its proximity of .5 Mpc (Kennicutt et al. 2003) implies access to high-quality
observations, it has one of the highest star-formatiorsrateong spiral galaxies (Beck
2007) which may imply high star formation driven outflowsttiauld contribute to an
X-shape, a companion galaxy whose interaction could diterX-shape is absent, and
earlier observations by Beck (2007) and Braun et al. (20L@psst the presence of a
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Figure 5.1: The observed degree of polarizatipg,s maps are shown at 6 cm (left), 13 cm
(center), and 23 cm (right). The red rectangle represents the size siftlulation box. The
elliptical grid represents the partitioning of the galaxy into bins. The solid astet gray lines
denote the minor and major axes, respectively, with the kinematicallyirersitdie of the galaxy
towards the West.

vertical field.

This chapter is organized as follows: In Section 5.2 we pretbe data. In sections 5.3
and 5.4 we provide a description of the model. Results argepted in section 5.5 and
discussed in section 5.6. Finally, we conclude and proposetibns for future work in
sections 5.7 and 5.8.

5.2 Observational data

We use continuum polarized and total synchrotron interditgervations of NGC 6946
(Williams & Heald 2015). These observations combine dadanfthe Karl G. Jansky
Very Large Array (VLA) and Helsberg 100-m telescope.at 3.5, 6 cm by Beck (2007),
WSRT at113 cm by Heald (2014), and the WSRT-SINGS survey 28 cm by Braun
etal. (2010). Thai4 13, 18 and 23 cm data each have 40 MHz bandwidth, consisting
of 14, 11, and 15 channels, respectively, while An8.5, 6 cm are single channels, for a
total of 42 maps. The WSRT data miss short spacing informafibie largest detectable
scales are 12’ at 13 cm, and 22at 23 cm. At the adopted distance to NGC 6946, the
diameter of NGC 6946 is about “18long the major axis. There is thus no missing large-
scale structure at 13, 23 cm since the largest angular qmalesd correspond to distances
much larger than NGC 6946.

The thermal radio emission at6 cm is determined and subtracted using an an H-
alpha image by Ferguson et al. (1999) and the method deddrildideesen et al. (2014,
Section 3.2). This final total intensity map is then used toegate non-thermal emission
maps at all other available frequencies by assuming tworatpaynchrotron spectral
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index values of-0.7 and—1. These values of spectral index are representative of the

spiral arms and interarm regions, respectively (Beck 20@Batabaei et al. 2013).
Multichannel Stoke€) andU observations are first smoothed to a commaot i&éam

resolution and then combined to arrive at polarized intgr(#) maps. In linear scale,

15" corresponds to 400 pc. Subsequently, maps of observededefypelarization fops)

are obtained by taking/l. A sample of three such maps is shown in Fig. 5.2%&t6,13

and 23 cm. The color scale is adjusted at each wavelengtlgirbHi to bring out small

scale features.

5.3 Model

5.3.1 Magnetic field

We model the magnetic field in NGC 6946 using a large-scald.fighis approach is
useful to expand the Braun et al. (2010) analysis to a morsipaly motivated mag-
netic field model. We would like to explore théfect of large scale field structures on
the observables when varying the parameters of a realistiedscale field configuration.
We adopt an X-shape field as defined in model ‘Dd’ of Fegi& Terral (2014, see their
Fig. 3). This model is selected because it reproduces theraditsonally recognizable po-
larized synchrotron radiation pattern observed in thedwal@dge-on galaxies. The model
is composed of an axisymmetric (ASS) spiral field in the disét an X-shape field in the
halo. Our X-shape regular magnetic field is physical in th# divergence-free. Also,
we choose to avoid a pure dipole amdquadrupole magnetic field geometry as modeled
in Braun et al. (2010) for qualitative comparison of field figarations. Quantitatively,
dipole or quadrupole fields are not realistic as there argsefield electric currents flowing
in the interstellar plasma enclosed by the galaxy. In gatamttric cylindrical coordinates
(r, ¢, 2) the field is given by

1 rf Z z

B =3z | Vz) 5[ B
21-1
p
§
BZ = r_2 BZ(r]J 21)9
with the reference field
B,(r1,21) = By signz exp(—[—lB), (5.2)

and with
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where, in the above relations, is the radius of field lines at the reference height=
|zz| signz and where sigiz ensures that the model is symmetric sigta is always posi-
tive. Since field lines bend away and do not cross the mideplanorder to avoid having
a singularity atr = 0 while keeping the field divergence-free, two valuegzoWwith a
positivenegative value for field lines abo¥eelow the mid-plane have to be taken. The
physical meaning of the various model parameters in Eqg$) éhd (5.2) is as follows:
Po is the pitch angle of the magnetic field line at the mid-plame< 0 mode), p., is
the pitch angle of the magnetic field line at an infinite heighdvegbelow the planeH,
is the height above the disk plane corresponding to the geeralue of the pitch angle
between mid-plane and infinitf; is the peak value of the reference field, dngdis the
exponential scale length of the reference field.

The pitch angle of the counter-clockwise directed ‘magnstiral arms’ has a posi-
tive sign and is given byg = +28 which agrees well with the pitch angle of the optical
spiral arms (Kennicutt 1981). Qualitatively, it may be esigel that field lines become
less tightly wound and thus have a larger pitch angle at hilgi¢udes since galactic dif-
ferential rotation probably decreases with distance frioenmid-plane (Ferére & Terral
2014). Assuming that the magnetic spirals unwind at larggoas heights,p., = +90°.

The overall field morphology isfeected by the parameters, H, andLg. The pa-
rameterz; affects the degree to which the ASS disk field is extended by argpathr
morphology in the halo. Large values Hf, preserve the initial pitch angle at the mid-
plane up to large vertical heights while too small values enthle spirals unwind at small
distances from the mid-plane. Moreover, the valukgfegulates the spread of field lines
with a value of 1< Lg < 5 kpc keeping the field lines from becoming too congested in
the center at lovkg values.

In the frame of the galaxy, but now in Cartesian coordindtestotal field is

Bx = B cos(¢) — By sin(¢), (5.3)
B, = Br sin(¢) + B, cos(¢), (5.4)
B, =B,. (5.5)

The position angle of the major axis is 248Boomsma et al. 2008). Choosing the origin
of the coordinate system to coincide with the dynamical éeof the galaxy, with the
x- and y- axes labeling the major and minor axes, respeytitle¢ receding side of the
galaxy is then labeled by = 0° and the approaching side gy= 180C°. The observer's
frame (sky-plane) components are obtained for the inétinatngle/, of the galaxy from
Egs. (5.3)-(5.5) as (Braun et al. 2010)

By = By, (5.6)
B, =B, cos(l) — B; sin(l), (5.7)
B, = B, sin(l) + B, cos(l), (5.8)

where(X, v, ||) are the major axis, minor axis, and line of sight, respelstivEhe incli-
nation angle is taken ds= 33’ (Heald et al. 2009).
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¥ (kpo)

X (kpe)

¥ (ko)
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Figure 5.2: The regular magnetic field is shown using standard model paramegters (s
Section 5.4) viewed almost edge-on from an arbitrary angle. Top lef3Ehregular magnetic
field vectors as simulated in a 616 x 16 kp& volume. The other panels show magnetic field
components in slices through this cube in orthogonal directions. Thdidineaf the slices are
shown in the axes, and the slices are taken close to midway through theTtigelue lines show
the magnetic field direction in the plane of the slice, and the color scale shewt¢mgth of the
field component in that slice.

5.3.2 Densities

We focus on the diuse ionized emission as this is more significant than regions for
Faraday rotation, owing to its larger filling factor (Beck &i&hebinski 2013). Although
both the warm ionized medium (WIM) component and the hot ietimedium (HIM)
contribute to the thermal electron density)( the HIM component has a negligibléect
on depolarization. This is on account of the HIM being sotdilwith ne ~ 10°3 cm3
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X (kpo)

5 0 5 5 0 5

Figure 5.3: As in Fig. 5.2 but using best-fit model parameters (see Section 5.5).

(Haverkorn & Spangler 2013, Table 1).

In our model, cosmic rays are assumed to distribute homageshe Consequently,
the synchrotron emissivity scales with the magnetic field as

e(X)=c (B2 +B2)(x). (5.9)

with ¢ a constant proportional to the cosmic ray electron denghis assumed quadratic
dependence of emissivity on magnetic field is an obsenalfpronsistent scaling for
disks and halos of galaxies (Sokfilet al. 1998, 1999).
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5.3.3 Stokes parameters

The degree of polarizatiopis the ratio of polarized intensityP] to total intensity () and
is given by
p= l—P (5.10)

with 0 < p < pp wherepy = 0.75 is chosen as the maximum intrinsic degree of polar-
ization. A synchrotron spectral index betwee®.5 to —1.1 corresponds to an intrinsic
polarization value of 76 76%. Since we are using0.7, po should in principle be closer
to 70%. However, from the large errors both in the obsematia the outermost pair of
rings at all frequencies and from all observations at lowdiencies, go of 0.75 is fine.

The Stokes parameters composing the polarized intensitytaal intensity in Eq.
(5.10) are given by

Llot
sz e(x’) dz
0

Lot Lot
Q= f s(x’)cos[Z(wo+0.8l/lz f Ne By (x’)dz”)]dz’,
0 z

Lot Lot

U= f g(x')sin[2(¢0+0.81/12 f Ne By (x')dz”)]dz’,
0 z

P=+Q2 + U2

with magnetic field defined in Egs. (5.6) - (5.8), the emiggiin Eq. (5.9), and intrinsic
polarization angle (Berkhuijsen et al. 1997, and Eq. (3f4}lmap. 3)

Yo = %n — arctanfcos() tan@)] + arctar(By//Bx/).

Magnetic field strengths are juG, A is the observing wavelength (mjz’ anddz are
increments along the line of sight with positive directioninging toward the observer,
Lot = 2Lg + 2Ly is the total path length (pc) withy andL;, the assumed scale heights of
the thermal disk and thermal halo, respectively, Zrmdknotes the location of each emit-
ting source along the line of sight witth = 0 marking the location of the farthest source
from the observer. In the model described above, the regudgnetic field strength and
electron density vary along a line of sight. This causes Veangh-independent depolar-
ization due to varying intrinsic polarization angles alohg line of sight, and wavelength-
dependent depolarization due to Faraday rotatiofigfdintial Faraday rotation). How-
ever, because turbulent fields are not modeled, wavelatgibndent depolarization due
to internal Faraday dispersion is not described.

5.3.4 Simulated Volume

We simulate a representative galactic volume ok16x 16 kpE centered on the galaxy.
This physical volume is selected to cover the radial extétiteomulti-armed spiral pattern
of NGC 6946 which is well approximated by an 8 kpc galactodemadius. The scale
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Table 5.1: Model parameters.

Description Standard Best-fit Sample range
Po [°] pitch angle of field at mid-plane 28 28
Peo [°] pitch angle of field at infinity 90 n.a.
7 [kpc] model reference height B 5 05-14
H, [kpc] reference height for pitch angle 5 0 2,4,8,16,0
Lg [kpc] exp. scale length of ref. field 3 3 BHD-5
ne,disk[cm‘3] thermal electron density in disk .@B" 0.03 003,03
Ne hall[cmM 3] thermal electron density in halo .@3 0.03 (Q0.0030.030.3
Lg [kpc] scale height of thermal disk B 0.5 05
L [kpc] scale height of thermal halo 5 5 , B5
By [uG] peak value of the ref. field 650 372 0-100
(B) [uG] average regular magnetic field 12

Notes: ) Equal to literature values, see text.

height of the non-thermal emission &20 cm is~ 4 kpc (Walsh et al. 2002), which is
well contained in our model box. As it is the non-thermal esius that we use to fit the
models, 8 kpc is a very reasonable vertical extent.

5.4 Method

We patrtition thepyps maps into four radial rings, centered on NGC 6946’s centiti, ing
boundaries every.& kpc from 16-8.0 kpc. The 16 kpc incremental distance corresponds
to four times the beam size. Every such ring is subdivideal 18 azimuthal sectors, each
with an opening angle of 20see Fig. 5.1. The number of resolution elements per bin
therefore ranges from 7 21 elements from the inner ring to the outer ring. This result
in a total of 72 bins per map and provides a good sampling ofidpelarization features.
For each of the bins, the mean pfys is computed with the standard deviation @,
taken as the error.

To obtain a model of the degree of polarizatiqgm,§q), we take an initial 6D param-
eter space characterized by Hy, Lg, ne in the disk and halo, anB,. Next, we define
a standard model by setting each of these parameters to ahysotivated constant
with the exception oB; which is the only independent parameter. The standard model
parameters are displayed in Table 5.1. The valug obrresponds to the value b§, that
of H, corresponds thy, and the value off 5 is selected because it roughly reproduces the
observed, approximately constant, profile of magnetic f#length with galactic radius
along the disk as shown in Beck (2007, Fig. 5). The thermaiteda density and path
length through the disk and halo are not known and these valtes roughly based on
those found for the disk in the models of Ehle & Beck (1993) Bedk (2007) which as-
sumed Milky Way parameters. The thermal electron densitigérdisk is consistent with
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the thermal density ofiegisk = 0.05 cnT2 typically assumed for galactic disks (Féme
2001).

'mod

NN
\ LN

W W
‘ RA i RA 0

Figure 5.4: Proceeding from the left to right: model outputs of total intendijynthich has been
normalized, polarized intensity?f which has also been normalized, and degree of polarization
(Pmod)- I, P, andpmeg are presented for the best-fit model (see Section 5.5)Rvéhd pmog Shown
at 6 cm (top), 13 cm (middle), and 23 cm (bottom). The receding sidesajdbaxy is towards the
West.
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The standard model is shown in Fig. 5.2 with the full 3D fieldwh (top left). In the
disk, the ASS field is even and points inward (top right),daling the direction of the ob-
served optical spiral arms. In the halo, the magnetic fieldde even and points outward
from the mid-plane, exhibiting a quadrupolar morphologgt{bm two panels). These
combined ingredients yielfnoq Via the Stokes parameters which are then compared to
Pobs to find the best-fit magnetic field strengsh.
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p vs. azimuth at A 3.5 cm
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Figure 5.5: The azimuthal variation of the degree of polarizatiphié presented at the lowest
observing wavelength of 3 cm in rings 1-4 proceeding from top to bottdm.ean value of the
observedp are shown in solid blue points at every azimuthal bin in a ring with associated e
bars given by the standard deviationmiih a given bin. The modeled values without scaling by
the factorA (see Section 5.5) are indicated with solid green points. The azimuthal @)dge
measured counter-clockwise from the receding side of the major axis.

5.4.1 Goodness of fit

A reduced chi-square statistic is computed using all tha dids simultaneously.
The reduced chi-square statistic is given by

Xieg = Z (Povs— As Pod”, (5.11)

blns

with A = (Pobs.135cm/ Pmod 135cm) @ parameter estimating the contribution of wavelength-
independent depolarization, see Section &.5is the standard deviation of the measured
p values per bin, the sum is taken over all bins, &hid the number of degrees of freedom
given by (# observing wavelengthx (# bing — (# independent parametgrs With the
regular field strength as the only independent parametenumber of degrees of freedom
isN = 2951.
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We test the robustness of our bestBit value and estimate an uncertainty in this
parameter using a bootstrap technique introduced in Chagedping all best-fit model
parameters fixed, except fBi, we again vanB; from 0— 50uG. However, at each value
of B;, we now discard 30% of all azimuthal bins at random in each ring for all four
rings for a fixed observing frequency and comp@ﬁe% for 50 independent trial runs. For
our large number of degrees of freedom, the chi-squardtlaisivn approaches a normal
distribution. Subsequently, the mean and standard demiatlﬁ/\/rzed corresponding to the
best-fitB; field strength, over 50 independent trials, is used to estaltihe range of all
other admissibl®,; values and thus the error in the average best-fit regular etadield
strength. TheB; values which define the admissible range satisfy the camditiat their

meany?,, values fall within - of the best-fify2 , mean value.

5.5 Results

The best-fit model has a 3D regular magnetic field configunatwith a reduced chi-
square statistic oﬁed = 8.5, and its parametrization is given in Table 5.1. This model
yields a mean regular magnetic field value of12uG in close agreement with estimates
given in Beck (2007). This best-fit model was produced assgraisynchrotron spectral
index of —0.7, characteristic of the optical spiral arms, which givettdyeresults than
the spectral index of1.0 representative of the interarm regions (Section 5.2). bdst-

fit magnetic field configuration is shown in Fig. 5.3 and exfsila pronounced vertical
component above and below the central region which is inesigesit with magnetic field
configurations found in several edge-on spiral galaxieb sisdNGC 253 in Heesen et al.
(2009, Fig. 16) and NGC 5775 in Soida et al. (2011, Fig. 12).

The model outputs of and P, and p are shown in Fig. 5.4. As expected from the
dependence of bothandP on the magnetic field component perpendicular to the line of
sight B.), their pairs of maxima and minima occur at the location$efrhinor and major
axes respectively, though are slightlffset as a result of projection (Braun et al. 2010).
However, the modeled Stokésn Fig. 5.4 shows an increase in intensity in the direction
of the minor axis which is not observed (Beck 2007, Fig. 1). tM=l an alternative set
of models in the range & Lg < 3 kpc with varying values af; which did reproduce the
observed radially decreasing intensity. These modelsgtheless, resulted in unbounded
values for the regular magnetic field, suggesting that tisefitemagnetic field was higher
than the (observationally motivated) field strengths thateaprobed. As a consequence
of the increasing amount of depolarization at longer wawgtles, the value of themog
maps decrease with increasing wavelength.

Comparing themeg maps in Fig. 5.4 with th@.ns maps in Fig. 5.1 revealsfiiérences
in the modeled and observed depolarization patterns. &iglrshows a comparison be-
tween model and observationsi3.5 cm for all bins. Clearly, the model greatly overes-
timates the polarization degree. This most likely resultsnf the model not accounting
for the turbulent component of the magnetic field, which depres. As a first-order
approach to correcting this, we include wavelength-indepet depolarization only. We
assume that all depolarization is wavelength-indepenaleh8.5 cm (i.e. no significant
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Faraday rotation at 3.5 cm) and scale the modelgdat 1 3.5 cm to the observed ones.
This is done by the factok in Eq. (5.11).

The best-fit model including wavelength-independent dejdtion reproduces the
observed azimuthal variation pfin the inner two rings but deviates in the outer two rings
as shown in Fig. 5.6 for the innermost and outermost partogétlaxy. As expected on the
basis of the above scaling by the facfgrpmog coincides exactly withpoys at the lowest
observing wavelength of.8 cm in all four figures. In the inner galaxpmoq generally
overestimate®ops, While in the outer galaxypons is mostly underestimated. Figure 5.7
shows the wavelength dependence of the depolarizatioratdr lein in the innermost and
outermost part of the galaxy. The general decrease with leagth is reproduced well
by the models, although the overestimationpgis in the inner galaxy is visible in this
figure too. Also, the model shows increasegafith increasing wavelength in the outer
galaxy for some azimuths, which are not observed. We didtiesdiscrepancy between
observations and model in Section 5.6.

5.5.1 Sensitivity to input parameters

In order to dficiently sample the previously described 6D parameter spaebave made
excursions from our standard parameter model, separatedath parameter, while vary-
ing B; from 0— 50uG. These sample ranges are presented in Table 5.1.

The B; value is a robust estimator of the best-fit regular field gftlems it does not
fluctuate too much when portions of the data are discardexhdbm (see Section 5.4.1).
As Fig. 5.8 shows, the variance decreases for lower chirsquadues at larger magnetic
field values and the minimum chi-square plateau arising fs@nndependent trials lies
within the best-fit range determined in Section 5.5.

Our best-fit model is not very sensitive to the exact valukl pbs the sampled range
of Hp in Table 5.1 yields similax/rzed values of about 9. This trend was taken to indicate
that the minimum}(fed value would be achieved when the pitch angle would simply be
fixed at its mid-plane value everywherd = o). This is not an unreasonable choice as
Po is observed to remain fairly constant with galactic raditisto 12 kpc in the disk of
NGC 6946 (Ehle & Beck 1993). Itis clear from the models testadng gisk = 0.03 cnt3
is a good value to use and that the presence of a thermal hadguged with a density
equal to that of the disk. This would mean that the thermaitede density in the halo of
NGC 6946 is higher than that of the Milky Way, which is estigthisn, = 0.003 cn13.
The output values are most dependent on variation in thesdly . Figure 5.9 shows the
dependence qfrzed on the variation inpy andB;. For an initial coarse sampling & in
steps of 4G, Fig. 5.9 shows tha = 5 kpc gives the best fij\/{zed =9.2) for B; = 36uG
consistent with the valuB; = 37jguG found with finer sampling oB; for fixed z;.

5.6 Discussion

Our model explains part of the observations, but also costfgEatures not in agreement
with our data or earlier literature. We will discuss both #amities and dfferences accom-
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p vs. azimuth, ring 1 (GHz fregs.)
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Figure 5.6: The azimuthal variation of the degree of polarizatiphié presented at the two lowest
observing wavelengths of8and 6 cm (first two plots of the top row in both sub-figures) and
subsequently at every third wavelength from 13 cm - 23 cm. The méaa vhthe observeg are
shown in solid blue points at every azimuthal bin in ring 1 (innermost ringfértop sub-figure
and in ring 4 (outermost ring) in the bottom sub-figure with associated lears given by the
standard deviation gb in a given bin. The modeled values are indicated with solid dark points.

115



Chapter 5. A 3D magnetic field model for NGC 6946

pvs. A2, ring 1

T e

0.00L &

- e - -

$=120°

0.01 0.03 0.05 0.07
A2 (m?)

0.01 0.03 0.05 0.07
A2 (m?)

pvs. \?, ring 4
$=40°

0.01 0.03 0.05 0.07
A2 (m?)

0.20 - (3‘:240 ‘ ‘ (3‘:280 ‘ qﬁ‘:320 ‘
B ]
0.15 \ j
~ 0.10f N {1k 1
i T ° r
005 i i | | l\ i i E ,7 I /\ _ 1
0.00 ! ! n 7 - - P i,\ I - il
0.01 0.03 0.05 0.07 0.01 0.03 0.05 0.07 0.01 0.03 0.05 0.07
A (m?) A (m?) A (m?)

Figure 5.7: The variation ofp with the square of the observing wavelength(m?) is presented

for the 42 available wavelengths betwees 8m to 23 cm at every second of the 18 azimuthal bins
(0° — 320 in steps of 40) comprising ring 1 (innermost ring) in the top sub-figure and ring 4
(outermost ring) in the bottom sub-figure. The mean value of the obderare shown in solid

blue points at every second azimuthal bin in rings 1 and 4 with associataars given by the
standard deviation gf in a given bin. The modeled values are indicated with solid dark points.
The dashed green line simulates a continuous wavelength coveragéngpaicm - 265 cm.
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Figure 5.8: Map of reduced chi-square values obtained using the bootstrap teel{sip
Section 5.4.1) with 50 independent trial runs for e8glvalue.
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Figure 5.9: Contours of reduced chi-square values for regular magnetic fielgstrB, and
height above the mid-plare for the entire modeled galaxy. The bestzfiandB; combination is
denoted byk. The dashed, solid, and dotted contours represe0l@nd 100 percent increases
in the minimumy?2,, value, respectively.

panied by a possible explanation or way to continue. Our iinaglees with a number
of galaxy observations (Urbanik et al. 1997; Heesen et &19280ida et al. 2011; Mora
& Krause 2013) and models (Braun et al. 2010). Its featureseagith helical magnetic
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field models of M 83 and NGC 6946 by Urbanik et al. (1997), whaatode that an
extended gaseous and magnetic halo is required, and thatitineithal field could not
be much stronger than the poloidal one. Our best-fit modelstsimilarities to some
of the models described in Braun et al. (2010), in partictharaxisymmetric disk field,
X-shaped halo fields and a comparable magnetic field scaj@tei

Our model does not describe wavelength-dependent degatiarn due to turbulence.
However, no wavelength-dependent discrepancy is sepgdim Fig. 5.7 which suggests
that this €fect can be neglected. The overestimationpgfq in the inner galaxy and
underestimation opneg in the outer galaxy indicates th@t,.g decreases with radius
faster thanpyys. This could be the result if the magnetic field strength deses faster
as a function of radius in reality than in the model or if thesenore turbulence in the
inner galaxy than in the outer galaxy which would cause mepmthrization in the inner
galaxy.

The abrupt rise ipmeq at the longest observing wavelengths in the bottom subdigur
of Fig. 5.7 for particular values of the azimuth correspotal¢he locations of the two
‘secondary maxima’ fringe regions (diagonally oriented garallel to the two expected
maxima) at123 cm in Fig. 5.4. These fringe regions arise from the intgrletween
Faraday depth and synchrotron intensity in a multilayer mesgrionic medium. For the
case of a medium consisting of two uniform layers, Chaddef2911) have shown that
complete depolarization will not occur (at any wavelengftbpth the following two con-
ditions are satisfied: the layer farthest from the obserwestmave a much higher Faraday
depth than the layer closest to the observer and the laysestito the observer must con-
stitute some fraction of the total intensity. Although oundel does not have a constant
magnetic field as in the uniform-layer model, lines of sidtattprobe the magneto-ionic
volume in the outer galaxy may satisfy such conditions aiaieiazimuths. Since these
fringes disappear if the galaxy is taken to be exactly facg-e 0°), their apparent par-
allel alignment with the expected two maxima is a result @jgetion. Alternatively, the
absence of these fringe featuregiss may indicate their #ective erasure by depolariza-
tion from isotropic turbulent magnetic fields or that our iXape regular magnetic field
model requires vertical fields originating at larger radii.

5.7 Summary and conclusions

We constructed a simple analytical model of a 3D regular raetigfield in spiral galaxy
NGC 6946. This field model has a vertical field component agmiesl in a number of
edge-on spiral galaxies, and is modeled divergence-fregefe & Terral (2014). This
magnetic field model, combined with thermal and cosmic ragtebn distributions, pre-
dicts a degree of polarization at radio wavelengths confpp@naith multi-frequency ra-
diopolarimetric observations of NGC 6946 Williams & Hea0(5).

The model reproduces the observed azimuthal variation lairigation degree, es-
pecially in the inner galaxy. The best-fit average magnegid fstrength is 12 2uG,
consistent with earlier estimates, and extends out to d&aetteight of 5 kpc from the
plane. However, the best-fit model shows an unexplaine@aser in Stokesaway from
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the plane, which can only be mitigated with unphysicallyrhigagnetic field strengths.
Also, at some azimuths, unobserved increases in polarizdggree occur in the model.
In summary, our magnetic field model including an out-ofrglaX-shaped magnetic field
component can reproduce some of the main features of thepa@ldrimetric observations,
but needs additional complexity to fit the data well.

5.8 Future work

The first priority is finding the reason why the current modeésl not fit the data well
enough. In particular, the model predicts an increase ikeStoat larger distances from
the plane and ‘spokes’ of high polarization at certain atirauAlso, modeledRMs are
higher than those observed by Beck (2007), which should lpraved. Whether our
proposed explanation for the absence of these feature® inkibervations is valid and
whether a closer agreement with the observations througdnger adaptation may be
attained, remains to be demonstrated.

The modeling mechanism itself can be improved in a numberayfsw Firstly, the
error analysis could be performed in a more rigorous mangatdbermining the error
in B; based on small variations in all other model parametersor&ka more refined
approach would be to dispense with rings and sectors altegahd compare model with
data in each pixel individually. We could then follow smalteale trends in the data
better with the model (e.g. distinguishing between spinaissand interarm regions).

The current model for magnetic field and other galactic camepés is very simpli-
fied. The current magnetic field model could be refined by $igatly adding a turbulent
component of the field, based on appropriate estimatesmétsts of the total turbulent
field such as in Tabatabaei et al. (2013) would be useful i, tbépect. Also, a low-
amplitude quadrisymmetric modm(= 2) to the axisymmetric moder(= 0) in the disk
as advocated by Beck et al. (1996); Rohde et al. (1999); B&aBA) might improve cor-
respondence of the model to the observations. Other pessibtiel refinements would
include a variable spectral index (e.g. in spiral arms aneréamm regions), based on
observational data, afal a variable cosmic ray electron distribution.
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— vertaald door Dr. Tjarda Boekholt, auteur v@naotic Dynamicsin N-body Systems.

Kosmisch Magnetisme in het kort

Toen je jong was heb je misschien weleens gespeeld met lsbielagneetjes of was je
geintrigeerd door een kompas. Je hebt vast weleeasmgrimenteerd met staafmagneten
en ijzervijlsel, zodat Fig. 6.1 je bekend voor zou moeten &om

Figuur 6.1: Een staafmagneet met ijzervijlsel maakt de dipoolveldlijnen zichtbaar.
Bron: http//www.bbc.coninewgscience-environment-25946734.

Deze figuur illustreert het dipool magnetisch veld. Dezeeehfiguratie functioneert
als een simpele beschrijving van het magnetisch veld vanatdeA Als we dit als een
kompasnaald zouden beschouwen, dan zouden de ‘N’ en ‘S’ @gmlin Fig. 6.1 de
richtingen van de magnetische noordpool en zuidpool aaewij Echter, de ‘N’ en ‘S’
symbolen op het kompas corresponderen eigenlijk met réspelijk de zuid- en noord-
pool van het kompasnaald zelf, omdat de tegenovergesteldr plkaar aantrekken. Een
dipoolveld is ook een veel voorkomende configuratie voongian (in het zonnestelsel)
met een magnetisch veld. De aanwezigheid van een planetginetisch veld beschermt
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ons tegen hoog-energetische straling uit de ruimte, die attnosfeer aan zou kunnen
tasten, maar tevens ook de oorzaak is van spectaculaitshiahis op Aarde - de Aurora
BorealigAustralis, afhankelijk van of je op het noorderlijk of zurtg halfrond bent.
Het magnetisch veld van de zon, behalve dat het de buitearpts lvan de zon’s atmos-
feer verwarmt, draagt ook bij aan het weer in de ruimte doaldeli van de zonnewind,
coronale massa ejecties (CME), en zonnevlammen die inWlebtden op ruimtemissies,
radio- en satellietcommunicatiestoringen en overbelgstan elektriciteitsnetten. Hoe-
wel bacterén, geleedpotigen, weekdieren en een groot aantal gewerdgren reeds
lange tijd zich al ognteerden aan de hand van het magnetisch veld van de Aargle, wa
het pas in de fleeuw dat de mens voor het eerst een magnetisch kompas de ik
navigatie. Het jaar 1600 was een mijlpaal voor de studie etafrdmagnetisme, door de
publicatie van William Gilbert’s werk “Over de Magneet en dfeetische Lichamen, en
de grote Magneet van de Aarde,’dat een experimenteel fuenidlegde voor de idee van
de Aarde als een magneet. Aan het einde van 8eddw bracht Edmond Halléygrof-
weg de ruimtelijke variatie in het magnetisch veld weer,én gebied van de Atlantische
Oceaan tussen52° en—52°. De uitbreiding van ons ‘magnetisch universum’ werd dra-
matisch versneld in de 2@euw door ontdekkingen van onder meer zonne-magnetisme
in 1908, galactisch magnetisme in 1949 en extra-galactisafjnetisme in 1972. Mag-
netische velden zijn alomtegenwoordig in het universumplapeten (die een gesmolten
kern hebben), sterren (waarvan inelkaar gestorte stegegrabtst bekende veldsterkte
hebben in het heelal - ongeveer een miljard keer de sterkteea MRI scan), accretie-
schijven, stralen van gas ook wel ‘jets’ genoemd, intelatel wolken, overblijfselen van
supernova explosies, het ijle gas tussen de sterren,rsgtsels, het zeer ijle gas tussen
de sterrenstelsels in draadvormige structuren, clustrssterrenstelsels, en de grootste
schaal die clusters van sterrenstelsels met elkaar verbidieze studies van magneti-
sche velden over een enorm bereik in ruimte en tijd, vallenesaonder de paraplu van
Kosmisch Magnetismé/oor meer informatie over Kosmisch Magnetisme verwijs & d
lezer naaExtreme Cosmos van Bryan Gaensler en ‘the Square Kilometre Array Cosmic
Magnetism’ website: httpgwww.skatelescope.ofigpagnetism.

Magnetische velden in sterrenstelsels

In dit proefschrift concentreren we ons op de galactischgmetische velden die door het
interstellaire gas zijn geregen. Hierdooiimdoedt het magnetisch veld de dynamica en
distributie van het gas. De typische sterkte van dit veldais de orde een micro-Gauss,
uG, wat een paar duizend keer sterker is dan het veld in onzaeten, maar miljoenen
keren zwakker dan die van een koelkastmagneet. De strugdnude veldlijnen lijkt ook
totaal niet meer op die van eernidealiseerde dipool als weergegeven in Fig. 6.1. In grote
lijnen kunnen magnetische velden geclassificeerd wordargetang ze zich voordoen
op grote schaal of op een relatief kleine schaal. Het magptetield op grote schaal
volgt meestal het gas in de spiraalarmen van een sterregis{ele Fig. 6.2), en reikt

lyan komeet Halley.
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Figuur 6.2: Een spiraalstelsel met verschillende kleurcodering: optisch licht (lindds)le
radiostraling waarbij rood de hoogste intensiteit weergeeft (middargepolariseerde
radiostraling waarbij wit de hoogste intensiteit weergeeft (rechts)e @ézeeldingen zijn
gereproduceerd van de Atlas of Galaxies (MPIfR Bonn) beschikigaar
httpy/www.mpifr-bonn.mpg.de.

tot duizenden lichtjaren ver. In het linkerpaneel van Fig@. §even de kleine strepen de
gemeten oBntatie weer van het grootschalig magnetisch veld, die daaarmen volgt
zoals te zien is in de vergelijking met de afbeelding in hdtsgp licht. Aan de andere
kant, een kleinschalig magnetisch veld bevindt zich in deuiente omgevingen binnenin
spiraalarmen, met een typische grootte van maximaal hdeddichtjaren. Deze schaal
is nog steeds vrij groot als je bedenkt dat de afstand tusserod en de Aarde acht
lichtminuten bedraadt Ontplafende sterren (supernovae) in spiraalarmen vormen de
grootste leverancier van energie en kunnen zorgen voohtgas turbulente processen
in het interstellaire gas. In analogie met een kosmischetsiimet een golf 200 miljard
keer de diameter van de Aarde, wordt de energie verspreideggs kleinere schalen
via wervelende, turbulente bewegingen in de golf, totdat gm®otte van ongeveer tien
keer de Aarde is bereikt, waarna de energie uiteindelijlexadgrd wordt als schuim. Het
kleinschalige magnetisch veld verwerft daarmee de afdankdeze energieverdeling over
ruimtelijke schalen of over het energiespectrum

Magnetische velden zijn onzichtbare krachtlijnen, hoelamwe dit fenomeen detec-
teren? Het antwoord ligt in de interactie tussen het maggetetield en hoog-energetische
deeltjes, ook wel kosmische straling genoémilVanneer zo’n deeltje een magnetisch
veld treft, zal het een baan afleggen met een spiraalvormdemdagnetische veldlijnen
(zoals in Fig. 6.1), en zal hierbij een bepaald type straliigenden dat synchrotron-

2Een toeval in eenheden heeft een handige analogie tot gealsige afstand zon-Aarde een inch zou zijn,
dan correspondeert een lichtjaar met een mijl.

3Dit is geen gebruikelijke straling in de zin van fotonen met gariatie aan energie, zoakéntgenstraling
of gammastraling die geen intrinsieke massa hebben, maar eleelges met een intrinsieke massa. Sommige
van deze deeltjes kunnen ultra-hoge energieniveaus kereailaardoor hun impact vergelijkbaar is met die van
een honkbal gegooid met een snelheid van 97km
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Figuur 6.3: Schematisch overzicht van polarisatie.

Dit is een snapshot van een animatie over gepolariseerd licht besahiiqiéhe European
Southern Observatory’ op httgsvww.eso.orgpublic/videogpolarisedlightl, door

ESQL. Cal¢cada.

straling genoemd wordt. Het middelste paneel in Fig. 6.2tghesterrenstelsel weer in
synchrotronlicht. Deze straling bevindt zich in de radieguenties van het elektromag-
netisch spectrum, met een frequentie hoger dan die van Fid-rad televisiesignalen,
maar duizenden malen kleiner dan optisch ficiRadio-astronomiés dus cruciaal voor
de studie van kosmische magnetische velden.

Een belangrijk aspect van deze straling is dat het in hoge tiregair gepolariseerd
is, wat inhoudt dat de elektromagnetische golven oscillenet een specifieke @mtatie
terwijl het beweegt langs een rechte lijn (oftewel niet im egkel). Zoals te zien is in
Fig. 6.3, licht dat uit de zaklamp komt is niet gepolarise@midat het is opgemaakt uit
een som van elektromagnetische golven met een willekebggegingsrichting. Echter,
als er een filter (weegegeven door de donkere ovaal in de jigatialleen maar verticaal
gepolariseerd licht doorlaat, wordt geplaatst in het pelat, dan zal het licht daarachter
recht naar boven en onder oscilleren zoals te zien in de ldfbge Vandaar dat de elek-
tromagnetische oscillaties zich uitsluitend beperkerdéobewegingsrichting langs deze
verticale vlak in de ruimte en in geen andere richting. Hghtlis dus volledig gepola-
riseerd. Omdat de golf heen en weer beweegt heeft de linpalagisatie geen richting
(bijv. naar boven of naar beneden) maar slechts eémiatie (naar boven en naar bene-
den). Dit is de reden dat in het linkerpaneel van Fig. 6.2egies zijn weergegeven in
plaats van vectoren. Stel dat de filter niet ideaal was enretetewas zodat sommige
andere ogntaties door het filter konden dringen, dan zou de poléisagrvuild’ worden
en dus gedeeltelijk gepolariseerd zijn. Dit fenomeen l@itlhet concept van de mate van

“Net zoals alle elektromagnetische golven reizen radiogaivet de lichtsnelheid.
SEigenlijk wordt hier de elektrische oscillatie van het ¢teknagnetisch veld afgebeeld; de magnetische
oscillaties staan altijd loodrecht op de elektrische tatadls.
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Two- layer system
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Figuur 6.4: Simulatie van de resulterende mate van polarisatie van synchrotronstiisliegn
functie van de waargenomen golflengte, voor alle mogelijke configuraiebet magnetisch veld,
zoals het uit onze methode volgt.

polarisatie, wat aangeeft hoeveel polarisatie aanwezigfiswel, tot op welke hoogte
het signaal gepolariseerd is. Terugkomend op de discussiekasmische straling en
magnetische velden, een grootschalig veld resulteertiohsptronstraling van alle nabu-
rige kosmische stralen die nauw gesynchroniseerd zijn indnigntatie, terwijl voor een
kleinschalig veld, de naburige éntaties eerder willekeurig zijn. Uit deze beschouwing
kunnen we al anticiperen op het feit dat een grootschalignmiggch veld een hogere
mate van polarisatie zal bezitten dan een kleinschalig v&klwe het rechterpaneel van
Fig. 6.2 nader bekijken, zien we dat er een hoge mate vanigatigraanwezig is langs
de spiraalarmen, wat overeenkomt met het grootschalig etsgh veld.

Bovendien kunnen studies van magnetische velden in antégrersstelsels, waaron-
der sterrenstelsels met een zelfde morfologie als die vae eigen Melkweg, zorgen
voor een vogelperspectief op de globale structuur van tisthe magnetische velden,
die in- of uitgezoomde versies van de globale magnetischistvactuur van de Melk-
weg kunnen zijn. Daarentegen, studies van de Melkweg zetfdni vele malen hogere
resolutie ongévenaard door elk ander sterrenstelsel.

Bijdragen van dit proefschrift

In dit proefschrift reconstrueren we de eigenschappen vagnetische velden in spi-
raalstelsels gebruikmakend van de polarisatie van sytramsiraling. Het doel van dit
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onderzoek is de structuur van het magnetisch veld te otgrafever diverse ruimtelijke
schalen in onze Melkweg (zie Hoofdstuk 2), en de sterkte rrctsiur van magnetische
velden in andere sterrenstelsels te karakteriseren (l9tdf@-5).

In Hoofdstuk 2 gebruiken we nieuwe simulatiemethoden onefsaten wat de inten-
siteit is van zowel de totale synchrotronstraling als die &a gepolariseerde straling als
een functie van diverse eigenschappen van het numeriekgemgde turbulente, mag-
netisch veld en interstellaire gas. Daarna vergelijken eie¢esdulterende distributies in
de structuur over verschillende resoluties van aan de emtedeasynchrotron-intensiteit
met aan de andere kant het turbulente magnetisch veld. tkderiment volgt dat de
totale intensiteit het turbulente magnetisch veld volgeimen van distributies van struc-
turen, maar dat de onzekerheid in de observaties een vdargpmzeker maken. Een
voorspelling die we wel kunnen maken is dat voor zekere fatjas waarop waarne-
mingen gesimuleerd zijn, de polarisatie-intensiteit tweeschillende structuurdistribu-
ties kan aannemen, in plaats van een enkele. De karalaékéstichaal waar op deze
splitsing optreedt is afhankelijk van de frequentie. Dezlatie kan gebruikt worden als
een mogelijke indicator voor de bepaling van parameterdeligirbulentie beschrijven.

In Hoofdstukken 3 en 4 concentreren we ons op het extraherernnformatie aan-
gaande groot- en kleinschalige magnetische velden uitipat&ekaarten voor een speci-
fiek sterrenstelsel met meerdere waarnemingsfrequemtiesvel, meerdere waargeno-
men golflengtes). We stellen een wiskundig raamwerk op djelifkertijd de invioed
beschrijft van diverse belangrijke mechanismen voor dergea@men mate van polari-
satie van het synchrotronsignaal, Een eerste voorbegsistindie is uitgevoerd als een
‘proof of concept’ van onze methoden. Alle unieke combiggmtran onze modellen zijn
toegepast zoals te zien is in Fig. 6.4. Het diagram geeft de nemn polarisatie tegen
de waargenomen golflengte (in centimeter). De legenda deeferschillende modellen
weer. De blauwe, verticale lijnen staan voor de observatiesen met de onzekerheid in
die observaties. De modelcurves die door alle datapuntem zjgn meer plausibel dan de
andere modellen. We modelleren een sterrenstelsel oolealb@erham met verschil-
lende lagen, bestaande uit een gegnd aantal interstellaire gaslagen. Vervolgens passen
we onze modellen toe op de gehele sterrenstelsel zodat wepadiingen kunnen maken
voor de groot- en kleinschalige structuur van de magnegiseldsterkte.

In Hoofdstuk 5 modelleren we zogenoemde ‘X-vorm’ magnétsgelden in ster-
renstelsels die uitstekende multi-golflengte data bebdaikhebben. Recent onderzoek
heeft uitgewezen dat in de buitenste regionen van eenssteisel een grootschalig, ver-
ticaal magnetisch veld aanwezig kan zijn, met een richtiegud het sterrenstelsel wijst.
Men denkt dat dit fenomeen vaak voorkomt in spiraalstelseldus moet deze complexe
structuur meegenomen worden. Ons ab-initio model geeftdeaasoor de grootschalige
magnetische veldsterkte die consistent is met literataarden, maar alleen als er extra
complexiteit aan het model toegevoegd wordt.
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Cosmic Magnetism in brief

As a young person you may have displayed interest in fridggneiz and been intrigued
by a compass. Perhaps you may also have tinkered with baraetsagnd iron filings in
which case 7.1 would be familiar.

Figure 7.1: Bar magnet with iron filings tracing the dipole field lines.
Source: http/www.bbc.cominewgscience-environment-25946734.

In fact, Fig. 7.1 illustrates a dipole magnetic field. Sucheddficonfiguration serves
as a simple description of the Earth’s magnetic field. If tise a compass dial, the ‘N’
and ‘S’ labels in Fig. 7.1 would indicate the direction of &8 north and south magnetic
poles. However, the ‘N’ and ‘'S’ labels on the compass agfuadirespond to the south
and north poles of the compass needle itself, respectiaslit,is opposite poles that at-
tract. A dipole field is also the dominant mode in planetstfmdolar system) which have
a magnetic field. The presence of a planetary magnetic fighl gfoelds us from high-
energy radiation from space, thereby protecting our feagitmosphere and, at the same
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time, conducts the greatest light show on Earth - the Aurane8ligAustralis, depend-
ing on whether one is in the northern or southern hemisphire.sun’s magnetic field,
besides heating the outer atmosphere of the sun, consitutaur space weather through
solar wind, the release of coronal mass ejections (CME),satat flares which can af-
fect space missions, disrupt radio and satellite commtinitgand overload power grids.
Although bacteria, arthropods, mollusks, and a very largaber of vertebrates had long
obtained their bearings via Earth’s magnetic field, it wasumil the 11" century that a
magnetic compass was first used for navigation by humangee®ihundred was a land-
mark year for terrestrial magnetism with William Gilbertigatise “On the Magnet and
Magnetic Bodies, and on the Great Magnet the Earth” progidin experimental basis
for the notion of ‘Earth as a magnet’. At the close of thé £ntury, Edmond Halléy
boldly charted the magnetic spatial variation in a regiothefAtlantic spanning 52north
and 52 south. The expansion of our ‘magnetic universe’ was drarabyiaccelerated in
the 20" century by the discoveries, among notable others, of sotmm®tism in 1908,
galactic magnetism in 1949, and extra-galactic magnetis®9i72. Magnetic fields are
ubiquitous throughout the universe: on planets (wherestiern molten core), stars (of
which collapsed stars have the highest known field strengtlise universe - about a
billion times the strength of a medical MRI), accretion disjets, interstellar clouds, su-
pernova remnants, the tenuous gas between stars, gatheieaghly rarefied filamentary
gas between galaxies, galaxy clusters, and at the largastaicconnecting galaxy clus-
ters. Their study over these vast spatial and temporal scalmes under the umbrella
term of Cosmic MagnetismFor further popular reading on Cosmic Magnetism please
consult, for examplexxtreme Cosmos by Bryan Gaensler and the Square Kilometre Ar-
ray Cosmic Magnetism website: httpaww.skatelescope.ofgpagnetism.

Magnetic fields in galaxies

In this PhD thesis we focus on galactic magnetic fields astimead the interstellar gas.
Magnetic fields are very important since thdfeat the dynamics of the gas as well as the
gas distribution. The magnetic field strengths dealt witte l{micro-GaussG) are sev-
eral thousand times stronger than those in our brain busstieral million times weaker
than a typical fridge magnet. The field’s structure is algoffiam the idealized dipole
field configuration shown in Fig. 7.1. Broadly speaking, nmetgnfields are classified
according to whether they occur on large scales or smalésca#l large-scale field is a
field that typically follows the spiral shape of the gaseaussaof a galaxy as in Fig. 7.2
and extends to at least several thousand light years. Irthimbst panel of Fig. 7.2, the
small dashes denote the measured orientation of the lasjemagnetic field which vi-
sually traces the orientation of the spiral arms of the gal&xsmall-scale magnetic field,
on the other hand, is at spatial scales of turbulent prosdbsg occur within the spiral
arms, and extends over distances of at most several hunghtgéars. This distance is
still quite vast when one considers that the Earth is locatezhly a bit over eight light

10f Halley’s Comet.
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Figure 7.2: A spiral galaxy shown with a color scheme for (left) optical light, (centetal radio
radiation with red denoting high intensity values, and (right) polarized radimtion with white
denoting high polarized intensity values. Images reproduced from the éftidalaxies (MPIfR
Bonn) available at httwww.mpifr-bonn.mpg.de.

minutes from the St Stellar explosions (supernovae) in the spiral arms yhedargest
source of energy input and, consequently, stir up turbydestesses in the interstellar gas
most vigorously. In analogy with a cosmic tsunami wave meagu200 billion Earth
diameters across, energy from a supernova is cascaded tenekter scales via whirling
turbulent motions in the wave until about 10 Earth diametereached at which scale
the energy is finally dissipated as froth. The small-scalgmatic field thus acquires the
imprint of this energy distribution across spatial scalesreergy spectrum.

Magnetic fields are invisible lines of force so how is it pbssito detect their pres-
ence? The answer is provided by the interaction between #dgmetic field and highly
energetic particles called cosmic rdy&Jpon encountering magnetic fields, cosmic rays
begin to spiral around the field lines (e.g., as in Fig. 7.1)jténg a type of radiation
known as synchrotron radiation in the process. The centmaélpof Fig. 7.2 reveals a
galaxy in synchrotron radiation. This radiation occurshatitadio frequency range of the
electromagnetic spectrum with frequencies typically kigifhan those carried by FM ra-
dio and TV signals but still many thousands of time smallantthe frequency of visible
light*. Henceradio astronomys very important for the study of cosmic magnetic fields.

A key aspect of this radiation is that it is highly linearlylanzed, meaning that the
electromagnetic wave oscillates with a certain orientais it moves along a straight
path (i.e., not in a circle). As illustrated in Fig. 7.3, liggtreaming from the flashlight is
unpolarized as it is composed of a sum of electromagnetiesvpropagating in random

2A coincidence among units allows for a simple distance analibglye Earth-Sun distance is scaled to one
inch, then the light year on this scale corresponds to one mile

3These are not actual ‘rays’ which are names given to photodigfefent energies (e.g., X-rays) which have
no intrinsic mass but are rather particles with an intrinsissné&dome of these particles can achieve ultra high
energy levels making their impact comparable to that of a bélgetizhed at 60 mph (97 kph).

4Just as all electromagnetic waves, radio waves travel aptedsof light.
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Figure 7.3: Schematic of polarization. Still from an animation on polarized light availaiole f
the European Southern Observatory at hitpsvw.eso.orgpubli¢videogpolarisedlightl.
Credit: ESQL. Calcada.

directions. However, when a filter (represented by the dedfoval) that transmits only
vertically polarized light is placed in the beam’s path, émeerging light behind the filter
oscillates straight up and straight down in the example shioevé€. Hence, the electro-
magnetic oscillations are restricted to move only along Weirtical plane in space and no
other. This light is thus completely polarized. Since thiemtation is both up and down
there is no single ‘direction’ but rather a bi-direction.ig s the reason for the dashes in
the left-most panel of Fig. 7.2 instead of vectors. Werellagitins with a diferent ori-
entation to hypothetically leak through the filter, the pidation would become ‘diluted’
and so partially polarized. This naturally leads to thearotf the degree of polarization
which indicates how much polarization there is or, equinvtlje to what extent or degree
the signal is polarized. Returning to our discussion on ¢osays and magnetic fields,
a large-scale field would result in synchrotron emissiomfadl neighboring cosmic rays
which is closely synchronized in orientation, while for agdhscale field such neighbor-
ing synchrotron emission would already be randomly ori@nterom this consideration
we might already anticipate a higher degree of polarizatiom large-scale magnetic
fields than from small-scale magnetic fields. Examining tgbtrmost panel of Fig. 7.2
reveals a high degree of polarization tracing the spirakacainciding with the presence
of the large-scale magnetic field.

Moreover, studies of magnetic fields in other galaxies udirlg galaxies that may be
morphologically similar to our own Galaxy, provide a ‘bisceye view’ of global mag-
netic field structures that may indeed be zoomed-out vesibthe global magnetic field
structure of the Milky Way. In contrast, studies of the MilWay provide spatial detail
that is unrivaled by any other galaxy.

SWhat is shown is actually the electric oscillations of thecgtemagnetic wave; the magnet oscillations are
always perpendicular to the electric oscillations
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Figure 7.4: Simulation of the resulting degree of polarization of synchrotron radiagan a
function of observing wavelength for all possible magnetic field conditioms based on our
approach.

Contributions of this thesis

In this thesis we reconstruct properties of magnetic figidspiral galaxies by means of
the polarization of synchrotron radiation. The goal of tt@search project has been to
infer the structure of the magnetic field across variousiapstales in our own Galaxy
(Chapter 2) and the strength and structure of the magnelicifiether galaxies (Chap-
ters 3-5).

In Chapter 2, we use novel methods to simulate both totaltswton intensity and
polarized synchrotron intensity for our own Galaxy by vagyicertain properties of the
numerically generated turbulent magnetic field and inédlest gas. We then compare
the resulting distribution of structure across spatialexhetween these synchrotron in-
tensities on the one hand, and turbulent magnetic fields emwttier. We find that total
intensity traces the turbulent magnetic field in terms othsadistribution of structure
but that uncertainties in the measurement make actualgti@us unlikely. A further pre-
diction of our model is that for certain frequencies at whitiservations are simulated,
the polarized intensity acquires twdigirent distributions of structure, instead of a single
distribution. The scale at which the break occurs has a &éequdependence. This, in
turn, can serve as a possible marker for establishing tenicel parameters.

In Chapters 3 & 4, we focus on extracting information on la@yed small-scale mag-
netic fields from degree of polarization maps determinedafepecific galaxy at several
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observing frequencies (or, similarly, observing wavetary We, therefore, establish a
mathematical framework for describing the simultaneotis@mce of several physically
relevant mechanisms on the measured degree of polarizitibe synchrotron signal as
it propagates through this galaxy. A preliminary small oggstudy was first performed
as a proof of concept of our methods. All possible unique rhoaimbinations using our
methods were applied as shown in Fig. 7.4. This figure is agfldhe degree of po-
larization on the y-axis versus the observing wavelengttcéntimeters) on the x-axis.
The legend displays theftierent models. The blue solid vertical bars denote the actual
measured values along with the associated uncertaintyosetimeasurements. Curves
passing through all of the data are more plausible than tier ahodels. We also model
the galaxy as a multilayer sandwich composed of varyingsigdar gas layers. Subse-
guently, we applied our methods to model the entire galaxivesre able to make robust
predictions for large- and small-scale magnetic field sjties

In Chapter 5, we model so called ‘X-shape’ magnetic fields gakaxy for which
excellent multiwavelength data are available. It has régdreen realized that at the
outskirts of galaxies there can be large-scale verticalmatigfields that point away from
the galaxy. As this configuration is thought to be common ire$galaxies, the inclusion
of such complex geometries is necessary. Our ab-initio inoelels large-scale magnetic
field strengths consistent with literature values but regguadditional complexity to fit
the data well.
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we shared together. Thank you for inspiring me to pursue nenwes in life. Memories
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of you are forever cherished in my heart and the Chaconneaiithys remind me of
the Night of the Violin. Great success to you in breast camesearch and pathology.
Greetings to your friends.

Thank You Prof. Niko Beerenwinkel for your most generoustation to ETH, Basel
and for considering me for a post-doc position in genetickaancer research.

Thank You Prof. Bram van Ginneken and Sven Lafebre for hinmg Looking
forward to start as a scientific programmer and researcharyou!

Thank You dear Prof. Bhlich for your continuing correspondence with me and,
with your boundless kindness, always gifting me with yoweajrAdvice! Thank You to
Ms. Rita G. P. for your absolutely wonderful correspondsraxed poetry. Thank You to
Ms. Judith C. for your Cambridge correspondences.

A very big special thank you to George McCray and Yvonne arak&tand beautiful
Family for your Family love and great Christmas time in yoointe. Hope to see you
soon! A very big special thank you to Mr. & Mrs. Rock 'n Roll ReShuman & Angel-
Eye for coming down to Leiden to give a concert at the Leiddeo8wburg and meeting
with me after so many years. Thank you for all those invitagito your great concerts.
Perhaps the following quote from Elvis Presley is apprdpri@ describe you on the
stage: “A live concert to me is exciting because of all thetleity that is generated in
the crowd and on stage. It's my favorite part of the businassconcerts.” Your fondness
for Nikola Tesla is carried through your electric connegtiaith the crowd, making your
live concerts so recharging! | hope when my parents visitNbtherlands, we'll let the
good times roll...

This thesis is dedicated to my loving Parents who have ahbagn there with me
at every moment throughout my whole life and their Guidanas imade it possible for
me to maintain the necessary focus to complete all the reanulasks along this PhD
journey. Thank You for making my childhood, teenage yeans| adulthood so very
special' Thank You for being so absolutely Happy for me arst & worry for me all
these years. | do miss you very much!

I am very thankful to my Grandparents for their love, suppartd infinite patience
in waiting for my aperiodic phone calls. May again and aga@siiout “Hurrah, hurrah,
hurrah!” together! To my maternal Grandpa: bisel glik, a bzgnt! Es gezunterheyt!
And with this thesis, | would like very much to honor the megnof my late Grandma,
lovingly called Baba Rima (d. 2013), who always wished fortmachieve great things
in life.
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When | was around 3 years of age, my grandparents, who, prioy tairth, had settled in
Brooklyn, New York, traveled to Amsterdam, bringing baclabgful wooden miniature
Dutch sail ships. | remember dreaming to see these in a fealThey recall the &a
vu feeling of seeing much of their beloved St. Petersburddipgquares, canals, and
bridges appear right before their very eyes in Amsterdamd &g soon as | was born,
the Netherlands St. Petersburg ‘looking-glass’ became part of the Dutceatithat has
always been running through my life, but allow me to starirfrihie very beginning...

Indeed, Tsar Peter the Great had invited Dutch architectaake his great vision
of a new port city real; a bright ‘window to Europe’. Superdsby the Tsar himself,
construction of St. Petersburg began on 27 May 1703 on ZgyaoBtrov. The first
Russian atlas, ‘Atlas of Cruy§'was published in Amsterdam in 1703-1704.

In 1712, St. Petersburg became the capital of Russia anid,tiwig, it blossomed
into a great cultural center of art, classical music, litera, theater, ballet, and science.
The Hermitage, Peterhof (Dutch for ‘Peter’s Court’), Stads’s Cathedral, the world-
renowned Mariinsky Theater are among prime examples. 18,17&ter the Great invited
Professor Willem Jacob s Gravesande of Leiden Universityetoup the Academy of
Sciences in St. Petersburg. Several years prior, the Teaselfi had traveled to the
Netherlands where he lived and studied shipbuilding in Amtstm and Zaandam. Tsar
Peter's House, along with a monument, are to be found in Zaarahd a life-size statue
of Peter the Great, in Rotterdam.

Two centuries later, this same city became a happy home fopatgrnal great-
grandparents’ family: a college mathematics pedagoguehendife, a beautiful nurse
with a Bachelor’s degree, and their two young children, aswha daughter - my grand-
mother who used to tell me so many fascinating stories ablote®ersburg. Stories about
the birth of a marvel that began with the construction of dréfeaviovskaya Krepost’, the
citadel of St. Petersburg, named after the Apostles PetePanl, and designed to protect

1Russian for ‘hare’ or ‘rabbit’.
2Cornelius Cruys (1655 1727) was a Dutch Vice Admiral of the IrfgddRussian Navy and the first com-
mander of the Russian Baltic Fleet.
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the entrance of the river Neva’s delta from constant attagkthe Swedish flotilla (‘Tru-
betskoy’, one of the bastions of the citadel, had a windjmillildings whose facades
were composed of muses and mythological figures, and howitifie 273 islands were,
one by one, linked by beautifully decorated bridges and dvddges, that allowed tall
ships to continue their journey... My grandma would alsbrie about her brave journey
through WWII, how the war began and how suddenly she lost hbefathen younger
brother, and finally her beautiful mother and became a 15 gléaiewish orphan surviv-
ing in a frozen city through two and a half years of unbearhhleger during Leningrad’s
Blockade, known as the Siege of Leningrad, by the Nazis.n{Setersburg had been
renamed to Leningrad in 1924 and then rechristened in 1991.)

Thanks to the great aid of the Dutch Consulate in Russia, mgnpgand grandparents
on both sides of the family, unbeknownst to each other atithe,twere able to leave
Russia and emigrate to the US. They eventually settled imiBya, New York in the
historic Coney Island area.

Itis in Coney Island that my parents met. (It's puzzling that parents had always
resided near each other: my maternal grandparents’ apanweee my mother lived, was
located in a building that was a former residence of Petel [&drerge (famous for the
eponymous eggs) and my father's Architectural and Constru&ngineering college,
where he earned a Bachelor's degree, were both located @arhe street.)

Thus, 1 was born in Brooklyn, 338 years following the fourgliof The New Nether-
land settlement of Breuckelen in 1646, named after Brenkiel¢he Netherlands. Many
avenues and streets bear Dutch names (Amsterdam Avenue @) Na&w Utrecht Av-
enue in Brooklyn, etc.) and this also holds for most of NewkyBtate. Growing up
speaking English and Russian at home - two languages grefitignced by the Ned-
erlandse Taal - many common Dutch words were actually spokenring and smoked
Gouda cheese were culinary favorites. Reproductions @rakpaintings by Rembrandt
(namely, the ‘Jewish Bride’ and ‘Prodigal Son’) and that ods Hals (‘Portrait of an
Officer’) adorned the walls of both my grandparents homes. Tirout my childhood,
during winter vacations, my parents would take me to ArubaQutch Caribbean.

When | graduated summa cum laude (4.@) from High School with a standard
diploma and an additional International Baccalaureat¢ ¢iBloma, the Director of the
IB program of my High School presented me with a CertificatAdiievement for earn-
ing straight ‘A’ marks in all subjects, every six week gragliperiod during all four years
of study. | was the only student able to do so in my graduatiagscof 2002, though
that year our class had the second highest number of graduitelB diplomas in all of
North America. My higher level subjects were Physics, Mathtics, and English liter-
ature. | was also selected as a member of the National HormetgoSpanish National
Honor Society, and Mathematics Honor Society.

| received a scholastic scholarship to attend RensseldgteBbnic Institute (RPI)
co-founded in 1824 in New York by Stephen van Rensselaea ldlescendant of an im-
portant Dutch family. The results of my IB exams and addaiofidvanced Placement
and Scholastic Aptitude Test Il exams enabled me to stavetsity at the second year of

3Coney is derived from the Dutch word for ‘rabbit’ and alsoamsfto ‘hare’.
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study. There are many Dutch traditions at RPI, the ‘Dutchism8hoes’ football trophy,

Dutch medieval graduation garments, as well as the scdmetite President of the Uni-
versity carries during important ceremonies. Following tinst two years at RPI, | won
the RPI-ETH scholarship to study Physics and Mathematicssfo semesters at ETH,
Zurich starting in Autumn 2004. The summer right beforetsigrat ETH, Professor In-

grid Wilke most kindly worked with me at RPI and | was, thusledtio receive a research
scholarship to work for three months as a research assistarmfessor Wilke's Terahertz
laboratory, where Dr. Ricardo Agzubi was my kind mentor.

In 2005, ETH was the center of the Centennial Celebrationgin$tein’s Annus
Mirabilis. It is during this occasion that many Nobel Prizaureates, together with a
Fields Medalist, most kindly autographed for me a large agautiful poster-portrait of
Einstein, resulting in an awesome signed document for éupasterity to acknowledge,
maybe in the next 100 years, that such a wonderful gathefidgstnguished scientists
had taken place at ETH. They were all very friendly, kind amdrepraised me for the
idea.

Subsequently, | completed my fourth year at RPI, graduatir?p06 with a Master’s
degree in Applied Mathematics, a Bachelor’s degree in Rhysum laude), a Bachelor’s
degree in Pure Mathematics (cum laude), and a minor deg@eriman language, which
may be a record of special achievement at RPI in the scieKeesvledge of the German
language would help me to understand the Dutch languageaster foace. | was also
inducted into the Sigma Pi Sigma National Physics Honor &gci

Professor irg Fdhlich of the ETH most kindly advised me on the excellentitrad
of statistical mechanics in the Netherlands and | matrtediao Utrecht University in the
year of the 400th anniversary of Rembrandt’s birth. | reedithe Utrecht Excellence
Scholarship and after two years of study earned a Mastegieedeén Theoretical Physics
in 2008 with a thesis in the subject of String The@uantum Gravity under the supervi-
sion of Professor Jan Ambjgrn. The Academic building, wileeegraduation ceremony
took place, was the site where the Union of Utrecht was sigme2i3 January 1579.

During a gap yeatr, visiting my parents and grandparentgdine interested in turbu-
lence and in cosmic magnetic fields. Hence, | matriculatéldedJniversity of Cambridge
in 2009 and was a member of St. Catharines College. | enteagdI|Pof the Mathe-
matical Tripos during the 8dDanniversary celebrations of the university and earned the
degree of Master of Advanced Study.

Following this, in August 2010, | commenced my PhD reseatdtealen University
under the supervision of Dr. Marijke Haverkorn. The resoftshis research comprise
this thesis. (Historically, many of the US Pilgrim Fathevgd in Leiden and worked at
Leiden University. John Quincy Adams, th Bresident of the US (1825 - 1829), studied
at Leiden University during his fathef’sliplomatic mission to the the Netherlands.)

During my PhD, | attended conferences in the Netherlands@&ey (Bonn, Ham-
burg, Mainz, Munich - Ringberg Castle), Italy (Bologna), YEublin, Newcastle upon
Tyne) and also established an enduring close collaboraitbrProfessor Anvar Shukurov
and Dr. Andrew Fletcher, both of Newcastle University, UKitWthe kind aid of Profes-

4John Adams, ? President of the US (1797 - 1801).
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sor Anvar, my impromptu presentation at the DFG Research 1%%4 Summer School
2011 at Ringberg Castle to address Professor Uli Klein'aestifor a proof of Cowling’s
anti-dynamo theorem, helped secure this collaboratiorhvpioved absolutely essential
and, thus, during the second and third year of my PhD, | wasiing researcher at
Newcastle University for a total of over 3 months.

At the time of writing, | have accepted a position at the Diagfic Image Analysis
Group, a division of the Department of Radiology and Nucledicine of Radboud
University Medical Center.

And in August of this year, 2015, | did see a most beautifubldig of real size Dutch
wooden sail ships that, like a beautiful mirage, all appganeAmsterdam - an event
that takes place only once in 5 years. And standing therenénebered a little boy, het
dappere snijdertje, who has been dreaming of such a magigal d

“All grown-ups were once children - although few of them renter it” wrote An-
toine de Saint-Exugry. Being a snijder in 17 century Leiden was a very important
profession. Would you wonder with me, how, 400 years lateig €arl Shneider van
Brooklyn fairs in the 2 century...
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