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Abstract

Rotation measure (RM) synthesis maps of NGC 4631 by Mora-Partiarroyo et al.
(2018) show remarkable sign reversals on kpc scales as the distance from the minor
axis increases in the northern halo of the galaxy. RM maps for edge-on galaxies
observed in the CHANG-ES sample were searched through and show that regular
reversals in the sign of the RM seen in galaxies appears to be a common phenomenon.
These sign reversals can be naturally explained by a regular halo magnetic field that
is alternating its azimuthal direction on kpc scales in the galaxy. This is a brand
new phenomenon that has never before been observed in a galactic halo. Evidence of
magnetic fields showing both axisymmetric and bisymmetric symmetry is found in
the data.

To explain this new phenomenon the dynamo equations are solved under the as-
sumption of scale invariance and rotating logarithmic spiral solutions are searched for.
The model solutions are then compared to the observational RM map of NGC 4631
in order to draw conclusions on the type of field geometry likely found in the galactic
halo. Solutions for velocity fields that represent accretion onto the disk, outflow from
the disk, and rotation-only in the disk are found that produce RM maps with reversing
signs viewed edge-on. Model RM maps are created for a variety of input parameters

using a Faraday screen technique and are then scaled to match the amplitude of the



observational maps. Residual images are then made and compared with one another
in order to determine the models that provide the best fit to the data. Solutions for
rotation-only, i.e. relative to a pattern uniform rotation, did in general, not fit the
observational map of NGC 4631 well. Outflow models provided a reasonable fit to
the magnetic field. However, the best results for the region modelled in the northern
halo are found using accretion models. As there is abundant evidence for both winds
and accretion in NGC 4631, this modelling technique has the potential to be able to

distinguish between the dominant flows in galaxies.
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Chapter 1

Introduction

Recent advances in observational techniques, particularly in radio astronomy, have
been able to show the existence and strength of magnetic elds in the Universe.
Magnetic elds are a major component of the interstellar and the intracluster medium
of galaxies a ecting the physical processes in a variety of ways. They contribute to the
total pressure in the galactic disk, in uence intracluster and gas ow dynamics, and
stabilize gas clouds to modify the star-formation e ciency (Beck, 2016). Cosmic rays
(highly energetic atomic nuclei travelling at speeds near the speed of light) accelerated
by shocks containing magnetic elds can provide the pressure to drive gas away from
a galaxy in a galactic outow. The relationship between magnetic eld and gas
dynamics is crucial in the understanding of the physics of galactic disks and halos as
well as their evolution.

In galaxies large-scale, ordered magnetic elds appear to be common in galactic
disks and halos as well as in the medium between galaxies. The strengths and geome-
tries of these observed galactic magnetic elds can be used to test theories as to how
these elds are generated. Such knowledge is needed in order to properly understand

these elds and their interactions with matter (Beck, 2016).



Spiral galaxies contain several di erent components (see Fig. 1.1). They contain
a central disk composed mainly of stars and some gas, as well a central bulge region
and a supermassive black hole at the galactic center. Around this surrounds a gaseous
halo as well as older star and globular clusters. A galaxy will also be surrounded by
a dark matter halo (not shown) however for the purpose of this thesis a galaxy's halo
will refer to the gaseous halo.

The halo of a galaxy connects the baryon-rich intergalactic medium (IGM) to
the star forming disk in spiral galaxies. The halo contains future star formation
fuel and will be composed of a mixture of gas resulting from both accretion from
the IGM as well as out ow from the galactic disk. The halo contains multiphase
gas whose origin comes from a variety of processes. Constituents of this multiphase
halo include: neutral hydrogen at temperatures< 10°K detectable through 21-cm
line emission, warm gas that is largely ionized with temperatures between*k0and
1(PK detectable primarily through optical line emission, hot gas with a temperature
> 1(PK detectable through x-ray observations, as well as dust, magnetic elds, and
cosmic rays (Putman et al., 2012) (Dettmar, 2012).

Radio continuum and polarization observations in galactic halos have started to
reveal the magnetic eld structure and strength in nearby spiral galaxies. Well ordered
magnetic elds are known to be common to galactic halos and observations show a
spiral shape along the disk plane as well as a X-shaped magnetic eld perpendicular
to the line of sight in the halo (Tellmann and Dettmar, 2000; Krause, M. et al.,
2006; Heesen, V. et al., 2009; Braun et al., 2010; Soida, M. et al., 2011; Haverkorn
and Heesen, 2012; Dettmar and Soida, 2006) (also see the polarization vectors in Fig.

1.3). The strength of the halo eld is comparable to that of the disk, typically of
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the order of a few G. A relation between the galactic wind, the total magnetic eld
strength, and the star formation in the galaxy has also been found (Krause, 2015).
The inclination of a galaxy is the angle at which a galaxy is viewed. A perfectly
face-on galaxy (see Fig. 1.2) will have an inclination of’Owhile a perfectly edge-on
galaxy (See Fig. 1.3) will have an inclination of 90 Galaxies are studied at di erent
inclinations to help reveal di erent properties. Studies of the magnetic eld of face-on
galaxies are best at revealing the eld in the galactic disk. Studies of the magnetic

eld of edge-on galaxies can reveal the magnetic eld of the galactic halo.

1.1 CHANG-ES Project

Data used in this thesis were observed as part of the Continuum Halos in Nearby
Galaxies - an EVLA Survey (CHANG-ES) project as described by Irwin et al. (2012).
Details about the rst data release are provided by Wiegert et al. (2015) and the
observational methods are described by Irwin et al. (2013). The main objectives of
this survey are to investigate the physical properties and origins of the gaseous halos
of galaxies. More speci cally the project aims to characterize cosmic ray transport
and wind speed, measure Faraday rotation (see Sect. 1.2), and map the magnetic
eld of galaxy halos.

Observations in the CHANG-ES project were conducted using the Karl G. Jansky
Very Large Array (JVLA, formally the Extended Very Large Array or EVLA) in C-
band (C & D Arrays) and L-Band (B, C, & D Arrays) as seen in Fig. 1.4. Table 1.1
provides the frequency ranges for these bands. Thirty- ve nearby edge-on galaxies
were observed in the radio continuum for a total of 405 hours. Galaxies were selected

from the Tully and Fisher Nearby Galaxies Catalogue (Tully and Fisher, 1988) based
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Figure 1.1. The median edge-on spiral galaxy from 30 galaxies in the CHANG-ES
survery (see Sect. 1.1) shown in blue-grey from L-band data (see Table
1.2). This image was made by stacking 30 of the CHANG-ES galaxies
that were all scaled to be the same angular size. Superimposed on this
image is an optical Hubble Space Telescope image of NGC 5775. A spiral
galaxy will contain a central disk composed mainly of stars and some gas
as well a a central bulge region. Around this surrounds a gaseous halo.
The dark matter halo is not shown in this gure. Image Credit: Irwin
et al. (2019)

on their inclination (> 75°), optical diameter (4’ < d,5 < 15), and ux density
(Stachz 23 mJy).

An inclination greater than 75> was chosen so that edge-on galaxies are selected.
A optical diameter of # < d,s < 15° was chosen to be able to get su cient images
from the EVLA. The lower limit of 4°was chosen in order to obtain su cient spatial

resolution while an upper limit was chosen to exclude galaxies whose angular size
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Figure 1.2: NGC 5457 (also known as the Pinwheel Galaxy) as seen in the optical.
This is an example of a face-on spiral galaxy. Image Credit: NASA,
ESA, K. Kuntz (JHU), F. Bresolin (University of Hawaii), J. Trauger
(Jet Propulsion Lab), J. Mould (NOAOQ), Y.-H. Chu (University of lllinois,
Urbana), and STScl.

is too large. As the JVLA is an interferometer device it has an upper limit on
the spacial scales that can be detected, due to interferometer spacing (Condon and
Ransom, 2016). Large galaxies require many pointings and mosaicing in order to
image. While some galaxies used in this sample did require these steps the number
of pointings was 2 at most. The lower limit on the ux density S1.4cnz; 23 mJy)
was chosen to ensure a detection. Additionally, all galaxies chosen had a declination
(angular position in the sky North/South of the equator)d > 23’ to be observable
with the EVLA. Three galaxies just outside of these restrictions were also included

due to good ancillary data and evidence of extra-planar gas, which we take here to
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Figure 1.3: NGC 4631 (also known as the Whale Galaxy). This is an example of
a edge-on galaxy. Total radio intensity at 85 GHz is shown as white
contours with observations carried out with the E elsberg Radio Tele-
scope and the VLA. Apparent magnetic eld vectors perpendicular to
the line of sight are shown with their length being proportional to the
polarized intensity (1°° 5.5 Jy/beam). Contour levels are given by

( 3;3,6;12 24;48,96;192 384) with is the rms noise of 23 Jy/beam.
These are overlayed on an optical Digital Sky Survey (DSS) image. The
beam width is shown in the lower left corner and the red x indicated the
dynamical center of the galaxy. Image Credit: Mora, Silvia Carolina and
Krause, Marita (2013)

mean gas that is detected more than 500 pc above the midplane of a galaxy (Wiegert
et al., 2015).

This choice of galaxies allows us to examine the halo of these galaxies directly,
including the physics and structure of out ows for these galaxies. The connection
between the galaxy's disk, halo, and physical environment is also studied through

this project.
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Figure 1.4: The VLA is a radio observatory based in central New Mexico. It is com-
posed of 27 25-meter radio telescopes joined together to make a large radio
interferometer. The CHANG-ES sample made use of this observatory for
its data collection. Image Credit: ESA

1.1.1 CHANG-ES Data Products

Products generated from CHANG-ES data take the form of a data cube (see Fig.
1.5). Two of the axes of the cube will be the position axes (i.e. right ascension
and declination) while the third is the frequency (or wavelength) of the observation.
Each pixel in the data cube will correspond to the intensity measured within the
frequency band at that position in the sky. During the imaging of the data a line
is t to the intensity as a function of wavelength for each pixel (see Fig. 1.5). For
synchrotron/non-thermal emission, which is the dominant source of emission in a
galactic halo, the intensity at a particular frequency band] , is proportional to the

frequency, , to some constant (i.e. | / ) and so a linear t and slope can be
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made to the observed data in log space. Using this t the intensity at the midpoint of
the line can be found and used as the intensity value of the 2D collapsed image. This
will be the intensity value measured at each particular pixel and will have a signal
to noise ratio equal to that of the whole band, not the individual frequency channel
(Condon and Ransom, 2016). In reality there will be an additional (smaller) thermal
component that has a much atter slope that that measured, more detail on this can
be found in CHANG-ES theses by Merritt (2019) and Vargas (2017).

Table 1.1 summarizes the technical speci cations of these measurements. It should
be noted that the image is smoothed along the frequency axis so the frequency reso-
lution is twice that of the width of the frequency channel.

In this thesis the relevant products are the Stokes parameters I, which represents
the total intensity of the radio map, the polarized intensity P, and the Rotation Mea-
sure RM (see Sect. 1.2 for more details on this). Stokes (1852) rst introduced the
Stokes parameters I, Q, U, & V as a mathematically convenient way to describe the
polarization of an electromagnetic wave. The electric eld vector of any monochro-
matic wave traveling in the 2 direction (pointing up out of the page) traces an ellipse
in the ® and y directions (see Fig. 1.6). The electric eld components in these di-
rections (Ex and E,, which are time averaged quantities) can be used to de ne the

Stokes parameters

| = hEZ+ EJi
Q=FH2 E3

- (1.1)
U= EE,cos i

V = RRELEysin |
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Frequency Band C-Band L-Band
Central Frequency 5.99 GHz 1.57 GHz
Bandwidth 2 GHz 0.5 GHz
Spectral Resolution 4 MHz 0.5 MHz

Table 1.1: Summary of the technical speci cation of measurements from the EVLA

where | is the total intensity of the radio map, Q is the linear polarization in the
Xy direction, U is the linear polarization shifted by 48, V is the circularized po-
larization, is the phase di erence between th&, and E, elds, and the brackets
indicate time averages (Condon and Ransom, 2016). For a completely polarized wave,
P Q2+ U2+ V2= |. However, most signals are only partially polarized in which case

P Q2+ U2+ V2<| and then the polarized intensity is

p__
P= Q?+U2+VZ2 (1.2)
Note that, except for some compact cored/ is zero.

1.2 Faraday Rotation

Electromagnetic radiation emitted from astronomical objects may often be linearly
polarized (henceforth polarized will refer to linear polarization), with the emitted
radiation having a preferred orientation. When this polarized light travels through

a medium with a magnetic eld present, such as a magnetized plasma, the plane of
polarization of the light becomes rotated. Linearly polarized light is the sum of left
and right handed circularly polarized waves where, in the presence of a background
magnetic eld, each of the left and right handed waves will have a di erent index of

refraction that causes them to propagate at di erent phase velocities. This di erence
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Figure 1.5: Visualization of a data cube used to store radio observation data. Image
is adapted from Harrison (2016).

in phase velocity causes the polarization vector to rotate as the wave travels parallel to
a component of the magnetic eld along the line of sight. This e ect is called Faraday
rotation and provides a useful measure of the magnetic eld along the line of sight
(Bk) for a radio source (Brentjens and De Bruyn, 2005) (Condon and Ransom, 2016).
A derivation of Faraday rotation demonstrating how it can be used to determin&

is presented below.
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Figure 1.6: The electric eld vector of a polarized magnetic wave propagating the the
2 direction (pointing out of the page) is shown. Image Credit: Santos
et al. (2012)

1.2.1 Derivation

If the interstellar medium (ISM) contains a magnetic eld B then non-relativistic

electrons will orbit around the magnetic eld lines with angular frequency

_ ¢Bj
Me

e

(1.3)

(@]

where e is the elementary chargejBj is the strength of the background magnetic
eld, m¢ is the mass of an electron, and is the speed of light, note that this is in cgs

units (Condon and Ransom, 2016). This is called the gyrofrequency. The force on an
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electron due to electric and a steady magnetic eld can be written as
e
F = mev= eE + v By (1.4)

wherev is the electron velocity, andBy is the magnetic eld parallel to the direction

of an electron in an electromagnetic wave de ned aE = Eq & " . This wave

is travelling in the R direction (see Fig 1.7,y"and 2 correspond to the polarization
directions) wherek is the wavenumber and is the angular frequency of the wave.
We also have

E E¥ IE,2 (1.5)

as the light is circularly polarized. Equation 1.4 a rst order di erential equation that

can be solved to nd the electron velocity

eE
me(! ! G)

Ye "y i2): (1.6)

v =0

From here we see that the current density is proportional to the electric eld so Ohm's
law applies: J = E andJ = en.v wheren, is the electron number density. Solving

for the conductivity of the medium ( )

_J _enyv _ ie’ng
E me(! ! G).

(1.7)

J
E

The wave number k, can now be found, starting with two of Maxwell's equations
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in Gaussian units

g 1@

c @t (1.8)
gl 4T, 1@
¢ c@t

where D is the electric displacement eld. As the interstellar medium is a near
perfect vacuumD  E. For a plane wave travelling in the x directions= gkx " |
where k is the wave number and is the angular frequency of the wave. We can

apply the operators in equations 1.8 and nd

il
kE = "B
. (1.9
!
B = 4 E i'E :
c c
Using these to solve fok it can be found that
@= (L e ), (1.10)
e me (! !g)” '
This can now be used to determine the index of refractiom, of the plasma
S
ck 4e?ne
== 14+ - = 1.11
=5 md 0 o) (1.11)
Using that approximation P 1+x 1+ 3 for small x we can rewriten
2 2
n =1+ € Ne (1.12)

me (I lg)
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From here we can see that there are two di erent values that the index of refrac-
tion can take, one each for the left circularly polarized and right circularly polarized
components. It should be noted that, as mentioned above, any polarized wave can
be represented as the sum of left and right circularized components. These di erent
indexes of refraction also show that the speed of each of the polarized components are
di erent, causing the polarization vector of the light to rotate as the wave propagates
through a medium.

We rst nd n, n as it will be useful later

o 2e2ng 2e?ne
nek n =n =1+ —me! 0 !G)n 1 —me! 0+ 1) (1.13)
_ 2n e62 2! G .
T ml ((! +1g)(! !G))' (1.14)

The frequency of the EM wave is typically much larger than the angular frequency of

the rotating electrons, or! I ¢ meaning that

_ 2nee2 21l o

n, () (1.15)

Looking back atn we see that the left and right circularly polarized light will
propagate at di erent phase velocities. For light moving in the x direction (see Fig.

1.7) the electric eld will be given by
L=R . — !
E,7(xt) = Eo cos(E[n x ct]) (1.16)

EXR(x;t) = Eosin(%[nx ct]): (1.17)
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Figure 1.7: Diagram showing Faraday Rotation along an axis shown in the top
left corner. Image Credit: Adapted from Wikimedia Commons image
Faraday-e ect.svg

As the wave will be the sum of the left and right circularly polarized components we
can add the components together to nd the solution for a polarized wave propagating

through a magnetized medium. Doing this we nd
! !
Ey(x;t) =2Eo cos(E[n X ct]) cos(z:[m n ]x) (1.18)

Ez(x;t):ZEocos(%[n X ct])sin(;—c[m n Ix): (1.19)

From here the polarization angle can be determined

= arctan( %) (2.20)
y
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|
:arctan(tan(Z[m n ]x)) (1.21)
|
= 5zIn. 1.22
s n (1.22)
Z Z
2 !
= 9 o = CLELL P (1.23)
Line of Sight dx Line of Sight mc!

Substituting in equation 1.3 as well ag = 2¢ where is the wavelength of the light
2 ¢

= — Ne(X) B (X)dX: 1.24
2m 2¢t Line of Sight E( ) k( ) ( )

This can be written in terms of a rotation measure (RM) so that
=RM 2 (1.25)

From here we can see that if the polarization angle is measured at multiple , then
a slope can be determined anB can be calculated using an estimate of(x) which,
in some cases, can be estimated observationally (Condon and Ransom, 2016). The

observed polarization angle will be:
()= RM 2+ | (1.26)
where j is the intrinsic polarization angle.

1.3 Rotation Measure Synthesis

The classical RM de nition derived above (see equation 1.24) is valid when there is
one background source producing the emitted light with one dispersive Faraday screen

causing the Faraday Rotation along the line of sight. This scenario is unrealistic for
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astrophysical observations where multiple emitting plasmas are expected to occur
along the line of sight produce the polarized light. To solve this issue the Faraday
depth, , of a source can be de ned following the prescription of Burn (1966) and
Brentjens and De Bruyn (2005) who developed and extended the technique to recover
extended polarized emission in the Perseus cluster. The Faraday depth can be de ned
as Z observer

(x)=0:81 neB dx: (1.27)

source

This is equivalent to equations 1.24 & 1.26 and, similarly to these, is the electron
density in cm 2, B is the magnetic eld in G, and % is the line of sight. (x) is
in units of rad m 2. The factor of 081 arises from evaluating the constants found in
front of the integral in equation 1.24.

Using this de nition and following the prescription of Burn (1966) we can write

the observed complex polarization vector as

P( %)= ple? (1.28)

where p is the fractional polarization and | is the intensity of light received (therefore
pl is the intensity of polarized light received). We can now substitute from equation

1.26 and replace RM with the generalized quantity (Heald, 2008)

Z,

P(3)=  ple?ler ‘g (1.29)
1

this can be rewritten in a form similar to that of a Fourier transform

Z,
P()=  F()e

1

2

d (1.30)
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where F( ) is known as the Faraday Spectrum or Faraday dispersion function. It
describes the polarized ux intrinsic to the source as a function of the Faraday depth

(Heald, 2008). We can invert this expression to get

Z,
F()= P( )€ °d? (1.31)
1

which describes the intrinsic ux using observable quantities. This equation, however,
has no solution as there are no wavelengths less than 0 and not all wavelengths greater
than O are observed using a telescope. To solve this issue Brentjens and De Bruyn
(2005) introduce a weighting functionW ( 2) to represent the frequency bandwidth

of a telescope. The function has a value of 0 outside the observed wavelengths of a
telescope and a nonzero value at wavelengths that are observed. Using this function

we nd

P = W( Z)E( 2) (1.32)

= W( ? 11 F()e* (° dd (1.33)

where the factor 3 has been introduced in order to improve the behavior of the
rotation measure spread function to be introduced in equation 1.35, see Heald (2008)
and in particular Fig. 1 from this paper for more detail. From this the Faraday

dispersion function can be reconstructed as

Z 1
F()=K P( 9)er(* dd 2 (1.34)
1

where K is the inverse of the integral oveWW ( 2). A new function called the RM



1.3. ROTATION MEASURE SYNTHESIS 19

spread function (RMSF orR( )), that represents the response of the instrument used

in observations, can now be de ned

Z,

R( )= K W( 2)e 2 (* 8g 2 (1.35)
1

it is equivalent to the point spread function when imaging the sky (Mora-Partiarroyo,

2016). Using this we can rewrite equation 1.34 as

F()=F() R() (1.36)

where denotes convolution.
Brentjens and De Bruyn (2005) then showed that the integrals in equations 1.34

& 1.35 can be approximated as a summation over the frequency channels used to nd

)(\] i 2 2
R() K W(%He?(a 0 (1.37)
n=1
)(\I H 2 2
F() K Pe?(n 9 (1.38)
n=1

where subscriptn denotes the individual frequency channels in which polarized ux

is observed. Applying RM synthesis to a 3D data cube (see Fig. 1.5) will produce
another 3D data cube with the two spatial dimensions remaining unchanged while the
third frequency channel will be transformed into the Faraday depth. Di erent sources
will appear at di erent Faraday depths, so that multiple sources can be determined
along a line of sight. Sources themselves will have an associated Faraday thickness

that is the di erence in Faraday depth between the front and back of a source (Burn,
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1966). These sources are considered to be Faraday thin ff << 1 and are well
approximated as a Dirac -function. A source is Faraday thick if 2 >> 1, and will
be extended in space. Whether or not a source is Faraday thin or thick is dependant
on the wavelength of the observations (Brentjens and De Bruyn, 2005). To determine
the Faraday depth of an individual source along the line of sight a parabolic t is
made to the main peak of in the Faraday depth spectrum in order to nd the Faraday
rotation of the main source. A parabolic t to the neighbouring data points around
the main peak will yield the Faraday depth (Brentjens and De Bruyn, 2005). For
the Rotation Measure observations in the CHANG-ES galaxy sample, discussed in
Chapters 3 & 4, the main peak in the Faraday depth was adapted as representing the
RM of the position in the galaxy of interest.

The Faraday depth cube will have limits in the resolution in Faraday space, the
largest scale in Faraday depth space to which one is sensitive, and the maximum
Faraday depth (Brentjens and De Bruyn, 2005). The maximum resolution in Faraday

space that can be achieved can be found as

wl

(rad m ?) (1.39)

N‘

which is given by the full width at half maximum (FWHM) of the RMSF. The largest

scale at which one is sensitive in Faraday depth space is given by

max scale (rad m?) (1.40)

2
min

which means that if |, is large then an extended source that exceeds the maximum

scale in space will instead be resolved as an individual peak. The maximum Faraday
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C-Band L-Band
# of Channels 16 32

2065 rad m? 107 rad m?
max scale 1691 rad n¥ 126 rad m 2

Table 1.2: Maximum resolution in Faraday space () as well as the maximum scale
in Faraday depth space (max scale) for CHANG-ES data at C-Band and
L-Band (Mora-Partiarroyo, 2016)

depth in which one has more than 50% sensitivity is determined by

"3
JJ maxjj (rad m 2) 2 (1-41)

where is the width of the individual channel used. Table 1.2 lists the maximum
resolution in Faraday space as well as the maximum scale irspace for CHANG-ES
data used in this thesis.

RM maps were made by averaging together the spectral windows ( = 2 Ghz
for C-band data). This was a compromise between the parameters described in Table

1.2 and the signal to noise of the observations.

1.4 Organization of Thesis

The organization of this thesis is as follows: Chapter 2 presents an introduction
into the dynamo equations and their solutions as they pertain to the magnetic elds

of galaxies, as well as how these solutions were compared to observational results.
Chapter 3 presents a submitted journal manuscript that is currently under review.
This manuscript details how the dynamo equations are solved under the assumption
of scale invariance and presents the results of tting these solutions to observations

of NGC 4631. Chapter 4 presents rotation measure images of other galaxies in the
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CHANG-ES survey and summarizes trends seen in the data. Chapter 5 presents a

short summary of this thesis.
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Chapter 2

Preparation For Fitting Dynamo Models

2.1 Dynamos

Dynamo theory is the mechanism by which astronomical objects are thought to gen-
erate a magnetic eld. It describes the process through which a rotating, electrically
conductive uid can maintain a magnetic eld over astronomical time spans. Dy-
namo theory is applicable to many astronomical objects including planets and stars.
However, for the purpose of this thesis, we will consider only its applications in the
magnetic elds of galaxies. This theory makes predictions of the production of ob-
served large-scale regular magnetic elds in galaxies.

The origin of large-scale galactic magnetic elds is not clear; however prevailing
theories are that there was an initial magnetic seed eld of primordial origin or created
by the Biermann battery (Biermann, 1950) during protogalaxy formation. This initial
seed eld was amplied by small scale dynamo action due to turbulence in the gas
driven by supernovae as well as stellar magnetic elds that may also contribute to
the small-scale turbulence generation (Ferriere, 1996). The eld was then further

ampli ed to the strength and geometry of magnetic elds observed in nearby galaxies
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by large-scale dynamo action.

The dynamo mechanism transforms mechanical energy into electrical current,
which in turn generates a magnetic eld. In galaxies the ionized interstellar medium
provides a separation of charges needed to produce currents in an overall neutral
medium. Alf\en (1943) showed that magnetic lines are carried along with an imcom-
pressible, conducting uid, as if they are frozen within it. For a compressible gas (i.e.
a polytropic gas) the quantity frozen in is the magnetic eld,B, over the density,

(i.,e. B=). This can be used to de ne the omega () dynamo e ect where a di eren-
tially rotating body with poloidal magnetic elds (see Fig. 2.1) undergoes shear that
will drag the eld lines to form a toroidal eld. As a galaxy undergoes rotation the
magnetic eld lines are dragged along with the medium of a galaxy, transforming the
magnetic structure.

A second dynamo e ect called the alpha () dynamo is also thought to be present
in galaxies. In an alpha dynamo, vertical convective motions are twisted by the
Coriolis force which induces an electromotive force. This generates an electric current
in the direction of the original eld which in turn generates a magnetic loop encircling
it. If the conductivity is not perfect then this loop can disconnect and merge with
other loops allowing the poloidal eld to be rebuilt as well as ampli ed. The vertical
motion can be driven by turbulence from supernovae activity in a galaxy. These two
processes constitute the alpha-omega ( ) dynamo action in a galaxy.

The ampli cation of a magnetic eld due to the dynamo e ect can be described

by the mean eld dynamo equation (Beck, 2016)

@— ~N\ A N\ 2
@t—r (VAB)+ T B+ r“B (2.1)
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Figure 2.1. A diagram showing the poloidal () direction in red and the toroidal ( )
direction shown in blue. Image Credit: Dave Burke 2006, Wikimedia
Commons

wherer”™ (¥ B) is the induction term, # is the large scale velocityf® B is the

gain term, and r 2B is the loss term. is the turbulent di usivity de ned as

4i + Sl (2.2)

where is the electrical conductivity, is the lifetime of turbulent cells, and+? is the

turbulent velocity squared. is de ned as

= (T wi: (2.3)
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Parameter Physical Interpretation

u;v,w Scaled cylindrical velocity components
Fixes rate of rotation of magnetic eld in time

q Used to de ne spiral pitch angle. Pitch angle is
found as arctan(Eq)

T Time variable

m Spiral mode

C1C2 Boundary conditions for the magnetic eld

a Similarity class, de nes globally conserved

quantity (See table (22))

Table 2.1: Physical interpretations of parameters used.

More details on the dynamo equations as well as their solutions in the context of
galactic magnetic elds are provided in Chapter 3 of this thesis. Equation 2.1 can be
integrated to de ne the magnetic vector potentialA, shown in equation 3.1, this is
done as a mathematical convenience and subsequent derivations shown in chapter 3

can be solved starting from either equation 2.1 or 3.1.

2.2 Dynamo Solutions

The solutions to the dynamo equations presented in Chapter 3 contain a number of
variables. These variables as well as their physical interpretation are summarized in
this subsection as well as shown in Table 2.1. The dynamo equations were solved
under the assumption of scale-invariance and both axisymmetric and bisymmetric
spiral solutions are searched for. See Fig. 3.2 for an example of axisymmetric and
bisymmetric eld con gurations.

The parametera, found in equation 3.4 which is reproduced below

el =(1+~4t) (2.4)
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a Dimension of X Possible Identi cation

0 Td Angular velocity if g= 1

1 L"=T" Linear velocity if n =1

3/2 L3n=T2n Keplerian orbits if n = 1

2 L2n=T" Speci ¢ angular momentum ifn = 1
3 Le=T Magnetic Flux if n =1

Table 2.2: Self Class Identi cation
2Recall that magnetic eld and velocity have the same dimensions when
the eld is divided by the square root of an arbitrary density.
bRecall that, generally, a = = p=q where the globally conserved
quantity, X, has dimensions [X] =LP=T4
is the 'similarity class' of the model. This represents the dimensions of a globally con-
served quantity that is present in the solutions. A longer discussion of this parameter
can be found in Henriksen et al. (2018) as well as Sect. 3.3. A summary of di erent
similarity classes and their possible identi cations can be found in Table 2.2 where X
is the globally conserved quantity.

The parameterm is used to indicate the spiral mode in these solutions, that is the
number of spirals appearing in the solution. Solutions for the magnetic eld potential
A are searched for in equation 3.10 in the complex ford(R; ;Z) = A( )™ .
Face-on RMs can be seen in Fig. 2.2 which shows RMs produced for di erent values
of m when other parameters remain constant. In these gures it can be seen that
the number of magnetic spiral arms corresponds to the value of. The number of
reversals in the edge-on case increases with increasimgHowever it should be noted
that counting the number of reversals alone cannot determine the value of seen,
the spiral pitch angle can also cause the spiral structure to become more tightly or
loosely wound causing more or less reversals to be seen in the edge-on case. See Sect.

A for more detail.
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Figure 2.2: We show face-on RMs for the parameter vectém, g, , u, v, wg =
fm; 2:5;0:0; 0:0; 0:0; 2.0g. Parameter m has a value ofm = 1;2 in the
upper and lower images respectively. The radius, in units of the galactic
radii, is shown on the gures. The number of magnetic spirals can be seen
increasing in the face-on case, with the number of arms corresponding to
the value of m. The scaling shown is arbitrary however red indicates a
positive RM (with the magnetic eld pointing towards the observer), and
blue indicated a negative RM (with the elding pointing away).
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Parameters and g are de ned in equation 3.8 where they are used to de ne
rotating logarithmic spiral forms. Parameterqrelates to the pitch angle of the solution
where the pitch angle can be found as arctar€t). A higher q decreases the angle of
the magnetic spiral arm. In the edge-on case, a lowgr(higher pitch angle) causes
the spirals to become more tightly wound and produces more reversals across a RM
map. This is e ect is illustrated in Fig. 2.3 whereq is varied and all other parameters
remain constant. The number of reversals seen in the edge-on case depends on both
the spiral mode as well as the pitch angle in these solutions.

The parameter xes the rate of rotation of the magnetic eld with time. Varying

results in the rotation of the magnetic eld, simulating rotation with time. This
is illustrated in Fig. 2.4 where the magnetic structure can be seen rotating asis
increased and all other parameters are held constant.

Parametersu, v, w are the scaled cylindrical velocity components whene is in

the r direction, v is in the direction, w is in the z direction.

2.3 Implementation

One of the main goals of this thesis project was to compare model rotation measure
maps that are produced from solutions to the dynamo equations with observational
rotation measure maps. Di erent dynamo models were t to observations in order to
explore if dynamo theory could accurately predict these maps as well as determine
what parameter sets provided the best t. This provides insights into the type of
galaxy dynamics (e.g. inows and out ows of gas to/from a galaxy) that play a
crucial role in determining the magnetic eld of a galaxy, see Chapter 3 for details

and results from this.
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Figure 2.3: We show face-on RMs for the parameter vectém, g, , u, v, wg =
f1,0;0:0;0:0; 0:0; 4:0g. The radius in units of the galactic radii is shown
on the gures. Parameterq = 2:5;4:9 in the upper and lower images
respectively. The number of spirals remains constant however becomes
more tightly would as g increase. This results in increasing the number of
reversals seen in the edge-on case. The scaling shown is arbitrary however
red indicates a positive RM (with the magnetic eld pointing towards the
observer), and blue indicated a negative RM (with the elding pointing
away).
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Figure 2.4: We show face-on RMs for the parameter vectém, g, , u, v, wg =
f2;25; ; 0:0;0:0;4g where = 0:5;+0:5 in the upper and lower images
respectively. The radius in units of the galactic radii is shown on the face-
on gures and scaling depends on an arbitrary multiplicative constant.
The spiral pattern can be seen rotating as is varied. The scaling shown
is arbitrary however red indicates a positive RM (with the magnetic eld
pointing towards the observer), and blue indicated a negative RM (with
the elding pointing away).
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The dynamo equations are solved using the mathematical language MAPLE
Model rotation measure maps are produced from these solutions by integrating along
a line of sight through the magnetic eld on a pixel by pixel basis. MAPLE scripts
written to perform this for di erent dynamo solutions were provided by thesis super-
visor Richard Henriksen.

In order to compare these model rotation measure maps to observational maps
(in . ts le format) the model solutions had to be converted to the same le format.

To perform this le conversion the MAPLE scripts were modi ed to export model
rotation measure images in a .csv le format as well as to systematically export
.csv les that cover the parameter space of the solutions. These .csv les were then
converted into . ts le format as explained in Appendix B, the code used for this
conversion is shown in Appendix D.

The dynamo solutions presented in Chapter 3 cover a large parameter space, in
order to perform the analysis and to nd the solutions that best t the observational
map it was necessary to automate all data analysis. The code used to perform the
automated data analysis is shown in Appendix E. To perform the data analysis the
model rotation measure maps are converted into . ts format and regridded to match
the observational map using a linear interpolation scheme (using the code shown in
Appendix D).

As the model images depend on an arbitrary multiplicative constant (discussed in
more depth in Chapter 3) the images were scaled to match the observational images.
To do this a box was selected in the northern halo of the galaxy (see Fig. 3.1) chosen
to encompass the systematic RM reversals seen. The observational maps were divided

by the modal maps and the median of this new divided map inside the selected region

Lwww.maplesoft.com
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was used as a scaling factor. The model map was multiplied by this scaling factor to
produce scaled model maps.

Once the new scaled model maps were created they were subtracted from the
observed RM Synthesis maps of to create residual maps that were then used to deter-
mine how well the dynamo eld t the observational results within the given region.

If the dynamo eld matched the eld of the observational map the residual maps
would be have a median of 0 rad/rh and a standard deviation equal to the error in
the observations. These quantities inside the selected region in the northern halo as
well as a goodness of t test were used to compare how well di erent models t the
data. The Akaike information criterion (AIC) was used as a goodness of t test to es-
timate the relative quality of the models. This was implemented using the procedure
outlined in Sect. 4 of Erwin (2015), the lower the AIC value the better the model
matches the data. More details and results from this work are presented in Chapter

3.
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Chapter 3

Evolving Galactic Dynamos and Fits to the
Reversing Rotation Measures in the Halo of

NGC 4631

This Chapter as well as App. A constitutes a version of a paper submitted to the
Monthly Notices of the Royal Astronomical Society entitled "Evolving Galactic Dy-
namos and Fits to the Reversing Rotation Measures in the Halo of NGC 4631" by

authors A. Wood nden, R.N. Henriksen, J. Irwin, and S.C. Mora-Partiarroyo.

3.1 Abstract

Rotation measure (RM) synthesis maps of NGC 4631 show remarkable sign reversals
with distance from the minor axis in the northern halo of the galaxy on kpc scales. To
explain this new phenomenon, we solve the dynamo equations under the assumption
of scale invariance and search for rotating logarithmic spiral solutions. Solutions
for velocity elds representing accretion onto the disk, out ow from the disk, and
rotation-only in the disk are found that produce RM with reversing signs viewed edge-

on. Model RM maps are created for a variety of input parameters using a Faraday
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screen and are scaled to the same amplitude as the observational maps. Residual
images are then made and compared to nd a best t. Solutions for rotation-only,
i.e. relative to a pattern uniform rotation, did in general, not t the observations of
NGC 4631 well. However, out ow models did provide a reasonable t to the magnetic
eld. The best results for the speci ¢ region that was modelled in the northern halo are
found with accretion. Since there is abundant evidence for both winds and accretion
in NGC 4631, this modelling technique has the potential to distinguish between the

dominant ows in galaxies.

3.2 Introduction

Recent radio continuum observations of edge-on galaxies have revealed remarkable
results. Although large-scale regular magnetic eld structures have been observed
before in galaxy halos (eg. X-type elds, see Stein et al. (2019a), Krause, M. et al.
(2006) and examples below), it is only recently that observational data have allowed
us to probe the magnetic eld componentparallel to the line of sightvia rotation
measures (RMs) in faint galactic halos. RM synthesis (Brentjens and De Bruyn, 2005)
has ensured that the data can be fully exploited to best advantage. The physical
quantity of interest is the Faraday depth which is the product of the line of sight
component of the magnetic eld,By, (the “parallel' magnetic eld), and the electron
density, n.. The parallel eld can be positive or negative depending on whether it
points towards or away from the observer, respectivéely

In Fig. 3.1, we reproduce Fig. 16 from Mora-Partiarroyo et al. (2018) (see also

Fig. 6.10 from Mora-Partiarroyo (2016)) showing a Faraday depth map, produced

1See Sect. 2.3 of Stein et al. (2019a) for more details on RMs and how they are determined.
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using RM synthesis, of the edge-on galaxy, NGC 4631, which has a strong, well-
known halo. In this gure, blue represents negative Faraday depths and red represents
positive Faraday depths. Consequently, the direction of the magnetic eld weighted
and integrated along the line of sight points away from the observer (blue) or towards
the observer (red). As can be seen, in the northern halo (on which a box has been
drawn) there are regular sign reversals of the Faraday depth as one scans in the
east-west direction. These sign reversals are naturally explained by a regular halo
magnetic eld that is alternating its azimuthal direction on kpc scales in the galaxy.
This is a new phenomenon, never before seen in the halo of a galaxy.

In the following, we refer tomagnetic eld reversalswhen we refer to this obser-
vational phenomenon and this paper attempts to explain those reversals (see below).
Similar results have been seen in theisk of the face-on galaxy, NGC 628, as shown
in Figs. 18 and 26 of Mulcahy, D. D. et al. (2017) and also more recently in tltksk
of the edge-on galaxy, NGC 4666 (Stein et al.,, 2019a). For the latter galaxy, the
eld direction also ips across the major axis of the galaxy. However, prior to the
NGC 4631 result, no such phenomenon was seen in galactic halos. Many of the 35
edge-on galaxies observed in the CHANG-ES survey (Irwin et al., 2012) also show
clear magnetic eld reversals in the Faraday rotation maps and will be the subject
of future work. Thus reversing magnetic elds may be a common characteristic of
galaxies, although not seen prior to the CHANG-ES survey.

A variety of both empirical and dynamo models for the structure of magnetic elds
exists; examples include: Sun, X. H. et al. (2008), Ja e et al. (2010), Jansson and
Farrar (2012), Ferrere, Katia and Terral, Philippe (2014), and Terral and Ferrere

(2017). These models recreate magnetic elds in galaxies using various observations



3.2. INTRODUCTION 37

of the Milky Way as well as external galaxies. While these models have had some
success, the ts use various inputs that may not necessarily be related to ISM param-
eters. They are motivated primarily by observations, but are not derived from rst
principles.

In recent work, authors Terral and Ferrere (2017) applied their empirical model
to observations of the Milky Way to uncover the large scale magnetic eld structure.
They found that the magnetic eld in the galactic halo is more likely to be bisymmetric
than axisymmetric (see Fig. 3.2). This is because their bisymmetric model would
show an X-shaped eld if viewed externally and edge-on. X type behaviour is well
known from previous work for edge-on external galaxies €llmann and Dettmar,
2000; Krause, M. et al., 2006; Heesen, V. et al., 2009; Braun et al., 2010; Soida, M.
et al., 2011; Haverkorn and Heesen, 2012). It should be noted that the model used
by the authors was limited by the assumption that the magnetic eld is non-helical
when projected on cones. X-shaped magnetic eld structures is featured in a wide
range of magnetic con gurations showing spherical and quasi-spherical geometry (e.g.
Brandenburg et al., 1992, 1993).

Van Eck et al. (2015) used observations from 20 nearby galaxies to determine sta-
tistical properties of galactic magnetic elds and matched these with predictions of
galactic dynamo theory. Similar analysis was performed in Chamandy et al. (2016)
where pitch angles of observed galaxies are compared fo dynamos and reasonable
agreement is found. Work by Chamandy (2016) and Chamandy et al. (2014) used var-
ious approximations such as saturisation of small time-scales to produce approximate

solutions that are axisymmetric.
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Figure 3.1: Distribution of Faraday depth obtained from C-band VLA (D array) data

(Mora-Partiarroyo et al., 2018). Faraday depth was clipped at 5 of po-
larized intensity. All data plotted have an angular resolution of 20%
FWHM. The maximum error in this gure is about 80 rad/m? and de-
creases to about 20 rad/rh in areas of high polarization. The red box
displays regions showing magnetic reversals in the Northern Halo that is
used in the analysis. The median and standard deviation for this region
is shown in the label on this gure and this region has a median error of
29.1 rad/m?. This gure was rotated by 5° as per the position angle of
NGC 4631 Mora, Silvia Carolina and Krause, Marita (2013). The black
lines on this gure show the major and minor axis of the galaxy, note
however that there is some curvature to the major axis of this galaxy.
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Figure 3.2: Examples of axisymmetric and bisymmetric eld geometry.

The well studied dynamo theory (e.g. Klein and Fletcher, 2014, for a brief sum-
mary) has made relevant predictions concerning X-type elds (e.g. Brandenburg et al.,
1992) in halos and disks of galaxies and sign changes in the halo as a function of
height above the disk (Henriksen, 2017a, and references therein). However the theory
is largely numerical and so is dicult to apply without intimate knowledge of the
appropriate code.

In this paper, we replace many assumptions by the one assumption of scale invari-
ance. The justi cation is that complex, self-interacting, dynamical systems frequently
develop this symmetry (Barenblatt, 1996; Henriksen, 2015). Moreover this assump-
tion allows a relatively simple, semi-analytic, magnetic eld description that is a

solution of the classical dynamo equations. The ability to search through parameter
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space is illustrated by the multiple examples in Appendix A. In this sense we see it
as a rst step beyond the empirical models. Much of the detailed justi cation and
comparison with earlier work is already included in Henriksen (2017a) and Henriksen,
Wood nden, and Irwin (2018).

Using the assumption of scale invariance the classical dynamo equations show
again that one can produce X-shaped magnetic elds, establish “parity’ changes in
a given halo quadrant, and predict the eld reversals in galaxy halos, as seen in
NGC 4631. The technique is similar to the study of axisymmetric dynamos from
Henriksen, Wood nden, and Irwin (2018). In the current paper we search for gen-
eral azimuthal modes and so include both axially symmetricn{ = 0) and higher
order modes. We nd that a combination of axisymmetric and bisymmetric modes
(m = 1+, see Fig. 3.2 for the distinction) are required at minimum to t the various
symmetries across quadrant boundaries. There are RM sign reversals in the same
guadrant in the pure axially symmetric mode (Henriksen, Wood nden, and Irwin,
2018, Figs. 1 and 4), but such reversals do not correspond to the multiple regular
RM reversals seen in Fig. 3.1. This is strong evidence for the bisymmetric mode
(or higher). While such magnetic eld geometry has not so far been unambiguously
detected in face-on galaxies (Beck, 2016, 2015), Fletcher et al. (2011) found that a
bisymmetric spiral mode can t observations of face-on galaxy M51.

In Sects. 3.3 and 3.4, we lay out the relevant theory within a self-similar framework.
Fields generated by classical dynamos are derived showing evolving and rotating mag-
netic elds with di erent azimuthal modes. The elds tend to have spiral projections
on cones about the minor axis as well as when projected onto the galactic plane. How-

ever the combined poloidal and toroidal structure of the eld can be quite complex.
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Sample rotation measure (RM) screens for face-on galaxies are also presented.

In Sect. 3.5 we t the RM screens produced by the evolving, scale invariant,
magnetic elds to the Faraday rotation map of NGC 4631 seen in Fig. 3.1. We show
the best t results and the magnetic eld that produces these ts.

Sect. 3.6 presents a comparison with previously published work and in Sect. 3.7
we present our conclusions regarding the ts to NGC 4631.

In Appendix A we summarize the important physical results for face-on and edge-
on cases. These results will highlight the RM screens produced from a variety of
velocity elds (e.g. in ow and out ow for a galaxy). RM screens for both face-on and

edge-on cases will be explored.

3.3 Scale Invariant, Evolving, Magnetic Dynamo Spiral elds

We refer to the classical mean- eld dynamo equations (Mo att, 1978) in the form for

the magnetic vector potential (Henriksen, 2017a)

@A =v~rr™ A rr™ A+ gor™ A (3.1)

A modern discussion of the limitations of this equation is sumarized in chapter 6
of Klein and Fletcher (2014). Scale invariance provides descriptions of the basic
parameters 4; ; and v, but without the detailed physics. Scale invariant solutions
are used in this work due to their simplicity, reproducibility, and ability to be easily
tested against observational predictions. The solutions contain helicity that is present
on all scaleswhich are coupled in time.lt is important in the technical part of what
follows to observe that the time derivative in this equation is taken at a xed spatial

point. We do not therefore di erentiate the unit vectors.
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In Eqn. (3.1) v is the mean velocity, is the resistive di usivity, 4 is the magnetic
“helicity' resulting from a helical sub-scale magnetohydrodynamic velocity, andl is
the magnetic vector potential. The quantity 4 may be positive or negative (e.qg.
Mo att, 1978, but we take it as positive in this work). Formally, is the Ohmic
di usivity ?=(4 ) interms of the electrical conductivity , but it can be interpreted
also as a turbulent di usivity of the form “v; given a turbulent velocity v; and spatial
scale’. The sub-scales associated with the “helicity' and the “di usivity' may not
always be identical.

Under the assumption of temporal scale invariance employed here, tamplitude
time dependence will simply be a power law or (in the limit of zero similarity class
- see below) an exponential factor. Hence the spatial geometry of the magnetic eld
remains “self-similar' over the time evolution, and we can therefore study the geometry
without requiring a xed epoch. However our phase dependence includes a rotation in
time (see the de nition of the variables and below), which is an explicit description
of ‘rotating magnetic spirals' in some background frame of reference. Although the
global geometry is self-similar, any particular line of sight through the eld may detect
a di erent aspect of the spiral structure. The pattern angular velocity of the magnetic
arms need not be the same as that of the stellar spiral arms. Indeed Mulcahy, D. D.
et al. (2017) show that this is the case observationally. This implies a time dependent
phase di erence between the two types of arms, which will only occasionally be zero.
Should the magnetic spiral pattern speed be equal to that of the stellar arms, a
constant phase shift is still possible.

Our short hand reference to ‘rotating magnetic spirals' is slightly misleading, as

is our occasional reference to the eld being 'wound on cones'. In fact it is the
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projections of the eld on cones symmetric about the galactic minor axis (including
the galactic plane as a limiting such cone) that show spiral structure. The three
dimensional magnetic eld is certainly not constrained to lie solely on cones (neither
in fact is the vector potential), as can be seen at lower left in Fig. 3.3 below.

The compatible time evolution of the quantities 4, (and when that is retained)
and the mean ow velocity v is also given by the scale invariance. This removes the
necessity of arguing in detail about the physical origin of these quantities although
their relative importance is an essential parameter. Ultimately these various time
dependences can be used to relate the current eld amplitude to a "seed magnetic
eld’, but we leave the restrictions on the value of this seed eld to another work.

The form of the scale invariance is found following Carter and Henriksen (1991)
and Henriksen (2015). We introduce a time variabld along the scale invariant
direction according to

el =1+ ~4t; (3.2)

where ~ is a numerical constant that appears in the scale invariant form for the
helicity, 4, which form is to be given below. The constant numerical factor 4~in
Eqgn. 3.2 is purely for subsequent notational convenience. The quantity should
not be confused with the helicity as it is an arbitrary reciprocal time-scale used in

the scaling. The cylindrical coordinatesr; ;z g are transformed into scale invariant
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variablesfR; ;Zg? according to Henriksen (e.g. 2018)

r=Re'; = +(=+qlnr)T; z=2Ze'; (3.3)

where is another arbitrary reciprocal time-scale that appears in the spatial scaling,
and = is a number that xes the rate of rotation of the magnetic eld in time. We
add q to the arbitrary = for subsequent algebraic convenience (see Eqgn. 3.8 below).

It should once again be emphasized that the quantitidd®R; ;Zgor some combina-
tion of these quantities, when used in the dynamo equations guarantee scale invariant
solutions (e.g. Henriksen, 2015). They aneot to be applied to the geometrical struc-
ture of the background galaxy. The implications for the galaxy are through the forms
required for the sub-scale helicity and di usivity, as well as for velocities measured in
some reference rotating frame. These can be quite general in spatial form (see e.g.
the comment after Eqn. 3.11, but they are reduced to functions of simple radius in
this paper.

Our theory does not give a value either for the rotational velocity of the magnetic
eld, , or for the magnetic spiral pitch angle, £q The latter seems to be similar to
that of the stellar spiral arms while the magnetic pattern velocity may need consid-
erations of out ow such as found in Moss et al. (2013) and Chamandy et al. (2013).
In this latter connection if out ow above and below the disk arises from the active
star formation part of the stellar arm (backside), then at less than the escape velocity

it may lag the stellar arm to fall back somewhere behind the arm. This spiral arm

2The exponential or power lawtemporal scaling of these variables does not imply that the galactic
variables (e.g. galactic radius) are also varying with time. This scaling is only relevant to thedynamo
magnetic eld.

3We take spatial variables to be measured in terms of a ducial unit such as the radius of the
galactic disk.
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based ‘champagne ow' will create an ampli ed magnetic arm where it accretes. This
will be at a phase shift relative to the stellar arm of roughly s d=w wherew is the
out ow velocity, d is the radio scale height, and s is the pattern angular velocity of
the stellar arm. If the pattern angular speed of the stellar arm is much smaller than
w=d, the magnetic arm should lag between multiple spiral arms.

In our discussion £q > 0 appears as the tangent of the pitch angle of a spiral
mode that is lagging relative to the sense of increasing anglé.

We note from Egn. 3.2 that

el =(1+~41)¥% (3.4)

where the ‘similarity class'a = is a parameter of the model, which re ects
the dimensions of a global constant. This quantity is discussed in some detail in
Henriksen, Wood nden, and Irwin (2018), but a simple example is a orded by a
global constantGM where G is Newton's constant andM is some xed mass. This
is the global constant for Keplerian orbits.

Continuing with this special example, the space-time dimensionsGM are L 3=T?2
and, after scaling length bye™ and time by e (Carter and Henriksen, 1991)GM
scales ag® 2 )T, To hold this invariant under the scaling we must set= a=3=2,
which is the "Keplerian similarity class'. Note that this ‘class’, that is the ratio 32
of the powers of spatial scaling to temporal scaling gives Kepler's third law? / T2
for any Keplerian motion. Similarly for a global constant with dimensions of velocity

a =1, while a global constant with dimensions of speci ¢ angular momentum requires

4|t should be noted that in Henriksen (2017a), g had this role as thenormally de ned pitch angle
with respect to the azimuth. In our examplestan 1(1=0) is typically tan 1(0:4) 22 .
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a = 2. A constant angular velocity corresponds toa = 0. A tabular summary is
provided in Table 2.2.
As is usual in this series of papers we write the magnetic eld for dimensional

convenience as

b = 194:; (3.5)

so that it has the dimensions of velocity. Here is a constant not associated with
the dynamo and indeed might have the value={4 ) in cgs units, but it is completely
arbitrary. It is in fact absorbed into the multiplicative constants that appear in our
solutions.

In temporal scale invariance the elds must have the following forms according to

their dimensions

>
I

A(R; ;Z)e? T,
b = b(R; ;2)e* T e 'rr X;

v = v(R; ;Z2)el T (3.6)

where the barred quantities are the scale invariant elds, which are functions of the
three scale invariant variables as de ned in Egns. 3.3X is the magnetic vector
potential A in terms of the scale invariant variables, the cross product should be
taken with respect to the scale invariant variables. Egns. 3.1 can always be written
solely in terms of these scale invariant variables (Carter and Henriksen, 1991), so that
the temporal scaling symmetry eliminates only th& dependence without additional
assumptions. This is multi-variable scale invariance (Henriksen, 2015; Barenblatt,

1996).
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Considering Eqn. 3.6 and Eqgn. 3.4 we see that th@mplitude time dependence is
generally a power law in powers of (1 + gt ), where the power is determined by the
“class' parametera. Should =0 we nd from Egn. 3.4that T = ~4t. The eld
can then grow exponentially according to Eqns. 3.6. The helicity, velocity eld and
indeed the di usivity will grow correspondingly. The time scale is controlled by the
value of 1=(~4 ), which may be long. The helicity arising from the sub-scaley, and

the resistive di usivity , must be written according to their respective dimensions as

o = aR; ;Z)ed VT

(R; ;Z)e aT: (3.7)

At this stage a substitution of the forms Eqns. 3.6 into Eqns. 3.1 yields three
partial di erential equations in the variablesfR; ;Zg. However, we are seeking non-
axially symmetric spiral symmetry in the magnetic elds to match the observations
summarized in Beck (2016) and Krause (2012). Any combination of the scale invariant
qguantities fR; ;Zg will render the barred quantities in Egns. 3.6 scale invariant, so
we are free to seek a spiral symmetry by combining them.

We choose a combination inspired by our previous modal analysis Henriksen
(2017a) and observations of "X-type' elds and magnetic spiral ‘arms'. We assume
that the angular dependence may be combined witR in a rotating logarithmic spiral

form as (recalling the de nition of from Eqn. 3.3)

+ gIlnR +qin(r)+ T: (3.8)

Moreover we combine th&k and Z dependence into a dependence on the conical angle
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through

Z .
= (3.9)

The linearity of Egns. 3.1 allows us to seek solutions in the complex form

AR; ;2)= K()eM : (3.10)

Note that the variable is time independent. Hence the time dependence of the
magnetic dynamo appears only through the amplitude factors in Eqn. 3.6 and through
the rotation of the modal pattern contained in the variable .

On substituting these assumed forms into Egn. 3.1 one nds that a solution is

possible in terms of and , provided that the ancillary quantities satisfy

= ~R?% (3.11)

The quantities denoted() and the velocity componentsf u; v; wg are dimensionless.
They may at this stage be functions of the conical angle, but in the absence of
de nitive observations we keep these constant in this paper.

Under these conditions the Egns. 3.1 become three linear equations Aof ),

(K+m?) A imA,=(1+ imgq)vA (1+ Vv)A® wb
+ (B im[l+imp)A A%
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(K imv+ (1+ mPd)A

u(L+img)A +(u  wWA? + im(wA;, + uA;)

+b+ f (1 2mgA°+(@1+ 2AX
+im[ AY A2+(1  img)Ailg

imA, +(K + m?(1+ q))A;
=1+ img)A +(v )A + ub
+ £ imA%+ gAY+ AD)lg (3.12)

Where the prime indicates di erentiation with respect to and

K 2 a+ im( +v):

~

— (3.13)
~d
Here is the inverse of the de nition used in Henriksen (2017a) in order to treat
it as small when we wish to neglect diusion. It might be a function of at this
stage. We anticipate a bit by writing the equations withb included explicitly (we
could of course write the equations entirely in terms df but then the resulting eld
is not guaranteed to be solenoidal). This substitution is for brevity, but also because
B gures explicitly in our method of reducing the equations. We have set !

so that the latter is now dimensionless. The angular velocity of the magnetic spiral
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pattern is
The magnetic eld that follows from the curl of the potential takes the form

(omitting the power law amplitude factor given in Egns. 3.6

b = ge("“ ); (3.14)

where
b=fimA, A% A°+ A? imgA,;

z

(3.15)
(1+img)A A imAqg

f 0,;b;08,9

Eqgns. 3.15, 3.14, and the second of Eqns. 3.6 togethare the complete time dependent
magnetic eld. In Egn. 3.150, as used in Egns. 3.12, is given explicitly in terms of
the vector potential.

Egns. 3.12 are a complicated set of three linear ordinary equations with non con-
stant coe cients. In general this is a numerical problem of at least fourth order.
However the equations simplify to a second order equation when = 0. This may be
thought of as the zeroth order term in an expansion in , and so we proceed with this
special case in this paper. The resulting equations (Egns. 3.12 with = 0) reduce
to the equations used in Henriksen, Wood nden, and Irwin (2018) for the axially
symmetric temporal case whemn = 0.

An examination of Egns. 3.12 with = 0 indicates that one can rewrite Eqns. 3.12
as one second order equation fé&f . The algebra is however formidable. One e ective
procedure is to solve the second equation f@r in terms of A and its derivatives.
Then a substitution into the rst and third equations yields two linear equations for

A; and A, in terms of A and its derivatives. These can be solved fok, and A3,
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which are then to be substituted into the form oft given in Eqn. 3.15. Finally this
now independent expression (Eqgns. 3.12) does not know the formbof for b (A ) is
substituted into the second of Eqns. 3.12 to get a second order equationAn.

The resulting equation is rather elaborate in general and we will only use it in
various special cases. We give instead the resbitforethe nal substitution into the

equation of Egns. 3.12 as the two respective equations for

b (K2 m2(1+ u?+ w?)
=(K imv)[(K? m?+(Ku imw)(+ imqg))A

+((w u)K +im(u+ w ))A°]; (3.16)

b (K2 m?l+qw)+ imgKu)+ B°((K im )w
(K +imuy= (K imv)(1+ 2)A®

2img A° + imq(1 + img)A ): (3.17)

We emphasize that the second equation does not ‘know' that the combination
of potentials from Eqgn. 3.15 is in fact the azimuthal eld. One must thus exercise
caution in using these two equations. Rather than treating them as two equations
for the quantities A and b , the correct procedure is to solve them simultaneously
and substitute the rst into the second in order to obtain a second order di erential
equation for A . The resulting equation is elaborate given a general velocity eld as
noted above, so that it is more convenient to make the substitutioafter a particular
velocity eld has been chosen.

Subsequently the potentialsA; and A can be found from the rst and third
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equations of Eqns. 3.12. After eliminatind and setting = 0 these take the forms

(K imuw)A; im(1+ wi)A, =[(1+ img)(v uw) w(K imV)IA 5 g
[L+v +ww u)A”;

and

im(1+ U)A; + (K + imuw)A, = [(1+ img)(1+ u®) + u(K imv)]A (3.19)
+[v  +uw u)]A®:

Once again we leave the explicit linear solution fok, and A, for speci c cases of the
velocity eld. Once these are found in terms of the solution fo&A (Eqn. 3.17 after
substituting Egn. 3.16), all of the magnetic eld components (including the azimuthal
component in terms ofA; and A;) follow from the expressions in Egns. 3.15 and 3.14.
In Sect. 3.4 we give a series of time dependent examples that are of interest in making
qualitative comparisons with observations. One simpli cation that is apparent from
Egns. 3.18 and 3.19 assumes the vertical velocity to vary on cones accordingte u .
This does not change Eqgns. 3.18, 3.19, or the intermediate equation, Eqn. 3.16, but

the equation, Eqn. 3.17, forA" adds the term
(K im )u; (3.20)

to the bracket multiplying b .

3.3.1 Boundary conditions

The scale invariance of our solutions does not permit boundary conditions in al-
though the solutions behave fairly naturally there. However the galactic disk is essen-

tial to our study and generally it is not recognized by our solutions either. To obtain
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a solution valid for all jzj we must impose a certain symmetry on the solution at the
disk that is taken to lie at z = 0. Normally we impose a “dipolar' symmetry (e.g.
Klein and Fletcher, 2014) in whichB, is held continuous acrosg = 0 but B, and B
change sign after crossing = 0.

Formally, that is to embed numerically the boundary condition into the solutions,
Egns. 3.15 requires for the dipole symmetry thaf, change sign acrosg = 0 while
A; and A, do not. In addition all derivatives of A should vanish atz = 0. In practice
we obtain the lower solution from the upper solution by re ecting the upper solution
in the disk plane and changing the sign of the eld. This requires a surface current
at z = 0 because of the tangential discontinuity.

An alternate symmetry is "quadrupolar' symmetry (e.g. Klein and Fletcher, 2014).
The upper solution is simply re ected in the disk plane without a sign change. this
changes the sign oB, but not of B, or B . The two sides of the disk are really
independent under this symmetry. Formally Egn. 3.15 now require&, and A to
change sign whileA, does not, and all the derivatives oA to vanish at z = 0, but
we proceed with the re ected upper solution to obtain the lower solution.

With either of the imposed symmetries, the velocity eld must change the sign of
its helicity relative to the z axis taken perpendicularly away from the pane on each
side. This keeps both the tangential velocity components and the vertical velocity

component (thanks to the change in direction of the axis) continuous acrosz = 0.

3.4 Generic Scale Invariant Dynamo Magnetic Field Modes

We look at some simple cases in this section that illustrate generic properties. Specic

ts to observational data require more extensive parameter searches and multiple
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modes. These are discussed at length in Sect. 3.5 that contains the principal results
of this paper. The axisymmetric mode has been discussed in detail in Henriksen,
Wood nden, and Irwin (2018).

In Henriksen (2017a) the notion of a uniformly rotating “pattern frame' as the rest
frame of the dynamo magnetic eld was introduced. The pattern frame may also be
the systemic frame of the galaxy, in which case the absolute eld rotation would be
set essentially by the parameter . Generally we may think of this pattern frame of
reference as the pattern speed of the gravitational spiral arms, and then measures
the rotation of the magnetic arms relative to this reference frame. In the previous
section we speculated that there would be a lagging phase shift relative to the stellar
pattern. This is dependant on there being out ow, and so we use this as the generic

case.

3.4.1 Outow or Accretion in the Pattern Reference Frame

In this section we restrict ourselves taa = 1 and u = v = 0 in the pattern frame.
This allows us to study out ow from, or accretion onto, the galactic disk, which is an
important observational question. We envisage application in this section to nearly
edge-on galaxies, but we also display the existence of magnetic spirals in face-on disks
and wound on cones in the halo.

The combination of Eqn. 3.16 with 3.17 yields (the algebra can also be carried out

directly from Eqns. 3.12 following the procedure outlined in general above) fé¢

L+ w?+ HAO+2(Kw imgq )A°+[K2 m?(1+¢®) im(w @]A =0; (3.21)

where now

K=K(a=1v=0) 1+im: (3.22)
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This equation is not invariant under a change in sign of and w as we would wish
for the solution to apply above and below the galactic disk. We will instead have
to re ect the solution at > 0 across the equatorial plane (with a sign change to
keep the vertical eld continuous) in order to create a symmetrical relation below the
disk. We nd that both components of the tangential magnetic eld must be anti-
symmetric across the disk (see also Henriksen, 2017a). The solution is given in terms
of hypergeometric functions. We use the MAPLE default cuts in the complex plane
fore these functions because these are continuous onto the cut from above. There are
conditions for the convergence of the hypergeometric series however, With 0 these
reduce to 2 < 3(1 + w?), which normally allows the halo to be covered adequately.

The equations for the remaining potentials may be found from Eqgns. 3.18 and
3.19 in the explicit forms

K2 m2(1+wd)]A =[im(1+w?)(1+img) K2?w]A (1+w?)(K +im )A?; (3.23)

and

[K?2 m?(1+w’)A,=K[1l+img+ imw]A& [K im(1+ w?)]A%: (3.24)

The dynamo magnetic eld now follows from Egn. 3.15. We show some examples
with simple parameter choices in Fig. 3.3.

In Fig. 3.3 we see a projected bisymmetric spiral magnetic eld. In principle the
projected spiral structure will continue to the centre of the galaxy, but with nite
observational resolution the eld might be seen there as a "'magnetic bar'. The three
dimensional eld line structure is very markedly distributed in loops over the projected
arms. This may be detected in the cube at lower left and is con rmed in Fig. 3.4. At

small radius the eld lines continue to great heights without looping as is seen on the

Swww.maplesoft.com
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Figure 3.3: These images are for the case with only 6 0 but positive and a = 1.

At upper left the magnetic eld vectors are shown on the conical surface
= 0:5r, while at upper right the eld vectors are shown on a low vertical
cut z = 0:15. For both of these images the x axis corresponds to the x
direction and the y axis corresponds to the y direction. The radius of

the galaxy is atr = 1 in these units. In terms of a parameter vector
fm;q; ;w; T;Cl, C2g, these plots have the vectof 1;2:5; 1;2:0;1;1;0g.
The radius runs over @15 r 1 in each case. The vector size is a
fraction of the average at each point, with the maximum vector:8 times
the average value. The gure at lower left shows dierent slices in 3D
for the same parameter vector as the previous images, but over the range
025 r 1. At lower right we show the rotation measure screen in
the rst quadrant, it should be noted that the scaling on these values is
arbitrary and depends on a multiplicative constant. In this image the
scaling on the x and y axes is arbitrary, a value of 15 corresponds to the
radius of the galactic disk.
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right in Fig. 3.4. The cube at lower left of Fig. 3.3 also shows the eld lines pointing
towards the minor axis rather than away (Krause, 2012)In fact one normally nds

the diverging X-type magnetic eld only in than =0 dynamo elds (e.g. Henriksen,
Wood nden, and Irwin, 2018; Henriksen, 2017a). The rotation measure (RM) screen
is shown in the rst quadrant at lower right of Fig. 3.3, but the other quadrants may

be generated by imposing anti-symmetry across the plane and either antisymmetry
or symmetry across the minor axis depending on odd or even modes. We see that
the RM changes sign mainly in radius, which suggests recourse to mn= 0 axially
symmetric component to achieve “parity inversion' with height.

We note that the magnitude of the out ow velocity is in terms of the turbulent
velocity. This may be as high as 50 km ¢. Sow = 2 implies only a modest out ow.

A value more likew =5 10 would be required to imitate the out ow velocities
inferred elsewhere (Heesen et al., 2018). As may be expected, these tend to draw the
magnetic eld up into the halo and erase the parity change (Henriksen, 2018).

In Fig. 3.4 we show on the left a magnetic eld line that loops very close to the
plane inside the magnetic spiral. The parameters are the same as in Fig. 3.3. On the
right we show a eld line starting at smaller radii, but otherwise having the same set
of parameters as on the left. The eld line extends to great heights and crosses over
the centre of the galaxy. It is important to note that these are not "Parker loops'
arising from Parker instability, but are rather intrinsic to the magnetic dynamo.

The magnetic eld is in fact stronger and the spirals are better de ned under
accretion w < 0) (Henriksen, 2017b). This is demonstrated in Fig. 3.5.

Fig. 3.5 shows a dramatic improvement of the projected magnetic spiral structure

relative to the out ow results of Fig. 3.3, both at a constant cut inz and projected
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Figure 3.4: The closed magnetic eld loop at left is for the same parameter set as
in the previous gure fora =1 and only w 6 0. It begins at fr; ;z g
=f0:5;0;0:001g and returns to the plane after looping in the spiral arm.
The loop is very close to the plane with maximum at perhaps 60 pc. The
eld line on the right is also for the same parameter set, but it begins
closer to the centre atfr; ;z g =f0:25,0;0:001g. We see that this line
descends (the eld line is pointing downwards) from great heights while
crossing over the centre of the galaxy. The X, y, and z axes correspond to
the ®; ¢, and 2 directions respectively in units of the radius of the galactic
disk.

onto the face of a cone. At lower left we show a poloidal section at= =4 for the
same accretion parameters. The eld again loops above the disk, crossing over the
centre of the galaxy (we have checked that the eld at =5 =4 has the opposite sign).
The projected magnetic eld isnot "X-shaped'. We have not corrected for the internal
Faraday rotation of the locally produced emission in the presumed projections.

The RM screen for the same accretion case is shown at the lower right of the
Fig. 3.5. Although the amplitudes vary considerably, most of the high halo is of
uniform sign. the strong RM extends to greater heights than with the out ow. Near

the plane and near the minor axis there is a strong sign change. Rapid variation
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Figure 3.5: The image at upper left of the gure shows a cut through the halo at

z = 0:15. The vertical velocity is 2 so that there is accretion onto the
disk. The other parameters are the same as in Fig. 3.3, including the
range of radius anda = 1. The x and y axes correspond to thex’and y
directions respectively. At upper right we show the spiral structure on the
cone =0:25 over the same range in radius and same directions. Once
again the only change is that the vertical ow is now in ow withw = 2.

At lower left we show a poloidal section at = =4. At lower right we
show the RM screen for accretionwf = 2) with the same parameters
otherwise, it should be noted that the scaling on these values is arbitrary
and depends on a multiplicative constant. In this image the scaling on
the x and y axes is arbitrary, a value of 15 corresponds to the radius of
the galactic disk.
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Figure 3.6: The gure shows the RM screen in the rst quadrant for the parameter set
fm;q; ;w;T;Cl,C29=12;2:5;, 1, 2;1;1;0gin the left panel. Scaling in
arbitrary and depends on a multiplicative constant. The sign change is
now more frequent. In this image the scaling on the x and y axes is
arbitrary, a value of 15 corresponds to the radius of the galactic disk.
The right panel is a cut atz = 0:15 over the radial range 0:1; 1g for the
same parameters, except thagj= 1. The x and y axes correspond to the
R and y* directions respectively.

in the magnetic eld is also detectable in the poloidal section at lower left of the
gure. A detailed Faraday depth model would require assuming the distribution of
the relativistic electrons and ideally, performing RM synthesis (or the equivalent). We
are only calculating an RM screen, due solely to the magnetic eld structure while
assuming a constant electron density. Should both of these increase strongly with
decreasing radius, our calculation mainly re ects conditions near the tangent point of
the line of sight to a given circle in the disk.
In Fig. 3.6 we show on the left the higher order moden = 2 for otherwise the

same parameters as the accretion case in Fig. 3.5. On the right we show the magnetic

projected spiral structure form = 2 and g = 1, a much larger pitch angle.
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The RM screen is more structured because of the increased number of magnetic
spirals in projection. The RM sign reversals continue from the disk into the halo
although much of the activity is at small (but moderate height). This type of
oscillation in the RM was predicted in Henriksen (2017a) for modal solutions, and is
con rmed here. The lack of resistivity in this analysis has not changed this behaviour
very much, and so this behaviour may be generic to self-similar symmetry.

On the right hand panel of the gure we show a cut of the same example with
accretion, but with a 45 pitch angle. This may be compared to the upper right panel
in Fig. 3.5 with pitch angle 218 . Similar behaviour is shown in the lower right panel
of Fig. 1 in Henriksen (2017a), but again for pitch angle 28 . Although we have
made no attempt at a proper t, these gures show a resemblance to the observations
of NGC 4736 reported in Fig. 2 of Chy zy and Buta (2008). The current example
is for the classa = 1 with in nite conductivity, while the example in Henriksen
(2017a) contains nite resistive di usion and is for the similarity classa = 2. The
velocity eld, helicity and di usion (in Henriksen, 2017a) all have global variations
consistent with the speci eda. This particular galaxy is unique only in that it shows
a two-armed mode extending well into the galactic centre independent of gravitational
spirals. Many similar cases of magnetic spirals exist (Beck, 2016; Wiegert et al., 2015).

It is not obvious how the spiral arm pattern will be intersected by the line of sight
(los). In our gures we have taken it to lie at about 90 to the x axis. In Fig. 3.7 we
illustrate the changes that may be produced by this degree of freedom. We actually
rotate the eld pattern relative to the line of sight direction, which may be taken at
the bottom of each gure.

Fig. 3.7 shows the e ect of rotating a spiral pattern relative to the los. This will
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Figure 3.7: The gure on the top is a cut through the solution of Fig. 3.3 az = 0:25
but with fm;q; ;w;T;C1,C2g= f1;25;0;2; 1, 1, 0g, so that it has been
rotated clockwise through one radian relative to the gure at upper right
in Fig. 3.3 (which is also at a slightly lower cutz = 0:15). The gure
in the middle has been rotated counterclockwise through 4%elative to
that at upper left in Fig. 3.3, while the bottom gure has been rotated
counter clockwise through 90 The line of sight is from the bottom of
each gure. The x and y axes in these gures correspond to the dand y*
directions.
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appear strongly in the structure of the RM screen, which we do not include explicitly
here for brevity. However the qualitative di erences between the three cases in the
integration of the parallel eld along each los starting from the bottom, is evident by

eye. Explicit examples are given in Appendix A.

3.4.2 RM Screen for Face-on Galaxies

The previous section has demonstrated the existence of projected magnetic spirals in
the disk and halo of a galaxy with an operating classical dynamo. These have been
observed using the polarized emission from face-on and edge-on disks. However it is
becoming common place to give the Faraday depth by RM synthesis for nearly face-on
galaxies (e.g. Beck, 2015; Mulcahy, D. D. et al., 2017). Thus in this section we give
a preliminary RM screen analysis of essentially the same model used in the previous
section. We continue to hold the electron density constant but if this quantity is
determined observationally, a direct comparison with Faraday depth measurements
will be possible.

We take a simple case where the axially symmetric stellar galaxy is inclined at
a small anglei to the line of sight (los), and thex axis in the galaxy is taken per-
pendicular to the los pointing along the major axis to the west (north up). This
simpli cation produces a glitch in our calculations at = =2;3 =2 but the plotting
routine is able to smooth out this e ect. Just as in Fig. 3.3 we take = 1 so that
the magnetic pattern is rotated counter-clockwise by one radian. This is of no real
consequence here since we calculate the RM screen overdlians.

We use cylindrical coordinates relative to the minor axis of the galaxy to describe

the magnetic eld. These are the sefr; ;z g at the top surface of the disk/halo,
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which is taken to be a cylinder of height and radius equal to that of the disk (taken
to be 1). Along the line of sight @ starting from ~ = 0 at the top) we must calculate
the new cylindrical coordinatesf R("); ( ');Z(’)g to obtain the los magnetic eld.
This eld is (taken positive along the los towards an observer - written here for the

third or fourth quadrant)

Bos = B(RC); ();Z())sin(( 7))sin(i)
b (R(); ( );Z())cos(( ))sin(i)
+ B(RC); ();Z2())cos(); (3.25)
where
2 "2 9112

RC) = r[1+ Tsin( Ysin (i) + r—zsin(i) 1+2;
() = arctan(rsinﬁc)oz(‘;in(i));
Z() = h “cos(): (3.26)

Our calculations are done at small enough radius and inclination that we do not worry
about edge e ects.

In Fig. 3.8 we show on the left the integration of the magnetic eld along the los
over 2 radians for am = 2 mode. Because in these models the eld tends to loop
over the polarization arms, the RM maxima tend to be between and on the edges
of the polarization arms. The gure on the right shows the RM over the galactic
plane in spherical polar coordinates. The spiral structure need not coincide with the

polarization arms, although with the presence of the m=0 mode it may. By comparing
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the bottom two panels of the gure for the purem = 2 mode, we infer that the central
magnetic polarization arms are traced largely by the lines of nearly zero RM (light
green colour in the gure). Moreover it appears that the RM is negative on the inside
of a polarization arm and positive on the outside of the arm. But this is highly model
dependent and can be reversed by reversing the sign of multiplicative constants.

In Appendix A we outline the observational expectations that result from system-
atically varying the parameters outlined in Sects. 3.3 & 3.4. We also summarize the
physical interpretation of these parameters.

Similar face on magnetic behavioumay already have been detected in 1C342

(Beck, 2015). Other face on examples from our models are presented in Appendix A.

3.5 Fit to NGC 4631

In this section we will t RM screens generated from these dynamo models to the
Faraday RM map of NGC 4631 by Mora-Partiarroyo et al. (2018). This galaxy hosts
one of the largest and brightest known galactic halos (Wang et al., 2000; Wang et al.,
2001) thought to be partly caused by gravitational interactions with neighbouring
galaxies NGC 4565 and NGC 4627 (Hummel et al., 1988; Mora, Silvia Carolina and
Krause, Marita, 2013). This merger is likely to have caused a starburst in the past
leading to an out ow from this galaxy (Irwin et al., 2011). This is a edge-on galaxy
at an inclination of 8%°  1° and an assumed distance of 7.6 Mpc (Mora-Partiarroyo
et al., 2018).

Details of the observations and reductions used to create Fig. 3.1 can be found

in greater detail in Mora-Partiarroyo et al. (2018) and are brie y summarized below.
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Figure 3.8: On the left of the gure we show the face-on RM for the parameter vector
frii;h;m;q; ;w;T;C1;C2g = f0:250:12 0:5;2;2:5; 1;2;1;1,0g. That
is a radial cut atr = 0:25 over O 2 . The gure on the right
shows in galaxy polar coordinates the RM integrated over the face of the
galaxy with the same parameters as on the left. At lower left we show
a cut along the los at™ = 0:25 for the same parameter set, where the x
and y axes correspond to the and ¥y directions respectively, and at lower
right we show the RM screen integrated over the face of the galaxy but
in rectangular fr; g coordinates. The top of the gure ts smoothly on
to the bottom of the gure and spiral structure is represented as inclined
straight lines in the outer disk. The radius in the solution shown extends
from O to 1 galactic radii and the angle extends from 0 to 2 Note that
the colour bars at upper right and lower right are not the same and scaling
is dependant on an arbitrary multiplicative constant.
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Observations were taken using the Karl. G. Jansky Very large Array (VLA) at C-
band and L-band. C-band data were selected as this is the only band at which one can
expect to trace a large enough line of sight through the galaxy. A map of the Faraday
depth at a resolution of 20.8°is created as shown in Fig. 3.1 of this paper. The mid
plane of the galaxy is completely depolarized and the median error in the region used
for analysis is 291 rad/m?2. The Faraday rotation due to the galactic foreground is
negligible in the direction of NGC 4631, Heald, G. et al. (2009) found the galactic
foreground to be 4 3 rad/m? and Oppermann et al. (2012) found a value of
0:3 27 rad/m2. Thus, the RM shown in Fig. 3.1 are intrinsic to NGC 4631.

Heesen et al. (2018) looked at NGC 4631 as part of a sample of 12 galaxies. They
found a rotational velocity of v, = 138 km s ! (Makarov et al., 2014) leading to
an escape velocity of/esc = P Vot = 195 km s 1, where this is the escape velocity
near the mid plane of the galaxy. By tting 1D cosmic ray transfer models they
found an advection speed of 308 km s ! in the northern halo and 200 km s !
in the southern halo. These values were typical of the other galaxies sampled. The
advection speed in the northern halo is clearly greater than the escape velocity and
a net out ow from this galaxy is expected. Due to di erent advection speeds in the
northern and southern halos the dynamo solutions with the best ts are not expected
to be the same above and below the disk.

The goal of tting the dynamo solutions to the data is to explain the reversing
sign of the RM seen in the northern halo of NGC 4631. To do this a box is placed
around the desired region as can be seen as the red box in Fig. 3.1. This box is chosen
to encompass all of the reasonably regular reversals seen in the northern halo. The

uncertainty in the measurements is higher near the edges of the available data so the
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box is chosen to minimize this e ect. There is a strong reversal on the right of the
halo seen as a dark blue patch in Fig. 3.1, the strength of this reversal is several times
higher than seen in other reversals and its shape is noticeably more rounded. This
reversal may not be due to the large scale eld and may instead be another e ect
showing up in the rotation measure map such as a bubble. As a precaution the box
is chosen to avoid this region.

The dynamo solutions are regridded to match the RM Synthesis map of NGC 4631.
The dynamo solutions are solved for up to one galactic radius on the major axis and
one half galactic radius on the minor axis, the dynamo maps are resized to match
NGC 4631 and properly centred to the galaxy. As mentioned in Sects. 3.3 & 3.4 the
dynamo solutions contain an arbitrary multiplicative constant that makes the strength
of the magnetic eld arbitrary. To be able to t these maps to the observation, the
maps must be scaled to be an appropriate amplitude. To do this the region inside the
box selected in the northern halo of the galaxy is taken from both the observational
and theoretical maps and the observation maps are divided by the theoretical maps.
The median of this new divided region is taken and used as a scaling factor. The
theoretical map is multiplied by this scaling factor. This produces a new scaled
dynamo map to match the scaling on NGC 4631.

Once the new scaled dynamo maps have been created they are subtracted from
the observed RM Synthesis maps of NGC 4631 to create residual maps that are then
used to determine how well the dynamo eld t the observational results within the
given region. If the dynamo eld matched the eld of NGC 4631 the residual maps
would be have a median of 0 rad/rh and a standard deviation equal to the error in

the image (291 rad/m?). These quantities as well as a goodness of t test are used
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to compare how well di erent models t the data. The Akaike information criterion
(AIC) is used as a goodness of t test to estimate the relative quality of the models.
This is implemented using the procedure outlined in Sect. 4 of Erwin (2015), the lower
the AIC value the better the model matches the data. AIC is an estimator that can
be used to determine the relative quality of a model for given data. AIC estimates the
quality of each model relative to other models given. Thus, AIC provides a method
for determining which model best represents the data.

In order to determine the best t dynamo and parameters a parameter search
was done by calculating the dynamo solution for a large parameter space and then
comparing each of these results to the observational map using the procedure out-
lined above. For the outow and accretion models the parameteq was varied
with the following values g = f0:0; 1:0; 2:5; 4:9; 11:5g corresponding to pitch angles
of f90°; 45%22°,13%,5°g. The parameter w was varied with the following values
w = f2;3;4;5;69 for the out ow case and the negative of these for the in ow case.
These values represent expected in ow and out ow velocities. The rotation parameter

was varied with the following values = f 1:0; 0:5;0:0;0:5;1:0g9. The parameter
m was varied with the following valuesm = f0; 1; 2g chosen to cover the rst 3 possi-
ble modes. For pure rotation in the pattern frame the parameterg, , m were varied
in the same manner as in the out ow/accretion cases. The parametar was set to 0
by requirement for the model. The parametea was varied with the following values
a= f0;1; 29 (see Table 2.2).

From this parameter space the best results are shown in Table 3.1. These results
were chosen because they are the only solutions which cause the standard deviation

of the residual maps to be lower than the observational result. As can be seen from
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Model Case Parameter Vector Median Standard Deviation AIC
1 Out ow fm,q ,u, v, wg=f2;25;0:5;0:0;0:0; 3:0g 32.31 75.01 5909
2 Out ow fm, g, ,u,v,wg=f2; 25;0:.5;0:0; 0:0;4:0g 7.20 71.39 4062
3 Out ow fm,q ,u, v, wg=f2;25;0:5;0:0; 0:0; 5:09 -5.27 70.26 3707
4 In ow fm,q, ,u,v,wg=f1,49; 10;0:0;0:0; 5:0g 11.51 82.12 4105
5 In ow fm,q ,u, v, wg=f2;25;05;0:0;0:0; 2:0g 18.80 75.48 3308
6 In ow fm,q ,u,v,wg=f2;25; 10;0:0;0:0; 3:0g -28.47  72.30 3465
7 In ow fm, g, ,u,v,wg=f2;25;05;0:0;,0.0;, 3:.0g 14.32 69.15 2862
8 In ow fm,q ,u,v,wg=f2;25; 10;0:0;0:0; 4:0g -25.12  65.09 2785
9 In ow fm,q ,u, v, wg=f2;25;0:5;0:0;0:0; 4:0g9 11.17 68.00 2818
10 In ow fm,q, ,u,v,wg=f2;2:5; 10;0:0;0:0; 5:0g -19.65 61.08 2445
11 In ow fm,q ,u, v, wg=f2;25;0:5;0:0;0:0; 5:0g 12.56 67.94 2869
12 Rotation-Only fa, m, g, , u, v, wg=f0;1;4:9; 10;0:0;1:0;0:09 -34.43 81.51 5191
13 Rotation-Only fa, m, g, , u, v, wg=f0;2;1.0; 1.0;0:0;1:0;0:09 88.38 75.39 10262
14 Rotation-Only fa, m, g, , u, v, wg=f1;2; 2:5; 1:0; 0:0; 1:0; 0:0g 74.63 84.38 9272

Table 3.1: Results of solutions where the standard deviation of the residual maps was
less than the standard deviation of the NGC 4631 RM map in the speci-
ed box from Fig. 3.1, indicating a good t. No mixing of di erent modes
was allowed in this table and the mode number is speci ed in the param-
eter vector. Left most column indicates the type of solution (in ow-only,
out ow-only, or rotation-only). The parameter vector for each solution is
shown in the column second from the left. The next right two columns
indicate the median and standard deviation for the desired box in the so-
lutions (see Fig. 3.1). The rightmost column shows the AIC indicating the
goodness of t for the models.

this table more accretion and out ow solutions cause the residual maps to be closer to
zero than rotation-only solutions. These solutions, in general, also cause the standard
deviation to be lower and have a lower AIC than the pure rotation cases.

We can also combine di erent modes from the same dynamo models (with the
same parameter set) together to create a new map to t the observational results.
These maps do not have to be the same magnitude and the amplitude of each mode
can be varied to account for certain modes being dominant. The spiral pitch angle is
also an additional degree of freedom that can be varied for the di erent modes however
for this analysis it is assumed to be consistent between them. In order to test these

maps we take the parameter sets from Table 3.1 and allow the = 0;1;2 modes
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Model Case Parameter Vector Median Std AIC Mode Amplitudes
Dev m=(0;1;2)

im Out ow fm, g, ,u,v,wg= fm;2.5;0:5;0:0;0:0; 3:0g -17.56 76.86 4331 (-0.1,0,0.5)

2m Out ow fm, g, ,u,v,wg= fm;25;0:5;0:0;0:0;4:09 -2.3 69.21 3771 (-0.1,-0.1,2.0)

3m Out ow fm,q, ,u,v,wg= fm;2:5;0:5;0:0; 0:0; 5:0g -23.41  70.87 3535 (-0.5,-0.5,2.0)

am In ow fm,q ,u,v,wg=fm;49; 1.0;0:0;0:0; 5:0g9 -6.84 53.7 2082 (-0.1,1.5,1.5)

5m In ow fm,q, ,u,v,wg= fm;25;05;0:0;0:0, 2:0g 16.17 74.74 3262 (0,0.001,0.1)

6m In ow fm,q, ,u,v,wg=fm;25; 1.0;0:0;0:0; 3:0g9 -6.11 74.45 3253 (0.1,0,1.0)

7m In ow fm,q, ,u,v,wg= fm;25;05;0:0;0:0; 3:0g 14.47 69.13 2859 (0,0.001,0.5)

8m In ow fm,q ,u,v,wg=fm;25 1.0;0:0;0:0; 4:0g9 -14.83 66.04 2623 (0.1,0,2.0)

om In ow fm,q, ,u,v,wg= fm;25;05;0:0;0:0; 4:09 17.01 67.74 2800 (-0.001,0.1,2.0)

10m In ow fm,q, ,u,v,wg=fm;25; 1.0;0:0;0:0; 5:09 -5.94 62.77 2346 (0.1,0,1.5)

11m In ow fm,q, ,u,v,wg= fm;25;05;0:0;00; 5:0g 16.06 67.22 2803 (-0.001,0.1,1.5)

12m Rotation-Only fa, m,q, ,u,v,wg= fO;m;49; 10;0:0;1:0;0:09 -33.53 81.17 4994 (-2.0,0.1,0)

13m Rotation-Only fa, m,q, ,u,v,wg= f0O;m;1:0; 10;0:0;1:0;0:09 -1.53 101.19 7769 (-2.0,0.1,-0.1)

14m Rotation-Only fa, m, g, ,u, v, wg= f1;m;25;1:0;0:0;1:0,0:09 -26.46 80.36 5232 (-0.5,0.001,0.001)

Table 3.2: Results of solutions where the standard deviation of the residual maps was
less than the standard deviation of NGC 4631 (from Fig. 3.1) in the spec-
i ed box for the no mixing case. Mixing of di erent modes was allowed
in this table. Left most column indicates the type of solution (in ow-only,
out ow-only, or rotation-only). The parameter vector for each solution is
shown in the column second from the left. Columns 3 & 4 indicate the
median and standard deviation for the desired box in the solutions (see
Fig. 3.1). The rightmost column is the amplitudes fo then = 0; 1; 2 modes
respectively. Note these combinations are then rescaled to NGC 4631 be-
fore creating the residual map.

to mix. To do this we create another large parameter space where the amplitudes
of each of these modes is varied from the following valueis: 2.0, 1.5, 1., 0.5,

0:1, 0:.001,Q, 0:001, Q1, G5, 1, 1.5, 20g. The new maps created from these modes
are then compared to the observational maps with the same procedure as above to
determine the best ts.

This is done and best results are shown in Table 3.2. We show the parameter
vector, median, and standard deviation within the reversal region in the northern
halo, and the combined amplitudes that provide the lowest AIC value. As can be seen,
the out ow/in ow solutions again perform considerably better than the rotation-only

results.
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The out ow solutions were improved through the combinations of di erent modes.
The best out ow model without combining modes was model 3 with the parameter
vectorfm, g, , u, v, wg = f2;2:5;0:5; 0:0; 0:0; 5:0g which is a solution with moderate
out ow wind speeds relative to other solutions. The solution with the best t that
combines several modes is modem3with parameter vectorfm, g, , u, v, wg =
fm; 2:5; 0:5; 0:0; 0:0; 5:0g where we combined 3 modesn( = 0; 1; 2) with scaling factors
( 0:5; 05;2:0) respectively. This tis shown in Fig. 3.9. Note that once combined
the solutions are rescaled to match the observed map in the method described above.
This solution has a moderate out ow velocity and the magnetic spirals have a pitch
angle of 22. A pitch angle of 22 is typical and velocities are in units of the subscale
turbulent velocity. A turbulent velocity value must be adopted to convert to physical
units and a value of 50 km s! leads to an out ow velocity of 250 km s for w = 5.
This compares favourably to the measured out ow velocity for NGC 4631 by Heesen
et al. (2018) and is within the error range of their value.

The accretion solutions provide the best t to the maps of NGC 4631 and an
improvement to these ts is also seen when di erent modes are combine@s can
be seen, the lowest standard deviation and AIC is provided from modefm4with
parameter vectorfm, g, , u, v, wg = fm;4:9; 1:0;0:0;0:0; 5:0g and has scaling
factors for them = 0; 1; 2 modes of ( 0:1; 1:5; 1:5). This solution is seen in Fig. 3.10.
This is a solution that has a moderate to strong in ow velocity and magnetic spirals
with a pitch angle of 115°. The strongest modes aren = 1;2 however them = 0
mode is present and non-negligible in the t.

These results show that the magnetic eld of NGC 4631 can be well t by scale

invariant dynamo solutions with either accretion or out ow onto/from the galaxy.
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Figure 3.9: We present an out ow-only solution that best matches the observed map
of NGC 4631. The scaled solution is shown on the left and the corre-
sponding residual map is shown on the right corresponding to model 3
in Table 3.1. Red box displays regions showing magnetic reversals in the
Northern Halo of NGC 4631 that is used in the analysis. The median
and standard deviation for this region is shown in the label on this gure.
This solution is obtained with the parameter vectorfm, g, , u, v, wg =
fm; 2:5; 0:5; 0:0; 0:0; 4:0g where we combined 3 modesn = 0;1; 2) with
scaling factors ( 0:5; 0:5;2:0). Once combined the solutions are rescaled
to match the observed map in the method described in Sect. 3.5. Note
the change of scale between the two gures. The x and y axes correspond
to Right Ascension and Declination of the observational map, the units
shown is in terms of the pixel number.

Well t is taken here to represent a solution in which the standard deviation of the
residual map is lower than that in the observational map. This model in its present
form imposes various constraints such as assuming accretion or out ow is proportional
to the radius throughout the galaxy, the electron density is constant through the
galaxy, and only large scale magnetic elds are seen in the observations, etc. Despite
these scale invariant requirements the magnetic eld of NGC 4631 using the RM maps
of the galaxy was well described by RM maps of dynamo models. Dynamo solutions

for rotation-only cases did, in general, not t the observations of NGC 4631.
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Figure 3.10: We present an in ow-only solution that best matches the observed map
of NGC 4631. The scaled solution is shown on the left and the corre-
sponding residual map is shown on the right corresponding to modeh4
in Table 3.2. The red box displays the region showing magnetic rever-
sals in the Northern Halo of NGC 4631 that is used in the analysis. The
median and standard deviation for this region is shown in the label on
this gure. The solution is obtained with the parameter vectorf m, q,

, U, v, wg=1fm;49; 1.0;0:0;0:.0; 5:0g where we combined 3 modes
(m = 0;1,;2) with scaling factors ( 0:1; 1:5;1:5). Once combined, the
solutions are rescaled to match the observed map in the method de-
scribed in Sect. 3.5. Note the change of scale between the two gures.
The x and y axes correspond to Right Ascension and Declination of the
observational map, the units shown is in terms of the pixel number.

The fact that in ow and out ow models are quite similar makes it di cult to dis-
tinguish between the two (see Appendix A.1). Nevertheless, there is a clear although
marginal preference for our data to be better t by infall models. This result was
unexpected since many authors have argued for winds from NGC 4631 as well as other
galaxies (Heesen et al., 2018; Hummel and Dettmar, 1990; Mora, Silvia Carolina and
Krause, Marita, 2013; Tullmann, R. et al., 2006, and others).

The di erence may be due to the restricted range over which our ts were car-

ried out. However, we note that the environment of NGC 4631 shows considerable
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complexity because of the well-known interaction with the galaxies NGC 4656 and
NGC 4627. Numerous HI spurs and tidal features are seen connecting these systems
and there is also strong evidence for infalling gas (for example, see Combes, 1978;
Stephens and Velusamy, 1990; Rand, 1994; Richter et al., 2018).

Our models therefore have the potential to provide an important discriminator be-

tween such scenarios especially as data improve and more such systems are observed.

3.6 Comparison with Previous Models

X-shaped elds are seen in many edge-on galaxies (see Sect. 3.2) and are predicted
here for them = 0 mode, as well as in much earlier work (Brandenburg et al., 1992,
1993). The latter two papers cited contain many of the same e ects that we have
found, although in axial symmetry.

In Brandenburg et al. (1992) the dynamo equations are integrated numerically
in space and time using rather detailed assumptions regarding wind and rotational
velocities, alpha e ect and di usivity. Moreover they introduce dynamo action in the
halo much as do we. A signi cant result compared to our own ndings is the complex
variation with time and angle of the RM, when projected onto the galactic plane as
in our Sect. 3.4.2. This is shown in their Fig. 5; the structure varies in time much as
would our elds due to pattern rotation. These authors also suggest complex parity
structure in the halo, but they do not show the RM predicted for edge-on galaxies.
In Brandenburg et al. (1993) the same type of integration is used to produce X-type
elds in the halo in axial symmetry (their Figs. 8b, 8c). It should be noted that we

agree that them = 0 mode is required to produce the X-type elds.
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The assumption of scale invariance that we use has the following advantages com-
pared to the earlier insightful work. It o ers a coherent assumption for the alpha e ect
in the halo, for di usivity, and for rotational and wind velocity, which are not grossly
unphysical. Because this assumption renders the solutions semi-analytic, they can
be used relatively straightforwardly to t observations as we have shown. Moreover
scale invariance is a commonly occurring symmetry in complex systems and likely to
be true in galaxies as the various global scaling relations (e.g. Tully-Fisher, and even
the X-ray behaviour in clusters of galaxies) attest.

The agreement in qualitative behaviour between the scale invariant model and that
based on numerical integration and detailed physical assumptions, is reassuring. It
suggests that the qualitative behaviour is somewhat insensitive to the detailed physics
underlying the model. One sees this also in approximations to the numerical studies
(Chamandy et al., 2014). However there are some di erences. Our time behaviour
consists of a power law or exponential growth plus a pattern rotation. There is no
predicted intrinsic oscillation as in Brandenburg et al. (1992), although in our model
the projected structure can change relative to a xed line of sight due to magnetic
pattern rotation. This oscillation might be di cult to distinguish from higher order
modes. It should be noted that (see Fig. 3.7 and Appendix A) that our model can
produce RM reversals even in axial symmetry due to pitch angle e ects. However
the self-similarity also restricts the variation of parity with latitude (it happens only
once), which may be a distinguishing feature. It is possible that both types of reversals

m =0 and m = n occur in combination. Our best ts, in fact, require this.
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3.7 Conclusions

Remarkable RM reversals in sign can be seen in the northern halo of RM maps of
NGC 4631 as seen in gure 3.1 and Mora-Partiarroyo et al. (2018). We solve the
classical dynamo equations under the assumption of scale invariance, and we search
for rotating logarithmic spiral modes projected on cones. The three dimensional
magnetic elds also have strong poloidal components that appear to loop over the
projected spirals near the disk. The model allows for corresponding velocity elds
representing accretion onto the disk, out ow from the disk, and rotation-only in a
disk pattern frame and we search for solutions for each case. Our models produce
magnetic elds and consequently RM sign reversals when viewed edge-on. RM maps
are created using a Faraday screen and are scaled to amplitude of the observed maps.
Residual images are then made and used to compare how well the di erent models
t the data. Solutions for rotation-only cases, in general, did not t the observations

of NGC 4631 well. Outow models provided a reasonable t to the magnetic eld
structure, but the best results are found using accretion models for the speci ed region

(boxed in Fig. 3.1).
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Chapter 4

Other Galaxies in the CHANG-ES Sample

Sect. 1.3 outlines the Rotation Measure Synthesis (RM Synthesis) technique. This
technique has been carried out on various CHANG-ES galaxies to examine their
magnetic elds (see: NGC 4013 (Stein et al., 2019b), NGC 4631 (Mora-Partiarroyo
et al., 2018), and NGC 4666 (Stein et al., 2019a)). These papers have been studies
of individual galaxies and the parameters used in the RM Synthesis technique are
tuned to generate the best possible RM maps for theses galaxies. In addition to these
images, CHANG-ES member Philip Schmidt created RM Synthesis images for all
galaxies using a standardized set of parameters. CHANG-ES measurements included
data from both C-Band images (using C+D array con gurations of the EVLA) as
well as L-Band images (B+C+D array con gurations). RM maps for both of these
bands were made. C-band images produced more accurate RM maps and as such are
presented in this thesis.

To perform RM Synthesis on the CHANG-ES data, image cubes were taken as
input data (see Fig. 1.5). The cubes were averaged in C-band over 16 spectral
windows corresponding to frequency spacing of 128 MHz and spacing between

0.7 and 1.7 cmd. RM-Synthesis was performed on the data and cubes showing the
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Faraday depth were produced covering 8192 rad m 2 to 8192 rad m ? with channel
separation of 64 rad m?2.

Of these 35 galaxies, 7 contained little to no polarized emission that could be used
to create useful RM Synthesis maps and have not been included. The galaxies ex-
cluded for this reason are: NGC 2683, NGC 3003, NGC 3432, NGC 3877, NGC 4096,
NGC 4244, and NGC 5297. Furthermore, 9 galaxies were also removed due to having
too low a signal to noise ratio in the polarized emission. This resulted in error maps
that were much larger than the observed RM values, making the results untrustwor-
thy. The galaxies excluded for this reason are: NGC 2820, NGC 3556, NGC 3628,
NGC 3735, NGC 4157, NGC 4645, NGC 5792, NGC 5907, and NGC 891. A total of
19 galaxies remain in the sample and are shown in Appendix C.

Total intensity in L-band (see Table 1.2) are shown as contours on these images
in order to illustrate the galaxy's location. These contours are set as a multiple of the
background noise in the image, called the RMS J. The values of for each galaxy are
shown in Table C.1. The multiples of used for the contours are shown in the gure
captions. In general, the contour levels are given by (3;6;12 24; 48,96, 192 384).

In certain cases, when the signal to noise ratio (S/N) is high, the beam pattern used
in imaging produces higher intensity noise patches around the galaxy that can be
seen in the lower contour levels. In these cases a the contour levels start at a higher
S/N ratio to avoid these artifacts. Galaxies where this was done were: NGC 660
(3 ; 6 contour levels were avoided), NGC 3079 (3; 6  contour levels were
avoided), NGC 4192 (3 contour level was avoided), NGC 4594 (3 contour level
was avoided), and NGC 4845 (3; 6  contour levels were avoided).

For some of these galaxies RM results have already been published, including:
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NGC 4013 (Stein et al.,, 2019b), NGC 4631 (Mora-Partiarroyo et al., 2018), and
NGC 4666 (Stein et al., 2019a). When comparing the maps from these papers to the
ones shown in this thesis one notices that the maps look di erent (see for example the
RM Synthesis map of NGC 4631 shown in Fig. 3.1 and Fig. C.14). These di erences
are due to the parameters used in the RM Synthesis technique. The results shown
in this section use a set of standardized parameters for all images while previously
published results have been ne tuned for each individual galaxy to generate the best
possible maps. When comparing features of these maps it can be seen that reversals
in the rotation measures (and therefore in the magnetic elds along the line of sight)
are found in the same locations (again see Fig. 3.1 and Fig. C.14). Thus, while the
maps use di erent cuto s and look slightly di erent, the results are consistent.

It should be noted that some edge e ects can be seen in these maps (see Fig. C.13
and Fig. C.14 for examples). These edge e ects are not physical and are not true
measurements of the RM in that area. These are sidelobe e ects resulting from the

telescope's beam pattern.

4.0.1 General Trends

The rotation measure maps shown in Appendix C clearly show that reversals in the
magnetic eld parallel to the line of sight are common in the sample of galaxies
observed. Many of these maps show clear reversals (for example see Figures C.2, C.4,
C.8). The reversals seen occur in both the disks (for example see Figs. C.8, C.9, C.15,
& C.17) and halos (for example see Figs. C.2, C.4, C.14, & C.18) of these galaxies.
Reversals in galactic halos is a new phenomenon rst seen in the CHANG-ES survey

and rst shown in NGC 4631 by Mora-Partiarroyo et al. (2018). The results from the
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CHANG-ES sample reveal that, for every galaxy in which enough polarization has
been detected to produce RM maps, at least one reversal can be seen. While this is
concluded from a total of 19 galaxies, it provides a strong indication that magnetic

eld reversals along the line of sight are common to galactic halos.

4.0.2 Axisymmetric and Bisymmetric Signatures in the Data

Using the produced rotation measure maps, it is possible to look through the data
for indicators of axisymmetric or bisymmetric elds (see Fig. 3.2). Henriksen et al.
(2018) showed that for an axisymmetric eld a maximum of one reversal would be
seen when scanning outwards from the minor axis of a galaxy, this can be seen in
the leftmost images of Fig. A.1. These reversals tend to show a X shape in the
rotation measure map. Additionally, a rotation measure map with no reversals seen
when scanning away from the minor axis of a galaxy could also be indicative of an
axisymmetric eld, as seen on the left hand side of Fig. A.5. Bisymmetric elds are
easier to classify, these elds produce magnetic spiral arms that wind around a galaxy
as well as a component of the eld that crosses over the arms. A common feature
of these maps is repeated and systematic reversals in the galactic halo as one scans
from left to right, see Sect. A for numerous examples of this. These elds produce
a variety of possible rotation measure maps, such as a sign reversal on either side of
the minor axis of a galaxy (as seen in the leftmost image of Fig. A.2), and repeated
systematic reversals as seen in the middle and rightmost images of Fig. A.2. See Sect.
3 for more detail on bisymmetric elds.

Axisymmetric elds are in general harder to determine from rotation measure

maps that only show RM for part of a galaxy's halo, while only one or no reversals
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may be seen indicating an axisymmetric eld, this is not conclusive. In the sample
RM from CHANG-ES galaxies shown in App. C Figs. C.3. C.6, & C.19 appear
to have patterns that may resemble an X-shaped reversal, possibly indicating an
axisymmetric eld for these galaxies.

Bisymmetric elds are easier to spot with limited data, multiple reversals seen in
rotation measure maps are not produced by axisymmetric elds and may be indicative
of magnetic spiral arms in a galaxy. Sect. C contains numerous examples of this, see
Figures C.4, C.9, C.17 for some examples. Fig. C.8 shows the clearest example, 4
clear eld reversals can be seen when viewing right from the minor axis in the northern
halo. Another interesting example can been seen in Fig. C.18, a clear change in sign
is seen on either side of the minor axis producing a eld remarkably similar to the

leftmost image of Fig. A.2.

4.0.3 Serendipitous Results

Several interesting results can be seen in the RM images that do not relate to the
large scale magnetic eld structure of the galaxies observed. These are however noted
down and brie y explored in this section.

In Fig. C.3, of edge-on galaxy NGC 2992 there is a well resolved map for nearby
galaxy NGC 2993 as well, shown in the lower left of the gure. The RM map of this
galaxy contains an interesting X-shaped feature with strong reversals. NGC 2993
is fairly well known as the site of several possible supernovae (Brimacombe et al.,
2017), however this is not expected to in uence the RM maps seen from the galaxy.
A brief literature review of NGC 2993 shows that it is a normal (non-barred) face-

on spiral galaxy that is known to be interacting with NGC 2992 (Tully and Fisher,
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1988). NGC 2993 is an irregular dwarf spiral galaxy with a large tidal tail due to
its interaction with NGC 2992, observations by Duc et al. (2000) showed that the
galaxies are in the early stage of interaction and that the tidal tails are star forming.
A literature review does not reveal a strong active galactic nuclei (AGN) or similar
features in the galaxy. As this is a face-on galaxy the RM map is expected to be
looking at the disk of this galaxy.

NGC 3079 is an edge-on galaxy with a detected AGN (Kondratko et al., 2005).
This galaxy has a well known super bubble feature due to nuclear activity from the
AGN (Li et al., 2019). This bubble feature can be clearly seen in the RM map of
NGC 3079 shown in Fig. C.5. No reversals are seen in this feature indicating that
the magnetic eld points in the same direction along the line of sight.

NGC 4438 is well known to have an active AGN that is particularly strong in
the radio wavelengths (Li et al., 2016). A large bubble of gas that has been ejected
from the galaxy can be seen through radio images of the galaxy (Hummel and Salikia,
1991). This feature can be seen in the RM map seen in Fig. C.12 as indicated by
the green arrow. A detectable magnetic eld exists in this radio bubble that includes
some reversals which are present in the compressed magnetic eld around the leading

edge of this feature.
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Chapter 5

Conclusions

Observations of the northern halo of NGC 4631 by Mora-Partiarroyo et al. (2018)
reveal remarkable reversals in the sign of the rotation measure (RM). Additional RM
maps for edge-on galaxies from the CHANG-ES sample show thagular reversals
in the sign of the RM of galactic halos appears to be an common phenomenon in the
disks and halos of galaxiesiot limited to NGC 4631. Evidence of magnetic elds
showing both axisymmetric and bisymmetric magnetic elds are found in these data.
This thesis attempts to explain this phenomenon through solving the classical
dynamo equations under the assumption of scale invariance and then comparing these
solutions to the RM map of NGC 4631. We search for rotating logarithmic spiral
modes projected on cones in both axisymmetric and bisymmetric symmetries. The
three dimensional magnetic elds found also have strong poloidal components that
appear to loop over the projected spirals near the disk. The tted models found
allows for velocity elds that represent accretion onto the disk, out ow from the
disk, and rotation-only in a disk pattern frame. The tted models found produce
magnetic elds that show RM sign reversals when viewed edge-on. RM maps are

created using a Faraday screen technique and are then scaled to amplitude of the
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observed maps. Residual images are made by subtracting these model images from
the observational RM map of NGC 4631 and are then used to compare how well
di erent models are able to t the data. Solutions for rotation-only cases, in general,
did not t the observations of NGC 4631 well. Out ow models provided a reasonable

t to the magnetic eld structure. Models with out ow may occur due to galactic
feedback mechanisms ejecting gas from a galaxy. The best results are found using
accretion models for the speci ed region (boxed in Fig. 3.1). Models with accretion
type velocity elds may occur from infalling gas from the intergalactic medium or

a fountain type out ow from a galaxy. Future extensions of this work include the
possibility of extended the analysis to a larger sample of galaxies. This work t the
dynamo solution to edge-on galaxy NGC 4631, further observational images are shown
for a variety of galaxies in Chapter 4 of this work. Model tting could be extended to
these galaxies to be able to show trends in the best t models. This work can also be
extended to galaxies at any arbitrary inclinations, not just edge-on galaxies, in order
to examine their magnetic eld structure.

Dynamo action is thought to be crucial to explain the observed strengths and
lifetimes of galactic magnetic elds. Other theories for galactic magnetic elds ex-
ist, with the main rival being primordial eld theory where one assumes that the
observed magnetic patterns arise directly from a pregalactic magnetic elds that are
then distorted by the di erential galactic rotation. However, dynamo theory provides
a universal explanation for the varied eld con gurations observed in spiral galaxies
that primordial eld theory cannot (Beck et al., 1996). This work supports this ex-
planation, showing that observed reversals in the rotation measure maps of edge-on

galaxies can be well explained through classical dynamo theory.
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Appendix A

General Results and Observational Expectations

In this section we display observational expectations from the magnetic elds pro-
duced from the dynamos presented in Chapters 2 & 3. We begin by summarizing
the di erent variables found in these solutions and their physical interpretation (see
Table 2.1) and then move on to specic cases. The images presented in this section
are RM maps that are obtained by observing the galaxy as though it were face-on or
edge-on.

The parametera, found in Eqn. 3.4, is the 'similarity class' of the model. This
parameter represents the dimensions of a globally conserved quantity in the solutions.
This is discussed in greater detail in Henriksen, Wood nden, and Irwin (2018) as well
as Sect. 3.3. A summary of di erent similarity classes and their possible identi cations
can be found in Table 2.2.

The parameter m is used in these spiral solutions to indicate the spiral mode,
that is the number of spirals appearing in the solution. In Eqn. 3.10 solutions for
the magnetic eld potential A are searched for in the complex form\ (R; ;Z) =
A( )€™ . Fig. A.1 shows edge-on (left column) and face-on (right column) RMs

produced for dierent values of m when other parameters are kept constant. A
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number of projected magnetic spirals corresponding to the value of can clearly

be seen. The number of sign reversals in the edge-on case increases with increasing
m however it should be noted that counting the number of reversals alone cannot
determine the value ofm seen. The spiral pitch angle discussed later can also cause
the projected spiral structure to wrap more tightly or loosely causing more or less
reversals to be seen in the edge-on case.

Solutions of the dynamo equations for di erent values om are independent of
one another, however, this does not preclude that multiple solutions may be present.
Solutions with the same parameter vector apart from various values oh can be
combined together (i.e. solutions fom =0, m =1, and m = 2 can be combined to
produce a new RM map).

Parameters and q appear in Eqn. 3.8 where they are used to de ne rotating
logarithmic spiral forms. Parameterq represents the pitch angle of the spiral solution.
The pitch angle can be found as arctanfg. Fig. A.2 shows face-on and edge-on
rotation measure maps for the same parameter vector with varyingg As can be seen
a higher q decreases the angle of the magnetic spirals. In the edge-on case a lagwer
(higher pitch angle) causes the spirals to become more tightly wound and produces
more reversals across the galaxy halo. The number of reversals seen in the edge-on
case depends on both the spiral mode as well as the pitch angle in these solutions.

The parameter is a number that xes the rate of rotation of the magnetic eld in
time. By varying one can rotate the eld emulating its rotation with time. This is
seen in Fig. A.3 where magnetic structure can be seen rotating as epsilon is increased.

Parametersu, v, w are scaled cylindrical velocity components whene is in the r

direction, v is in the direction, w is in the z direction. These are discussed further
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Figure A.1: We show edge-on (left column) and face-on (right column) RMs for the
parameter vectorf m, g, , u, v, wg= fm; 2:5;0:0; 0:0; 0:0; 2:0g. This is an
example of out ow-only from the rotation frame. Parametem is allowed
to vary from top to bottom. In the topmost row m = 0, in the middle
rowm = 1, and in the bottommost row m = 2. The radius in units of the
galactic radii is shown on the face-on gures. The number of magnetic
spirals can be seen increase in the face-on case with the number of arms
corresponding to the value ofn. This arms can be seen as reversals in
the edge-on RMs. The x and y axes for the edge-on images correspond
to Right Ascension and Declination of the observational map, the units
shown is in terms of the pixel number.
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