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Abstract

The halo{] of spiral galaxies are complex entities consisting of multiple matter components,
generally including neutral and ionized gas phases, cosmic rays (CRs), dust, as well as extrapla-
nar stars. The detection of extraplanar synchrotron radiation from cosmic-ray electrons (CREs)
furthermore shows that halos, like galactic disks, are magnetized. Halos play an integral part in
the circulation of matter in galaxies, as their gaseous content is closely connected to processes
occurring in galactic disks, such as star formation. At the same time, halos represent an inter-
face between the disk-internal interstellar medium (ISM) and the intergalactic medium (IGM).
However, a coherent picture of how halos are connected to disks and to their environments, as
well as of their role in galaxy evolution, has yet to be observationally established. Even so-called
normal spiral galaxies are diverse in their physical properties, and studying their extraplanar
matter distribution is a key contribution to our understanding of this diversity.

Edge-on galaxies are ideal laboratories to investigate the connection of halos to disks and to
the IGM, since only in an edge-on view the properties of halos can be directly studied as a
function of distance perpendicular to the disk. Two prominent examples of edge-on galaxies,
NGC 891 and NGC 4565, which differ greatly in their star formation rates (SFRs), are the subject
of this thesis. The main focus of the studies presented here is on the propagation of cosmic rays
within the halos of the two galaxies and on their extraplanar magnetic field structure. Cosmic
rays and galactic magnetic fields are traced by synchrotron radiation of the CREs, which is
emitted in the radio continuum frequency regime. This thesis is primarily based on observations
of NGC 891 and NGC 4565 in the framework of Continuum HAlos of Nearby Galaxies — an
EVLA Survey (CHANG-ES). This full-polarization survey makes use of the novel broad-band
technology of the recently upgraded Karl G. Jansky Very Large Array (JVLA) to study a sample
of 35 edge-on galaxies at radio frequencies of 1.5 GHz (L.-band) and 6 GHz (C-band), at various
spatial resolutions.

We investigate the spectral index distribution in NGC 891 and NGC 4565 at an angular resolution
of 12”. By comparing our results for the two galaxies, we find that spectral indices are consis-
tently steeper in NGC 4565, in the halo as well as in the disk. In this galaxy, the steepening
of the local spectra between the two observing frequencies is consistent with single-shot CR
injection models rather than continuous CR injection. We conclude from this that NGC 4565
must locally feature very low CR injection rates compared to those in NGC 891, which would be
consistent with its low SFR and would serve as a plausible explanation for its low-level disk and
halo emission.

By fitting two-component (disk and halo) exponential profiles to the vertical emission distri-
bution, we determine vertical scale heights at several positions along the major axis in both

Throughout this thesis, the term “halo” describes the extraplanar distribution of baryonic matter in galaxies, as
opposed to dark matter halos.



galaxies. On average, we obtain roughly similar scale heights for the halo components of the
two galaxies, as already known from previous studies at lower spatial resolutions. However,
while in NGC 891 the scale heights are basically identical at 1.5 and 6 GHz, for NGC 4565 we
obtain slightly different results at the two frequencies. These findings tentatively indicate that CR
transport is dominated by convection in NGC 891 and at least to a significant degree happening
by diffusion in NGC 4565.

The average equipartition magnetic field strength in the disk is 10 uG for NGC 891 and 5 uG
for NGC 4565. For the case of NGC 891, we model the CR transport in the halo by solving the
vertical diffusion-loss equation. Along with the vertical emission profiles at 1.5 and 6 GHz, we
simultaneously model the vertical decrease of the total magnetic field strength. We find that our
data are fitted well by a purely convective CR propagation model, with convection speeds of
likely more than 300 km s™!, indicating that CRs are able to leave the gravitational potential of
the galaxy and escape as a galactic wind. Moreover, we obtain a halo magnetic field scale height
~ 40% lower than the expected equipartition value, which shows that the assumption of energy
equipartition between CRs and magnetic fields is not valid in the halo of NGC 891.

To study the magnetic field structure in NGC 891 and NGC 4565, we analyze our polarization
data by applying the technique of rotation measure (RM) synthesis. The insights gained from
the determined RM distributions are rather limited, as the L-band data are severely affected by
depolarization through differential Faraday rotation. Nonetheless, we are able to show by these
measurements that NCG 4565 clearly possesses a non-plane-parallel halo field, which is probably
X-shaped (like in NGC 891), as predicted by galactic dynamo models that include disk-halo
outflows.

Our high-resolution (3”) total intensity maps of NGC 4565 reveal a ring-shaped structure of the
inner spiral arms that was previously only seen in the dust and molecular gas components. Given
the high inclination of 86°, the fact that the front side of this ring-shaped pattern is resolved from
its back side implies that these inner spiral arms must be comparatively thin, either in the vertical
or coplanar direction.
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1 Introduction

A commonly accepted view on the formation and evolution of galaxies is that the massive
galaxies observed in the local universe are the product of a series of mergers between less
massive progenitor galaxies. The physical properties of an individual galaxy therefore largely
depends on its specific merger history, star-forming history, and external environment. Hence, it
is hardly surprising that even among evolved massive spiral galaxies (such as our own Milky Way)
that show only minor signs of interaction with neighbouring galaxies or are entirely isolated, we
still observe a relatively broad range in overall morphology, size, mass, luminosity, star-formation
rate (SFR), distribution of stars and the interstellar medium (ISM), and kinematical properties.

An observational result that is still poorly understood in the context of galaxy evolution
is that spiral galaxies differ considerably in the distribution of (baryonic) matter outside of
their star-forming disks. Primarily as a result of feedback from supernovae and, if present,
active galactic nuclei (AGNs), most spiral galaxies possess halos consisting of multiple gas
phases, as multi-wavelength observations of galaxies seen at high inclination angles have shown.
Much like the ISM of the disk, this extraplanar gas typically includes cold neutral hydrogen
(HI), warm and hot ionized gas (HII and other species), as well as molecular gas, such as CO.
However, radiation from galactic halos was first detected at radio continuum frequencies, which
are primarily associated with synchrotron radiation of cosmic-ray electrons (CREs). These
particles have relativistic energies and are believed to have been accelerated in shock fronts
of supernova remnants. The observation of synchrotron emission of CREs (which is linearly
polarized) implies that they are subjected to the Lorentz force and hence that magnetic fields are
present wherever this radiation is detected. The existence of a synchrotron halo was proposed
early on by [Shklovsky| (1952)) for the Milky Way, and likewise for M31 by Baldwin| (1954).
However, it was the identification of a halo in the edge-on galaxy NGC 4631 at 610 MHz and
1.4 GHz by [Ekers & Sancisi (1977) and at 2.7 and 4.8 GHz by |Wielebinski & von Kap-Herr
(1977) that initiated the investigation of galactic radio halos. Since then, synchrotron halos
have been found for the majority of edge-on galaxies observed, often extending up to several
kpc from the disk in vertical direction (whereas their radial extent hardly exceeds that of the
stellar disk). Recently, a study of a statistically relevant sample of 35 edge-on spiral galaxies has
shown that spiral galaxies without significant extraplanar synchrotron emission are, if anything,
a rare exception (Wiegert et al.[2015). Still, the intensity and vertical extent of radio halos vary
considerably between individual galaxies.

The close connection between radio continuum emission in galactic halos and star-forming
activity in the underlying disk was first indicated by the discovery of an extraplanar diffuse
ionized gas (eDIG) component in several star-forming galaxies (Rand et al.||{1990; |Dettmar
1992} Dahlem et al.|[1994, |1995; Rossa & Dettmar 2003a,b; [Rossa et al.|[2008)). In the case of
NGC 891 even a spatial correlation between the radio continuum and diffuse Ha emission (the
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latter tracing the eDIG) was found (Dahlem et al.|1994). Further halo constituents showing a
direct connection to star formation include supernova-heated thermal gas emitting in the X-ray
regime (e.g.|Tullmann et al.|2006)) as well as extraplanar dust (e.g. Howk & Savage|1997; Hughes
et al.|2014; Neininger & Dumke |1999). Hence, a lot of theoretical effort that links disk-halo
interaction to star formation has been undertaken. Corresponding models describe processes
auch as the blowout of supernova-generated superbubbles in the ISM (Mac Low & Ferrara|1999),
galactic chimneys (Norman & Ikeuchi|1989), and galactic fountains, in which the blown-out
material eventually condenses and falls back to the disk (Shapiro & Field 1976).

In spite of the substantial evidence for a connection between extraplanar gas and star forma-
tion, there are observational indications that star-forming activity alone is not sufficient as an
explanation for the existence of galactic halos. For instance, optical line ratios seem to suggest
that the ionization of the eDIG requires mechanisms other than photoionization from disk-based
sources like massive stars (Tillmann et al. 2000; Rand et al. 2011). Shocks and magnetic
reconnection qualify as alternative sources of heating (Zimmer et al.||1997). In particular, the
vertical scale height of a radio continuum halo does not seem to depend on the SFR (Krause
2009, 2011; Dumke & Krause| 1998)). For a small sample of edge-on galaxies ranging in halo
extent and intensity from one of the weakest known cases (NGC 4565) to some of the brightest
ones (NGC 253, NGC 891), and likewise covering a broad range in SFR and total magnetic field
strength, similar exponential scale heights of 1.8 + 0.2 kpc for the halo component at 4.85 GHz
were found. For the disk component at the same frequency, a mean scale height of 300 + 50 pc
was measured. From the small scatter in the halo scale heights of the galaxies in spite of their
different magnetic field strengths and hence different CRE lifetimes (since CREs generally lose a
significant portion of their energy via synchrotron radiation), it was inferred that the CRE bulk
outflow speed scales with the average total field strength and with SFR (Krause|2009).
Because CRE:s at higher energies are more strongly affected by synchrotron losses, the extent
of radio continuum halos is expected to decrease with increasing observing frequency. The
magnetic field strength is usually highest in the central regions of galaxies, implying higher
central synchrotron loss rates. A common consequence of this are dumbbell-shaped radio halos,
a prime example of which is that of NGC 253. From the synchrotron scale heights of this
galaxy at several frequencies and the corresponding CRE lifetimes inferred from synchrotron,
inverse-Compton, and adiabatic losses, |[Heesen et al. (2009a) determined a CRE bulk speed of
~300kms™!,

Since both the CRs and the magnetic field are strongly coupled to the ionized gas via the so-called
streaming instability (Kulsrud & Pearce|1969)), in disk-halo outflows all three components are
to a certain degree transported together by convection. In addition, CRs can diffuse along or
across magnetic field lines (e.g. Buffie et al.|2013). The brightness and shape of radio continuum
halos appear to be influenced considerably by the relative amounts of convective and diffusive
vertical CR transport. While the theoretical foundation of CR propagation from the disk into the
halo was laid early on by e.g. Strong| (1978)), Lerche & Schlickeiser| (1981, 1982), and Pohl &
Schlickeiser (1990), the quality of the radio data at that time did not yet allow for conclusive
observational testing.

If the convection speed exceeds the escape velocity of the galaxy, the outflowing gas is able to
leave its gravitational potential as a galactic wind (along with the CRs), rather than circulating
in a galactic fountain flow. The idea that CRs could in fact be the driving force in galactic



outflows was initially brought up by [Ipavich! (1975). This and further efforts in modelling CR-
driven outflows (Breitschwerdt et al.||[1991, (1993 Dorfi & Breitschwerdt|2012}; Zirakashvili et al.
1996)) indicated that the formation of a CR-driven wind is possible under a variety of physical
conditions in the disk. Owing to the coupling between the CRs and the ionized gas, such a wind is
expected to remove considerable amounts of mass, energy, and angular momentum (Ptuskin et al.
1997) and can thus significantly influence galactic evolution, e.g. in terms of altered metallicity
gradients and SFRs. Galactic winds are furthermore being debated as a possible mechanism of
magnetization of the intergalactic medium (IGM) (Kronberg et al.|[1999). Evidence of how far
magnetic fields in galaxy halos extend into the IGM is, however, observationally limited by the
CRE energy losses.

While radio polarization observations of face-on galaxies so far have allowed extensive studies
of the magnetic field structure in galactic disks (e.g. Krause| 1993} Beck [2015; [Ehle et al.
1996} Berkhuijsen et al.[|[1997; Fletcher et al. 201 1; Harnett et al.| 2004} |Beck|2007; [Tabatabaei
et al. 2008; Frick et al.|[2016), halo fields are still only marginally explored, since they are
comparatively weak and less detectable due to CRE energy losses, as mentioned above. In
those cases where polarized emission has been detected at large enough heights above the disk
plane of edge-on galaxies (e.g. Heesen et al.|2009b; Krause |2009; Krause et al.|2006; Mora
& Krause 2013} |Dahlem et al.|[]1997; Soida et al. 2011)), they show X-shaped halo fields, in
addition to plane-parallel disk fields. Based on the present knowledge about galactic outflows, as
outlined above, it is likely that magnetic fields in halos are transported there by outflows from the
underlying disks. While the X-shaped morphology of halo fields might be simply a consequence
of disk flaring at large radii (as commonly observed in HI, e.g. Brinks & Burton||1984; Kalberla
& Kerp||[2009; Zschaechner et al.|2012; |Vollmer et al.|2015)), X-shaped fields are predicted by
models that combine field amplification by an @-Q dynamo with disk-halo outflows. The concept
of the a-Q dynamo (e.g. Parker|1979; Ruzmaikin et al.|1988}; Beck et al.|1996; |Lesch & Chiba
1997)) involves differential rotation as well as the bending of plane-parallel field lines in the
vertical direction, caused by e.g. supernova explosions. Reproducing the X-shape of halo fields
viewed edge-on requires that outflows at velocities of the order of a few hundred kms™! are
included in the modelling (Brandenburg et al.|1993; Moss et al.|2010). Such dynamo models
predict symmetric quadrupolar halo fields, which actually have been indirectly evidenced for a
number of moderately inclined galaxies from asymmetries in their polarized emission (Braun
et al.|2010). Similarly, the magnetohydrodynamic (MHD) simulations of CR-driven dynamos by
Hanasz et al.| (2009) result in X-shaped halo field structures. On the other hand, the simulations
of Dalla Vecchia & Schaye| (2008)), which do not incorporate magnetic fields, show X-shaped
gas outflows of young galaxies as a consequence of pressure gradients.

In order to take the investigation of galactic halos to unprecedented levels of both consistency and
sensitivity, [rwin et al.| (2012a) observed a comprehensive sample of 35 nearby edge-on galaxies,
utilizing the state-of-the-art capabilities of the recently upgraded Karl G. Jansky Very Large Array
(JVLA, see Sect.[1.3). This extensive survey is called Continuum HAlos of Nearby Galaxies
—an EVLA Survey (CHANG-ES, see Sect. [[.4)), with a first set of resulting data products for
each galaxy of the sample being presented in Wiegert et al.| (2015]). Two high-priority targets of
CHANG-ES, NGC 891 and NGC 4565, are the subject of this thesis and will be introduced in
the two following sections.
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1.1 NGC 891

The galaxy NGC 891 has been repeatedly labelled the twin of the Milky Way, e.g. due to its
similar optical luminosity and morphological type (van der Kruit & Searle||1981; de Vaucouleurs
et al.|1991) as well as its similar rotation velocity of 225 km s~ (Rupen|1991; Swaters et al.[1997).
Its SFR is not particularly well constrained, and may be as high as 3.3 Mg yr™! (Krause[2011),
while e.g. Wiegert et al.|(2015) state a value of 1.55 Mg yr~!. NGC 891 contains approximately
twice the amount of CO gas in the Milky Way (Scoville et al.|[1993)), therefore it is very likely to
have a higher SFR than our Galaxy. Even though initially classified as Hubble type SAb (see
de Vaucouleurs et al.|[1991)), it shows dynamical evidence for a bar (Garcia-Burillo & Guelin
1995), which makes the classification of NGC 891 as an SBb galaxy more appropriate. The
galaxy is viewed almost perfectly edge-on at an inclination of 89.8° (Kregel & van der Kruit
2005), and is located at a distance of 9.1 Mpc (Radburn-Smith et al.|2011)), as a member of the
NGC 1023 group (Ciardullo et al.[1991). Owing to its similarities to our Galaxy and its easily
detectable extraplanar emission in various wavelength regimes, NGC 891 is a preferred target for
investigations of halo properties and the disk-halo connection, and arguably the most extensively
studied edge-on galaxy to date.

NGC 891 was the first galaxy for which the radio continuum emission could be separated into
a thin disk and a thick disk (or halo) component. This was performed by Allen et al.| (1978)),
who observed the galaxy at 610 MHz, 1.4 GHz, and 5 GHz with the Westerbork Synthesis Radio
Telescope (WSRT). The obtained vertical distributions of the spectral index between 610 MHz
and 5 GHz and between 1.4 and 5 GHz showed a too rapid steepening with distance from the
mid-plane to be explained by basic CR transport models (Strong|1978)). Observations with the
Effelsberg 100-m telescope at 8.7 GHz by Beck et al.| (1979) and at 10.7 GHz by [Klein et al.
(1984a) resulted in less steep profiles of the spectral index with respect to the 610 MHz data.
This discrepancy suggested a lack of large-scale structure in the 5 GHz map of Allen et al.|(1978)
due to the missing short-spacing problem of interferometric data. Later, Hummel et al. (1991b)
observed NGC 891 at 327 and 610 MHz with the WSRT and at 1.49 GHz with the Very Large
Array (VLA). The observed vertical extent of the halo at each frequency and the resulting spectral
index profiles showed first indications of consistency with the dynamical halo models of Lerche
& Schlickeiser (1982) and hence of the presence of a disk-halo outflow. Also, Hummel et al.
(1991b) found that ~65% of the total emission of the galaxy at 1.49 GHz originates from the halo
component. Dumke| (1997) for the first time combined interferometric (VLA) and single-dish
(Effelsberg) data for this galaxy (at 4.85 GHz) to overcome the missing flux problem while
retaining the angular resolution given by the interferometric observation (in this case 25”). From
this combined map, average exponential scale heights of 0.27 kpc for the disk and 1.82 kpc for
the halo were obtained. Moreover, Dumke| (1997) determined the fractional contribution of
thermal free-free emission to the total emission of the galaxy at 1.49, 4.85, and 10.55 GHz (these
results are also shown in Table [4.3] of this thesis). Being also the first edge-on galaxy investigated
with the Low Frequency Array (LOFAR), NGC 891 was recently observed by Mulcahy| (2014) at
146 MHz. Scale heights at various positions along the major axis of the galaxy were determined
from these data, with average values of 0.44 kpc for the disk and 2.25 kpc for the halo.

Polarized emission in the halo of NGC 891 was detected by Hummel et al.| (1991a)) from the
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1.49 GHz VLA observations. These data did not provide much information on the magnetic
field structure though, since at this frequency Faraday rotation (see Sect. [2.5) and related
depolarization effects are significant. At 4.85 GHz these effects are much less severe, and the
VLA data of Sukumar & Allen|(1991) at this frequency revealed a mostly plane-parallel magnetic
field orientation in the disk of NGC 891, as well as field lines tilting away from the disk into the
halo, hinting at an X-shaped extraplanar field geometry. The same behaviour is evident from the
10.55 GHz data of Dumke et al. (1995). Later, Effelsberg observations at 8.35 GHz by |[Krause
(2009, 2011) confirmed the presence of a large-scale X-shaped field configuration in the halo.
Furthermore, from the distribution of Faraday rotation measures between 8.35 and 4.85 GHz,
Krause| (2009, 2011) inferred that the disk field of NGC 891 is most likely an axisymmetric spiral
field with an outwards-pointing radial component.

High-sensitivity WSRT observations of NGC 891 in the HI 21-cm line (Oosterloo et al.|2007)
revealed the most extended HI halo known to date. Almost 30% of the total HI mass of NGC 891
is contained in the halo, whereas for other galaxies this fraction is typically less than 15%. The
HI distribution has an exponential scale height of 1.25 kpc in the central region, and flares up to
a scale height of ~2.5 kpc at large radii. The rotation of the extraplanar gas lags with respect to
the disk rotation, with a vertical gradient in azimuthal velocity of ~-15km s~ kpc™'. While the
major part of the gaseous halo is most probably generated by the galactic fountain mechanism,
the rotational lag suggests that an interaction between the fountain gas and material of lower
angular momentum is taking place, possibly by gas accretion from the surrounding IGM. While
NGC 891 does not feature an optical or HI warp, the HI distribution is known to be slightly
lopsided, which is possibly casued by a flyby interaction with the companion dwarf galaxy
UGC 1807 (Mapelli et al.|2008). The HI halo furthermore shows a giant filament in the northwest
quadrant, which extends up to 22 kpc from the plane. |Oosterloo et al. (2007) found that a galactic
fountain is unlikely to transport this amount of gas (at least 1.6 - 107 M) to such heights. The
fact that the filament is pointing towards the gas-rich companion UGC 1807 (which is located at
a projected distance of ~80 kpc) as well as the detection of counterrotating HI clouds in the halo
may be direct evidence of external gas accretion.

Evidence of past accretion events was revealed by the deep optical imaging of Mouhcine et al.
(2010), who detected a giant stellar stream, which loops around NGC 891 up to distances of
~50kpc, and can be associated with the remnants of disrupted dwarf companions. In addition,
a coherent stellar halo component with a vertical extent of ~15 kpc was detected. Apart from
the aforementioned merger remnants, a total of seven dwarf galaxies in the vicinity of NGC 891
could be identified up to now (Schulz2014).

Early evidence for the disk-halo connection via star-forming activity in NGC 891 was found by
Rand et al. (1990) and Dettmar (1990), who independently discovered a prominent eDIG layer
through narrow-band Ha imaging. |[Rand et al.|(1990) observed that this gas component shows
many vertical filaments reaching up to 2 kpc into the halo. Further spectroscopic measurements
could detect the eDIG even at heights above 5 kpc (Keppel et al.[|{1991}; Dettmar & Schulz||1992;
Rand 1997, |1998)). In addition, Howk & Savage (1997) discovered remarkable (partly vertical)
dust filaments extending out to heights of 2 kpc, which are known today as a characteristic
feature of the galaxy in its optical appearance (see Fig. [I.I). This extraplanar dust has since
also been detected by its radiation in the far-infrared (FIR) (Popescu et al. 2004}, Hughes et al.
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2014). Rossa et al.| (2004) detected HII regions at heights of several hundred pc above the plane,
indicating the possible occurrence of extraplanar star formation. These authors also found direct
evidence of supernova activity in the form of superbubbles and -shells in the disk, as well as
filamentary structures that appear to be connected to them. These filaments possibly mark the
locations where the hot gas breaks out from the bubbles and shells and ascends into the halo.

Figure 1.1: Optical image of NGC 891, composed of
data from the Subaru Telescope (Mauna Kea Ob-
servatory) and the Hubble Space Telescope (Image
credit: Hubble Legacy Archive, 2012).

Although |Garcia-Burillo et al. (1992) de-
tected a certain amount of molecular gas
(traced by CO emission) in NGC 891 up
to a vertical height of 1.4kpc, the molec-
ular gas is more concentrated to the plane
compared to the atomic and ionized gas
phases (Scoville et al.|[1993), with an av-
erage scale height of *180pc (Yim et al.
2014). From observations in the near-
infrared (NIR), [Schechtman-Rook & Ber
shady (2013) found that in addition to the
well-known thin and thick disk components,
NGC 891 even has an ultra-thin disk with a
(exponential or sech?) scale height of 60-80
pc. Moreover, rather than a classical de Vau-
couleurs bulge, the galaxy shows a central
continuation of the ultra-thin disk, increas-
ing in brightness but not in scale height.
NGC 891 furthermore shows a large amount
of diffuse X-ray emitting hot ionized gas,
and in fact has the brightest X-ray halo ob-
served so far in a normal (i.e. non-starburst)
edge-on galaxy (Bregman & Houck! |1997;
Strickland et al.|[2004). While the spatial cor-
relation of the X-ray emission with the eDIG
(Tullmann et al.[2006) suggests that both gas
components originate from the disk, [Hodges-
Kluck & Bregman| (2013) found that the X-
ray gas is likely to be of very low metallicity,
which would imply that it must have been
accreted from the IGM.

NGC 891 shows considerably more He
emission in its northern half than in the
southern half. This asymmetry is evident
for the ionized gas in the plane as well as for
the eDIG. A significant spatial correlation

of the extraplanar Ha emission with the radio continuum emission at 1.49 GHz (Dahlem et al.
1994), and with the X-ray emission (Bregman & Pildis| 1994; Tiillmann et al.|2006) in terms



1.2 NGC4565

of the north-south asymmetry is known. However, no substantial asymmetry is visible in the
overall dust distribution, and there is no evidence for a direct small-scale correlation beetween
extraplanar He filaments and dust filaments (Howk & Savage|2000). As indicated by [Kamphuis
et al.| (2007), it is plausible that the asymmetry in He is caused by dust attenuation if one
considers a trailing spiral pattern with the dust located behind HII regions (see their Fig. 3) and
the fact that the northern (southern) half is the approaching (receding) half (see van der Kruit
& Searle 1981}, Garcia-Burillo & Guelin/|[1995). |Rossa et al.|(2004) argued that dust extinction
can be excluded as a cause for the asymmetry in the extraplanar DIG, as this asymmetry also
appears in the radio continuum emission, which is not affected by dust attenuation, and thus
concluded that the asymmetry is purely a result of enhanced star formation in the northern half of
the galaxy with respect to the southern half. On the other hand, Kamphuis et al.|(2007) inferred
from Spitzer 24 um data that there is only a small asymmetry in star formation, and found that
the asymmetry in He is largely due to dust extinction, even up to ~2 kpc height above the plane.
This scenario is also in line with the latest high-resolution FIR studies with the Herschel Space
Observatory (Hughes et al.2014).

Table 1.1: Basic parameters of NGC 891 and NGC 4565

NGC 891 Ref. NGC 4565 Ref.
RA (J2000) 02 22m 33541 (1)  12"36™20578 (1)
DEC (J2000) +42920m 5659 (1)  +25959m15%6 (1)
D [Mpc] 9.1 (2) 11.9 (2)
Morph. type SBb 3) SB(r)b €))
i[°] 89.8 (5) 86.3 (6)
drs '] 12.2 (1) 16.2 (1)
SFR [Mg yr~!] 3.3/1.55 (1)/(8) 1.3/0.74 (1)/(8)
Urot [kms™!] 225 9) 245 (10)
Total atomic gas mass” [10°M,] 5.6 (11D 9.9 (12)

¢ Observed blue diameter at the 25th mag arcsec™? isophote.

b Includes multiplication by a factor of 1.36 to account for neutral He.

References: (1) Irwin et al.| (2012a), (2) |Radburn-Smith et al.| (2011), (3) |Garcia-Burillo & Guelin| (19935), (4)
Kormendy & Barentine| (2010), (5) Kregel & van der Kruit (2005)), (6) this work, (7) [Krause|(2011), (8) |Wiegert
et al.| (2015)), (9) Swaters et al.|(1997)), (10) Heald et al.| (2011)), (11) Oosterloo et al.|(2007), (12) Zschaechner et al.
(2012)

1.2 NGC 4565

Another relatively well-known and frequently observed example among highly inclined galaxies
1s NGC 4565, also known as the Needle Galaxy. In the catalogue of |de Vaucouleurs et al.
(1991) it is classified as an SAb galaxy, however a bar is known to be present (see below). At a
distance of 11.9 Mpc (Radburn-Smith et al.|[2011), it is significantly larger in its physical disk
diameter than NGC 891. It has a distinctly lower SFR (1.3 M, yr~! (Krause|2011) or even as
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low as 0.74 Mg, yr~! (Wiegert et al.|2015)) than NGC 891 and one of the highest known rotation
velocities of 245 kms~! (Heald et al.[2011; Zschaechner et al.[2012). From CO and HI rotation
curves, Yim et al.|(2014)) derived an inclination angle of 86.5°, which closely matches the value
of 86.3° we determined from our own high-resolution radio continuum data (see Sect. and
which will be adopted througout this thesis. From the orientation of the dust lane visible in the
optical image of NGC 4565 (Fig.[I.2)), it can be inferred that the part of the galaxy seen northeast
of the major axis is the front side and the southwest side is the rear side.

The first radio continuum detection of NGC 4565, obtained by [Hummel et al.| (1984) at 610 MHz
and 1.4 GHz with the WSRT indicated the presence of a thick radio disk or halo, with follow-up
observations at 1.4 GHz at a higher angular resolution (Broeils & Sancisi|1985) allowed for a
tentative separation of a thin and a thick emission component. Based on these early observations,
it was estimated that the thick component contains 62% of the total flux density of the galaxy at
1.4 GHz. Although this is similar to the value found by Hummel et al.| (1991b)) for NGC 891,
NGC 4565 shows a considerably smaller minor to major axis ratio than NGC 891 at all radio
frequencies at which it has been observed so far. From combined VLA and Effelsberg data
of NGC 4565 at 4.85 GHz, Dumke (1997) determined average exponential scale heights of
0.28 kpc for the thin disk and 1.68 kpc for the halo, which are similar to the values he obtained
for NGC 891, in spite of the very different vertical halo extents of the two galaxies. The thermal
fractions Dumke (1997) determined for NGC 4565 at various frequencies are consistently higher
than those found for NGC 891 (see Table d.3)).

The polarized radio emission of NGC 4565, as detected by Sukumar & Allen|(1991) at 1.48 GHz,
Dumke| (1997) at 4.85 GHz, and Dumke et al.| (1995)) at 10.55 GHz, exhibits an asymmetric
distribution, with the bulk of the polarized emission occurring southeast of the galaxy centre.
These observations indicate a magnetic field orientation that is predominantly parallel to the
disk plane but also shows marginal vertical components away from the centre (thus hinting at an
X-shaped halo field), particularly in the 10.55 GHz map of Dumke et al.| (1995).

From 21-cm observations and detailed kinematic modelling, |[Zschaechner et al. (2012)) concluded
that NGC 4565 does not possess a particularly massive or extended HI halo, suggesting that
there is no substantial disk-halo interaction. In particular, the vertical HI distribution was fitted
well by single-component exponentials. A flaring of the HI disk was inferred, with scale heights
ranging from =200 pc near the centre to ~600 pc at the outer edge of the disk. Also for this
galaxy, a vertically increasing rotational lag was detected, with vertical velocity gradients up to
—40km s~ ' kpc™'. Among galaxies in which such a lag has been measured, a trend of steeper
velocity gradients for galaxies with lower SFRs is observed (see also Heald et al.|[2006, 2007
Fraternali et al.[[2004; [Schmidt et al.|[2014).

He imaging by Rand et al.| (1992) showed that the HII content of NGC 4565 is basically limited
to compact star-forming regions in the disk plane and hence does not include any notable eDIG
component. This appears to be consistent with its low SFR and its low extraplanar HI content.
Also, only a small number of localized extraplanar dust filaments have been detected (Howk
& Savage||1999). Moreover, the galaxy has an extremely low CO scale height of (on average)
~35pc|Yim et al.|(2014). On the other hand, contrary to the case of NGC 891, NGC 4565 does
not feature an additional ultra-thin disk component (Schechtman-Rook & Bershady 2014).

Rather untypically of galaxies with a low SFR, NGC 4565 features a substantial amount of
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extraplanar diffuse X-ray emission, which, as suggested by [Vogler et al.| (1996), might be a fossil
remnant of former starburst activity.

NGC4565 is known to have two
HI-rich dwarf companions: 1C 3571
near the northern quadrant of
the galaxy and NGC4562 in the
southwest, at projected distances
of ~15 and =50kpc, respectively.
Zschaechner et al.| (2012) and
der Hulst & Sancisi| (2003) de-
tected a faint HI bridge connecting
NGC 4565 and IC 3571, clearly in-
dicating a minor interaction.

The HI distribution features an
outer warp perpendicular to the line
of sight, which is especially pro-
nounced at the northwestern edge.
The warp of the HI disk spatially
conicides with a warp of the stel-
lar disk (Nzslund & Jorsiter][1997;
Radburn-Smith et al.[2014). While
the warp may have been excited
through gravitational torques in-
duced by either or both of the com-
panions, the lack of old stars in the
warped outer disk, as observed by
Radburn-Smith et al.| (2014)), possi-
bly suggests that the warp was formed from gas that was recently accreted from the companions
or from the IGM. In any case, the asymmetry of the warp is likely to be influenced by the current
interaction with IC3571.

Figure 1.2: Optical image of NGC 4565 (Image credit: U. Klein,
2015).

The optical bulge of NGC 4565 appears slightly box-shaped, which according to
Barentine| (2010)) is evidence for the presence of a central bar. Using IR observations, these
authors found that the galaxy harbours a pseudobulge, i.e. a very compact bright stellar con-
centration at the galactic centre that does not show the radial brightness profile of a classical
bulge. In this terminology, what resembles a classical bulge in the edge-on view is in fact
a bar that is oriented partially along the line of sight and much more luminous than the ac-

tual (pseudo)bulge. Kinematical proof for the existence of a bar was found by Neininger et al.|
(1996)) and [Zschaechner et al. (2012) in the form of radial motions of CO and HI gas, respectively.

Mid-infrared observations of NGC 4565 (Laine et al. 2010; [Kormendy & Barentine|2010)
furthermore reveal a prominent ring of dust emission at a radius of =5 kpc, coinciding with a

ring of molecular gas (Sofue & Nakai[1994; Neininger et al.|[1996; Yim et al.[2014). A similar
ring-like structure is also traced in HI (Zschaechner et al.|2012)). Kormendy & Barentine| (2010)
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suggest a re-classification of NGC 4565 as an SB(r)b galaxy, in which case the observed feature
is an actual closed ring, as is often associated with bars in early-type spirals (Butal[{1990). On
the other hand, the appearance of a ring in a nearly edge-on view may as well be caused by the
projection of spiral arms, which, as noted by Butal (1990), is more likely to happen for late-type
galaxies.

In terms of nuclear activity, NGC 4565 is classified as a Seyfert galaxy. However, it shows an
exceptionally low luminosity for a Seyfert galaxy (Ho et al.|1997; Chiaberge et al.|2006; Laine
et al.[|2010), which according to |Chiaberge et al. (2006) indicates an accretion process of low
radiative efficiency, which may have just recently started after the “switch-off”” of a standard
high-efficiency accretion disk. Also, as suggested by Schechtman-Rook & Bershady| (2014),
nuclear activity in NGC 4565 is possibly related to its low current SFR and might explain the
absence of an ultra-thin disk.

1.3 The JVLA

The Karl G. Jansky Very Large Array (JVLA) is an interferometer consisting of 27 25-m radio
telescopes arranged in a Y-shape, with arms pointing roughly in north, southeast, and southwest
direction. It is a facility of the National Radio Astronomy Observatory (NRAO), and located at
an elevation of 2100 m on the Plains of San Agustin in New Mexico, USA. There are four basic
array configurations, which are distinguished by the spacing between antennas, and labelled A-,
B-, C-, and D-configuration (or -array), where D is the most compact configuration and A is the
most extended one. Additionally, the array can be operated in three hybrid configurations (AnB,
BnC, CnD), in wich the antennas in the north arm have larger spacings than in the southeast and
southwest ones. The interferometer generally stays in the same configuration over a 3-4 month
period before it is changed, cycling through configurations in the order D-C—B—A—D. The
minimum and maximum baseline length in each configuration are given in Table[1.2]

Table 1.2: JVLA configurations

Configuration A B C D
Biin [km] 0.68 0.21 0.035¢ 0.035
Bpmax [km] 364 11.1 34 1.03

¢ For the C-configuration, an antenna from the middle of the north arm is moved to the centre of the array, which
results in the same minimum antenna spacing as for the D-configuration. While this slightly improves the imaging

of extended sources, the overall sensitivity to extended emission is still significantly higher in D-configuration.

Formerly simply called VLA, the array has recently been upgraded with new electronic compo-
nents, including a powerful and flexible new correlator as well as broad-band receivers, which
increased the sensitivity of the array by up to an order of magnitude and collectively enable
complete frequency coverage between 1 and 50 GHz — whereas previously only 22% of this
frequency range was covered. Additionally, two receiver systems for observing at frequencies
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below 1 GHz have recently been installed. The frequency bands corresponding to the different
receivers are listed in Table [I.3] The conversion process lasted from 2001 through 2012, and
was called the Expanded Very Large Array (EVLA) project; however the instrument was officaly
named JVLA in 2012, shortly before completion. Table [I.4]provides a comparison between pre-
and post-upgrade performance parameters.

Table 1.3: JVLA frequency bands

Band Central wavelength Frequency range [GHz]

4 4m 0.058 - 0.084
P 90 cm 0.23 - 0.47

L 20 cm 1-2

S 13 cm 2-4

C 6 cm 4-8

X 3cm 8-12

Ku 2 cm 12- 18

K 1.3 cm 18 -26.5

Ka 1 cm 26.5 - 40

Q 0.7 cm 40 - 50

Table 1.4: Overall (J)VLA performance before, during, and after the upgrade

Parameter VLA JVLA Factor EVLA
(Feb. 2012)*
Continuum sensitivity (1o, 12 hr) 10 wly 1wy 10 2 uly
Maximum bandwidth in each polarization 0.1GHz 8GHz 80 2 GHz
# of frequency channels at max. bandwidth 16 16,384 1024 | 16384
Coarsest frequency resolution 50MHz 2MHz 25 2 MHz
Finest frequency resolution 381Hz 0.12Hz 3180 | 1.9Hz
Number of full-polarization spectral windows 2 64 32 64
Frequency coverage (1-50 GHz) 22% 100% 5 100%

“The listed values as of February 2012 correspond to the generally available capabilities for the Resident Shared
Risk Observing (RSRO) programme, which the CHANG-ES observations were part of. The telescope name is given
as EVLA here, as the name JVLA was not official yet at this time.

The receivers have circular feeds, i.e. the incoming signal is split into its right-hand circular (R)
and left-hand circular (L) components. From their different cross-correlation products for each
baseline, the four Stokes parameters are determined:
RR+ LL RL + LR RL - LR RR - LL
[=——, =— U=—%—, V=—©— (1.1)
2 2 2i 2

Stokes I represents the total intensity of the measured signal, while Stokes Q and U describe its

11
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linearly polarized component and the orientation thereof in the plane of the sky, and Stokes V
describes the amount of circular polarization|

Two different types of samplers are available: four 8-bit samplers and eight 3-bit samplers, with
only one type being used within a given frequency band. The 8-bit samplers are arranged in two
pairs — one for each polarization (R,L) — each pair providing a bandwidth of 1.024 GHz, resulting
in a total bandwidth of 2.048 GHz. The 3-bit system consists of four sampler pairs of 2.048
GHz bandwidth each, adding up to 8.192 GHz per polarization. As the sensitivity of the 3-bit
samplers is ~15% worse than for the 8-bit samplers at the same bandwith, L.-band observations
are usually done using the 8-bit system, since only a 1 GHz bandwidth is required. The C-band
observations presented in this thesis employed the 8-bit samplers as well, as during that time the
3-bit samplers were not yet fully implemented.

The new correlator of the JVLA, called Wideband Interferometric Digital Architecture (WIDAR),
was designed and built at the Dominion Radio Astronomical Observatory (DRAO) in Canada.
Although it was primarily designed for precise spectral line measurements, its flexible multi-
channel structure also yields fundamental advantages for continuum observations. These include
precise identification and excision of radio frequency interference (RFI), facilitation of multi-
frequency synthesis (see Sect. [3.4)) and RM synthesis (see Sect.[7.2), and prevention of bandwidth
smearing.

The range of correlator configurations can be summarized as follows: For each of the used
sampler pairs, a receiver can independently be tuned to a different frequency within the corre-
sponding frequency band. This will be the centre frequency of a so-called baseband (also called
intermediate frequency, IF), i.e. for observations done with the 8-bit samplers, two basebands,
each up to 1.024 GHz wide, are sampled, while in case of the 3-bit samplers, there are four
basebands of up to 2.048 GHz bandwidth. The different basebands, which do not have to be
adjacent, are in turn divided into several spectral windows — up to 32 for each 8-bit baseband,
and up to 16 for each 3-bit one. Spectral windows can have widths of 128, 64, 32, ..., 0.03125
MHz, and the number of channels as well as the number of polarization products can be selected
independently for each spectral window. The total number of frequency channels multiplied by
the number of polarization products is limited to 16384 (e.g. 64 spectral windows X 64 channels
X 4 polarization products).

1.4 Continuum HAlos of Nearby Galaxies —an EVLA
Survey (CHANG-ES)

The JVLA observations of NGC 891 and NGC 4565 presented in this work are part of CHANG-
ES, which is a radio continuum survey conducted between March 2011 and August 2012 to probe
the structure and physics of galactic radio halos and the disk-halo connection in a sample of 35

nearby edge-on galaxies. The observations were carried out using the L-band (1.5 GHz) and C-
band (6 GHz) receivers, the bandwidths available during that time being 512 MHz and 2.048 GHz,

! An introduction to the polarization properties of synchrotron radiation and will be given in Sect.
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respectively. These large bandwidths allow for the first time to measure the spectral index within a
given frequency band, and make for significant improvement in sensitivity compared to previous
studies, with noise levels reaching a few pJy/beam in comparatively short integration times.
In order to probe a variety of spatial scales, the survey makes use of the B-, C-, and D-array
configurations. Moreover, CHANG-ES is the first survey of edge-on galaxies for which all
polarization products (RR, LL, RL, LR, and thereby Stokes 1, Q, U, and V') have been obtained.
Further information on the observational setup of CHANG-ES is given in Sect.[3.1]

Being one of the first larger projects using the newly installed wide-band receivers and correlator
of the JVLA, CHANG-ES was granted a total observing time of 405 hours in Resident Shared
Risk Observing (RSRO) mode during the extensive commissioning period of the JVLA. The
RSRO programme offered early access to the growing capabilities of the telescope as the upgrade
was nearing completion. For every 20 hours of observing time awarded to a given project,
the programme required one month of residence of a project consortium member at NRAO
in Socorro, New Mexico, to assist with commissioning of the JVLA, WIDAR, or associated
software systems. Of the 21 months of required residence time for the CHANG-ES project, nine
months were fulfilled by T. Wiegert, and three months each by J. Irwin (PI of the project), D.J.
Saikia, and P. Schmidt. Apart from the above-mentioned improvements achieved by the JVLA
upgrade, the use of the large bandwidths of this essentially new instrument also constitutes major
challenges in terms of data handling. Therefore, a major objective of this RSRO stay was to
develop a data reduction strategy in close collaboration among members of the CHANG-ES
consortium and with NRAO/JVLA staff members. CHANG-ES data are generally reduced
in CASA (Common Astronomy Software Applicationsﬂ), which is a Python-based software
package developed by NRAO for the data processing of modern radio interferometers, primarily
JVLA and ALMA. Throughout the time I spent at NRAO, apart from testing newly implemented
functions in CASA, weekly meetings with CASA developers were attended, to help optimizing
the software with regard to the new wide-band data processing requirements. A CHANG-ES
data reduction guidelines document (created by J. Irwin) was continuously updated, and those
consortium members who were currently reducing data engaged in weekly Skype sessions, which
also continued beyond the RSRO phase. Altogether, the RSRO activities in the framework of the
CHANG-ES project thus formed an essential contribution to the JVLA commissioning phase.

1.5 Structure of this thesis

In this thesis, the results of the CHANG-ES observations of the high-priority galaxies NGC 891
and NGC 4565 are presented and analyzed, with the main focus lying on the disk-halo interaction.
Prior to describing our data and their scientific analysis, we first give a brief introduction to the
physical properties of the measured radiation, primarily synchrotron radiation of CR electrons
(Chapter [2)). In Chapter 3] we provide information on the observational setup of CHANG-ES
and give a description of the full data reduction process, leading from the raw interferometric
visibility data to the basic image data products. In particular, this includes the application
of essential concepts of imaging for wide-band wide-field interferometric observations. In

’http://casa.nrao.edu
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Chapter 4] we present the final images in total intensity at 1.5 and 6 GHz in the various JVLA
configurations and discuss morphological properties of the two galaxies deduced from these
maps. We also provide an estimate of the amount of thermal free-free emission in both galaxies
and present thermal-subtracted synchrotron intensity maps. Chapter [5|focusses on the spatial
distribution of total and non-thermal spectral indices in the two galaxies. This part of the thesis
will be of particular benefit for future observers, as here we discuss various sources of error in
wide-band spectral index measurements (which also affect other data products) and describe
the necessary corrections. In the last part of this chapter, we analyze the in-band spectral index
maps for information on CR spectral aging. In Chapter[6] we determine for both galaxies the
vertical radio scale heights at 1.5 and 6 GHz at various major-axis positions, and generate maps
of the total magnetic field strength. Inferences about the CR propagation from the disk into the
halo are drawn from these measurements, and in the case of NGC 891 we explicitly model the
vertical emission distribution by solving the diffusion-loss equation. The polarized part of the
radio emission in the two galaxies and their magnetic field structure are investigated in Chapter
This includes the determination of rotation measures using RM synthesis, as well as studying the
variation of the fractional degree of polarization with vertical height above the plane. Finally,
in Chapter [§] we discuss and summarize our main findings and provide an outlook on future
research and improvements.
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2 Synchrotron emission and related
physical processes

The radio continuum of spiral galaxies at frequencies up to the order of 1 GHz is usually
dominated by synchrotron radiation from cosmic-ray electrons (CREs). Synchrotron emission is
therefore the main tracer of the radio continuum morphology of galaxies, and in particular of
magnetic fields in galactic disks and halos. Before we describe our observations of NGC 891 and
NGC 4565 and the subsequent data processing and analysis, we provide an overview of the basic
physical properties inherent to the observed radio emission. To this end, we mainly follow the
descriptions given by [Longair| (2011)), Klein & Fletcher (2015), Pacholczyk! (1970), and Murgia
(1996)), where detailed derivations of most of the equations presented below can be found.

2.1 Basic characteristics of synchrotron radiation

Relativistic electrons propagating at the velocity #'in a magnetic field B are subject to the Lorentz
force
F = e(@x B) 2.1

This forces the charged particles onto helical paths around the magnetic field lines, and the
corresponding acceleration makes them emit synchrotron radiation, which is linearly polarized.
The helical trajectories are characterized by the pitch angle 6 between the ' and B vectors and
the Larmor radius . The angular velocity in the plane perpendicular to the magnetic field lines
is given by the Larmor frequency wy :

eB v Ymovc i

WL, = , rn,=—sinf = in6 2.2)
ymgocC wr, eB

with the Lorentz factor y = 1/4/1 — (v/c)?>. While in its rest frame an electron radiates in the
form of a dipole pattern, in the reference frame of the observer, due to relativistic beaming, it
emits the bulk of its radiation in the forward direction, within a narrow beam of half-power width

Oup ~ v

A single relativistic electron of energy E = ymygc? emits a synchrotron spectrum with its peak at
a characteristic frequency v.:

3 jwr . 3e

27 21 B 4mcd

Bsin OE> (2.3)
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The total (i.e. at all frequencies) emitted synchrotron power of a single electron corresponds to
the associated energy loss rate:

dE 2¢t
—(—) = -~ B*sin9E? 2.4)
dr ), 3mge

For an ensemble of electrons with a number-density distribution N(E, 8), the synchrotron spec-
trum is given by the synchrotron emissivity

3 T o
Jov) = V3e f f BsineF(vi)N(E,e)dEde, (2.5)
0 0 c

moc?
where .
F(x) = xf K%(z) dz (2.6)
0
and K s is the modified Bessel function of order %

If unaffected by energy-dependent particle aging (see Sect. [2.3)), the emission spectrum of CREs
can be approximated by a (inverse) power law distribution with spectral indexﬂ a:

J(v) o (Bsin )" (2.7)

2.2 CRE energy loss processes

While propagating away from their injection sites, CREs may lose their energy through a variety
of processes, involving interaction with other particles, with magnetic or radiation fields, or
adiabatic expansion. In this section we describe these loss mechanisms by the time derivative of
the particle energy, whereas the associated chracteristic time scales will be given in Sect. [6.3]
where we calculate them explicitly for specific observational parameters.

Synchrotron losses

As will be described in Sect. 2.4] CREs can be expected to have an isotropic (i.e. random)
distribution of pitch angles. Thus, the pitch-angle dependence of the single-electron synchrotron
loss rate is replaced by the average value of (sin’d) = 2/3, and Eq. turns into

dE 4 2 16,2 B ’ -1
L) ey U = 6610792 (2 ev 2.8
( dr )syn 3O'TC)/ £ ’ uG o 28

Here, o1 = ¢*/(6nelc*m?) is the Thomson cross section and Uyn,, = B?/(87) is the magnetic
field energy density.

'For the sake of clarity, we note that throughout this thesis we define « to be positive if the spectrum increases
with frequency, and vice-versa.
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Inverse-Compton losses

Inverse Compton (IC) scattering is the interaction of relativistic electrons with photons of
comparatively low energy (hv < ympoc?), in normal galaxies usually with photons of the
interstellar radiation field (IRF) and of the cosmic microwave background (CMB). In this
process, energy is transferred from the electrons to the photons, with a loss rate of

4

-[=] == Ui s 2.9
(dt )IC 30'TC7’ d (2.9)

where U, = Urr + Ucwms 1S the energy density of the total radiation field. The CMB-equivalent
magnetic field strength at redshift z is Boyg = 3.25(1 + 2)* G, and Ucwmp = Bgyp/(87), while
Ur can be determined from observations at infrared wavelengths.

Ionization losses
CRE:s further experience energy losses by colliding with atoms in the ISM and thereby ionizing

them. Since the most abundant atom in the universe is hydrogen, the ionization loss rate can be
expressed as

dE
- (E) =7.64-1075 (24 ) Giny + 19.8) Vs~ (2.10)
ion m-

where ny; is the particle number density for atomic hydrogen.
Bremsstrahlung losses
Bremsstrahlung losses occur if CREs are deflected (and thereby decelerated) by charged particles,

such as protons in an ionized hydrogen (HII) plasma or the protons and electrons bound in
hydrogen atoms. In the fully ionized case, the corresponding loss rate is

dE _ NHII E _
(£} Z70-10 23(—)(—) 30y + 0.36) eV s~ 211
( dt )brems m_3 CV ( ny )e ; ( )

In the case of purely atomic hydrogen (neglecting interactions with the electrons), bremsstrahlung

losses behave as
dE n E
(L&) =366- 10—22(i)(—) Vs 2.12

(dt )brems m_3 eV o ( )

Adiabatic losses

CREs that are confined within an expanding volume experience adiabatic losses, as the internal
energy of the expanding relativistic gas is reduced. These losses depend on the gradient of the
expansion velocity v:

dE 1 5
_(E)ad - §(V -DE (2.13)
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2.3 CRE spectral aging

The combined synchrotron and IC loss rate of a single electron can be obtained by including the
total equivalent magnetic field associated with IC scattering in Eq. 2.4}
dE
- (—) = Cp(B*sin’6 + B}.)E? (2.14)
dr syn+IC
where Cr = 2¢*/(3mgc’). If we now consider a single event of CRE injection at the time 7, with

initial energy Ey, we can integrate Eq. [2.14]to determine the time dependency of the energy of a
single CRE:
Ey
E(t) = —————— 2.15
O T Eo/ Bt i
with .
ENt) = f Ce(B*sin®0 + Bi.)dt’ (2.16)
Iy
E, is known as the break energy. Dividing both sides of Eq.[2.15|by E\, shows that E(f) < Ey,
for all ¢ > #,. The corresponding break frequency is given by

3e . )
Vor = WB Sin HEbr (217)

According to predictions by models of diffusive shock acceleration of CRs in shock fronts of
supernova remnants (e.g. Blandford & Eichler|1987)), the emission spectrum of a large ensemble
of CREs is usually described by a single power law with spectral index « between —0.8 and —0.5
att = ty. Since E,, decreases over time, the spectral energy distribution observed at ¢ > ¢, will
feature a corresponding break, which marks a steepening of the spectral index above a certain
energy (and frequency, respectively, for the emission spectrumﬂ This effect is known as spectral
aging. The position of the break in the CRE spectrum can be calculated under certain simplifying
assumptions (in particular regarding the distribution of pitch angles), such as represented by the
Kardashev-Pacholczyk (KP), Jaffe-Perola (JP), and continuous injection (CI) models. We will
introduce these standard spectral aging models in Sect.|5.3]

2.4 Pitch-angle scattering

Magnetic fields in galaxies are never perfectly uniform, but contain irregularities that influence
the motion of charged particles around the field lines. In particular, CREs can experience rapid
changes in the pitch angles 6 of their helical trajectories. If the size scale of these magnetic field
fluctuations is large compared to the Larmor radius r of a gyrating electron, the rate of change

21t should be noted that the combination of ionization, bremsstrahlung, and adiabatic losses can induce an additional
break in the spectrum, which typically occurs at frequencies below 1 GHz (see e.g. [Pohl et al.[[1991)), and is
therefore rather irrelevant for our considerations throughout this thesis.
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2.5 Polarization and Faraday rotation

in its pitch angle is accordingly slow. Similarly, if the field is fluctuating on scales much smaller
than the Larmor radius, the fluctuations are “ignored” by the particle, and it simply moves on
the helical orbit determined by the mean field, as illustrated in Fig. @ a). However, for field
variations on scales comparable to the Larmor radius (Fig. 2.1]5)), resonance between the particle
and the field variations occurs, and the pitch angle changes significantly within a single orbital
period. For random field fluctuations, this process, called pitch-angle scattering, leads to an
isotropic distribution of pitch angles of the particles.

Even if there were initially no magnetic field
fluctuations, they are produced by the stream-
ing motion of the highly relativistic elec-
trons. The streaming of the particles gener-
ates Alfvén waves, which are transverse waves
in a (fully or partially ionized) magnetized
plasma, propagating in the direction of the
field lines. Since these waves resonate with
the motion of the particles that generate them,
the waves grow in amplitude, as described by
Wentzel| (1974) and Cesarsky| (1980). Due
to the scattering off the field irregularities, the
bulk streaming motion is limited by the Alfvén

a)

b)

speed
B B ne \°2 X
vA:—:2.2(—)( _3) kms™,
Figure 2.1: a) Small-scale magnetic field fluctua- VA47Pion #G)em

(2.18)

tions do not influence the helical trajectory of the . . o
where p;o, 1s the density of the inoized gas

charged particle, which gyrates at a constant pitch

angle around the mean field. ») For fluctuations
on scales of the same order as the Larmor radius
of the particle, significant pitch-angle scattering
occurs. Image taken from Longair| (2011).

and n, is the electron number density. The
scattering process changes the pitch angle of
a CRE by ~ 90° after a mean free path length
of

2
Ase =1L (@) s (2.19)

B,

where B is the mean magnetic field strength and B, is the strength of the fluctuation of the field.
Hence, within a streaming distance of Ay, a random, and therefore isotropic distribution of CRE
pitch angles is achieved.

2.5 Polarization and Faraday rotation

2.5.1 Basic observables

The polarization state of electromagnetic radiation is commonly described by the Stokes parame-
ters I, Q, U, and V. The latter three describe a coordinate system (the so-called Poincaré sphere),
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2 Synchrotron emission and related physical processes

in which Q and U form a plane representing the linearly polarized component of the radiation,
and the V axis represents the circularly polarized component. Stokes [ is the distance of a point
in this coordinate system from its origin and corresponds to the total intensity of the emission.
The polarized intensity, on the other hand, is defined as

Pl = Q>+ U2 + V2 (2.20)

For synchrotron radiation, we assume V = 0, as it is linearly polarized. In general, synchrotron
emission is only partially polarized, hence a commonly used quantity is the fractional degree of

linear polarization
p= [ —— (2.21)

By integration over the polarized energy spectrum (without accounting for spectral aging effects),
one obtains a maximum theoretical degree of polarization of

1-«a
Pmax = 3 (222)

g—a’

In the ISM of galactic disks, a typical spectral index value is @ = —0.7, which yields p.x = 72%,
while in galactic halos this theoretical limit is slightly higher, e.g. pm.x = 75% for @ = —1.0.
The orientation of the electric field vector of a linearly polarized wave in the plane of the sky is
given by the polarization position angle

X = %arotan (g) (2.23)

which can be rotated by 90° to obtain the orientation of the magnetic field vector and hence
(in the ideal case of no Faraday rotation, see below) of the magnetic field at the source of the
emission.

2.5.2 Faraday rotation

A linearly polarized wave is the superposition of a left-handed and a right-handed circularly
polarized wave (LHC and RHC) of equal amplitude. As the wave passes through a magneto-ionic
plasma, the LHC and RHC components will interact in different ways with the free electrons in
the plasma, as the RHC wave has the same helicity as the electrons, while the LHC component
is of opposite helicity. This results in a relative phase shift between the two components, which
causes a rotation of the linearly polarized electric field vector. This effect is known as Faraday
rotation and is characterized by the dependence of the rotation angle Ay on the square of the
wavelength:

Ay =RM - 2* (2.24)

The rotation measure (RM) depends on the line-of-sight magnetic field component B and the
number density of thermal electrons n.. As the net rotation depends on the pathlength through

20



2.5 Polarization and Faraday rotation

the magnetized plasma, the RM is the integral of the product of these two quantities along the

line of sight:
"0 ne By\(d
RM:0.81f (225 ) (o) (55 ) radm? (2.25)
o \em™/\uG/\pc

By convention, positive RMs mean that the magnetic field points away from the observer, while
for negative values it points towards the observer.

2.5.3 Depolarization effects

In practice, the degree of linear polarization as given by Eq. [2.22]is never observed, due to a
range of effects that can depolarize a signal on its way from the source to the observer. Some of
these are instrumental effects, while others are the result of Faraday rotation, either within the
synchrotron-emitting source itself or in a non-emitting magnetized plasma in the foreground.
The mathematical formulae by which we describe the depolarizing mechanisms in this section
are adopted from Burn|(1966)), Sokoloftf et al.| (1998)), and Klein & Fletcher (2015).

Beam depolarization

If different magnetic field orientations occur within the telescope beam, the observed radiation
will be partially or entirely depolarized. In particular, waves with a difference in polarization
angle of 90° interfere destructively, as this corresponds to an angle difference of 180° in the
QU plane. Note that this effect is not induced by Faraday rotation and is therefore wavelength-
independent.

Bandwidth depolarization

Another instrumental depolarization effect can be caused by Faraday rotation of polarized
emission over large bandwidths. Depending on the RM of the received radiation, the differences
in rotation angle within the frequency band may be large enough to cause significant destructive
interference when averaging the data in all frequency channels, as is the case for multi-frequency
synthesis (MFS) imaging (see Sect.[3.4.1). By a total rotation of Ay over the band, the degree of

polarization is reduced to
sin Ay

Ay
where Ay = RM(A2,, — /lrznin) and p; is the intrinsic degree of polarization. Bandwidth depolar-
ization can be overcome by separate imaging of narrow frequency intervals, the disadvantage of
which would be a higher noise level in the individual images compared to the full-bandwidth
image. However, if RM synthesis (Brentjens & de Bruyn|[2005) is performed, this is not an issue,
while at the same time bandwidth depolarization is avoided. For an introduction to this technique,

see Sect.

() = p; : (2.26)

Differential Faraday rotation

If synchrotron radiation is emitted from a Faraday-rotating medium containing a regular magnetic
field, the polarization vectors of waves emitted at different positions along the line of sight are
rotated by different amounts due to their different pathlengths within the source. This is known
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2 Synchrotron emission and related physical processes

as differential Faraday rotation and leads to depolarization due to the averaging of different
polarization angles within the same line of sight. In case of a uniform magnetic field and constant
thermal electron number density, the resulting degree of polarization is

sin 2RMA?)

2.27
2RMA? 2.27)

P(/lz) = pi

Internal and external Faraday dispersion

Faraday dispersion is the variation of Faraday-rotation angles along the line of sight and within
the telescope beam, induced by small-scale fluctuations of turbulent magnetic fields. In the case
of internal Faraday dispersion, these variations occur within the synchrotron-emitting medium
itself, and lead to a fractional polarization of

I —exp(=S)

S (2.28)

P(ﬂz) = pi

If the effect occurs in a non-emitting foreground layer, it is called external Faraday dispersion,
and the observed degree of polarization is

p(2%) = piexp(=$) (2.29)
In both cases, S is proportional to the fourth power of the wavelength:
S =207%, A" (2.30)

If the telescope beam size is similar to or less than the spatial scale of the RM variations, the RM
dispersion o3, of a turbulent magnetized plasma can be approximated to (Arshakian & Beck

2011): )
2 (ne) (Buurb) d L - 2 4
e

where (n.) and (By,) are the average thermal electron density and magnetic field strength in a
single turbulent cell of size d in the volume. L is the pathlength along the line of sight through
the turbulent medium and f = (n.)/n. is the filling factor of thermal electrons in the cells.

2.6 Free-free radiation

In addition to the synchrotron radiation of the relativistic CR electrons, also emission of thermal
electrons contributes to the radio continuum spectrum of galaxies, and in most cases constitutes a
non-negligible fraction of emission in the GHz regime. This radiation is called free-free radiation,
as it is generated by the Coulomb interaction between free electrons and ions, such as in HII
regions. As the electrons move on hyperbolic orbits around the ions, they experience a permanent
acceleration, which makes them radiate. They move at thermal velocities, following a Maxwell
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2.6 Free-free radiation

distribution, according to the temperature of the electron gas. For free-free emission, the Planck
law can usually be described by the Wien approximation at GHz frequencies, where it shows a
spectral index of typically —0.1. Since synchrotron radiation has much steeper spectral indices
of < —0.5, the fractional contribution of free-free emission to the total spectrum is notably larger
at higher frequencies. Above 1 GHz, a reasonable interpretation of radio continuum observations
of galaxies usually requires the separation of this thermal emission from the non-thermal (i.e.
synchrotron) component (see Sect. 4.2)). Moreover, free-free radiation is unpolarized due to the
randomly oriented trajectories of the thermal electrons.
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3 JVLA Observations and data
reduction

In this chapter, details of the JVLA observations of our two target galaxies as part of the CHANG-
ES survey are provided, followed by a description of the basic data reduction steps, most of
which were carried out using CASA. While mostly standard flagging and calibration strategies
were followed, wide-band JVLA data in particular require and allow for more advanced imaging
techniques, which in turn imply special considerations regarding the imaging of wide fields of
view and the application of primary-beam corrections. Moreover, a section on the important
issue of short-spacing corrections is included.

3.1 CHANG-ES: galaxy sample and observational setup

The CHANG-ES sample was selected from the Nearby Galaxies Catalog (NBGC, Tully||1988),
according to the following criteria: i) inclination i > 75°; ii) declination 6 > —23°, to be accessible
from the JVLA with an adequate uv-coverage; iii) blue isophotal diameter d,s between 4’ and
15, to avoid galaxies with poor spatial resolution as well as galaxies that would require more
than two pointings; iv) 1.4 GHz flux density S;4 > 23 mJy, to exclude galaxies for which the
detection of a halo is unlikely. Three exceptions from these limitations (among them NGC 4565,
with dps > 15) were included, as they were known to show extraplanar emission and have an
abundance of ancilllary data available. For a full list of the galaxy sample, see Table 1 of Irwin
et al.|(2012a). The sample displays a wide range in morphological type, SFR, nuclear activity,
and environment. A major goal of CHANG-ES is to quantify how magnetic fields and CRs in
halos correlate with these properties.

Table [3.1] summarizes the basic parameters of the observations. Collectively adding up to
405 hours, the 35 target galaxies and calibrator sources were observed at 1.5 GHz (L-band)
and 6 GHz (C-band), with bandwidths of 512 MHz (split into 2048 spectral channels, over
32 spectral windows) and 2.048 GHz (with 1024 channels, split into 16 spectral windows),
respectively. While the C-band IFs are at 5.5 and 6.5 GHz, and hence the two basebands cover
the range between 5 and 7 GHz continuously, the correlator setup for L-band had IFs of 1.375 and
1.775 GHz, which allowed measurements from 1.25 to 1.9 GHz, with the range between 1.5 and
1.65 GHz being omitted due to severe RFI contamination. The B-, C-, and D-array configurations
were used at 1.5 GHz, and the C- and D-array configurations at 6 GHz. As indicated above, all
four polarization products (RR, LL, RL, LR) were measured.
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3 JVLA Observations and data reduction

The on-source observing times for the different array configurations and frequency bands have
been chosen such that: i) the noise decreases by a factor of ~2 from one configuration to the
next (at the same frequency), which takes into account that predominantly smaller structures are
observed with more extended arrays; ii) the noise decreases by a factor of ~2.5 from 1.5 GHz to
6 GHz (at the same resolution), so that the signal-to-noise ratios (S/N) are similar for an assumed
spectral index of ~ —0.7 between the two frequencies.

The FWHM of the primary beam 6pg 1s 30" at 1.5 GHz but only 7.5” at 6 GHz. Therefore, the
C-band observations of all galaxies with dps > 1.3 - pg = 9.75’ (which include both NGC 891
and NGC 4565) were performed with two pointings, which were placed on the major axis on
either side of the galaxy center, separated by ~ 6pg/2. The pointing coordinates for both galaxies
at 6 GHz are given in Table [3.2]

Galaxies located in the same region on the sky were generally observed together in one scheduling
block (SB) per array configuration and frequency. For galaxies seen only at low elevations (such
as NGC 891), the observing time was split into two SBs in each case (except C-band C-array), to
improve the uv-coverage. A SB contains one 10 minute scan each of a flux calibrator (3C 48 in
case of NGC 891 and 3C 286 for NGC 4565; also used for bandpass and polarization position
angle calibration) and a polarization leakage calibrator, while the major part is made up of
on-source scans flanked by phase calibrator scans.

Table 3.1: General observation parameters of CHANG-ES

Frequency band* Configuration Time? Theor. noise rms®  Confusion?  fpas ¢
(per pointing) [pJy/beam] [uJy/beam] [arcmin]
L (1.5 GHz) B 120 min 7.7 0.4 2
C 30 min 16 44 16.2
D 20 min 20 48 16.2
C (6 GHz) C 180 min 24 0.1 4
D 40 min 4.8 1.3 4

“ The central frequency of the respective band is given. The total bandwidth is 512 MHz for L-band and 2.048 GHz
for C-band. See text for details.

b On-source time per individual pointing, not including overheads. At 6 GHz, the larger galaxies required two
pointings, as the field of view given by the primary beam is too small at this frequency.

¢ Theoretical thermal noise (i.e. ignoring confusion) for each polarization product, taken
from (Irwin et al| [2012a). See also the VLA Observational Status Summary (OSS) at
https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/sensitivity

4 Confusion limits, determined using Eq. 10 of |Condonl (2002)), assuming in each case the average beam FWHM of
the two galaxies (see Tables[3.3}{3.6] These should only apply to total intensity (Stokes ), but not to polarization
images (Stokes Q, U or V).

¢ Largest angular size scale detectable by the array in the given configuration, determined by the shortest antenna
spacing.
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3.2 Hanning smoothing and RFI flagging

Table 3.2: Pointing positions of C-band observations

Galaxy RA (pt. 1) Dec (pt. 1) RA (pt. 2) Dec (pt. 2)
NGC 891 | 02h22m 37.21s 42d22m41.2s 02h 22m 29.61s 42d 19m 12.6s
NGC 4565 | 12h 36m 26.58s 25d 57m 54.7s  12h 36m 14.98s 26d 00m 36.6s

3.2 Hanning smoothing and RFI flagging

Apart from a number of a priori calibrations (see below), the first operation performed on the
raw data was Hanning smoothing in frequency, to eliminate spectral Gibbs ringing and therefore
make it easier to detect RFI throughout the band. This resulted in a frequency resolution of
twice the channel width. A substantial amount of time was then spent on RFI excision, which
was almost entirely done in manual mode, i.e. by selecting segments of data to be flagged in a
series of flagdata commands. For the same array configuration, the contamination by RFI was
significantly stronger in L-band than in C-band. While it was often reasonable to flag the data
of a given bad antenna or baseline for the entire duration of the observation or to flag a certain
frequency or time range for all antennas, a number of less obvious cases required a more precise
localization of RFI in time/frequency/baseline parameter space, to save a certain amount of good
data from being discarded. The strongest RFI signals generally occupy a well-defined frequency
range and persist throughout the observation, which makes them easy to flag; however, a large
number of RFI signals at lower amplitudes are successively revealed each time new calibration
solutions are applied to the data (see below for a description of the calibration procedure). For
each data set, two to four iterations of flagging and (re)calibration were required until the bad
data were removed to a satisfactory extent.

As automated flagging routines did not provide sufficient control over the flagging process to
fully rely on them for these data, manual flagging seemed to be the safest way to get rid of as
many bad data as possible while retaining a reasonable (image-plane) S/N. To save a certain
amount of time nonetheless, some of the data sets of NGC 891 were flagged in part using the
automatic rflag mode. Rflag is based on a statistical filter, which selects visibilities according
to the deviation of their amplitudes from the median value calculated across user-specified time
and frequency intervals. For more information on automated flagging modes in CASA, see
http://www.aoc.nrao.edu/ rurvashi/FlaggerDocs/FlaggerDocs.html.

3.3 Calibration

The wavefronts received by a radio interferometer are subjected to a variety of effects during
their transmission through the earth’s atmosphere, their reflection from the dish surfaces, and
their processing through the receiver and correlator system. The purpose of calibration is to
correct for these data corruptions and thereby transform the measured visibilities as precisely as
possible into the visibilties that would have been measured in vacuum by an ideal interferometer.
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3 JVLA Observations and data reduction

A way to describe the relation between the observed and the ideal (“true”) visibilities is the
Hamaker-Bregman-Sault Measurement Equation. For the calibration performed in this work, it
can be written as follows (for the baseline between antennas i and j):

Vij(V, 1) = X()D;;(v)CO)P;j(OF()G;(v, ) B;(v, f)Kij(V)EiinjVii;m(V, )] 3.1)

The measured visibilities V; ; and the ideal visibilities V}?e“l are vectors with one entry for each
of the four cross-correlations (RR, LL, RL, LR), while the remaining factors are generally 4x4
matrices representing the various effects that need to be calibrated for (i.e. inverted) to recover
the ideal visibilities from the measured ones. In Eq. [3.1]these so-called Jones matrices appear in
the order (from right to left) in which they were applied to the data in this work. Each of them
corresponds to one of the calibration steps explained in the following.

3.3.1 A priori calibration

While the main part of the time- and frequency-dependent data calibration requires that the
strongest RFI signals have been flagged beforehand, a few calibration steps can (or should) be
performed before flagging, since they depend on a priori known antenna-based quantities rather
than on the actual observational data, or require non-Hanning-smoothed visibilities:

A;; — Antenna position corrections: In case any antennas were moved during or shortly before
the observation, the position information for these antennas stored in the data set might be slightly
offset from their actual positions during the observation. CASA can automatically retrieve the
correction values for each antenna in x-, y- and z-direction from the VLA baseline webpage
(http://www.vla.nrao.edu/astro/archive/baselines/).

E;; — Gain-elevation curve: Telescope dishes are not absolutely rigid, so for large antennas the
forward gain and effective collecting area vary with elevation as the dish surface is deformed by
gravity. The polynomial coefficients of the gain as a function of elevation are available directly
from the CASA data repository and are looked up automatically by the program.

P;;(t) — Parallactic angle: Since the parallactic angle describes the orientation of the polarization
coordinates on the plane of the sky, an antenna-based parallactic angle correction is an important
step for the polarization calibration.

K;j(v) — Antenna delays: Antenna-based delays induce phase ramps in frequency for each
spectral window. To remove this effect (at this point only for the parallel-hand correlations,
RR and LL), a section of the flux calibrator scan is used to calibrate for relative delays of each
antenna relative to a reference antenna. This step has to take place before Hanning smoothing, as
this would otherwise decorrelate the visibility amplitudes.
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3.3 Calibration
3.3.2 Total intensity calibration

The task setjy is used to establish the flux density (Stokes I) scale of the flux calibrator (3C 48
or 3C 286) as a function of frequency, channel by channel. This is done by means of a model
image of the flux calibrator and the Perley-Butler 2010 calibration scale.

B;j(v) — Bandpass: Each spectral window has its own bandpass response, which in turn is
different for each antenna. It is best to solve for these frequency-dependent complex gains
(amplitude and phase) before calibrating the time-dependent gains for all observed sources. In
order to account for gain fluctuations during the observation of the bandpass calibrator itself
(which is the same as the flux calibrator here), the data are averaged in time for each channel
before the computation of B;;. However, to ensure that phase variations do not decorrelate the
data during this time-averaging, one first needs to determine an initial time-dependent gain phase
solution for the bandpass calibrator, which is then applied on the fly while solving for the B;;
terms. This initial gain calibration is not used any further, as a proper gain calibration based on
the bandpass solutions follows.

G;j(v,t) — Time-dependent complex gains: Time-dependent complex gain variations are in
most cases the dominant calibration effect. This calibration yields a solution for each antenna,
polarization (L and R), and spectral window, and is determined for each of the flux, phase,
and polarization leakage calibrator scans, after pre-applying the previously obtained bandpass
solutions and averaging the data in frequency for each spectral window.

F(v) — Flux density scale: During the computation of the G;; terms for the phase and leakage
calibrators, the model assumed in each case is a point source of 1 Jy. To obtain the true absolute
flux density scale for these secondary calibrators, it is assumed that their mean gain amplitudes
are the same as for the flux calibrator. Using time-averaged gain amplitudes, the ratio between
each secondary calibrator and the flux calibrator is formed for each antenna and polarization.
The average of this ratio over all antennas and polarizations yields for each channel a correction
factor F(v) that is applied to the secondary calibrators’ gains.

In the final step, the so determined bandpass and time-dependent gain solutions as well as the
flux density scale are applied to all sources, with the gain solutions interpolated in time between
the phase calibrator scans when applied to the target source. After this is done, the data are
ready for total intensity imaging (unless it turns out that further RFI flagging is necessary, see
above).

3.3.3 Polarization calibration

Calibration of the linearly polarized intensity and polarization position angle requires running
setjy to set the Stokes Q and U values for the flux calibrator as a function of frequency. As
calibrator models for the wide JVLA bands are not yet available for Q and U, they have to be
calculated from the absolute polarization angle y and fractional polarization p (given in %),
which both have a known frequency-dependent behaviour (R. Perley 2011 /J. Irwin 2012, private
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communication; see also [Irwin et al.[2012b)). For 3C 48, the dependence of the position angle
has the form

X% (v) = —0.002213 - v* + 0.873 - v — 655.7 (3.2)
X% (v) = 0.002819 - v +93.11 (3.3)
in L-band and C-band, respectively, while the fractional polarization follows
P () =2.49-107 -v* - 6.884- 107 - v + 0.0894 (3.4)
pec®(v) = 0.0005397 - v + 1.488.. (3.5)

3C286 = 33° and a fractional

3C 286 1s assumed to have a constant polarization angle of y
polarization of

pIBS(y) = —1.443 - 107° - »* + 0.006026 - v + 3.858 (3.6)

pic®o(y) = 0.0001583 - v + 10.57 . (3.7)

Stokes Q and U are then computed via

Qv = (p(»)/100) - I, - cos(2x(v)) (3.8)

U, = (p(»)/100) - I, - sin(Zx(v)) , (3.9)

where I(v) is obtained from the respective calibrator model, like in Sect.[3.3.2] At the time of
writing, CASA is not yet capable of channel-based polarization calibration. Therefore, only a
single /, Q, and U value per spectral window is determined.

C(v) — Cross-hand delays: The gain and bandpass calibration typically leave a single residual
delay between the R and L polarizations, which is from the reference antenna that was used
to solve for the parallel-hand delays. Applying the previously determined gain and bandpass
solutions on the fly, the cross-hand (RL, LR) delay is calculated for each spectral window, using
the flux calibrator scan, since both 3C 48 and 3C 286 are strongly polarized.

D;;(v) — Instrumental polarization: The polarization response of each antenna is corrupted by
polarization leakage between the R and L feeds. A preferrably unpolarized calibrator is used
to solve for these leakage terms (after pre-applying the bandpass, gain, and cross-hand delay
calibrations). Such an unpolarized source was included in all CHANG-ES observing blocks
except the one containing NGC 4565 in C-band D-array. In this situation, it was possible to use
the phase calibrator for the leakage calibration, as it was observed with a sufficient parallactic
angle coverage to simultaneously solve for its polarization (averaged in frequency).

X(v) — Polarization position angle: After solving for the instrumental polarization, the polarized
intensity calibration is completed, but the R-L phase difference still needs to be calibrated, to
obtain the correct polarization position angle as a function of frequency. This is done based on
the known position angles of the flux calibrator, after on-the-fly application of bandpass, gain,
cross-hand delay, and leakage solutions.
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3.4 Imaging

Finally, all corrections are applied to the calibrators and the target source: bandpass, time-
dependent complex gains, flux density scale, cross-hand delays, polarization leakage, and
polarization position angle.

3.4 Imaging

Images of NGC 891 and NGC 4565 in all Stokes parameters were formed separately for each
frequency band and array configuration. For the deconvolution (“cleaning”) of the Fourier-
inverted uv data, the Cotton-Schwab algorithm (Schwab 1984) was used in combination with
the multi-scale multi-frequency synthesis algorithm (MS-MFS clean, Rau & Cornwell 2011)),
which is described further below. The images were cleaned until a peak residual corresponding
to ~ 2 — 4 times the noise rms in the final image was reached. In some cases it was necessary
to use masks (polygonal masks for the target galaxy and mostly circular ones for background
sources) to avoid cleaning on side lobes induced by the dirty beam or to keep the algorithm
from diverging. Masks were created by first running the clean task in interactive mode,
which allows the user to draw masks in the CASA viewer before cleaning and to modify them
after each intermediate step defined by a user-given number of clean iterations. Using masks
was not necessary for cleaning Stokes Q and U. Unless otherwise specified, robust-0 weighting
(Briggs|1995), which results in a good compromise between angular resolution and sensitivity,
was applied to the visibilities before imaging. The pixel size of every image was chosen such
that the FWHM of the synthesized beam was sampled with at least 3 pixels in RA and DEC.

In addition to imaging each array configuration separately, images were also produced from a
combination of the (B-,) C- and D-array data for each frequency band. Here, an outer uv-taper
was applied in addition to the robust weighting, to bring out somewhat more extended emission,
since the number of recorded visibilities is much higher for more extended arrays, which results
in a relative down-weighting of the more compact-array data. In each case, the spatial frequency
at which the tapering takes place was set to the value that resulted in the lowest noise rms in
the image, while staying in the range between the maximum spatial frequencies of the two
most extended arrays (i.e. B- and C-array in L-band, and C- and D-array in C-band), to avoid
sacrificing too much angular resolution. Further important aspects of imaging that are relavant to
the data presented here, as well as post-deconvolution operations are explained in the following.
Tables [3.3}{3.6| give a summary of the imaging parameters for each data set.

3.4.1 Multi-frequency synthesis (MFS)

A major advantage of wide-band observations is the enabling of multi-frequency synthesis, which
was initially developed by Conway et al.| (1990) and produces images by combining the data
from all channels of the frequency band. This not only increases the S/N compared to single-
channel (or -spectral-window) images, but also significantly improves the uv-coverage, since
each frequency channel is gridded separately (whereby also bandwidth smearing is prevented).
As Fig. [3.T]illustrates, using wide frequency bands extends the uv coverage in radial direction,
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Table 3.3: NGC 891: L-band (1.5 GHz) observations and imaging

Configuration B C D B+C+D combined
Obs. date 24/06/2012  11/02/2012 16/12/2011 N/A
01/04/2012 17/03/2013
Flux calibrator 3C48 3C48 3C 48 N/A
Phase calibrator J0230+4032 J0314+4314  J0314+4314 N/A
Zero-pol. calibrator 3C 84 J2355+4950 3C 84 N/A
bimaj [arcsec]” 3.16 10.64 36.42 4.09
bmin [arcsec]? 2.90 9.66 32.48 3.73
Beam position angle [deg] 54.22 88.06 -74.29 50.65
Pixel size [arcsec] 0.5 2.5 5 0.5
Threshold for cleaning [pJy/beam] 50 50 100 / 40° 50
Scales for MS-cleaning [arcsec] 0,6, 15 0, 10, 20,40 0, 20, 100, 200 0,6, 15,
50, 100, 200
Mask used for cleaning (Stokes ) yes yes yes yes
Self-calibration 1x phase no no N/AC
Outer uv-taper - - - 30 k4
Noise rms () [pJy/beam] 16 28 60 14.5
Noise rms (Q,U) [uJy/beam] 18 26 40 12.5

“ major- and minor-axis FWHM of the synthesized beam

b In the D-array image, after cleaning on NGC 891 to a threshold of 100uJy/beam, we continued cleaning down to
40 pJy/beam on the strong background source 3C 66A only.

¢ N/A in this case (as well as in Tables[3.4}{3.6) means that the specified self-calibrations were already applied to the
single-array data sets before producing the combined-array images.

such that even for relatively short integration times, an almost gapless filling of the uv-plane
between the minimum and maximum spatial frequency of the observation is achieved, which in
turn decreases the side lobes of the synthesized beam. The resulting images will have an angular
resolution given by the longest baseline at the highest frequency of the band, while the largest
detectable angular scale will be as large as for the shortest baseline at the lowest frequency.

MFS imaging furthermore means that the spectrum of the sky can (and generally has to) be
modelled as part of the image reconstruction (Sault & Wieringa|[1994). The intensit at any
position in the sky is assumed to be described by a power law in frequency:
v a+ﬁlog(%)

) ) (3.10)

Iv = Ivo (V_
0

Vo 1s a reference frequency usually corresponding to the centre frequency of the band, and /,,
a and g are the intensity, spectral index and spectral curvature at this frequency. The MFS

! Although intensities are denoted by the letter I here, all considerations given on the following pages, up to and
including Sect. [3.4.6] are analogously valid for Stokes Q, U, and V.
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Table 3.4: NGC 891: C-band (6 GHz) observations and imaging

3.4 Imaging

Configuration C D C+D combined
Obs. date 06-07/02/2012  09/12/2011 N/A
18/12/2011
Flux calibrator 3C 48 3C 48 N/A
Phase calibrator J0251+4315 J0230+4032 N/A
Zero-pol. calibrator 3C 84 3C 84 N/A
biaj [arcsec] 2.77 9.00 3.88
bmin [arcsec] 2.61 8.81 3.50
Beam position angle [deg] 85.93 -79.46 80.49
Pixel size [arcsec] 0.5 2.5 0.5
Threshold for cleaning [uJy/beam] 10 15 10
Scales for MS-cleaning [arcsec] 0,6, 14 0, 10, 20, 40 0,6, 15
Mask used for cleaning yes yes yes
Self-calibration 1x amp+phase 1x amp+phase N/A
Outer uv-taper - - 34 kA
Noise rms (/) [pJy/beam] 3.1 6.5 2.7
Noise rms (Q,U) [uJy/beam] 3.2 6.8 2.6

Table 3.5: NGC 4565: L-band (1.5 GHz) observations and imaging

Configuration B C D B+C+D combined
Obs. date 02-03/06/2012  02/04/2012 30/12/2011 N/A
Flux calibrator 3C 286 3C 286 3C 286 N/A
Phase calibrator J1221+2813 J1221+2813  J1221+2813 N/A
Zero-pol. calibrator J1407+2827 J1407+2827  J1407+2827 N/A
baj [arcsec] 3.31 10.49 34.50 10.16
bmin [arcsec] 3.01 10.01 32.32 9.40
Beam position angle [deg] 45.50 64.64 -89.06 47.75
Pixel size [arcsec] 0.5 2.5 5 0.5
Threshold for cleaning [pJy/beam] 50 40 90 50
Scales for MS-cleaning [arcsec] 0,6, 15 0, 10, 20 0, 35, 80 0,6, 15,
35,70, 105
Mask used for cleaning no no no yes
Self-calibration no 1x amp+phase 1x phase N/A
Outer uv-taper - - - 50 kA
Noise rms () [pJy/beam] 14 20.5 34 20
Noise rms (Q,U) [uJy/beam] 14 21 27 11

algorithm approximates the power law spectrum as a Taylor expansion about v, which results in

33



3 JVLA Observations and data reduction

Table 3.6: NGC 4565: C-band (6 GHz) observations and imaging

Configuration C D C+D combined
Obs. date 16/04/2012  29/12/2011 N/A
Flux calibrator 3C 286 3C 286 N/A
Phase calibrator J1221+2813  J1221+2813 N/A
Zero-pol. calibrator J1407+2827 J1221+2813 N/A
bimaj [arcsec] 2.63 9.02 3.57
bmin [arcsec] 2.59 8.82 3.52
Beam position angle [deg] -61.72 85.48 -83.98
Pixel size [arcsec] 0.5 2.5 0.5
Threshold for cleaning [pJy/beam] 10 20 10
Scales for MS-cleaning [arcsec] 0,5,13 0, 10, 40 0,5,13
Mask used for cleaning no yes yes
Self-calibration 1x phase no N/A
Outer uv-taper - - 34 kA
Noise rms () [pJy/beam] 3.2 7.4 2.5
Noise rms (Q,U) [uJy/beam] 3.2 7.4 2.5

a polynomial least-squares fit to the spectrum, using all unflagged frequency channels:

n—1 _ t
IV:ZII(VVVO) : G.11)
0

t=0

where I, represents the Taylor coefficient image of #-th order and #, is the user-specified number
of Taylor terms to include. Since I, is proportional to the #-th frequency derivative of /,, the
following relations hold:

1 1 _ 12 a/(a/ - 1)

IOZIV()9 a=—, ﬁ 5 =

= 3.12
I > (3.12)

The more Taylor terms are included in the fit, the more accurate will be the image reconstruction,
and as is obvious from Eq. [3.12] fitting the spectral index and curvature requires n, > 2 and
n, > 3, respectively. Although all Taylor coefficients /, as well as «, 8 and their formal errorsﬂ
Aca and AB are written out by CASA as separate images, I, for t > 1 are of little scientific
use by themselves, but necessary inputs for self-calibration (Sect. [3.4.4) and primary-beam
correction (Sect. @ Iy = I, will simply be referred to as the total intensity (or total power)
map throughout most of this thesis (while “intensity map” will be used for the remainder of

this chapter when generalizing to all Stokes parameters). Also, to save computing time, and

2The error on the spectral index is approximately given by propagation of the absolute errors of the first two Taylor

A \2 | (AL . . . .
l_n) + (—) , with Aly and Al being inferred from the respective residual maps

coefficient images: Aa = « 7
Ry and R;. According to|Rau & Cornwell| (2011)), also deconvolution errors (which, for instance, occur when
point-source based cleaning is applied to extended emission, see Sect. [3.4.2) contribute to the errors in the

Taylor term images, and can thereby increase Aa by an order of magnitude.
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3.4 Imaging
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Figure 3.1: uv-plane distribution of visibilities measured for NGC 4565 in L-band C-array. Spatial
frequencies are given in units of wavelength. In the four panels, different time and frequency
ranges within the data set are displayed: a) 1-minute snapshot within a 16 MHz spectral window,
b) 1-minute snapshot over the full 512 MHz bandwidth, c¢) Full 30-minute observation within a
16 MHz spectral window, d) Full 30-minute observation over the full 512 MHz bandwidth. The
data points are colour-coded by spectral window number. The figure demonstrates how a dense
filling of the uv plane can be achieved already in short integration times (here 30 minutes) using
wide-band observations in combination with multi-frequency synthesis (MFS).

because no significant spectral curvature within the single frequency bands is expected for the
galaxies presented here, the curvature term was neglected in this work and hence only the first
two Taylor terms were considered in the spectral modelling, so that effectively a linear fit of the
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3 JVLA Observations and data reduction

form In(Z,/1,,) = aln(v/vy) was performed. Moreover, even though in principle adding more
Taylor terms should improve the imaging accuracy, in practice the efficiency of this is limited by
the S/N of the data and by the quality of the calibration. Test runs of clean with n, > 3 resulted
in higher noise rms than for n, = 2 when cleaning down to the same threshold.

3.4.2 Multi-scale (MS) cleaning

Unlike the classic clean algorithm, which generates sky models as a distribution of point sources
(i.e. delta functions), multi-scale clean (Cornwell 2008)) allows for clean components of arbitrary
angular scales, which can improve the reconstruction of the spatial structure significantly if the
scales are well-chosen. For a number r; of discrete angular scales, a multi-scale model image
can thus be described by

ng—1
:ZKS*I;S, (3.13)
s=0

where 1° is a set of delta functions representing the locations and amplitudes of flux components
of the angular size of scale s in the image. This image is convolved with the scale function
K, which is a tapered truncated parabola having a width proportional to the size of s. The
convolution is performed in each clean iteration, which subsequently adds the resulting flux
component to the model image IMS. As usual, after the last iteration, the model is convolved with
the clean beam and the residuals are added to form the clean image. The MS-MFS algorithm
developed by Rau & Cornwell (2011) combines this method with the frequency-dependent
modelling described above, so that the fitted spectrum has the form

—-1n —v t
ZSZ_][K +10)] ( - 0) , (3.14)

0

where 12, corresponds to /2 from Eq. for the -th Taylor coefficient map.

In practice, it can require some trial and error to find the ideal angular scales to clean on, but
according to the CASA cookbook, a rule of thumb is to use scales of O (which corresponds to
traditional point-source deconvolution), 2, and 5 times the FWHM of the synthesized beam. For
the images produced in this work, sticking to this rule yielded satisfactory results in most cases,
however sometimes up to six different scales were applied. Particular care has to be taken that
the applied scales are not too large, as this can lead to artifacts like diffuse patches of positive
flux density in regions around noise peaks or side lobe structures that are erroneously treated like
real emission.

3.4.3 Wide-field considerations
Utilizing the broad bandwidths of the JVLA via MFS also results in a considerably higher

sensitivity to sources far from the pointing center than in pre-upgrade VLA observations. This is
because the primary beam is different for each frequency channel (see Fig.[3.2), and hence, unlike
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3.4 Imaging

a monochromatic primary beam, the effective, i.e. frequency-averaged primary beam pattern
never reaches an exact null and only gradually approaches zero with increasing distance from the
pointing centre. In L-band for example, the average primary-beam gain in the side lobes at ~1
degree from the centre can still be as high as a few %, as evident from Fig.[3.2]d) . Hence, side
lobe patterns around strong radio sources like 3C 66A and B, which are located ~ 40’ north of
NGC 891 (see Fig.[3.3)), can affect the image quality considerably, and therefore including such
sources in the cleaning process is absolutely necessary. As the array is non-coplanar to emission
from such off-centre sources, one needs to take account of the w-term, i.e. the aperture-domain
coordinate in the line-of-sight direction. This is accomplished by the w-projection algorithm
(Cornwell et al.[2008)), which divides the sky solid angle into a number of tangent planes for
which the w-terms are computed.
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Figure 3.2: Model of the JVLA primary-beam pattern at different frequencies within L-band: a)
1.3GHz, b) 1.5GHz, ¢) 1.9 GHz, d) average of the primary beam models at 10 equidistant
frequencies between 1.2 GHz and 1.9 GHz. Contours in panels b) and d) are placed at a primary-
beam gain of 1%. The average primary-beam pattern is clearly more extended than the primary
beam at the centre frequency of 1.5 GHz and does not reach a gain of zero in the annulus between
the main peak and the first-order side lobes.
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Figure 3.3: Cleaned L-band D-array map showing the observed field around NGC 891. Overlaid
are contours of the average L-band primary beam (as shown in Fig. [3.2]d)) at gain levels of 2%,
20%, and 50%. The blazar 3C 66A and radio galaxy 3C 66B, located near the northern edge
of the image, coincide with the side lobes of the primary beam (at a >2% level; note that the
primary-beam pattern rotates on the sky during the observation), and hence contribute strongly
in terms of side-lobe artifacts, which are still visible in the image after cleaning down to a low
threshold.

The primary beam pattern also rotates on the sky over the time of the observation and is not
rotationally symmetric, which necessitates yet another correction method called A-projection
(Bhatnagar et al|[2008], 2013). However, this method is not yet implemented in CASA for
combination with MFS imaging using two or more Taylor terms, and has therefore not been
applied to CHANG-ES data so far. Furthermore, there seems to be a significant flexure-induced
parallactic angle dependence of the primary beam shape itself, which does not cancel out for
short observing times. Hence, it is not ensured that the NRAO-provided primary beam models
that we applied are accurate, and consequently even primary-beam corrected data presented
in this work need to be treated with some caution, especially in the context of spectral index
measurements (Chapter [5).
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3.4 Imaging

3.4.4 Self-calibration

Model components obtained from cleaning an image can be used to refine the calibration and
thereby further improve the image quality. This method is called self-calibration, as sources in
the target field are used as their own calibrators. The model image is Fourier-transformed to the
uv-plane, where the model visibilities are compared to the observed ones. After appyling the
gain corrections obtained in this way to the observed visibilities, the cleaning is repeated on the
newly calibrated data. By alternately cleaning and calibrating in this way, the model and the
calibration can be improved iteratively, if it is done carefully. To prevent defective solutions to
propagate throughout the process, it is generally recommended to start with a model containing
a relatively small number of flux components, and cleaning deeper in each iteration. Likewise,
as the model becomes more accurate, the time interval per gain solution should be decreased in
each step, as long as there is sufficient S/N for this interval. Moreover, a choice has to be made
whether to solve only for the gain phases (p mode) or for amplitudes and phases simultaneously
(ap mode).

Whether self-calibration (only done in Stokes ) did successfully improve the final image, and
also what type of calibration was performed (p or ap), is given for each data set in Tables [3.3}{3.6]
In fact, a single iteration was sufficient in all six cases, and further self-calibration had basically
no more effect on the resulting image. Three data sets required ap calibration, while in two
cases the p mode was the better choice, e.g. due to the strong central source of NGC 4565 in
C-band, where the attempt to use ap solutions had caused a considerable decrease of its peak
intensity.

As an attempt to eliminate the undesirable effects of 3C 66 from the L-band D-array image of
NGC 891, so-called peeling, an iterative cleaning and self-calibration method (as described by
Pizzo & de Bruyn| (2009) and |Adebahr| (2013)), was performed. This, however, failed to improve
the noise level in the image, and the resulting self-calibration solution was hence discarded.

3.4.5 Wide-band primary beam correction

As mentioned above, the primary beam of the antennas is frequency-dependent (it even has
spectral curvature, as can be seen from Fig.[3.4), and therefore not only does the MFS intensity
image I,, have to be corrected for the primary beam at v, but also the @ map needs a correction
for the artificial spectral index induced by the frequency-dependence of the primary beam pattern.
In CASA, this is performed by the widebandpbcor task, which in the first step computes a
set of primary beam maps at the user-specified frequencies. It is sufficient to form the beam at
one frequency per spectral window, rather than using all channels, which would consume an
unnecessarily large amount of computing time and disk space. Next, a Taylor polynomial is
fitted to each pixel along the frequency axis of this data cube (here to first order, as has been
done during MFS imaging), which results in coefficient images representing the primary beam
spectrum, as well as a primary beam spectral index map. The primary beam correction of the
intensity and spectral index maps of the sky is then executed via

1y
PBcor _ 0 aPBcor =a—app, (315)

" PB,,’
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3 JVLA Observations and data reduction

where PB,, is the beam pattern at the same reference frequency about which the Taylor expansion

was performed during MFS imaging, and apg is the primary beam spectral index at this frequency.

Also, a primary beam threshold is applied when running widebandpbcor, which means that
the Taylor-coefficient images are not formed in regions where the primary beam gain is below
a certain value, and hence no primary beam correction below this threshold is performed.
Throughout this work, the threshold has been set to a primary beam gain of 20%.
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Figure 3.4: Spectral index of the (model) primary beam of the JVLA at the egde and centre frequen-
cies of L-band (panels a) - c)) and C-band (panels d) - f)). All maps show an equally sized region
on the sky, which is slightly larger than the major-axis angular size of NGC 891 or NGC 4565. The
black contours in the C-band maps are placed at the half-power level of the respective primary-
beam patterns, while for L-band the half-power level is located outside the displayed region. All
maps are clipped at the 20% primary-beam level (again not visible in the L-band panels).

For our C-band D-array observations, the used primary beam model turned out to be very
inaccurate for the reasons mentioned earlier, evidenced by significant differences between
the two pointings in the total power and spectral index distribution. Therefore, we shifted
the reference frequency v, in widebandpbcor from 6.0 GHz to 6.25 GHz for both pointings,
which yielded the best achievable agreement between them. In case of NGC 891, an additional
separate run of widebandpbcor with vy = 6.6 GHz was necessary to optimize the spectral
index agreement. Details of this procedure will be discussed in Sect. [5.1.1]
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3.4 Imaging
3.4.6 Mosaicking of two-pointing observations

Both NGC 891 and NGC 4565 were observed with two pointings in C-band, and while it would
be preferable to merge the data in the uv-plane before imaging, this cannot be realized in CASA at
the time of writing. Although there is a mosaic option in the clean task, it is not yet applicable
for MFS with two or more Taylor terms. Therefore, a manual post-deconvolution combination of
the pointings was necessary. This method, which is described in the following, was developed
by NRAO staff members and myself during my RSRO stay at NRAO in Socorro.

After imaging both data sets separately, the widebandpbcor task was run for each pointing. In
the next step, the reference-frequency primary beam as well as the non-primary-beam-corrected
intensity maps were regridded to have the same map centre for both pointings. Two-pointing
mosaics were then formed for the not yet primary beam corrected intensity map and the primary
beam itself. While in regions where there is no overlap between the primary beams of the
two pointings, the pixel values in the combined image remain the same as in the respective
pointing, in the overlap region it is reasonable to weight the pixel values by their distance from
the respective pointing centre, in order to minimize effects of low signal-to-noise and of possible
errors in the used primary beam model. If, for instance, an intensity value at a certain position
has been measured near the centre of pointing 1, it has a rather high signal-to-noise and requires
only a slight correction for the primary beam of pointing 1, while at the same position a value
has been measured further away from the centre of pointing 2, where the S/N is low and a larger
correction for the primary beam of pointing 2 is needed. To take account of this weighting, the
measured intensities Ip; and Ip, in the two pointings translate as follows to the mosaic image

1105 1n the overlap region:
Bp Bpy
_ (BPZ) Ipy + (BPI ) Ip
mos = ( Bp; ) ( Bpy ) ’
== + et
Bpy Bpy
where Bp; and Bp, are the two pointings of the primary beam. Likewise, the overlap region of
the combined primary beam is formed via

(3.16)

(52) B+ (5) B

mos — Be; Boy 5 (3.17)
(72)+ (52)
and the primary beam correction of the combined intensity map can be carried out:
Ipi Ipy
=L or <= nooverla
fPBeor = B O B P (3.18)
= overlap

Since the primary beam correction of the spectral index map is a subtraction rather than a division,

the mosaicking of the spectral index is performed using the corrected single-pointing maps ap; <"

and ap5°" that are output by widebandpbcor:

mos ~PBcor (3.19)

PBcor PBcor
PBeor _ ) ¥p1 . OF Qp; no overlap
a

overlap

mos
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where
(@) PBcor (@) P Beor
— B P1 B P2
arP;]B::or — P2 Pl (320)
SameR
Bpy Bpy

is the primary-beam weighted spectral index in the overlap region. Before mosaicking the
single-pointing @ maps, an additional cutoff at 50% primary beam gain was applied to them, as
a maps are usually strongly affected by incaccuracies of the used primary beam model, which
increase with distance from the pointing centre (see Sect. [5.1.1|for more details on this). In the
same way as the @ maps, the two pointings of the spectral index error A@ were combined.

In Fig.[3.5] the difference between taking the strict average and the beam-weighted average of the
two pointings in the overlap region of the primary beams is evident: in the weighted version of
the combined beam, the two peak positions coincide with the pointing centres, and the transition
between overlap and non-overlap regions is a lot smoother. Note that for the primary beam
corrected intensity map there will be almost no difference between the strict average and the
weighted average, due to the division of the combined intensity map by the combined primary
beam. For the spectral index, however, the difference is significant, since the average is computed
from the already primary beam corrected single-pointing images.

3.4.7 Polarization imaging

Although RM synthesis (Sect. is currently the preferred method of imaging wide-band
polarization data, Stokes Q, U, and Vﬂwere first imaged using MS-MFS clean with the same
settings as for Stokes /. Although not explicitly indicated, all intensity quantities appearing in
this section again refer to the centre frequency v,. Linearly polarized intensity (PI) images were
formed via (Wardle & Kronberg||1974)

PI = \/Q2 +U =2y, (3:21)

since the polarized intensity is always positive (following a Rice distribution, see e.g. Stmmons
& Stewart | 1985) and PI = +/Q? + U? therefore biased by the noise ooy in the Q and U maps.
Also polarization position angle images were computed:

X = %arctan (g) (3.22)

Two different y maps were formed in each case, setting the threshold above which to calculate
the polarization angle to 30-py and 50 oy, respectively. A threshold of 3 times the noise o in
total intensity was applied when computing fractional polarization maps:

Q2 + U2 — 0.2
b= \/ ou (3.23)

]2

3Since we are primarily interested in linearly polarized emission, Stokes V maps were produced only for a few
data sets, to spot-check for any residual instrumental polarization.
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Figure 3.5: Mosaic of the 6 GHz primary-beam model at the two pointing positions for each
galaxy, formed in two different ways of averaging the two pointings in the overlap region.
a) NGC 891, strict average, b) NGC 891, weighted average, c¢) NGC 4565, strict average, d)
NGC 4565, weighted average. All maps are clipped at the 20% primary-beam level.

All PI, p, and y maps were formed from the non-primary-beam-corrected images of the relevant
Stokes parameters (which in case of C-band were mosaicked beforehand, following the method
described in Sect.[3.4.6), since for p and y only the ratio of intensity values matters, and for the
thresholding and debiasing a uniform noise background is preferable. Finally, the primary beam
correction of the Pl images was done using the same primary beam maps (again mosaicked in
C-band) as were used for the total power images.

3.4.8 Short-spacing corrections

Since interferometric observations have a central gap in the uv-coverage, there is an upper
limit to the detectable angular size scale depending on the shortest baseline(s) of the respective
configuration and the observing frequency (see Table[1.2)), and the synthesized beam features a
central depression, such that the detected emission is superimposed on a bowl of negative flux
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density. For edge-on galaxies, this effect is most apparent perpendicular to their major axis, which
is particularly disadvatageous for studying the properties of galactic halos. Therefore, especially
the correct determination of spectral indices and vertical scale heights require that short-spacing
corrections are applied beforehand by merging the interferometric data with single-dish data.
To fill in the short spacings for our 6 GHz data, we use observations done with the Effelsberg
100 m telescope at 4.85 GHz and 8.35 GHz (shown in panel panel a) and b) of Fig.[3.6/and
respectively). With the exception of the new 4.85 GHz observation of NGC 891, these data were
obtained between 1997 and 2008, and were reduced by M. Dumke|(1997), F. Tabatabaei, and
M. Krause. From the Effelsberg total intensity maps, a map of the spectral index between these
two frequencies was computed (following Eq. 4.3) for each galaxy, as shown in panel c) of
Fig. While in case of NGC 891 we used the spectral index map to do a pixel-by-pixel
scaling of the 4.85 GHz map to the expected intensity at 6 GHz, the spectral index map of
NGC 4565 turned out to be usable only for the north-western side of the galaxy, as the southward
deformation of the south-eastern side in the 8.35 GHz map, which is possibly caused by residual
scanning artifacts, likewise dominates the derived spectral index distribution. Since in additon,
both sides of the galaxy are affected by edge artifacts (i.e. regions of unnatural flattening of
the spectral index in z direction), and the southward bending already has a severe effect on the
central region, a pixel-by-pixel approach, even with mirroring of the north-west to the south-east
side, seems hardly reasonable in this case. Instead, to scale the inner part of the 4.85 GHz map to
6 GHz intensities, we use a spectral index of -0.81, which corresponds to the lower error limit
of the integrated value determined by Dumke et al. (1995), while for the outer part we assume
a spectral index of -1.0, which is roughly the average over the area in the north-western half
where the halo spectral index seems plausible. We distinguish between the two domains using
the 6 GHz intensity contour at 10.5 mJy/beam, which has a width corresponding to the beam
FWHM of 147" at zero galactocentric radius.

Unfortunately, for neither NGC 891 nor NGC 45635, single-dish observations at (or near) 1.5 GHz
with sufficient sensitivity are presently available. On the other hand, we expect that the D-array
data are not too severely affected by missing short spacings, as long as large enough clean
components are considered for multi-scale imaging. However, at higher resolutions (even when
cleaning B- and/or C-array in combination with D-array), we found it to be impossible to achieve
the same total flux density as in the D-array maps, even if large deconvolution scales are used.
As described below, at 1.5 GHz we used the D-array maps to at least partly correct for missing
short-spacings in the combined B+C+D-array maps. Still, we keep in mind that the missing
spacing problem is possibly still present to some degree in our 1.5 GHz observations, and will
discuss its possible effects on our science results where appropriate.

We performed the short-spacing corrections using the ImMerge task in NOD3, which is a
new software package currently being developed by P. Miiller at the MPIfR. This programme
convolves the interferometric image with the beam of the single-dish observation and subtracts
this convolved map from the single-dish map. The resulting difference map, which is practically
a map of the large-scale emission missing from the interferometric observation, is normalized to
the interferometric resolution through multiplication by the volume ratio of the two observing
beams 6 . /6z,. This map is then added to the interferometric map to yield the short-spacing

1nt§rf./
corrected image.
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Figure 3.6: Total intensity distribution of NGC 891, observed with the Effelsberg 100 m telescope
at 4.85 GHz (panel a)) and 8.35 GHz (panel b)). The 8.35 GHz map has been smoothed to the
resolution of the telescope at 4.85 GHz, which is 147”. Panel ¢) shows the corresponding spectral
index distribution between 4.85 and 8.35 GHz.
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Figure 3.7: Total intensity distribution of NGC 4565, observed with the Effelsberg 100 m telescope
at 4.85 GHz (panel a)) and 8.35 GHz (panel b)). The 8.35 GHz map has been smoothed to the
resolution of the telescope at 4.85 GHz, which is 147”. Panel c¢) shows the corresponding spectral
index distribution between 4.85 and 8.35 GHz.

Apart from this new, albeit simple approach, we also applied a more traditional method, called
feathering, for comparison. Corresponding tasks are available in CASA as well as in AIPS
(Astronomical Image Processing System In case of the AIPS task IMERG, feathering is
accomplished by first Fourier-transforming both the single-dish and the interferometer image to
the uv domain, and normalizing the amplitudes of the single-dish data based on the interferometric
amplitudes within a specific annulus in the uv-plane that corresponds to the range of angular
scales to which both observations are considered to be similarly sensitive. Next, a weighted sum
of the two data sets is formed, such that inside the annulus the single-dish and interferometric
data have weights of 1 and 0O, respectively, and vice versa outside the annulus, while for the
annulus itself, a complementary weighting by a Gaussian-like function is applied, to enable a

“http://www.aips.nrao.edu/index.shtml
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Figure 3.8: Difference maps between the 6 GHz JVLA D-array total intensity maps of NGC 8§91 after
and before short-spacing correction, for three different merging routines.

smooth overlap within this region. Finally, the merged data set obtained in this way is inversely
transformed back to the image domain. The correct scale factor for the normalization of the
single-dish data is equal to 62 . /6., provided that both data sets are calibrated correctly. The
scale factor can be given as input parameter, otherwise the user-specified uv overlap determines
the factor in such a way as to optimize the agreement of single-dish and interferometric data
within the overlap, and hence to achieve the smoothest possible transition between the two. A
reverse approach is not possible, however, i.e. the program is unable to determine an optimal uv
overlap for a given scale factor; therefore it is not recommended to set the factor manually. At
6 GHz, we found the closest possible agreement of the scale factor with 62 . /6 using a uv

overlap range between 0.46 and 0.56 kA in case of NGC 891, and between 0.37 and 0.44 kA in
case of NGC 4565.

Compared to IMERG in AIPS, the CASA task feather (or casafeather) does not allow to
easily determine an ideal set of input parameters. Here, the uv overlap range cannot be given
explicitly, but instead the down-weighting of the short-spacings in the interferometric image (and
complementary weighting of the single-dish data) is accomplished by multiplying its Fourier
transform with 1 — FT'S DB(u, v), where FTS DB(u, v) is the Fourier transform of the single-dish
beam. This implies that the lower bound of the overlap range is always fixed at the centre of the
uv-plane, while the upper bound is determined by specifying an effective dish diameter, which
can be less or equal to the actual dish size, and hence there is an upper limit to the possible extent
of the uv overlap region. Most importantly, the task does not provide any information on the
ideal single-dish scale factor for a given effective dish diameter, but the scale factor always needs
to be specified independently.

We compare the results of the three different methods using the combination of the 6 GHz D-array
and Effelsberg map for NGC 891. For this purpose, we subtracted the pure JVLA map from
each of the three short-spacing corrected maps. The resulting difference maps represent the
distribution of the added large-scale emission and are displayed in Fig.[3.8] We see that in case
of CASA and NOD3 the shape of the added emission is very similar and closely resembles
the Effelsberg map, but with a depression along the galactic plane, where only a small amount
of short-spacing correction is necessary. In contrast, the emission added by the AIPS routine
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3.4 Imaging

is more concentrated to the mid-plane by comparison, and contains structures on scales much
smaller than the Effelsberg beam. We conclude from this that IMERG in AIPS is the least reliable
of our three tested merging routines. Fig.[3.§c) shows that the added emission is particularly
lacking in those parts of the halo lying above and below the galaxy centre, which introduces an
artificial dumbbell shape at low intensity levels in the merged image. Moreover, by trying out
different sets of input parameters, we found that the AIPS task consistently produces images
containing slightly more (usually between 3% and 5%) total flux density than the corresponding
Effelsberg map.

Based on the above shortcomings of the AIPS task and on the lack of transparency of the
CASA routine, we decide to use the ImMerge task in NOD3 for all necessary short-spacing
corrections. Another argument in favour of this method is that no spatial frequency overlap is
needed, which would pose a problem at 1.5 GHz, where we merge the JVLA D-array image with
the combined-array image, in which the D-array data are already included.

At 6 GHz, we applied short-spacing corrections to the D-array and C+D-array total intensity
image for each galaxy, as well as to the D-array Stokes Q and U images, using the Q and U
channels of the same 4.85 GHz Effelsberg observations. For scaling these maps to 6 GHz, the
non-thermal spectral index distribution needs to be known, since thermal radiation is unpolarized.
To this end, we generated thermal radio maps at 4.85 and 8.35 GHz (following the method we
will describe in Sect. and smoothed these to the Effelsberg beam size. By subtracting the
smoothed thermal maps from the Effelsberg Stokes I images, we formed non-thermal intensity
maps and subsequently the non-thermal spectral index map between 4.85 and 8.35 GHz. After
scaling of the 4.85 GHz Q and U maps to 6 GHz using the non-thermal spectral index map,
we merged them with the JVLA Q and U maps. Finally, from the short-spacing corrected Q
and U images, polarized intensity and polarization angle maps were computed for each galaxy,

according to Eq.[3.21]and [3.22]
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4 Morphology of the total and non-
thermal radio emission

In the following part of this work, we present the final data products in total intensity (Stokes
I) at 1.5 and 6 GHz, obtained after carrying out the basic data reduction and post-imaging
steps described in the previous chapter. In addition to our short-spacing corrected data at
both observing frequencies, we also show the non-corrected images obtained in each array
conﬁguratio While addressing morphological poperties of NGC 891 and NGC 4565 based on
our own observations, we also draw comparisons to previously published radio continuum data
of the two galaxies as well as to ancillary observations at non-radio frequencies.

To be able to interpret radio continuum data correctly, a realistic estimate of the contribution
of thermal bremsstrahlung to the observed emission has to be found. Since the non-thermal
component can almost entirely be identified with synchrotron radiation of CREs, information on
its distribution in the galaxies is important to facilitate reliable measurements of quantities such
as synchrotron spectral indices, synchrotron scale heights, and magnetic field strengths. In the
second part of this chapter, we first provide a short overiew of various techniques to separate the
thermal from the non-thermal radio emission, and point out the particular difficulties in achieving
an accurate solution for edge-on galaxies. Subsequently, we give a step-by-step description of
the separation precedure we carried out for the two galaxies, where we ultimately had to rely
on previously determined thermal fractions as a guideline. We computed maps of the predicted
thermal and non-thermal radio emission at an angular resolution of 12", which corresponds to
~ 0.5 kpc in case of NGC 891 and ~ 0.7 kpc in case of NGC 4565.

4.1 Total radio continuum emission

4.1.1 NGC 891

Figure 4.1 shows the observed total intensity distribution of NGC 891 at 1.5 and 6 GHz separately
for all used array configurations, while short-spacing corrected maps are displayed in Fig.[4.2] In
the 6 GHz images, the rms noise values agree quite well with the theoretically expected ones
(including confusion limits, see Table . 1)), whereas at 1.5 GHz the noise is considerably higher,

IFor the purpose of performing a major part of our analysis throughout this thesis at a uniform angular resolution
for both galaxies, the C-band D-array, L-band C-array, and L-band combined-array images were smoothed to a
circular beam of 12" prior to the primary-beam and short-spacing corrections.
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4 Morphology of the total and non- thermal radio emission

Table 4.1: Measured noise in the JVLA images and theoretical noise in each considered frequency
band and array configuration. All values are given in pJy/beam.

Frequency band Configuration o (NGC891) o (NGC4565) Total theor. noise rms®

L (1.5 GHz) B 16 14 77
C 28 21 17

D 60 34 52

B+C+D 24 20.5 8.6

C (6 GHz) C 3.1 3.2 2.4
D 5.9 7.0 5.0

C+D 2.7 25 2.2

¢ Total expected noise levels, computed from the thermal noise oy, and the confusion noise o (see Table @ as

[ 2 2
Og + 0¢

Table 4.2: Integrated flux densities for all considered Stokes I images. All values are given in mJy.

NGC891 NGC4565 Figure

L-band B-array 322+16 31.8+1.6 c)/B4c)
L-band C-array 560428 73.7+3.7 b) / 14 b)
L-band B+C+D-array 695+35 135+7 -
L-band B+C+D-array merged with D-array 737+37 139+7° a)/B.5a)
L-band D-array 73737 146+7" a) |4 a)
1.4 GHz WSRT 785+39 - -
Thermal (1.5 GHz) 52.7+¢23.1 147468  [.7a)/}.8a)
Non-thermal (1.5 GHz)“ 684+44 124+10 c)/ 4.8 c)
C-band C-array 125+6 14.9+0.7 Me) /|4.4le)
C-band C+D-array 157+8 22.2+1.1 -
C-band D-array 207+10 36.6+1.8

C-band D-array merged with 6 GHz Effelsberg 252427 39.8+5.9

C-band C+D-array merged with 6 GHz Effelsberg ~ 252+27 39.5+5.9

6 GHz Effelsberg 255+14 48.2+3.9

Thermal (6 GHz) 46.1£20.2 13.2+6.3

Non-thermal (6 GHz)? 206+34 26.9+8.6

“ For each galaxy, to obtain the non-thermal map at 1.5 GHz, the thermal map was subtracted from the combination
of the L-band D-array and B+C+D-array maps. At 6 GHz, the thermal map was subtracted from the combination of
the C-band D-array and Effelsberg maps.

b The reason for the difference between the flux density in the L-band D-array map and that in the combination of
the L-band D-array and B+C+D-array maps of NGC 4565 is that in the latter case the lowest spatial frequencies
were excluded from both images before merging (see Sect[5.1.2).
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4.1 Total radio continuum emission

a) L—band (1.5 GHz) D—array b) L—band (1.5 GHz) C—array C) L—band (1.5 GHz) B—array

26' 26' 26'

24 24 24
f=
0o

2 22 22' 22'
)
O
o

S 2 20 20
S
-

18' 18' 18'

42°16' 42°16' 42°16'

02"23M00® 22M42°%  30° 24° 18° 12° 02"23™M00® 22M42°%  30° 24° 18° 12° 02"23™M00® 22™M42°  30° 24° 18° 12°

J2000 Right Ascension J2000 Right Ascension J2000 Right Ascension
d) C—band (6 GHz) D—array e) C—band (6 GHz) C—array

26' 26'

24 24
c
0

2 22 22'
o
i
a

Q 1 1

S 20 20
I
el

18' 18'

42°16' 42°16

02"23™00° 22M42°%  30° 24° 18° 12° 02"23m00® 22M42°%  30° 24° 18° 12°
J2000 Right Ascension J2000 Right Ascension

Figure 4.1: Total intensity distribution of NGC 891 at 1.5 and 6 GHz for each array configuration. a):
L-band D-array (beam FWHM: 36” x 32”), b): L-band C-array (beam FWHM: 12”), ¢): L-band
B-array (beam FWHM: 3.2” x2.9”), d): C-band D-array (beam FWHM: 12”), ¢): C-band C-array
(beam FWHM: 2.8” x 2.6""). All maps have been primary-beam corrected. Contour levels start at
30 (see Table d.T)) and increase in powers of 2. The 30~ contours near the edges of the C-band
maps are due to the radially increasing noise levels after primary-beam correction.

probably because a larger fraction of the data was flagged. For L-band D-array in particular,
the noise rms of 60uJy beam™ is also caused by residual sidelobe structures around 3C 66, by
which almost the entire field of view is visibly contaminated. While most of the large-scale
halo emission of NGC 891 is detected here, the shape of the outer intensity contours is notably
affected by background sources, and also by residual cleaning artifacts of 3C 66 and NGC 891
itself. As indicated in Sect[3.4.4] our attempt at peeling to minimize the artifacts induced by
3C 66 was not successful.
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4 Morphology of the total and non- thermal radio emission

With the possible exception of L-band D-array, the zero level has a negative bowl in all of the
single-array images, which is a sign that a significant fraction of the large-scale emission was not
detected due to missing short spacings. This is also reflected by the integrated flux density values
given in Table 4.2] These were determined within elliptical regions enclosing the total emission
of the galaxy, after subtracting all background sources within a sufficient radius from the galaxy
centre. In L-band D-array, the integrated flux density of 737 mJy is in close agreement with the
value of 740 + 20 mJy Hummel et al.| (1991b) obtained from 1.5 GHz VLA D-array observations,
and higher than the VLA-based flux densities of Condon| (1987) and (Gioia & Fabbiano| (1987),
who measured 701 and 660 mJy, respectively. Even the catalogue of the Green Bank 1.4 GHz
Northern Sky Survey (White & Becker|1992) lists a flux density value of only 658 mJy. As
we did not find any single-dish-based flux density measurements of sufficient sensitivity in the
literature, the true total flux density of the galaxy at this frequency range remains uncertain. On
the other hand, from a more recent 1.4 GHz WSRT observation by |Adebahr (2013)) we obtain
an integrated flux density of 785 + 39 mJy, which suggests that at least a small fraction of the
extended emission is still missing from our JVLA L-band D-array data. The problem of missing
flux also occurs in the combined-array images, for the reasons mentioned in Sect. [3.4] Even
if equally large deconvolution scales as for imaging D-array only are used (as we did for the
combined-array L-band map), due to the bias towards the high-resolution data the integrated flux
density is still lower than in the D-array maps.

There is a slight difference between the integrated flux density in the short-spacing corrected
6 GHz maps and that in the Effelsberg map used for this very correction. This discrepancy
most likely arises from the fact that nearby background sources are not resolved from the halo
emission in the Effelsberg image, and hence could not be subtracted.

As seen most clearly in the L-band C-array and C-band D-array maps (and as already mentioned
by Dahlem et al. (1994)), who published a similar map at 13" resolution obtained with the VLA
at 1.5 GHz), the disk and halo component of the radio continuum radiation of NGC 891 appear
relatively well-separated from each other. The halo component appears to be somewhat less
extended in radial direction than the disk component, which has a diameter comparable to that
of the stellar disk. Except for the diffuse component visible in the L-band D-array map and in
the short-spacing corrected images shown in Fig. d.2] the vertical extent of the radio contours is
clearly larger in the northern part of the galaxy at all angular resolutions. Dahlem et al.| (1994)
investigated this north-south asymmetry by comparing their 1.5 GHz data to the distribution
of Ha, FIR, and CO emission. From the north-south asymmetry in all these components they
inferred that the SFR is higher in the northern half of the galaxy. Moreover, they found a spatial
correlation of the diffuse Hao emission with the radio continuum emission, which they interpreted
as a convective outflow of hot gas and CRs into the halo, powered by star formation in the
underlying disk. The correlation with the extraplanar Ha is confirmed very well not only by
the new L-band C-array or C-band D-array data (see Fig. [4.3] a)), but is also evident in the
high-resolution maps (Fig. 4.3])). However, especially with the clumpy structure of the disk
being revealed in greater detail in the highest-resolution radio images, only a rough correlation
with Ha on small scales can be observed. As Fig. @ b) shows, the maxima in radio continuum
are generally more closely aligned with the mid-plane than the maxima in Ha, which correspond
to the HII regions nearest to the observer. A reason for this only partial correlation may be
internal extinction, as also noted by Dahlem et al.|(1994).
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Figure 4.2: Short-spacing corrected total intensity images of NGC 891 at 1.5 and 6 GHz. The
synthesized beam FWHM is 12" in panels a) and b), 4.1” X 3.7” in panel c¢), and 3.9” x 3.5”
in panel d). All individual JVLA maps have been primary-beam corrected before short-spacing
corrections were carried out. Contour levels start at 30~ (where o is the noise rms in the respective
B+C+D-array map at 1.5 GHz and in the respective JVLA map at 6 GHz, see Table [4.1)) and
increase in powers of 2. The 30~ contours near the edges of the C-band maps are due to the radially
increasing noise levels after primary-beam correction.
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4 Morphology of the total and non- thermal radio emission
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Figure 4.3: He and IR maps of NGC 891 in comparison to the short-spacing corrected data at 6 GHz.
a): KPNO Ha image, smoothed to a Gaussian beam of 12" and overlaid with the same contours
as in Fig.[4.2]b). b): The same He image, but smoothed to a Gaussian beam of 3.5” and overlaid
with the same contours as in Fig.[d.2]d). ¢): Spitzer MIPS 24 um image, smoothed to a Gaussian
beam of 12”” and overlaid with the same contours as in Fig. b).

While the inner radio contours in all cases roughly follow the asymmetric distribution of the
HII regions, contours become increasingly more peanut- or dumbbell-shaped towards larger
z heights — however only moderately compared to extreme cases, such as NGC 253 (Heesen
et al.|2009a), and with the northern part still being vertically more extended than the southern
part. The dumbbell shape is somewhat less prominent on the western side, which in case of
the L-band D-array image (Fig. d.1] a)) is in part due to a background source located to the
west above the galactic centre. Judging by the low-level contours of the short-spacing corrected
maps at 12" (Fig. 4.2] a) and b)), the halo seems to have a similar vertical extent at 1.5 and
6 GHz. However, it is not clear how much of the emission at the 3¢ level in (Fig. [4.2] b)) is still
believable, due to the primary-beam-induced increase of the noise level towards the edges of
the rather narrow field-of-view. The merged VLA and Effelsberg map at 4.85 GHz formed by
Dumke (1997, hereafter D97) does not show a comparable amount of diffuse emission, because
the field of view chosen for the Effelsberg observation was too small to include the entire flux of
the galaxy at this frequency. As a consequence of the lower S/N in the short-spacing corrected
high-resolution maps (panels ¢) and d)), the lowest coherent contour levels therein happen to be
less extended than in their 12" counterparts. But also here, it is still unclear where exactly the
added large-scale flux transitions into the increased noise near the primary-beam edges at 6 GHz.
A quantitative description of the shape of the halo will be given in Sect. [6.1]
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4.1 Total radio continuum emission

4.1.2 NGC 4565
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Figure 4.4: Total intensity distribution of NGC 4565 at 1.5 and 6 GHz for each array configuration.
a): L-band D-array (beam FWHM: 35” x 32”), b): L-band C-array (beam FWHM: 12"), ¢):
L-band B-array (beam FWHM: 3.3” x 3.0”"), d): C-band D-array (beam FWHM: 12”), ¢): C-band
C-array (beam FWHM: 2.6""). All maps have been primary-beam corrected. Contour levels start
at 30~ (see Table . T)) and increase in powers of 2. The 30~ contours near the edges of the C-band
maps are due to the radially increasing noise levels after primary-beam correction.

L- and C-band total power maps of NGC 4565 obtained in the individual array configurations are
displayed in Fig. f.4] and short-spacing corrected images are shown in Fig.[d.5] The noise levels
are only slightly higher than the theoretical values, except for L-band B-array (and consequently
also the combined-array L-band map), again presumably due to a higher relative amount of
flagged data. With the possible exception of L-band D-array, the missing spacing problem is
present in the single-array maps of NGC 4565 as well.

As a major difference to NGC 891, the overall radio continuum emission is significantly weaker
for NGC 4565 at both frequencies in any array configuration, which is evident from the integrated

55
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b) C—band (6 GHz) D—array + Effelsberg

a)

L—band (1.5 GHz) B—C—D—array + D—array

04' 04'
03' 03'
02' 02'
E 01' 01’
£ 26° 26°
O
L9
2 59 59'
o
o)
& 58 58"
Y
57' 57'
56' 56'
55' 55'
12h36M428 30° 24 18%° 12° 06° 00° 12M36M42° 30° 24° 18° 12° 06° 00°
J2000 Right Ascension J2000 Right Ascension
c) C—band (6 GHz) C—D—array + Effelsberg d) C—band (6 GHz) C—D—array + Effelsberg
04' 04'
03' 03'
02' 02'
.s 01’ 01’
B
£ 26° 2g6°
[
O
2 59! 59'
o
o
& 58' 58'
N
57' 57'
56' 56|
55' 55'
12"36M428 305 24%  18° 12° 06° 00° 12M36M42° 30°  24°% 18° 12 06° 00°
J2000 Right Ascension J2000 Right Ascension

Figure 4.5: Short-spacing corrected total intensity images of NGC 4565 at 1.5 and 6 GHz. The
synthesized beam FWHM is 12” in panels @) and b), and 3.6” X 3.5” in panels ¢) and d). All
individual JVLA maps have been primary-beam corrected before short-spacing corrections were
carried out. Contour levels start at 30~ (where o is the noise rms in the B+C+D-array map at
1.5 GHz and in the respective JVLA map at 6 GHz, see Table 4.T)) and increase in powers of 2.
The 30 contours near the edges of the C-band maps are due to the radially increasing noise levels
after primary-beam correction. Panel d) shows the same map as panel c), but without contours,
for better visibility of the resolved disk structure.
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4.1 Total radio continuum emission

flux density valuesﬂ (see Table as well as from the general appearance of the total intensity
maps. Basically, at the highest resolutions (L.-band B-array, C-band C-array), no halo component
is detected at all, and even in L-band D-array, the ratio of vertical to radial extent of the radio
emission is clearly less than for NGC 891. Moreover, after short-spacing correction at 6 GHz
(Fig.4.5]b)-d)), practically all of the added large-scale emission still falls below the 30 level.
Like for NGC 891, the short-spacing corrected JVLA maps at 6 GHz contain somewhat less flux
than the Effelsberg map, since it was not possible to remove all background sources (as well as
the nucleus of the galaxy) from the Effelsberg map.

The combination of an earlier VLA observation with the Effelsberg map at 4.85 GHz (D97,
Krause|2009), which had been obtained using the AIPS task IMERG, shows dumbbell-like
vertical extensions of the otherwise narrow halo component, most prominently on the south-east
side of the galaxy. No such feature is visible in any of the images presented here. On the one
hand, errors in our own merging procedure at 6 GHz cannot be entirely ruled out. However,
as described in Sect. after testing the different merging routines on both NGC 891 and
NGC 4565, we found that IMERG is more likely to produce filamentary, often dumbbell-shaped,
extraplanar features than the corresponding routines in CASA and NOD3. Therefore, it can neither
be ruled out that the extensions in the image of |D97| are merely artifacts of the merging process.
Anyhow, the shape of the 30~ and 60 contours in our L-band D-array map (Fig. 4.4 a)) might
be a hint that the halo takes on a dumbbell shape below our sensitivity limits. Also, as it is not
guaranteed that we actually measure the total flux density of the galaxy at 1.5 GHz (though at
least our result seems to be consistent with the 1.41 GHz flux density of 150 + 10 mJy obtained
with the WSRT by Hummel et al.|[1984)), the combination with single-dish data at this frequency
might be able to comfirm such a behaviour.

The warp of NGC 4565 that has been observed in HI and in the optical is also present in radio
continuum, as shown by the slight bending of both the disk and the extraplanar emission starting
at a radius of = 75", corresponding to = 4 kpc. This is particularly visible in Fig. a) and[4.3]
a). A strong warping like at the north-western end of the HI disk (Zschaechner et al.[[2012) is not
observed, however, since in radio continuum the galaxy is less extended in radial direction.

4.1.2.1 Spiral arm structure

Our observations in the most extended array configurations, C-array at 6 GHz in particular
(Fig. c)and d)), are the first to resolve the inner ring of NGC 4565 at radio frequencies. The
ring is seen at a radius of roughly 100", which corresponds to 5.7 kpc. A counterpart to this
radio ring is hardly visible in the optical image (Fig.[I.2)), where the rear side (i.e. south-west of
the centre) of the inner disk is largely outshined by the “bulge” (which is actually a bar and a
pseudobulge). On the other hand, the almost identical appearance of the galaxy at IR wavelengths
(e.g. Kormendy & Barentine |2010; Laine et al.[2010) suggests a tight small-scale radio-FIR
correlation for the major part of the disk. The observed axis ratio of the ring in radio continuum
implies an inclination of i = 86.3° + 0.4° for this galaxy.

The fainter outer parts of the disk evident in the high-resolution radio maps can be associated

%In case of NGC 4565, in addition to background sources, also the central source of the galaxy was subtracted
from each JVLA image before measuring integrated flux densities.
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4 Morphology of the total and non- thermal radio emission
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Figure 4.6: Ho and IR maps of NGC 4565 in comparison to the short-spacing corrected data at
6 GHz. a): KPNO Ha image, smoothed to a Gaussian beam of 3.5”” and overlaid with the same
contours as in Fig. c). b): Spitzer MIPS 24 yym image, smoothed to a Gaussian beam of 12"
and overlaid with the same contours as in Fig. E]b).
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4.1 Total radio continuum emission

with the outer spiral arms, and consequently these outer arms are expected to make a faint
contribution to the inner ring-shaped emission (i.e. in the foreground on the front side and in
the background on the back side). However, the inclination of the ring is still too high to clearly
separate the outer from the inner arms where they overlap in projection.

Rather than the presence of a perfectly circular ring, it is more likely that the inner spiral arms are
arranged in such a way as to form a near-circular ring-like structure (in which case the observed
inner and outer emission may actually correspond to the inner and outer parts of the same spiral
arms). Hence, for this galaxy we will use the terms “ring” and “inner spiral arms” synonymously
throughout this work.

At the centre of the ring, we also observe emission that is much fainter and slightly more extended
than the bright nuclear point source. This emission is most likely related to the central bar, which
hence must be oriented almost entirely along the line of sight. Since bars are usually connected to
spiral arms, this would imply that the bar is up to ~11 kpc long, in which case it would constitute
a substantial part of the disk. A bar of such a size, in turn, may possibly be associated with a
strong inwards flow of material by way of the spiral arms. Such a bar flow could actually be part
of the radiatively low-level AGN accretion process inferred by Chiaberge et al.| (20006).

The fact that the inner spiral arms appear as a ring with a clearly distinguishable front and rear
side allows a rough estimation of their width and thickness. For this purpose, the inner 100
contour of the (short-spacing corrected) combined-array C-band image (Fig. 4.5| ¢)) is used,
which seems to represent the ring-shaped structure to a satisfactory extent. With x being the
total extent of the 100~ contour along the major axis, its observed minor axis extent amounts to
y = xcosi + hsini, where (4 sin i) corresponds to the projected vertical thickness of the spiral
arms. With x = 2407, y = 20”, i = 86.3°, and a distance of D = 11.9 Mpc, one obtains a
vertical thickness of & = 261 pc. From the projected width y; of the front or rear side of the ring
along its minor axis, one can determine the width of the inner spiral arms in the galactic plane:
w = (y; —hsini)/ cosi. The typical width of the 100 contour (excluding the nuclear radio source)
near the minor axis of the ring is found to be y; = 7”, which results in w = 2.2 kpc. However,
note that the determined width and thickness of the inner spiral arms are highly sensitive to the
assumed inclination. For our lower error limit in inclination, i.e. i = 85.9°, we obtain & = 164 pc
and w = 3.4 kpc, while using the upper limit of i = 86.7° implies 7 = 357 pc and w ~ 0.8 kpc.
Hence, in case the spiral arms have a vertical thickness comparable to the thin disk scale height
of the Milky Way (= 300 pc), they have to be relatively narrow for the front and rear side of the
disk to be separately visible in our images; otherwise they must be notably flatter than the disk
of our Galaxy.

Figure 4.6 shows that, similar to the case of NGC 891, the radio continuum and Ha emission are
only roughly correlated on small scales. Still, most of the maxima in the radio disk do have a
clear counterpart in the Ha image, and can therefore be identified with HII regions.
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4 Morphology of the total and non- thermal radio emission

4.2 Estimating the amount of thermal radio emission

In principle, the decomposition of the radio continuum emission into its thermal and non-thermal
component can be performed based on radio observations at three or more frequencies (preferably
between 1 and 10 GHz). In this case, the thermal fraction and the non-thermal spectral index
can be solved for as described by Klein et al.| (1984b) or |[Duric & Dixon| (1991). Both of these
methods require the assumption that the CREs effectively do not experience significant energy
losses and hence that the synchrotron spectrum is a power law with a constant spectral index.
The galaxy-integrated non-thermal (and even total) spectrum can often be fitted well by a single
power law over a wide range of frequencies (e.g. Klein et al.|1984a; Duric et al.|1988; Niklas
et al.[[1997; Mulcahy et al.[2014; Basu et al. 2015). In the spatially resolved case, however, a
steepening of the line-of-sight synchrotron spectrum at higher radio frequencies due to energy
losses is expected in the halos of edge-on galaxies, and may also occur locally in their disks (see

Chapt. [3)).

Fitting of curved non-thermal spectra (e.g. Roy & Pramesh Rao[2004; Basu et al.|2015) requires
at least four observing frequencies. While from the broad-band data of CHANG-ES such multi-
frequency information could in principle be extracted, a sufficiently high S/N would be needed to
either produce narrow-band total power maps or to yield reliable in-band spectral indices to form
broad-band total power maps at different frequencies within a given band. As we will present in
the next chapter, the extent to which this is fulfilled for our data is very limited. Also, previous
observations of NGC 891 and NGC 4565 at additional frequencies in the relevant range (e.g. at
10.55 GHz by Dumke et al.[1995) were done at too low angular resolutions to be suitable for our
studies.

Consequently, since thermal emission primarily traces regions of recent star formation, we are
required to infer the thermal radio component from star formation tracers in other wavelength
regimes. The application of such decomposition methods to egde-on galaxies is particularly
challenging, owing to the long lines of sight through their disks (where the bulk of their thermal
emission is expected to occur), and therefore has hardly been successfully accomplished so far.
The most direct tracer of the ionized gas that produces thermal free-free radiation is emission in
the Ha recombination line. Part of this emission is however attenuated by galaxy-internal dust
absorption and then re-radiated at IR wavelegths. A range of different methods exist to correct
for this attenuation, a few of which are briefly described in the following:

o (i) Tabatabaei et al.| (2007) derived the optical depth of the dust in the moderately inclined
galaxy M 33 from FIR data at 70 um and 160 um, and used this quantity to determine
the intrinsic, i.e. extinction-corrected, Ha intensity distribution. This approach is not
practicable for most edge-on galaxies, as usually the dust optical depth for a line of sight
through an edge-on disk is so large that only He emission originating from regions near
to the observer can be recovered, while emission from further back in the disk is entirely
absorbed by dust.

e (i7) An empirical relation between the 24 ym luminosity and the intrinisic He luminosity
was found by Relano et al.| (2007) based on a sample of individual HII regions in 41
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4.2 Estimating the amount of thermal radio emission

galaxies. The shortcoming of inferring the He intensity directly from 24 um observations
using this relation is that it is non-linear and therefore not valid if applied to entire galaxies.

e (iii)|Calzetti et al.| (2007) and |Kennicutt et al.| (2009)) established linear relations of the
form
LHa,corr = LHa,obs +a- VLV(24,um) . (41)

Here, Lyqops and Ly, corr are the bolometric lumiosities of the observed and extinction-
corrected Ha emission, respectively, and v and L, are the frequency and monochromatic
luminosity at 24 ym. For the scaling coefficient of the 24 um emission, Calzetti et al.|(2007)
found a = 0.031+0.006 from observations of HII regions in 33 nearby galaxies. The 24 um
luminosities of these regions are in the range 3 - 10¥erg/s < vL,(24um) < 3 - 10%erg/s.
Kennicutt et al. (2009) obtained a = 0.02 + 0.005 from integrated luminosities of 68
galaxies. Both galaxy samples were well-mixed in terms of morphological type and
inclination. While in face-on galaxies the local amount of ionized gas appears to be tightly
correlated with the dust-emitted IR radiation (at least on a scale of a few hundred pc), in
the edge-on case the lines of sight through galactic disks are much longer and vary greatly
in their sampled distribution of stars and of the various ISM phases. Therefore, we cannot
expect this method to yield accurate corrections of the measured Ha intensities.

e (iv) Another alternative is to infer local SFRs from 24 ym measurements employing a
linear relation found by Rieke et al. (2009), and convert these SFRs to thermal radio
luminosities following (Condon| (1992). The latter conversion must be done using recent
SFRs (M > 5Mg,), however IR radiation is not an optimal tracer of recent star formation,
as also the radiation field of already evolved stars contributes to the dust heating. Thus, the
thermal radio component may easily be overestimated by this method.

Among methods (i) through (iv), which were all tested for both galaxies, we found method (iii)
to result in the most realistic thermal fractions. However, given the above complications for
edge-on galaxies, we are not able to provide an independent estimate of the thermal contribution
in NGC 891 and NGC 4565, and are therefore compelled to infer thermal fractions based on
literature values (D97, see below). We do, however, make use of method (iii) as an initial
estimator for the spatial distribution of the thermal emission and consequently (see Sect.
of the non-thermal spectral index distribution.

He images (see Fig. .3]a), b) and[4.6]a)) taken at the Kitt Peak National Observatory (KPNO)
as ancillary data to the HALOGAS survey were provided to us with kind permission of M.
Patterson and G. Heald, together with information on their conversion from counts s7! to
ergs~'cm~?pixel~!. First, we removed foreground stars near and in front of the galaxies by
interpolating the surrounding intensities across the removed areas. The maps were then con-
verted from erg s~'cm~2pixel~! to Jy beam™!, using the He filter FWHM of 8.062 nm, its central
wavelength of 657.474 nm, and assuming a Gaussian point spread function (PSF) with a FWHM
of 1”. Next, the maps were smoothed to a resolution of 12", converted to erg s~'pixel™!, clipped
below the 30 level, and finally brought onto the same pixel grid as our short-spacing corrected
radio images at 12",

For the extinction correction of the He maps, we make use of Spitzer Multiband Imaging
Photometer (MIPS) images at 24 um. We smoothed these maps, which have a 6.5” PSF, to
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4 Morphology of the total and non- thermal radio emission
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Figure 4.7: Results of the separation of thermal and non-thermal radio emission for NGC 891. a):
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Thermal map at 1.5GHz. b): Thermal map at 6 GHz. ¢): Non-thermal map at 1.5 GHz. d):
Non-thermal map at 6 GHz. ¢): Thermal fraction map at 1.5 GHz, overlaid with contours of the
total radio emission at this frequency (Fig.[4.2]a)). f): Thermal fraction map at 6 GHz, overlaid
with contours of the total radio emission at this frequency (Fig.[d.2] 5)). The angular resolution in
all panels is 12”. Contour levels start at the 30~ value of the corresponding total emission maps
(see Table @ and increase in powers of 2.



4.2 Estimating the amount of thermal radio emission
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Figure 4.8: Results of the separation of thermal and non-thermal radio emission for NGC 4565.
a): Thermal map at 1.5 GHz. b): Thermal map at 6 GHz. c¢): Non-thermal map at 1.5 GHz. d):
Non-thermal map at 6 GHz. ¢): Thermal fraction map at 1.5 GHz, overlaid with contours of the
total radio emission at this frequency (Fig.[4.5]a)). f): Thermal fraction map at 6 GHz, overlaid
with contours of the total radio emission at this frequency (Fig.[d.5]5)). The angular resolution in
all panels is 12”. Contour levels start at the 30~ value of the corresponding total emission maps
(see Table @ and increase in powers of 2.
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4 Morphology of the total and non- thermal radio emission

a Gaussian beam of 12” using the appropriate convolution kernel provided by Aniano et al.
(2011)). According to these authors, the application of this kernel lies between a “moderate” and
a “very safe” convolution, meaning that not too much energy is moved from the wings of the
original PSF into the Gaussian core, which would possibly amplify any potential image artifacts.
After converting the original map units of MJy sr™! to erg s~ !pixel™!, the smoothed images were
clipped at 30 in case of NGC 4565 and at 100 in case of NGC 891 (so as to reach not too far
out into the halo, where no significant thermal contribution is expected). Lastly, remaining
foreground stars near the galaxies were removed, and the maps were regridded to the shape of
the radio images. The resulting maps are shown in Fig. c) and Fig. b).

From the Ha and 24 ym images thus prepared, we computed extinction-corrected Ha maps
by means of Eq. {.1] using a scaling coefficient of a = 0.031 in regions where vL,(24um) >
3-10%erg/s (which include the disks of both galaxies) and a = 0.02 for vL,(24um) < 3-10%erg/s.
We then followed Tabatabaei et al.|(2007)) to obtain the brightness temperature distribution 77, of
the thermal radio emission. Finally, the brightness temperatures were converted to intensities at
v = 1.5 GHz and v = 6 GHz using a relation given in Basu et al.| (2012):

Iv bma' bmin 2 T
) =818 107 [ —= ( z ) (—b) (4.2)
Jy beam~! arcsec / \arcsec /] \GHz/ \ K
In addition, /,, maps at 5 and 7 GHz were formed (to be able to compute short-spacing corrected

non-thermal spectral index maps, see Sect.[5.1.4). A more in-depth description of predicting the
thermal radio contribution is given in the PhD thesis of C. Mora (in prep.).

After forming non-thermal spectral index
maps (as will be described in the following
Table 4.3: Thermal fractions at different radio fre- chapter) we found that using the above scaling

quencies, as found by [Dumke (1997). coeflicients for the 24 um data does not lead
to a successful prediction of the thermal radio

NGC891 NGC4565 emission in the two galaxies. The non-thermal

Jin.1.5GHz 10% 16% spectral indices obtained within the disks of
Jin485GHz 23% 35% the galaxies were still considerably flatter at
Jin.10.55GHz 33% 46% 6 GHz than at 1.5 GHz, indicating that the ther-

mal contribution has been underpredicted. As

an attempt to produce more reasonable results
for the non-thermal spectral index distribution, we modified our 24 um scaling factors such as
to reproduce the thermal fractions found by D97, which are listed in Table D97 obtained
these values by fitting model spectra to measurements at three radio frequencies (with an angular
resolution of 69””), approximating curved non-thermal spectra by splitting them up into a flat and
a steep component with fixed spectral indices. For both galaxies, D97 determined these thermal
fractions in the disk plane (z = 0), within a radial range between 50" < |x| < 150" (with x = 0 at
the centre).

For comparison with the results of D97|at 1.5 and 4.85 GHz, we considered for each galaxy
two rectangular regions, each ranging from 50" to 150” from the center on either side along the
major axis and having a width of 69” perpendicular to the major axis. Within these two boxes,
we measured the integrated flux density in our predicted thermal maps at 1.5 and 5 GHz as well
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4.2 Estimating the amount of thermal radio emission

as in the short-spacing corrected 1.5 and 5 GHz total intensity maps. Afterwards, we divided the
resulting thermal flux density by the total flux density to obtain a value for the thermal fraction fy,
at both frequencies. As shown in Table 4.4} using @ = 0.031 in Eq. [4.1] (as found by [Calzetti et al.
2007) for the disk region resulted in considerably lower thermal fractions than those determined
by |D97. Therefore, we increased the 24 um scaling factor such that the following limits were
fulfilled:

e Linear extrapolation of the D97 f, values at 1.5 and 4.85 GHz to 5 GHz and linear
interpolation between fy, at 4.85 and 10.55 GHz to 5 GHz yielded upper and lower limits,
respectively, for fi, at 5 GHz. For NGC 891, these limits were found at 23.26% and 23.58%,
while for NGC 4565 we obtained 35.29% and 35.84%.

e We required fy, at 1.5 GHz to be similar to the value found by D97 in case of NGC 891.
For NGC 4565 we considered the D97/| value as an upper limit, since it is based on the
20 cm image of [Sukumar & Allen (1991), from which a considerable amount of the total
flux of the galaxy at this wavelength is missing.

These conditions were fulfilled by the choice

of a = 0.058 for NGC 891 and a = 0.068 for

NGC 4565 (in both cases for vL,(24um) > Table 4.4: Thermal fractions at 1.5 and 5 GHz within
3. 1O3Serg /s, as stated above), with result- the same regions as used by [Dumke| (1997), for
ing thermal fractions as given in Table fF.4] different choices of the 24 um scaling factor in
The I,, maps obtained in this way were sub- Eq@

tracted from the short-spacing corrected total
power maps (at 12” resolution) to generate NGC891  fin156Hz  finsGHz
maps of the non-thermal emission 7,4, at each a=0.031 5.9% 12.9%
frequency, and were divided by the same to- a =008 10.6%  23.5%

tal power images to form corresponding fi, NGC4565  fin156Hz _fin56Hz
maps. We present the I, , I, nm, and fi, maps a=0.031 7.1% 17.7%
of NGC 891 and NGC 4565 in Fig. 7] and -8} @=0068 139% 35.7%
respectively.

Since the observed Ha emission contributes

only very little to Ly, corr» the 1, maps are basically scaled versions of the 24 ym images. While
for both galaxies the resulting thermal fractions in the halo mostly stay below 1% at 1.5 GHz
and below 10% at 6 GHz, they show strong radial variations in the disk. Here, the maxima
in I, for the most part appear to be well-correlated with the maxima in 7, ,,; however, some
major exceptions to this are present in both galaxies. In NGC 891, the maximum located =~ 75"
north-east of the centre in the total radio images has only a moderately bright counterpart in
the thermal maps, which causes a drop in the f;; maps at this position. The same is especially
true for the central region itself, where in fact a rather large thermal fraction is expected, but
most probably a local underestimation of the thermal component is observed, owing to the
above-mentioned line-of-sight effects. Conversely, the thermal maximum in the south-eastern
half of NGC 4565 is offset by ~ 20” from the nearest maximum in the radio emission, and hence
Ju (at least at 6 GHz) is particularly high in this region. The largest thermal fraction per beam in
NGC 891 is found to be 27% at 1.5 GHz and 49% at 6 GHz, while for NGC 4565 the maximum
is 28% at 1.5 GHz and 65% at 6 GHz.
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4 Morphology of the total and non- thermal radio emission

In Table [4.5| we present global values of the thermal fractions and of the total and non-thermal
spectral index between the two observing frequencies. All of these are based on integrated flux
density measurements as included in Table .2 The spectral index values between v; = 1.5 GHz
and v, = 6 GHz were determined using

= . 4.3)

a’vl—vz ln (V_z)
V1

Both the total and non-thermal spectral index of NGC 891 are in close agreement with the values
of —0.82+0.03 and —0.9 0.1, respectively, obtained by Klein et al.| (1984a) from observations at
multiple frequencies. Niklas et al. (1997) found unusually small thermal fractions for NGC 891,
and consequently a relatively flat non-thermal spectral index of —0.78 + 0.03. On the other hand,
the thermal fractions and non-thermal spectral index (—1.18 + 0.11) these authors determined for
NGC 4565 appear to be consistent with our own results for this galaxy. Moreover, for NGC 4565
we obtain the same total spectral index of —0.93 as found by Hummel et al.| (1984).

Table 4.5: Global thermal fractions and spectral indices, determined from total integrated flux density
measurements. See text for details on the separation of the thermal and non-thermal emission.

NGC 891 NGC 4565
Jih,1.5GHz 7.2%=+3.1% 10.6%+4.9%
Jin6GHz 18.4%+8.0% 32.9%+15.8%
Qiot,1.5-6GHz -0.80+0.02 -0.93+0.02
(nth,1.5-6GHz -0.90+0.13 -1.14+0.25
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5 Spectral index distribution

Measuring the spatially resolved radio spectral index distribution in edge-on galaxies is of crucial
importance for the study of a wide range of disk-halo physics, in particular of CR transport. Apart
from presenting the results of our spectral index measurements in NGC 891 and NGC 4565, a
major portion of this chapter is dedicated to the analysis of the various sources of error occurring,
some of which may seriously affect the credibility of the measurements. Special attention is
given to the uncertainties that are specific to the determination of in-band spectral indices by
applying the broad-band observing techniques of the JVLA in conjunction with (MS-)MFS
imaging. We also describe methods to correct for some of these errors and investigate the residual
post-correction uncertainties. Afterwards, the morphological properties of the thermal and non-
thermal spectral index distributions we obtained after applying these corrections are discussed.
In the final part of this chapter we introduce standard models for the temporal evolution of the
synchrotron spectrum and investigate the extent to which these models are able to reproduce our
spectral index data.

5.1 Post-imaging corrections to the spectral index
measurements and assessment of uncertainties

In order to obtain reliable spectral index measurements from wide-band radio continuum data
employing the MFS imaging technique, a number of corrections and amendments during and
after deconvolution need to be considered in most cases. These may include choosing a primary-
beam model at a frequency differing from the centre frequency of the band, exclusion of the
lowest spatial frequencies from the uv data, and the addition of missing short spacings. In this
section, we investigate the impact and importance of each of these corrections, and give estimates
for the errors induced when not applying them (as well as for residual errors after performing
corrections). As the scientific analysis of our spectral index data, which we present later in this
chapter, will be done for the major part at an intermediate angular resolution, we demonstrate
most of our correction methods using the example of our L-band C-array and C-band D-array
data sets of both galaxies (also since C-band D-array is the only case that requires shifting the
frequency of the model used for primary- beam correction). As mentioned at the beginning of
Chapter [ the first two Taylor-term images were smoothed to an angular resolution of 12" before
running widebandpbcor in each case, to obtain primary-beam corrected spectral index maps at
a common resolution at both 1.5 GHz and 6 GHz. At 6 GHz the spectral index maps of the two
pointings were mosaicked as described in Sect.[3.4.6

67



5 Spectral index distribution

a) 6 GHz b) 6 GHz C) 6 GHz
25' > e ! s 25' Ly
24 0.5 o4 0.1
0.09
23' 0 23'
0.08
5
2 22 22' 0.07
2 -0.5 -
S o o1 P 0.06
a
Q -1 Y 0.05
S 20 20’ .
I 0.04
19 -1.5 19 0.03
18' 18'
» - 002
°
42°17 42°17 1 0.01
ot -2.5 et -2.5 ot 0
02"22M44° 32° 24° 02M22M44° 32° 24° 02M"22M44° 32° 24°
J2000 Right Ascension J2000 Right Ascension J2000 Right Ascension
d) 6 GHz e) 6 GHz
25' ~ L 25' - o
-9
24 05 op D !
0.9
23 23'
0 0.8
5
E=1 22 22!
2 -0.5 07
g 2 21 0.6
a
= -1 0.5
S 20 20"
S 0.4
19' -1. 19
1.5 0.3
18' 18
— b 0.2
° 3 i 0.1
42°17" ! 42°17" . ! .
., -25 oo 0
02"22M44° 32° 24° 02"22M44° 32° 24°
J2000 Right Ascension J2000 Right Ascension
f') 1.5 GHz g) 1.5 GHz h) 1.5 GHz
25' & 25' e & 25' .
24 05 L, 21 05 Ly 1
L e
N 0.9
23 23 23
c R -
2 22 22 * 22 0.7
2 -0.5 . @ -0.5
8 21 21 % v 21 0.6
[=} N ‘
Q -1 -1 0.5
S 20 20’ . 20
S ‘ 0.4
19 -1.5 19 e -1.5 19 0.3
18 18 . 18 0.2
-2 Gé -2
° °
42°17' 42°17' ‘ﬁ: 42°17' 0.1
™ -2.5 o -2.5 o 0
02"22M44° 32° 24° 02M22M44° 32° 24° 02"22M44° 32° 24°
J2000 Right Ascension J2000 Right Ascension J2000 Right Ascension

Figure 5.1: Distribution of the total spectral index in NGC 891 at 6 GHz (C-band D-array) and
1.5 GHz (L-band C-array). a): 6 GHz map, PB-corrected using the 6.0 GHz PB model. b): 6 GHz
map, PB-corrected using the 6.6 GHz PB model. c): Difference map between panels b) and a). d):
6 GHz map generated with an inner uv-cutoff at 0.8 kA, PB-corrected using the 6.6 GHz PB model.
e): Difference map between panels d) and b). f): 1.5 GHz map, PB-corrected using the 1.5 GHz
PB model. g): 1.5 GHz map generated with an inner uv-cutoff at 0.8 kA, PB-corrected using the
1.5 GHz PB model. h): Difference map between panels g) and f). All maps extend to the 5o level
in the corresponding total power images. The angular resolution in all panels is 12”.
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Figure 5.2: Distribution of the total spectral index in NGC 4565 at 6 GHz (C-band D-array) and
1.5 GHz (L-band C-array). a): 6 GHz map, PB-corrected using the 6.0 GHz PB model. b): 6 GHz
map, PB-corrected using the 6.25 GHz PB model. ¢): Difference map between panels b) and a).
d): 6 GHz map generated with an inner uv-cutoff at 0.8 kA, PB-corrected using the 6.25 GHz PB
model. e): Difference map between panels d) and b). f): 1.5 GHz map, PB-corrected using the
1.5 GHz PB model. g): 1.5 GHz map generated with an inner uv-cutoff at 0.8 kA, PB-corrected
using the 1.5 GHz PB model. 4): Difference map between panels g) and f). All maps extend to the
50 level in the corresponding total power images. The angular resolution in all panels is 12”.

Panels a) and f) of Fig. [5.1]show maps of the total (i.e. still including the thermal component)
spectral index distribution in NGC 891 obtained by MFS imaging of the C-band D-array and
L-band C-array data, respectively, without any spatial frequency limitation. The maps have been
primary-beam corrected using the primary-beam model at the central frequency of the band, and
cut-off at the 5o level in the respective (not yet primary-beam corrected) total power map. They
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Figure 5.3: Scatter plots of the spectral index distribution at 6 GHz versus the spectral index distribu-
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tion at 1.5 GHz, for the galaxy NGC 891. a): Total spectral index, determined without uv-cutoff,
no short-spacing correction (Fig.[5.1]5) vs Fig.[5.1]f)). b): Total spectral index, determined using a
0.8 kA uv-cutoff, no short-spacing correction (Fig.[5.1d) vs Fig.[5.1|g)). ¢): Short-spacing cor-
rected total spectral index (Fig.[5.12|c) vs Fig.[5.12]a)). d): Short-spacing corrected non-thermal
spectral index (Fig.[5.12]d) vs Fig.[5.12]b)), in comparison with different spectral aging models.
All @ maps were cut off at 300 in the respective total power maps before making the scatter plots.
Each data point represents the 1.5 and 6 GHz spectral index averaged within one synthesized beam
and is colour-coded based on the 6 GHz D-array total power map (Fig. 4.1 d)). The dash-dotted,
dotted, and dashed lines in panel d) show the expected positions in the plot for the CI, KP, and
JP models, respectively, for different break frequencies vy, and three different injection spectral
indices aj,j. The wiggles in the KP graphs are merely artifacts of the numerical integration. The
symbols with error bars represent the Aacs errors (Fig.[5.7)f) and[5.17] b)), which depend on the
S/N and are shown for three different total intensity values.
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Figure 5.4: Scatter plots of the spectral index distribution at 6 GHz versus the spectral index distribu-
tion at 1.5 GHz, for the galaxy NGC 4565. a): Total spectral index, determined without uv-cutoff,
no short-spacing correction (Fig.[5.2]b) vs Fig.[5.2]f)). b): Total spectral index, determined using a
0.8 kA uv-cutoff, no short-spacing correction (Fig.[5.2d) vs Fig.[5.2]g)). c): Short-spacing cor-
rected total spectral index (Fig.[5.14|c) vs Fig.[5.14]a)). d): Short-spacing corrected non-thermal
spectral index (Fig.[5.14]d) vs Fig.[5.14]b)), in comparison with different spectral aging models.
All @ maps were cut off at 200 in the respective total power maps before making the scatter plots.
Each data point represents the 1.5 and 6 GHz spectral index averaged within one synthesized beam
and is colour-coded based on the 6 GHz D-array total power map (Fig. 4.4]d)). The dash-dotted,
dotted, and dashed lines in panel d) show the expected positions in the plot for the CI, KP, and
JP models, respectively, for different break frequencies vy, and three different injection spectral
indices aj,j. The wiggles in the KP graphs are merely artifacts of the numerical integration. The
symbols with error bars represent the Aacs errors (Fig.[5.10]f) and [5.17]d)), which depend on the
S/N and are shown for three different total intensity values.
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exhibit the overall pattern that is typically observed in edge-on galaxies, consisting of rather flat
spectral indices throughout the disk and steeper values in the halo, with a general steepening with
increasing distance from the mid-plane. The angular resolution is sufficiently high to observe
a relatively sharp transition between flat and steep spectral indices in the disk-halo interface
region. Near the outer edges, the maps are dominated by either extremely steep, flat, or even
positive spectral index values, which are artifacts of both missing short spacings and instabilities
of fitting the spectrum where the signal-to-noise ratio is too low. The corresponding maps of
NGC 4565 (Fig.[5.2] panels a) and f)) show large variations also in radial direction along the
disk, i.e. the disk is not as clearly distinguished as in NGC 891, with steep spectral indices being
observed also in the mid-plane. However, in the C-band map, at least some of the flatter regions
appear to be elongated along the inner ring seen in the total power image. Because of the narrow
shape of this galaxy, edge artifacts occur much closer to the mid-plane than in NGC 891, and
therefore, in case of steep edge values, it is hardly possible to tell them apart from the natural
steepening due to CRE aging.

Figure [5.3](panel a)) shows a scatter plot of the L-band C-array (Fig.[5.1]f)) and C-band D-array
(Fig. b ﬂ) spectral index distributions in NGC 891. The maps were first clipped below 300
in total intensity, to reduce the effect of noise-induced edge artifacts. Each point in the plot
represents a beam-averaged value and is colour-coded based on the position in the C-band D-array
total intensity map, so that redder data points are associated with the disk, while bluer points
represent the halo. Apart from the overall spectral steepening, we also observe an increasing
scatter of the data points around the 1:1 line as we move in z-direction, i,e. to higher vertical
distances from the plane. Also, due to the higher fraction of thermal emission at higher radio
frequencies, the spectral index in the disk is somewhat flatter at 6 GHz than at 1.5 GHz. Also the
plot! for NGC 4565 (panel a) of Fig. for this galaxy we performed the clipping of the maps
at the 200 level) shows a trend towards flatter spectral indices in regions of higher intensity,
albeit it is much less obvious than in NGC 891, and also here, the scatter tends to be larger for
low-intensity regions.

5.1.1 Revised primary-beam correction

As already indicated in Sect.[3.4.3] the JVLA primary beam is not rotationally symmetric, and
furthermore, due to gravitational flexure of the telescope dishes, there are variations in the
shape of each individual telescope beam with pointing direction, which the static primary-beam
models supplied with CASA do not take into account. Neither was it feasible to apply the
A-projection algorithm to our data to correct for the rotation of the beam pattern on the sky.
While for the pre-upgrade VLA each of these two effects would mostly cancel out on average
over the observing duration, observations with the new broad-band receivers in general require
shorter integration times. Therefore, both effects introduce systematic errors to the primary-beam
correction, which increase with distance from the pointing centre. In particular, time-dependent
variations of the primary-beam spectrum (cf. Sect.[3.4.5)) are induced. As tests by Bhatnagar et al.

! All data points shown in Fig.[5.3[and already include the revised primary-beam correction of the C-band data
(see Sect.[5.1.T)), which caused only a minor shift of the affected data points along the 6 GHz axis and therefore
has no effect on our qualitative analysis of these plots.
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(2013) have shown, spectral index errors due to rotational asymmetry of the primary beam are
basically negligible within the primary-beam FWHM. With angular diameters of 12.2" and 16.2’
respectively, NGC 891 and NGC 4565 are located well within the 30" FWHM of the primary
beam at 1.5 GHz, whereas at 6 GHz the FWHM is only 7.5" (compare Fig. [3.4)), and therefore
spectral index errors become significant for both galaxies in the outer regions of each C-band
pointing.

A way to investigate primary-beam induced errors is to compare the two different pointings at
6 GHz for a given galaxy. In case a correct model of the primary beam at 6 GHz is used, the
Taylor-term and spectral index maps of both pointings should be identical for each position
within their field-of-view overlap after primary-beam correction. However, for our C-band
D-array observations this is not the case, as can be seen from Fig. [5.5}{5.6] (NGC 891) and
Fig. [5.8}{5.9] (NGC 4565), which show maps of the absolute pixel-by-pixel difference between the
two pointings in total power and spectral indexE], as well as major- axis profiles of the individual
pointings. For both galaxies, after applying the model primary beam at the observing frequency
of 6.0 GHz, the two pointings are neither in good agreement in total power nor for the spectral
index (see panels a) and b) of Fig. [5.5H5.6] and [5.8}{5.9). Especially for the spectral index, the
differences increase considerably with distance from the centre of the overlap region. Here, each
pointing shows a negative gradient in the direction of the other, which implies that a narrower
primary-beam pattern is needed for correction. We were able to minimize the differences in total
power for both galaxies by using the primary-beam model at 6.25 GHz (i.e. setting the reffreq
parameter in widebandpbcor to this value), as seen most clearly for NGC 891 (Fig.[5.5|¢) and
d)). For NGC 4565, albeit shifting the primary-beam frequency to 6.25 GHz did not quantitatively
improve on the overall difference between the two pointings (see Table[5.1]), we found the most
symmetric distribution of total-power differences with respect to the minor axis at this frequency.
As shown in panels ¢) and d) of Fig.[5.6] in NGC 891 the spectral index in each pointing still has
a strong gradient along the major axis. Here, we found the minimum distribution of differences
at a primary-beam frequency of 6.6 GHz (see Fig.[5.6] panels ¢) and f)), whereas the agreement
in total power becomes worse again using this value (Fig.[5.5]e) and f)). The same is true for
NGC 4565 in total power, while on average only little change in the spectral index differences
compared to the 6.25 GHz case is observed. There is a notable asymmetry between the two
halves of the galaxy in the spectral index difference maps though, which is slightly reduced by the
upwards shift (from 6.0 to 6.6 GHz) of the primary-beam frequency. The latter part is true for the
absolute differences; however, as evident from the major-axis profiles, at 6.6 GHz the difference is
reduced in the south-eastern half, whereas in the north-western half the differences are increased
again with respect to those at 6.25 GHz. In Table[S.1 we list for each case the average pointing
differences within the overlap area of the spectral index maps that were primary-beam corrected
at 6.6 GHz.

For both galaxies, we formed a map of the spectral index error that arises from applying the
inaccurate primary-beam model at 6.0 GHz (Fig.[5.7|a) and[5.10|a)) by computing the primary-

2The small-scale, sometimes closed, thread-like patterns of low values in the spectral index difference maps are
artifacts, the positions of which depend on the choice of deconvolution scales. The same patterns appear in the
MS-MFS-based spectral index error maps before we smooth them with a boxcar kernel (see Sect. [5.1.6).
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Figure 5.5: Total intensity difference between the two pointings of NGC 891 in C-band (6 GHz)
D-array. Panels a), ¢), and e) show maps of the absolute pointing difference after PB correction
using the PB model at 6.0, 6.25, and 6.6 GHz, respectively. The displayed field of view is the
pointing overlap within the respective 20% PB level. Panels b), d), and f) show the corresponding
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Figure 5.6: Spectral index difference between the two pointings of NGC 891 in C-band (6 GHz)
D-array. Panels a), ¢), and e) show maps of the absolute pointing difference after PB correction
using the PB model at 6.0, 6.25, and 6.6 GHz, respectively. The displayed maps are limited by the
pointing overlap within the respective 20% PB level and the cutoff at 5o in total intensity. Panels
b), d), and f) show the corresponding major-axis spectral index profiles of the individual pointings.
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Figure 5.7: Comparison of 6 GHz spectral index error maps for NGC 891. a): Aag4.y map computed
from the pointing differences (via Eq.[5.1)) after PB correction using the 6.0 GHz PB model. b):
Ratio between Aagey at vpg = 6.0 GHz (panel a)) and Aaymrs (panel e)). ¢): Aagey map computed
from the pointing differences (via Eq.[5.1)) after PB correction using the 6.6 GHz PB model. d):
Ratio between Aagey at vpg = 6.6 GHz (panel ¢)) and Aavrs (panel e)). e): Aamrs, 1.e. the error
map computed by the MS-MEFS clean algorithm. f): Aacis map obtained from the noise rms in
the total power map using Eq.[5.5] The circular contours in panels a) - d) are placed at the 50%
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Figure 5.8: Total intensity difference between the two pointings of NGC 4565 in C-band (6 GHz)
D-array. Panels a), ¢), and e) show maps of the absolute pointing difference after PB correction
using the PB model at 6.0, 6.25, and 6.6 GHz, respectively. The displayed field of view is the
pointing overlap within the respective 20% PB level. Panels b), d), and f) show the corresponding
major-axis intensity profiles of the individual pointings.
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Figure 5.9: Spectral index difference between the two pointings of NGC 4565 in C-band (6 GHz)
D-array. Panels a), ¢), and e) show maps of the absolute pointing difference after PB correction
using the PB model at 6.0, 6.25, and 6.6 GHz, respectively. The displayed maps are limited by the
pointing overlap within the respective 20% PB level and the cutoff at 50 in total intensity. Panels
b), d), and f) show the corresponding major-axis spectral index profiles of the individual pointings.
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Figure 5.10: Comparison of 6 GHz spectral index error maps for NGC 4565. a): Aagey map computed
from the pointing differences (via Eq.[5.1) after PB correction using the 6.0 GHz PB model. b):
Ratio between Aagey at vpg = 6.0 GHz (panel a)) and Aayrs (panel e)). ¢): Aagey map computed
from the pointing differences (via Eq.[5.1) after PB correction using the 6.25 GHz PB model. d):
Ratio between Aagey at vpg = 6.25 GHZz (panel ¢)) and Aamrs (panel e)). e): Aamrs, i.e. the error
map computed by the MS-MFS clean algorithm. f): Aacis map obtained from the noise rms in
the total power map using Eq.[5.5] The circular contours in panels a) - d) are placed at the 50%
and 70% levels of the applied PB for each pointing.
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Table 5.1: Average® absolute differences between the two pointings at 6 GHz for different choices of
the primary-beam reference frequency

Galaxy NGC 891 NGC 4565
VPB Alpip2 Aap; p2 Alpp2 Aap; p2
[GHz] [uJybeam™'] [uJy beam™']
6.0 40 0.91 29 0.99
6.25 26 0.83 29 0.96
6.6 53 0.79 36 0.97

¢ All difference maps were averaged within the area that is limited by the smallest primary-beam overlap (which
occurs at the highest frequency of 6.6 GHz) and the 50 cutoff for the spectral index maps.

beam weighted deviation from the average of the two pointings in the overlap region:

Bpy. PBcor __ 5 PBcor)2 Bpy PBcor __ = PBcor)2
(sz) (@p ™" = Qo)™ + | 5,y ) (@™ = Oy

AQgey = , 5.1
°‘ (B) + ()

where Bpy, Bpy, b2, aps ™, and @toc™" are defined as in Eq. This new error map is for the

mos

most part comparable to the statistical error Aayrs calculated by the MS-MFS algorithm (panel
e)), as the map of the ratio of these two errors (panel b)) illustrates. A major exception to this are
parts of the disks of both galaxies. For NGC 891, these parts are located predominantly outside
the 70% primary-beam level (i.e. where the primary-beam gain is less than 0.7) of either pointing.
The average error ratio in these narrow regions around the mid-plane is = 5 (with individual
pixel values up to =15), i.e. here the error that originates from the pointing differences is on
average ~400% higher than the error resulting from the MS-MFS spectral fitting. In NGC 4565,
due to the asymmetry of the pointing differences, the entire south-eastern mid-plane region is
strongly affected and has an average error ratio of ~ 6.5. Such high error ratios are primarily
a consequence of the small MS-MFS-based errors in regions of high signal-to-noise, yet the
increase of the pointing differences with distance from the pointing centres is significant. In
particular, beyond the half-power point (i.e. for a primary-beam gain less than 0.5) the mid-plane
errors in the Aag.y map of NGC 891 increase up to ~0.5, whereas in the Aayrs map they remain
below 0.1 throughout the disk. While the Aag., values are in rough agreement with Bhatnagar
et al.[|(2013) in the sense that they do not exceed 0.1 out to approximately the half-power point
(not considering the above-mentioned edge effects), the error ratio map indicates that the simple
primary-beam model used by the widebandpbcor task already shows significant inaccuracies
at the 70% level. Panel c) of Fig.[5.7] and display the Aag., map formed after correction by
the 6.6 GHz and 6.25 GHz model, respectively. At least in the case of NGC 891, this map is in
good agreement with the Aaygs mapE] even beyond the half-power primary-beam level, as can be
seen from the corresponding ratio map (panel d)).

For use throughout the rest of this work, we correct our C-band D-array total power images of

3The Aayrs maps computed after the 6.6 GHz or 6.25 GHz primary-beam correction are not shown, since they
differ only marginally from those determined at 6.0 GHz.
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5.1 Post-imaging corrections to the spectral index measurements and assessment of uncertainties

both galaxies using the primary-beam model at 6.25 GHz, while for the spectral index map we
adopt the 6.25 GHz correction in case of NGC 4565 and the 6.6 GHz correction for NGC 891. For
the case of NGC 891, the reader should keep in mind that neither the 6.25 GHz nor the 6.6 GHz
model corresponds to the true primary beam of the observation, but that they represent the best
approximation with respect to the total intensity and spectral index measurements, respectively.
Compared to the spectral index maps that were corrected by the 6.0 GHz primary beam (panel a)
of Fig.[5.1)and [5.2)), the newly corrected maps (panel b)) show somewhat flatter spectral indices
within the overlap of the two pointings, which makes for a smoother transition at the edges of
the overlap regiorﬂ This is particularly the case in NGC 891, where a larger frequency shift of
the primary beam has been undertaken. For each galaxy, in panel c) the difference map between
panels b) and a) is presented. The differences increase from the map center towards the edges of
the overlap region, and are highest within the annular regions where the primary beam pointings
overlap at 6.0 GHz but not at 6.25 GHz and 6.6 GHz, respectively. Within the primary-beam
overlap, the differences are larger for NGC 891 than for NGC 4565, since different primary-beam
frequencies were used. In those parts of the maps that are only observed by one of the pointings,
the difference is close to zero near the overlap region, and increases towards the outer edges of
the maps due to the radial increase of the pirmary-beam spectral curvature.

The results presented in this section demonstrate that inaccuracies of the primary-beam model
can at least to some extent be taken care of with two-pointing observations, by shifting the
primary-beam reference frequency, taking the primary-beam weighted average within the overlap
region, and choosing appropriate primary-beam cutoff levels. On the other hand, the situation
is critical if galaxies extend beyond the half-power level of the primary beam in regions where
pointings do not overlap — especially for single-pointing observations, where it is not possible to
assess primary-beam errors in the way presented here.

We performed similar tests for our C-band C-array data, but do not show their results, as we did
not find any significant improvement of two-pointing discrepancies after changing the primary-
beam reference frequency. We therefore assume that due to the longer on-source observing time
in C-band C-array, any time-dependent primary-beam effects were averaged out to a sufficient
degree, and adopt the primary-beam correction at the centre frequency of 6.0 GHz for these
data.

5.1.2 Limiting the spatial frequency range

For a given observing frequency v, the visibility function is sampled at spatial frequencies
between Upin = Zbmin and Unax = Zbmax, Where U = Vu? +1? is the uv-distance in wavelength
units and b is the baseline length in the uv-plane. However, for a frequency band ranging
from Vyin tO Vimax, Only the spatial frequency range between Uy, at Viax and Upax at Vigin 18
overlapping for all frequencies in the band. Hence, if a resolved source with spectral structure
is imaged at spatial frequencies below U, at v, emission at the largest spatial scales is

“4For the mosaicking of the spectral index pointings we adopted a 50% primary- beam cutoff, which resulted in
a smaller primary-beam overlap region than for the test images shown in Fig. [5.5]through[5.10] where a 20%
cutoff was used.
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measured only at the lowest frequencies of the band, so that at this low spatial frequency range
there is progressively more flux missing as one moves to higher frequencies, which artificially
steepens the spectrum measured at these scales. This bias towards steeper spectral indices can be
avoided if data at spatial frequencies below U, at v,y are excluded from imaging by setting the
uvrange parameter in clean accordingly. Even though applying an inner uv-taper, which is not
yet implemented in CASA at the time of writing, would be more desirable than simply excluding
the data in the respective uv-range, the fraction of data lost in this way is usually less than ~ 3%
for the CHANG-ES data sets. On the other hand, according to Rau & Cornwell| (2011)), applying
an upper limit to the imaged uv-range (corresponding to Uy at viin) 1s only necessary if the
amplitude of a source changes by 100% or more across the frequency band, which is not the case
for any of our data sets.

The C-band D-array and L-band C-array o maps resulting from the inner uv-cutoff are displayed
in panels d) and g) of Fig.[5.1]and [5.2] Equal spatial frequency cutoffs were applied at both
frequencies, to ensure that the same spatial scales are probed when comparing the two, i.e.
the higher of the two U, at vx values was adopted for both data sets of each galaxy. For
both galaxies, this value is Uy, = 0.8 kA at vy, of the C-band D-array data (the maximum
spatial frequency is ~ 21k4 for L-band C-array and ~ 24kA for C-band D-array). As expected,
the overall spectral index distribution flattens considerably after applying the uv-cutoff. While
previously the disk of NGC 891 showed L-band spectral indices steeper than -0.8 for the major
part (panel f)), they are now mostly around -0.75, which seems more reasonable. In C-band,
regions as flat as -0.5, which were previously confined to the mid-plane (panel a) and b)), are now
found to be more extended in the z-direction. On the other hand, the uv limitation strengthens
the effect of missing short spacings at the lower frequencies as opposed to the higher frequencies
of the respective band, so that the MFS algorithm is more likely to fit extreme positive spectral
indices in regions of low signal-to-noise. For NGC 891, this is particularly evident at the western
edge of the L-band map and on both edges of the C-band map. Moreover, the uv-cutoff makes
some of these edge artifacts blend into the disk almost seamlessly, such as in the region west of
the galactic centre in the L-band map (Fig.[5.1] g)). Therefore it is unclear up to what vertical
height the spectral index can still be considered realistic in such regions. From Fig.[5.3]), it
is evident that even after a 300 cutoff a large fraction of the halo now shows spectral indices
comparable to those in the disk, or even flatter. For NGC 4565, the spectral flattening caused by
the uv-cutoff does not affect the overall appearance of the spectral index maps and the scatter
plot (Fig.[5.4] b)) as much as for NGC 891. This seems plausible considering that the disk of
NGC 4565 shows structures on smaller scales that should be least affected by the uv-cutoff, while
on the other hand emission detected at high z, where missing spacing effects would be visible in
the fitted spectral indices, is comparatively weak and hence falls below our map cutoff levels.
Especially the maps of the difference between the spectral index before and after applying the
uv-cutoft (Fig.[5.1]e) and h); Fig.[5.2]e) and /1)) demonstrate that at least outside of the disk, this
method generally does not yet provide correct spectral indices if missing short-spacings need to
be added. We will return to this issue in Sect.
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Figure 5.11: a): Spectral index map of NGC 891 formed between the 5 and 7 GHz C-band D-array
total power images. b): Absolute difference between panel a) and the 6 GHz in-band spectral
index map (Fig.[5.1]b)). ¢): Spectral index map of NGC 4565 formed between the 5 and 7 GHz
C-band D-array total power images. d): Absolute difference between panel c) and the 6 GHz

in-band spectral index map (Fig. |’52| b)).
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5.1.3 Comparison of MFS-generated and two-point spectral index
maps at 6 GHz

Making use of the MFS technique to determine the spectral index also on larger angular scales
than measured by the JVLA would require merging the JVLA data with wide-band single-dish
data, which are not available to us for any of the two galaxies. As an alternative approach, we
consider forming short-spacing corrected total power maps at the beginning (v;) and end (v;) of
the frequency band, and computing the spectral index at the centre frequency in the “traditional”
way, i.e. via Eq.[4.3] In the following, we call any maps computed in this fashion two-point
spectral index maps.

First, to enable a direct comparison between this two-point method and the approach of fitting
the spectrum using (MS-)MFS, we formed @ maps at 5 GHz and 7 GHz from the C-band D-array
data of both galaxies by performing the Taylor expansion about the respective frequency during
deconvolution. Since we already employed the MS-MEFS algorithm in this step, we implicitly
also used it for calculating the two-point @ maps, and hence only minor differences between
the results of the two methods are expected. After smoothing all Taylor-term maps to 12" (and
before computing the two-point @ maps), we carried out the primary-beam correction of the
5 GHz and 7 GHz maps using the model beam at 5.1 GHz and 7.5 GHz, respectively, which
resulted in the best agreement of the two pointings in total intensity.

The resulting two-point @ maps are shown in panels a) and c) of Fig.[5.11] while panels ) and
d) display the difference to the MS-MFS-fitted @ maps shown in panel b) of Fig.[5.Tjand [5.2]
respectively. Apart from the map edges, the differences in « are well below 0.1 in both galaxies.
An exception (with differences up to ~0.3) is the region west of the centre of NGC 4565, where
we also found the largest deviations in @ between the two pointings (compare Fig.[5.8|a)). Given
the overall small differences between the two methods, we consider both to be equivalent, and
therefore it seems justifiable to use the two-point method for computing the centre-frequency
spectral index after missing short-spacings have been added.

5.1.4 Addition of missing short spacings

To obtain short-spacing corrected spectral index maps at 6 GHz, we scaled the 4.85 GHz Ef-
felsberg maps to 5 and 7 GHz and merged them with the 5 and 7 GHz JVLA D-array maps,
respectively, as already described in Sect. [3.4.8] For this, we used the JVLA maps with the
applied 0.8 kA uv-cutoff, since otherwise these images would still contain an unphysically steep-
spectrum large-scale structure (see Sect.[5.1.2), which would furthermore introduce errors to the
merging process. From the short-spacing corrected 5 and 7 GHz maps, the two-point @ maps
were then computed, which we adopt as the spectral index distribution at 6 GHz. The same was
done for the non-thermal emission maps, obtained by computing the predicted thermal emission
maps at 5 and 7 GHz (using the method described in Sect.4.2)) and subtracting these from the
short-spacing corrected total emission images.

Since no single-dish observations are available for merging with our L-band data, we merge
the total power maps produced by combined MFS-imaging of B-, C-, and D-array (again at
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Figure 5.12: Short-spacing corrected total and non-thermal spectral index maps of NGC 891 at 1.5
and 6 GHz. a): Total spectral index at 1.5 GHz. b): Total spectral index at 6 GHz. c): Non-thermal
spectral index at 1.5 GHz. d): Non-thermal spectral index at 6 GHz. The angular resolution in
each panel is 12”7. All maps extend to the 5o level in the corresponding total power images. The
black contours are placed at the 300 level, where the maps were cut off before creating the scatter
plots in Fig. @ c) and d). See text for more details.
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12" resolution) with the D-array-only maps (which contain the highest total flux densities), and
likewise merge the second-Taylor-term maps /;, to be able to compute the corresponding spectral
index maps following Eq.[3.12] For the imaging of both the D-array and combined-array data we
use a uv-cutoff at 0.25 kA, which corresponds to Uy, at v, in D-array. For both galaxies, we
found the resulting spectral index distribution to be only marginally steeper when applying no
uv-cutoff. While this cutoff marginally strengthens the effect of missing short-spacings in terms
of not detecting the outermost part of the halo (at least for NGC 4565, for which we obtain a
fraction of ~ 5% less in integrated flux density compared to the pure D-array map without uv-
cutoff), it might actually counteract the missing spacings problem for the detected emission by the
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Figure 5.14: Short-spacing corrected total and non-thermal spectral index maps of NGC 4565 at 1.5
and 6 GHz. a): Total spectral index at 1.5 GHz. b): Total spectral index at 6 GHz. c): Non-thermal
spectral index at 1.5 GHz. d): Non-thermal spectral index at 6 GHz. The angular resolution in
each panel is 12”7. All maps extend to the 50 level in the corresponding total power images. The
black contours are placed at the 200 level, where the maps were cut off before creating the scatter
plots in Fig. @ c) and d). See text for more details.

slight spectral flattening. Altogether, even if there is still some flux missing in our final L-band
maps, we have at least performed a partial short-spacing correction compared to the C-array only
map used in the above examples by including larger angular scales for deconvolution and adding
the flux that is missing with respect to the pure D-array image. Since we use only JVLA data
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here, we can employ the short-spacing corrected first-order Taylor-term map to compute the
non-thermal spectral index distribution from the thermal and non-thermal intensity maps:

I — gl
oty = 0t (5.2)

I 0,nth

where ay, = —0.1. Figures [5.12] and [5.14] display our final total and non-thermal @ maps at
1.5 and 6 GHz, while Fig.[5]13 and [5]15 show two-point @; s_¢Gn, maps formed between the
short-spacing corrected 1.5 GHz and 6 GHz total power maps, and accordingly between their
non-thermal counterparts. The errors of the two-point spectral index maps (panel ¢) of Fig.[5}13
and[5]15) were determined from the noise rms in the total intensity maps:

\/(Ul.scHz )2 + (g )2
_ 1156H, lsGHz

Ay 5_6GH, = ln( ) , (5.3)

6 GHz
1.5GHz
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Figure 5.16: a): Difference map between the 6 GHz total spectral index maps of NGC 891 after and
before short-spacing correction and uv-cutoff (Fig.[5.12]b) — Fig.[5.1]b)). b): Difference map
between the short-spacing corrected 6 GHz total spectral index map of NGC 891 (Fig.[5.12]5)) and
a short-spacing corrected map with no uv-cutoft applied to the JVLA data before merging them
with the Effelsberg images. c¢): Difference map between the 6 GHz total spectral index maps of
NGC 4565 after and before short-spacing correction and uv-cutoff (Fig.[5.14]b) — Fig.[5.2]b)). d):
Difference map between the short-spacing corrected 6 GHz total spectral index map of NGC 4565
(Fig.[5.14]b)) and a short-spacing corrected map with no uv-cutoff applied to the JVLA data before
merging them with the Effelsberg images.

where at 6 GHz we adopted the noise value of the pure JVLA maps, i.e. the Ay 5_¢gH, maps
do not take account of the noise in the Effelsberg maps or any other errors introduced by the
merging process.
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Figure 5.17: Spectral index error maps at 1.5 GHz. a): Aayps map of NGC 891, i.e. the error map
computed by the MS-MFS clean algorithm. b): Aacs map of NGC 891 obtained from the noise
rms in the total power map using Eq. [5.3] ¢): Aamrs map of NGC4565, i.e. the error map
computed by the MS-MFS clean algorithm. d): Aacis map of NGC 4565 obtained from the noise
rms in the total power map using Eq. |’5;5}

Panels a) and ¢) of Fig.[5.16|show the difference of the 6 GHz spectral index before and after
short-spacing correction and uv-cutoff. Similarly to Fig.[5.1]e) , in NGC 891 we find a rather
sharp separation between disk and halo at z ~ 2 kpc, above which the differences increase rapidly,
and hence the errors due to missing spacings become significant. Ignoring the outermost map
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edges, we measure per-beam spectral index differences of up to = 0.75. For NGC 4565, the
intensity of the filled-in extended emission is for the most part still below our So- map cutoff,
therefore we obtain only small « differences, except for the map edges and several regions
in the south-eastern half of the disk. Here, the maximum beam-averaged difference is ~ 0.4.
The difference the uv-cutoff makes for the total spectral index at 6 GHz after short-spacing
correction is shown for each galaxy in Fig.[5.16] panels b) and d) . For NGC 891, we see that this
difference map bears a close resemblance to panel a), which means that applying the uv-cutoff
is of similar importance here as correcting for missing spacings. Still, Fig. d) and e) prove
that the uv-cutoff overcorrects for the bias of large-scale steepening if short spacings are not
included. On the other hand, in NGC 4565 the uv-cutoff does not seem to play a major role after
missing spacings have been added, but again a direct comparison to NGC 891 is difficult, as our
short-spacing corrected data still do not allow to quantify spectral index uncertainties at larger
heights in the halo of NGC 4565.

The short-spacing corrected total 1.5 and 6 GHz spectral index maps of NGC 891, as well as
the corresponding scatter plot (Fig.[5.3|¢)) indicate that the true spectral indices are generally
flatter than those measured without applying any short-spacing corrections, however not as flat
(especially at high z) as in the case where the uv-cutoff was applied but no missing spacings
were added. Moreover, the overall scatter between the 1.5 and 6 GHz values has considerably
decreased. For NGC 4565, as already observed in the above-mentioned difference maps, the
newly obtained total spectral index distributions at both frequencies are still very similar to those
with a uv-cutoff and no short-spacing correction.

5.1.5 Noise-induced spectral index errors

According to |Condon! (2015, hereafter C15), the error of the spectral index determined by a
multi-channel least-squares fit over a frequency band ranging from v, to v, relates in the
following way to the signal-to-noise ratio of the fit (S /N);, for a source with @ = —0.5:

Aacis - (S/N); = IL (5.4)
n(vmax/ Vmin)
In Fig. 4 of C15} Aac5-(S/N) is plotted as a function of @ for S-band observations (v, = 2 GHz,
Vmax = 4 GHz), which has its minimum at Aac;s - (S/N)¢ = 5.0 for @ = —0.5. Figure 5 of (C15
shows that the S/N of the image behaves similarly to (S /N)¢, but with a small offset along each
axis, such that in S-band Aacs - (S/N) ~ 4.83 for —0.8 < @ < —0.5 and Aac5 - (S/N) =~ 4.9 for
a = —1.3. Consequently, we calculated alternative error maps

V12 -4.85/5
A = 5.5
ets (S/N) : ln(Vmax/Vmin) ( )
for our short-spacing corrected L-band (v, = 1.29 GHz, vi.x = 1.89 GHz, after flagging) and
C-band (vpmin = 5 GHz, vinax = 7 GHz) spectral index maps. At 6 GHz, in the same way as for
Aa 5_6GHz, the noise values of the purely interferometric maps were used, i.e. any single-dish
related errors are not included. As evident from Fig. for L-band Aac;s is consistently
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Figure 5.18: Total spectral index maps at high angular resolution. a): 1.5 GHz map of NGC 891 at
4.4” x 4.0” resolution, obtained by simultaneous cleaning of the L-band B-, C-, and D-array data.
b): 6 GHz map of NGC 891 at 3.7"” x 3.6” resolution, obtained by simultaneous cleaning of the
C-band C- and D-array data. c): 1.5 GHz map of NGC 4565 at 3.5” x 3.2 resolution, obtained by
cleaning the L-band B-array data. d): 6 GHz map of NGC 4565 at 3.8" resolution, obtained by
simultaneous cleaning of the C-band C- and D-array data. All maps were cut off at the 5o level
in the corresponding total power images. None of them have been corrected for missing short

spacings.

higher than Aayrs, showing that noise errors are accounted for to a lesser degree in the latter
maps. For NGC 891, we find the C-band Aac;s (Fig.[5.7]f)) to be in relatively close agreement
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with the JVLA-only Aayrs (Fig. e)), possibly due to the higher S/N in the short-spacing
corrected total power map. For NGC 4565 the fraction of added flux is significantly lower and
hence Aacs (Fig.[5.10]f)) is notably higher than Aayrs (Fig.[5.10]¢)) also at 6 GHz.

5.1.6 Smoothing out sub-beam spectral index variations

The usual procedure to form the clean image after deconvolution is to convolve the obtained
clean-component model image with the restoring beam and then add the residual map. As a
consequence of convolving the model image, pixel-to-pixel variations larger than those expected
within the beam area can still occur in the clean image. While the overall appearance of the
Taylor-term images themselves is usually not much affected by this, spectral index maps often
do show significant sub-beam fluctuations, since they are formed by a pixel-by-pixel division
of 1,/1,. These spectral index fluctuations do not occur, however, if I, and I; are smoothed
to a larger beam size prior to the division, which has been done, as stated above, for our low-
and intermediate-resolution data. For the L-band B-array, L-band B+C+D-array (when not
smoothing to 12”), and C-band C+D-array maps (all shown in Fig. [5.18)), we desired to keep the
high angular resolution given by the restoring beam; therefore it was necessary in these cases to
smooth out any unphysical pixel-to-pixel variations in the spectral index maps. To achieve this,
we artifically changed the beam FWHM in the header of these maps to the FWHM that would
result in a Gaussian beam area equal to the respective pixel area, i.e. t0 Gjeager = 0pix V(4In2)/m,
and then smoothed the maps to the actual beam size of the image. Unlike the smoothing of
intensity maps, which requires conservation of integrated flux densities, the purpose of this
quasi-smoothing of spectral index maps is rather to average the pixel values over the beam area.
Therefore, we convolve the images with a boxcar kernel instead of a Gaussian one, also since a
Gaussian would introduce a bias towards lower (i.e. flatter) spectral indices. To obtain a kernel
size that corresponds to the original Gaussian beam solid angle, the width of the boxcar kernel
was set to the original Gaussian FWHM multiplied by v/(4In2). Note that this procedure does
not change the true angular resolution of the maps, but eliminates structures on scales smaller
than the beam size.

We applied the same smoothing method to all MS-MFS error maps shown in this work, as the
residual maps had not been smoothed beforehand (which would have produced wrong error
maps) and hence the error maps are likewise affected by sub-beam fluctuations.

5.1.7 Sources of error: summary and conclusions

The above tests have shown that spectral index maps formed by the MS-MFS algorithm are
prone to a variety of systematic uncertainties that can exceed the statistical errors of the spectral
fit given by the clean- and widebandpbcor-generated Aayrs maps. As can be easily seen by
comparing our findings for NGC 891 with those for NGC 4565, these effects behave differently
for different galaxies, and can therefore be generalized only to a limited extent. The different
error sources and their significance for our observations can be summarized as follows:
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Depending on array configuration and observing frequency, the most important step to
obtain meaningful results for the spectral index distribution in edge-on galaxies with
large radio halos, such as NGC 891, consists in the addition of missing short spacings to
interferometric data. As expected, the short-spacing problem induces the largest errors at
high distances from the mid-plane (in our example of NGC 891 in C-band D-array up to
~ (0.5 at the 500 level), but even close to the mid-plane this effect is still larger than the
statistical errors.

Extreme spectral index values around map edges result not only from missing short
spacings, but also from the inability of the MFS algorithm to perform stable spectral fits in
regions of low signal-to-noise. These edge effects are often underestimated by the formal
MES-error maps, even though they likewise show increasing values towards their edges.

Excluding data at short spatial frequencies that are not measured across the entire frequency
band is necessary to avoid large-scale artificial steepening of in-band spectral indices.
However, in case the effect of missing short spacings is significant, this procedure would
overcorrect for the steepening if no short-spacing correction is performed.

Provided that short-spacing corrections have been carried out successfully in case of
strong halo emission, the largest source of uncertainty in the spectral index determination
at frequencies around 6 GHz relates to the time- and direction-dependent shape of the
primary beam pattern. When applying the NRAO-provided standard primary-beam models,
this causes spectral index errors to increase substantially with distance from the pointing
centre. For NGC 891, we found that beyond the 70% primary-beam level of either pointing
at 6 GHz (i.e. at distances greater than 2’.25” from the respective pointing centre) the
MS-MFS-based error maps typically underestimate the primary-beam induced errors in
the disk by a factor ~5, while in the halo both errors are roughly comparable. At 1.5 GHz,
however, we assume this effect to be negligible, since neither of our two galaxies extends
beyond the 70% level at this frequency.

By using the primary-beam model at 6.25 GHz (NGC 4565) and 6.6 GHz (NGC 891) for
the correction of the 6.0 GHz maps, the differences between the two pointings in spectral
index could be minimized, and thus a rough correction for model inaccuracies could be
achieved. At least for NGC 891, the remaining errors based on the pointing differences are
comparable to the MS-MEFS statistical errors.

The measured spectral index distribution can vary between different observations of the
same pointing, e.g. due to differences in uv coverage. Tests carried out by [Wiegert
et al. (20135)) for galaxies that CHANG-ES observed in two separate SBs (at the same
sky pointing) revealed differences between the two observations of around 5% (in terms
of rms values across the @ maps), which is typically about 20% higher than the MS-
MFS-based errors (up to 50% in high signal-to-noise regions). Apart from different uv
distributions, also residual cleaning artifacts may cause spectral index differences larger
than the individual MS-MFS error maps would indicate.

Also the noise-based spectral index errors as given by |Condon| (2015) generally turn out
to be higher than the MS-MFS-based errors. While for NGC 4565 at 6 GHz, the errors
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due to missing short spacings are almost negligible compared to the noise-based Aac;s
errors, Aage, (i.e. the error arising from the difference between the two pointings) is
higher than Aac;s throughout most of the south-eastern side of this galaxy, even after
changing the frequency of the primary-beam model. Conversely, in the north-western half,
Aagey < Aacis. While the reason for this asymmetry in Aagey is still unclear, the global rms
values of these two error maps are in relatively good agreement. Altogether, we regard the
Aacys maps for both galaxies as the best representation of the (primarily statistical) spectral
index errors that remain after short-spacing- and improved primary-beam corrections have
been applied.

e We found the two-point spectral index between the edge frequencies of a given band to be
roughly equivalent to the MS-MFS spectral index map, at least in case this map as well as
the two total power maps used to form the two-point map are determined by an MS-MFS
fit over the same frequency range. In C-band, we have to opt for the two-point method to
be able to compute short-spacing corrected spectral index maps.

e In case the Taylor-term images have not been smoothed to a larger beam size before
forming spectral index maps, these often contain variations on scales smaller than the
beam area. Such artifacts can be eliminated by artificially setting the beam size in the
header of the spectral index maps equal to the pixel size, and subsequently convolving the
maps with a boxcar kernel equivalent to the original restoring beam.

5.2 Final spectral index maps

In this section, we describe details as well as global characteristics of our short-spacing- and
primary-beam-corrected (using the revised method) spectral index maps presented in Fig.[5.12}
5115 (and also provide a brief note on the high-resolution spectral index maps shown in

Fig.[5.18).

5.2.1 NGC 891

NGC 891, as mentioned earlier in this chapter, shows a regular pattern of rather flat mid-plane
spectral indices (Fig. [5.12}{5]13) and, when viewed on large scales, monotonic steepening of
the spectra with increasing vertical height. An outstanding feature in the @egy, and @4 5_¢GH;
maps is the radio supernova SN 1986J at RA = 0222"315.32, Dec = 42°19’57”.26 (Bietenholz
et al. 2010), with a spectral index at its centre of ~ 0.0 at 6 GHz and ~ —0.5 at 1.5 GHz. The
total spectral index in the mid-plane region of NGC 891 is considerably flatter at 6 GHz than
at 1.5 GHz, due to a higher contribution of thermal emission at the higher frequency. Around
the edges, all in-bancﬂ spectral index maps are contaminated by erroneously computed extreme
a values, both positive (or unnaturally flat) and negative. We are able to exclude these edge

>In the following, we also refer to our final 6 GHz @ maps as in-band maps, even though strictly speaking they are
a kind of hybrid between in-band and two-point spectral index maps.
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artifacts from our further analysis to a satisfactory extent by clipping our @ maps at the 300 level,
as we already did in the previous steps before creating scatter plots. Though not as extreme as in
the in-band maps, also the two-point spectral index turns out relatively flat near the map edges,
especially in the south-eastern quadrant, where @ 5_¢gn, reaches values around —0.7, which
otherwise only appear in the mid-plane. In consideration of the corresponding errors given by
Fig.[5113 ¢) and Eq.[5.3] this flattening at high z would still be significant. Note, however, that
this error map does not account for the uncertainties of the spectral fitting, which also affect the
total intensity maps used for calculating a; 5s_¢gn,. Neither does it include any potential errors
arising from the combination with single- dish data at 6 GHz. Apart from this, the small fraction
of still missing flux in the 1.5 GHz total intensity image might also contribute to these flat values.
While apart from said edge peculiarities the total and non-thermal @ 5_¢gn, maps have a fairly
regular appearance and seem to correlate tightly with the respective intensity distributions, we
observe somewhat higher local variations in the in-band maps. Still, the overall scatter between
a1s56H, and ey, has been substantially reduced after applying short-spacing corrections, as
can be seen from Fig.[5.3|c) and d). At 6 GHz, the spectral index distribution in the disk takes
on a somewhat more fragmented appearance after the rather coherent thermal component is
subtracted (Fig.[5.12]d)), while in the 1.5 GHz map a similarly fragmented disk shape is present
already before the thermal subtraction (Fig.[5.12]a)). Around the mid-plane, the non-thermal
spectral index values turn out to be in close agreement at both frequencies, which indicates that
we found a realistic estimate of the thermal contribution in the disk. But especially outside of
the disk, the in-band maps often show strong variations from one resolution element to the next
(i.e. small compact regions and narrow filaments of flat spectral index next to steep-spectrum
“holes”), which are however not well-correlated between the two frequencies or with the @ 5_¢gH,
map, and are hence unlikely to be real. In particular, whereas @ 5_ggn, stays flatter than —1.3
throughout most of the galaxy, much steeper values (even above our 300 cutoff level) are reached
in both the 1.5 and the 6 GHz in-band map, which seems highly unphysical. On the other hand,
we also find a4y, to be still somewhat flatter than @ 5_¢gu, throughout the disk after thermal
subtraction, which is likewise inconsistent with the expected shape of the non-thermal spectrum.
While we cannot rule out that we simply underestimated the thermal contribution in this galaxy,
we found that in order to achieve @ggu, ~ @15-6cH, for the major part of the disk, unnaturally
high thermal intensities are required, such that in some regions the thermal fraction of the total
emission would be close to 100%. It is therefore more likely that the observed discrepancy is
related to uncertainties in the spectral index between 4.85 and 8.35 GHz, which we used for
scaling the Effelsberg data at 4.85 GHz to C-band frequencies (see Sect[3.4.8).

Filamentary extensions of flat or moderately steep spectral index sticking out of the disk are
present in all cases, but their « values and positions in the in-band maps are rather unreliable
for the above reasons. In the two-point maps (both total and non-thermal), however, where
we measure @ s5-¢gH; & —1 for most of these features, they correlate well with the diffuse Ha
emission, as can be seen from Fig.[5.19] Prime examples are the region in the north-east quadrant,
where two such extensions line up very well with two HII filaments, and another filament located
slightly north-west of the centre. Also, an apparent bifurcation of the disk at its northern edge is
observed, which shows up most prominently in @ecy,. Here, the disk seemingly splits up into
two long filaments, with a4gy, in the eastern filament being flatter than elsewhere in the disk
(with the exeption of SN 1986J). While this bifurcation may well be just another edge artifact,
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and the spectral index in the eastern part is unlikely to be as flat as in the 6 GHz map, we find
that this feature would be aligned with another He filament if the latter were more extended (the
possibility that part of this filament falls below the detection limit of the Ha observation cannot
be ruled out). Moreover, we observe a correlation of a; 5_¢gu, With bright compact HII regions,
however (just like in total power) for the most part with slight positional offsets.
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Figure 5.19: Ho image of NGC 891 (Rand et al.||1990)
overlaid with contours of the short-spacing corrected
non-thermal spectral index map between 1.5 and 6 GHz
(Fig. Ell3 a)). Contours are placed at a15-6cH; =
-12,-1.1,-1.0,-0.8,-0.7, -0.6.

The high-resolution @56y, and aecH,
maps (Fig.[5.18a) and b), respectively),
like the corresponding total power maps,
show the existence of a thin disk compo-
nent that is not resolved in the 12” im-
ages. Again, as one would expect, many
small-scale features are present in these
maps, however it is hardly possible to tell
real structures apart from random varia-
tions, especially since the signal-to-noise
ratio is even lower at these high resolu-
tions. These spectral index maps will not
be used for the remaining analysis in this
work, since we do not have any FIR data
at the same resolution available to derive
a corresponding estimate for the distribu-
tion of thermal emission, and also since
we did not apply any short-spacing cor-
rections.

5.2.2 NGC 4565

Contrary to NGC 891, where a relatively
clear distinction between disk and halo
is visible in the spectral index distribu-
tion, only a very small portion of the
halo is covered by our spectral index
maps of NGC 4565 (Fig. [5.14}{5]15), as
in this galaxy low S/N values are already
reached at small z heights. In the in-band
spectral index maps, the disk does not ap-
pear as a single coherent structure like in
NGC 891, and is instead characterized al-
most entirely by seemingly random local

variations, which is not true for the maps of @ 5_¢gu,. We find the standard deviation measured
within larger regions in the in-band maps to be close to the average value in the corresponding
Aacys maps. In addition, @ sgu, and aech; are basically uncorrelated on small scales. From these
findings, we conclude that the local spectral index fluctuations are primarily artifacts arising
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from the low S/N and therefore large spectral fit uncertainties. While the radio luminosity of
NGC 4565 is much lower than that of NGC 891 to begin with, also the fact that NGC 4565
1s somewhat less inclined than edge-on reduces the S/N by a small amount, since the disk is
resolved along its projected minor axis. As mentioned earlier, the ring-shaped structure seen
in total intensity is also clearly identifiable in the total @ggy, map, in the form of elongated
flat-spectrum regions. Apart from this and the flat spectal index in the nucleus, no correlation
between the in-band maps and total power is observed. Also for this galaxy, the total aegy, 1S
flatter on average than @ sgu,, owing to the spectral behaviour of the thermal component.

Ignoring the noise-based

fluctuations in the in-band 05'

spectral index maps, both Ol
04

total and non-thermal spec-

tra in NGC 4565 are found 03' [
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Jower halo (~ —1.2) over Figure 5.20: Short-spacing corrected total spectral index map of
T NGC 4565 between 1.5 and 6 GHz (same as in Fig. [5}15 a)), over-

a large portion of the _dlSk‘ laid with contours of the KPNO Hea image. Contours are placed at the
These remarkable differ- 54 100, 200, and 3000 levels.

ences between the non-

thermal spectra of the two

galaxies appear to be a direct consequence of their very different SFR surface densities, as we
will discuss further below. Lastly, Fig.[5.20]shows that most of the flatter regions in the total
a1.5-6GH, Map coincide with compact HII regions, which is not the case for the in-band maps.

Even more so than for NGC 891, the high-resolution in-band spectral index maps of NGC 4565
(Fig.[5.1§|c) and d)) are dominated by random fluctuations, and therefore do not provide any
reliable information on the small-scale spectral distribution. The 1.5 GHz mapﬁ even has such
a low S/N that only the inner ring is left after clipping the map at the 5o level. At 6 GHz, by

At 1.5 GHz, we show the pure B-array spectral index map instead of the combined B+C+D-array map, as for the
latter we only achieved an angular resolution similar to that of C-array (see Table @
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recomputing the combined C+D-array map after smoothing the associated total power maps
to 12" and adding missing short spacings, it would be possible to improve the S/N over that of
the short-spacing-corrected D-array-only map. However, we do not expect this to result in any
significant changes in the measured spectral index distribution. For the same reasons as in the
case of NGC 891, we will not consider these high-resolution @ maps any further in this thesis.

5.3 Spectral aging models

Having determined the spatially resolved

non-thermal spectral index distribution 10*

at two well-separated frequencies, it is — Clmodel
possible to put constraints on the shape 103 — KPmodel
of the spectrum for a given line of sight. — JPmodel
The CRE spectral energy distribution, and 102

thus the shape of the emisson spectrum

(and its evolution with time), depends on "5; 10°

the CRE injection process (i.e. the in-

jection spectral index and injection time 2 10°

scale) and their energy loss rate, which =

in turn depends on the magnetic field “- 101

strength and on the distribution of their

pitch angles with respect to the magnetic 1072

field lines (see Eq.[2.14). The pitch an-

gle distribution determines the form of 107

the spectral break characterized by the 100 107 107 10 10t 107 10°

break energy Ey, and the corresponding
frequency v,,. Here, the standard the-
ory distinguishes between two models for Figure 5.21: Synchrotron spectra as predicted by the CI,
a single epoch of particle injection: the KP, and JP spectral aging models. The normalization
Kardashev-Pacholczyk (KP) model (Kar! in flux density is arbitrary, while the frequency axis is
dashev|[1962} Pacholczyk|[T970), where normalized by the break frequency vy,.

the individual electrons maintain their

original pitch angles, and the Jaffe-Perola (JP) model (Jafte & Perola |[1973), in which the
pitch angles vary continuosuly between 6 = 0° and € = 90° on time scales much shorter than
the radiation time scale, whereby an isotropic distribution of pitch angles is generated. In both
models, a constant, homogeneous, and spatially uniform magnetic field is assumed.

U/ybr

The KP and JP model represent two special cases regarding the break energy of a single particle.
Since for the KP model the pitch angle 6 of each electron is time-independent, we can write

Eq. as
E, xp(t) = Ce(Bsin® 0 + Bio)(t — 1) (5.6)
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whereas in the JP model, due to the rapid continuous pitch angle randomization, the energy loss
of each particle is the average loss over all possible pitch angles (0° < 8 < 90°), and thus

. 2
E,'p(t) = Cp(B*(sin® 6) + Bi)(t — ty) = Cp - 5(BZ + Bio)(t —to) , (5.7)

which means that there is effectively no pitch angle dependence, and hence the energy loss rate
(Eq.[2.14) depends only on the particle energy itself, so that CREs at high energies always lose
their energy more rapidly than those at low energies. This behaviour leads to an exponential
cutoff in the spectrum at the break frequency, as shown further below.

Neglecting inverse-Compton losses (Bjc = 0), we obtain
(o] 2 o
Evxp(0 =90%) = §Ebr,JP s Epxp(@=07) =00, (5.8)

i.e. for the KP model there is a fraction of high-energy CREs that lose their energy more slowly
than in the JP model, due to their constantly low pitch angles. As a consequence, the spectrum
cuts off less steeply than in the JP case. The analytical form of the synchrotron spectrum for the
different models is specified in the following, where we additionally consider a model describing
continuous injection (CI) of CREs (Pacholczyk|[1970). The following equations [5.9H5.15] are
presented in the form given by Murgia (1996), however with the form factor F(x) approximated
as F(x) o< (v/v.)'? - exp(—v/v.) (Pohl et al.[1991). A graphic illustration of the CRE spectrum
for all three cases is given in Fig.

5.3.1 The Kardashev-Pacholczyk (KP) model

Ignoring inverse-Compton losses, the shap of the synchrotron spectrum for the KP model is
given by

7/2 1/ sin?6 v 1/3 v
Ixp(v) o< f f (—) exp (—) x& (1 = xsin®0)*2sin®6dxdo ,
0 0 Vbr,Kp SINN 6 x? Vbr,Kp S1NN 6 x?
(5.9
where x = E/E\, kp, and Ey, xp and vy, gkp have been chosen as the break energy and frequency for

6 = 90°, as the population of CREs with 6§ = 90° dominates the received synchrotron radiation.

For v < vy kp the KP spectrum is a power law with spectral index a;,j = (g + 1)/2, and for
v > vy kp the spectrum declines as a power law with spectral index 4/3a;,; — 1:

Qinj
v ]
( VARSE Vbr,KP
Vbr,KP
IKP(V) & 4/3aini—1 (510)
( ) V 2> Vpr,KP
Vbr,KP

"The precise expression for the synchrotron spectrum includes for each model a generally time-dependent
normalization factor, which we do not specify though, as for the comparison of the models with our observations
(Sect.[5.4) only the shape of the spectrum matters.
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5.3 Spectral aging models

5.3.2 The Jaffe-Perola (JP) model
For the JP model, the synchrotron spectrum has the form

/2 1 v 1/3 ¥
Ip(v) f f ——— | exp[———|x¥(1 —x)*?2sin’0dxdd, (5.11)
0 0 \YorJp SIN 0 x? Vbr,Jp S111 0 x>

with x = E/Eyp. In the v < vy, jp limit, also the JP spectrum is a power law with spectral index
@inj, Whereas for v > v, jp it cuts off exponentially:

v Qinj
V <K Vpr KP

Vbr,JP

IJP(V) oC (512)

Qinj
( ) . e_V/Vbr,JP v 2 Vbr,KP
Vor,JP

5.3.3 The continuous injection (Cl) model

While the KP and JP models describe the evolution of the spectrum after a single injection event
and hence only apply to an ensemble of particles that have the same spectral age, we now look at
the case of ongoing supply of new particles at a constant injection rate. The CI model spectrum
has the following shape:

7/2 oo 1/3
Ici(v) f f ; exp ; 1 J(x, g)sin? 6dxdo , (5.13)
0 0 Vr,c1 S111 6 x? Vir,c1 S1I 6 x*

where x = E/Eyc1, Epccr is given by Eq. and

1-1-x%2 x<1

J(x,8) = { (5.14)

1 x>1

Like for the other models, the asymptotic behaviour for v < vy, ¢y is @ power law with spectral
index aiyj. For v > vy, 1, the spectrum is still a power law, but with a spectral index of aj,j — 0.5
(and thus less steep than for the single-shot injection models):

v Qipj
( ) V <K Vi Cl

Vbr,CI

Icr(v) o< (5.15)

@ipj—0.5
( ) v > Vbr,CI
Vbr,CI

While for v < vy, 1 the normalization of the spectrum increases linearly in time, the spectrum
is stationary for v > vy, c1, as the number of CREs transitioning from E > Eyc1 to E < Ey, 1
is exactly compensated by the number of newly injected CREs at E > Ey, ;. The pitch angle
distribution of the injected CREs, as given by the KP or JP model, does affect the normalization
as well as the position of the spectral break at a given point in time, however the shape of the CI
spectrum is independent of whether KP or JP electrons are injected.
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5 Spectral index distribution

5.4 Comparing predictions of spectral aging models to
the observed spectral index distribution

To help interpreting the scatter plots of our measured non-thermal spectral indices at 1.5 and
6 GHz, we constructed synthetic KP, JP, and CI spectra for different choices of break frequency
Vi and injection spectral index aiy;. For diffusive shock acceleration (see e.g.|Blandford & Eichler
1987), the injection spectral index depends on the Mach number M as a;,; = —(M?+3)/2M?*=2).
The Mach number in turn is proportional to the inverse of the sound speed and thus to the square
root of the gas density (M o« +/p). This usually leads to an expected range of a;,; values between
—0.8 and -0.5.

In Fig.[5.3]d) and [5.4]d) we show the trajectories in @ sgu,-@scn, sSpace that the different models
predict for an injection spectral index of —0.5, —0.7, and —0.8. Moving from flatter to steeper
a1.56H, and aggy, values along these trajectories corresponds to a decrease in v, and hence a
forward movement in time, which in turn means an expected increase in z for edge-on galaxies.

As in the CI model a maximum difference between a sgi, and aggh, is reached at v, = 3.75GHz,
we find for both galaxies that the majority of data points below the 1:1 line (i.e. where a spectral
steepening between 1.5 and 6 GHz is observed) cannot be explained by a continuous injection
process, but are reproduced well by the KP and JP models. For NGC 891, the maximum
steepening among the plotted data points corresponds to v, = 5 GHz for the JP model and
vir & 1.5 GHz for the KP model. In NGC 4565, of the three standard models only the JP model
matches the points of maximum steepening, which are found at v, ~ 3 GHz.

For edge-on galaxies, a significant occurrence of spectral index differences incompatible with
continuous injection are a rather unexpected finding. While in more face-on galaxies, injection
rates along a given line of sight are expected to be lower than the typical synchrotron loss rates,
and therefore single-shot injection models are more likely to serve as a valid explanation for
strong spectral steepening (Basu et al.|2015), in edge-on galaxies the line-of-sight injection rates
that result from the supernova rates in the underlying disk should be considerably higher, which
rather suggests a CI scenario.

In NGC 891, spectral indices steeper than ~ —1.3 above the 300 level seem hardly plausible (at
least at 1.5 GHz), as we pointed out earlier on the basis of the two-point spectral index map. If
we ignore all & values steeper than -1.3 in Fig.[5.3|d) , the remaining data points are roughly
consistent with the CI model within their errors, with a;,; lying in the typically expected range
between —0.8 and —0.5. When ignoring only @ sgu, < —1.3, most of the remaining points at
steeper g, are still found in that same range of «;,; if a KP or JP model is considered. Note
that the error bars plotted in Fig. d) and d) are based on the Aacis maps, which represent
only statistical errors and thus do not account for any residual errors related to primary-beam
correction, short-spacing correction, or uncertainties in estimating the thermal contribution.

Even though for NGC 4565 the noise-induced spectral index errors are quite large, a clear trend
towards stronger steepening between the two frequencies than in NGC 891 is seen, especially
considering that all data points shown in Fig.[5.4]d) are still located in the disk of the galaxy.
As previously indicated, this trend is already evident by comparing the non-thermal two-point
spectral index maps of the two galaxies, which are affected much less by uncertainties than the
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5.4 Comparing predictions of spectral aging models to the observed spectral index distribution

corresponding in-band maps. As a consequence of the large spectral index differences, the data
points in the scatter plot predominantly conform to the JP and KP models. Considering that
NGC 4565 has an extremely low SFR surface density of Zggg = 0.73 - 107*Mgyr~'kpc =2, and
unless we severely overestimated the thermal emission component, it is very likely that in this
galaxy the CRE injection rates are lower than the synchrotron loss rates, which would explain
why the spectra are best described by models for single-epoch injection. While the somewhat
lower inclination of 86° is indeed expected to have an effect on the line-of-sight CRE injection
rates, it is certainly not the primary cause of the observed spectral steepening, particularly since
we are resolving the disk in no more than three beams perpendicular to its major axis. We
infer from this that the injection rates are intrinsically low in NCC4565. We will continue
discussing the seemingly different behaviour of the two galaxies in terms of spectral aging effects
in Chapter|[§]

Lastly, it should be noted that the above analysis of our spectral index measurements is rather
rudimentary, since we have data at only two observing frequencies available. More detailed
modelling of the synchrotron spectra would require measurements at several additional frequen-
cies. Since reliable in-band spectral index maps demand exceptionally high quality in terms of
S/N and uv-coverage, also traditional two-point spectral index maps formed between sufficiently
separated frequency pairs should be utilized for this purpose. Moreover, we emphasize that the
standard spectral aging models considered here are not necessarily the most appropriate ones
to describe the overall synchrotron radiation in normal galaxies. For instance, the KP model
happens to be valid in SN shock fronts rather than in the general ISM. In particular, the JP and
KP model represent the two extreme cases of an isotropic and maximally anisotropic pitch-angle
distribution, whereas in reality also intermediate cases are expected to occur. A range of more
sophisticated models exist, e.g. incorporating the diffusion of electrons between regions of
different magnetic field strength (Tribble||1993; Eilek et al. | 1997). If radio data of high enough
quality are used, such models may facilitate a more accurate description of CRE energy losses in
galactic disks and halos.
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6 Cosmic-ray transport in the halo

The following chapter focusses on the quantification of the vertical emission distribution in
NGC 891 and NGC 4565, along with the analysis of CR propagation away from the galactic
plane. Since the observed vertical extent of galactic halos is always determined by the sensitivity
of the observation, a more meaningful characterization of the size of synchrotron halos is found
in the (exponential or Gaussian) scale heights of the vertical emission profiles. The angular
resolution of our images allows us to measure scale heights at various positions along the major
axis, and hence to improve on previous studies of this kind for both galaxies (Dumke||1997;
Krause 2009). In particular, this is one of the first studies which uses maps corrected for the
thermal emission component to determine scale heights.

Assuming energy equipartition between the CRs and the magnetic fields, we generate maps
of the total magnetic field strength for both galaxies. Based on the the vertical profiles of
the synchrotron intensity at 1.5 and 6 GHz as well as of the spectral index between the two
frequencies, and using the obtained information on magnetic field strengths, we are able to
model the CR transport in NGC 891 by solving the one-dimensional diffusion-loss equation. As
NGC 4565 only features a relatively faint halo component, modelling the CR propagation is
currently not feasible for this galaxy, meaning that observations of still higher sensitivity are
required.

6.1 Synchrotron scale heights

6.1.1 Fitting of vertical intensity profiles

To determine scale heights of the radio continuum emission of NGC 891 and NGC 4565, we
follow the approach described initially by Dumke et al.|(1995). The observed vertical distribution
of the emission is the intrinsic distribution convolved with the observing beam (and is furthermore
affected by the inclination of the galaxy, s.b.). An exact deconvolution is not possible, therefore
an exponential vertical distribution

Wexp(2) = wo exp (—z/h) (6.1)

or a Gaussian distribution
Wgauss(z) = Wo €Xp (_Zz/hz) (62)

105



6 Cosmic-ray transport in the halo

with peak intensity w( and scale height 4 is assumed, which is convolved with the Gaussian
telescope beam

8(@) = exp (—2*/207), (6.3)

1
V2ro?
where 2 V21In2 - o is the beam FWHM. The convolved emission profile has the form

2 242 2 2 2 242 2 2
wo 2 1m 2 o-—zh o —zh o+ zh o+ zh
Wexp(2) = — exp (=z°/207) [exp (—) erfc (—) + exp (—) erfc (—
’ 2 20h 20 h 20h 20h
(6.4)

in case of an exponential intrinsic distribution, where erfc is the complementary error function,
defined as

erfc x = %f; exp (—r?)dr. (6.5)

For a Gaussian intrinsic distribution, the convolution yields

Wanns(2) = —— exp (—2/(207 + IP)). (©6)
V20?2 + h?

The normalization w, and intrinsic scale height 4 of such distributions are determined by least-
squares fits to the data. As yet, exponential profiles have been found to best describe the vertical
intensity distribution in edge-on galaxies, in most cases consisting of the superposition of two
exponential components, representing a thin disk and a thick disk or halo distributiorﬂ Using
exponential models is motivated by the assumption of pressure equilibrium between different
layers of relativistic electrons that are gravitationally bound to the disk. As an exception to this,
the vertical distribution of NGC 4594 (Krause et al.[2006) was found to be fitted better by a
Gaussian model, presumably owing to its dominant central bulge component.
For inclinations of i < 90°, using the o value of the observing beam in Eq. [6.4] or[6.6] will result
only in an upper limit for 4, as in this case the vertical distribution is intrinsically narrower
than the one observed in projection. To take this inclination effect into account and thus obtain
deprojected scale heights, an effective beam size larger than the telescope beam is determined
(see below), to be used for the convolution given by Eq.[6.4] or[6.6]

We determined vertical intensity profiles using the short-spacing corrected 1.5 and 6 GHz images
at 12” resolution, from which we had already removed background sources close to the galaxies
(as well as the supernova SN 1986j in NGC 891 and the central source of NGC 4565) before
measuring integrated flux densities (see Sect. d.I). The NOD3 task BoxModels was used to
measure vertical profiles at different positions along the major axis of each galaxy and perform
the fitting procedure described above. BoxModels computes the integrated flux density within
rectangles of equal width Ar in major-axis direction and equal vertical height Az, arranged in a
gapless rectangular grid covering the bulk of the visible disk and halo emission. In each case, the
centre of this grid was set to coincide with the galaxy centre. In both galaxies, we sampled the
vertical distribution in steps of Az = 5”, which is somewhat smaller than half the beam FWHM

I Different terminologies for the two components have been used in the literature over the decades. Some authors
refer to them as a thin disk and a thick disk, while in other publications they are called disk and halo component.
We decide to use the latter terms throughout this work.
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6.1 Synchrotron scale heights

a) NGC 891 (1.5 GHz) b) NGC 891 (6 GHz)
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Figure 6.1: Placement of integration boxes for the determination of scale heights (NOD3 task
BoxModels). For each vertical column (containing n boxes of width Ar and height Az) a z-profile
was fitted. a): NGC 891 (1.5 GHz): Ar = 3.1kpc, Az = 220pc, n = 47. b): NGC 891 (6 GHz):
Ar =3.1kpc, Az =220pc, n = 27. ¢): NGC 4565 (1.5 GHz): Ar = 6.9kpc, Az = 290 pc, n = 45.
d): NGC 4565 (6 GHz): Ar = 6.9kpc, Az =290 pc, n = 41.

and corresponds to 0.22 kpc at the distance of NGC 891 and 0.29 kpc in case of NGC 4565.
To investigate the behaviour of the scale heights along the major axis of NGC 891, we used
seven columns of width Ar = 3.1 kpc, while for NGC 4565, due to its much lower S/N, we
chose five columns with Ar = 6.9 kpc. The grid of sampling boxes constructed in this way 1s
illustrated for each galaxy in Fig.[6.I] For NGC 891 at 6 GHz (panel b)) we had to use less boxes
in z-direction than usual, as the emission of the galaxy appears to be superimposed on a plateau
of extended emission at very low intensities (see Fig.[6.7)). This artifact may have been caused
by inaccuracies in interpolating the Effelsberg map from 4.85 to 6 GHz. If we had not excluded
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6 Cosmic-ray transport in the halo

these outer regions from the vertical fitting process, they would have artificially broadened our
fitted model profiles.

While running BoxModels, the effective beam size is automatically computed. To this end,
the programme first generates a Gaussian function the total width of which corresponds to the
length of the major axis out to ~2 times the (user-specified) rms noise in the map. The x-axis
of this Gaussian is compressed by multiplication with cos i. The compressed Gaussian, which
represents the minor-axis intensity distribution, is then convolved with the observing beam. The
FWHM of this convolved distribution is adopted as the effective beam size. However, this is only
strictly the case at the centre of the major axis, and the effective beam becomes smaller towards
the outer edges of the major axis, where it is again equal to the observing beam. BoxModels
takes this behaviour into account by computing individual effective beam sizes at each specified
major-axis position.

As already noted by various authors, describing the vertical emission distribution clearly requires
two-component models for both galaxies. We found the vertical profiles of NGC 891 to be
represented much better by two-component exponentials than by two-component Gaussians.
Exponential models were also used by Dahlem et al.| (1994) at 1.5 GHz and by D97 at 4.85 GHz.
For NGC 4565, we found exponential and Gaussian models to provide similarly good fits to
our data. Also for this galaxy,|D97 chose exponential fits at 4.85 GHz, while Broeils & Sancisi
(1985) used a Gaussian model at 1.4 GHz. Given the physical motivation mentioned above, and
to enable the comparison of our scale heights to those obtained for other edge-on galaxies, we
adopt the results of the exponential fits for the subsequent analysis and discussion.

6.1.2 Results

Since previous studies of this kind did not include any correction for the thermal contribution,
we determined scale heights of both the total and the non-thermal emission at 1.5 and 6 GHz.
Logarithmic plots of the measured intensity proﬁleﬂ are displayed along with the best-fit models
in Fig. [6.2}{6.3] Here, the error of each data point was computed as the average value of the
standard deviations within each horizontal row of pixels in the corresponding rectangular box.
The purpose of this method is to avoid the effect of a vertical gradient within a given box on the
error. The resulting scale heights Agisx and Ay, are presented in Table[6.1) for NGC 891 and in
Tables and for NGC 4565, including the reduced y? value for each fit. Corresponding
plots of scale heights versus position on the major axis are shown in Fig.[6.4] Unlike the authors
named above, who applied the modelling to only one side beyond the major axis at a time and
then averaged their results for the upper and lower side of each galaxy, we attempted to fit both
sides simultaneously. For NGC 4565 this type of fit was not always successful. In such cases
we performed separate fits for the upper and lower side and adopted the averaged scale heights
(replacing the formal fit errors by half the difference between the upper and lower value in each
case). The values determined in this way are marked by asterisks in Table[6.2]and [6.3] The large
x? values for NGC 891 in the central columns are most probably resulting from the east-west
asymmetry of its intensity distribution, i.e. from different shapes of the vertical profile on each

%For brevity, only the profiles of the non-thermal emission are presented.
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6.1 Synchrotron scale heights

NGC 891 (1.5 GHz)
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Figure 6.2: Vertical profiles of the non-thermal intensity in NGC 891 at 1.5 and 6 GHz, as a function
of position z with respect to the galactic mid-plane, where positive z values are on the northwest
side and negative ones on the southeast side of the mid-plane. The galactic longitude at the centre
of each vertical column is indicated below each sub-panel (1 = 44 pc). The data points correspond
to the average intensity (in uJy beam™!) within each rectangular box defined in BoxModels (see
Fig.[6.1). The solid lines denote two-component exponential least-squares fits to the data (see

Table @

side of the major axis. We found that separate fits for each side achieved much lower reduced y?
values (not shown here) in the central columns for this galaxy.
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6 Cosmic-ray transport in the halo

NGC4565 (1.5 GHz)
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Figure 6.3: Vertical profiles of the non-thermal intensity in NGC 4565 at 1.5 and 6 GHz, as a function
of position z with respect to the galactic mid-plane, where positive z values are on the northeast side
and negative ones on the southwest side of the mid-plane. The galactic longitude at the centre of
each vertical column is indicated below each sub-panel (1"’ = 58 pc). The data points correspond
to the average intensity (in uJy beam™!) within each rectangular box defined in BoxModels (see
Fig.[6.1)). The solid lines denote two-component exponential least-squares fits to the data (see
Table[6.2). Note that in a few cases we did not use the fits to the entire vertical profile (as shown
here), but instead fitted the parts at positive and negative z separately and in each case adopted the
mean value of the two resulting scale heights.
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6.1 Synchrotron scale heights

Table 6.1: Exponential scale heights of NGC 891

1.5 GHz, total

1.5 GHz, non-thermal

rlkpel | haisi (kpel  hnao [kpel X2 | haisk kbl Anaio [kpel — x7
-9.26 041 +0.03 228+0.27 0.16 0.61 £0.04 3.58+0.96 0.12
-6.18 0.25+0.01 1.49+0.05 046 028 +0.02 1.48+0.04 0.40
-3.09 026 +£0.03 1.18+0.09 3.97 0.30+£0.05 1.16+0.08 3.56
0 0.21+0.02 1.18+0.10 6.80 022+0.03 1.17+£0.09 6.39
3.09 022+0.02 1.34+0.07 2.79 023+0.03 134+0.06 2.21
6.18 022+0.01 150+£0.05 0.34 025+0.02 149+£0.04 0.32
9.26 0.39+0.07 2.13+0.33 1.10 0.56 £0.12 2.50+0.69 1.02
average | 0.28 £0.08 1.59 + 0.41 035+0.15 1.82+0.83
6 GHz, total 6 GHz, non-thermal

rikpel | haisk (kpel  hnaio [kpel  xgy | haisk kpel  hnao [kpel  xg
-9.26 028 +0.02 2.17+0.58 0.16 045+0.05 3.70+2.92 0.17
-6.18 025+0.01 1.60+0.20 0.46 0.32+0.03 1.61+0.20 0.48
-3.09 025+0.03 1.24+0.33 1.65 0.33+£0.06 124+040 1.56
0 021 £+0.02 1.19+0.27 5.27 023+0.02 1.14+0.22 497
3.09 0.22+0.02 1.28+0.18 092 0.25+0.03 1.24+0.13 0.60
6.18 022+0.02 153+0.27 0.05 0.27+0.03 147+0.22 0.03
9.26 0.34+£0.03 245+0.87 0.07 0.56 £0.03 5.61+0.83 0.32
average | 0.25+0.04 1.64 +£0.45 0.34+£0.11 2.29 +£1.59

As evident from Fig. [6.4a) and b), the dumbbell shape of the halo of NGC 891 is reflected in the
radial behaviour of its scale heights. The enormous increase of scale heights at the outermost
radii (= £9 kpc) is certainly also affectd by the overall decrease in intensity, which is why these
scale heights are only poorly constrained. The same effect is observed for the scale height of
the disk, which does not seem to be dumbbell-shaped or show any kind of flaring at the edges.
Also, at these outer radii the non-thermal scale heights are larger than those of the total emission,
as here the radio intensity decreases more rapidly with radius than that of the thermal emission
(which we inferred from Ha and IR maps, see Sect. [21;2[)

In spite of the north-south-asymmetry in absolute intensity, Agix and Ay, of NGC 891 (except
for the edge values of the non-thermal component) show a remarkable radial symmetry — the
1.5 GHz scale heights at radii of 3 and 6 kpc in the northern halo are only marginally higher than
those on the southern side. This seems to be further evidence for a tight disk-halo correlation.
Moreover, we find the scale heights of NGC 891 to be almost equal at both frequencies, which is
suggestive of predominantly convective CR transport.

The scale height distribution of NGC 4565 (Fig. [6.4]c) and d)), unlike that of NGC 891, differs
substantially for the two observing frequencies. While at 6 GHz, a dumbbell-like behaviour
of the halo scale heights is observed (like for NGC 891 with large uncertainties at the edges),
scale heights remain basically constant throughout the galaxy at 1.5 GHz. The high edge values
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6 Cosmic-ray transport in the halo

Table 6.2: Exponential scale heights of NGC 4565

1.5 GHz, total

1.5 GHz, non-thermal

rikpel | haisi [kpel  hnao kpel  xgy | haisic[kpel  hnao [kpel  xg
-13.85 | 0.02 +0.01 1.36 £ 0.21  0.16 0.02 + 0.01 1.19+0.11  0.12
-6.92 0.02+001 1.70+£022 0.52 0.02+0.09 1.34+0.11 0.19
0 0.03 +0.13* 1.41+0.13* 0.18 0.18+0.11* 1.30+0.15* 0.16
6.92 0.02 + 0.01 1.70+ 021  0.29 0.02+0.09 1.41+0.08 0.21
13.85 0.02+001 150+0.16 0.13 0.02 +0.11 1.35+0.12  0.09
average | 0.02 +0.004 1.53+0.14 0.05 +0.004 1.32 +0.07
6 GHz, total 6 GHz, non-thermal

r [kpc] | haisk [kpc] hnato [kpc] Xog hdisk [kpc] hhato [kpc] X
-13.85 [ 0.02+0.08 247+1.07 0.23 040+0.12 330+096 0.22
-6.92 0.02 £ 0.04* 1.53 £0.29* 0.51 0.02+032 095+0.18 0.25
0 0.32 £0.10* 1.64 £041* 0.23 0.52 + 0.06* 0.95 + 0.30* 0.26
6.92 0.04 +020 092+0.16 0.24 0.57+0.16 1.10+028 0.22
13.85 0.02 +0.010 2.13+040 0.21 053+009 470+130 0.13
average | 0.08 +0.12  1.74 £0.53 041 +020 220+1.54

* The marked values are average values between the separately determined scale heights on the upper and lower

side of the major axis.

at 6 GHz are again most likely influenced by the decreasing sensitivity, as explained above.
Also here, the non-thermal scale heights at the edges are larger than the total ones, as the
thermal disk appears to be radially more extended than the radio continuum emission. While in
NGC 891 the total and non-thermal scale heights are basically identical, the values for NGC 4565
show substantial differences in this respect, which at least at 6 GHz can be explained by its
higher thermal fractions. This galaxy furthermore differs from NGC 891 by its for the most
part extremely low Ag;s values, which have not been observed previously. A similar difference
between the two galaxies in their CO scale heights was found by |Yim et al.| (2014). In the
south-eastern half of the galaxy, we obtain unusually large non-thermal disk scale heights at
6 GHz. It is possible that these have been fitted erroneously, as here the disk emission in the
non-thermal map (Fig. d)) is not aligned well with the mid-plane from a radius of ~ 5 kpc
onwards. In addition, the relatively large disk scale heights at the centre are probably induced by
the partially resolved spiral arm pattern, but might as well be an artifact of the removal of the
nuclear source. The signature of the spiral arms (or rather of the gap between them) is visible in
the central vertical emission profiles (lon = 0 in Fig.[6.3)) as a flattening of the peak region, which
makes it difficult to fit these profiles accurately. Note that in these subplots the simultaneous
fit of both sides of the major axis is displayed, even though in these cases we adopted as scale
height the average result of the upper- and lower-side fits. Furthermore, we observe the position
of the peak to shift from the mid-plane to negative galactic latitudes on the south-east side of
the galaxy and to positive ones on the north-west side. This is likewise caused by the spiral

112



6.1 Synchrotron scale heights

Table 6.3: Gaussian scale heights of NGC 4565

1.5 GHz, total

1.5 GHz, non-thermal

rikpel | haisk [kpel  hnao kpel — xgy | haisc kpel  hnao [kpel  xg
-13.85 | 0.03+0.01 2.84+040 0.16 0.67+0.13 330+059 0.12
-6.92 0.01 +0.02 3.34+0.80 0.59 0.02+0.02 259+029 0.26
0 029+0.10 2.87+022 0.13 058 +0.06 295+0.16 0.10
6.92 0.02+0.01 3.05+021 0.18 0.02+0.16 2.65+0.12 0.13
13.85 0.0l £0.01 276042 0.13 0.02+0.01 250+0.09 0.08
average | 0.07 £0.11 297 +0.21 026 +030 2.80+0.29
6 GHz, total 6 GHz, non-thermal

r [kpc] | haisk [kpc] hnato [kpc] Xog hdisk [kpc] hhato [kpc] X
-13.85 | 0.02+0.15 7.39+282 0.17 0.57+0.14 9.61+154 0.16
-6.92 0.20 £0.12* 273 £0.19* 0.09 0.28 +0.23* 2.13+0.36* 0.03
0 0.59 +0.07 335+1.06 0.24 1.06 +0.15 1.13+021 0.23
6.92 0.13+0.10 171038 0.12 1.03+0.10 550«1.13 0.16
13.85 0.02+027 456+064 0.16 070+ 0.07 6.16+1.24 0.06
average | 0.19 £ 0.21  3.95+1.95 0.73+0.29 4.92 +3.03

* The marked values are average values between the separately determined scale heights on the upper and lower

side of the major axis.

arm structure, as already indicated by |Broeils & Sancisi (19835)), and at larger radii is mainly a
consequence of the warp and hence of the change in position angle.

Table 6.4: Exponential scale heights measured by
Dumke| (1997) at 4.85 GHz & assumed inclina-
tions and distances therein.

NGC891 NGC4565
haisk [kpc] 0.27 0.28
hnato [kpc] 1.82 1.68
D [kpc] 9.6 10.0
i 88° 87.5°

On average, the scale heights we obtained for
the total emission of both galaxies at 6 GHz
are roughly comparable to those found by D97
at 4.85,GHz (who assumed, however, some-
what different inclinations and distances; see
Table [6.4). The most obvious exception to this
1s our much lower Ay for NGC 4565. This
discrepancy certainly arises from the fact that
D97 assumed a higher inclination of 87.5° for
this galaxy. For NGC 891, our averaged /ip,o 15
slightly lower than that found by D97, as this
author had excluded the central region from
his measurements.

Especially when neglecting the two edge data points in each case, the previously reported finding
of roughly similar halo scale heights for the two galaxies is verified by our data. Nevertheless, at
6 GHz we observe a slight trend towards lower non-thermal halo scale heights for NGC 4565.
Since for NGC 891 it is more likely than for NGC 4565 that there is flux missing in the 1.5 GHz
maps, it is possible that the synchrotron scale heights of NGC 4565 are in fact systematically
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6 Cosmic-ray transport in the halo

a) NGC 891 (1.5 GHz) b) NGC 891 (6 GHz)
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Figure 6.4: Vertical exponential scale heights of the total (red symbols) and non-thermal (green
symbols) emission of NGC 891 and NGC 4565 at 1.5 and 6 GHz, as a function of position along
the major axis. For both galaxies, negative values of R are on the east side and positive ones on
the west side. In each panel, the lower data points denote hgis and the higher ones denote Ayqjo.

lower than those of NGC 891. Apart from single-dish data of NGC 891 at 1.5 GHz, especially

more sensitive data of NGC 4565 (preferably at additional frequencies) would be required to
investigate this trend properly.

6.2 Total magnetic field strength distribution

Assuming energy equipartition between CRs and magnetic fields, using the revised equipartition
relation of Beck & Krause (2005)), we generated maps of the total magnetic field strength B,
from the non-thermal 1.5 GHz intensity maps and the non-thermal spectral index maps formed
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Figure 6.5: Maps of the total magnetic field strength in NGC 891 (panel a)) and NGC 4565 (panel
b)), computed assuming energy equipartition and an oblate spheroid geometry (see text). The field

strength was not calculated in regions where the spectral index between 1.5 and 6 GHz is steeper
than —1.2. The angular resolution in both panels is 12”.

between 1.5 and 6 GHz (all short-spacing corrected). The field strength was not calculated in
regions where the spectral index is steeper than —1.2. We assumed a constant number-density
ratio of CR protons to CR electrons of Ky = 100, which is reasonable for the disk but yields only
a lower limit for B, in the halo, as the protons are much less affected by synchrotron losses than
the electrons, and hence K| is expected to increase in vertical (z-) direction. For a non-thermal
spectral index of -1, the uncertainty in B.q scales as (K/ Ko)% (see Beck & Krause [2005)), so
that e.g. for a local ratio of K = 300 the field strength would be underestimated by ~ 32%. To
determine B, also the pathlength through the galaxies along the line of sight has to be known,
which we estimated for each map coordinate by assuming an oblate spheroidal geometry for each
galaxy. The pathlength through an oblate spheroid with semi-major axis length R and semi-minor
axis length H depends is [ = 2R \/ 1 — (x2/R?) — (z2/H?), where x and z are the distances from
the centre on the major and minor axis, respectively. This is strictly valid only for an inclination
of 90°, but still serves as a reasonable approximation for nearly edge-on galaxies like NGC 4565
(i = 86.3°). R and H were determined for each galaxy from the 30 levels in the L-band D-array
map, with H being chosen as the average between the maximum vertical extent and the minimum
extent above the central region. We obtained R = 14.1 kpc and H = 7.1 kpc for NGC 891, and
R =22.1kpc and H = 5.8 kpc for NGC 4565.

The resulting maps of the (line-of-sight averaged) total magnetic field strength are presented
in Fig. [6.5] Except for a few edge artifacts in the map of NGC 891 caused by low S/N and
the region where we had subtracted the nucleus of NGC 4565, B, decreases monotonically
with vertical distance from the mid-plane. The maximum magnetic field strength (averaged
within the 12” beam) is 15 4G in NGC 891 and 7 uG in NGC 4565. Averaged over the regions in
which we determined vertical scale heights (see Fig. a) and c)), we obtain field strengths of
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6 Cosmic-ray transport in the halo

8 uG and 5 uG for NGC 891 and NGC 4565, respectively. NGC 891 thus features rather typical
field strengths for normal galaxies (cf. e.g. Heesen et al.|2014), while those in NGC 4565 are
comparatively weak.

We used a Monte-Carlo method to estimate the uncertainties in the determined magnetic field
strenth, based on the pathlength through the galaxy and the noise rms in the used total intensity
maps. In the disk of NGC 891, we find that the error of B, is typically 3.5%, while at a vertical
height of ~5 kpc we obtain an uncertainty of 21%. For NGC 4565, typical errors are 3.6% in the
mid-plane and 28% at a height of ~3 kpc.

6.3 CRE lifetimes

After their injection into the ISM, CREs are subjected to several energy loss mechanisms, which
operate on different time scales and thus determine the lifetime of the particles, usually defined
as the time after which the particles have lost half of their initial energy. At the radio frequencies
considered here, the dominant processes are usually synchrotron and inverse-Compton losses,
the combination of which results in a CRE lifetime of (e.g. Heesen et al. 2015)

v \05/ B\'S U -1
=1.0815-1 9(—) — 1 - , .
L 0815-10 Glz (/JG) ( + Umag) yr (6.7)

where U,y = B?/(8r) is the magnetic field energy density and U,y = Urg + Ucwmg is the
energy density of the radiation that is relevant for inverse-Compton scattering. The energy
density of the interstellar radiation field (IRF), in turn, can be expressed as the sum of the stellar
and dust radiation fields, Urr = Usgar + Udust. Udust = Lrr/(2nR?c) can be obtained from the
total far-infrared luminosity Lg;z and the radial extent R of the galaxy, which we determined
in the previous section. We used the Lgz values from [Sanders et al.| (2003) after scaling them
for each galaxy by the squared ratio between our assumed distance and the distance these
authors used. Moreover, we assumed Uy, = 1.73Uy, as found for the solar neighbourhood
(Draine|2011), and thus Urg = 2.73Uqu. With Ucyg = 4.2 - 1073 ergem™ (at redshift 0),
we obtain global radiation energy densities of Uyq = 1.04 - 1072 ergcm™ for NGC 891 and
Upd = 4.98 - 107 ergcm™ for NGC 4565. Using the above-specified average equipartition
field strengths yields Upe = 2.55 - 1072 ergem™ and Upyye = 1.08 - 10712 erg cm™, respectively.
Hence, for NGC 891 U/ Unmae = 0.41, and for NGC 4565 Uvaq/ Umag = 0.46, which means that
on average synchrotron losses are clearly dominating over IC losses in both galaxies.

We computed ¢, in each of the vertical columns that were used for the determination of scale
heights, inserting into Eq. the global U,,4 values quoted above, the mid-plane magnetic field
strengths By, and Uy, = Bé /(8m). To obtain By, we applied the BoxModels routine to the B,
maps and measured the average value within the central box of each column. Note that using
B = By in Eq. [6.7|results in lower limits for ¢,,, as in z-direction the magnetic field strength
decreases, and hence also the local energy loss rate. In Table [6.5| we list the measured values of
By and t,, for the different major-axis positions.

Similar to the case of NGC 253 (Heesen et al.|[2009a)), we find for both galaxies that while the
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6.3 CRE lifetimes

Table 6.5: Mid-plane magnetic field strengths, CRE lifetimes, and CR bulk speeds

NGC 891 1.5 GHz 6 GHz

rikpcl  Bo[uGl | nyp Myrl  vlkms™] | f1p [Myr] o [kms']
-9.26 8.1 274 +7.3 174 13.7+3.6 782

-6.18 10.5 19.9+5.3 142 99+26 282

-3.09 11.9 16.8 £4.5 152 84 +£22 281

0 13.0 151 +£4.0 148 75+20 289

3.09 11.3 18.0 £+ 4.8 123 9.0+24 263

6.18 9.9 214 £5.7 132 10.7 £ 2.8 287

9.26 8.1 272 +7.2 251 13.6 +3.6 518

NGC 4565 1.5 GHz 6 GHz

rikpcl  BoluGl | njp Myrl  vlkms™] | f1p [Myr] o [kms™']
-13.85 5.5 478 £ 12.7 56 239+ 64 391

-6.92 6.4 398+ 106 71 199+53 110

0 6.3 40.6 £ 10.8 64 20354 93

6.92 6.5 36.3+10.5 68 197 +52 96

13.85 5.2 51.0+13.6 46 255+ 6.8 257

scale height of the halo increases with radius, the magnetic field strength in the disk decreases,
and hence the CRE lifetimes show a similar radial behaviour to the scale heights. However, since
our measured lifetimes are lower limits due to the decrease of the magnetic field strength with
z, the observed relation between halo scale height and CRE lifetime is generally not linear. As
evident from Fig. [6.6] we observe a clearly linear correlation between these two quantities only
in NGC 891 for the shorter lifetimes (5 10 Myr) determined from the 6 GHz data. The linearity
apparently breaks down for longer lifetimes, since for this galaxy we measured similar scale
heights at both frequencies. However, as our scale heights at 1.5 GHz represent lower limits due
to possible missing short spacings, the behaviour for #;,, > 10 Myr is not well-constrained by
our measurements. For NGC 4565, we find that the lifetime does not vary significantly with
radius at 6 GHz, except at the largest radii, where the actual uncertainties are probably larger
than indicated by our error bars. The data points at 1.5 GHz suggest a saturation of the halo scale
height for large CRE lifetimes.
For a hypothetically linear scale height-lifetime relation, we calculated the vertical bulk speed
v = hcre/t )2 of the CRs at each position (see Table @ Here hcgg is the CRE scale height,
which, if assuming equipartition, relates to the scale height of the synchrotron emission (in our
case hp,) as

3- @nth

2

where we used the global @ 1.5-661, values given in Table @ We emphasize that the CRE bulk
speeds obtained in this way cannot be expected to be accurate, not only as the vertical decrease
of the magnetic field strength is not taken into account (in that sense, our bulk speed values are

hhalo » (68)

hCRE =
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Figure 6.6: Scale heights of the halo component of NGC 891 and NGC 4565 as a function of the
CRE lifetime #;/; resulting from synchrotron and IC losses. These lifetimes were calculated based
on the mid-plane equipartition magnetic field strength, without taking the vertical decrease of the
magnetic field strength into account.

upper limits), but also because the equipartition condition we used to determine scgrg may break
down at high z. Anyhow, it is worth mentioning that from the 6 GHz data of NGC 891 (except
at the largest radii) we find bulk speeds consistently around 280km s™!, which is comparable to
the average speed |[Heesen et al. (2009a) obtained for the northeastern half of NGC 253. In the
Sect. [6.4 we present a method to determine CR speeds which takes the vertical gradient of the
magnetic field strength into account and does not rely on the assumption of energy equipartition
in the halo.

In addition to synchrotron and IC losses, ionization losses occur on a time scale of (Murphy

2009)
my \"'( E E !
fion = 4.1+ 107 (2. (—) [31 (—) 42.5] 6.
(cm‘3) Gev/ " \Gev) T o 6.9)
as well as bremsstrahlung losses, the time scale of which is given by
-1
forems = 3.96 - 107 (il) yr, (6.10)
cm-

where (n) is the average particle number density of neutral gas in the ISM, and the CRE energy
can be written as E(GeV) = (v/16.1MHz)"/?(B/uG)~'/?. We estimate (n) in both galaxies from
the total atomic gas masses given in Table[I.I] assuming that this amount of gas is distributed in
an oblate spheroid of radius R as given in Sect. [6.2] and semi-minor axis length corresponding
to the HI disk scale height of 1.25 kpc for NGC 891 (Oosterloo et al.[2007) and 0.3 kpc for
NGC 4565 (Zschaechner et al. [2012). Assuming for simplicity that all atoms are hydrogen
nuclei (m, = 1.673 - 107*" kg), we find (n) = 0.22cm™ for NCG 891 and (n) = 0.65 cm™ for
NGC4565. Further, we use the above-specified maximum field strengths of 15 4G and 7 uG,
respectively. In case of NGC 891, we thus obtain #o, .56, = 1.0 - 10° yr, finscr, = 2.0 - 10° yr,
and fyrems = 1.8 - 108 yr, and for NGC 4565 t,0n1.561, = 4.9 - 108 yr, tionscuz, = 9.5 - 108 yr, and
forems = 0.1-107 yr. Thus, in both galaxies, ionization loss rates are at least one order of magnitude
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6.4 Modelling the vertical cosmic-ray transport in NGC 891

lower than those of synchrotron and IC losses, and can hence be neglected. The same is true for
bremsstrahlung losses in NGC 891, while in NGC 4565 bremsstrahlung losses may have a minor
flattening effect on the spectrum at 1.5 GHz.

6.4 Modelling the vertical cosmic-ray transport in NGC 891

To determine more accurate CRE lifetimes than those obtained in the previous section would
require integration over the vertical magnetic field strength distribution. As we describe further
below, the field strengths computed using the equipartition formula of Beck & Krause| (2005))
can be approximated by exponential z-profiles. However, it is unclear up to what z-height
these equipartition values can still be considered as a valid approximation. Therefore, we
followed the approach presented by Heesen at al. (2015, submitted) to numerically solve the
diffusion-loss equation and thereby generate synthetic z-profiles of the CRE number density,
synchrotron intensity, and synchrotron spectral index, which can be compared to our data. This
was accomplished using the SPINNAKER (SPectral INdex Numerical Analysis of K(c)osmic-ray
Electron Radio-emission) codeE] written by V. Heesen. We restricted this part of our analysis to
NGC 891, as the vertical spectral index profile is crucial for distinguishing between different
models, and we were not able to extract meaningful spectral index profiles for NGC 4565 due to
its inclination and the low S/N of these data.

The temporal behaviour of the CRE number density N(E) in a given volume is described by the
diffusion-loss equation (e.g. Longair 2011):

M = D(E)V2N(E) + i[b(E)N(E)] + Q(E, 1), (6.11)
dt 15))
where )
dE 4 E
b(E) = — (E) = gc%c(mecz) (Umag + Uraa) (6.12)

(with the Thomson cross section o1 = 6.6 - 1072° cm?) is the combined synchrotron and IC loss
rate of a single CRE and D is the diffusion coefficient, assumed to be spatially constant. We are
interested in a steady-state solution (%’ = 0), as we assume a constant CR injection rate and thus
the source term Q(E, t) is not explicitly time-dependent. Further, we assume that all CREs are
generated in the mid-plane, therefore we require Q(E, t) = 0 for z > 0.

In one dimesion (z), and incorporating CR transport by convection at a constant speed vcony, the
steady-state diffusion-loss equation becomes (e.g. Lerche & Schlickeiser||1980)

O*N(E, 2) ON(E,z) 0

D(E) o2 Ve o + g PENE)] =0 (6.13)

While CR transport in galaxies is generally a combination of convection and diffusion, here we
only consider cases where one process is significantly dominating over the other. With the above

3https://www.github.com/vheesen/Spinnaker
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6 Cosmic-ray transport in the halo

assumptions, in the case of purely convective CR transport, Eq. [6.13|reduces to

oN gj 3 _ Ul (a%[b(E)N(E, z)]) (6.14)
For purely diffusive transport one obtains
62];(5 2 _ - (IE) (a%[b(E)N(E, z)]) 6.15)
where the diffusion coefficient D depends on the energy as
E ¢
D(E) = D, (@) (6.16)

with 0.3 < u < 0.6 (Strong et al.[2007). For the numerical integration of Eq. or[6.15] we use
the boundary condition at z = 0 of N(E, 0) = NyE?, where g = 2a,p — 1 1s the injection value
of the CRE energy spectral index.

Along with modelling N(E, z) by solving Eq. [6.14] or [6.15] SPINNAKER computes the corre-
sponding z-distributions of the non-thermal intensity I, and the non-thermal spectral index
ann (a more detailed documentation will be available in the appendix of Heesen at al. 2015
(submitted)). For comparison with the model distributions, we measured a single global intensity
profile (at each frequency) and and a single spectral index profile of NGC 891 by performing
the box integration on the (short-spacing corrected) non-thermal 1.5 and 6 GHz intensity maps
as well as on the ayy 1.5-¢6u, map (Fig. @13 b)). For the intensity profiles (shown in Fig.
a) ), we chose a single column perpendicular to the major axis of width Ar = 21.6 kpc and, as
before, a vertical box separation of Az = 0.22 kpc. In case of the spectral index profile (Fig.
b) ) we used only the northern half of the galaxy (i.e. Ar = 10.8kpc), as the spectral index
values are more reliable here. By incorporating the southern half as well, our vertical @y 1 5-66Hz
profile would have been severely affected by a flattening towards the map edges (see Sect[5.2.1]
Still, similar edge artifacts also appear in the northern part of the map, which imposed a limit in
z-height up to which reliable spectral index values could be measured. The average value within
the box along the mid-plane of a,no = —0.82 was adopted as the mid-plane (i.e. injection-)
spectral index for the above inner boundary condition. Averaging over the same region in the B.q
map, we obtained a global value for the mid-plane magnetic field strength of By = 10.4 uG. To
take account of IC losses, we used the above-determined U,/ Umgg ratio of 0.41.

While using a0, Bo, and Uyag/Unag as fixed input parameters to SPINNAKER, we varied the
exponential magnetic field scale height hg and, depending on the considered CR transport
mechanism, the convection speed v.o,y Or the diffusion coefficient D (as well as the exponent
p in Eq. [6.16), until we found a model that describes our data reasonably well. Heesen et al.
(2015, submitted) found that convection models produce approximately exponential vertical
intensity profiles, while diffusion results in nearly Gaussian profiles. Furthermore, diffusion
models predict a very flat slope of the spectral index profile at low z. However, the spectral
index profile of NGC 891 steepens rapidly in the inner part, and therefore we found it to be
incompatible with diffusion-dominated CR transport. Hence we only present our best-fitting
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Figure 6.7: Global vertical profiles of the non-thermal intensity in NGC 891 at 1.5 and 6 GHz and
the non-thermal spectral index between the two frequencies. Positive z values are on the northwest
side and negative ones on the southeast side of the mid-plane. The intensity profiles represent
the average profiles between radial distances of +£10.8 kpc, while the spectral index profile was
averaged between distances of —10.8 and O kpc. The solid lines show the intensity and spectral
index profiles corresponding to our best-fitting two-component model obtained by solving the
vertical diffusion-loss equation for purely convective CR transport. The modelling was performed
separately for the northwest and southeast side of the galaxy. Parameters of our best-fit model are
listed in Table 6.6]

convection model, the predicted intensity and spectral index profiles of which are shown along
with the data in Fig.[6.7]a) and b), respectively. Since the z-distribution of NGC 891 consists of
a disk and a halo component, we considered a two- component model with different magnetic
field scale heights and hg; and hg, and convection speeds vUcony,1 and veony.2, below and above
a certain transition height z,. We generated separate models for the east and west side of the
galaxy (in Fig.[6.7]z < 0 and z > 0, respectively), deciding on the quality of the fits by visual
comparison with the dateﬂ By intending to simultaneously fit the intensity profiles (at 1.5 and
6 GHz) and the spectral index profile, a significant degeneracy between the free parameters (hg
and v,y for each component, as well as z;) could be avoided. On both sides of the galaxy we
found the most reasonable transition point between the disk and halo regime at z; = 1.0 kpc. For
z % 3kpc, our measured 6 GHz intensity profile most likely overestimates the true emission at
this height, as already explained in Sect[6.1.1] Similarly to the case of fitting the synchrotron
scale heights at this frequency, we neither took these data points into consideration during our
diffusion-loss equation modelling, as evident from Fig.|6.7|a). From this plot it is clearly evident
that (especially in the eastern half) this plateau of extended emission at 6 GHz is what causes the
flat spectral index values towards the map edges. Consequently, we also neglected the flat outer
parts of the spectral index profile (Fig. b)), which occur already at z X 2 kpc. Furthermore,
we allowed our model to slightly overpredict the 1.5 GHz intensities above z; with respect to the
data, since here the data may still underestimate the true intensities by a small amount due to
missing short-spacings.

‘A follow-up analysis based on the y>-distribution in the Ag-veony parameter space is being planned.
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6 Cosmic-ray transport in the halo

Table 6.6: Parameters of the best-fit CR transport model for NGC 891

Upper side (west) Lower side (east)

Uconv,1 [km S_l] 120ig 140t}g

mallns™ 2078 0
hi1 [kpe] 19220 16709
hgy [kpc] 3.5409 2.9%09
z¢ [kpc] 1.0 1.0

The convection speeds and magnetic field scale heights of our best-fit model are given in Table[6.6]
Upper and lower error limits for each parameter were estimated based on the variation of the
model profiles within the error limits of the intensity and spectral index data points. In our best-fit
model, the CREs have an initial convection speed of veony,1 & 130 km s~ and are accelerated to
Veonv ~ 280km ™! at heights above 1 kpc, which is comparable to the speeds we obtained at
6 GHz assuming a constant magnetic field and equipartition. While v.o,y,; 1S constrained very
well by the shape of the inner part of the intensity and spectral index profiles, the actual value
of veonv2 depends largely on the extent to which the intensities at large z are underestimated
at 1.5 GHz and overestimated at 6 GHz. Within the uncertainties, a constant convection speed
around the value of v.ony,1 1S possible. Moreover, the synchrotron spectral index in the disk, and
thus our result for veeny,1, 1s influenced by our estimate of the thermal fraction.

On average, our model features scale heights of the disk and halo magnetic field components
of hg; ~ 1.8kpc and hg, = 3.2kpc. Neglecting the two values at the outer radii in each case,
the average synchrotron scale heights we measured in Sect. are hgn gk ~ 0.3kpc and
hsynnato = 1.3kpce. If energy equipartition is assumed, these lead to magnetic field scale heights
of g eq = hsyn(3 — anm) (Beck & Krause2005). With @y, = —0.9 we obtain hg g giskc = 1.17 kpc
and /g eqhao = 5.07 kpc. Running BoxModels on the B, map in a single column (as done
above for the intensity and spectral index maps), using a two-component exponential fit, yields
hg eqaisk = 0.34kpc and hg eqnaio = 5.98 kpc. While there is a remarkable discrepancy between
the /g eqaisk Values obtained with the two different methods, one of them is still compatible with
our best-fitting hg; value within the error limits. On the contrary, &g, is & 40% lower than
the equipartition value, indicating that equipartition is not a valid assumption in the halo of
NGC 891.

Another source of uncertainty we have not mentioned so far is related to the synchrotron spectral
index in the disk. Here, one likely observes a mixed spectrum of newly injected CREs and a
slightly older population of CREs that have already lost a fraction of their initial energy but are
still confined in SN-generated ISM bubbles and hence are not yet part of the vertical outflow. A
spectral-age analysis of the non-thermal superbubble in the dwarf irregular galaxy IC 10 (Heesen
et al. 20135) suggests such a scenario. Therefore, actual injection spectral indices in NGC 891
may be flatter than our assumed value of —0.82, while the effective values of the vertical spectral
index profile around the mid-plane may be steeper. This, in turn, would flatten the slope of the
spectral index profile at low z, which implies that for the disk component lower magnetic field
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6.4 Modelling the vertical cosmic-ray transport in NGC 891

scale heights and/or higher convection speeds than those we determined above are possible.

In case of convection-dominated CR transport, the non-linear behaviour of the synchrotron scale
heights as a function of CRE lifetime (Sect. indicates that the decrease of the synchrotron
intensity in z-direction is primarily due to the vertical decrease of the magnetic field strength
rather than due to radiative energy losses. This suggests that the halo of NGC 891 is non-
calorimetric, i.e. the CREs do not lose all their energy within the galaxy and are hence able
to escape. To check whether this is consistent with the results of our diffusion-loss equation
modelling, we determine the critical convection speed at which the CRE lifetime is equal to their
escape time. According to Heesen et al. 2015 (submitted) this speed is defined as vy = hg/(2t12).
At the transition height of 1kpc we measure field strengths of = 8 uG, implying lower-limit
lifetimes of 27 Myr at 1.5 GHz and 14 Myr at 6 GHz. With hg = 3.2 kpc, this leads to required
convection speeds of 59 and 114kms™!, respectively. These values are less than the lower
error limits of our determined convection speeds in the halo, which shows that NGC 891 is a
clearly non-calorimetric galaxy, where CRE energy losses do not dominate the vertical emission
gradients.

The question whether we observe a galactic wind in NGC 891 can in principle be answered by
comparing the convection speed to the escape velocity ve,. = V2v,,. With a rotation velocity
of 225kms~! (Swaters et al.[1997), we find ve. = 318 kms~!, which is comparable to the halo
convection speed of 280km s~!. Since this value is not well constrained in terms of an upper
error limit, the presence of a galactic wind in NGC 891 is very likely. Also a possible acceleration
or deceleration of the outflow within the halo, which is not known at this point, will influence
whether it is able to leave the gravitational potential of the galaxy and thus qualify as a wind.
CRs can stream along the magnetic field lines at the Alfvén speed va = Bow/ \/47Pion, Which
needs to be subtracted from the convection speed to obtain the actual wind speed. Since we
have not determined the ordered magnetic field component, we use the average equipartition
field strength in the halo of ~ 5 uG as an upper limit to estimate vs. From X-ray observations
of NGC 891, Hodges-Kluck & Bregman| (2013) found typical electron number densities in the
halo of n. ~ 5 - 1073 cm™, which according to Eq. yields vy, £ 150kms™' and hence
Uwind % 130km S_l.

As mentioned earlier, to also produce meaningful CR transport models for NGC 4565 would
particularly require spectral index data of much better quality. Nonetheless, given the relatively
faint halo emission of this galaxy and the fact that its vertical intensity distribution is well-
represented not only by exponential profiles but also by Gaussian ones (Sect. [6.1.2)), we expect
diffusion models to be favoured over convection models for this galaxy.
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7 Polarization and magnetic field
distribution

In this chapter we present our measurements of the distribution of polarized radio emission in
NGC 891 and NGC 4565, and draw inferences from these measurements about properties of
the magnetic field distribution and the origin of the polarized emission within the two galaxies.
In the first part we address the results of the “regular” MS-MFS imaging of our polarization
data, while the second section begins with an introduction to the principles of RM synthesis, a
method which provides additional, three-dimensional information on the intrinsic magnetic field
geometry. This includes a description of the essential parameters of the method as well as its
strengths and weaknesses, and is followed by an overview of the various RM-synthesis related
data processing steps we performed. While describing the results of running RM synthesis on
our L-band and C-band data, we also point out the disadvantage of missing essential data at
frequencies within the gap between these two widely separated bands.

The final section deals with the distribution of the fractional degree of polarization within the
galaxies. Here, our main purpose is to compare our data to the results of D97, who in particular
measured a decrease of the fractional polarization in the upper halo of both galaxies.

7.1 Polarization information from MS-MFS imaging

The maps of polarized intensity and polarization position angle generated from our full-bandwidth
MS-MFS imaging in Stokes Q and U (as described in Sect. are presented in this section.
Figures[7]1 (NGC 891) and [7]2 (NGC 4565) display the polarized intensity as contours overlaid
on the corresponding total intensity maps, as well as the observed electric field vectors rotated
by 90° to represent the apparent orientation of the magnetic field component perpendicular to
the line of sight. Although the polarization angles do not provide any information on the field
direction, we will occasionally refer to their graphic representation as magnetic field vectors
throughout this chapter. In Figures [7}1 and [7]2, panel a) shows the result for the D-array
observations at 1.5 GHz. We did not detect any significant polarized emission in the 1.5 GHz B-
and C-array data, because, as evident from the D-array images, the disks of both galaxies are
largely depolarized at this frequency, while polarization in the halo remains undetected in B- and
C-array due to a lack of sensitivity, especially to large-scale polarized structures. Panel b) in each
case shows the combination of the 6 GHz D-array and Effelsberg data. This was accomplished
using the Stokes Q and U channels of the same 4.85 GHz Effelsberg observations that were
already used for the merging in Stokes I (see Sect.[3.4.8). To obtain the single-dish Q and U
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7.1 Polarization information from MS-MFS imaging

maps at 6 GHz, we extrapolated the 4.85 GHz maps using the non-thermal spectral index between
4.85 and 8.35 GHz. This does not account for any frequency-dependent depolarization effects,
but nevertheless appeared to be the most reasonable approach given the data products on hand.
We computed thermal intensity maps at 4.85 and 8.35 GHz by applying the method described
in Sect. 4.2 and smoothed them to the resolution of the Effelsberg telescope at 4.85 GHz. By
subtraction of the smoothed thermal maps from the Effelsberg total power map at each frequency,
we formed the corresponding non-thermal maps. We used the resulting distribution of the
non-thermal spectral index between 4.85 and 8.35 GHz to scale the 4.85 GHz Q and U maps to
6 GHz and subsequently merged them with the JVLA D-array images. From the merged Q and
U images, the displayed polarized intensity and position angle maps were formed. In panel c¢)
we show the polarization maps resulting from combined imaging of the 6 GHz C- and D-array
data. Here, a robust-weighting of +2 was used for both galaxies, which considerably improved
the signal-to-noise ratio compared to the robust-0 case.

7.1.1 NGC 891

Since the location of NGC 891 on the sky is fairly near to the Galactic plane, the effect of
Faraday-rotating plasma in the Galactic foreground on the polarized signal from NGC 891 needs
to be taken into account. In the map of the Galactic Faraday sky presented by Oppermann et al.
(2012), we find an RM value of —74 rad m~? for the nearest resolution element. However, our RM
synthesis results for this galaxy (which we present in Sect. rather suggest a foreground RM
of —28 radm™2. Such a discrepancy is understandable considering that at ~ 30’ the resolution
of the Galactic RM map is much lower than that of our observations. The foreground RM of
—28radm™ results in a rotation of the polarization plane of —58° at 1.5 GHz and —4° at 6 GHz.
Here, a negative sign corresponds to clockwise rotation, hence we performed the foreground
correction by rotating our magnetic field vectors by these values in counterclockwise direction.

In the 1.5 GHz data (Fig.[7}1 a)), polarized emission appears mainly in two extended regions
in the northeast and northwest quadrant of the halo. Parts of the well-known X-shaped halo
component of the magnetic field are visible in the polarized regions. Except for a local maximum
slightly north of the centre, the disk is largely depolarized. The intermediate-resolution image at
6 GHz (panel b)) basically shows the same polarized morphology as observed at 4.85 GHz by
D97. At least on the eastern side, the observed distribution reflects the dumbbell shape of the
total radio emission, with indications of the X-shaped field geometry being present in all four
(lower) halo quadrants. Also, there is a larger amount of vertically extended emission above the
centre on the west side than on the east side. While we observe more polarized emission near the
disk than at 1.5 GHz, the southern disk is still mostly depolarized. Hummel et al.|(1991a) found
that at 1.5 GHz the primary cause for the depolarization in the disk of NGC 891 is most likely
Faraday dispersion by the turbulent magnetic field component. At 6 GHz, however, the disk
depolarization is primarily due to local disordering of the magnetic field, e.g. by star formation or
due to instabilities that bend the field lines and draw them out of the galactic plane (see Sukumar
& Allen/[1991). Thus, at 6 GHz the disk emission is depolarized already at its origin, rather
than by a turbulent field layer. The regular magnetic field component is typically strongest in
the regions between the spiral arms, often forming so-called magnetic arms, which can extend
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out to larger radii than the optical spiral arms (see e.g./Beck/2007). Hence, the reason why the
depolarization is observed only in the southern half of the galaxy might be that here we have
a direct view on the end section of one or more magnetic arms, which would imply that the
magnetic field is mainly oriented parallel to the line of sight. Accordingly, in the northern half
the (magnetic) spiral arm nearest to the observer is probably mostly oriented in the direction of
the major axis. In the 6 GHz C+D-array map (panel ¢)) many of the extraplanar features are
further resolved into narrow vertical filaments. One such filament appears near the northern edge
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7.1 Polarization information from MS-MFS imaging

of the disk, where it forms an arc turning over to the west. Another prominent vertical feature is
located in the northwest quadrant of the halo, at a larger distance from the plane than the bulk of
the polarized emission. This filament creates the impression of joining ends with the northern
arc, and thereby forming a nearly closed loop, since the field vectors are aligned very well with
both structures. Interestingly enough, this loop-like feature extends above the disk in about the
same direction as the major filament seen in the HI map of|Oosterloo et al. (2007). On the other
hand, it should be noted that these data are not corrected for missing short spacings, and it cannot
be ruled out that parts of the filamentary features are merely deconvolution artifacts or noise
peaks amplified by the primary-beam correction. Moreover, a loop-like structure could not be
confirmed by our RM synthesis results (see below).

7.1.2 NGC 4565

Near the location of NGC 4565, the Galactic RM map of |Oppermann et al.| (2012) shows a value
of +6radm™2, while D97/ reports a foreground RM of —3rad m™2. We therefore assume that
foreground Faraday rotation is negligible for this galaxy and hence according corrections are not
necessary.

Apart from a predominantly plane-parallel magnetic field orientation, our D-array data at 1.5 GHz
(Fig.[712 a)) also show field lines bending away from the plane, especially on the northeast side
of the galaxy, where they seem to hint at an X-shaped halo field configuration (provided that
the emission originates from a sufficiently thin layer to not be significantly Faraday-rotated).
This is also evident from the 1.5 GHz map of Sukumar & Allen| (1991)) and (at least on the west
side) in the 4.85 GHz map of D97. Although this feature is discussed by neither of these authors,
it suggests that at least on the northeast side the emission observed at the largest (projected)
distances from the mid-plane is generated in the halo rather than being beam-broadened disk
emission.

The polarized structure seen in the short-spacing corrected 6 GHz D-array map (panel b)) clearly
has its origin in the disk, since no polarized halo component can be identified at this frequency.
Our high-resolution data at 6 GHz (panel c¢)) shows that the bulk of the polarized emission
originates from the frontﬂ side of the disk on the southeast side. In addition, polarized regions
appear on the back side of the disk in the northwestern half of the galaxy. This may be explained
by a similar spiral-arm related antisymmetry as for NGC 891, but in this case with the front
and back side resolved from each other, due to the lower inclination angle. The antisymmertric
polarization distribution suggests that in the southeastern half a magnetic arm is in the foreground
on the front side and a non-magnetic arm is in the foreground on the back side, while in the
northwestern half the situation is vice-versa.

I'The front side of the galaxy is the side northeast of the mid-plane, compare Fig
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7 Polarization and magnetic field distribution
7.2 RM synthesis

Measuring polarized synchrotron radiation at a given frequency only provides two-dimensional
information on the magnetic field structure, since the polarized intensity (intrinsically) is a
measure of the magnitude of the magnetic field vector projected onto the plane of the sky (B,),
and the polarization angle corresponds to the field orientation in this plane. As mentioned in
Sect. [2.5] the effect of Faraday rotation can be utilized to obtain information on the line-of-sight
magnetic field component B).. The key quantity in this case is the rotation measure (RM), which

is defined by Eq.[2.25]

Traditionally, RMs are determined directly from the different polarization angles observed at
different frequencies. However, adding multiples of 180° to the rotation of the polarization vector
between two frequencies would result in the same observed angle difference. This requires
at least a third observing frequency and a linear least-squares fit to the polarization angles as
a function of A%. Still, this so-called nr ambiguity is not easily resolved with only a small
number of observing frequencies, as Fig. 1 of Rand & Lyne (1994) illustrates. Another serious
problem is bandwidth depolarization, wich occurs if the polarization vector rotates by 90° or
more within a given frequency band. While this effect can be prevented by splitting up the band
into narrow frequency intervals for imaging Stokes Q and U, the S/N of faint sources may fall
below the detection limit if the chosen frequency intervals are too small. Also, traditional RM
measurements cannot account for variations in the Faraday-rotating medium along the line of
sight.

A method exists to overcome the above obstacles and moreover to correct for depolarization
arising from differential Faraday rotation (for line-of-sight polarization angle differences less
than 90°). It was initially introduced by |[Burn| (1966) and further developed by Brentjens &
de Bruyn|(2005) (all formulas in this section are taken from this publication), who named the
technique RM synthesis.

If a source of polarized emission is extended in line-of-sight direction, the observed rotation
measure may depend on the place of origin of the emission on the line of sight through the
source, which is the case if Faraday rotation happens within the source itself, rather than in a
non-emitting foreground layer. This position-dependent RM is known as Faraday depth ¢(r), the
formal definition of which remains unchanged:

_ “(_ne \(Bi >
¢(r)_0.81f0 (cm‘3)(E) dr radm (7.1)

The classical RM, on the other hand, can be understood as the difference between two Faraday
depth values, and often refers to the net amount of Faraday rotation within a polarized structure
that is not resolved in Faraday depth.

The distribution of the polarized emission can be expressed as a function of Faraday depth, F(¢),
which is called the Faraday dispersion function and relates to the complex polarization vector
P(2%) = Q(A%) + iU(A2) = pI(A%)e¥®* as its Fourier transform:

F(¢) = f +(X)P(/lz)e‘”””z da? (7.2)

o0
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7.2 RM synthesis

Since in practice only a finite range in A% space is sampled (and in particular 4> < 0 is unphysi-
cal), RM synthesis provides the reconstructed Faraday dispersion function £(¢), which can be
approximated as a sum over the individual frequency channel (see Brentjens & de Bruyn|2005)):

N

F(9) = F(@) x R(@) ~ K ) wePoe 08 (7.3)

c=1

-1
where K = (Zivzl wc) , w. 1s the weigh of the cth frequency channel, and A, is usually set
to the central wavelength within the observing band. The above expression corresponds to the
convolution of F(¢) with the rotation measure spread function (RMSF) R(¢). The latter is given
by

N
R(@§) ~ K ) wee 001 (7.4)
c=1
and represents the instrumental response for measuring F(¢), in analogy to the synthesized beam
in aperture synthesis interferometry.
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Figure 7.3: Illustration of the basic principle of RM synthesis. The RM for a given line of sight is
determined by the de-rotation of the polarization vector across multiple wavelength channels such
that the vector addition of all channels maximizes the signal. Image credit: U. Klein

Obtaining F(¢) (for a particular line of sight) from polarization data in multiple frequency
channels can be visualized as finding the value of ¢ for which adding up the accordingly rotated
complex polarization vectors of all channels results in the maximum possible polarized intensity.
A simple illustration of this process is given in Fig. By combining the polarized signal from
all channels, the S/N of the full bandwidth is achieved, while at the same time the effects of
bandwidth depolarization, differential Faraday rotation, and the nmr ambiguity are minimized.
Furthermore, depending on the distribution of synchrotron-emitting sources and Faraday-rotating

%In this chapter, the term frequency channel does not necessarily refer to an individual channel of the original uv
data, since any number of such channels can be averaged to form a single channel of an image cube.
3In our case, a uniform weighting across the frequency band is used, i.e. w. = 1 for each channel.
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7 Polarization and magnetic field distribution

plasma along a given line of sight, F(¢) will show emission at multiple values of ¢, and is hence
also called Faraday spectrum.

The shape of the Faraday spectrum is shown for three simplified cases in Fig. An idealized
point source with an intrinsic RM of +100rad m™ will produce the F(¢) spectrum shown in
the top panel, which is simply a delta function at this value, with the amplitude corresponding
to the polarized flux density of the source. In the centre panel, the signal of this source is
Faraday-rotated within a layer of magnetized plasma having an RM of —50 rad m 2, which shifts
the measured RM to +50 rad m™2. If the rotating medium emits synchrotron radiation by itself
(bottom panel), it adds a continuous distribution of Faraday depths to the spectrum. For a uniform
magnetic field and electron distribution in this source (in which case it is also known as a Burn
slab), the observed structure in F(¢) has the shape of a boxcar function.
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Figure 7.4: The observed Faraday spectrum for three idealized situations. The Faraday depth ¢ is
given in rad m~2. Image taken from Heald| (2009). See text for an explanation of the individual
panels.

For real observations, the Faraday spectrum is convolved with the RMSF, as explained above.
The resolution in Faraday depth space is given by the FWHM 6¢ of the RMSF:

_2V3
TOAR

where AA? is the separation in A%-space between the lowest and highest frequency channel. The

5 (7.5)
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7.2 RM synthesis

maximum width in ¢ space that extended structures (e.g. Burn slabs) may have to be fully
detectable is determined by the shortest wavelength of the observing band:

maxscale ~ ZL (7.6)

min

This is similar to the problem of missing short spacings in aperture synthesis. Lastly, the
maximum absolute Faraday depth value at which emission can be detected depends on the
channel width §4%:

V3

”¢max” ~ ﬁ (77)

RM synthesis suffers from a range of further shortcomings, apart from the above-given natural
limitations in measuring Faraday depths:

e With a frequency-dependent angular resolution a correct determination of Faraday depths
would not be possible. This makes it necessary to enforce a common synthesized beam
size for all frequency channels by applying either a common uv-taper or common restoring
beam. Therefore, the final angular resolution is always limited by the beam size at the
lowest frequency.

e The noise level in the individual channel images is higher than for an image formed using
the full bandwidth, which implies also higher cleaning thresholds. This can result in
stronger residual side lobe patterns than one would obtain with MFS imaging.

e RM synthesis is unable to recover emission that is completely depolarized by differential
Faraday rotation. Sources in which this effect occurs can only partially be probed in
line-of-sight direction, and are hence called Faraday-thick.

e The intrinsic emission spectra of sources can be an issue, as RM synthesis will treat
spectral variations over the sampled frequency range as bandwidth depolarization. This
has no significant effect on the observed Faraday depths as the ratio between Q and U
remains unchanged. However, for steep spectral indices (as observed in the halos of
edge-on galaxies), amplitudes in the Faraday spectrum, and hence the intrinsic polarized
intensity of a source, may be severely over- or underpredicted, depending on the sign of
the spectral index.

Just like the synthesized beam of an interferometric observation, the RMSF features side lobes
(in this case due to incomplete sampling of the 4> domain), which can make it difficult to identify
structures in the Faraday spectrum even at fairly high amplitudes. To solve this problem, Heald
et al.| (2009)) developed a deconvolution method called RM-CLEAN, which applies the CLEAN
algorithm of Hogbom (1974) to the one-dimensional case of deconvolution in the Faraday depth
domain.
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7 Polarization and magnetic field distribution

7.2.1 From data cubes in Stokes Q and U to RM maps and derotated
polarization angles

To prepare our polarization data for the application of RM synthesis, we first generated images
cubes in Q and U, with one image plane per spectral window (for a description of the uv data
structure, see Sect. [3.1). The individual images were obtaind by running MS-MFS clean on
each spectral window, using one Taylor-term and a robust weighting of +2. For both frequency
bands we imaged the combination of all array configurations, i.e. B+C+D-array for L-band and
C+D-array for C-band. After cleaning, all images were smoothed to a resolution of 12" and
corrected for the primary beam at the respective frequencies.

Without applying RM synthesis, for a rotation measure of 100 rad m™ (as can occur in disks of
edge-on galaxies), bandwidth depolarization within L-band would reduce the observed degree of
polarization to ~10% of the intrinsic polarization degree (complete depolarization happens at
RM = 109 rad m_z), while for C-band this fraction would still be *x99%. On the other hand, for
an RM of 50 rad m~2, L-band data would still show ~70% of the intrinsic value.

In our case, the maximum rotation of the polarization vector across a single spectral window
occurs for the lowest-frequency spectral window in L-bancﬂ, which ranges from 1.295 to
1.311 GHz, corresponding to a 4> range between 523 and 536 cm?. A rotation of 90° within this
range would require an absolute RM value of 1208 rad m™>. Rotation measures of this order
have only been observed in AGNs so far, while for normal galaxies, maximum values of a few
hundred rad m™ are usual. Moreover, in L-band we observe much lower RMs due to strong
depolarization by differential Faraday rotation and/or internal Faraday dispersion (see below).
Therefore, one image plane per spectral window is sufficient in our case to avoid significant
bandwidth depolarization as well as the nr ambiguity problem.

By running the RM synthesis code written by M. Brentjens on the Q and U frequency cubes, we
generated Faraday cubes in Q, U, as well as PI. These cubes have the Faraday depth ¢ as the
third axis, and thus represent F(¢). For both galaxies, RM synthesis was performed separately
for the L-band and C-band data, and was also run using the Q and U channels of both frequency
bands together. In case of the L-band cubes as well as for the combined L+C-band cubes we
sampled the ¢ domain between -2000 and +2000 rad m™2, with a channel separation of 8 rad m ™.
The C-band Faraday cubes range from -8000 to +8000 rad m™ and have a channel separation of
256 rad m™.

Using RM-CLEAN, we cleaned the Faraday spectra down to the So-noise level in the individual
planes of the Faraday Q and U cubes. The cleaned PI cubes were then corrected for the
polarization bias. Since the image planes had already been primary-beam corrected, we used a
routine written by B. Adebahr, which performs the following procedure: each pixel in the sky
plane is averaged along the ¢ axis of the cube, with the exclusion of regions containing polarized
emission. In this averaged map, a parabola is fitted to each one-dimensional cross-section of
pixels through the pointing centre. The parabolic fits in all directions collectively form a model
of the noise floor, which is then subtracted from each channel of the PI cube.

4The lowest-frequency data we used for imaging are those in the fourth L-band spectral window, as the first three
spectral windows of each L-band data set were flagged entirely due to strong RFI contamination.
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7.2 RM synthesis

After applying these corrections, the following data products were computed from the Faraday
cubes:

e A PI map, consisting of the maximum value along the ¢ axis of the PI cube for each pixel
in RA-DEC space.

e A map of the peak RME], which for each pixel corresponds to the ¢ value at which the
maximum in the P/ cube occurs.

e The derotated (i.e. “intrinsic”) polarization angles, which at each position are calculated
from the peak RM value and the values in the corresponding ¢ plane of the Faraday Q and
U cubes.

Each of the above maps were computed only in regions where the polarized intensity is higher
than 5 times the noise in the Faraday Q and U image planes.

7.2.2 Results

In Table[7.1|the parameters given by Eq. are listed for the L-band, C-band, and L+C-band
cubes. The dirty RMSF (before running RM-CLEAN) in PI for all three cases is shown in Fig.[7.5]
We find that while there is a huge difference between the FWHMs of the RMSF in the L-band and
C-band cubes, the maximum detectable ¢ scale in both cases is similar to or less than the RMSF
FWHM, which determines the Faraday-depth resolution. As a result of combining the data in
both bands, apart from an improved S/N, we achieve a twice as high ¢ resolution as for L-band
alone, while being able to detect structures in ¢ space on the same large scales as for C-band
alone. However, the large gap in the 4> coverage between the two bands introduces severe
side-lobe levels to the RMSEF, in the same way as side lobes of an interferometric synthesized
beam are caused by gaps in the uv coverage. As evident from Fig. c), the average side-lobe
amplitudes form a structure that has a width similar to that of the C-band RMSF. As we shall
see below, this effect makes it impossible in our case to observe much higher RM values than in
L-band alone.

Table 7.1: Characteristic parameters of the Faraday cubes in L-band, C-band, and the combination of
both bands. All values are given in rad m~2.

0¢  maxscale |[|Pmaxll
L-band (116-23 cm) 124 126 1211
C-band (14-6 cm) 2065 1960 5188
L+C-band (14-23 cm) 68 1960 1211

>To avoid confusion, we note that this term has been adopted, even though it is technically a specific value of
Faraday depth.
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Figure 7.5: Polarized intensity of the RMSF resulting from the application of RM synthesis to our
different sets of polarization data. a) L-band (116-23 cm), ) C-band (14-6 cm), ¢) L- and C-band
combined. Note the different scale on the ¢ axis in panel b).

7.2.2.1 NGC 891

By applying RM synthesis to the L-band data of NGC 891, the overall extent of the polarized
intensity distribution (Fig.[7.6a)) has increased considerably compared to the map obtained by
regular MS-MFS imaging. In particular, polarized emission now also appears in the southeast
and southwest quadrants of the halo, which means that the reason for the absence of this emission
in Fig.[711 a) is most likely bandwidth depolarization or differential Faraday rotation. Inspecting
the histogram of the peak RM values in the Faraday PI cube for L-band revealed the highest pixel
count at —28 radm~2 and a symmetric distribution of RMs around this value, which we hence
adopted as the Galactic foreground RM for NGC 891. In all three peak RM maps of this galaxy
(Fig. c) and d) , Fig. a)), this foreground value has been subtracted. Accordingly, the
derotated magnetic field vectors overlaid on these maps have been corrected for the foreground
RM as well.

In L-band our maximum detectable scale in ¢ space is 126 rad m™2, which means that structures
that extend over a range in ¢ space larger than this value (and are not already depolarized by other
effects) are completely depolarized by differential Faraday rotation. This explains why in Fig.[7.6|
c) we only find RM values within ~ +50rad m~2. Thus, at least in the disk, the L-band data are
only probing a thin emitting layer of the galaxy that is near to the observer, while emission from
behind this layer is depolarized by differential Faraday rotation. On the other hand, parts of the
halo may in fact be Faraday-thin, as here the intrinsic RMs are expected to be significantly lower
than in the disk.

The polarized intensity pattern we obtain in C-band (Fig.[7.6] b)) is similar to that in Fig. [7] 1
b), but with a higher amount of detected extraplanar emission. However, some of the visible
extraplanar structures, such as the rather diffuse high-z emission on the west side or the elongated
feature above the centre on the east side are possibly just residual cleaning artifacts. We find the
majority of absolute values in the C-band RM map (Fig.[7.6/d)) to be less than 100 rad m™2. This
implies that at 6 GHz relatively little Faraday rotation (£ 15°) occurs throughout most parts of
the galaxy, so that at this frequency one roughly observes the intrinsic magnetic field orientation
already without applying RM synthesis. The major shortcoming of performing RM synthesis in
C-band is that due to the broad RMSF it does not enable us to resolve any line-of-sight variations
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Figure 7.6: RM synthesis results for NGC 891. a) Contours of the polarized intensity obtained from
running RM synthesis on the L-band B+C+D-array data, overlaid on the 1.5 GHz B+C+D-array
total intensity map. b) Contours of the polarized intensity obtained from running RM synthesis
on the C-band C+D-array data, overlaid on the 6 GHz D-array+Effelsberg total intensity map. c¢)
Peak RM map obtained from running RM synthesis as specified for panel a) . d) Peak RM map
obtained from running RM synthesis as specified for panel ») . The B vectors shown in all panels
have been derotated according to the respective peak RM values and are shown for emission above
50 in the respective Faraday Q and U cubes. The o level in the Faraday Q and U cube channels
is 20 uJy beam™! in panels @) and c), and 8 uJy beam™! in panels b) and d). The beam FWHM in

all panels is 12”.
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7 Polarization and magnetic field distribution

in the magnetized medium, such as field reversals.

As discussed further above, the emission producing the PI maximum in C-band originates from
the front edge of the northern part of the disk. In this region, we observe similar polarization
angles (= 20° clockwise from the mid-plane) in the RM synthesis maps of both frequency
bands (Fig.[7.6]c) and d)). Considering the fairly low rotation measures in this region, this is an
indication that our choice of —28 rad m™ for the foreground correction of the angles in Fig. 1
is appropriate.

In both the L-band and C-band RM synthesis data, in the northern part of the disk an entirely
depolarized region is visible, which is elongated along the mid-plane. Here, the magnetic field
direction seems to change from parallel to the plane to almost perpendicular to the plane on an
unresolved spatial scale, which leads to beam depolarization.

In the RM map resulting from the combination of the L- and C-band data (Fig.[7.8]a)) we observe
only slightly higher absolute RMs than in the pure L-band RM map, for the above-specified
reasons. We do not probe much deeper into the galaxy by combining the two bands, since for the
L-band data part of the polarization information is lost due to differential Faraday rotation and
cannot be recovered. The extreme side-lobe patterns furthermore make it impossible to recover
structures at larger Faraday depths with RM-CLEAN. Since the two frequency bands probe very
different structures in ¢ space, replacing the L-band data by S-band observations (i.e. 2-4 GHz)
is expected to considerably improve upon our present situation.

The L-band and L+C-band RM maps show mostly positive values in the northwest and southeast
quadrants, while mainly negative values are found in the northeast quadrant. This pattern seems
suggestive of a quadrupolar halo field configuration (which would, however, not explain the
positive region near the disk in the southwest quadrant). However, the data do not provide
any information on possible field reversals along the line of sight, and hence do not allow any
conclusive statements on the three-dimensional field geometry.

7.2.2.2 NGC 4565

For both frequency bands, the RM-synthesis based polarized intensity maps of NGC 4565
(Fig. a) and b)) show a similar distribution to that observed in the MS-MFS-based maps. In
the C-band image we additionally observe two extraplanar features elongated parallel to the disk,
which are clearly residual side-lobe artifacts arising from a low cleaning threshold in the Q and
U channel maps.

The very low L-band RMs between ~ +15radm™~ (see Fig. ¢)) indicate that only emission
from an outer layer of the galaxy is observed, for the same reasons as already mentioned for the
case of NGC 891. The derotated magnetic field vectors show deviations from a plane-parallel
orientation, however not as coherently as in Fig.[7]2 a) , which may be attributed to the large
difference in angular resolution.

Like for NGC 891, the polarization angles of NGC 4565 in C-band do not differ much from
those obtained without RM synthesis. While the C-band RM distribution (Fig. d)) mainly
shows values between ~ +150 rad m~2, we observe two regions with RMs of up to 300 rad m~
on the northwest side of the galaxy. These are possibly associated with inter-arm regions viewed
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Figure 7.7: RM synthesis results for NGC 4565. a) Contours of the polarized intensity obtained from
running RM synthesis on the L-band B+C+D-array data, overlaid on the 1.5 GHz B+C+D-array
total intensity map. b) Contours of the polarized intensity obtained from running RM synthesis
on the C-band C+D-array data, overlaid on the 6 GHz D-array+Effelsberg total intensity map. c¢)
Peak RM map obtained from running RM synthesis as specified for panel a) . d) Peak RM map
obtained from running RM synthesis as specified for panel b) . The B vectors shown in all panels
have been derotated according to the respective peak RM values and are shown for emission above
30 in the respective Faraday Q and U cubes in panels a) and ¢), and above 5o in panels b) and
d). The o level in the Faraday Q and U cube channels is 18 pJy beam™! in panels a) and ¢), and
6 uJy beam™! in panels b) and d). The beam FWHM in all panels is 12”. Note that panel d) shows
a smaller field of view than the other panels.
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Figure 7.8: Peak RM maps obtained from running RM synthesis on the combination of the L-band
B+C+D-array and C-band C+D-array data of NGC 891 (panel a)) and NGC 4565 (panel b)). The
overlaid B vectors in both panels have been derotated according to the respective peak RM values
and are shown for emission above 50 in the respective Faraday Q and U cubes in panel a) and
above 30 in panel b). The o level in the Faraday Q and U cubes is 10 uJy beam™~! in panel a) and
12 uJy beam™! in panel b). The beam FWHM in all panels is 12”.

end-on, i.e. at the turn-over point from the front to the rear side, where the magnetic field has
its maximum line-of-sight component. This picture is supported by the fact that both regions
coincide with minima in the total intensity map (see Fig.[7.7]b)).

For the combination of L- and C-band, we face the same problem as in the case of NGC 891, i.e.
emission at Faraday depths of order +100rad m™2, like those appearing in the disk as found from
the pure C-band data, cannot be identified due to the high side lobes of the RMSF. However,
as the halo (or rather the detected parts of it) becomes somewhat more Faraday-thin compared
to the L-band data alone by including the C-band data, more distinct vertical magnetic field
components are revealed (Fig.[7.8]b)). On the northeastern side, field vectors seem to take on an
orientation perpendicular to the plane at some height above the disk, while the southwestern side
shows indications of an X-shaped halo field.

At the largest probed vertical heights, RM values up to ~ +30rad m™ are observed. Positive
RMs dominate in the western half of the southwestern edge and in the eastern half of the
northeastern edge, and vice versa for negative RMs. This antisymmetry suggests the presence of
a quadrupolar field in the halo of this galaxy as well. On the other hand, it cannot be ruled out
that the distinctness of this structure is an edge artifact, possibly arising from the fact that we did
not correct our Q and U data cubes for missing short spacings.
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7.3 Fractional polarization in the halo

7.3 Fractional polarization in the halo

We present maps of the fractional polarization p = /(Q* + U?)/I? for NGC 891 in Fig.[7.9|and
for NGC 4565 in Fig.[7.10] Panels a) and b) in both figures show the p distributions obtained

from the 1.5 GHz D-array maps and from the merged 6 GHz D-array and Effelsberg maps,
respectively, using the Q and U maps resulting from full-bandwidth MS-MFS imaging. In all
cases, an overall increase of p with vertical distance from the plane is evident, which is primarily
a consequence of the high depolarization of the disk emission. Especially at 6 GHz the fractional
polarization in both galaxies shows a clear anticorrelation with the Ha emission in the disk plane.
Particularly in the halo, higher fractional polarizations are reached at 6 GHz than at 1.5 GHz,
since Faraday depolarization effects are stronger at the lower frequency.

If the fractional polarization is calculated from the polarized intensity distribution obtained using
RM synthesis (panels ¢) and d) of Fig.[7.9}{7.10), values of p > 75% (and even p > 100%) are
reached at large vertical heights. These unphysical values show that the polarized intensities
inferred from the Faraday cubes are highly overestimated, as a consequence of the spectral
behaviour within the frequency bands being erroneously treated as bandwidth depolarization.
This effect is particularly severe in the halo, where the steepest spectral indices occur. The
extraplanar spectra are furthermore affected by missing short spacings, which our Q and U cubes
were not corrected for. In this case, short-spacing corrections would have to be done for each
cube channel separately.

By averaging the p maps obtained without RM synthesis in boxes of 21.6 and 34.6 kpc width in
major-axis direction for NGC 891 and NGG 4565, respectively, we created vertical fractional
polarization profiles. At 6 GHz, the JVLA I, Q, and U maps were first smoothed to a resolution
of 25” for NGC 891 and 20" for NGC 4565 (before primary-beam correction, merging with
Effelsberg maps, and forming the p maps), to be comparable to the results of D97|at 4.85 GHz.
The resulting vertical profiles at both frequencies are shown in Fig.

Since our vertical p profiles at 1.5 GHz are at least slightly influenced by the effect of bandwidth
depolarization, and since we observed at 6 GHz instead of 4.85 GHz, comparing our p profiles
to those of D97|in terms of their absolute values seems hardly reasonable. Nevertheless, we
note that up to z = 3 kpc in case of NGC 891 and at least up to z = 2kpc for NGC 4565 we
obtain very similar p values at 6 GHz to those found by |D97|at 4.85 GHz. However, we observe
a notably different behaviour of these profiles for larger z heights. While for D97| p4 gsgn, of
NGC 891 drops to ~ 3% at 4 kpc, our pggn, profile remains constant near the maximum value of
~ 9% out to at least 5 kpc. Similarly, for NGC 4565 p, ssgu, of D97|decreases from ~ 28% at
~ 2 kpc to less than 20% at 4 kpc, whereas our data suggest that psgp, stays constant at =~ 38% at
least out to 3 kpc. A possible reason for the drop at high z in the p4gsgn, profiles of D97, may be
that the use of the AIPS task IMERG by this author to combine the VLA and Effelsberg images
distributed the Effelsberg flux in a way that resulted in too high total intensities in the upper
halo. In case of NGC 891, D97 explained the decrease of p,gsgu, by the transport of small-scale
turbulent fields from the disk into the halo through enhanced star-forming activity. That such a
process may take place is consistent with the fact that NGC 4565 (which has a very low SFR)
shows a higher overall fractional polarization and a steeper increase of p4gsgu, and pegu, With z
than NGC 891 — a trend that was already observed for a larger sample of galaxies at 10.55 GHz
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Figure 7.9: Fractional polarization maps of NGC 891. a) 1.5 GHz D-array polarized intensity map
obtained by full-bandwidth MS-MFS imaging (Fig.[7}1 a)), divided by the corresponding total
intensity map. b) 6 GHz D-array+Effelsberg polarized intensity map obtained by full-bandwidth
MS-MFS imaging (Fig.[7}1 b)), divided by the corresponding total intensity map. ¢) RM-synthesis
based L-band polarized intensity map (Fig.[7.6|a)), divided by the 1.5 GHz B+C+D-array total
intensity map. d) RM-synthesis based C-band polarized intensity map (Fig.[7.6]5)), divided by the
6 GHz D-array+Effelsberg total intensity map. The beam FWHM is 36" x 32" in panel a) and
12” in panels b)-d) . All fractional polarization maps have been cut off at the 5o level in the used
total intensity maps. Overlaid in each panel are contours of the KPNO Ha image provided by M.
Patterson (priv. comm.), smoothed to a resolution of 3.5”". These contour levels are at 5, 30, and
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Figure 7.10: Fractional polarization maps of NGC 4565. a) 1.5 GHz D-array polarized intensity map
obtained by full-bandwidth MS-MFS imaging (Fig.[7}2 a)), divided by the corresponding total
intensity map. ) 6 GHz D-array+Effelsberg polarized intensity map obtained by full-bandwidth
MS-MFS imaging (Fig.[7]2 b)), divided by the corresponding total intensity map. c) RM-synthesis
based L-band polarized intensity map (Fig.[7.7)a)), divided by the 1.5 GHz B+C+D-array total
intensity map. d) RM-synthesis based C-band polarized intensity map (Fig.[7.7]b)), divided by the
6 GHz D-array+Eftelsberg total intensity map. The beam FWHM is 35" x 32" in panel a) and
12 in panels b)-d) . All fractional polarization maps have been cut off at the 50 level in the used
total intensity maps. Overlaid in each panel are contours of the KPNO He image provided by M.
Patterson (priv. comm.), smoothed to a resolution of 3.5”. These contour levels are at 10, 25, 50,
and 100 uJy beam™!,

by [Dumke et al.| (1995)). Still, as indicated by our results, this mechanism apparently does not
lead to a decrease of p in the outermost parts of the halo.
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7 Polarization and magnetic field distribution

Lastly, we observe for both galaxies that, contrary to pecu., P1.5GH, InCreases continuously up to
the largest z heights. We cannot rule out that this is a consequence of missing short spacings,
which seem to have a greater effect on Stokes / than on Stokes Q and U.

a) 55 | | | . _|* 1.5GHz b) . = 1.5 GHz
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Figure 7.11: Fractional polarization at 1.5 GHz (red) and 6 GHz (blue) as a function of height

perpendicular to the major axis, averaged across the radial extent of each galaxy. a) NGC 891, b)
NGC 4565.
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8 Summary, conclusions, and outlook

Over the course of this thesis, the full data reduction of broad-band JVLA observations of
the edge-on spiral galaxies NGC 891 and NGC 4565 in the framework of the CHANG-ES
project (using three array configurations and two frequency bands centred at 1.5 and 6 GHz) was
performed, followed by an analysis of various physical properties of these two objects. While a
range of properties indicated by previous observations could be verified at a higher confidence
level by the newly obtained JVLA data, also a number of new scientific insights about both
objects have been gained. In particular, the spatial distribution of the total and polarized radio
radio emission (and hence also of the magnetic field structure) in both galaxies has been probed
at a higher angular resolution and sensitivity than previously possible. For both galaxies, the
following activities have been performed for the first time:

e Computing two-dimensional spectral index maps (in particular, also for the spectral index
within a given frequency band)

e Studying the spectral index distribution in vertical direction without being significantly
affected by the lack of short-spacing data

e Determining the spatial distribution of the total magnetic field strength (assuming energy
equipartition)

e Estimating the spatially resolved distribution of thermal radio emission

e Determining vertical radio continuum scale heights from thermal-subtracted emission
maps

o Investigating scale heights as a function of position along the galactic disk
¢ Obtaining first information on the frequency dependence of scale heights

e Analyzing the spectral index distribution and vertical emission profiles with regard to CR
propagation

Moreover, the magnetic field structure of NGC 4565 was studied for the first time using the RM
synthesis technique (while in case of NGC 891 we were able to improve upon a previous analysis
of |Adebahr (2013), who used broad-band WSRT data at 1.4 GHz). Also, for NGC 4565 we
obtained a rather spectacular radio image at our highest resolution, which reveals a ring-shaped
geometry of the inner spiral arms, and hence shows that the radio emission from the disk of the
galaxy closely follows the distribution seen at FIR wavelengths. This is the first time the spiral
arm pattern of a galaxy of such high inclination (86°) could be resolved into its front and rear
side at radio frequencies.

In addition, a major section of this thesis is concerned with the challenges of broad-band spectral
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8 Summary, conclusions, and outlook

index imaging. By performing various tests on our in-band spectral index data, we investigated
in detail the multiple sources of error inherent to such broad-band measurements and inferred a
range of important corrections that need to be applied.

In the following, our main findings for the two galaxies will be discussed in a comparative
manner. Even though both are known to be normal spiral galaxies that show only minor signs
of interaction with companion (dwarf) galaxies, various physical parameters determined in this
and previous works show substantial differences in comparison of the two objects. While both
galaxies lie in a similar range of mass and radial extent, many of their properties happen to
be consistent with NGC 891 being like an upscaled version of NGC 4565, with most of the
differences between them apparently being related to their very different SFRs.

Located at a similar distance, and being somewhat smaller in its physical disk diameter, NGC 891
is =6 times brighter in radio continuum than NGC4565. In particular, the radio continuum
emission in NGC 891 is considerably more extended in vertical direction than in NGC 4565
(which is the case at basically all other wavelengths as well). In fact, these two galaxies possess
one of the brightest and one of the weakest known radio halos, respectively.

The two galaxies differ largely in their synchrotron spectral index distribution, with spectral
indices being consistently steeper in NGC 4565 than in NGC 891, in the halo as well as in
the disk. This is evident from the in-band spectral index maps at both 1.5 and 6 GHz, and
consequently also from the two-point spectral index maps between the two frequencies. By
comparing the local differences between the two spectral indices at 1.5 and 6 GHz to predictions
by standard spectral aging models, we found in case of NGC 891 that our data are consistent with
mainly continuous injection of CRs into the ISM, while in NGC 4565 the spectral steepening
between the two frequencies can mostly be explained better by single-shot injection models.
While these standard models are probably too simple to describe the spectral evolution due to
synchrotron losses in a realistic manner, our findings indicate that the current CR injection rates
in NGC 4565 must be significantly lower than in NGC 891. These can be readily associated with
lower supernova rates and hence with the much lower SFR of NGC 4565. A possible scenario
that may explain the strong spectral steepening we observe in NGC 4565 is that the galaxy is
currently in a quiescent phase following a former period of high star-forming activity. Currently,
rather than forming new stars, the ISM of the galaxy may be primarily consumed for feeding the
central black hole, as indicated by the likely presence a strong central bar flow. To investigate
whether supernova rates are indeed low enough to cause significant spectral aging, they need to
be compared to the CRE energy loss rates. Determining how local supernova rates influence the
observed CRE spectra in an edge-on galaxy is not straightforward, however, owing to the long
lines of sight through the disk.

The vertical emission distribution in both galaxies is fitted well by two-component exponential
profiles. For NGC 891, the scale height of the halo component shows a radial increase and hence
reflects the dumbbell-shaped apperance of its overall extraplanar radio continuum emission.
Already the fact that we measure basically identical scale heights at both 1.5 and 6 GHz suggests
that the vertical CR transport in this galaxy is dominated by convection rather than diffusion. In
case of NGC 4565, the scale heights we obtained are relatively constant with radius at 1.5 GHz,
which seems plausible as no dumbbell shape is evident from the radio intensity maps. Still, at
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6 GHz we do observe a strong increase of the halo scale height at the outermost radii. While
the reason for this discrepancy is unclear, we find that if these outer data points are neglected,
the scale heights at 6 GHz are somewhat lower than those at 1.5 GHz. Compared to the case of
NGC 891, this frequency dependence of the scale heights is significant, and therefore indicates
that diffusion of CRs from the disk into the halo likely plays a vital role in NGC 4565. Yet, we
find the globally averaged scale heights to be similar for both galaxies (as known from past
measurements), especially if the values at the outermost radii are not considered.

By solving the one-dimensional diffusion-loss equation, we applied a model of the vertical
CR transport in NGC 891, whereas the insufficient reliability of extraplanar spectral index
measurements in NGC 4565 did not allow such an analysis for this galaxy. We successfully
reproduced the vertical distributions of synchrotron intensity and synchrotron spectral index in
NGC 891 by assuming a 2-component pure convection model. A purely diffusive model, on
the other hand, was not able to represent our data to a satisfactory extent. While generally a
combination of convective and diffusive vertical CR transport is expected, our modelling clearly
shows that convection is the dominating mechanism in this galaxy. The resulting outflow velocity
is not well constrained, but is likely to be higher than 300 km s~!, which would be sufficient to
escape the gravitational potential of the galaxy as a galactic wind. In this picture, the vertical
decrease of the synchrotron intensity is primarily due to the vertical decrease of the total magnetic
field strength, rather than due to radiative energy losses. This appears to be consistent with
the frequency-independence of the measured synchrotron scale heights. In particular, the scale
height of the halo magnetic field in our best-fit convection model is ~ 40% lower than the value
expected in case of energy equipartition, which indicates that the equipartition condition breaks
down in the halo of NGC 891. As our CR transport modelling in this work is based only on the
global vertical profiles of the galaxy, we cannot yet provide a conclusive statement on the radial
dependence of the vertical magnetic field gradient. However, the dumbbell-shaped behaviour of
the halo scale heights already suggests that the field gradient decreases with radius. This, on the
other hand, may point to a close connection between vertical magnetic field gradients and the
field pattern in the halo of this galaxy, which is characterized by plane-parallel field lines above
the centre and a radially increasing component in vertical direction.

Total equipartition magnetic field strengths in the disk of NGC 891 are consistently higher than
in NGC 4565, with average values of ~ 10uG and = 5 uG, respectively. According to the
equipartition model of the radio-FIR correlation (Niklas & Beck|[1997), the field strength relates
to the SFR as B.q o SFR’?**, and moreover the non-thermal flux density behaves as I, o SFR!3.
Assuming that the SFRs of both galaxies follow these relations, it is now possible to constrain
these SFRs more tightly within the large scatter between diftferent literature values. Considering
the SFR values given in Table [I.] we find that the ratio between the above field strengths of the
two galaxies as well as the ratio between their integrated non-thermal flux densities (at both 1.5
and 6 GHz; see Table agree best with (SFRygo1/SFRN4s65)"* and (SFRygo1 /SFRN4s65)',
respectively, if SFRygo; = 3.3 My, yr~! and SFRyys65 = 0.74 M, yr~! are assumed.

While the X-shaped geometry of the magnetic field in the halo of NGC 891 has been known for
some time, and is likely the result of convective disk-halo outflows, we have now detected clear
sings that such a field configuration exists in the halo of NGC 4565 as well. Our polarization
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data (especially after applying RM synthesis) show that extraplanar magnetic field lines system-
atically deviate from a plane-parallel orientation, which was only marginally hinted at in past
observations.

The extraplanar RM patterns in both galaxies suggest a quadrupolar halo field configuration, as
predicted by models of galactic dynamos that are coupled to convective outflows. This can only
be regarded as a tentative interpretation, however, as our data do not provide any information
on field reversals along the line of sight. Lastly, NGC 891 shows a lower fractional degree of
polarization than NGC 4565, particularly in the halo, which may be attributed to its higher SFR,
resulting in a more efficient transport of turbulent fields from the disk into the halo. On the
other hand, also enhanced depolarization within the prominent extraplanar ionized gas layer of
NGC 891 appears to be a reasonable explanation.

It is obvious that star formation plays an important role in regulating convective disk-halo
outflows and therefore has a major impact on the vertical extent of radio halos, although the
connection between the two processes is still only vaguely understood. Given the above equipar-
tition relation between SFR and magnetic field strength, the small scatter in the synchrotron scale
heights of different galaxies in spite of their different SFRs seems plausible if the field strength
does not show a significant vertical decrease. However, the vertical field gradient is generally not
negligible, as a study by Heesen et al. (2015, submitted) and our work on NGC 891 have shown.
These gradients, in turn, certainly depend on how efficiently the field is transported from the disk
into the halo. Moreover, it is well-known by now that scale heights can vary with radius, and we
are currently beginning to reliably probe the relation between scale height and frequency within
individual galaxies. As demonstrated by our analysis in Chapter [6] the data quality currently
provided by the JVLA (and certainly by other modern radio interferometers as well) is sufficient
for studying the spatial and spectral behaviour of galactic synchrotron scale heights. Therefore,
observing edge-on galaxies at multiple additional frequencies appears to be highly promising for
obtaining a well-established scaleheight-frequency relation, which in turn would be extremely
useful to put further constraints on the nature of disk-halo outflows. By properly sampling the
spatially resolved CRE spectral energy distribution (eventually also extending the range to lower
radio frequencies, using e.g. LOFAR, WSRT, or low-frequency JVLA bands), also more realistic
spectral evolution models than those considered in this work could be tested.

But already without performing these follow-up observations, analyzing the 1.5 and 6 GHz
data of the remaining galaxies in the CHANG-ES sample in a similar fashion as presented in
this thesis is expected to provide substantial new insights to the interrelations of various key
quantities. These parameters include radio luminosities, vertical scale heights, outflow velocities,
magnetic field strengths, gravitational potential, and quantities related to star-forming activity.
Comprehensive studies of this kind making use of the entire CHANG-ES sample have recently
been started by the consortium (L1 et al. 2016 Krause et al. 2016, in prep, Vargas et al. 2016, in
prep.).

However, apart from the currently available CHANG-ES data sets, additional observations in
S-band (2-4 GHz) will be essential for further polarization studies. S-band data should then
replace the L-band data in RM synthesis, to avoid complete depolarization by differential Faraday
rotation beyond a certain Faraday depth, while still achieving a reasonable Faraday depth resolu-
tion to probe the magnetic field structure in line-of-sight direction. In addition, it needs to be
ensured that single-dish data of reasonable quality are available for each galaxy above a certain
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angular size, at all observing frequencies, to correct for missing short-spacings. It is desirable
to carry out these single-dish observations at the same frequencies (and ideally also the same
bandwidths) as the interferometric measurements. An according extrapolation of single-dish
maps may introduce artifacts to the short-spacing corrected images, as our own results indicate.
Observations of all CHANG-ES galaxies with the Green Bank Telescope (GBT) fulfilling the
above requirements have recently been performed, however due to delays in the installation of
broad-band receivers and present commissioning requirements, it was not possible to acquire the
relevant data products in time for the studies presented here. Hence, we made use of 4.85 GHz
images taken with the Effelsberg telescope to apply short-spacing corrections to our 6 GHz JVLA
data. In fact, the Effelsberg telescope is largely superior to the GBT in terms of data processing
capabilities, as advanced and and well-tested software for the reduction of Effelsberg data exists.
We therefore hope for a soon installation of broad-band spectropolarimeters in Effelsberg.

In the long run, the sensitivity in observing galactic radio halos will be considerably improved
by the Square Kilometre Array (SKA), which is soon to be constructed. Yet, in the meantime,
upcoming studies using the currently available technology can already be expected to rapidly
push forward our knowledge in this field.

Lastly, the disk-halo connection is playing an ever increasing role in numerical simulations
of galaxy formation and evolution. Providing well-constrained observational parameters such
as outflow velocities to numerical models (including MHD simulations) will largely improve
our understanding of why we observe such a diverse range of galaxy properties in the local
universe.
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