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Chapter 1

Introduction

The temperature fluctuations in the “3 Kelvin background radiation” measured by the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) revealed precisely the matter distribution in the Universe at the
time of recombination (Spergel et al. 2003, 2007). These tiny density fluctuations with a relative ampli-
tude of less than 10~ are the seed which forms by gravitational collapse the structures observed today.
However, the time since the formation of the Universe of 13.7 Gyr is not long enough to explain the
contraction alone due to the gravity of the observed baryonic matter. The so-called cold dark matter
(CDM) is thus part of the standard cosmological model to ensure structure formation on adequate time
scales by the additional gravity of unseen material. Direct observations of the Universe at early epochs
showed that the models successfully describe the evolution of structure on large and intermediate scales
(Coles 2005). Still, there are serious contradictions on smaller, galactic scales. Observations of nearby
galaxies show that galactic dark matter halos have a density profile with a flat core (de Blok & Bosma
2002). According to numerical simulations by Navarro et al. (1996), the halos should have divergent
density (a cusp) at the center. Another discrepancy of the CDM-model is the predicted number of small
satellite galaxies of the Milky Way which is about 10 to 100 times higher than observed (Moore et al.
1999). Moreover, the cores of galaxy clusters posses an excess of hot gas to the prediction of adiabatic
heating by hierarchical formation (Ponman et al. 1999).

Several solutions to these problems which involve stellar feedback on the interstellar medium (ISM)
have been proposed. Recent hydrodynamic computations by Mashchenko et al. (2006) suggest that the
cusps of the dark matter density profiles in small primordial galaxies can be removed by random gas bulk
motions excited by supernovae explosions. A possible scenario to explain excess of hot gas in the cores of
galaxy clusters are supernova powered outflows of hot gas (Borgani et al. 2005). In the early Universe the
galaxies were much closer to each other than today and hence their interaction was stronger. Frequent
minor mergers can transfer gas effectively into the central regions of the galaxies fueling active star
formation (Younger et al. 2007). Spatially concentrated supernovae explosions drive thermal outflows
of hot gas creating galactic halos and even enrich the intergalactic medium (IGM), if the gas escapes
from the gravitational potential (galactic wind). Hence, galaxies can have a strong influence on the
surrounding IGM incorporating mass and momentum losses which leave the gravitational potential. The
preheated intracluster medium prevents gas from collapsing into their potential wells leaving the bulk of
the baryons in the Universe in a currently undetectable high-entropy sea (Ponman et al. 1999). The small
escape velocity of dwarf galaxies make them particularly vulnerable to galactic wind. A possible wind
might thus suppress the number of dwarf galaxies in dark matter halos of star-forming galaxies since they
loose all gas by a galactic wind (Veilleux & Rupke 2004). Hence, it is likely that in the early Universe,
galaxies were surrounded by a magnetized IGM. This affects the dynamics of the galaxy interaction as
gravity is not the only contribution to the force equilibrium but magnetohydrodynamical effects have to
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be taken into account, too. The properties of galactic winds and their contribution to the enrichment
of the IGM with cosmic rays and magnetic fields are thus an important information which is needed to
understand the structure formation in the early Universe.

The supernova heated gas itself can drive a galactic wind provided the heating processes are suffi-
ciently strong and the gravitational potential is weak enough. A good example for this situation is the
edge-on galaxy M 82 where a huge halo of hot X-ray gas, He, and radio continuum emission is detected.
Observations by Hoopes et al. (2003) in Ha confirm that the wind material will eventually reach the
IGM. However, in many cases the hot gas can not drive a galactic wind alone, because strong radiation
cools the gas which eventually falls back onto the disk (Breitschwerdt et al. 1991). This galactic foun-
tain scenario might also explain the high-velocity clouds (HVCs) observed in the Milky Way halo as
the cooled outflow debris falling back onto the disk. If we incorporate pressure support by cosmic rays,
the galactic wind can be sustained against radiative losses, as have been shown in a pioneering work by
Ipavich (1975). The cosmic rays suffer only weakly from radiative losses (mainly by synchrotron losses
of the electrons). As the protons carry the large part of the energy this does not influence the cosmic
ray energy significantly. Thus, the pressure support from below can drive a galactic wind against the
gravity of the underlying galactic disk. Breitschwerdt et al. (1991) assumed the propagation of cosmic
rays along “flux tubes” which allow a one-dimensional treatment of the problem. This model has been
extended to a full three-dimensional treatment (with rotational symmetry) by Zirakashvili et al. (1996)
which allows the treatment of galactic rotation. It was found that cosmic rays can drive a galactic wind
under a broad choice of conditions in the disk.

The magnetic field structure is directly connected with the transport of cosmic rays. The diffusion of
cosmic rays is hampered by perpendicular magnetic field lines and diffusive transport proceeds mainly
along the magnetic field lines. Hence, the alignment of the magnetic field with respect to the galactic disk
is important for the cosmic ray transport. Any disk-parallel magnetic field holds the cosmic ray gas in the
disk. A process to create “open” field lines are the so-called superbubbles generated by successive SNes.
At a certain height above the disk the shells of the superbubbles begin to overlap which results in open
field lines in the halo. Another process, which opens the field lines, is the well-known Parker instability.
The cosmic ray buoyancy creates a loop of magnetic field lines. The cold gas slides down along the field
lines and the force directed upwards is increased (Parker 1966). Thus, a galaxy may possess a poloidal
magnetic field in the halo while in the disk the magnetic field is predominantly disk-parallel.

In the local Universe the influence of the possibly magnetized IGM on the galaxy dynamics is small.
Nearby objects are a good starting point for the observation of galactic winds, because of the high sen-
sitivity and resolution which are observationally accessible. The properties of galactic winds found by
such studies can be used in order to extrapolate the influence of galactic winds on the IGM in the early
Universe. The ultimate goal is to establish the connection between the magnetic field formation and
structure formation in the early Universe. One of the most favoured objects to study is the archetypical
starburst galaxy NGC 253. It hosts one of the brightest radio halos discovered so far and observations
with the current generation of radio telescopes allow the study of cosmic rays and magnetic fields far
away from the disk. This galaxy is thus a preview of what will be possible with the next generation of
radio telescopes like the Expanded Very Large Array (EVLA), the Low Frequency Array (LOFAR), and
the Square Kilometre Array (SKA). All of them have a higher sensitivity and the possible observation at
lower frequencies will not be so much limited by the aging of cosmic ray electrons due to synchrotron
losses. Thus, the expected observable vertical extent of radio halos will be significantly larger. A special
technique that circumvents the problem of cosmic ray aging in halos of galaxies is the Faraday mapping
of polarized background sources which will be one of the key science projects of the SKA (Gaensler
et al. 2004). Currently, with this technique the mapping of galactic halos is hampered by the sparsely



ISM constituent T [K] n[em™]

Atomic Hydrogen (HI) 100 — 5 x 10° 1-100
Molecular Hydrogen (H,) 5-100 100 — 10*

Other Molecules 5-100 100 — 10°
Ionized Hydrogen (HII) 5000 102 - 10*
Coronal Gas 10° — 107 1072
Dust Grains 20 — 100 -
Magnetic Fields — -

Cosmic Rays - -

Table 1.1: Constituents of the ISM.

populated background sources and hence the direct observation of halos in synchrotron emission is still
favourable (Beck & Gaensler 2004).

NGC 253 contains a region of active star formation in the inner part of the disk which is connected
with large lobes observed in HI, He, and soft X-ray emission. The gas can be traced up to 8 kpc away
from the disk (Pietsch et al. 2000) and it is likely that the outflow is strong enough to drive a galactic
wind which reaches the IGM. The outflow model must explain the properties of the different phases of
the interstellar medium (ISM) in the halo of NGC 253 which are traced by various observations. These
are the molecular medium, the cold neutral medium, and the warm ionized medium, which is also known
as diffuse ionized gas. The description of the ISM would be incomplete if we neglect other ingredients
namely cosmic rays, magnetic fields, the interstellar radiation field, and dust. The constituents of the
ISM are listed in Table 1.1.

In the halo of NGC 253 various phases of the ISM have been detected so far. Pietsch et al. (2000)
detected a huge X-ray halo proving the existence of hot coronal gas with temperatures of 10°K. A
possible explanation for the hot X-ray emitting gas is a wind, driven by the intense star formation in the
inner regions of the disk. The kinetic energy of the wind is thermalized by shockwaves which heat the
gas. The X-ray emission is concentrated in lobes enveloping two huge cavities on both sides of the disk
which are generally referred to as superbubbles. Ha-emitting gas with temperatures of 10* K was found
to be concentrated in lobes which surround the X-ray emitting gas (Hoopes et al. 1996). Moreover, HI
observations of Boomsma et al. (2005) show huge lobes of extra-planar cold neutral gas enveloping the
superbubbles (see Fig. 1.1 for a cartoon of the distribution of the ISM phases in the halo). This cold gas
is an important ingredient to explain the formation of shockwaves by the expanding superbubble, since
a population of preexisting clouds in the halo is not consistent with the observed distribution of X-ray
and He-emitting gas (Strickland et al. 2002). The source of the cold neutral gas in the halo, however,
remains unclear. A minor merger with a satellite galaxy is unlikely, since the distribution of the cold
gas is highly symmetric with respect to the major axis (Boomsma et al. 2005). Moreover, the striking
asymmetry of extra-planar HI gas between the northeastern and the southwestern halo requires another
explanation. A connection to the disk is likely since radio continuum observations by Carilli et al. (1992)
indicate a higher star-formation rate in the northeastern disk. Until now, no such possible transport of
cold gas by a galactic wind blowing over the entire extent of the disk into the halo has been discovered.

I will use radio continuum observations presented in this thesis to investigate the connection between
the star-forming disk and the halo. As cosmic rays are generated and accelerated in the disk by supernova
explosions, the existence of extra-planar diffuse synchrotron emission requires a transport of cosmic rays
from the disk into the halo. The lifetime of the cosmic ray electrons imposes a lower limit on the velocity
of the transport which hence allows to calculate the cosmic ray bulk speed. The cosmic rays are coupled
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effectively via the streaming instability to the plasma (Kulsrud & Pearce 1969). Scattering at Alfvén
waves and fast magnetosonic waves produce an isotropic pitch angle distribution in the local comoving
coordinate system. Thus, cosmic rays cannot stream faster with respect to the background plasma than
with the Alfvén speed. Hence, by investigating the cosmic ray transport, we can essentially study the
transport of (partially) ionized gas from the disk into the halo. Moreover, I will investigate the three-
dimensional magnetic field structure in the halo of NGC 253 and compare it with the features seen in the
other ISM phases.

1.1 Organization of the thesis

This thesis is organized as follows: after this introduction the main work is presented in two chapters
along with the new radio continuum observations of NGC 253. In Chapter 2, I investigate the cosmic ray
distribution from the continuum emission. In Chapter 3, I discuss the three-dimensional structure of the
magnetic field using the polarimetry information of the observations. I summarize my results and give
an outlook in Chapter 4.

NGC 253 is a challenge for radio continuum observations since it harbors a very bright point source.
Hence, I have tailored the data calibration to a high dynamic range. Appendix A contains a description
how the single-dish observations with the 100-m Effelsberg telescope were cleaned and a correction of
the instrumental effects on the polarization was applied. Obtaining the polarization mosaic from the
interferometric VLA observations required a wide-field polarization calibration which is presented in
Appendix B.
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ABSTRACT

Context. The models of cosmic ray (CR) transport still lack detailed observational constraints. Nearby edge-on galaxies are the best
objects to study the vertical CR distribution with high sensitivity and resolution, since the extra-planar distribution of CRs in the
Milky Way cannot reliably determined from within the galaxy.

Aims. The diffusive and convective CR tranport from the disk into the halo is discussed with vertical profiles of the CR bulk speed.
The connection of the CR transport with the superwind model is investigated.

Methods. From high resolution radio continuum observations of the nearby starburst galaxy NGC 253 we determine the local corre-
lation between the extra-planar CR distribution and the magnetic field structure. With the VLA we have obtained a mosaic consisting
of 15 pointings at 16.2 cm. The missing zero-spacing flux of the VLA mosaic has been filled up using observations with the 100-m
Effelsberg telescope. We also obtained new 43.6 cm maps with Effelsberg observations and use a three-pointing mosaic at 120 cm
from the VLA archive. Moreover, we reproduced a 190 cm map presented by Carilli et al. (1992). The high dynamic range caused
by the strong nuclear point source was addressed with a special data calibration scheme for both the single dish and interferometric
observations.

Results. We find a thin and a thick radio disk with a scaleheight of 0.3 kpc and 1.7 kpc for 16.2 cm, respectively. The equipartition
total magnetic field strength of 15 G in the disk is remarkably high. Spectral index profiles between 190 cm and 16.2 cm show a
steepening of the spectral index with increasing distance from the disk. This can be explained by strong radiative losses of the cosmic
ray electrons (CREs). We find a local linear correlation between the scaleheight and the CRE synchrotron lifetime which requires a
significant vertical CR bulk speed of at least 270 kms~!.

Conclusions. The cosmic ray transport can be best described for the eastern halo by convection and for the western halo by diffusion.
A stronger wind in the eastern halo, suggested also by the extra-planar abundance of H1, He, and soft X-ray emission may explain

this dichotomy of the cosmic ray transport.

Key words. jkeyword 1 - keyword 2 - keyword 3;,

1. Introduction

NGC 253 is a prototypical starburst galaxy at a distance of
3.94Mpc (Karachentsev et al. 2003). It is a late-type spiral
galaxy with a high inclination angle of 78.5°. This allows
for observation of extra-planar components of the interstel-
lar medium (ISM) at different wavelengths: ROSAT Position
Sensitive Proportional Counter (PSPC) observations have re-
vealed a very extended halo of soft diffusive X-ray emission ex-
tending into the halo to a distance of 8 kpc from the disk. The
prominent lobes of soft X-ray emission show a distinct “X”-
shaped pattern centered on the nucleus (Pietsch et al. 2000).
Moreover, Ha observations by Hoopes et al. (1996) show promi-
nent plumes emerging from the disk into the halo which spatially
coincide with the lobes of the soft X-ray emission. Observations
of Boomsma et al. (2005) in H1 show large plumes of extra-
planar H1 emission enclosing the soft X-ray emission.

Given the different species of the interstellar medium in the
halo of NGC253 the question arises, how the observed halo
structure has been formed? The onion shell appearance of the
different ISM phases have led to the suggestion that the halo
can be considered as one huge bubble which is fueled by an
active star forming region around the nucleus of the galaxy. This
so-called superwind scenario is supported by the finding of a

small plume of hot X-ray gas in CHANDRA maps associated
with a conical outflow from the nuclear starburst (Strickland
et al. 2000). Spectroscopic measurements of Ha-emitting gas in
the southern nuclear outflow cone by Schulz & Wegner (1992)
give an outflow velocity of 390kms~'. An attractive aspect of
the superwind model is that the observed lobes observed in the
different extra-planar ISM species can be explained by limb
brightening. Numerical simulations of the superwind model by
Suchkov et al. (1994) followed the evolution of a multi-phase
halo powered by a point source located in the center of the
disk. A good resemblance of the “X”-shaped pattern of the soft
X-ray emission was indeed found which could be interpreted
as the termination shock of the hot gas where the gas can cool
effectively. On the other hand, the dilute hot plasma inside the
bubble is not visible because of its low density. It should be
noted that the AGN activity is at most weak, if there is an AGN
at all (Mohan et al. 2002), and thus the nuclear starburst is the
only energy source to be considered.

The superwind model can be tested with the distribution
of the different ISM phases in the halo and must thereby
explain the luminosity of the hot gas. A possible explanation
for the amount of X-ray and He-emitting gas in the halo is
the dissipation of kinetic energy via shock heating (Lehnert &
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Heckman 1996) if the thermalization fraction is high enough
(Strickland et al. 2002). A precondition for this model is the
existence of cool gas in the halo which condenses to clouds at
which the shock can form. ISOPHOT observations discussed
by Radovich et al. (2001) show “X”-shaped FIR emission
overlapping with the He and X-ray emission indicating the
existence of such a cool gas. However, the origin of the gas is
not clear. It could be a preexisting population of cool gas in the
halo, possibly accreted from a merger with a satellite. Another
possibility is that the wind carries its own cool gas into the halo
as suggested by simulations. These show that the gas of the disk
can be transported into the halo along the walls of the cavity, as
Kelvin-Helmholtz instabilities rip of clumps off cool gas in the
disk (see e.g. Suchkov et al. 1994; Heckman et al. 2000).

Cosmic rays (CRs) and magnetic fields are important for the
evolution of the ISM, because they possess an energy density
comparable to that of the thermal gas (Beck et al. 1996). They
are even more important for the study of galactic winds, because
the supernova-heated gas itself can drive a galactic wind only
when the heating processes are sufficiently strong and the grav-
itational potential is comparably weak. A good example for this
situation is the edge-on galaxy M 82, which posses a huge halo
of hot X-ray, He, and radio continuum emission. However, the
hot gas cools radiatively preventing the escape from the gravita-
tional potential and falls back onto the disk in condensed clouds.
This galactic fountain scenario proposed by Field et al. (1969)
might explain the infall of the so-called High Velocity Clouds
(HVC’s) which could be interpreted as cooled remnants of the
hot gas.

If we incorporate the CR pressure the galactic wind can be
sustained against the radiative losses (Ipavich 1975), because
the CRs suffer only little from radiative losses (mainly via syn-
chrotron losses of the electrons). As the protons carry the large
part of the energy this does not influence the cosmic ray en-
ergy density. Thus the pressure support from below can drive
a galactic wind against the gravity of the underlying galac-
tic disk. Breitschwerdt et al. (1991, 1993) started a series of
papers treating the cosmic ray transport along “flux tubes” in
a one-dimensional model. This model has been extended to a
full three-dimensional treatment (with rotational symmetry) by
Zirakashvili et al. (1996), including the influence of galactic ro-
tation. It was found that CRs can drive a galactic wind under
a broad variety of conditions in the disk and that the loss of
mass and momentum over the lifetime of a galaxy is significant
(Ptuskin et al. 1997).

The theory of a CR driven galactic wind can be constrained
with radio continuum studies. As the relativistic CRs are the
most pervasive component of the ISM, they are expected to be
associated with the other phases in the halo of NGC 253. Indeed,
aradio halo around NGC 253 was detected by Beck et al. (1979)
using the 100-m Effelsberg telescope' at 2.8 cm. However, no
correction for the sidelobes of the strong nuclear point source
was applied and thus it was not possible to disentangle the in-
trinsic halo emission from the contribution by the sidelobes.
The study was extended later with VLA? interferometric obser-
vations by Carilli et al. (1992), which show an extended halo
over the length of the optical disk. The finding of a large radio
spur southeast of the nucleus already led to speculations of an

! The Effelsberg 100-m telescope is operated by the Max-Planck
Institut fiir Radioastronomie (MPIfR).

2 The VLA (Very Large Array) is operated by the NRAO (National
Radio Astronomy Observatory).

outflow connected with the spur. Extending the observations to
other wavelengths and including the polarization, a prediction of
the magnetic field structure in the disk was presented by Beck
et al. (1994). The sensitivity of the observations was not suffi-
cient to get information for the extra-planar polarized emission.

With the new VLA mosaic at 16.2 cm we are able to increase
the sensitivity at this short wavelength, allowing us to study in
detail the extra-planar emission at this high frequency. The ad-
vantage is that the high synchrotron losses at this short wave-
length allow to impose tighter constraints on the CR propaga-
tion from the disk into the halo. Moreover, for the first time
sensitive polarization measurements have been carried out to
study the large-scale magnetic field structure in the halo of
NGC 253 which will be addressed in a subsequent paper (there-
after Paper II).

This paper is organized as follows: in Sect. 2 we introduce
our observations and present the data calibration. We present our
radio continuum maps along with a discussion of the morphol-
ogy in Sect. 3. An important finding is the steepening of the spec-
tral index with increasing distance from the disk (Sect. 4). The
finding of an extended radio halo with a thick radio disk leads
to the determination of the vertical CR bulk speed (Sect. 5).
Eventually we will discuss the impact of our findings on the
feeding of the radio halo with CRs from the star forming disk
(Sect. 6). Finally we summarize our results and present our con-
clusions in Sect. 7.

2. Observations and data reduction
2.1. The Effelsberg observations

The 13.6 cm observations have been obtained between February
2003 and July 2004. The Effelsberg 13.6 cm receiver is equipped
with a single horn and mounted in the secondary focus cabin
(SFK). The receiver is capable to record the total power and the
Stokes channels Q and U simultaneously. We have compiled 26
maps of each Stokes channel respectively with a map-size of
30.5" x 20.5’. The maps have been aligned with the major axis
of NGC 253, which reduces the time for scanning. Each map
has been checked and corrected for pointing errors using Gauss-
fits on the nuclear point source. The final map was produced
using the PLAIT algorithm, which we used to suppress scanning
effects (Emerson & Grive 1988). The noise level of the final
map is 500 uJy/beam in total power with a resolution of 84"
Half Power Beam Width (HPBW).

The 16.2 cm observations were carried out with the 100-m
Effelsberg telescope during 1997 by R. Beck. The dual-horn re-
ceiver effectively reduces scanning-effects via beam-switching.
The restoration of the maps was done following the standard cal-
ibration process resulting in eleven maps with a map-size of 30
% 30’. The maps were checked and corrected for pointing errors
using Gaussian fits on the nuclear point source and combined
with the PLAIT algorithm. The noise level of the final map is
I mJy/beam in total power with a resolution of 144" (HPBW).
3C286 was used as a calibrator for the flux of the Effelsberg
observations at 43.6 cm and 16.2 cm, adopting the flux density
scale of Baars et al. (1977).

The sidelobes of the Effelsberg beam pattern peak at a level
of a few percent which limits the dynamic range to 100 at most.
As the nuclear point source has a flux density of 1Jy we would
be limited to a noise-level of 10 mJy/beam. In order to overcome
this limitations we had to remove the sidelobes of the nuclear
point source. This was accomplished by applying a procedure
similar to the CLEAN algorithm by Hogbom (1974). This proce-
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dure has been revised and extended for the application on single-
dish observations by Klein and Rottmann (see Rottmann 1996).
The required beam patterns have been obtained from deep obser-
vations of 3C84 and 0234-23 for 43.6 cm and 6.2 cm, respec-
tively. Each single map was cleaned with a constant parallactic
angle. This is sufficient, since the the variation of the parallac-
tic angle is less than 5° during the observation of a single map.
Thus we were able to obtain essentially noise limited maps with
a dynamic range of at least 1000. The cleaning structures (the
difference between the uncleaned and the cleaned map) exhibit
prominent sidelobes extending far from the disk. This underlines
the importance of a careful cleaning procedure. Details of the
single dish cleaning can be found in Heesen (2007).

2.2. The VLA observations

With the VLA in D-configuration we observed in July 2004 at
16.2cm with a total integration time of 40 hours. The size of
the primary beams of the VLA antennas at 16.2 cm is 8, requir-
ing a mosaic of 15 pointings. They were arranged in three rows
parallel to the major axis of the galaxy, including much of the
extra-planar field of interest. An illustration of the mosaic setup
is shown in Fig. 1 and the coordinates of the individual point-
ings are listed in Tab. 1. The data have been calibrated using
the standard procedures in the Astronomical Image Processing
System® with the flux density scale given in Baars et al. (1977).
The performed self calibration allowed us to suppress the side-
lobes of the nuclear point source in order to gain a high dynamic
range. After inverting the (u,v)-data and the successive clean-
ing we convolved the maps of each pointing with a Gaussian in
order to obtain an identical clean beam. Using LTESS (part of
AIPS) the maps were finally combined with a linear superposi-
tion and a correction for the VLA primary beam attenuation us-
ing information from each pointing out to the 7 percent point of
the primary beam (Braun 1988). Our final map has a noise level
of 30 uJy/beam in total power which corresponds to a dynamic
range of 40.000 with respect to the nucleus.

Finally, we combined the VLA map with our Effelsberg map
using IMERG (part of AIPS) which performs a Fourier combina-
tion of the two maps. We found the missing zero-spacing flux to
be a fraction of 10 % of the total flux measured with Effelsberg.
The importance of the single-dish observations for recovering all
extended emission will be briefly discussed in Sect. 3.

The 220 cm data were obtained from the VLA archive (pre-
sented by Carilli et al. 1992). At this wavelength the VLA pri-
mary beam size of 25" allows to cover the disk and halo with
three pointings only. We combined the (u,v)-data of three con-
figurations (D, C, and B) and inverted with natural weighting.
The three maps were cleaned and restored with a 30” Gaussian.
Using LTESS we constructed the final map with a noise level of
500 uJy/beam at a resolution of 30” (HPBW).

3. Morphology of the total power emission

We present the total power maps as exponential contour plots
with the first contour indicating emission exceeding three times
the noise level. The optical background image has been obtained
from the DSS (Digital Sky Survey) *.

3 The Astronomical Image Processing System (AIPS) is distributed
by the National Radio Astronomy Observatory (NRAO) as free soft-
ware.

4 The compressed files of the “Palomar Observatory - Space
Telescope Science Institute Digital Sky Survey” of the northern sky,
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Fig. 1. The VLA mosaic of NGC 253 at 46.2 cm consisting of 15 point-
ings. The circles indicate the HPBW of the VLA primary beam which
is 8" at 46.2 cm. The corresponding coordinates of the pointing centers
can be found in Tab. 1. The background optical image has been obtained
from the DSS.

Table 1. Coordinates of the 15 VLA mosaic pointings at 16.2 cm.

Pointing R.A. Dec.
1 00°46™49°.63 —25°19'53".7
2 00"47m02°.49 -25°23'43".8
3 00M47™13%.44 -25°27'33"3
4 00"47m01°.94 -25°16'40".8
5 00°47m16°.17 -25°20'30".6
6 00747m30°.40 -25°24'20".4
7 00°47™18.91 -25°13'28”.0
8 00°47M33°.13 -25°17'17".8
9 00"47m47°.35 -25°21'07".6
10  00"47M35°.86 —25°10'15".2
11 00"47m50°.07 —25°14'05".0
12 00"48M04°.28 —25°17'54".8
13 00°47M52°.80 —25°07'02".3
14 00"48m07°.00 -25°10'52".1
15 00°48™21°.20 -25°14'417.9

The morphology of the total power emission depends
strongly on the observing wavelength and the resolution of the
map. This is most prominent in the 120cm and 16.2 cm maps
presented in Figs. 2 and 3 which have the highest resolution of
the presented maps with 30” (HPBW). These maps show a slight
enhancement along the optical spiral arms, one extending to the
northwest and the other to the southeast, of the radio contin-
uum emission. The inner part of the disk shows a plateau of high
emission coinciding with the brightest part in the optical image.
These general features are also found in the maps with the lower
resolution, though not as clearly, because they are smoothed out.
The continuum emission does not exceed the optical disk along
the major axis but we find a notable excess of emission along the

based on scans of the Second Palomar Sky Survey are ©1993-1995
by the California Institute of Technology and are distributed herein by
agreement.
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Fig. 2. Total power radio continuum at 420 cm obtained from the VLA
observations. Contours are at 3, 6, 12, 24, 48, 96, 192, 384, 768, 1536,
3077, and 6144 x 0.5mly/beam. The background optical image is
taken from the DSS, which is used in the figures below, too.
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Fig. 3. Total power radio continuum at 16.2 cm obtained from the VLA
and Effelsberg observations. Contours are at 3, 6, 12, 24, 48, 96, 192,
384, 768, 1536, 3077, 6144, 12288, and 24576 x 30 uJy/beam.

minor axis in all maps. We will refer this radiation as to extra-
planar emission, and a detailed analysis and proof that the emis-
sion does not belong to the disk will be given later in Sect. 5.1.
The abundance of extra-planar emission is strongly dependent
on the observing wavelength if we compare our maps: in Fig. 4
we reproduce the 190 cm map with a resolution of 70" (HPBW)
which was presented by Carilli et al. (1992). At this long wave-
length the extra-planar emission is very pronounced while the
disk does not show up prominently. The 13.6 cm Effelsberg map
presented in Fig. 5 has a moderate resolution of 84” (HPBW)
and exhibits the least extra-planar emission.
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Fig. 4. Total power radio continuum at 290 cm obtained from VLA ob-
servations. This map has been presented by Carilli et al. (1992) and is
presented in this work for analysis purposes. Contours are at 3, 6, 12,
24, 48, 96, 192, 384, 768, 1536, and 3077 x 6 mJy/beam.
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Fig.5. Total power radio continuum at A3.6cm obtained from the
Effelsberg observation. Contours are at 3, 6, 12, 24, 48, 96, 192, 384,
768, and 1536 x 500 pJy/beam.

The total extension of emission perpendicular to the disk
does not only depend on the wavelength but also on the sensi-
tivity of the observations because the radio continuum emission
decreases with increasing distance from the disk. We note that
the 120cm map shows less extra-planar emission than the
6.2 cm map since the noise-level of the latter one is more than
10 times smaller. Thus we observe always only the brightest tip
of a huge radio halo with a given sensitivity. This is the moti-
vation to use a different measure for the extra-planar emission
which does not depend on the sensitivity: the scaleheight A,
which prescribes the emission profiles perpendicular to the disk
as an exponential function exp(—z/h) of the distance z from the
major axis. However, even from the morphological view we find
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the general trend of of increasing extra-planar emission with
increasing wavelength. This can be attributed to a steep spectral
index caused by CR aging and will be discussed in the Sect. 5.5.

The extent of the extra-planar emission depends also on the
position along the major axis. The contour lines in all maps
show a dumbbell shape which means that the extension of the
extra-planar emission has a local minimum in the center of
the disk. This trend is visible in all maps. It is clearly most
prominent at the shorter wavelengths. Especially the Effelsberg
map at 3.6 cm has a prominent neck just at the position of the
nucleus where the contour lines have a steep gradient along
the minor axis. This points to a rapid vertical decrease of
extra-planar emission just outside the optical disk. If the vertical
decrease of emission would be equal all along the major axis,
the highest extension would be expected there. We will inves-
tigate this effect in more detail and give an explanation in Sect. 5.

Moreover, there are some general features found in all maps:
one is a prominent extension on the northeastern side on the
nucleus. The other notable feature is an extension southeast of
the nucleus. It is visible in all maps like a finger emerging from
the disk with a point source located at its southern tip. This
is a prominent example of a so-called “radio spur”, where the
magnetic field has a strong component perpendicular to the disk
as will be shown in Paper II.

Finally, we present the Effelsberg map at 16.2 cm in Fig. 6.
Despite its low resolution of 144” (HPBW) this map is partic-
ularly important for our investigation. The comparison with the
VLA map shown in Fig. 7 reveals how much extended emis-
sion is missing in the interferometer only image. In fact the
missing total flux is about 10 % of the total flux measured with
Effelsberg. If only the extended flux without the nuclear point
source is considered, the fraction of the missing zero-spacing
flux increases to 20 %. The correction for the missing zero-
spacing flux is especially important for edge-on galaxies, since
the bright disk causes deep depressions outside the disk along
the minor axis in interferometric observations. Hence, the re-
construction of the extra-planar emission at 16.2cm crucially
depends on the Effelsberg map. We stress that also for mosaics,
which cover the entire region of interest, a single-dish map is
necessary in order to detect all extended emission. This even ap-
plies for the 120 cm VLA map where the primary beam size is
comparable with the size of the disk of NGC 253. The analysis
of the extra-planar spectral index gives indication that there is
still flux missing (see Sect. 4.3).

4. Spectral index distribution
4.1. Point sources

Our continuum maps, in particular those with the highest reso-
lution, which are the 220 cm and the 16.2 cm maps, show sev-
eral point sources. We obtained peak fluxes and positions in
both maps using Gaussians which were fitted to the images.
Neglecting any proper motion of the sources within our differ-
ent observing epochs (our linear resolution in the source is of
the order of 1kpc), we identified point sources if the positions
in both maps were in agreement. The list of point sources pre-
sented in Tab. 2 includes positions, fluxes, and spectral indices,
a, defined by the relation S o v™%, where S is the total power
radio continuum flux.
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Fig. 6. Total power radio continuum at 16.2cm obtained from the
Effelsberg observation. Contours are at 3, 6, 12, 24, 48, 96, 192, 384,
768, and 1536 x 1 mJy/beam.
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Fig. 7. Total power radio continuum at 16.2 cm obtained from the VLA
observations. Otherwise same as Fig. 3.

The strongest two point sources, the nucleus and the point
source at the southern tip of the large radio spur southeast of the
nucleus, are detected at all four wavelengths. We have corrected
their peak flux density obtained from the Gaussian fits by sub-
tracting the underlying background flux density. The spectra are
presented in Fig. 8. The slopes of the linear fits in the log-log
diagrams are the corresponding spectral indices in the range be-
tween A90cm and A3.6cm. We find «, = 0.44 + 0.02 for the
nucleus and ap g = 0.84 + 0.02 for the point source located at
the radio spur. We do not find any indication of free-free ab-
sorption in the spectrum of the nucleus while Carilli (1996) re-
ported a free-free absorption towards the nucleus indicated by
his 2190 cm observations, which show a spectral flattening to-
wards long wavelengths. This finding has been confirmed by
Lenc & Tingay (2006) who analyze the spectral behavior of sev-
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Table 2. Positions of point sources obtained from Gaussian fits and the flux density for each observed wavelength. The spectral index « is defined
by § o v™*, where S is the total power radio continuum flux and v the observing frequency.

RA Dec S 90 [mJy] S 120 [mly] S 162 [mly] Siue(mly] «
00747™00°.08 —25°23'49" 2 4.07+0.19 221+0.07 0.51
00"47™125.09 —25°17"45".0 15.0+0.7 6.63 +0.24 0.68
00"47m33%.12  -25°17"17”.3 3960 +80 2020 + 30 1267 £ 6 977 +2 0.44 +0.02
00"47m42%.64 —25°15'42".0 38.3+0.2 7.0+04 1.41
00"47™54°.66 —25°12'31".2 6.2+0.1 3.23 £0.07 0.54
00"47™58°.90 —25°18’31”7.9 190 + 10 53.2+04 19.44+£0.03 9.5+0.5 0.84 +0.02
00748™00°.78  —25°16'26".3 543+0.07 1.10+0.03 1.32
00M48™m04°.97  —25°11'20".5 524 +0.13 3.05+0.10 0.45

eral point sources in the environment of the nucleus. This can
be explained with our measurement to be hampered by the large
beam size which results in a high contribution of extended emis-
sion to the measured peak flux. Thus, we likely overestimate the
flux at 2190 cm, which explains the disagreement with Carilli’s
finding who uses a map with a higher resolution of 33" x 21"
(HPBW).

0.1

0.01

!

1y [GHz] 10

Fig. 8. Total power flux density of the nuclear point source S, (trian-
gles), of the point source in the left spur Sig (circles), and of the ex-
tended emission S . (boxes) as a function of the observing frequency v.
The slope of the linear fit in this log-log diagram provides the spectral
indices a, = 0.44 + 0.02, ars = 0.84 = 0.02, and @. = 0.90 = 0.08,
respectively.

4.2. Total flux

The total radio continuum flux has been integrated within
ellipses with the major axis aligned to the position angle
PA = 52° of NGC 253. The inclination of the ellipses has been
chosen in order to cover all extended emission (including the
extra-planar emission) and thus it is smaller than the actual
inclination of the disk. The parameters of the flux integration
are listed in Tab. 3 and the total fluxes obtained with different
measurements are found in Tab. 4. The flux of the point sources
(see Sect. 4.1) has been subtracted in order to measure only the

flux of the extended emission.

Table 3. Parameters for integration of the total flux in ellipses.

Alem] alarcsec] alkpc] b [arcsec] b [kpe] i

90 620 12.1 392 7.6 50.8°
20 620 12.1 392 7.6 50.8°
6.2 680 13.3 430 8.4 50.8°
3.6 648 12.6 400 7.8 52.3°

The total fluxes were integrated within ellipses chosen to include the
extended emission in the disk and the halo of NGC 253. The major axis
a, the minor axis b, and the inclination ., defined by b = a - cos(i;) for
each wavelength A is presented..

Table 4. Integrated total power flux where S; is the total integrated flux,
and S is the flux of the extended emission only.

Alcm]  Instrument Si Uyl Se Uyl

90 VLA 16.5+0.16 12.54 £ 0.18
20 VLA 6.259 + 0.07 4.244 + 0.08
6.2 VLA + Effelsberg 2.707 £0.010  1.440+0.012
6.2 VLA 2426 £0.005 1.159 +0.008
6.2 Effelsberg (uncleaned) 3.071 +£0.008  1.804 + 0.009
6.2 Effelsberg (cleaned) 2.699 + 0.008 1.432 +0.010
3.6 Effelsberg (uncleaned) 1.726 +£0.005  0.749 + 0.005
3.6 Effelsberg (cleaned) 1.656 £ 0.005 0.679 + 0.005

The corresponding spectrum of the extended emission is pre-
sented in Fig. 8 where we find a spectral index of a. = 0.90+0.08
in the range between 490 cm and A3.6 cm. This is a considerably
steeper spectrum than that of young cosmic ray electrons (CREs)
which are accelerated in supernovae remnants (@ = 0.6). This
indicates some contribution of CR aging by strong synchrotron
losses which will be discussed in detail in Sect. 5.5.

4.3. Extended emission

In this section we present the spectral index distribution of the
extended emission which we obtained from the total power
maps. In all spectral index maps the nuclear point source has
not been subtracted and shows up as a circular region of very
flat spectral index (@ < 0.5) in the center. In Fig. 9 we present
the 190 cm/A16.2 cm spectral index map. To combine the two
maps we convolved the 16.2 cm map with a Gaussian in order to
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Fig.9. Spectral index distribution 190/6.2cm with 70” resolution
(HPBW). Contours are at 0.6, 0.8, 1.0, 1.2, and 1.4.

match the clean Gaussian beam with 70" HPBW of the 190 cm
map. At this low resolution the inner disk and the spiral arms are
not resolved. We find that the spectral index gradually steepens
with increasing distance from the major axis, with the gradient
strongest in the inner part of the disk. The spectral index dis-
tribution perpendicular to the major axis will be investigated in
Sect. 5.5. There is a slight trend which shows the western part to
posses a flatter spectral index than the eastern part. At the south-
ern tip of the southeastern spur is a point source which shows up
by its flat spectral index of @ s = 0.84 compared with the steep
spectral in the halo.

The higher resolution 120cm/A16.2cm spectral index map
presented in Fig. 10 reveals more detail. The spiral arms are well
resolved and show a flatter spectral index than the inter-arm re-
gions. In addition the inner disk has a notable plateau with a flat
spectral index of 6’ extent along the major axis. This spectral
index flattening is caused by young cosmic rays accelerated in
supernovae remnants of star forming regions. Moreover, we find
regions of very steep spectral index (@ > 1) at the base of the
large radio spur southeast of the nucleus and at the northeast ex-
tension. That finding agrees well with the 190 cm/A6.2 cm spec-
tral index map presented above.

The 490 cm/A3.6 cm spectral index map presented in Fig. 11
has the lowest resolution of our spectral index maps with
84” (HPBW). The morphology of this map is similar to the
A20 cm/A6.2 cm map even though smoothed out in comparison.
The spectral index is very flat in the inner disk and in the spiral
arms with @ < 0.7. Limited by the sensitivity of the 3.6 cm map
we find only four small extensions with extra-planar spectral in-
dices, which are steeper than in the disk. The exception is the
extension north-west of the nucleus with a flatter spectral index
which can be explained by a point source (RA: 00"47™125.09,
Dec: —25°17’45”.0) with a flat spectral index of @ = 0.68 em-
bedded in the extended emission (see Tab. 2).

The comparison between the A20cm/A6.2cm and the
A90cm/A3.6 cm is a good check how reliable the maps are, be-
cause both maps have been obtained from independent obser-
vations. We find a good correlation of the minimum (i.e. flat
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Fig. 10. Spectral index distribution 120 cm/16.2 cm with 30” resolution
(HPBW). Contours are at 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and 1.8.
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Fig. 11. Spectral index distribution 190 cm/A3.6 cm with 84" resolution
(HPBW). Contours are at 0.6, 0.8, 1.0, 1.2, and 1.4

spectral index) at the locations of the inner disk and the spiral
arms. However, the steepening of the spectral index with increas-
ing distance from the disk is not found in the 120 cm/16.2 cm
map. In fact we find in the southwestern part a region where the
spectral index (@ = 0.5) is very flat in disagreement with the
190 cm/A3.6 cm map. Further investigation of the vertical spec-
tral index profiles (see Sect. 5.5) confirms that the spectral index
decreases with increasing distance to the disk. This observation
contradicts the theory of strong synchrotron losses of the CREs
transported away from the disk into the halo (see Sect. 5.5).
Hence, we conclude that the 120 cm map suffers from missing
zero-spacing flux even though the effect is much smaller than



8 Volker Heesen et al.: The cosmic ray distribution in NGC 253

at 16.2 cm because the primary beam is larger. As the missing
zero-spacing flux of the 16.2 cm map has been filled up with the
Effelsberg single dish map the flattening of the 120 cm/16.2 cm
spectral index can be explained by the missing zero-spacing flux
at 120 cm.

A map obtained with the Effelsberg telescope could have
filled up the missing zero-spacing flux at 220 cm but the de-
mands on very good cleaning are even higher than with the
16.2 cm Effelsberg map, because the beam of the Effelsberg tele-
scope at 120 cm is 8/ (HPBW). Therefore we decided to use the
190 cm/A16.2 cm to study the vertical spectral index profiles. This
also provides a higher accuracy because of the larger wavelength
difference.

5. Cosmic ray transport

In this section we will investigate the CR transport. The main as-
sumption that we make is that all CRs are created and accelerated
in the disk. We can thus investigate the transport of CRs perpen-
dicular to the disk. As we have shown there is extra-planar emis-
sion (the radio halo). The CRs must have been transported from
the disk into the halo. At the same time the CREs are subject to
several energy losses. This connection can be used to determine
the CR bulk speed in Sect. 5.4.

5.1. The thick radio disk

The disk of NGC 253 has an inclination angle of i = 78.5°. Thus
any emission profile taken perpendicular to the disk is the super-
position of disk and halo emission. This effect is increased by
beam smearing which would cause even an infinitely thin disk
to show extra-planar emission. In order to simulate this effect
we compressed the total power emission profile along the ma-
jor axis with the aspect ratio of the inclination cos(i) = 0.199
and convolved the profile with a Gaussian to the observed clean
beam of 30”. The resulting profile was fitted with a Gaussian of
1.21” Half Power Beam Width (HPBW). This value is slightly
larger what a simple estimate provides: the HPBW of the major
axis profile is 5.71’. Compressing it by the inclination factor we
get 1.14'. The excess can be understood as the beam convolution
which smoothes out the profile even more. Hence, any emission
profile perpendicular to the disk that does not exceed this effec-
tive beam size cannot be attributed to extra-planar emission but
is just the observed inclined emission of the disk.

For the following analysis of the extended emission at
16.2 cm we subtracted all point sources with Gaussian fits from
the total power map. The emission profiles were obtained using a
strip integration perpendicular to the major axis. The width of the
strips is 1.5” with a point separation of 0.25’. The coordinates of
the center strip positions are listed in Tab. 5. With the fitting rou-
tine presented in Dumke et al. (1995) profiles consisting of two
exponential functions were extracted taking the effective beam
size into account. Each fit yields a scaleheight of the thin and the
thick radio disk for the northern and the southern hemisphere,
respectively (see Tab. 6). The corresponding total power profiles
with the fitted exponential profiles for the strips are presented
in Fig. 12. We note that we are observing only the projection
of the perpendicular emission where we neglect the correction
of 2 percent at the inclination angle of 78.5°. Taking the mean
scaleheight of all strips we find at 16.2 cm a scaleheight for the
thin radio disk of 0.3” (0.3kpc) and for the thick radio disk of
1.48’ (1.70kpc). This values agree well with the scaleheights re-
ported for other galaxies Krause (2004) at the same wavelength.

The measured scaleheight of the thick radio disk proves the find-
ing of extra-planar emission which proves thereby the existence

of a radio halo.

Table S. Center coordinates of the the strip integration perpendicular to

the major axis.

R.A. Dec.
X1, X1 00" 48™ 10°.95 —25° 09’ 54”5
X 00" 48™ 06°.23  —25° 10’ 49”.9
X3, Xp 00" 48™ 01%.50 —25° 11’ 45”.3
X4 00" 47™ 56%.77  —25° 12’ 40”.8
X5, X3 00" 47™ 525.04 —25° 13" 36".2
Xe 00" 47™ 47531  —25° 14’ 31”.8
X7, X4 00" 47™ 42559  —25° 15’ 27”.0
Xg 00" 47™ 37586  —25° 16’ 22" 4
X9, X5 00" 47™ 33%.13  —25° 17 17".8
X10 00" 47™ 28°.40 —25° 18’ 13”.2
X, X¢ 00" 47™ 2367 —25°19' 08".6
X12 00" 47™ 1895 —25°20' 04”.0
X3, X7 00" 47™ 14522 —25° 20" 59" .4
X14 00" 47™ 09°.49  —25°21’ 54”.8
Xis, xg 00" 47™ 0476  —25°22' 50”3
X16 00" 47™ 00°.03  —25° 23’ 45".7
X7, X9 00" 46™ 55°.31  —25°24’ 41”.1

The strips with 90" width are denoted by x; ... x;7 whereas the wide
strips with 180" are denoted by X, ... Xy. A sketch of the thin strips can
be found in Fig. 15 as an overlay on the map of the total magnetic field
strength.

The same analysis was carried out at 120 cm and 490 cm,
where the effective beam sizes are 1.2’ and 2.1’, respectively.
The scaleheights of 120 cm are presented in Tab. 7, with a mean
of 0.4kpc (0.5kpc) for the thin radio disk and 1.3 (1.5kpc)
for the thick radio disk. The corresponding total power profiles
along with the fits are presented in Fig. 13. The total power pro-
files for 490 cm could be best described by a single exponential
function, which means only a thick radio disk is observed. The
scaleheights are found in Tab. 8 and the corresponding profiles
along with the fits are presented in Fig. 14. For these profiles we
find a mean scaleheight of the thick radio disk of 2.2 (2.5 kpc).

Table 8. Local scaleheights of the total power emission at 490 cm with
the synchrotron lifetime computed using the magnetic field strength
presented in Tab. 6.

strip Ay hs hsyn fsyno [10° yr]
X3 1.3+£03 23+02 1.8+05 59«8

X4 34+03 1.6+03 25+09 59+8

X5 46+04 39+0.1 43+03 57+7

Xe 3.0+0.1 36+0.1 33+03 44+4

X7 205+0.10 21+02 21+02 343+27
Xg 1.6+03 12+02 14+03 296+2.7
X9 1.5+0.1 14+£02 15+02 27+3
X10 1.2+0.2 1.7+£02 15+03 284+27
X11 1.6 £ 0.1 16+£02 1.6+02 33.1+27
X12 1.9+0.1 21+02 20+02 45+5

X13 24+03 27+03 26+03 59+9
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Table 6. Local scaleheight of the total power emission at 16.2 cm.

strip  hx hs dx ds hy hs hsyn By [uG] fsyn0 [10° yr]
X 0.41 048 0.18 041 496 2.69+2.28

X3 1.13  1.18 053 262 262 262+03 9.07 £0.14 154 2.1
X4 086 2.00 029 0.05 152 201 177024 9.88 +£0.17 154 2.1
X5 1.00 153 030 021 188 157 1.73+0.16 10.09+£0.19 14.8+2.1
X 1.19 0.80 0.21 0.10 1.22 121 £(0.10) 1191+£0.19 11.3=x1.1
X7 0.84 0.80 0.56 1.24 0.80 1.02+0.22 14.19+0.13 8.9+0.7
Xg 0.72 045 0.19 0.72 093 0.83+0.10 1561+0.16 7.7+0.7
Xog 046 0.57 029 098 0.72 0.72+0.26 16.31 +0.4 7.0+0.8
X10 051 086 0.15 032 093 138 1.16+0.22 16.02+0.26 7.4+0.7
X11 072 096 046 034 098 146 1.22+0.24 1451 +£0.06 8.6+0.7
X12 1.16 125 021 057 131 1.62 147+0.15 11.75+0.04 11.7+1.3
X13 1.70 145 170 145 158+0.13 9.71 £0.12 152+£23
X14 1.81 091 0.07 199 092 146+0.53 8.97 +0.53 17.0+6
X5 0.50 0.12 1.99 1.25+£0.74

The scaleheights obtained from the one-component exponential fits are Ty in the northern and s in the southern hemisphere, respectively. The
two-component exponential fits resulted in the scaleheight of the thin radio disk dy and ds and the thick radio disk /y and kg in the northern and
in southern hemisphere, respectively. The mean scaleheight % of the thick radio disk, the maximum of the total magnetic field strength B, and
minimum of the local synchrotron CRE lifetime £y, ¢ are also included (see text).

Table 7. Local scaleheights of the total power emission at A20cm and the synchrotron lifetime computed using the magnetic field strength

presented in Tab. 6.

strip Ay hs dn ds hx hs Nsyn fsyno [10° yr]
X 0.30 0.31 0.26 0.31

X3 0.86 0.68 0.72  0.79 282 +4
X4 1.14 107 037 058 176 133 16+02 282+4
X5 1.24 2,06 0.44 3.15 26+05 27.1+£3
X6 1.05 1.15 082 058 168 638 1.8+0.1 2072
X7 0.89 089 068 0.11 1.19 125 12+01 16312
Xg 092 0.42 0.11 092 132 12+03 14.1x1.3
Xog 053 044 036 055 103 1.71 1.1+01 128=%1.5
X10 054 076 041 0.14 098 083 09+0.1 135+13
X11 0.81 0.79 0.53 096 09+0.1 157+13
X12 1.10 1.07 020 1.09 129 12+0.1 214+24
X13 1.00 1.20 1.04 120 1.1+£0.1 278+4
X14 0.58 0.78 0.18 049 127 08+03 31«11
X15 1.02  0.92 1.0+0.1

5.2. The total magnetic field

From the nonthermal total power emission one can determine
the total magnetic field strength assuming equipartition between
the energy density of the CRs and the magnetic field. We used
the revised equipartition formula by Beck & Krause (2005) as-
suming a pathlength of 6.35 kpc, a non-thermal spectral index of
ay = 1.0, a fractional polarization of 5.5 % (the ratio of the flux
density of the polarized emission to that of the total power emis-
sion, see Paper II), and a proton to electron ratio of K = 100.
We stress that the last assumption might not be well fulfilled at
large distances from the disk, because the CREs suffer high syn-
chrotron losses whereas the CR protons are almost unaffected.
Hence, the observed K factor increases with increasing distance
from the CR sources which are located in the disk. The mag-
netic field strength is then underestimated as we observe only
the synchrotron emission of the electrons.

The structure of the regular magnetic field is a superposi-
tion of a disk-parallel and a vertical component (see Paper II).
The disk-parallel component is a spiral following the structure
of the galaxy and has the same inclination angle as the disk. The
vertical component is orientated perpendicular to the disk. The

above presented parameters as well as the geometry of the mag-
netic field were assumed to be constant when computing the total
magnetic field strength. To check the sensitivity of this assump-
tion we varied the parameters in a certain range and observed
its influence on the total magnetic field strength. We used an
integration path length between 5kpc and 20kpc, a fractional
polarization between 5 % and 20 %, a nonthermal spectral index
between 0.8 and 1.2, and assumed once a disk-parallel field and
once a vertical field. The first one describes the geometry of the
magnetic field structure in the disk, where all possible magnetic
field directions along the line of sight are taken into account.
The second one describes the geometry of the magnetic field
in the halo where a constant magnetic field direction along the
line of sight is assumed. The variation of the total magnetic field
strength in this range of conditions was found to be 20 %, which
we thus adopt as an estimate for the systematic error of the to-
tal magnetic field strength. The total magnetic field strength was
then scaled with the nonthermal synchrotron intensity I, using
the standard equipartition textbook formula:

B oc I;/(?"Hlm). (1)
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Fig. 12. Total power emission profiles at 16.2 cm perpendicular to the
disk obtained from the strip integration ranging from x4 (top) to xi3
(bottom) for the northern (left) and southern hemisphere (right), respec-
tively. The solid line shows the measured profile and the dashed line
shows the fitted distribution consisting of two exponential functions.

The total magnetic field strength ranges from 5 uG to 25 uG with
the highest field strength located in the center of the disk. Note
the subtracted nucleus which is highlighted by a notable residual
hole in the center of the map which we present in Fig. 15. The
strip integration as described above applied on the map of the
total magnetic field strength was used in order to find the max-
imum of the total magnetic field strength By in each strip. This
gives a lower time limit on the lifetime of the CREs as described
in the next section.

5.3. Loss processes of the cosmic ray electrons

There are several significant processes through which the CREs
loose energy and which have different timescales. These are
synchrotron radiation, inverse Compton (IC) losses, nonther-
mal bremsstrahlung, ionization losses, and adiabatic losses. The
timescales determine the lifetimes of the CREs after they have
lost a considerable fraction of their energy. In order to calculate
the timescales we adopt here the equations by Pohl (1990). The
synchrotron lifetime of CREs is

tyn = 8.352 % 10° E(GeV) ' B(uG) 2 yr, )
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Fig. 13. Total power emission profiles at 120 cm perpendicular to the
disk obtained from the strip integration ranging from x4 (top) to xi3
(bottom) for the northern (left) and southern hemisphere (right), respec-
tively. The solid line shows the measured profile and the dashed line
shows the fitted distribution consisting of two exponential functions.

where E is the CRE energy and B is the total magnetic field
strength. We now use the textbook relation between the CRE
energy E and the observing frequency v, dependent on the total
magnetic field strength B:

E(GeV) = (v/(16.1 MHz)'? B(uG)~'/2. 3)

For the 16.2 cm observations with v = 4855 MHz and a typi-
cal magnetic field strength of 15uG we find E = 4.5GeV and
hence gy = 8.2 X 10° yr. Inverse Compton (IC) radiation losses
have the same energy dependency as synchrotron losses and the
corresponding lifetime reads

fic = 3.55 x 108 (E (GeV)) ' (w/(107 " ergem ™)' yr, 4)

where w is the photon energy density. From the infrared observa-
tions of Radovich et al. (2001) we find a photon energy density
of 1.3 x 1072 ergecm™, which leads to #c = 6.1 x 107 yr us-
ing again £ = 4.5GeV. This is almost a magnitude larger than
the synchrotron lifetime since the ratio #,/fic is equal to w/u,
where u is the energy density of the magnetic field. From the typ-
ical total field strength of 15 uG we obtain u = 9x10™? erg cm™3
which explains why the synchrotron lifetime is considerably
shorter than the IC lifetime.



Volker Heesen et al.: The cosmic ray distribution in NGC 253 11

100

10
100

10

100

10

100

10

100

10

100

10

100

10

100

10 N |

i~ I

0 2 4 6 0
arcmin

4
arcmin

Fig. 14. Total power emission profiles at 190 cm perpendicular to the
disk obtained from the strip integration ranging from x4 (top) to xi3
(bottom) for the northern (left) and southern hemisphere (right), respec-
tively. The solid line shows the measured profile and the dashed line
shows the fitted distribution consisting of one exponential function.

For the nonthermal CRE bremsstrahlung lifetime we use
forems = 3.96 x 10" n(cm ™)' yr, )

where 7 is the gas density of the ISM. The ionization losses lead
to a CRE lifetime of:

fion = 9.5 % 10° n(cm ™)' E(GeV) yr. (6)

We now assume a mean gas column density of 4 M pc™2 for
the total gas as determined from the Hr observations by Puche
et al. (1991). We define a cylinder with the diameter of the disk
Dys = 27.7 (31.7kpc) and adopt a height of twice the scale-
height of the thick radio disk, or 1.70 kpc. Thus we find a mean
density of p = 7.9 x 1072 gem™ or n ~ 0.05cm™. Hence, the
bremsstrahlung lifetime is fprems = 8 X 108 yr. Using the 15 uG
as a typical magnetic field strength the CRE energy at 16.2cm
of 4.5 GeV gives a ionization lifetime of f;,, = 8.6 x 108 yr. The
adiabatic timescale depends only on the velocity gradient:

av\™!
ta=3 (d_z) . )

15 micro Gauss

DECLINATION (J2000)

20

22

24

26

[o, |

004815 00

47 45 30 15
RIGHT ASCENSION (J2000)

Fig. 15. Map of the total magnetic field strength. Contours are at 8, 12,
16, 20, and 24 x 1 uG. The integration strips in order to find the maxi-
mum of the magnetic field strength are shown as an overlay.

At this point we do not have any information on the velocity pro-
files and thus we cannot calculate an estimate for the adiabatic
losses which will be discussed later in Sect. 5.

From our estimates in this section we thus conclude that
the synchrotron radiation losses are the dominating contribution
to the energy losses of the CREs. Hence, we will use the syn-
chrotron lifetime as an upper limit for the CRE lifetime. Using
Eq. 2 we constructed a map of the local synchrotron lifetime
from the map of the total magnetic field strength. This is Fig. 16.
The lifetimes range from 6 x 10° yr to 25 x 10° yr with a min-
imum near the center of the disk and a maximum in the halo.
This, of course, only reflects the total magnetic field strength
having its maximum in the center of the disk which causes high
synchrotron losses and hence a small synchrotron lifetime of the
CREs.

The local CRE synchrotron lifetime always overestimates
the lifetime of the CR ensemble, because we observe at a cer-
tain location the superposition of locally produced CRs and CRs,
which have been transported there from their origins. The latter
have already lost a fraction of their original energy and thus have
shorter lifetimes than indicated by the local synchrotron losses.
This becomes obviously more severe with increasing distance
from the disk as almost all CRs have been transported away from
their origins.

For the determination of the CR bulk speed we used the life-
time at the base of the halo. That means the maximum mag-
netic field strength By was converted into the minimum local
synchrotron lifetime gy o using Eq. 2. At the location where the
CRE synchrotron lifetime has a minimum we observe the high-
est fraction of locally produced CRs. Hence ty, o is the best esti-
mate for the synchrotron lifetime of the CREs transported away
from the disk into the halo (see Tab. 6).
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Fig. 16. Map of the local CRE synchrotron lifetime. Contours are at 4,
6, 8, 10, and 20 x 10° yr.

5.4. The cosmic ray bulk speed

In Sect. 3 we found the total power emission to resemble a dumb-
bell shape at all observed wavelengths. The contour lines show
a strong thinning in the center close to the nucleus where we
find the brightest part of the disk. The analysis of the scaleheight
of the thick radio disk confirms this morphological analysis: it
increases with distance from the center with the minimum at
the strip at the position of the nucleus. The opposite behavior
is found for the magnetic field strength which decreases going
from the center to the outer part of the disk. The correlation be-
tween the local scaleheight and the local synchrotron lifetime of
the CREs can be explained by a CR transport which preferen-
tially proceeds in the vertical direction. In this section we use
the following ansatz to calculate the CR bulk speed:

v=—, ®)
tsyn

where /. is the scaleheight of the CREs, which can be deter-
mined using the equipartition condition 7, o B? from the scale-
height of the synchrotron emission Agyy:

3+ aye

he 5

hsyn. ©)
The resulting CR bulk speeds in the individual strips are pre-
sented in Tab. 9. The mean bulk speeds are V90 = (116 +
9)kms~! for 190 cm, 100 = (136 + 14)kms~! for 120 cm, and
V162 = (268 + 11)kms™! for 16.2 cm. The CR bulk speed is al-
most constant in the northeastern part of the halo in the strips xs
to x9. In the southwestern halo strips xjo to x;3 we find the CR
bulk speed to decrease with galactocentric radius. In order to
check this observation we plot in Fig. 17 the scaleheight of the
thick radio disk for each strip as a function of the synchrotron
lifetime. We find a (roughly) linear dependence between the
scaleheight of the synchrotron emission /gy, and the synchrotron
lifetime f.y,. Though we present the error bars both in x- and y-
direction, for the fit we used only the y-error of the data points.

Table 9. CR bulk speeds in the individual strips.

strip V9o [km Sil] Vo [km Sil] Vo [km Sil]
X3 68 +28 64 400 + 100
X4 92 +48 130 + 40 260 + 80
X5 170 + 32 220 + 60 270 + 60
X6 170 + 30 200 + 30 250 + 40
X7 138 +£28 170 = 30 260 + 80
Xg 106 + 32 200 + 60 250 + 40
Xg 126 + 30 200 + 40 240 + 120
X10 120 + 36 160 + 30 360 = 100
X1 110 + 22 130 + 26 320 + 100
X12 100 + 22 128 + 26 300 + 60
X13 100 + 26 90 + 22 240 + 60
X14 60 + 40 200 + 140

hSyn

\ \ \
8 10 12 14 16 18

7 [10%years]

04 | |
6

Fig. 17. The scaleheight & of the total power emission at 16.2 cm versus
the minimum of the CRE synchrotron lifetime ty, 9. The filled triangles
are for the northeastern part and the squares for the southwestern part.
The linear correlation requires a constant velocity of the galactic wind.

The slope of the curve can be interpreted as the bulk speed of the
CRs.

Thus from the slope of the fitting curve we find the CRE bulk
speed using:

3+ an Ahe
2 Aty

(10)

Ve

Taking the nonthermal spectral index again as an, = 1 we find
a CR bulk speed at 16.2 cm of (300 + 30)kms~! for the north-
eastern halo and (120+20)km s~ for the southwestern halo (see
Fig.17). For 120 cm we find (220+20) kms~! and (38+2)kms~!,
respectively (Fig.18), and for 190 cm we find (234 + 22)kms™!
and (82 + 6) kms™!, respectively (Fig. 19).

The close relation between scaleheight and synchrotron life-
time explains the observed pattern of the dumbbell total power
emission. In the center of the galaxy the magnetic field strength
is highest and hence the synchrotron lifetime is smallest; this
hampers the transport of CREs into the halo. This effect even
overcomes the excess of emission in the center. The contour lines
thus show a neck in the center above and below the nucleus.
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Fig. 18. The scaleheight 4 of the total power emission at 120 cm versus
the minimum of the CRE synchrotron lifetime #y, . The filled triangles
are for the northeastern part and the squares for the southwestern part.
The linear correlation requires a constant velocity of the galactic wind.
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Fig. 19. The scaleheight / of the total power emission at 190 cm versus

the minimum of the CRE synchrotron lifetime #y, 0. The filled triangles

are for the northeastern part and the squares for the southwestern part.

The linear correlation requires a constant velocity of the galactic wind.

5.5. Cosmic ray aging

The steepening of the spectral index in the halo suggests radi-
ation losses to be the dominant energy loss of CREs. The total
synchrotron emitting power of a single CRE with the energy E
reads
orcB? ( E )2
81 ’

(1)

mc?

where o = 6.65 x 1072° cm? is the Thomson cross section, B
is the total magnetic field strength and m = 511keV/c? is the
electron rest mass. Converting to more practical units gives:

P =189 x10""® E(GeV)? BuG)* GeVs'. (12)

Replacing the CRE energy with the observing frequency using
equation 3 yields the total synchrotron emission of a single CRE
at a given frequency v:

P =189 x 10-‘8( B(uG) GeVs™. (13)

16.1 MHZ)
Using the differential equation for the energy dE/dt = P(E)
we find the time dependency of the CRE energy as E(f) =
Eo/(1 + t/tsy,) where the synchrotron lifetime #y, is defined as
time where a CRE has lost half of its initial energy Ey. The total
energy radiated away during the time 7 is found by integrating
f P-dt =1/2P - T. Thus the synchrotron lifetime is defined by
P -ty = E, which reads:

P 8.352 x 10° yr .
Y (v/(16.1MHz)) 2 B(uG)3/2”

The energy dependency of the synchrotron lifetime means that
CREs observed at two different observing frequencies v; and v,
have a different lifetime. Using the ansatz for the energy time de-
pendency we can construct two energy functions corresponding
to the two frequencies:

E, E,

Ein) = 1+1t/t Exn) = 1+t/t,

5)

The spectral index @ can be computed from the ratio of the two
energies:

_In(E,/E»)

~In(ni/v)

Inserting the ansatz from Eq. 15 we find for the spectral index:

V) 1+ t/tz
H=In[—]-1 .
a(?) n(Vl) n(1+l‘/11)
Now computing the time derivative for the spectral index we
find:

16)

A7)

h—n

Aa () _t-n
At n(vl) t+1)t+0) a8

For times much shorter than the synchrotron lifetimes ¢ < t;,1,
the derivative is:

Aa (v2) ( 1 1 )
— =In|—=|-|—-—].
At V1 15 5]
Inserting the synchrotron lifetimes #;, #, for the two observing
frequencies from Eq. 13 we find:

19

Aa BuG)>3?

‘At In(vi/v2) - 8352 x 109 yr

\/ V2 _ \/ 141
16.1 MHz 16.1MHz "

Using the observing frequencies for 490 cm and 26.2 cm which
is v; = 327.5 MHz and v, = 4855 MHz, respectively, leads to:

(20)

Ae 570 107
A ST0x107 o o 21
At 106yr  PHO) @D

If the time derivative of the spectral index is constant we expect
a constant slope for « if the CR bulk speed is constant. Hence,
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we can replace the time with the distance z from the disk by
At = Az/v. We finally get an expression for the CR bulk speed:

Ae (Ac\”
v=—- |—] .
At \ Az
Using the known distance to NGC 253 we find the relation

(1")/(10° yr) = 1130kms~". Hence, we get finally for the bulk
speed:

(22)

A -1
v =0.644 - B(u G)*/ - (A—Q) kms~! arcmin~'. (23)
V4

We have applied a strip integration for the 490 cm map and the
16.2 cm map. The intensity profiles were converted in profiles
for the spectral index which are presented in Fig. 20. The spec-
tral index @ shows regions of linear slope in almost all profiles.
The constant slope can be explained by the constant change of
« with time and a constant CR bulk speed v. Using linear fits
in the range of z = (1.25...4.75)’ the slope of the decreasing
spectral index with regard to the increasing distance z from the
disk Aa/Az has been derived which gives the CR bulk speed
using Eq. 23. Table 10 lists the results for each profile and the
northern and southern hemisphere respectively. The mean cos-
mic ray bulk speed derived from the spectral index slope is
170 £ 70kms™'.

Table 10. Decrease of the spectral index @ between 490 cm and 16.2 cm
with increasing distance from the disk.

strip  Aa/Azly  Aa/Azls By vnlkmsTT]  vg[kmsTT]
X3 -0.22 -0.12 11 107 196
X4 -0.26 -0.31 14 130 109
Xs -0.30 026 17 150 174
Xs -0.16 -0.12 15 234 312
X7 -0.10 -0.20 10 204 102

The slope has been derived by linear fits of the profiles presented in
Fig. 20 for the northern (N) and southern hemisphere (S). The adopted
magnetic field strength By(uG) and the cosmic ray propagation speed
according to Eq. 23 are presented, too.

6. Discussion
6.1. Cosmic ray transport

The linear local correlation between the scaleheight and the
CRE synchrotron lifetime allows us to draw some conclusions:
the transport of CRs proceeds predominantly perpendicular to
the disk. The diffusion timescale along the disk is much larger
than the synchrotron lifetime of the CREs: 74y, < 74ir,,. Here,
74ir, . denotes the diffusion timescale perpendicular to the mag-
netic field where we assume that a significant poloidal magnetic
field component perpendicular to the disk exists. This will be
shown in Paper Il where we analyze the large scale magnetic
field component using the polarization measurements. Here, we
use a heuristic argumentation: if the CRs would diffuse freely in
the disk, we would not expect any correlation between the scale-
height and the synchrotron lifetime estimated in the underlying
disk. This is because in a free diffusive transport with no pre-
ferred transport direction the CRs would be equally distributed
over the entire disk. Dahlem et al. (1995) showed that the CR dis-
tribution also depends on the underlying star formation, which
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Fig. 20. Spectral index profiles 490cm/A6.2cm perpendicular to the
disk as a function of distance to the major axis. The strips are ranging
from X, (top) to X3 (bottom) for the northern (left) and southern hemi-
sphere (right). The solid line is the connection of the points in order
to highlight the decrease of the spectral index with increasing distance
from the disk. For the position of the strips see Tab. 5.

supports a connection to the disk (see also Dahlem et al. 2006).
Hence, the CR transport proceeds predominantly along the large
scale magnetic field connecting the disk with the halo. The con-
finement along the poloidal magnetic field suppresses the diffu-
sion perpendicular to it.

The confinement along the poloidal magnetic field motivates
a one-dimensional description of the CR transport by the com-
bined diffusion and convection equation. The contribution of ei-
ther of these processes can dominate, which would be called
diffusive or convective CR transport. From our observations we
cannot make a clear decision which of these processes is domi-
nating in NGC 253. Several arguments can be made:

1. The profiles of the total power radio continuum emission can
be described by a power law even to the extent of several
scaleheights from the disk. In the case of purely diffusive
CR transport Gaussian profiles are expected (Schlickeiser
2007). This is not observed in any of the strips presented
in Sect. 5.1.
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2. The CR bulk speed is a function of the observing wavelength
and thus of the CRE energy. This is in agreement with a dif-
fusive transport and a diffusion coefficient which depends on
the energy.

3. The CR bulk speed in the northeastern halo is independent
of the height above the disk. This is in agreement with con-
vection dominated transport. However, we find that the bulk
speed increases with observing frequency, which supports
diffusive transport.

4. In the southwestern halo part the CR bulk speed decreases
with the height over the disk. This can be explained by diffu-
sion, with the expected scaleheight which is a function of the
CRE lifetime with hgix = +/2ktsy,, Where « is the diffusion
coefficient.

Using the information about the CR transport we can now calcu-
late the adiabatic loss timescale mentioned in Sect. 5.3. The bulk
speed of the CRs is 268 kms~!, which has been reached while
they are transported from the disk to vertical height of one scale-
height (1.7 kpc). The adiabatic timescale is thus t,g = 1.9x107 yr
using Eq. 7. This timescale is near to the synchrotron lifetime of
the CREs. Hence the adiabatic losses have to be considered es-
pecially for the lower CRE energies at 190 cm. A possible tran-
sition of adiabatic loss dominated CR transport to radiative dom-
inated CR transport should be visible in the spectrum as break
of flat spectral index at low frequencies to steep spectral index
at high frequencies (Pohl & Schlickeiser 1990). In Sect. 4.2 we
have seen, however, in the spectrum of the total integrated flux
no such spectral break. As the CR transport is different for the
northeastern and southwestern halo, it is worthwhile to investi-
gate the spectra of the extended flux in these regions separately.
For this we integrated the flux in three strips up to a vertical
extent of 5’ (5.7 kpc), respectively. In the northeastern halo we
included the strips xs, x6, and x7, in the central halo the strips xg,
X9, and x19, and in the southwestern halo the strips xi;, x,, and
x13. The corresponding spectra in Fig. 21 give spectral indices of
0.98, 0.86, and 0.89 between 4190 cm and A3.6 cm, respectively.

T ] T T — T
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e center :-[--: 7
southwest -@-1 7

S [yl

0.1 —
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Fig.21. Spectra for the northeastern halo (circles), the central halo
(crosses), and the southwestern halo (squares). The corresponding spec-
tral indices are 0.98, 0.86, and 0.89, respectively.

Of course, the small range of frequencies presented shows
no prominent spectral break, because it is smeared out usually
in frequency. The spectrum of the central halo however shows
a gradually steepening to higher frequencies which is not so
clearly seen for the northeastern and southwestern halo. This
indication of higher adiabatic losses in the central halo than in
the outer halo parts is reasonable as the adiabatic losses depend
only on the velocity gradient. Since have found a constant CR
bulk speed throughout the halo the CRs are stronger accelerated
in the central halo, where the scaleheights are smaller. Radiative
losses are presumably still dominating as the spectral indices be-
tween 0.86 and 0.98 are rather steep. Moreover, radiative losses
can explain the steepening of the spectral index with increasing
distance from the disk (see Sect. 5.5). However, we should keep
in mind that other loss processes still contribute and thus the in-
ferred lifetimes of the CREs have to be considered as an upper
limit. In turn the CR bulk speeds are only an estimated lower
limit.

6.2. Galactic Wind

The halo of NGC 253 contains all different phases of the ISM.
One of the most favoured models for the material expelled from
the inner parts of NGC 253 is the so-called superwind model in
which active star formation drives a thermal outflow. The su-
perbubble explains the huge lobes seen in the He and soft X-
ray emission by limb brightening. The interior of the bubble is
filled with hot ionized gas. We now study the possible correla-
tion between the CR bulk speed profiles and the distribution of
the extra-planar gas in the halo.

The CR bulk speed of 270 kms~! is near the escape velocity
of 280kms~! which can be computed by vese = V2 - Qr. Here,
Qr is the rotation speed of 200 km s~!. Hence, the kinetic energy
makes a CR driven galactic wind possible. In this section we use
our CR bulk speed investigations in order to discuss in detail the
velocity profile of this wind. We will discuss the influence of
the galactocentric distance (i.e. the radial velocity profile) and
the influence of the height above the disk (i.e. the vertical veloc-
ity profile). The mean CR bulk speed is constant in northeastern
halo for strips x5 to xg whereas in the southwestern halo the mean
bulk speed is gradually decreasing with galactocentric distance
for strips xjo to x;3 (see Tab. 9). This can be explained assuming
identical vertical bulk speed profiles in the individual strips in
the northeastern and southwestern halo, respectively. This would
mean that the CR bulk speed is constant for the northeastern part
of the halo and thus the wind does neither accelerate nor decel-
erate. For the southwestern halo we find a decelerating CR bulk
speed. From the local correlation between scaleheight and CRE
synchrotron lifetime we can even infer the bulk speed at height
of one scaleheight above the disk. From Fig. 17 we find a bulk
speed of 120kms~! at 16.2 cm for the southwestern halo part.
Hence the CR bulk speed in the southwestern halo at a height of
one scaleheight above the disk is significantly smaller than the
mean CR bulk speed of 270 km s~!. The decelerating of the wind
speed with the height above the disk is hence prominent in the
southwestern halo.

The differences in the bulk speed profiles can be found also
in the halo gas phases. There is significantly less H1in the south-
western halo part, whereas the northeastern halo contains a huge
spur of Hr gas extending up to 8 kpc from the disk (Boomsma
et al. 2005). The diffusive ionized gas (DIG) traced by He emis-
sion shows a huge prominent plume coinciding well with the
radio spur east of the nucleus. The overall extra-planar He emis-
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sion is more prominent in the northeastern halo part (Hoopes
et al. 1996). A similar behavior is found for the extra-planar X-
ray emission measured with ROSAT. Huge lobes of soft X-ray
emission are extending far in the northeastern part of the halo,
whereas the southwestern part has much less extra-planar emis-
sion (Pietsch et al. 2000). This dichotomy of the extra-planar
gas emission can be explained, if the galactic wind sweeps the
hot gas from the disk into the halo. The decelerating CR bulk
speed in the southwestern halo naturally explains the smaller
vertical extent of the hot gas since the mass load is lower than in
the northeastern halo. Thus our observations support not only
the galactic wind hypothesis but show also convincingly that
the wind sweeps along its own luminous matter. A preexisting
gaseous halo possibly created by accreting gas from a minor
merger with a satellite is thus not necessary. Another fact which
supports this picture is that we should expect a lower wind speed
in the northeastern halo part where is more extra-planar H1 gas.
If the H1 gas would be preexisting we should expect a decel-
erating influence of this gas, when the wind collides with these
clouds.

Whether the magnetic field or the hot gas determines the
dynamical evolution of the disk-wind is connected to the pres-
sures of both ISM phases. Thus we will make an order of
magnitude estimate of the pressures of the thermal gas, the ki-
netic energy, and the magnetic pressure. The electron density of
ne = 8 x 1073 cm™ and the temperature of 7 = 3 x 10° K have
been found by Strickland et al. (2002). That results in a ther-
mal pressure of Pperm = 7 X 10712 erg cm~3. The lower limit
estimated for the outflow velocity is v = 270kms~' which
results in a kinetic energy density (i.e. the ram pressure) of
Piin = 1/2n0* = 6 x 10712 erg cm™>. The magnetic pressure
is Prag = B?/(87) = 9 x 1072 ergcm ™. Hence from this order
of magnitude calculations we infer that the thermal pressure, the
ram pressure, and the magnetic pressure are in the same order of
magnitude. Hence, any of the given contributions has to be taken
into account when calculating the dynamical evolution.

The galactic wind must eventually escape from the gravi-
tational potential to the intergalactic medium (IGM). From the
observations we cannot make any definite conclusions because
we did not observe the transition between the radio halo and the
IGM which is located far away from the detected radio halo.
However, our measurements suggest that in the southwestern
halo the escape from the gravitational potential is not possible,
because the wind speed decelerates and drops below the escape
velocity of 280 km s™!. In the northeastern halo the wind speed
is high enough to reach the IGM and leave the gravitational po-
tential. The wind neither accelerates nor decelerates within the
measured vertical height of 6 kpc above the disk.

7. Conclusions

Our radio continuum study of NGC 253 show an extended ra-
dio halo at the wavelengths from 190 cm to A3.6 cm. Because of
its high dynamic range NGC 253 is a difficult target for the ra-
dio continuum observations. We treated the high dynamic range
with a specially tailored data reduction technique. Our maps pre-
sented here are thus essentially noise limited. The combination
of our new mosaic with the single-dish in order to fill up the
missing zero-spacing flux allowed the study of the extra planar
continuum emission with high resolution and sensitivity. The in-
clusion of the 190 cm and the 2120 cm data allowed to put detailed
constraints on the CR transport. Our main conclusions from this
work are:

1. The scaleheight of the total power emission is a linear func-
tion of the CRE synchrotron lifetime in the underlying disk.
This can be understood only if the CR tranport proceeds pref-
erentially in vertical direction. If the CR transport did not
have a preferred direction then the distribution of the extra-
planar CRs would be independent of the CRE lifetime in the
underlying disk.

2. The steepening of the spectral index, which is a linear func-
tion of z, can be explained with dominant radiative losses
of the CREs. The contribution of ionization losses and
bremsstrahlung losses can be neglected. The adiabatic losses
are of the same order as the radiative losses but difficult to
estimate.

3. We computed the CR bulk speed as the ratio of the to-
tal power scaleheight and the CRE synchrotron lifetime.
The estimated lower limit for the global CR bulk speed
is 270kms~! which is near the escape velocity of v =
280kms™'.

4. The bulk speed shows a different galactocentric dependence
in the northeastern and southwestern halo. In the southwest-
ern halo the bulk speed decreases with the radius whereas the
northeastern halo bulk speed is constant. This can be under-
stood by adopting different vertical bulk speed profiles v(z)
for the two halo parts. In the northeastern part the bulk speed
is independent of z whereas in the southwestern part the bulk
speed decreases with z.

5. The bulk speed profiles are indicative of a predominantly
convective CR transport in the northeastern halo and a pre-
dominantly diffusive CR transport in the southwestern halo.
This can be explained by the action of a galactic wind blow-
ing in the northeastern halo with a higher mass load sug-
gested by the observations of H1, Ha and soft X-ray emis-
sion away from the disk.

The CR transport however is always the superposition of convec-
tive and diffusive contributions. The data presented here provide
a good basis for more detailed calculations with the combined
diffusion and convection equation. Calculations should include
vertical profiles of the magnetic field strength, the CR number
density, and the speed of the hot ionized gas.
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ABSTRACT

Context. There are so far only few known cases where the magnetic field structure has been investigated in the halo of spiral galaxies.
The cosmic ray (CR) transport, however, is closely connected with three-dimensional structure of the magnetic field.

Aims. NGC 253 posses one of the brightest radio halos so far discovered. In the previous paper we found a vertical CR transport with
a bulk speed close to the escape velocity. Using radio continuum polarimetry we want to investigate the three-dimensional structure
of the large-scale magnetic field.

Methods. The polarization information of the previously presented continuum observations is used to create sensitive maps of the
intrinsic magnetic field structure in the disk and halo of NGC 253. The high dynamic range needed because of the strong nuclear
point-like source has been addressed in our polarization calibration. The instrumental polarization of the Effelsberg telescope was
corrected with the appropriate beam patterns. The mosaic obtained with the VLA required a specially tailored polarization calibration
in order to cope with the strong spurious polarization caused by the off-axis location of the nuclear point-like source in the primary
beam.

Results. We found an intrinsic magnetic field orientation in the disk, which is disk-parallel only for small galactocentric radii and
small distances from the galaxy midplane. The previously known large “radio spur” contains a vertical magnetic field component.
The magnetic field in the disk can be well described by an even axisymmetric spiral magnetic field with prescribed inclination and
pitch angle. We used that for the decomposition of the large-scale magnetic field into a toroidal and poloidal component. The poloidal
magnetic field structure has a distinct “X*-shaped pattern centered on the nucleus which correlates well with the distribution of the
extra-planar hot interstellar medium traced by He and X-ray emission. The expanding superbubble amplifies the large-scale magnetic
field by compression while expanding into the extra-planar distribution of cold gas traced by H1 emission. The presence of this gas

can be explained by a disk wind transporting cold gas from the disk into the halo.

Key words. jkeyword 1 - keyword 2 - keyword 3;,

1. Introduction

There is increasing observational evidence for the existence of
gaseous halos around disk galaxies. They consist of different in-
terstellar medium (ISM) species, mainly the diffuse ionized gas,
dust, cosmic rays (CRs), and magnetic fields (for a review, see
e.g. Dettmar 1992). To explain these halos, various models have
been proposed, which all propose a galactic wind driven by su-
pernova explosions as the energy source driving the formation
of the halo. The effects of star formation on the ISM are dra-
matic: the heated gas in supernova remnants (SNRs) and accel-
erated energetic particles are injected into the base of the halo.
The fundamental parameter, which determines the formation of
a halo, is therefore the energy input by supernova explosions.
Thus, the halo does not form above the entire disk, but only at
radial distances where the star formation takes place (Dahlem
et al. 1995). Moreover, the compactness of the star forming re-
gions determines the threshold condition where the hot gas can
break out against the pull of the gravitational field (Dahlem et al.
2006). This corroborates the picture of the hot gas injected by
supernova explosions and stellar winds of massive stars (see e.g.
Dettmar & Soida 2006). The transport of the gas from the disk
into the halo has been discussed in the past in the form of galac-
tic chimneys (Norman & Ikeuchi 1989) and superbubble blow
outs (Mac Low & Ferrara 1999).

Direct evidence for supernova heated galactic halos stems
from imaging and spectroscopy of diffuse soft X-ray emission.
This has been impressively demonstrated by XMM-Newton ob-
servations of NGC 253 where the nuclear X-ray plume is found
to be explained only by star formation without the contribution
of an active galactic nucleus (Pietsch et al. 2001). Moreover,
it clearly shows that the galactic starburst must drive a ther-
mal outflow, since there are strong indications of collision-
ally excited oxygen and iron L line complexes in the spectrum
(Breitschwerdt 2003).

In a pioneering work Ipavich (1975) pointed out the impor-
tance of CRs for the generation of a galactic wind. This is mo-
tivated by the observation that CRs and the magnetic field each
contribute the same amount of pressure and energy to the ISM
as the hot gas (Beck et al. 1996). This contribution might be
enough to sustain a galactic wind with the pressure generated
by the CRs, because the CR nucleons, which contain the bulk
of the energy, do not suffer from strong radiative losses like the
hot gas. The CR driven galactic wind is hence another scenario
which needs consideration when discussing gaseous halos.

The theoretical framework for the CR transport is given by
the combined diffusion convection equation which can be ap-
plied in the local comoving coordinate system, if the bulk speed
of the background medium is non-relativistic. This is motivated
by observing the isotropic pitch angle distribution relative to the
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local plasma which is a consequence of the fast scattering of
CR particles by the low-frequency magnetohydrodynamic tur-
bulence as, for example, Alfvén waves and fast magnetosonic
waves (Schlickeiser 2002). Breitschwerdt et al. (1991, 1993) ap-
plied the transport equation for different magnetic field configu-
rations in the Milky Way. They concluded that the CR transport
can be split in an entirely diffusive and an entirely convective
regime, dependent only on the local magnetic field configura-
tion. For the lower Milky Way halo they assumed the magnetic
field lines to be turbulently excited by stochastic gas motions
caused by expanding and overlapping SNRs. Thus there will be
no preferred direction of propagation of these magnetic fluctua-
tions and hence no net Alfvénic drift. In the halo the magnetic
field lines of the superbubbles begin to overlap and form “open‘
field lines which might be enhanced by magnetic reconnection
(Parker 1992).

From these observations it is clear that there is a need for un-
derstanding the three-dimensional structure of the magnetic field
in the halo of spiral galaxies. That restricts the observations to a
few nearby edge-on galaxies which allow the study of the extra-
planar magnetic field with high spatial resolution and sensitivity.
A small sample of such galaxies has been presented in Dettmar
& Soida (2006) (see also Dumke & Krause 1998; Krause 2004);
one sample member was the nearby starburst galaxy NGC 253
which contains one of the brightest radio halos discovered so
far.

This paper is the successive paper of Heesen et al. (2007)
(Paper I thereafter) where the cosmic ray distribution was found
to be consistent with a vertical CR transport from the disk
into the halo. In contradiction to this finding there was so far
no poloidal magnetic field discovered in the halo of NGC 253.
The most detailed discussion of the magnetic field structure in
NGC 253 has been presented by Beck et al. (1994), where a
mainly disk-parallel magnetic field was found in the disk and
halo. This was explained by a strong shearing of the magnetic
field due to differential rotation. The study presented in this pa-
per will provide new sensitive observations of the large-scale
magnetic field in the halo of NGC 253. We used the polarime-
try information of the observations presented in Paper I at dif-
ferent wavelengths which allowed us to apply a correction for
the Faraday rotation and thus to determine the intrinsic magnetic
field orientation.

This paper is organized as follows: we start with the descrip-
tion of the observations and explain especially the calibration of
the polarization in order to cope with the instrumental polariza-
tion caused by the high dynamic range (Sect. 2). Then we will
present the continuum maps of NGC 253 along with the vectors
of the intrinsic magnetic field and briefly describe its morphol-
ogy (Sect. 3). In Sect. 4 we will investigate the magnetic field
structure and present a model for the large-scale magnetic field.
In Sect. 5 we will discuss the consequences of our findings for
the radio halo of NGC 253 and the observed other phases of the
ISM. Finally we summarize our results and present the conclu-
sions in Sect. 6.

2. Observations and data reduction
2.1. Effelsberg observations

In Paper I we have described our radio continuum observations
of NGC 253 with the 100-m Effelsberg telescope'. The high dy-
namic range (= 1000) due to the strong nuclear point-like source

! The Effelsberg 100-m telescope is operated by the Max-Planck
Institut fiir Radioastronomie (MPIfR).

(hereafter for simplicity called the nucleus) requires several ad-
ditional steps in the data reduction. In Paper I we explained how
we removed the sidelobes of the nucleus via a Hégbom clean-
ing of the total power maps. But the high dynamic range has
also an impact on the polarization via the leakage from the to-
tal power emission to the polarized intensity. This so-called in-
strumental polarization is at a level of few % for the Effelsberg
telescope with respect to the total power intensity. Thus, it can
be neglected only for observations with a dynamic range signif-
icantly less than 100 which is not fulfilled for our observations.
In order to apply a correction for the instrumental polariza-
tion we used beam patterns for Stokes Q and U obtained from
deep observations of the unpolarized point-like source 3C84.
The cleaned total power emission was convolved with the beam
patterns and the computed instrumental contribution was sub-
tracted from the Stokes Q and U maps, respectively. Finally
we obtained the map of the polarized intensity from the cor-
rected Stokes Q and U maps using COMB of the Astronomical
Image Processing Package? (AIPS). We applied a correction
for the noise bias in order to preserve the mean zero level of
the polarized intensity. The noise level of the final maps are
200 uJy/beam for 16.2cm at a resolution of 144” Half Power
Beam Width (HPBW) and 100 pJy/beam for 3.6 cm at a reso-
lution of 84" (HPBW) in polarized intensity, respectively.

2.2. VLA observations

With the VLA? observations we covered NGC 253 with a mo-
saic consisting of 15 pointings in order to be sensitive also to
the extra-planar emission (for details see Paper I). Thus we met
the challenge of obtaining the polarization maps when the nu-
cleus is located at the edge of the primary beam in some of our
pointings. In the center of the primary beam the instrumental po-
larization is less than 0.1 % but at the edge of the primary beam
it rises to more than 1 %. The variability in time, when the nu-
cleus moves on a circle in the primary beam around the center
since the VLA antennas have an alt-azimuthal mount, compli-
cates the situation even further. This prevents the removing of
sidelobes with the Hogbom clean algorithm as it works only for
non-variable sources. Thus the standard polarization calibration
technique leads to a polarization map which is completely dom-
inated by instrumental polarization (Heesen 2007).

Hence, we developed a specially tailored technique for the
pointings with the nucleus located at the edge of the primary
beam. The polarization calibration PCAL (part of AIPS) was
applied on the nucleus itself instead on the secondary (phase)
calibrator in order to find a solution for the off-axis instrumen-
tal polarization. The appropriate beam patterns in Stokes Q and
U allowed us to subtract the nucleus from the (u,v)-data of in-
dividual “snapshots”, which contained less than 10 minutes of
observing time. This effectively removes the time variable con-
tribution of the instrumental polarization caused by the nucleus.
Thus we were able to use the full set of (u,v)-data in order to get
the best (u,v)-coverage which resulted in the expected sensitivity
of the extended emission.

The other pointings not influenced by the nucleus were cal-
ibrated with the secondary calibrator using PCAL. Inverting the
(u,v)-data with natural weighting (i.e. Briggs Robust=8) we pro-
duced maps of all pointings in Stokes Q and U which were con-
volved with a Gaussian to 30” (HPBW). The combination of the

2 AIPS is distributed by the NRAO as free software.
3 The VLA (Very Large Array) is operated by the NRAO (National
Radio Astronomy Observatory).
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pointings was done with LTESS (part of AIPS) which performs
a linear superposition with a correction for the VLA primary
beam attenuation using information from each pointing out to
the 7 % level of the primary beam (Braun 1988). The final maps
are essentially noise limited with a sensitivity of 30 Jy/beam at
aresolution of 30” (HPBW) in Stokes Q and U, respectively. We
used IMERG (part of AIPS) for the combination of the VLA and
Effelsberg Stokes Q and U maps in order to fill up the missing
zero-spacing flux. The map of the polarized intensity has been
computed using again POLC with a correction for the noise bias.

3. Morphology of the polarized emission

In this section we briefly discuss the morphology of the polar-
ized emission and the magnetic field orientation. The polariza-
tion vectors (E-vectors) have been rotated by 90° in order to dis-
play the orientation of the magnetic field vectors (B-vectors).
A correction for the Faraday rotation has been applied and thus
the orientation of the intrinsic magnetic field is presented (see
Sect. 4.3 for details). The contour plots were overlaid onto an
optical image obtained from the DSS (Digital Sky Survey) 4.

First we present the B-vectors together with the total power
emission contours. In Fig. 1 we present the 16.2 cm combined
VLA + Effelsberg map with a resolution of 30” (HPBW). The
length of the vectors is proportional to the polarized intensity
where we have clipped the vectors — in this figure and in all
other figures presented in this paper — below a two-sigma level
in polarized intensity. The high resolution allows a comparison
between the optical image and the magnetic field orientation.
The spiral arms and the magnetic field are well aligned. Hence,
we can presume that the magnetic field follows the spiral arms.
This presumption will be tested with calculation of the Rotation
Measure (RM) in Sect. 4.3. The magnetic field orientation is
in general disk-parallel. However, we find at some locations a
stronger vertical component, where the magnetic field orienta-
tion is almost perpendicular to the orientation of the major axis.
This is especially the case for the large “radio spur” southeast
of the nucleus where the magnetic field gradually opens from a
disk-parallel field to a perpendicular field. A second less promi-
nent radio spur is found west of the nucleus, where the magnetic
field orientation is roughly inclined by 45° with respect to the
major axis. Its western tip is found at the point-source with the
position (Ra: 00"47M125.09, Dec: —25°17/45".0). At the notable
extension of total power emission northwest of the nucleus the
magnetic field orientation is moderately inclined with respect to
the major axis. In general we find the magnetic field orientation
to be disk-parallel only along the midplane of the galaxy with an
increasing vertical component further away from the midplane.
The pattern of the magnetic field orientation is similar to an “X”-
shaped pattern centered on the nucleus. Such magnetic field con-
figurations have been found in other edge-on spiral galaxies, too
(see Soida 2005; Krause et al. 2006; Krause 2007).

The magnetic field orientation together with the total power
contours obtained from the 16.2cm Effelsberg observations
alone is presented in Fig. 2. The low resolution of 144" (HPBW)
smears out the fine structure but comparing with the high-
resolution merged VLA + Effelsberg map we find a good agree-
ment of the magnetic field orientation. This partially stems from

4 The compressed files of the “Palomar Observatory - Space
Telescope Science Institute Digital Sky Survey” of the northern sky,
based on scans of the Second Palomar Sky Survey are ©1993-1995
by the California Institute of Technology and are distributed herein by
agreement.
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Fig. 1. Total power radio continuum obtained from the combined VLA
+ Effelsberg observations at 16.2 cm. The overlaid vectors indicate the
orientation of the intrinsic regular magnetic field. The length of the vec-
tors is defined by 1” to be equivalent to 12.5 uJy/beam of polarized in-
tensity. Contours are at 3, 6, 12, 24, 48, 96, 192, 384, 768, 1536, 3077,
6144, 12288, and 24576 x 30 uJy/beam.
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Fig. 2. Total power radio continuum obtained from the Effelsberg ob-
servations at 16.2cm. Contours are at 3, 6, 12, 24, 48, 96, 192, 384,
768, and 1536 x 1 mJy/beam. The overlaid vectors indicate the orien-
tation of the intrinsic regular magnetic field. The length of the vectors
is defined by 1” to be equivalent to 50 uJy /beam of polarized intensity.

the fact that the Effelsberg map introduces the large-scale of the
extended emission via filling up the missing zero-spacing flux.
We find in general the magnetic field orientation more disk-
parallel, for instance at the location of the large radio spur, in
comparison to Fig. 1. Also we see the second radio spur west of
the nucleus. The magnetic field orientation on the large-scales
reminds again of an “X”-shaped pattern centered on the nucleus.

The A3.6 cm map presented in Fig. 3 shows a similar mag-
netic field orientation with a resolution of 84" (HPBW). Only in



4 Volker Heesen et al.: The magnetic field structure in NGC 253

| ST I il ol

I
|

-2508
10“: ‘ : "’ iy ; : i o]
12;
14— ;
16 —

18

DECLINATION (J2000)

20"
2
24— - %

| Bl | | | l

0048 15 00 47 45 30 15 00
RIGHT ASCENSION (J2000)

Fig. 3. Total power radio continuum obtained from the Effelsberg ob-
servations at A3.6 cm. Contours are at 3, 6, 12, 24, 48, 96, 192, 384,
768, and 1536 x 500 uJy/beam. The overlaid vectors indicate the ori-
entation of the intrinsic regular magnetic field. The length of the vectors
is defined by 1” to be equivalent to 50 uJy/beam of polarized intensity.

the center we find a disk-parallel magnetic field whereas away
from the center at larger galactocentric radii and away from the
midplane the field lines start to open with the large radio spur
southeast of the nucleus sticking out as finger from the disk
with the B-vectors aligned perpendicular to the disk. The noise
level of the polarized intensity is 100 uJy/beam compared to
500 uJy/beam in total power which explains why many vectors
are plotted outside the total power contours.

In the next plots we highlight the actual distribution of polar-
ized intensity in contour plots overlaid on the intrinsic magnetic
field orientation. The polarized intensity obtained from the com-
bined VLA + Effelsberg observations at 6.2 cm is presented in
Fig. 4. The polarized emission is unlike to the total power emis-
sion as it reveals almost no disk-like structure. Indeed it is hard
to guess at all where the disk is located without having the opti-
cal image. This is partially caused by an asymmetry of the disk
which is more point- than mirror- symmetric. In fact the emis-
sion reminds of an “S”-shaped structure which follows roughly
the spiral arms. The bulk of the emission forms a huge box in-
cluding the inner part of the disk whereas in the outer parts of
the disk the polarized emission is weak at this small beam size.
The impression of the box is increased by the large extension of
polarized emission perpendicular to the disk. Hence, the detec-
tion of extra-planar polarized emission is confirmed. Compared
to the total power distribution we find the polarized emission ex-
tending to larger vertical heights above the inner disk than the to-
tal power emission. We find the contour lines between the large
radio spur and the southeastern extension to show a notch that
is caused by a low level of polarized intensity there. We will
refer these regions to as depolarization regions. The depolariza-
tion might be caused by the overlapping of two magnetic field
components where one component is disk-parallel and the other
component has an orientation perpendicular to the disk. The
disk-parallel magnetic field with radial and azimuthal (r, ¢) com-
ponents we will refer to as the toroidal magnetic field. The ver-
tical magnetic field with radial, azimuthal, and vertical (r, ¢, z)
we will refer to as the poloidal magnetic field. We will investi-

gate this model for the magnetic field structure in more detail in
Sect. 4.
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Fig.4. Polarized intensity obtained from the combined VLA +
Effelsberg observations at 16.2 cm. Contours are at 3, 6, 12, and 24 x
30 uJy/beam. The overlaid vectors indicate the orientation of the intrin-
sic regular magnetic field. The length of the vectors is defined by 1" to
be equivalent to 12.5 uJy/beam polarized intensity.

This general description is approved also for the 16.2cm
Effelsberg polarized intensity map presented in Fig. 5 where the
low resolution of 144" highlights the large-scale distribution of
the polarized emission. We find the two radio spurs well visi-
ble, where the small radio spur west of the nucleus is even better
visible than in the combined VLA + Effelsberg high resolution
map. Also we find the two previously mentioned depolarization
regions associated with the radio spurs. The eastern one is visible
as a notch in the contour lines almost extending to the nucleus.
The western one is visible as a dip in the polarized intensity near
the northern edge of the optical disk. Due to the large beam size
this map is more sensitive to weak emission and we find the
emission distributed over almost the entire length along the ma-
jor axis of the disk. Also the extra-planar polarized emission is
detected at even higher distances from the disk than in the com-
bined VLA + Effelsberg map.

With the Effelsberg 43.6 cm map of the polarized intensity
presented in Fig. 6 we can check these assumptions for a shorter
wavelength. We find the magnetic field orientation again aligned
with the major axis of the galaxy only at small galactocentric
radii. The emission shows an “S”-shape with the largest exten-
sion perpendicular to the disk at the position of the spiral arms.
The two depolarization regions are also found associated with
the two radio spurs. Further, the emission is slightly more con-
centrated to the disk than at 16.2 cm which can be related to the
smaller scaleheight of the total power emission that influences
also the polarized emission. Again we find the magnetic field
vectors of the large radio spur southeast of the nucleus already
well in the disk bending up from a disk-parallel to an orientation
which is perpendicular to the disk. The 43.6 cm polarization map
was important in order to determine the RM distribution from the
rotation of the B-vectors by Faraday rotation as it is discussed in
Sect. 4.3.
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Fig. 5. Polarized intensity obtained from the Effelsberg observations at
16.2 cm. Contours are at 3, 6, 12, 24, 48, and 96 times 200 uJy/beam.
The overlaid vectors indicate the orientation of the intrinsic regular
magnetic field. The length of the vectors is defined by 1" to be equiva-
lent to 50 pJy/beam of polarized intensity.
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Fig. 6. Polarized intensity obtained from the Effelsberg observations at
A3.6 cm. Contours are at 3, 6, 12, and 24 x 100 uJy/beam. The over-
laid vectors indicate the orientation of the intrinsic regular magnetic
field. The length of the vectors is defined by 1” to be equivalent to
50 uJy/beam of polarized intensity.

4. The magnetic field structure
4.1. Total polarized flux

The linear polarization is caused by cosmic ray electrons (CREs)
spiraling in a magnetic field and emitting linear polarized syn-
chrotron radiation. The turbulent magnetic field gives no linear
polarized signal as the field direction is randomly distributed and
so is the polarization direction. Thus, the synchrotron emission is
totally unpolarized. Even when the magnetic field would consist
only of a regular magnetic field component one would measure

only up to 70 % of fractional polarization which is defined as the
ratio of the polarized intensity to the total power intensity and
also referred to as the degree of polarization. The observed total
power emission has also some fraction of thermal contribution
which comes from the free-free radiation which is not polarized.
Hence, the assumption is used that the polarization degree is a
measure for the fraction of the regular magnetic field with re-
spect to the turbulent magnetic field.

The total integrated polarized fluxes have been obtained by
integration in ellipses which includes the extra-planar emission
as described in Paper I. In Tab. 1 the total polarized fluxes mea-
sured at different frequencies and different instruments are listed.
The polarization degree has been computed by taking only the
extended total power emission into account which means that
the flux of the nucleus has been subtracted. We find a fractional
polarization of 5 % to 10 % which is similar to values found in
other galaxies.

Table 1. Total integrated polarized flux S ; and the degree of polariza-
tion P.

Alcm]  Instrument Spi Uyl P [%]
6.2 VLA + Effelsberg 0.0796 + 0.002 5.5
6.2 VLA 0.0635 + 0.002 5.5

6.2 Effelsberg (uncleaned)
6.2 Effelsberg (cleaned)
3.6 Effelsberg (uncleaned)
3.6 Effelsberg (cleaned)

0.0874 £0.0006 4.8
0.0869 + 0.0006 6.1
0.0624 £ 0.0007 8.3
0.0583 +£0.0007 8.6

The degree of polarization is calculated with respect to the extended
total power flux (see Paper I).

4.2. Distribution of the fractional polarization

More insight into the actual magnetic field structure is obtained
by studying the distribution of the polarization degree. Dividing
the map of the polarized intensity by the total power intensity we
created maps of the polarization degree. In Fig. 7 we present the
map of the polarization degree for the 16.2 cm combined VLA +
Effelsberg observations with a resolution of 30" (HPBW). The
fractional polarization has a minimum along a line connecting
the two depolarization regions which is roughly aligned in an
east-west direction. Otherwise the polarization degree shows a
general trend of rising values from the disk into the halo i.e.
with increasing distance from the major axis. Thus we find in
the box-shaped polarization distribution (as described in Sect. 3)
the highest polarization degrees toward the northern and south-
ern edge, respectively. The polarization degree has an absolute
maximum at the large extension northeast of the nucleus with
more than 30 %.

The map of the fractional polarization for the 16.2cm
Effelsberg observations is presented in Fig. 8. With a resolu-
tion of 144” (HPBW) we see preferentially the large-scale dis-
tribution of the polarization degree. This distribution is consis-
tent with the high resolution map discussed in the previous para-
graph. At the position of the nucleus we find a local minimum
of the polarization degree just because the nucleus is virtually
unpolarized with a polarization degree less than 0.1 %. We note
that the polarization degree is not exceptional high at the loca-
tion of the large radio spur southeast of the nucleus.

We now compare these results with the distribution of the
polarization degree obtained from the 13.6 cm Effelsberg obser-
vations which is presented in Fig. 9 with a resolution of 84"
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Fig.8. Distribution of the polarization degree obtained from the
Effelsberg observations at 16.2 cm. Otherwise same as Fig. 7.

(HPBW). The two depolarization regions located at the base of
the radio spurs are connected by a line with the nucleus the mid-
dle as a local minimum. The highest degree of polarization is
again found at the large extension northeast of the nucleus. The
polarization degree rises with increasing distance from the mid-
plane. The morphological analysis of the distribution of the po-
larized emission and the fractional polarization suggests the de-
composition of the large-scale magnetic field into the toroidal
and the poloidal magnetic field component. This will be investi-
gated in the following sections.
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Fig.9. Distribution of the polarization degree obtained from the
Effelsberg observations at A3.6 cm. Otherwise same as Fig. 7.

4.3. Distribution of the Rotation Measure

The polarization angle of the magnetic field vectors is changed
by the Faraday rotation for which the amount of rotation strongly
depends on the wavelength. The measure for the Faraday rota-
tion is the RM which is defined by

Ay = RM - 2%, (1

where Ay is the rotation of the polarization vector and A is the
observing wavelength. The RM can be expressed as a path inte-
gral over the line-of-sight component By of the large-scale mag-
netic field and the density of thermal electrons 7. from the source
of polarized emission to the observer:

RM = fneBHdS. (2)

The RM distribution can be computed using Eq. 1 from the
difference Ay of the orientation angle of the B-vectors between
two maps at different wavelengths. In Fig. 10 we present the dis-
tribution of the RM between 16.2 cm and 43.6 cm obtained from
the Effelsberg observations only. The resolution is thus limited
by the 16.2 cm Effelsberg beam of 144" (HPBW) and allows the
study of the large-scale RM distribution. The large-scale RM dis-
tribution shows a gradual change of positive RMs in the north-
eastern part of the disk and halo to negative RMs in the south-
western part. Of course there are some local deviations, one of
them is a region southwest of the nucleus with strong negative
RM (< —200rad m~2) associated with a depolarization region.

The large-scale magnetic field has thus in the northeastern
part a direction pointing to the observer and in the southwest-
ern part a direction pointing away from the observer. Together
with the observed intrinsic B-vectors (Sect. 3) this agrees well
with the large-scale toroidal field in the disk of NGC253 as
expected by the mean-field @Q dynamo. This is the first mode
(SO) in an axisymmetric (ASS) field that spirals in a uniform
direction (Baryshnikova et al. 1987). Comparing these results
with rotation curves from spectroscopic Ha and H1 observations
by (Pence 1981) and Puche et al. (1991), respectively, we find
an opposite direction of the velocity field in the galaxy disk.
The northeastern part contains a receding radial velocity and the



Volker Heesen et al.: The magnetic field structure in NGC 253 7

200 rad/m/m

-2508 —

10—

12 —

14 —

16 —

18 —

DECLINATION (J2000)

20 —

22 —

24

26 T

f | | | |
00 48 00 47 45 30 15 00
RIGHT ASCENSION (J2000)

Fig. 10. RM distribution between 16.2cm and A3.6 cm obtained from
Effelsberg observations. Contours are at -200, -100, 0, 100, and 200 x
1 rad m~2. The position of the nucleus is marked by a cross.

southwestern part a preceding radial velocity. The analysis of
Krause & Beck (1998) showed that for such a case we find a
spiral magnetic field with the direction of the field lines pointing
inwards.

The RM was also computed for the highest resolution us-
ing the combined VLA + Effelsberg 16.2 cm and the Effelsberg
A3.6cm maps. For this the high resolution combined VLA +
Effelsberg map has been convolved with a Gaussian to 84"
HPBW, the resolution of the Effelsberg map. The vector maps
at both wavelengths have been clipped below a 40-level in po-
larized intensity prior to the combination. In Fig. 11 we present
the corresponding distribution of the RM with a resolution of
84" (HPBW). We find the same trend for the sign of the RM
as described above: the northeastern part contains positive RM's
and the southwestern part contains negative RMs. Thus the find-
ing of an inwards pointed spiral magnetic field is confirmed.
With the higher resolution (though still coarse as limited by the
3.6 cm Effelsberg observations) we can find some more details.
The base of the large radio spur has a higher RM. In contrast
the point-like source, which is located at the southern tip of the
radio spur, has a significantly smaller RM. Here, we should note
that the point-like source is dominating the polarized emission
there, which can be clearly seen in the contour plots of the po-
larized emission in Figs. 4 and 6. This makes it likely that it
is a background source with an internal RM because otherwise
the RM rises gradually following the spur from the disk into
the halo. Another feature that is the region with strong nega-
tive RMs (< —200rad m~2) at the western depolarization region
which itself contains a small region with strong positive RM's
(>200rad m™2).

The observed RM distribution was also used in order to cre-
ate maps of the intrinsic magnetic field orientation. Using Eq. 1
the rotation Ay of the polarization vector can be computed for
each position. This rotation angle was subtracted from the po-
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Fig.11. RM distribution between 16.2cm (VLA + Effelsberg) and
A3.6 cm (Effelsberg). Contours are at -200, -100, 0, 100, and 200 X
1 rad m~2. The position of the nucleus is marked by a cross.

larization angle in order to get the unrotated polarization angle
of the intrinsic magnetic field. The same procedure was applied
for the high resolution maps with 30” (HPBW) too, though we
do not have a RM map with sufficient resolution. However, using
the combined VLA + Effelsberg map allows us to apply a correc-
tion for the Faraday rotation for scales larger than 84”. For the
correction of the 16.2 cm Effelsberg map we used the RM map
obtained from the Effelsberg observations with 144" (HPBW)
and for the 3.6 cm Effelsberg map we could use the combined
VLA + Effelsberg RM map without any loss of resolution for
the Faraday correction.

The effect of the Faraday correction is especially important
at the base of the large radio spur. The outward bending of the
magnetic field vectors is much more gradually after applying the
Faraday correction. In general the Faraday correction made the
magnetic field orientation more disk-parallel and thus reduced
the inclination of the vectors with respect to the major axis.

4.4. The toroidal magnetic field in the disk

A detailed analysis of the RM is possible integrating them in sec-
tors (Krause et al. 1989). The integration is done in the azimuthal
angle 6 that is defined in the plane of the inclined galaxy disk.
It is related to the azimuthal angle ¢ defined in the sky plane by
cos(f) = cos(¢) - sin(i), where i is the inclination angle of the
disk. Hence we find a sine wave for the RM with respect to the
internal azimuthal angle 6. The phase shift A@ with respect to the
major axis is the pitch angle of the magnetic spiral. Therefore the
maximum and minimum of the RM do not fall on the major axis
but they occur later or earlier with the azimuthal angle running
counter clockwise. Hence, we can parametrize the RM using the
following ansatz

RM = Apcos(@— AB) + Ay, (3)

where Ay is the amplitude and A; takes a possible absolute shift
of the zero level into account. Using this description we find for
the RM a good agreement with the actual measured distribution.
In Fig. 12 we present the fit using Eq. 3 applied to the RM dis-
tribution obtained from the Effelsberg observations between a
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radius of r = 72” (1.4kpc) and r = 216" (4.1 kpc). The maxi-
mum is found near § = 0° and the minimum near § = 180°. That
confirms the result previously obtained by the morphological de-
scription of the RM: the northeastern part of the galaxy contains
positive RM's (-90° < 6 < 90°) whereas the southwestern part
of the galaxy contains negative RMs (90° < 6 < 270°). Using
the fit we determine the phase shift of A@ = —6° with respect to
the major axis.
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Fig.12. The integration in sectors of the RM distribution between
A6.2 cm and A3.6 cm obtained from the Effelsberg observations.

This value is smaller than the pitch angle of the spiral arms
B = 20° which has been obtained by Pence (1981) from opti-
cal observations. The difference might be explained by the influ-
ence of the small bar in the center of NGC 253. Investigations by
Krause et al. (1989) showed that the phase shift of the RM must
agree with the pitch angle of the optical spiral arms. However,
there may be many reasons why this is not the case. One of them,
beside the bar, is the contribution of the poloidal magnetic field,
which will be discussed in Sect. 4.6.

In Fig. 13 we present the fit for the integration in sectors
of the combined VLA + Effelsberg RM distribution between
16.2 cm and 43.6 cm between a radius of r = 42” (0.8 kpc) and
r = 128" (2.5kpc). We find a phase shift of A6 = —16° which is
slightly less than the value obtained from the Effelsberg obser-
vations alone.

4.5. Axisymmetric model for the toroidal magnetic field

Using our results presented above we find the magnetic field
configuration consisting of a toroidal field which has no com-
ponent in z-direction perpendicular to the disk and a poloidal
field with a component in z-direction. In order to investigate the
two components of the regular magnetic field we will first make
a model for the toroidal component. Using this model we can
make also predictions about the poloidal magnetic field.

With the simplest assumption the toroidal magnetic field can
be described by a spiral magnetic field corresponding to an even
ASS mode of a galactic dynamo. Our model can be fully de-
scribed by the Full Width Half Mean (FWHM) of the Gaussian
polarization distribution along the major axis, the inclination an-
gle of disk, and the pitch angle ¢ of the spiral magnetic field.
The inclination angle of 78.5° prescribed we found the model
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Fig.13. The integration in sectors of the RM distribution between
A6.2cm and A3.6 cm obtained from the combined VLA + Effelsberg
observations.

with FWHM = 700" and £ = 25° best resembling the observed
polarization distribution. Finally we have convolved the model
distribution with a Gaussian to 180” HPBW in order to obtain
a larger extension perpendicular to the disk. The model distribu-
tion was checked with the observed intensity distribution com-
paring profiles along the major and minor axis. With this proce-
dure we arrived at the model presented in Fig. 14.
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Fig. 14. Axisymmetric model for the toroidal magnetic field with a pitch
angle of 25° of the magnetic field spiral. Contours and vectors are iden-
tical to Fig. 4. The model explains the depolarization features as a
purely geometrical effect caused by the inclination as the disk is not
exactly edge-on.

The model of the toroidal magnetic field shows clearly why
the map of polarized emission is not symmetric with respect to
the minor axis: the maximum and minimum of the polarized in-
tensity are shifted by the pitch angle of the spiral magnetic field.
The depolarization regions which are visible as necks in the con-
tour lines can be explained by the model, too. We find the depo-
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larization regions to be a purely geometrical effect where the dif-
ferent components of the magnetic field cancel each other. The
shift of the depolarization regions with respect to the major axis
is also caused by the pitch angle of the magnetic field spiral.
The overall shape of the polarized distribution reminds of the
“S”-shape observed in the polarization distribution. The amplifi-
cation of the polarization along the northeastern and southwest-
ern part of the disk can also be attributed to a purely geomet-
rical effect. Moreover, we note the magnetic field orientation to
be mainly disk-parallel. Only at the outer edges along the major
axis the orientation of the field bends around the edge of the disk
as it is expected for a spiral magnetic field.

The depolarization regions however are the only locations
where in the inner disk significant deviations from the disk-
parallel magnetic field orientation are found. This is reasonable
since in the depolarization regions the two components of the
magnetic field overlap with no dominating component. Thus,
the orientation is not predominantly disk-parallel in the depo-
larization region. The good coincidence between the model and
the observed distribution justifies the choice of the model with
its assumptions. Moreover, the model is simple which is a good
starting point at the very least.

4.6. The poloidal magnetic field

From this simple model we conclude that the toroidal field is
dominating the observed regular magnetic field distribution in
the disk. In addition this model allows us to discuss some prop-
erties of the magnetic field. First, we note that the two radio spurs
are located roughly at the position of the two depolarization re-
gions of the model. Here, the contribution of the toroidal field
is much smaller than anywhere else. Hence the question arises
whether the poloidal field is hidden elsewhere by the dominat-
ing contribution of the toroidal field. Especially in the northeast-
ern and southwestern part where the toroidal field has a maxi-
mum due to the favourable aspect angle (near 90°) on the regular
magnetic field. In order to study the poloidal magnetic field we
subtracted the model magnetic field from the observed magnetic
field. We computed the complex polarization angle IT using the
expression of Burn (1966) with a path integral

. [ cos[w(r)]Ads’ @
[ e(rAds

where p; is the internal polarization vector, €(r) the local syn-
chrotron emission per unit volume, A the area given by projected
beam size at the distance of the source, and ¢(r) the local polar-
ization angle. Our observed quantities, Stokes Q and U, can be
retained from the complex polarization angle by the decomposi-
tion in the real and imaginary part:
Q=R(aIDH  U=30D. (%)
The observed polarization angle is the superposition of the
toroidal and poloidal component and thus IT = Il + Iy
Using the decomposition in Stokes Q and U of Eq. 5 we find
O = Oior + Qpot and U = Uy + Uyl Subtracting the maps of
Stokes Qo and Uy, from the observed maps of Stokes Q and
U leads to maps of Qo and U, . From these the polarized in-
tensity and the polarization angle can be computed as explained
in Sect. 2. In Fig. 15 we present the polarized emission and the
magnetic field orientation of the poloidal magnetic field.

The field configuration of the poloidal magnetic field resem-
bles a “X”-shape with the B-vectors centered on the nucleus. The
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Fig.15. Polarized intensity and magnetic field orientation of the
poloidal magnetic field which was created by subtracting the model of
the toroidal magnetic field from the observed magnetic field (for details
see text). Contours and vectors are identical to Fig. 4. The boxes for the

integration of the orientation angle W are shown.

field pattern is now almost mirror symmetric to the minor axis.
That holds for the polarized emission as well as for the orienta-
tion of the magnetic field vectors. We still find that at the large
radio spur southeast of the nucleus the B-vectors have the high-
est inclination angle with respect to the major axis. Otherwise
the inclination angle is similar in all quadrants.

In order to quantify our observations of the poloidal mag-
netic field we have determined a mean orientation angle J with
respect to minor axis. This was done using an integration in
four boxes located in the quadrants (see Fig. 15) where we have
spared some space between them. We have integrated Stokes Q
and U, respectively, and then we calculated the orientation angle
of the magnetic field by

¥ = arctan (g) — PA +90°, (6)

where PA = 52° is the position angle of the major axis and 90°
has been included in order to use the orientation of the B-vectors
instead of the E-vectors. However, as we have defined the orien-
tation angle 0° < ¢ < 90° we have to add some corrections of
90°, 180°, or 270° depending on the quadrant. We find a mean
orientation angle of ¥ = 33° with respect to the minor axis.

The orientation angle of the magnetic field can be used to
make a comparison between the rotational velocity and the out-
flow speed. Zirakashvili et al. (1996) express the orientation an-
gle a of the magnetic field with respect to the minor axis by

Qr
tana = —, 7
A\

where Qr is the rotation velocity of the disk and v the outflow
velocity perpendicular to the disk. If we use the estimate for the
CR bulk speed from Paper I of 270kms~! and adopt a rotation
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speed of 200kms~! (Pence 1981), we find an orientation angle
of @ = 37°. This is remarkably close to our finding. We should
note the case when the outflow speed equals the escape velocity
which can be expressed by the rotation speed via v = V2-Qr.In
this case we would expect an orientation angle of @ = 35°. The
conclusion is that the orientation angle of the poloidal magnetic
is near the theoretical expected value with the outflow veloc-
ity equal to the escape velocity. The kinetic energy of the CR
bulk speed is thus high enough to escape from the gravitational
potential. The influence of the cosmic ray driven wind on the
formation on the halo is discussed in the next section.

5. Discussion

The contribution of our radio continuum observations to the un-
derstanding of the formation of the halo must comprise the re-
sults from the total power study presented in Paper I, the po-
larimetry study presented here, and the observations of other
phases of the ISM.

5.1. The CR distribution and the magnetic field structure

The extra-planar distribution of the total power emission does
depend only on the CRE synchrotron lifetime. First, we note
that the CR bulk speed profiles of Paper I explain the different
abundances gas in the halo. In the northeastern halo the CR bulk
speed does not decelerate up to a height of 6kpc. We can not
trace the CRs to larger distances from the disk as the CREs have
lost their energy after several synchrotron lifetimes and hence
are not visible any more. However, as the CR bulk speed is near
the escape velocity in the northeastern halo we can speculate that
it can reach heights above the disk up to 8 kpc where the largest
filaments of soft X-ray emission are found. In the southwestern
halo we find the wind speed decreasing and the vertical extent of
soft X-ray emission is indeed less than in the northeastern halo.

The transport of CRs was found to be dominated by a con-
vective transport (see Paper I). The turbulent magnetic field of
the disk contains the CREs which are scattered in the tangled
magnetic field. However, the large-scale magnetic field is frozen
into the plasma. The field-lines in the disk are almost follow-
ing the local velocity vector, i.e. the rotation vector if we neglect
the small radial contribution sinS. Hence, as the field lines are
frozen in the plasma, the local velocity vector must agree with
the local B-vector. Using this assumption we find the flow of the
hot interstellar medium (HIM) together with the magnetic field
consistent with a force-free transport.

5.2. The superwind model

Our findings so far are consistent with a global wind over the
total extent of the disk of NGC 253. However, this finding must
be consistent with the distribution of the extra-planar HIM. From
these considerations we expect a correlation of the distribution of
the poloidal magnetic field and the hot gas traced by the He and
soft X-ray emission in the halo of NGC 253. However, at larger
galactocentric radii we do not find a significant decrease of the
CR bulk speed. This is in contradiction to the observation of the
extra-planar HIM concentrated only at small galactocentric radii
with sharp transition that creates the impression of lobes.

The distribution of the polarized intensity of the poloidal
magnetic field fits the distribution of the extra-planar HIM much
better. This presumption can be checked with observations of the
extra-planar hot gas by Ha and soft X-ray emission. In Fig. 16

the distribution of the poloidal magnetic field is shown on top
of Ha emission obtained from Hoopes et al. (1996) and here
convolved with a Gaussian to 20 HPBW. There are several Ho
plumes extending from the disk into the halo where the most
prominent one is located southeast of the nucleus. This nicely
coincides with the prominent radio spur. On the prominent ex-
tension northeast of the nucleus there is also much extra-planar
Ha emission. The map of the soft X-ray emission has been ob-
tained from the ROSAT archive and convolved with a Gaussian
to 20" in order to highlight the extended emission. In Fig. 17
we see that the extra-planar soft X-ray emission is distributed in
prominent lobes which extend up to 8 kpc from the disk. Again
the prominent southeastern lobe is associated with the radio spur.
The northeastern lobe extends furthest from the disk. The promi-
nent missing emission on the northwest side of the disk can be
explained by absorption in the disk and proofs that the south-
eastern halo on the near side and the northwestern halo is on the
far side (Pietsch et al. 2000).
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Fig. 16. Distribution and orientation of the poloidal magnetic field with
Ha emission. Contours and vectors are identical to Fig. 15.

Thus, we need an explanation why the large-scale magnetic
field traces the extra-planar HIM much better than the total mag-
netic field traced by the total power. Here, we turn to the current
understanding of the halo formation of NGC 253. The most at-
tractive scenario is the superwind model (Strickland et al. 2002).
This model contains a wind that is driven by a small region of ac-
tive star formation in the center. The lateral pressure compresses
the magnetic field. Shock waves convert the kinetic energy into
thermal energy. These thermalization regions are concentrated
in the lobes seen in the HIM. If the shock waves are small com-
pared to the beam size, the degree of polarization is amplified but
the total power emission is not affected. Thus, we can explain
the high degree of polarization consistently with the lobes of
the HIM. Polarization can hence be an excellent tracer of shock
waves.

The global wind of the disk explains the existence of gas
in the halo. Outside the lobes of the superwind model there is
neutral H1 gas (Boomsma et al. 2005). The superwind model
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Fig. 17. Distribution and orientation of the poloidal magnetic field with
soft X-ray emission. Contours and vectors are identical to Fig. 15.

requires preexisting cold gas in the halo. The abundance of the
cold gas in the halo can be explained by the disk wind traced by
the vertical CR transport.

5.3. Galactic dynamo

The expelling of magnetic field is not only important for the CR
propagation but also for the applicability of the dynamo theory
for the creation of the magnetic field itself. The aQ2-dynamo re-
lies on the differential rotation of the galactic disk (Q-effect) and
the cyclonic motions of the ionized gas (a-effect). The latter one
can be generated by subsequent supernovae explosions (Ferriere
1992). As Kulsrud (1999) has pointed out in his review the am-
plification of the magnetic field with a galactic dynamo requires
the expelling of the magnetic field with the wrong sign. A galac-
tic wind can transport the magnetic field from the disk into the
halo and maybe beyond. The investigations of Brandenburg et al.
(1993) showed that indeed a galactic wind can under certain cir-
cumstances even amplify the galactic dynamo.

6. Summary and conclusions

The three-dimensional magnetic field structure can be best inves-
tigated using sensitive radio continuum polarimetry. Our main
results are:

1. Only in the inner part of the disk we find a truly disk-parallel
magnetic field. The magnetic field is slowly opening with
a curvature. The vertical magnetic field component is most
prominent at the edge of the inner disk where we find two
“radio spurs” especially the large one southeast of the nu-
cleus. The magnetic field configuration can be hence de-
scribed as ”X”-shaped pattern similar to other galaxies.

2. The large-scale magnetic field can be decomposed into the
toroidal (r, ¢) and the poloidal magnetic field (r, ¢, z) com-
ponents.

3. The toroidal magnetic field can be described in the innermost
part within a galactocentric radius of about 4 kpc by a spiral

magnetic field with a constant pitch angle of ¢ = 25°. This
leads to a simple axisymmetric model of the spiral magnetic
field with a prescribed pitch and inclination angle. The model
shows a good resemblance of the observed magnetic field in
the disk.

4. The model of the toroidal magnetic field was used to con-
struct a map of the poloidal magnetic field. The distribution
of the polarized intensity and the orientation of the poloidal
magnetic field shows a distinct “X”’-shaped pattern centered
on the nucleus.

5. The orientation angle of the poloidal magnetic field is con-
sistent with a transport of the magnetic field which can be
described by the superposition of two velocity components:
the vertical CR bulk speed and the rotation velocity.

6. The distribution of the poloidal magnetic field coincides in
shape with the extra-planar HIM suggested by Ha and soft
X-ray observations. This can be explained by the compres-
sion of the large-scale magnetic field of the expanding super-
bubble.

Future investigations should include polarimetry at low frequen-
cies. Thus one will obtain the advantage of studying the mag-
netic structure far from the disk illuminated only by an aged
population of CREs. This might be done with the upcoming class
of telescopes operating at low frequencies like EVLA, LOFAR,
and the SKA.
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Chapter 4

Summary and Outlook

4.1 Summary

The evolution, structure, and origin of magnetic fields are still open problems in fundamental physics
and astrophysics. Until now, it remains unclear how the evolution of magnetic fields proceeds as galax-
ies evolve, what properties the possibly magnetized intergalactic medium posses, and whether the fields
in galaxy clusters are primordial or generated locally. The possible connection between structure for-
mation and the magnetic field formation in the early Universe is ultimately to be established by future
observations. Nearby galaxies offer the unique opportunity to study how the large-scale magnetic field is
generated and sustained by characterizing and comparing their three-dimensional magnetic field struc-
ture. The diffuse synchrotron emission and its polarization can be compared with HI, He, and continuum
observations at various wavelengths. It is possible to study in external galaxies how magnetic features
interact with other features of the interstellar medium in a much more direct way than in our own Galaxy
with its confused lines of sight.

One favoured object to carry out such studies is NGC 253, which not only posses one of the brightest
radio halos discovered so far, but several ISM phases have been detected in its halo, too. The presented
study of NGC 253 in radio continuum comprised interferometric and single-dish observations in order
to get high resolution combined with the best sensitivity for large-scale emission. The requirements of
the high dynamic range due to the strong nuclear point source were met with a specially tailored data
reduction for both the single-dish and the interferometric data.

The observations revealed a bright radio halo at all observing wavelengths between 490 cm and
A3.6 cm. Due to the brightness of the radio halo and the high sensitivity of the observations, the emission
is traced out to an extent of 6 kpc from the disk. However, with 1.7 kpc, the scaleheight of the combined
VLA + Effelsberg observations is within the range of other galaxies (Krause 2004). Hence the scale-
height of the cosmic rays and the magnetic field does not depend on the star formation rate (SFR) which
is high in NGC 253 (SFR ~ 10 Mg yr~!). The local scaleheight does also not depend on the SFR. In the
inner regions of the disk, where the SFR is highest, the scaleheights are smallest. The local scaleheight
depends, however, almost linearly on the synchrotron lifetime of the cosmic ray electrons (CREs) which
in turn depends on the total magnetic field strength. From this behavior I draw two important conclusions
as described in Chap. 2: firstly, the CR transport must proceed predominantly in the vertical direction. If
the CRs would freely diffuse in the disk and halo, the scaleheight should be uniform along the extent of
the disk. The same conclusion has been drawn by Dahlem et al. (1995, 2006), who found a correlation
between the radial extent of star formation regions and the synchrotron halo. Secondly, we can define
a cosmic ray bulk speed as the ratio of the total power scaleheight to the CRE lifetime. The global CR
bulk speed of 270kms~! is close to the escape velocity of vee = 280kms~™! which I have estimated
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using Vese = V2 - Qr, where Qr = 200kms~! is the rotation velocity of NGC 253 determined by Pence
(1981). The kinetic energy of the CR gas is thus almost high enough to drive a wind which escapes from
the gravitational potential. Since the emission profiles are not Gaussian but rather strictly exponential,
the CR transport is predominantly convective where the CRs and the magnetic field are advected by the
disk wind blowing from the disk into the halo. While the CREs are transported from their origin in the
disk into the halo, they loose their energy by synchrotron radiation which depends quadratically on the
CRE energy. The steepening of the spectral index with increasing distance from the disk indicates CR
aging and is thus another constraint for dominating radiative losses.

Using the vertical total power emission profiles, I made an investigation of the local CR bulk speed in
the disk wind. In the northeastern part of the galaxy, the bulk speed is independent of the galactocentric
radius. In contrast, in the southwestern part the bulk speed decreases with increasing galactocentric ra-
dius. Observing that the local scaleheight increases with the galactocentric radius, this can be understood
by adopting a vertical CR bulk speed profile v(z) for the northeastern and southwestern half, respectively.
With this assumption the CR bulk speed is constant with increasing height above the disk in the north-
eastern part. In the southwestern part, however, the CR bulk speed is decelerating with increasing height
above the disk.

The analysis of the three-dimensional magnetic field structure, as described in Chap. 3, further con-
strains the properties of the disk wind. The polarization vectors of the continuum emission were obtained
using polarimetry. The combination of two wavelengths (16.2 cm and A3.6 cm) yielded the distribution
of the Rotation Measure (RM) in the magnetized plasma. This was used to correct the Faraday Rotation
and to obtain the intrinsic magnetic field orientation. The magnetic field structure was found to posses
an “X”-shaped distribution with a disk-parallel field only in the inner part of the disk. The magnetic field
lines start to open at larger galactocentric radii and further away from the midplane of the galaxy. This
“X”-shaped pattern of the magnetic field vectors has also been found in other edge-on galaxies (Soida
2005; Dettmar & Soida 2006; Krause 2007). The analysis of the RM distribution in sectors, presented
in Chap. 3, showed that the magnetic field can be described by an axisymmetric spiral field pointing
inwards. Hence, a model was constructed for the toroidal (r, ) magnetic field with a prescribed incli-
nation angle of the disk and pitch angle of the magnetic field spiral. The poloidal magnetic field (r, ¢, z)
was computed by subtracting the model field from the observations. The poloidal magnetic field distri-
bution resembles a pronounced “X”-shaped distribution centered on the nucleus with a magnetic field
orientation angle of 35° with respect to the minor axis. This can be explained if the disk wind advects
the toroidal magnetic field together with the disk material and if the orientation of the magnetic field
vectors are identical to the vector of the CR bulk speed. The determined orientation angle of the poloidal
magnetic field is consistent with the superposition of the vertical outflow velocity — the CR bulk speed —
and the rotation velocity of 200km s~

This picture, as presented so far, offers important complementary information to other observed
phases of the ISM in the halo of NGC 253. The disk wind creates a thick disk of cold disk material,
through which the superwind emerges into the halo (e.g. model 5 of Strickland et al. 2002). The visible
lobes in Her and soft X-ray emission are the layer heated through shocks and turbulent mixing on the
contact surface between the hot superwind fluid and the cold disk material. If the swept-up shell cools,
an Ha-emitting shell around the superbubble will form. The thick disk component has to be created by
material lifted up from the disk through star formation activity (Rosen & Bregman 1995). We can support
this model now by measuring the vertical transport of disk material using the CR bulk speed profiles. The
decelerating CR bulk speed causes a thick disk with smaller vertical extent in the southwestern part than
in the northeastern part of the galaxy. This is confirmed by the finding of less extra-planar HI emission in
the southwestern part which led Boomsma et al. (2005) to the speculation that ionization might prevent
the detection of HI. The vertical extent of Ha and soft X-ray emission in the southwestern part is also
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significantly smaller than in the northeastern part. This corroborates the picture that the cosmic ray
transport determines the vertical extent of the thick disk of cool disk gas.

We can further constrain this model by using our polarimetry information. I have shown that the
poloidal magnetic field correlates remarkably well with the Ha and soft X-ray emission (see Figs. 16
and 17 in Chap. 3). There is clearly an excess of polarized emission that is not seen in total power
emission. This can be explained by compression of the swept-up shells of the disk material by the ex-
panding superbubble. The magnetic field orientation is roughly tangential to the shell of the superbubble
which shows the pressure gradient to be perpendicular to the shell (for a cartoon of the halo structure
see Fig. 4.1). The orientation of the magnetic field could also be explained by the flow of the disk
wind as mentioned above, but the amplification of the polarized emission is most likely created by the
compression due to the expansion of the superbubble.

poloidal
_B—field

Figure 4.1: Same as Fig. 8 of
"""""" Boomsma et al. (2005), but with

the intensity and the orientation
of the poloidal magnetic field
added. The disk wind has been
indicated, too. The dashed lines
on the right show parts that
have not been detected.

4.2 Extending the investigations to other spiral galaxies

The discussion of the results of NGC 253 clearly shows that radio continuum observations (including
polarimetry) are a powerful tool to study galactic outflows. Thus, it is desirable to study the distribution
of cosmic rays and the structure of the large-scale magnetic fields in a larger sample of nearby spiral
galaxies. The dependence of the brightness on the radio halo of the star formation in the disk introduces
an observational bias towards star forming, gas rich galaxies. NGC 253 is an extreme example with a
concentration of high star formation in the central regions. Hence, it is instructive to study galaxies with
star formation more uniformly distributed in the disk. Observations of a small sample consisting of three
galaxies are presented and briefly discussed in the following section. After that I will give an outlook of
what could be learned from future studies in Sect. 4.3.

4.2.1 Observations and data reduction

NGC 4634 was observed with the VLA in May 2007 in D-configuration. Four observing runs with a to-
tal of 1 hour integration time (including time for calibration) resulted in approximately 2 hours on-source
integration time. The observing runs were scheduled with 1 hour in between in order to get a reasonable
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Galaxy Array Date

NGC7090 EW352 2006, Jan 16
750D 2006, Jan 21

1.5C 2005, Nov 29 Table 4.1: ATCA observation de-
6A 2005, Dec 08 tails.
6A 2005, Dec 09

NGC7462 EW352 2006, Jan 14
750D 2006, Jan 22
1.5C 2005, Nov 28
6A 2005, Dec 10
6A 2005, Dec 11

(u,v)-coverage. This resulted in a good coverage of parallactic angles which allowed polarization cali-
bration. 13314305 was used as the primary calibrator and 1221+282 for calibration and polarization and
phase. The flux intensity scale of Baars et al. (1977) was adopted. The data reduction was performed in a
standard fashion, using AIPS. With an angular extent of the radio emission of less than 2.5" (see below),
the observed galaxy is small enough to fit easily into the primary beam of the VLA’s 25-m antennae
(HPBW = 8’ at 4.85 GHz) and hence the missing zero-spacing flux is negligible.

NGC 7090 and NGC 7462 were observed with the Australia Telescope Compact Array' in November
2005, December 2005, and January 2006. Each galaxy was observed with one configuration in the 352 m
array, the 750 m array, the 1.5 km array, and the 6 km array (see Table 4.1). In order to get a good (u,v)-
coverage the individual observing runs were 12 hours long (including time for calibration). We obtained
a total on-source integration time of 55 hours for NGC 7090 and NGC 7462. We chose to observe at
4.544 GHz and 4.800 GHz (16 cm) in order to get the best sensitivity instead of observing at two (wider
spaced) frequencies simultaneously. All data have been polarization calibrated. 1934-638 was used as
the primary flux calibrator, 2117-642 (NGC 7090) and 2311-452 (NGC 7462) as polarization and phase
calibrators. The adopted flux of 1934-638 is 5.83 Jy at 4.800 GHz. The data reduction was performed
in a standard fashion, using the software package MIRIAD. With angular extents of their radio emission
of less than 5’ (see below), the observed galaxies are small enough that they fit easily into the primary
beam of the ATCA’s 22-m antennae (HPBW = 10" at 4.85 GHz). With a shortest spacing of 46 m and
good (u,v)-coverage, the missing zero-spacing flux is negligible.

4.2.2 Morphology of the radio continuum emission

NGC4634 is a member of the Virgo cluster at a distance of 19.1 Mpc (Teerikorpi et al. 1992). Bright
extra-planar Ha emission up to distances of 1.1 kpc above the galactic plane has been detected by Rossa
& Dettmar (2000) with several Ha-filaments reaching into the halo. A patch of extra-planar Ho emission
in the northwest of the galaxy disk is located 1.4 kpc above the galactic plane. From the Ha flux density
Rossa & Dettmar (2000) derived a star formation rate of 0.51 M yr‘l. Tillmann et al. (2006) presented
X-ray observations of NGC 4634 with an extension of the soft X-ray emission up to 4.0 kpc to the east
and 2.6 kpc to the west of the disk plane. The radio continuum emission presented in Fig. 4.2 has a
radial extent of 2’ (11 kpc) and shows a peak at the center. Extra-planar continuum emission is detected
in the northeastern and southwestern halo. The southwestern halo is more prominent with a vertical
extension of the continuum emission up to 1’ (Skpc) from the disk. The polarized intensity presented
in Fig. 4.3 shows a clear asymmetry between the northeastern and southwestern halo. Extra-planar

'The Australia Telescope is funded by the Commonwealth of Australia for operation as a National Facility managed by
CSIRO.
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polarized emission is detected only in the southeastern halo. The magnetic field orientation is strongly
inclined to the major axis. There are two resolved “radio spurs” which connect the inner disk with the
halo with a vertical magnetic field orientation. The northern spur coincides with the patch of extra-planar
Ha emission by Rossa & Dettmar (2000) (see their Fig. 7). The magnetic field structure indicates thus
an outflow in the southwestern halo. It remains, however, unclear why the soft X-ray emission is found
to be more prominent with a larger extension in the northwestern halo.

NGC 7090 (Fig. 4.4) exhibits centrally peaked radio continuum emission from its disk with a radial
extent of the disk emission of about 5’. Beside the central maximum there is a second local maximum
visible southeast of the center. There are also clear indications of extra-planar emission detected in the
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Figure 4.4: NGC 7090 total power

radio continuum obtained from
observations with the ATCA at
A6 cm. The optical image plot-
ted in grey-scale is from the
DSS. Contours are at 3, 6, 12,
24, 48, and 96 x 20 uJy/beam.
The overlaid vectors indicate
the orientation of the ordered
magnetic field. The length of the
vectors is defined by 1" to be
equivalent to 12.5 uly/beam of
polarized intensity.

Figure 4.5: NGC 7090 polarized

intensity obtained from obser-
vations with the ATCA at 16 cm.
Contours are at 3 and 6 X
20 uJy/beam. The overlaid vec-
tors indicate the orientation of
the ordered magnetic field. The
length of the vectors is de-
fined by 1” to be equivalent to
12.5 wly/beam of polarized in-
tensity.
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northeastern and southwestern halo, which has been already detected by Harnett & Reynolds (1985) at
A36 cm and was confirmed by Dahlem et al. (2001) at 4113 cm and A20cm. The vertical orientation of
the regular magnetic field suggests an outflow in the central regions of that galaxy. The distribution of
the polarized intensity presented in Fig. 4.5 clearly shows the concentration of the polarized emission to
the minor axis. The drop of polarized intensity in the plane of the disk is prominently which might be
attributed to Faraday depolarization. However, with only one wavelength observed we cannot make any
firm statement.
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NGC 7462 presented in Fig. 4.6 displays centrally peaked emission in the disk with a radial extent of
3’. The map exhibits a secondary emission maximum about 1.3" east of the center and a weaker corre-
sponding maximum to the west of the nucleus. There is also some emission south of the center, outside
the disk of NGC 7462. The asymmetry of the halo is apparent, the brighter emission being observed on
the south side. There is a detection of extra-planar radio continuum emission from ATCA observations by
Dahlem et al. (2001) at 113 cm and 220 cm. However, they did not detect any polarization. Our detection
of a large-scale magnetic field in the halo of NGC 7462 confirms the existence of extra-planar emission
(see Fig. 4.7). The vertical extent of polarized emission is 1.6” in the southern halo. The magnetic field
orientation is almost exactly perpendicular to the disk. It is worthwhile to note that the ordered magnetic
field is located on the western edge of the radio spur.

4.3 Outlook

A possible explanation for the observed magnetic field structure in spiral galaxies is the mean-field aQ-
dynamo (Beck et al. 1996). The dynamo operates by the interaction of two magnetohydrodynamical
processes (Cline et al. 2003): the production of toroidal magnetic field from poloidal field by shear (Q-
effect), and the regeneration of poloidal loops from toroidal field due to the combined action of magnetic
buoyancy and Kelvin-Helmholtz instabilities (a-effect). An alternative scenario is that the presence
of rotational shear and the resulting magnetic shear instability described by Balbus & Hawley (1991)
can lead to strong toroidal, large-scale magnetic fields (Brandenburg et al. 1995). The magnetic fields
generated by this mechanism are similar to those in ordinary aQ-dynamos.

There are only a few more examples of spiral galaxies with known polarization information for
the halo. Among these, the “X”-shaped magnetic field structure is quite common as mentioned above.
NGC253 is a good example for such a configuration, where the toroidal magnetic field component
dominates almost throughout the disk. Only at locations where the toroidal component is weak due
to geometrical reasons the orientation of the magnetic field is perpendicular to the disk. Subtracting
the dominant toroidal component a residual magnetic field with a significant vertical component was
revealed, i.e. the poloidal magnetic field. In contrast to NGC 253 the structure of the large-scale magnetic
field in the three newly observed spiral galaxies resembles not clearly an “X*“-shape. The extra-planar
polarized emission is more prominent than the polarized emission in the disk and the magnetic field
orientation is almost perpendicular to the disk. This suggests a dominant poloidal magnetic field.

The conclusion is therefore that the large-scale magnetic field in spiral galaxies of the local Universe
spans a wide range of configurations. These can be explained by the possible influence of several factors.
First, the combined distribution of mass and star formation in the stellar disk governs the outflow pattern
and thus affects the magnetic field configuration (see e.g. Dahlem et al. 2006). A galactic wind traced
by the abundance of extra-planar hot gas is expected to sustain the poloidal magnetic field. Second, the
shearing of the magnetic field due to the differential rotation in the disk amplifies the toroidal magnetic
field. The strength of the shearing can be obtained from He rotation curves. Finally, the dropping of the
rotation velocity with increasing height over the disk also increases the strength of the toroidal magnetic
field.

The aim of further investigations is to reveal which processes determine to the first order the structure
of the toroidal and poloidal magnetic field. With the current generation of telescopes only 20 galaxies
can be used to study the toroidal magnetic field (Beck 2000). However, these studies will be boosted
soon by the advent of the next generation of radio telescopes, most notable the EVLA, the LOFAR,
and the SKA. With these telescopes the sensitivity and resolution of radio continuum observations will
be increased by several orders of magnitude. The number of objects observable in diffuse synchrotron
emission can be increased by up to three orders of magnitude (Gaensler et al. 2004). Thus, observing a
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large sample of spiral galaxies in radio polarimetry can help us to distinguish between the influences of
the factors discussed above on the magnetic field structure.
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Appendix A

High dynamic range single-dish imaging

The Effelsberg 100-m telescope has been our choice for high sensitivity, low angular resolution obser-
vations of NGC 253, which we also need to fill up the missing zero-spacing information for the inter-
ferometric 16.2 cm VLA observations. The combination of single-dish and interferometer data is in fact
important to reveal the extended halo structures of that galaxy. However, NGC 253 is a good testbed case
proving what can be done with the Effelsberg telescope mainly for two reasons: first, it has a very bright
central nucleus of more than 1Jy emission in total power. To reach a typical noise level of 1 mJy/beam
requires therefore a dynamic range larger than 1000. Even when the sidelobes are only at a level of 1 %
they are disturbing the total power image at signal to noise ratio of ~ 10. This contribution has to be
disentagled from the true emission of the source. And second, it is located at a declination of —25°,
which means that the elevation during the observation is less than 20°. This requires a high rigidity of
the telescope construction, because any distortions of the dish lead to distortions of the telescope beam,
too.

These two demands and their implications for the high dynamic range imaging with single-dish tele-
scopes will be discussed in this appendix on the example of the Effelsberg 100-m telescope. First, we
show in section A.1 how we constructed appropriate beam patterns for the Effelsberg telescope in or-
der to match the beam of the actual observations of NGC 253. Second, we apply in section A.2 the well
known procedure that reconstructs the true emission pattern from the sidelobes affected observations: the
so-called "CLEAN”-algorithm was originally introduced by Hogbom (1974) in order to correct interfer-
ometric observations. This algorithm can be applied to single-dish observations as well. In section A.3
we will extend the cleaning procedure to polarization maps in order to remove the instrumental effects
which are generally referred to as instrumental polarization.

A.1 Constructing the beam pattern

A.1.1 Observations and data reduction

A difference of much practical relevance between the cleaning of single-dish and interferometric ob-
servations is the availability of an appropriate beam pattern. Whereas the interferometric (u,v)-data set
directly provides a beam pattern by computing the Fourier-transform of the (u,v)-coverage, single-dish
observations lack this possibility. Here, additional observations have to be made specifically for the
cleaning purpose. This can be accomplished by deep observations of a non-polarized point source which
lead to a map that defines the response of the telescope to the point source. This obtained beam pattern of
the single-dish telescope can be regarded as Point Spread Function (PSF) known from optical astronomy.
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We note that the dynamic range of the beam pattern must be equal or higher than that of the maps to be
cleaned.

The observations which had to be cleaned were obtained with the Effelsberg telescope at 16.2 cm
and at 43.6 cm. For a starting point we chose Effelsberg beam patterns from the archive which included
patterns at both wavelengths. These first attempts were unsatisfying as there were large parts in the map,
which had negative flux density more than 5 times the actual noise level. The missing fluxes occurred
especially in regions extending around the nucleus and could be attributed to the cleaning. Hence, we
concluded that the beam patterns of the archive were not accurate enough to match the actual observations
and new observations had to be made in order to get high quality beam patterns.

We chose the bright point source 3C84 as target to obtain new beam patterns. Observations were
performed during the year of 2005 by R. Beck. The elevation of the telescope during the observations
of 3C84 was specifically chosen to be roughly n = 20° corresponding to the observations of NGC 253.
In order to improve the quality of the final map several coverages scanned in perpendicular directions
were obtained. We used circular Gauss-fits in order to check the position of the point-source prior to
the combination of the individual maps. The reached accuracy was 10" and 5" for the 16.2cm and
A3.6 cm maps, respectively. The 16.2 cm-receiver consists of two horns (dual-horn receiver) whereas the
A3.6 cm-receiver has only one horn (single-horn receiver). The Picture A.1 of the secondary focus cabin
(SFK) of the 100-m Effelsberg telescope shows the position of the feed horns. Hence, the construction
of the beam pattern is slightly different for both receivers.

For the dual-horn 16.2 cm-receiver the so-called restoration process makes use of the two horns in
order to subtract time dependent weather effects. It has turned out that the restoration process is not
suited to obtain the beam pattern as there were some residuals left especially at the left/right flanks of the
sidelobes. Thus we omitted the restoration and constructed the beam pattern using the mean of all maps.

The single-horn 43.6 cm maps were combined in each Stokes RR and LL channel individually and
thus two beam patterns for the Stokes RR and LL channel were obtained. These were needed in order to
clean the channels separately. However, for the presentation of the beam pattern we present the mean of
both channels which are anyway not very much different either.

Additionally to the beam pattern obtained from the 3C84 observations we constructed another 16.2 cm
beam pattern from calibrator measurements of the source 0237-23. The construction process was identi-
cal to the one presented above.

Figure A.1: Secondary focus cabin
(SFK) of the 100-m Effelsberg tele-
scope. The position of the 16.2 cm and
A3.6 cm is depicted by arrows.
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A.1.2 The Effelsberg beam pattern

In this section I discuss the actual beam pattern of the Effelsberg telescope. Although much attention
has been paid in order to make the beam pattern almost Gaussian, there are nevertheless considerable
deviations from this ideal shape. These come mainly from several different contributions, namely:

o The four legs of the primary reflector cast a shadow on the surface of the dish. This obstruction of
the reflecting area decreases the effective aperture of the telescope but even more importantly are
the two-fold symmetric sidelobes which extend around the central part of the beam.

e The shape of the dish is elevation dependent as gravity distorts the dish differently in the horizontal
and vertical position. The the outer rim of the Effelsberg telescope deforms by about 60 mm when
the telescope is tilted from zenith to horizon (Rohlfs & Wilson 2004). The Effelsberg telescope
is build such that the distortion proceeds in a homologous way. Otherwise observations with the
telescope would severely be affected by the large elevation dependent distortion. Still, the remain-
ing deviations of the parabolic shape cause flux to be transferred from the main-beam into the
sidelobes.

I will briefly discuss some of the general features of the beam pattern: the central part has an almost
Gaussian shape which covers 95 % of the dynamic range. The non-circular shape of the central part
of the beam reminds of a slight sawtooth-pattern. It can be attributed to the observational setup of the
single-dish Effelsberg maps. In this so-called “scanning”-mode the beam of the telescope sweeps in
lines back and forth over the source (see Fig. A.2). The map is hence constructed by converting the
time-dependent signal to a position dependent signal. Considering a small time-shift in the pointing of
the telescope shifts the emission once too far left and too far right as the telescope sweeps horizontally in
lines over the source. Thus one can explain the sawtooth-pattern for the central part of the beam pattern
which should ideally be a Gaussian (Mack 2005).

Four lines of sidelobes are found around the central part for all beam patterns at the level of a few
percent with several maxima and minima along the lines. They are aligned with the telescope i.e. the
azimuth-elevation coordinate-system (az-el), because the beam patterns are caused by the single-dish
surface and its reflector legs. In the following I will discuss in particular the properties of the sidelobes
because they have the dominant influence on the cleaning process.

Figure A.2: Scanning procedure of the
Effelsberg maps. The beam sweeps
back and forth over the scanned area.
The map is eventually reconstructed
at each point. A small time shift in
the pointing can introduce a sawtooth
pattern as observed in the beam pat-
terns.
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A.1.3 Elevation dependent sidelobes

In this section I discuss the properties of the sidelobes and especially the dependence on the observing
elevation. The beam patterns are observed in the az-el coordinate system, the maps have been mirrored
at the vertical axis. This corrects for the opposite direction of the azimuthal angle (increasing from left
to right) with respect to the direction of the right ascension (decreasing from left to right). Thus the
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maps show the sky appearance of 3C84. The sidelobes are aligned with the north-south and east-west
orientation because of the az-el coordinates. The maps have been transformed using AIPS to the observed
position of NGC 253 to give a better comparison with the object to be cleaned.

The beam patterns at 16.2 cm are shown in Figs. A.3, A.4 and A.5 for the elevations of 5 = 55°,
n = 40°, and n = 20°, respectively. The first two beam patterns are very similar with the northern sidelobe
being the most prominent one. This is in contrast to the third beam pattern, which shows the strength
of the southern sidelobe to exceed the northern one. In Table A.1 we have summarized the properties
of the sidelobes for our various beam patterns for a quantitative discussion. We can see that the beam
patterns (7 = 55° and n = 40°) from the archive have a northern sidelobe with a peak value of 2.7 %
of the total peak flux and a southern sidelobe at only 1.4 %. The third beam pattern shows the opposite
behavior with the northern sidelobe at 1.7 % and the southern sidelobe at 2.9 %. This behavior can be
attributed to an elevation difference but also to the restoration of the Effelsberg-dish (where new panels
were installed), which was undertaken after the observations of the archived beams. Hence, we found the
new patterns to match the actual beam of the observations only poorly, because the cleaning with the new
patterns caused deep holes north of the nucleus. Therefore we chose for the cleaning a pattern obtained
from calibration measurements of the source 0237-23 shown in Fig. A.6, which was obtained during the
observations of NGC 253 at a low elevation of = 20°. The observations of 3C84 were however useful
to apply the correction for the instrumental influence on the polarization (see below).

The situation is different for the 43.6 cm beam patterns. The archived pattern at 7 = 40° shown in
Fig. A.7 has a strong southern sidelobe (3.4 %) and a weak northern sidelobe (0.9 %). The new pattern
at 7 = 20° shown in Fig. A.8 has roughly equal sidelobes in the north (1.6 %) and south (2.0 %). This
explains why the cleaning with the archived patterns caused deep holes south of the nucleus.

elevation 55° 40° 20° 45° 20°
Alcm] 6.2 6.2 6.2 3.6 3.6
flux peak [mJy/beam] 27150 | 27236 | 16698 || 16372 | 15325
flux N-sidelobe [mJy/beam] 721 745 288 135 262
flux W-sidelobe [mJy/beam] 554 609 281 293 301
flux S-sidelobe [mJy/beam] 374 373 484 527 329
flux E-sidelobe [mJy/beam] 500 516 267 225 273
flux ratio N-sidelobe [%] 2.65 2.74 1.69 0.88 1.60
flux ratio W-sidelobe [%] 2.04 2.24 1.65 1.91 1.84
flux ratio S-sidelobe [%] 1.38 1.37 2.85 3.44 2.01
flux ratio E-sidelobe [%] 1.84 1.89 1.57 1.47 1.66
flux ratio polarization [%] 2.14 1.93 1.04 0.958 | 0.858

Table A.1: Beam properties of the 100-m Effelsberg telescope at 16.2cm and A3.6cm. The values
are obtained from observations of the unpolarized point source 3C84 respectively. The elevations of
n =155°and n = 40° (16.2cm) and n = 45° (13.6 cm) represent the standard beam patterns whereas
the observations at n = 20° were carried out especially for cleaning at low elevations (see text).

The radio receivers of the Effelsberg telescope have been designed in order to detect polarized emis-
sion. But on the level of a few percent the total power contributes also to the polarized emission. This
intrinsically receiver leakage causes, in the presence of strong total power emission, a significant contri-
bution to the polarized emission. This is the dominant contribution to the instrumental polarization for

48



A.2. The cleaning procedure 49

the Effelsberg telescope. Thus, we choose 3C84 to be our target for obtaining the beam patterns not only
because it is a strong radio source but also because it is almost unpolarized. This allows us to obtain also
beam patterns in Stokes Q and U, which show the response of the Effelsberg telescope to a total power
point source. The corresponding beam patterns of 3C84 in Stokes Q and U are presented in Figs. A.9 and
A.10 for 16.2 cm and in Figs. A.11 and A.12 for 43.6 cm. Though the instrumental polarization is only
at the level of 1 % for our new obtained beam patterns this still results in more than 10 mJy of polarized
flux caused by the nucleus. Thus we have corrected this influence of the high dynamic range using the
beam patterns as described in section A.3.

A.2 The cleaning procedure

A.2.1 The Hogbom cleaning

The measured map is the convolution of the true emission in the sky with the beam of the telescope,
thus the beam has to be deconvolved from the measured map. In the previous section I explained how to
obtain an appropriate beam pattern for a single-dish telescope. The deconvolution can be best done in the
Fourier domain, where the Fourier-transform of the map is simply divided by the Fourier-transform of
the beam (according to Parsevals theorem). However, this is not applicable for interferometric measure-
ments as the (u,v)-plane is not entirely filled since there are always missing (u,v)-visibilities. Now the
deconvolution in the Fourier space would require the division by zero, which obviously leads to numeri-
cal problems. Hogbom (1974), however, could show that the deconvolution can be successfully done in
the image plane as well. He assumed the radio sky to be a random distribution of point sources on an
empty background, where the emission consists of point sources with a Gaussian emission profile. The
well known Hogbom algorithm now replaces the response of a point source including sidelobes with a
Gaussian. Starting with the highest intensities and proceeding to the low intensities all emission in the
map is replaced by Gaussians. It has turned out that the algorithm works also very well on extended
structures though it was originally designed for point sources only. Nowadays it is the most wide-spread
method to remove sidelobes from interferometric observations.

Based on the Hogbom algorithm Klein & Mack (1995) have designed a cleaning algorithm for the
Effelsberg telescope. The program “clean” uses the NOD2-library (Haslam 1974) and runs only on
Solaris UNIX-machines. The program expects two input maps in NOD-format: the beam pattern in az-el
coordinates and the map to be cleaned given in Ra-Dec coordinates. If the beam pattern has to mirrored
before use (because of the az-el observing mode of Effelsberg), the program offers an option to do this.
The so-called loop-gain is multiplied with each cleaning-component prior to subtraction from the map.
Factors between 0.02 and 0.25 are recommended. In principle, the smaller the factor the more accurate is
the cleaning as the numbers of cleaning components is larger. However, in practice it has turned out that
the result was not much improved for factors smaller than 0.1. This may depend also on the structure of
the emission so this value has to be adjusted to obtain a sufficient cleaning procedure. The most important
parameter is, however, the cleaning threshold. The cleaning algorithm has to be stopped at least when
the noise is reached. Moreover, the cleaning algorithm does not converge if there are two many cleaning
components with a negative flux. The best results cleaning the Effelsberg maps were obtained when
using only very few negative cleaning components. Hence, the cleaning threshold was adjusted such that
the fraction of negative cleaning components remained small (for details see Tab. A.2).

The cleaning then needs another important parameter and that is the so-called parallactic angle.
This is the angle between the beam pattern and the northern direction in the map to be cleaned. One
has to remember that the beam pattern always stays in the az-el observing frame as the beam pattern is
connected directly to the Effelsberg-telescope which has an alt-azimuthal mount. The parallactic angle is
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Figure A.3: 3C84 Effelsberg

A6.2cm total power distribu-
tion obtained at an elevation
of n. = 55°  Contours are
at -24, -12, -6, -3, -1, 1, 3,
6, 12, 24, 48, 96, 192, 384,
768, 1536, 3072, 6144, and
12888 x 2 mJy/beam. Note that
the northern sidelobe is most
prominent in contrast to the ob-
servation obtained at a lower
elevation of n = 20° (Fig. A.5).

Figure A.4: 3C84 Effelsberg

A6.2cm total power distribu-
tion obtained at an elevation of
n = 40°. Contours are at -
48, -24, -12, -6, -3, -1, 1, 3, 6,
12, 24, 48, 96, 192, 384, 768,
1536, 3072, 6144, and 12888
X 2mly/beam. This beam pat-
tern is very similar to the beam
pattern at n = 55° shown in
Fig. A.3.




A.2. The cleaning procedure

51

3C84 Effelsberg 6.2 cm HPBW 144 arcsec
Total power radio continuum - elevation 20 degree

T TN 1) DD
-25 30 B

25
=)
o
8
S 20
=z
o
(=
<
2
a 15
w .
[=)
10
05
00 46 30 45 47 0 15 30 45 4800 15 30
RIGHT ASCENSION (J2000)
Contour levels = 2.0 mJy/beam * (-1, 1, 3, 6, 12, 24, 48, 92,
196, 384, 768, 1536, 3072, 6144)
0237-23 Effelsberg 6 cm HPBW 144 arcsec
Total Power Intensity
I I I I
N TN, S -]
\ (I Q ‘.‘ \
- T~ i ‘i ’
————— L TN i i /
e ) =5 AN ‘! ‘ "
2510 £ 7 S J N { —
\
)
o
o
N
2
z
©)
[
<
P4
3
O
i}
[a)
f | | | | |

0048 15 00 47 45 30 15
RIGHT ASCENSION (J2000)
Contour levels = 0.1 mJy/beam * (-2, -1, 0, 1, 2, 4, 8, 16, 32)

51

Figure A.5: 3C84 Effelsberg
A6.2cm total power distribu-
tion obtained at an elevation of
n = 20°. Contours are at -
1, 1, 3, 6, 12, 24, 48, 96, 192,
384, 768, 1536, 3072, and 6144
X 2mly/beam. The compari-
son with the A3.6 cm observa-
tions (Fig. A.8) shows the sim-
ilarity of the beam patterns.

Figure A.6: 0237-23 Effelsberg
A6.2cm total power distribu-
tion obtained at an elevation of
n = 20°. Contours are at -2, -
1,0 1, 2, 4, 8 16, and 32 X
0.1Jy/beam. This observation
was used as a calibrator source
for the observation of NGC 253.
To be compared with Fig. A.5.
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Figure A.7: 3C84 Effelsberg

A3.6¢cm total power obtained
at an elevation of n = 40°.
Contours are at -24, -12, -6,
-3, -1, 1, 3, 6, 12, 24, 48,
96, 192, 384, 768, 1536, and
3072 X 4mJy/beam. Note that
the northern sidelobe is sig-
nificantly more prominent com-
pared with the observation ob-
tained at a lower elevation of
n = 20° (Fig. A.8).

Figure A.8: 3C84 Effelsberg

A3.6cm total power distribu-
tion obtained at an elevation of
n = 20°. Contours are at -96,
48, -24, -12, -6, -3, -1, 1, 3, 6,
12, 24, 48, 96, 192, 384, 768,
1536, 3072, 6144, and 12288
X 1mly/beam. The asymmet-
ric shape of the central beam
part is notable as the contours
are not exactly circular. The
sidelobes also are not symmet-
ric as the southern one is the
most prominent.
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16.2 cm distribution of Stokes Q
20 obtained at an elevation of n =
20°. Contours are at -128, -64,
» - D~ -32, -16, -8, -4, -2, 2, 4, and 8 X
032100 2030 00 19 30 00 1830 0.5 mJy/beam.
RIGHT ASCENSION (J2000)
Contour levels = 0.5 mJv/beam * (-128, -64. -32, -16. -8. -4. -2, 2, 4, 8)
3C84 Effelsberg 6.2 cm HPBW 144 arcsec
Stokes U -- 20 degree elevation
-40 -20 20 40 mJy/beam
4145
40
35
30

25

Figure A.10: 3C84 Effelsberg
6.2 cm distribution of Stokes U
obtained at an elevation of n =
20°. Contours are at -64, -32, -
16, -8, 4, -2, 2,4, 8, 16, and 32

1830 X 0.5 mJy/beam.
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Figure A.11: 3C84 Effelsberg
A3.6 cm distribution of Stokes Q
2 obtained at an elevation of n =
20°. Contours are at -16, -8, -
24 4, -2, 2, 4,8, 16, 32, and 64 x
032015 00 1945 30 15 0.5 mJy/beam.
RIGHT ASCENSION (J2000)
Contour levels = 0.5 mJv/beam * (-16. -8. -4. -2. 2. 4. 8. 16. 32 .64)
3C84 Effelsberg 3.6 cm HPBW 84 arcsec
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Figure A.12: 3C84 Effelsberg
A3.6cm Stokes U obtained at
2% an elevation of n = 20°. Con-
tours are at -16, -8, -4, -2,
24 2, 4, 8 16, 32, and 64 X

032015 00 1945 30 15 0.5 mJy/beam.
RIGHT ASCENSION (J2000)

Contour levels = 0.5 mJv/beam * (-64. -32. -16. -8. -4. -2. 2. 4. 8. 16. 32 .64)
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Figure A.13: Computed parallac-
tic angle y of NGC 253 as func-
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not constant but varies with time and has to be computed for each map separately. It can be determined
from the following expression (Klein 1978):

X = *arctan

cos ¢ sinh ){ + if6>0 A.D)

singcosd —cos¢sindcosh) | — otherwise

Here, y is the parallactic angle, ¢ the geographic latitude of the telescope, & the hour angle, and ¢ the
declination of the observed object. Figure A.13 shows the parallactic angle as a function of the sidereal
time for NGC 253 at the geographic latitude ¢pg = 50.525° of the Effelsberg telescope. Moreover, the
angle of each separate scan is included in the revised NOD-2 header. Each map has been cleaned with
a parallactic angle according to the sidereal time of the observation. I took the mean parallactic angle
during the observation of a single map. Choosing a constant parallactic angle for the cleaning is sufficient
as the change of the parallactic angle is small (typically 10°) during the scanning of a single map. For
large maps it is necessary to deconvolve each point of the map with its appropriate parallactic angle.

| A[cm] | Loop-Gain | Threshold [rms] |
6.2 0.1 90
3.6 0.1 30

Table A.2: Parameters for the single-dish cleaning.

The 16.2 cm maps have been cleaned after the restoration with the beam-switching method in Stokes
1. The A3.6 cm maps have been cleaned in the Stokes channels RR and LL separately. Finally, all cleaned
total power maps were combined using the “PLAIT” algorithm by Emerson & Grive (1988). It makes
use of the perpendicular directions' of the scanning in order to suppress irregularities in the baselevels
of each scan. It has turned out that the use of “PRESSE* applied on each cleaned total power map
prior to the combination is not suitable. PRESSE performs a Fourier transformation similar to PLAIT
but can be applied on maps with only one scanning direction. However, the total power was increased
along the major axis of NGC 253 but decreased further off the major axis (see Fig. A.14). This change is

!'The scanning direction is chosen that the direction is either parallel or perpendicular to the major axis of NGC 253.
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56 A. HIGH DYNAMIC RANGE SINGLE-DISH IMAGING

drastically visible in the spectral index maps, which showed a very steep spectral index between 16.2 cm
and 43.6 cm. The cleaned total power maps are discussed in section (A.2.2).

Finally, I would like to add a general comment on the presented procedure of cleaning single-dish ob-
servations. In his diploma thesis H. Rottmann developed the program "CLEANER”, which addressed the
presented shortcomings of the cleaning procedure for the single-dish (Rottmann 1996). Due to technical
problems I was unfortunately not able to use the program but I successfully processed our Effelsberg
maps through all the necessary steps by hand”. It would be highly desirable to get such program again,
since it would be possible to clean Effelsberg maps straight forward even for non-experienced observers.

NGC 253 Effelsberg 3.6 cm HPBW 84 arcsec
PRESSE structures
-1 -0.5 0 0.5 1 mJy/beam

-2505

10

20

DECLINATION (J2000)
&
e

% Figure A.14: NGC253 PRESSE

structures at 13.6cm, i.e. the
difference between the total
power map (not processed with
PRESSE) and the total power
4645 30 map (processed with PRESSE).

30

00 48 45 30 15 00 4745 30 15 00
RIGHT ASCENSION (J2000)
Contour levels = 0.5 mJy/beam * (-2,-1,0, 1, 2)

A.2.2 The cleaned total power maps

Figure A.15 shows the uncleaned total power map of NGC 253 at 16.2cm. The contour lines are not
clipped at the noise level in order to give an impression of the background emission, which is on average
constant over the entire field. The contour lines show huge extensions at weak levels especially in the
northwestern part. In the southeastern part we notice much emission which gives the impression of a
huge halo. The cleaned map presented in Fig. A.16 shows much different structures: the contour lines in
the northwestern are less extended than prior to the cleaning. This map was used to be combined with
the VLA observations at the same wavelength in order to fill up the missing zero-spacing flux (for details
see section B.1).

Figure A.17 shows the uncleaned total power map of NGC 253 at 43.6 cm. There seems to be a lot of
halo emission, actually the southeastern part of the halo has even a box shaped halo. Figure A.18 shows
the result after the cleaning procedure for NGC 253 at 43.6 cm. Much of the halo emission has vanished.
The southeastern part of the halo has been split up into two broad extensions, one associated with the
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already noted point source, the other one south of of the nucleus. Moreover, the contour lines follow
better the outline of the galactic disk in the central part of the galaxy. Thus a good deal of the deviations
can be attributed to the sidelobes of the strong central total power emission.

More insight in the contribution of the telescope beam is shown by the difference between the un-
cleaned and the cleaned total power maps (the cleaning structures”). The cleaning structures are shown
in Figs. A.19 and A.20 for 46.2 cm and 43.6 cm, respectively. The contour plots resemble well the beam
pattern with the uncleaned total power emission underlying as grey-scale. It is obvious that the extension
of the sidelobes is larger at 16.2 cm compared to A43.6 cm, because the beam size is larger.

A.3 Instrumental polarization

This section describes how the influence of the nuclear point source from our Effelsberg polarization
maps has been removed. For this I use the beam patterns in Stokes Q and U, which have been already
presented in Sect. A.1. In order to apply the correction of the instrumental polarization the beam patterns
and the maps to be cleaned have to be transformed to an identical coordinate system for which I chose
the Ra-Dec coordinate system. The 16.2 cm, observations, of NGC 253 were carried out in the Ra-Dec
system thus there was no need for a transformation. The 43.6 cm observations, however, were made in
coordinate system which is aligned with the major axis of NGC 253 in order to reduce the time expense
for sweeping between the scanning lines. Moreover, the observations of 3C84 to obtain the beam patterns
have been made in a coordinate system tilted by a parallactic angle of roughly 45°. Thus the Stokes Q and
U quantities are defined in a coordinate system tilted by a constant angle against the Ra-Dec coordinate
system: the so-called internal coordinate system. How they were transformed to the Ra-Dec coordinate
system I will briefly explain in the following.

A.3.1 The transformation of Stokes Q and U

In order to make the transformation from the internal coordinate system to the Ra-Dec coordinate systems
I use the definition of Stokes Q and U on the Poincaré sphere (Rohlfs & Wilson 2004):

0 = Socos(2y) cos(2y)
U = Sy cos(2y) sin(2y). (A.2)

Here S is a constant quantity, which can be eliminated. Also we can set y = 0 when we make the
assumption of Stokes V = 0 (no circular polarization). In fact the circular polarization from most astro-
physical objects is negligible compared to the linear polarization. Thus this assumption is well justified.
The polarization angle  is defined by:

1 U
Y= 3 arctan (6) . (A.3)

The polarization angle is measured in the coordinate system defined by Q and U. The Polarization vector
B intrinsically emitted by an astrophysical source is coordinate independent. Thus the polarization angle
W is transformed to ¥’ =  + Ay, when the rotation angle is Ay. In order to fulfill the equation A.3 we
have to transform Stokes Q and U. From equation A.2, respectively from the sketch in Fig. A.21, we
obtain Stokes Q’ and U’ in the rotated coordinate system:

Q" = Qcos(2Ay) — U sin(2Ay)
U’ = Qsin2A¢) + U cos(RAY). (A4)
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NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
Total Power Radio Continuum (uncleaned)
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Figure A.15: NGC 253 Effelsberg
16.2 cm total power radio con-

tinuum (uncleaned). Contours
are at 4, -2, -2, 4, 8, 16, 32,

30

Q04845 0 15 00 4745 0 15 00 4645 30 64, 128, 256, 512, and 1024 X
Contour levels = 1.0 mJy/beam * (-4, -2, 2, 4, 8, 16, 32, 64, I mJy/beam.

128, 256, 512, 1024)

NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
Total Power Radio Continuum (cleaned)
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25 Figure A.16: NGC 253 Effelsberg

16.2 cm total power radio con-

tinuum (cleaned). Contours are

% at 4, -2, 2, 4, 8, 16, 32, 64,

128, 256, 512, and 1024 X

004845 30 15 00 4745 30 15 00 4645 30 ImJy/beam. To be compared

RIGHT ASCENSION (J2000) ; ;
Contour levels = 1.0 mJy/beam * (-4, -2, 2, 4, 8, 16, 32, 64, with Fig. A.15.
128, 256, 512, 1024)
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Figure A.17: NGC253 Effels-
berg total power radio contin-
uum A3.6 cm map (uncleaned).
Contours are at -4, -2, 2, 4, §,
16, 32, 64, 128, 256, 512, 1024,
and 2048 x 0.5 mJy/beam.

Figure A.18: NGC 253 Effelsberg
A3.6 cm total power radio con-
tinuum (cleaned). Contours are
at 4, -2, 2, 4, 8, 16, 32, 64,
128, 256, 512, and 1024 X
0.5mly/beam. To be compared
with Fig. A.17.
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NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
CLEANing structures
0 50 100

150 mJy/beam
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Figure A.19: NGC253 Effels-
berg 16.2cm cleaning struc-
tures on top of the uncleaned to-
tal power map. The map of the
cleaning structures is defined as
the difference between the un-
cleaned total power map and
the cleaned total power map.
Contours are at -16, -8, -4, -2,
2, 4,8, 16, 32, 64, and 128 x

004845 30 15 00 4745 30 15 00 4645 30 1 mJy/beam.

RIGHT ASCENSION (J2000)
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25 Figure A.20: NGC 253 Effelsberg

A3.6cm cleaning structures on
top of the uncleaned total power
map. Contours are at -16, -8,
4, -2, -2, 4, 8, 16, and 32 X
004845 30 15 00 4745 30 15 00 4645 30 0.5 mJy/beam.

RIGHT ASCENSION (J2000)
Contour levels = 0.5 mJv/beam * (-16. -8. -4. -2, -1. 1. 2, 4. 8. 16. 32)
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Figure A.21: The arbitrary coordinate
system of the polarization measure-
ment defines Stokes Q and U. The Po-
larization vector B intrinsically emit-
ted by an astrophysical source is co-
ordinate independent. Thus the po-
larization angle Y is transformed to
W' = + Ay, when the rotation an-
gle is AY. To make ' fulfill the rela-
tion A.3 the observed quantities Stokes
Q and U are transformed to Q' and
U’ which define the rotated coordinate

A R
' U system.
U
N253 -1 N253-Q,U
(uncleaned) (uncleaned)
Y Y
CLEAN with Convolve with subtract instrumental

3C84 -1 & 0237-23 -1 3C84-Q,U B} polarization
Y Y
N253 -1 N253-Q,U
(cleaned) (cleaned)

Figure A.22: Block diagram of the single-dish cleaning procedure used for NGC 253. The individual
steps are described in the text.

The position angle of the major axis of NGC 253 is PA = —38°. Performing the transformation according

to equation A.4 yields the maps in the Ra-Dec coordinate system. The transformation angle is near to
45°. Tt can be easily derived from Fig. A.21 that in this case the Stokes Q map is transformed into the
Stokes U map and the Stokes U map is transformed into the Stokes Q map with inverse sign. Hence, one
has to check very carefully whether the transformation has been done correctly.

A.3.2 The Effelsberg polarization maps

For the correction of the instrumental polarization I assumed a constant parallactic angle since the change
of the parallactic angle during the observation of a single map is less than 5°. The mean parallactic angle
of the individual maps deviates not more than 8° from the mean of all maps which is y = 0°. Hence
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62 A. HIGH DYNAMIC RANGE SINGLE-DISH IMAGING

I applied the correction of the instrumental polarization on the final map of NGC 253 in the Ra-Dec
coordinate system.

In order to compute the instrumental response to the total power emission, I convolved the cleaned
total power map with the beam pattern in Stokes Q and U, respectively. The computed instrumental
corrections for 16.2 cm are presented in Figs. A.23 and A.24 for Stokes Q and U, respectively. These
maps were subtracted from the observed Stokes Q and U maps of NGC 253 shown in Figs. A.25 and
A.26. The resulting cleaned maps are shown in Figs. A.27 and A.28 for Stokes Q and U, respectively.
The influence of the instrumental polarization can be easily inferred by comparing the uncleaned and
cleaned maps. In the uncleaned Stokes Q map we find map an elongated region of negative emission
connecting the northern halo with the southern halo. This region is replaced with an elongated region of
positive emission aligned east-west in the cleaned map. In the uncleaned Stokes U map we find a small
blob of positive emission east of the nucleus which is almost completely removed by the cleaning. The
impact of the instrumental polarization can be inferred from the comparison of the uncleaned (Fig. A.29)
and the cleaned (Fig. A.30) polarized intensity maps, too. The maximum of the polarized intensity is
significantly lowered by the cleaning. Moreover, the two depolarization regions associated with the radio
spurs appear less prominent in the cleaned maps with the drop of polarized emission less prominently.

The computed instrumental corrections for 43.6 cm are presented in Figs. A.31 and A.32 for Stokes O
and U, respectively. These maps were subtracted from the uncleaned Stokes Q and U maps of NGC 253
shown in Figs. A.33 and A.34. The resulting cleaned maps of NGC 253 are presented in Figs. A.35 and
A.36 for Stokes Q and U, respectively. For Stokes O we find the cleaning to remove an elongated region
of negative emission extending north-south by an elongated region of positive emission elongated east-
west similar to the cleaning at 16.2 cm. For Stokes U the cleaning removes the absolute minimum of the
emission west of the nucleus. The comparison of the polarized intensity maps in Figs. A.37 (uncleaned)
and A.38 (cleaned) shows again that the depolarization regions are less prominent in the cleaned map.
Again, as for the 16.2 cm observations, the maximum of polarized emission is lowered by the cleaning.
This is reasonable as the contribution of the instrumental polarization to the polarized flux has been
removed.

The careful cleaning and correction of the instrumental polarization was not only needed for obtain-
ing the Effelsberg maps at 46.2 cm and at A3.6 cm. The 16.2 cm Stokes Q and U maps were moreover
used to fill up the missing zero-spacing flux of the interferometric 16.2 cm VLA observations (see Ap-
pendix B). There we compare also the polarization maps observed with the VLA with the Effelsberg
maps. This gives more justification of the methods applied in the data reduction.
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A6.2 cm distribution of the in-
% strumental correction in Stokes
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004845 30 15 00 4745 30 15 00 4645 30 0.2 mJy/beam.
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Figure A.24: NGC 253 Effelsberg
30 A6.2cm distribution of the in-
strumental correction in Stokes
U. Contours are at -4, -2, 2, 4,
004845 30 15 00 4745 30 15 00 4645 30 8, and 16 x 0.2 mJy/beam.

RIGHT ASCENSION (J2000)
Contour levels = 0.2 mJy/beam * (-4, -2, 2, 4, 8, 16)
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NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
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Figure A.25: NGC 253 Effelsberg
6.2 cm distribution of Stokes Q
(uncleaned). Contours are at -
64, -32, -16, -8, 4, -2, 2, 4, §,
16, and 32 x 0.2 mJy/beam.

Figure A.26: NGC 253 Effelsberg
6.2 cm distribution of Stokes U
(uncleaned). Contours are at -
64, -32, -16, -8, -4, -2, 2, 4, and
8 x 0.2 mJy/beam.
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NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
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Figure A.28: NGC 253 Effelsberg
A16.2 cm distribution of Stokes U
(cleaned). Contours are at -64,
-32, -16, -8, -4, -2, 2, and 4 X

_ . ‘ 0.2mly/beam. To be compared

004845 30 15 00 4745 30 15 00 4645 30 with Fig. A.26.
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NGC 253 Effelsberg 6.2 cm HPBW 144 arcsec
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Figure A.29: NGC 253 Effelsberg
A6.2cm distribution of polar-
ized intensity (uncleaned). Con-
tours are at 2, 4, 8, 16, 32, and
64 x 0.2 mJy/beam.

Figure A.30: NGC 253 Effelsberg
A6.2cm distribution of polar-
ized intensity (cleaned). Con-
tours are at 2, 4, 8, 16, 32, and
64 x 0.2 mJy/beam. To be com-
pared with Fig. A.29.




A.3. Instrumental polarization 67

DECLINATION (J2000)

DECLINATION (J2000)

NGC 253 Effelsberg 3.6 cm HPBW 84 arcsec
Stokes Q -- Correction for instrumental polarization
-2 0 2 mJy/beam

-25 05

10
15
20
25
Figure A.31: NGC 253 Effelsberg
30 A3.6 cm distribution of the in-

strumental correction in Stokes
Q. Contours are at -32, -16, -8,

004845 30 15 00 4745 30 15 00 4645 30 ] 3
RIGHT ASCENSION (J2000) 4, and -2 x 0.1 mJy/beam.

Contour levels = 0.1 mJy/beam * (-16, -8, -4, -2)

NGC 253 Effelsberg 3.6 cm HPBW 84 arcsec
Stokes U -- Correction for instrumental polarization
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2% Figure A.32: NGC253 Effels-
berg A3.6cm correction for

30 the instrumental polarization in

Stokes U. Contours are at -64,

-32,-16, -8, -4, -2, 2, 4, and 8 X

004845 30 15 00 4745 30 15 00 4645 30
RIGHT ASCENSION (J2000) 0.1 mJy/beam.
Contour levels = 0.1 mJy/beam * (-16, -8, -4, -2, 2, 4, 8)
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Figure A.33: NGC 253 Effelsberg
A3.6 cm distribution of Stokes Q
(uncleaned). Contours are at -
32, -16, -8, 4, -2, 2, 4, 8, and
16 x 0.1 mJy/beam.
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Figure A.34: NGC 253 Effelsberg
A3.6 cm distribution of Stokes U
(uncleaned). Contours are at -
32, -16, -8, 4, -2, 2, 4, and 8 X
0.1 mJy/beam.
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Figure A.35: NGC 253 Effelsberg
A3.6 cm distribution of Stokes Q
(cleaned). Contours are at -32,
-16, -8, -4, -2, 2,4, 8, and 16 X
0.1 mJy/beam. To be compared
with Fig. A.33.

Figure A.36: NGC 253 Effelsberg
A3.6 cm distribution of Stokes U
(cleaned). Contours are at -32,
-16, -8, -4, -2, 2, 4, and 8 x
0.1 mJy/beam. To be compared
with Fig. A.34.
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Figure A.37: NGC 253 Effelsberg
A3.6cm distribution of polar-
ized intensity (uncleaned). Con-
tours are at 2, 4, 8, 16, 32, and
64 x 0.1 mJy/beam.
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Figure A.38: NGC 253 Effelsberg
A3.6 cm distribution of polar-
ized intensity (cleaned). Con-
tours are at 2, 4, 8, 16, 32, and
64 x 0.1 mJy/beam. To be com-
pared with Fig. A.37.




Appendix B

High dynamic range imaging with the
Very Large Array (VLA)

B.1 The VLA mosaic

NGC 253 has an extension of 27.7 arcmin along the major axis. As the primary beam of the VLA
antennas has only a size of 8 arcmin (HPBW) at 16.2 cm, we covered the galaxy by 15 pointings. The
pointing centers were spaced by a distance of 5arcmin and were placed on three rows parallel to the
major axis each consisting of five pointings. This mosaic setup allows a nearly uniform sensitivity over
the field of interest. I used self-calibration in 8 of the 15 pointings where the nuclear point-like source
(thereafter simply called “nucleus”) is located within the primary beam. For the outer pointings the
amplitude of the nucleus is not high enough to use self-calibration. The nucleus is ideally suited for the
calibration phase. For this purpose I used only a few cleaning components and restricted the calibration
on the outer part of the (u,v)-plane. The phase self-calibration was performed two times which showed
sufficient convergence. This was followed by the calibration on phase and amplitude for which I used on
the order of 1000 cleaning components. The self-calibration greatly suppresses the sidelobes caused by
bright nucleus and thus ensured a sufficient high dynamic range. Our maps are essentially noise limited.

In order to recover all extended emission we used Effelsberg maps in order to fill up the missing
zero-spacing flux. IMERG (part of AIPS) performs an addition of the VLA and the Effelsberg maps
in the Fourier domain. The best results were obtained for a small overlap region between 0.4 kA and
0.41kA. The missing flux in the VLA map amounts to 10 % of the total flux and even 20 % of the flux of
the extended flux measured with Effelsberg. This emphasizes the need of an independent measurement
with a single-dish telescope when performing a mosaic with an interferometer.

B.2 Wide field polarization imaging

B.2.1 Standard polarization calibration with the VLA

The VLA antennas are equipped with detectors, the so-called feed horns, which measure the left-hand
(Stokes L) and right-hand (Stokes R) circular polarization. The feed horns are no perfect receivers which
measure exactly the circular components. There is also a correlation between the total power and the
polarization. This is called the instrumental polarization, leakage term, or D-term. The measured polar-
ization is the sum of the intrinsic polarization of the observed source and the instrumental polarization.
The instrumental polarization can be disentangled observing that only the intrinsic polarization changes
with the parallactic angle as the source moves over the sky when observing with an alt-azimuthal antenna



72 B. HIGH DYNAMIC RANGE IMAGING WITH THE VERY LARGE ARRAY (VLA)

(as for the VLA). A good coverage of the observed parallactic angles is necessary to apply the polariza-
tion calibration with PCAL (part of AIPS) which can be accomplished by a 12 hour observation of the
secondary (phase) calibrator if it is observed in regular time intervals throughout the observation. Even-
tually the absolute polarization angle has to be calibrated against a strong polarized source such as 3C286
with known polarization properties. This standard polarization calibration for the VLA works well but it
is not suitable for wide field polarization imaging as the instrumental polarization is determined only for
on-axis emission in the center of the primary beam.

The mosaic setup aims at a constant sensitivity over the field of view (FOV) which is optimized for
a spacing between the pointings of one Half Power Beam Width (HPBW). Thus the nucleus of NGC 253
is located almost exactly on the edge of the primary beam for seven of out of 15 pointings, namely No.
4,5,6,7,9, 10, 11, and 12 (see Fig. B.1). This setup has severe consequences for the instrumental
polarization since it amounts only to a fraction of 0.1 % for the center of VLA primary beam but it can be
up to a few % at the primary beam edge. A further complication of the situation is the time variability of
the instrumental polarization when the source moves around the center of the primary beam dependent
on the parallactic angle. This reflects the dependency of the instrumental polarization on the location in
the primary beam of the VLA. The cleaning of a time variable source can not be used in order to remove
the sidelobes.

—25°10'—

20 . ¢

Declination (J2000)

A Figure B.1: The VLA mosaic of
4 NGC253 at 16.2 cm consisting
1 of 15 pointings. The circles in-
- | dicate the HPBW of the VLA
| primary beam which is 8§ arcmin
; 4 at 16.2cm. The background op-
e e " .| tical image has been obtained
0M48™30°  48™00° 47™30° 47™00° 46™30° from the DSS.
Right Ascension (J2000)

=30

In Figs. B.2 and B.3 I present pointing No. 7 in Stokes Q and U, respectively, using the standard
polarization calibration and successive cleaning. Clearly, the maps are heavily influenced by spurious
polarization and are useless for any further consideration. In Figs. B.4 and B.5 I present the maps for the
entire mosaic in Stokes Q and U, respectively.

B.2.2 Improved snapshot technique

The standard polarization technique is thus not suited to carry out the polarization mosaic of our measure-
ments. In order to improve the quality of the polarization maps I first tried to remove the time variable
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Figure B.5: NGC253 VLA
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dard polarization calibration
on the secondary calibrator
was used.  Contours are at
-24, -12, -6, -3, 3, 6, and 12 X
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B.2. Wide field polarization imaging 75

contribution of the instrumental polarization from the (u,v)-data. This can be done if we use only small
time intervals — so-called “snapshots” — of the (u,v)-data. In our data set the integration time on each
pointing is only 6 min which can be considered as a snapshot. In that short time span the variation of the
parallactic angle is very small and hence the D-term is almost constant. The cleaning of the nucleus in
each individual snapshot has the advantage of removing almost all sidelobes of the spurious polarization
and replacing the nucleus with a Gaussian. In order to stack up the snapshot images they have to be con-
volved to an identical clean beam. The obvious disadvantage of that technique is that the snapshot with
the lowest resolution, when the source rises or sets, limits the resolution of the final map. The snapshot
technique has been described by Carilli & Holdaway (1992) for polarization observations at 420 cm with
the VLA. It turned out that this technique can not be successfully applied to our observations since only
point-like sources are well retained but the extended emission is almost not detected while the spurious
polarization is well suppressed.

Hence, I developed an improvement to the snapshot technique observing that the crucial point for
recovering all extended emission is to use the full set of the (u,v)-data for the inversion. It is worthwhile
to note that the addition of (u,v)-data is not linear. It is a large difference between inverting each snapshot
individually and then stacking the images together and taking all (u,v)-data and invert the (u,v)-data in
one process. The conclusion is: in order to recover all extended emission it is most important to invert
the (u,v)-data all together.

Hence, I removed the nucleus from the (u,v)-data in the individual snapshots before inverting all
(u,v)-data. The amplitude of the nucleus in each snapshot was measured in Stokes Q and U, respectively.
With a cleaning of the Stokes Q and U maps I replaced the nucleus with a Gaussian and thus determined
the cleaning components of the nucleus in each snapshot. The cleaning components were subtracted
using UVSUB (part of AIPS) from the (u,v)-snapshots. After that all (u,v)-snapshots were combined
using DBCON (part of AIPS) before the inversion and successive cleaning with IMAGR. The use of all
(u,v)-data all together with the time dependent contribution of the instrumental polarization subtracted
improved the cleaning significantly and thus the sidelobes of the spurious polarization were suppressed
as well. The noise-level caused by the spurious polarization was lowered roughly by a factor of three as
can be seen in Figs. B.6 and B.7 for pointing No. 7 in Stokes Q and U, respectively. Figures B.8 and
B.9 show the mosaic with this technique. Comparing with the maps presented above we see that the
sidelobes of the spurious polarization are much better suppressed. Still, there are several arcs and rays
visible centered on the nucleus. The noise level is still dominated by the spurious polarization and is
higher than the theoretical expected noise level. Hence, this technique is an improvement to the standard
polarization calibration but the maps are still not good enough to be useful for further consideration. The
steps used for the improved snapshot technique are here briefly described:

1. The (u,v)-data of each observing run is calibrated with PCAL with the secondary (phase) calibrator.

2. The (u,v)-data is split in the snapshots of 6 minutes integration time for the seven pointings adjacent
to the nuclear source.

3. The (u,v)-data is inverted and cleaned for each individual snapshot in Stokes Q and U, respectively.
Thus for each snapshot the cleaning components of the nucleus in Stokes Q and U are obtained.

4. The cleaning components in Stokes Q and U of the nuclear point-like source are subtracted from
the (u,v)-data in each individual snapshot using UVSUB.

5. The (u,v)-snapshots are combined using DBCON for Stokes Q and U, respectively. Hence, for
each pointing we obtain a (u,v)-data set consisting of all (u,v)-snapshots for Stokes Q and U,
respectively. These (u,v)-data sets are inverted and cleaned with IMAGR.
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6. Thus a cleaned map with the nucleus subtracted is obtained in Stokes Q and U.

B.2.3 Off-axis polarization calibration

Even with the nucleus from the (u,v)-snapshots subtracted there is still a significant level of spurious
polarization which dominates the noise level. The sidelobes are created as the polarization calibration is
not known for the off-axis location of the nucleus. The cleaning replaces the nucleus with a Gaussian
subtracting the dirty beam. Hence, the accuracy of the dirty beam limits the accuracy of the cleaning.
The off-axis polarization calibration must thus be accurate as possible. The polarization calibration has
to be performed for the off-axis location of the nucleus. For that purpose I applied PCAL on NGC 253
itself (instead on the secondary calibrator) including the nucleus. The calibration was done for each
of the seven adjacent pointings and for each observing run. It turned out that I had to use the option
“SOLTYPE=ORI" which applies a fit for feed ellipticity and orientation. It can be used in cases where
the linear approximation breaks down (more than a few percent instrumental polarization). The spread
of the polarization angle in the different baselines checked with the primary calibrator 3C48 was small
enough (less than 5°). The polarization calibration on the nuclear point-like source was thus successfully
applied. With the improved calibration for the off-axis location of the nucleus I was able to remove the
nucleus almost completely from the (u,v)-data and any time variable contribution from the instrumental
polarization was removed. I inverted all (u,v)-data together and formed the maps for the individual point-
ings. The pointing No. 7 is presented in Figs. B.10 and B.11 and the mosaic is presented in Figs. B.12 and
B.13 in Stokes Q and U, respectively. The improvement is stunning compared with the maps presented
before. The extended emission is now separated from the boundary caused by the beam attenuation. In
the single pointing the extended polarized emission is well separated from the boundary. The arcs and
rays centered on the nucleus have vanished. Now the maps are essentially noise limited with a noise level
of 30 uJy/beam at 30 arcsec HPBW. Here follows a brief explanation how I did perform the calibration:

1. The (u,v)-data of the individual pointing is calibrated with PCAL using “SOLTYPE=ORI". For
this I use all (u,v)-data together.

2. The (u,v)-data is split in the snapshots of 6 minutes integration time.
3. The snapshots are inverted and cleaned separately for Stokes Q and U. I clean only the nucleus
because that is the only visible source in the snapshots which are well above the noise level. Also

with this technique I obtain only the cleaning components of the nucleus.

4. The cleaning components are subtracted from the (u,v)-data in each snapshot using UVSUB for
Stokes Q and U, respectively.

5. The (u,v)-snapshots are stacked together using DBCON for Stokes Q and U, respectively. The
stacked (u,v)-data is inverted and cleaned with IMAGR again for Stokes Q and U, respectively.

6. All 15 pointings are convolved to an identical clean Gaussian beam using CONVOLV.
7. The mosaic is formed using LTESS which performs a linear superposition with a correction for

the VLA primary beam attenuation using information from each pointing out to the 7 percent level
of the primary beam (Braun 1988).
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Figure B.8: NGC253 VLA

A6.2 cm Stokes Q. The standard
polarization  calibration on
the secondary calibrator was
used. The nucleus has been
subtracted from the (u,v)-data
in each snapshot. Contours are
at-92, -48, -24, -12, -6, -3, 3, 6,
12, 24, and 48 x 30 uJy/beam.

Figure B.9: NGC253 VLA

16.2cm Stokes U. The stan-
dard polarization calibration
on the secondary calibrator
was used. The nucleus has been
subtracted from the (u,v)-data
in each snapshot. Contours are
at -24, -12, -6, -3, 3, 6, and 12
X 30 uJy/beam.
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Figure B.12: NGC253 VLA

16.2cm Stokes Q. The polar-
ization calibration on the nu-
cleus itself was used. The nu-
cleus has been subtracted from
the (u,v)-data in each snapshot.
Contours are at -92, -48, -24, -
12, -6, -3, 3, 6, 12, and 24 X
30 uJy/beam.

Figure B.13: NGC253 VLA

16.2cm Stokes U. The polar-
ization calibration on the nu-
cleus itself was used. The nu-
cleus has been subtracted from
the (u,v)-data in each snapshot.
Contours are at -24, -12, -6, -3,
3, 6, 12, and 24 x 30 uly/beam.
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B.2.4 Comparison with the Effelsberg polarization maps

The comparison with the Effelsberg polarization maps is important in order to check the reliability of
the polarization calibration. For this purpose I convolved the VLA Stokes Q and U mosaic with the
Effelsberg beam of 144 arcsec (HPBW). These maps are presented in Figs. B.14 and B.15. They have
to compared with the maps presented in Appendix A. There is a good correlation between the two
completely independent measurements.

For the final maps I have combined the VLA mosaic with the Effelsberg maps as described in the
section B.1. Thus, I was able to recover all extended emission which is distributed on such large angular
scales that the missing zero-spacing flux of the VLA plays a significant role. The flux integration of the
polarized intensity gave a total polarized flux of 0.0796Jy for the combined VLA and Effelsberg map
and 0.0635 Jy for the VLA map alone. Thus the Effelsberg adds 25 % of polarized flux to the VLA map
which is significant.
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Color figures
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Figure C.1: NGC 253 VLA + Effelsberg 16.2 cm orientation of the intrinsic regular magnetic field with
30" resolution. The length of the vectors is defined by 1" to be equivalent to 16.7 uly /beam of polar-
ized intensity. The optical image has been provided by Schmithiisen & Burggraf (2007).
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Figure C.2: The total power ra-
dio continuum obtained from
the combined VLA + Effels-
berg observations at A6.2cm.
Contours are at 3, 6, 12, 24,
48, 96, 192, 384, 768, 1536,
3077, 6144, 12288, and 24576
X 30uJy/beam. The overlaid
vectors indicate the orientation
of the intrinsic regular magnetic
field. The length of the vectors
is defined by 1” to be equiva-
lent to 12.5 uJy/beam of polar-
ized intensity.
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Figure C.3: Distribution of the
Rotation  Measure  between
A16.2cm (VLA + Effelsberg) and
A3.6cm (Effelsberg) and total
power radio continuum ob-
tained from the combined VLA
+ Effelsberg observations at
A6.2cm. The overlaid contours
are identical to Fig. C.2.
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Figure C.4: The polarized in-
tensity obtained from the com-
bined VLA and Effelsberg ob-
servations at 16.2cm. Con-
tours are at 3, 6, 12, and 24
X 30uJy/beam. The overlaid
vectors indicate the orientation
of the intrinsic regular magnetic
field. The length of the vec-
tors is defined by 1arcsec fo
be equivalent to 12.5 uJy /beam
polarized intensity.
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as in Fig. C4.
004815 4745 30 15

RIGHT ASCENSION (J2000)

86



87

DECLINATION (J2000)

Figure C.6: Poloidal magnetic
field with Ha emission. Con-
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to Fig. C.5.
00 48 15 00 4745 30

RIGHT ASCENSION (J2000)

)
(=]
o
N
2
z
]
=
<
z
-
)
w
a

Figure C.7: Poloidal magnetic
field with soft X-ray emission.
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