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1 INTRODUCTION

ABSTRACT

We present radio continuum maps of 12 nearby (D < 27 Mpc), edge-on (i > 76°), late-
type spiral galaxies mostly at 1.4 and 5 GHz, observed with the Australia Telescope Compact
Array, Very Large Array, Westerbork Synthesis Radio Telescope, Effelsberg 100-m, and Parkes
64-m telescopes. All galaxies show clear evidence of radio haloes, including the first detection
in the Magellanic-type galaxy NGC 55. In 11 galaxies, we find a thin and a thick disc
that can be better fitted by exponential rather than Gaussian functions. We fit our SPINNAKER
(SPectral INdex Numerical Analysis of K(c)osmic-ray Electron Radio-emission) 1D cosmic
ray transport models to the vertical model profiles of the non-thermal intensity and to the
non-thermal radio spectral index in the halo. We simultaneously fit for the advection speed (or
diffusion coefficient) and magnetic field scale height. In the thick disc, the magnetic field scale
heights range from 2 to 8 kpc with an average across the sample of 3.0 &= 1.7 kpc; they show
no correlation with either star formation rate (SFR), SFR surface density (Xsggr), or rotation
speed (V,o). The advection speeds range from 100 to 700 kms~! and display correlations of
V oc SFRO30+000 and V o 2¢i30 0% they agree remarkably well with the escape velocities
(0.5 < V/Vese <2), which can be explained by cosmic ray-driven winds. Radio haloes show
the presence of disc winds in galaxies with Tgggr > 1073 Mgp yr~'kpc~? that extend over
several kpc and are driven by processes related to the distributed star formation in the disc.

Key words: radiation mechanisms: non-thermal —methods: numerical —cosmic rays—
galaxies: haloes — galaxies: magnetic fields —radio continuum: galaxies.

Radio-emission).! We have extended our previous radio continuum
observations of two edge-on galaxies, adding another 10 galaxies,

This paper is a follow-up study of our recent paper about the ‘Advec-
tive and diffusive cosmic ray transport in galactic haloes’ (Heesen
et al. 2016, hereafter HD16), where we presented 1D cosmic
ray transport models now implemented in the software SPINNAKER
(SPectral INdex Numerical Analysis of K(c)osmic-ray Electron

*E-mail: volker.heesen @hs.uni-hamburg.de

to study advection speed, magnetic field scale height, and diffusion
coefficient across a wider range of galactic parameters. We then
study the influence of the star formation rate (SFR), SFR surface
density (Xsgr), and rotation speed (Vi) on these results. We use

! www.github.com/vheesen/Spinnaker
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Table 1. General properties of our sample galaxies.

Galaxy i ds D¢ M4 Type  Nucleus SFR$ rh logio(EsFr)’ logio(MiotY Ve
() (aremin)  (Mpc)  (mag) Moy (kpe) (Mg yr " kpe™) M) (kms~)
NGC 55 80.0 34.1 19  —1889  SBm 0.16 62 -2.87 10.26 91
NGC253 785 25.8 39  —2064  SABc Hu 6.98 11.8 ~1.80 1116 205
NGC891  89.0 122 102 —2009  Sb Hn 472 117 -1.96 11.28 212
NGC 3044 90.0 44 187  —1953  SBc 2.03 9.8 -2.17 10.81 153
NGC 3079  88.0 7.7 197  —2094  SBcd Sy2 9.09 133 -1.79 1135 208
NGC 3628  87.0 14.8 79 =200l Sb T2 173 10.7 -2.32 11.26 215
NGC 4565 90.0 162 247 —2237  She Sy1.9 5.69 37.1 —2.88 11.91 244
NGC4631  85.0 147 69  —20.12  SBcd Hu 2.89 12.1 —2.20 10.82 138
NGC 4666 76.0 42 266 ~ —21.14 SABc  LINER 16.19 14.0 —1.58 1115 193
NGC5775  84.0 39 269  —2071  She Hu 9.98 144 -1.81 11.09 187
NGC 7090  89.0 6.8 106 —1970  Sc 0.62 72 —241 10.57 124
NGC 7462 90.0 5.0 136  —1857  SBbe 0.28 7.5 -2.80 10.46 112

Notes. Data are from Tully & Fisher (1988) unless otherwise noted. Available on Vizier (http://vizier.cfa.harvard.edu).

“Inclination angles were measured from kinematic analysis of the H1 line in NGC 55 (Westmeier, Koribalski & Braun 2013) and in NGC 891 (Oosterloo,
Fraternali & Sancisi 2007), and in NGC 253 of the Balmer H« line (Pence 1981). They have uncertainties of =1°. In the remaining galaxies, they have been
measured by Tully & Fisher (1988, NGC 3044-5775) and Karachentsev, Makarov & Kaisina (2013, NGC 7090 and 7462) from the ratio of the minor to major
axis assuming an intrinsic disc height. They have larger uncertainties, typically £3°.

bOptical diameter measured at the 25 mag arcsec™2 isophote in the B band.

“Distances are from the NASA/IPAC Extragalactic Database (NED; Virgo infall only), assuming Hy = 73 kms~!. For the most nearby galaxies NGC 55 and
253, we used the distances from Pietrzynski et al. (2006, NGC 55) and Karachentsev et al. (2003, NGC 253), who used the Cepheid period—luminosity relation

and the tip of the red giant branch, respectively.

4 Absolute B-band magnitude from Tully & Fisher (1988) and corrected to our distances.

¢Galaxy morphological classification.

TOptical classification of the nuclear spectrum, from Ho, Filippenko & Sargent (1997) where Sy = Seyfert and T = transition object. The classification of NGC
253 is based on the assumption that the nuclear activity is starburst dominated (Westmoquette, Smith & Gallagher 2011). The classification of NGC 4666 is

from Veilleux et al. (1995).

8Star formation rate is SFR = 0.39 x Ltr/ 10% ergs~!, where Ly is the 3-1100 um total infrared luminosity. The conversion factor is from Kennicutt &
Evans (2012) and has an uncertainty of 0.3 dex. See Appendix A for details which infrared data were used.

hRadius of the actively star-forming disc (within the last 2100 Myr), estimated from the radial extent of the radio continuum emission. A cross-check of six
galaxies with GALEX far-UV (FUV) catalogue by Gil de Paz et al. (2007) found agreement within 10 per cent.

ISFR surface density is Lgpr = SFR/(WE). The uncertainty is 0.3 dex.

JTotal masses are calculated My = 0.233 - Rype - Vr%)l,]()() x 1010 M@, where Ry is the radius of the galaxy estimated from ds using the distance D and

Vrot, 100 is the rotation speed in units of 100 km s~1. They have uncertainties of 0.1 dex.
kMaximum rotation speeds are from Westmeier et al. (2013, NGC 55), Pence (1981, NGC 253), Oosterloo et al. (2007, NGC 891), the HyperLeda data base
(http://leda.univ-lyon1.fr, NGC 3044-5775; Makarov et al. 2014), and Dahlem et al. (2005, NGC 7090 and 7462). They have uncertainties of £3 km s

a combination of so far unpublished and archival data from the
Australia Telescope Compact Array (ATCA), the Very Large Array
(VLA), and the Westerbork Synthesis Radio Telescope (WSRT).
For a sub-sample of four galaxies, we use single-dish observations
with both the Effelsberg 100-m and Parkes 64-m telescopes in order
to complement the interferometric data. The majority of the inter-
ferometric observations were taken before the recent upgrade of
the correlators, so that we mostly use 100-MHz bandwidths, rather
than the GHz bandwidths that are available nowadays. While this
leads to reduced sensitivities of tens rather than a few pJy beam™!,
a sample like this is a good reference against which to compare
the new wide-band data as observed with the Karl G. Jansky VLA
(Wiegert et al. 2015).

Our sample contains 12 nearby edge-on galaxies (11 late-type
spiral galaxies and one Magellanic-type galaxy), which lie in
the SFR range of 0.1 < SFR/(M¢ yr™') < 16. Where possible,
we produce maps that have a spatial resolution of 1kpc or better.
The reason for this is to allow the separation of the thin and thick
radio disc, which are present in most galaxies. The thin disc (with
a scale height of a few 100 pc) represents a region of current/recent
star formation populated by supernova (SN) remnants and H re-
gions (Ferriere 2001); the thick disc (with a scale height of a few
kpc) is what we refer to in this work as the ‘halo’ and represents the
region of extra-planar gas, magnetic fields, and cosmic rays with

no ongoing star formation (Rossa & Dettmar 2003a; Krause et al.
2017). As we will show in this paper, we observe a transition be-
tween thin and thick disc at a height of |z| ~ 1 kpc, so that we will
refer to the halo as emission at |z| = 1 kpc. We are aware that the
transition between the disc and halo is gradual (the ‘disc-halo’ in-
terface), and the observed transition will also depend on the spatial
resolution.’

Most of our sample galaxies have been studied in the radio (con-
tinuum and line) in detail before, so we will give here only a brief
summary of their most notable properties (general properties are
summarized in Table 1). NGC 55, a Magellanic-type (irregular,
of intermediate mass between dwarf and spiral galaxies) galaxy
and member of the Sculptor group, has a very thick H1 disc ex-
tending up to a height of 10kpc into the halo (Westmeier et al.
2013). Thick H1 discs could be a sign of a galactic fountain or
ongoing gas accretion. NGC 253, another member of the Sculptor
group, is a prototypical nuclear starburst galaxy and is most notable

2 1In this paper, we are using ‘thick disc’ and ‘halo’ in a synonymous way.
Strictly speaking, the thick disc extends all the way to the mid-plane because
it is a second component that we see superposed on to the thin disc. In
contrast, the halo refers to heights above ~1kpc, excluding everything
closer to the mid-plane.

MNRAS 476, 158-183 (2018)
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for its ‘dumbbell-shaped’ radio halo caused by strong synchrotron
cooling in the centre of the galaxy (Heesen et al. 2009a,b, 2011).
This galaxy is also notable for a very bright X-ray halo, which shows
the presence of a ‘disc wind’, which is unrelated to the nuclear out-
flow (Bauer et al. 2008). The distinction between nuclear outflows
and disc winds is important for this study: nuclear outflows emanate
from the central few 100 pc driven by a combination of concentrated
star formation and jets from active galactic nuclei (AGNSs). In our
work, we concentrate on the disc winds, which extend over a large
fraction of the star-forming disc over several kpc at least, although
the scale can be smaller than 10 kpc (see Westmoquette et al. 2011,
for a discussion of nuclear outflows versus disc winds).

NGC 891 has a prominent thick H 1 disc, the kinematics of which
have been studied in detail by Oosterloo et al. (2007). They showed
that this galaxy still accretes intergalactic matter, so that the halo is
only in part caused by the galactic fountain. NGC 891 is the best case
to study the influence of ongoing accretion on to a radio halo. NGC
3044 hosts a large H1 supershell that extends to a height of 3 kpc
above the mid-plane (Lee & Irwin 1997). These H1 supershells
require dozens of SNe and are essential for an active disc—halo
interface. We expect these kinds of features to be abundant in our
galaxies, but the spatial resolution of our observations is not high
enough to resolve these features.

NGC 3079 is a case in point for a galaxy with a nuclear outflow
driven by a combination of starburst and low-luminosity AGN. Jets
from the AGN entrain the surrounding material, which is subse-
quently transported away from the nucleus (Middelberg et al. 2007;
Shafi et al. 2015). Above and below the nucleus, there are well-
defined kpc-sized lobes of non-thermal emission, surrounded by
filamentary H o emission that have counterparts in X-ray emission
(Cecil et al. 2001; Cecil, Bland-Hawthorn & Veilleux 2002). While
the filamentary emission is clearly connected to the nuclear outflow
and AGN-driven jets, there are also indications for a disc wind in
this galaxy. First, there are vertical H « and dust filaments extending
over the full extent of the disc (Cecil et al. 2001), reminiscent of
a ‘boiling disc’ in NGC 253 (Sofue, Wakamatsu & Malin 1994),
which is indicative of an active disc-halo interface. Secondly, the
X-ray emission in the halo extends, as in NGC 253, for several kpc
away from the nuclear outflow (Strickland et al. 2004); it is ques-
tionable that the two are related. In order to study the disc wind only,
we have masked the radio continuum emission stemming from the
nuclear outflow in the following analysis.

NGC 3628, a nuclear starburst galaxy, is a member of the Leo
Triplet and possesses a 140-kpc long tidal tail of atomic hydro-
gen detected in the 21-cm H1 line (Haynes, Giovanelli & Roberts
1979). NGC 4565 has a ‘lagging’ H1 halo, where the rotational
velocity of the neutral gas decreases with increasing distance from
the mid-plane. This makes it likely that this galaxy has an ongoing
galactic fountain, in spite of the galaxy having only little extra-
planar H1 emission (Zschaechner et al. 2012). NGC 4631 is the
galaxy with arguably the most prominent radio halo. This is in
part caused by gravitational interaction with its neighbour NGC
4656, where a ‘spur’ of ordered magnetic fields leads to the neigh-
bour galaxy (Hummel et al. 1988; Mora & Krause 2013). This
merger has probably caused a starburst in the past that led to an
outflow, the result of which we see now (Irwin et al. 2011). NGC
4666 is a starburst galaxy with outflowing ionized H o emission
(Dahlem et al. 1997; Voigtlander et al. 2013), while NGC 5775 is
the prototypical X-shaped halo magnetic field galaxy (Tillmann
et al. 2000; Soida et al. 2011). These galaxies have magnetic field
structures that look in projection like an ‘X’. The field shapes are
thought to be caused by either a galactic dynamo in the halo or

MNRAS 476, 158-183 (2018)

by the interaction of the magnetic field lines with a galactic wind
(Heesen et al. 2009b). Finally, NGC 7090 and NGC 7462 are rather
unremarkable galaxies, although both possess a layer of extra-
planar Ho and H1 emission (Rossa & Dettmar 2003a,b; Dahlem
et al. 2005).

In this paper, we present observations at L, C, and X band (1.4,
5, and 8.5 GHz) in order to study vertical profiles of the non-
thermal intensities and the non-thermal radio spectral index. We use
exponential and Gaussian functions to model the vertical profiles of
the non-thermal radio emission. These profiles are then fitted with
our cosmic ray transport models, in order to measure advection
speeds, diffusion coefficients, and magnetic field scale heights. We
estimate magnetic field strengths from energy equipartition (Beck &
Krause 2005) and use the total infrared luminosity to determine
photon energy densities. Thus, we can take both the synchrotron
and inverse Compton (IC) losses of the cosmic ray electrons (CREs)
into account.

This paper is organized as follows: in Section 2, we describe
our observations and data reduction techniques. In Section 3,
we motivate and present our cosmic ray transport models. Results
are presented in Section 4, followed by the discussion in Section 5.
We finish off with our conclusions in Section 6. Fig. 2 shows the
radio continuum maps for NGC 4631, followed by Figs 3 and 4,
which contain a step-by-step guide on how we obtained the best-
fitting cosmic ray transport model for this particular galaxy. Fig. 5
summarizes the results for our sample with an atlas of maps and
models presented in Appendix D. Throughout the paper, the radio
spectral index « is defined in the sense S, o v* and quantities av-
eraged across the sample are error weighted and presented with an
uncertainty of £1o.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Radio continuum maps

We used a variety of radio continuum observations, most of them
already published, which we obtained from the respective telescope
archives. We re-reduced these data, which we describe in the fol-
lowing. In Table 2, we present a summary of the observations used,
including references where the data were published first.

2.1.1 Australia Telescope Compact Array

Observations of NGC 55 with the ATCA were calibrated following
standard procedures with MIRIAD (Sault, Teuben & Wright 1995),
where we set the flux density of the primary calibrator J1938—634
with MFcAL (part of MIRIAD). At L band, we combined previously
published data from Wells (1997) with newly obtained data as part
of the Local Volume H 1 Survey. At C band, we used again the previ-
ously published data of Wells (1997) and added new observations;
these data were observed in 2008 November and 2009 February in
the radio continuum mode with a bandwidth of 256 MHz, split into
two intermediate frequencies (IFs) of 128 MHz bandwidth each.
More data were observed in 2010 with the upgraded Compact Array
Broad-band Backend (Wilson et al. 2011) receiver (4.7-6.6 GHz).
Because NGC 55 has an angular extension that exceeds the primary
beam both at L and C band, we used several pointings to mosaic
the galaxy. The calibrated (u, v) data were precessed to J2000.0 if
necessary and exported into the FITS format. The observations and
data reduction of NGC 7090 and 7462 were already presented in
HDI6.
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Table 2. Observation details for the galaxies presented in this paper.

Galaxy Band® v? Telescope© Configuration? Project’ Time/ Date? Notes" Reference’
(GHz) (h)
NGC 55 L 1.37 ATCA 750D C287 8.7 1993 Aug 1 Mosaic 17
375 C287 11.2 1995 Jan 12
750A C287 11.1 1995 Oct 25 ... ...
H75 C1341 5.0 2005 Jul 17 Mosaic This work
EW352 C1341 9.4 2005 Oct 7
C 4.80 . 375 C287 3.6 1994 Mar 29 Mosaic 17
375 C287 10.2 1994 Mar 30
375 C287 7.8 1994 Mar 31
375 C287 12.5 1994 Nov 23
750A C287 5.1 1995 Mar 1
375 C287 53 1995 Aug 16
... . 375 C287 10.2 1995 Nov 24 ... ...
4.67 . EW352 C1974 7.6 2008 Nov 22 ... This work
.. .. . EW364 C1974 9.9 2009 Feb 13
C 5.60 H168 C1974 7.6 2010 Mar 27
. C 4.80 Parkes single-dish P697 16.0 2010 Oct 7 Merged S
NGC 253 L 1.46 VLA B+C+D AC278 4.1 1990 Sep-1991 Mar Mosaic 2
C 4.86 . D AH844 35.8 2004 Jul 4-24 Mosaic 10
e . 4.85 Effelsberg single-dish N/A N/A 1997 Merged S
NGC 891 L 1.39 WSRT Multiple R0O2B 240 2002 Aug-Dec 13
C 4.86 VLA D AA%4 11.2 1988 Aug 29 16
e . 4.85 Effelsberg single-dish 44-95 9.1 1996 Feb-Aug 6
NGC 3044 L 1.49 VLA B AI28 3.1 1986 Aug 1 This work
C AI23 0.8 1985 Jul 25 11
D AI31 1.1 1987 Apr 28/30
C 4.86 C AB676 0.8 1993 Jun 13 4
D AMST73 1.1 1997 Nov 6 This work
D Al31 1.0 1987 Apr 28 11
NGC 3079 L 1.66 VLA B BS44 1.0 1997 Mar 8 This work
1.41 CD BS44 2.4 1997 Oct 2
... 1.43 C AB740 1.3 1996 Feb 17 ...
C 4.71 C AC277 39 1990 Dec 9 3
. .. 4.86 . D ADI177 2.5 1986 Jan 16 This work
NGC 3628 L 1.49 VLA CD AS300 43 1988 Mar 25 14
D AS300 8.4 1987 Apr 7
. C 4.86 . D AK243 7.7 1991 Mar 28 7
NGC 4565 L 1.49 VLA B AS326 3.8 1988 Jan 29 16
... 1.48 D AS326 10.6 1988 Aug 28 ...
. C 4.86 . D AK424 34 1996 Sep 28 6
NGC 4631 L 1.37 WSRT maxi-short N/A 6.0 2003 Apr 3 1
C 4.86 VLA D AH369 12.1 1989 Nov 22/26 Mosaic 9
... . D AD896 43 1999 Apr 14 Mosaic 12
e A 4.85 Effelsberg single-dish 55-94 6.3 1996 Feb—Aug Merged 6
NGC 4666 L 1.43 VLA CD AD346 35 1994 Nov 20 5
... 1.49 D AS199 0.2 1984 Aug 31 This work
. C 4.86 . D AD326 12.5 1993 Dec 20/24 5
NGC 5775 L 1.49 VLA B AI0028 32 1986 Aug 1 8
1.48 B AB492 1.2 1989 Aug 4
1.49 C AH368 3.6 1990 Nov 19/24 ...
S S D AI31 1.9 1987 Apr 27/30 11
X 8.45 D ADA455 13.4 2001 Dec 14 15
“Observing band.
bObserving centre frequency.
“Telescope.

dConfiguration of the interferometer or single-dish telescope (the maxi-short configuration of the WSRT allows for optimum imaging performance for very
extended sources within a single track observation).

“Project ID.

fOn-source time.

8Observation date.

hComments [some interferometric observations were done in mosaic mode and the single-dish maps were merged with the interferometric maps (Section 2.1.5)].
iReference where the data were first published. For all entries, ‘...~ stands for an identical entry as above and ‘N/A’ denotes an entry that is not available.
Details for the observations of NGC 7090 and 7462 can be found in HD16.

References. (1) Braun et al. (2007); (2) Carilli et al. (1992); (3) Cecil et al. (2001); (4) Colbert et al. (1996); (5) Dahlem et al. (1997); (6) Dumke (1997); (7)
Dumke & Krause (1998); (8) Duric, Irwin & Bloemen (1998); (9) Golla & Hummel (1994); (10) Heesen et al. (2009a); (11) Irwin, English & Sorathia (1999);
(12) Mora & Krause (2013); (13) Oosterloo et al. (2007); (14) Reuter et al. (1991); (15) Soida et al. (2011); (16) Sukumar & Allen (1991); (17) Wells (1997).
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2.1.2 Very Large Array

Observations with the VLA were calibrated following standard pro-
cedures with arps.’ We set the flux density of the primary calibrator
(either 3C 48 or 286) according to the model by Baars et al. (1977).
Since the data were observed only with the ‘historical’ VLA prior
to the upgrade of the correlator, observations had bandwidths of
100 MHz split into two IFs of 50 MHz each. We used data at L
band (NGC 253, 3044, 3079, 3628, 4565, 4666, and 5775), C band
(NGC 253, 891, 3044, 3079, 3628, 4565, 4631, and 4666), and X
band (NGC 5775). We used maps of NGC 253 published earlier
without either re-calibrating or re-imaging of the data. The obser-
vations at L and C band were already described in Carilli et al.
(1992) and Heesen et al. (2009a), respectively. The calibrated data
were precessed to J2000.0 where necessary and exported into the
FITS format.

2.1.3 Westerbork Synthesis Radio Telescope

We used a 1.4-GHz map of NGC 891 observed with the WSRT,
which was already presented by Oosterloo et al. (2007). Further-
more, we used the 1.4-GHz map of NGC 4631 again observed with
the WSRT. This galaxy was observed as part of the WSRT SINGS
survey (Braun et al. 2007), and we re-imaged the map as described
below.

2.1.4 Single-dish telescopes

In order to correct for the missing ‘zero-spacing flux’, we use ad-
ditional C-band maps from the Effelsberg 100-m telescope (NGC
253, 891, 4631) and from the Parkes 64-m telescope (NGC 55).*
The Effelsberg maps have been published before (see Table 2 for
references), but the Parkes map is so far unpublished, so we de-
scribe these observations here in more detail. Observations with the
C band AT Multi-band receiver (4.5-5.1 GHz) were carried out in
2010 September. Maps were taken in standard fashion using the
‘basket weaving’ procedure with scans alternating in the right as-
cension and declination directions. The data were calibrated with
scans in azimuth and elevation of the primary calibrator J1938—634,
before they were combined using the single-dish mapping algorithm
described in Carretti et al. (2010). The resulting Parkes map of NGC
55 is presented in Appendix C along with the Effelsberg maps of
NGC 253, 891, and 4631.

2.1.5 Imaging

We imported the calibrated (u, v) data into the Common Astronomy
Software Applications (casa; McMullin et al. 2007) and formed and
deconvolved images of them using the multi-scale multi-frequency
algorithm in the clean task (Rau & Cornwell 2011). We did not use
the frequency dependence of the sky model (nterms=1) because
this is not necessary for our small fractional bandwidths (mostly

3 atps, the Astronomical Image Processing System, is free software available

from the National Radio Astronomy Observatory.

4 Radio interferometers are only sensitive to emission not exceeding a certain
angular scale, which is related to the shortest baseline for which visibilities
are measured. The (u, v) plane has no measurements at a baseline of zero
length, which can be only measured with a single-dish telescope. This is
needed to measure the true integrated flux density. The difference between
the interferometric and single-dish flux density is hence usually referred to
as the ‘missing zero-spacing’ flux.

MNRAS 476, 158-183 (2018)

<10 per cent). The obvious exception is the ATCA data, where the
fractional bandwidth is highest with 34 per cent. But because we
created a ‘joint deconvolution’ mosaic (Sault, Staveley-Smith &
Brouw 1996) in casa (imagermode=mosaic), we could not use the
frequency dependence; this option can thus far not be combined
with a frequency-dependent sky model (nterms > 2). Since we do
not detect any obvious artefacts left over after the deconvolution,
we think that our approach is sufficient for our data.”> We used the
multi-scale option with angular scales ranging typically between
one synthesized beam size and the size of the galaxy. We cleaned
the maps down to 20, where o is the rms noise level. Finally, we
applied the primary beam correction.

We deconvolved one map with CLEAN using Briggs weighting
(robust=0) and adjusted the weighting of the other map to robust
values between 0 and 0.5, in order to have a similar resolution. For
NGC 55 and 4631, we had several pointings of a mosaic. They
were processed within casa using the joint deconvolution option
of the cLEAN algorithm. Maps were imported back into aips to con-
volve them to a common circular beam and re-grid them to the same
coordinate system, for which we used PARSELTONGUE (Kettenis et al.
2006) to batch process them. The C-band maps of NGC 55 and
4631 were combined with the single-dish maps from the Parkes and
Effelsberg telescopes, respectively, using the imerg task in Aips. The
C-band map of NGC 891 had no flux missing since the single-dish
and interferometric integrated fluxes were in good agreement, so
that we did not merge it with the Effelsberg map. The properties of
the radio maps are summarized in Tables 3 and 4.

2.1.6 Integrated flux densities

We integrated the flux densities of our galaxies using rectangular
boxes with imstat in arps. Highly inclined galaxies have box-shaped
radio haloes (rather than elliptical haloes), so that this method is the
most suitable one (rather than integrating in ellipses as for moder-
ately inclined galaxies). The angular extent of the radio emission
along the major and minor axis, which is the region that encom-
passes the 3¢ contour line of the most sensitive map, can be found
in Table 4. We chose the box size to integrate the emission to be
slightly larger than this region, checking that the choice has only
little influence (<2 per cent).

We checked the integrated flux densities (Table 3) of our maps
and found most of them to agree within 5 per cent with published
values in the literature (Table 5). These values are interferometric
measurements at L band and single-dish measurements at C band
(so that missing fluxes play no role). We detect significantly higher
(50 per cent) flux densities in NGC 55 at both L and C bands. At
L band, our observations have a better (1, v) coverage than the
comparison snapshot observation with the VLA by Condon et al.
(1996), so that we are less affected by the missing zero-spacing
flux. At C band, the flux density of Wright et al. (1994) is integrated
in an area with a major axis of only 7 arcmin, whereas the source
size detected by us is 24 arcmin; faint, diffuse emission was missed
so that the flux density is lower. Other notable exceptions are NGC
4565, where we detect a 20 per cent higher flux density at L band,
and NGC 4666, where our C-band flux density is 15 per cent lower
than the literature value. In the case of NGC 4565, it is likely that we

5 We do not advocate this procedure as generally the best deconvolution
technique for mosaicked observations. Depending on the data, a linear mo-
saic (e.g. using ltess in aips) of the individual pointings deconvolved with
nterms=2 may give a better result.
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Table 3. Radio properties of our sample galaxies.
Galaxy Oy V2 WL S¢ sd S5 sd ot ol

(arcsec) (GHz) dy) dy) dy) dy)

NGC 55 41.10 136 5.56  0.6082 + 0.0172 0.5219 + 0.0152 0.2966 + 0.0107 0.2216 + 0.0084 —0.51 + 0.03 —0.61 + 0.03
NGC 253 30.00 146 4.85 6.3000 + 0.1409 6.2133 4+ 0.1390 27100 + 0.0678 2.6331 + 0.0659 —0.70 + 0.03 —0.72 + 0.03
NGC 891 1730 139 486 0.7720 + 0.0155 0.7663 + 0.0154 0.2720 4+ 0.0056 0.2670 &+ 0.0056 —0.83 &+ 0.02 —0.84 + 0.02
NGC 3044 7.80 149 4.86 0.1040 + 0.0021  0.0990 + 0.0020 0.0450 + 0.0009 0.0406 + 0.0009 —0.71 + 0.02 —0.75 £ 0.03
NGC 3079 830 1.53 471 0.8360 &+ 0.0169 0.8262 & 0.0167 0.3430 £ 0.0350 0.3342 + 0.0341 —0.79 + 0.09 —0.80 + 0.09
NGC 3628 17.70 149 486 0.5482 & 0.0198 0.5433 & 0.0196 0.2287 £ 0.0051 0.2243 £ 0.0050 —0.74 £ 0.04 —0.75 + 0.04
NGC 4565 13.10 149 486 0.1599 + 0.0116 0.1585 + 0.0115 0.0557 £ 0.0012  0.0544 + 0.0013 —0.89 + 0.06 —0.90 + 0.06
NGC4631  23.10 137 486 12850 & 0.0287 1.2451 4 0.0283  0.4654 & 0.0251  0.4303 + 0.0236 —0.80 & 0.05 —0.84 + 0.05
NGC 4666 1570 145 4.86 0.3870 £ 0.0087 0.3712 & 0.0083 0.1370 + 0.0039  0.1230 + 0.0035 —0.86 + 0.03 —0.91 =+ 0.03
NGC 5775 825 149 846 0.2680 & 0.0097 0.2630 & 0.0095 0.0598 £ 0.0022 0.0556 + 0.0020 —0.86 & 0.03 —0.89 + 0.03
NGC 7090 13.80 138 4.67 0.0563 £ 0.0030 0.0519 & 0.0029 0.0153 & 0.0023 0.0114 + 0.0018 —1.07 £ 0.13 —1.24 + 0.14
NGC 7462 1390 138 4.67 0.0256 &+ 0.0009 0.0238 & 0.0012  0.0066 & 0.0002 0.0050 &+ 0.0006 —1.10 & 0.04 —1.27 + 0.11

Notes. Uncertainties quoted in this table were calculated as explained in Section 2.4.
“ Angular resolution, referred to as the full width at half-maximum (FWHM), of the circular synthesized beam.

bObserving frequencies vy and v.
“Integrated flux densities, S; and S», at observing frequencies v and v;.

4Non-thermal integrated flux densities, Sj nc and S ¢, after the subtraction of the thermal radio continuum emission (Section 2.2).

“Integrated radio spectral index between vy and v,.
/Integrated non-thermal radio spectral index between vy and v;.

Table 4. Further radio properties of our sample galaxies.

Galaxy dl‘;laj in PA? of o5 Wsmpcd Wstripcd Stripe centre®
(arcmin) ©) (Wy beam™!) (arcmin) (kpc)

NGC 55 24.0 9.3 108.0 130 40 24.6 14.0 RA 00" 15™073637 Dec. —39°12/58746
NGC 253 21.9 11.3 52.0 250 30 20.3 24.0 RA 00M"47™33%190 Dec. —25°17'16"14
NGC 891 10.9 5.9 23.0 23 22 4.9 15.0 RA 02"22™333118 Dec. +42°20'5488
NGC 3044 39 2.2 114.0 30 24 2.7 15.0 RA 09"53™408953 Dec. +01°34'45/50
NGC 3079 4.5 2.1 167.0 81 23 4.4 26.0 RA 10"01™573695 Dec. +55°40'48”80
NGC 3628 11.0 5.3 105.0 80 22 4.6 11.0 RA 11"20™16%642 Dec. +13°35'21776
NGC 4565 13.7 2.8 135.5 26 25 7.6 56.0 RA 12"36™208911 Dec. +25°59'11795
NGC 4631 13.3 8.1 86.0 35 50 5.8 12.0 RA 12"42™073164 Dec. +32°32/32/18
NGC 4666 43 2.5 40.0 50 20 3.6 29.0 RA 12"45™083707 Dec. —00°27'44/23
NGC 5775 4.1 2.4 145.0 35 15 3.6 29.0 RA 14"53M575526 Dec. +03°32/42/35
NGC 7090 54 3.5 128.0 28 13 2.7 8.5 RA 21"36™28%774 Dec. +54°33/26"70
NGC 7462 3.8 1.9 73.0 25 9 2.9 12.0 RA 23"02M463751 Dec. +40°50'08709

Notes. “Extent of the radio continuum emission along the major and minor axes.

bposition angle of the major axis.
‘rms map noises at observing frequencies v and v;.

4Stripe width to measure the vertical intensity profile in arcmin and kpc.

¢Central position of the stripe in J2000.0 coordinates.

have detected more flux since we have used a 12-h-long observation
in D-configuration, whereas the literature value of Condon et al.
(2002) is based on an NRAO VLA Sky Survey (NVSS) snapshot
observation. NGC 4666 has an optical size of 4.6 arcmin, which is
comparable to the largest angular scale (LAS) detectable at C band
with the VLA (5 arcmin) in D-configuration, so that it is possible
that we have missed some flux.

Notably, our other C-band flux densities agree within 5 per cent
with single-dish data, so that missing zero spacings are not an issue
for us. At L band, we see indications of missing flux in NGC 55
and NGC 253. In these two galaxies, the spectral index is affected
by missing flux in L band, which in NGC 55 causes a flat spectral
index in the northern halo and in NGC 253 a flat spectral index
for distances exceeding 4 kpc from the mid-plane. We restrict our
spectral index analysis to the unaffected areas. In the remaining

galaxies at L band, we do not expect it to be an issue. The largest
galaxy of those is NGC 4565, which has an optical angular size
of 16.2 arcmin. This galaxy has been measured with a 12h long
integration with the VLA in D-array, where the LAS is 16 arcmin,
so that missing flux is likely not an issue here.

2.2 Thermal radio continuum maps

To correct for the contribution of thermal radio continuum emission,
we used Balmer H « line observations following the procedure de-
scribed in Heesen et al. (2014). Where no H @ map was available,
we used a Spitzer 24-um map instead and scaled it to a published
Ho flux density (NGC 3628, 4565, and 4666). The Spitzer mid-
infrared map traces the dust-obscured star formation, so that we
cannot expect a good H o—mid-infrared correlation on a spatially
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Table 5. Literature flux densities.

Galaxy V] vy S S Reference
(GHz) (mJy) (vi/v2)

NGC 55 149 4385 381 197 3/10
NGC 253 146 485 6300 2710 717
NGC 891 140 4.85 701 286 4/8
NGC 3044 140 4.85 114 43 9/5
NGC 3079 140 4.85 865 321 4/1
NGC 3628 140 4385 525 247 4/8
NGC 4565 140  4.80 134 54 4/8
NGC 4631 1.37 480 1290 476 2/8
NGC 4666 140 4.85 434 161 4/6
NGC 5775 140 4385 284 94 4/8

References. (1) Becker, White & Edwards (1991); (2) Braun
etal. (2007); (3) Condon et al. (1996); (4) Condon, Cotton &
Broderick (2002); (5) Gregory & Condon (1991); (6) Griffith
et al. (1995); (7) Heesen et al. (2009a); (8) Stil et al. (2009);
(9) White & Becker (1992); (10) Wright et al. (1994).

resolved basis. But since we are averaging (radially and along the
line of sight) over several kpc in order to measure the vertical pro-
files of the non-thermal radio continuum, the exact distribution does
not matter for our study. Also, we find that the thermal radio con-
tinuum contribution at C band is typically less than 10 per cent in
the halo, where our study is focused (at L band it is even lower).
The non-thermal radio spectral index is hence only by a value of
0.06 systemically steeper between 1.4 and 4.85 GHz (steepening
from o = —1.00 to —1.06, for instance) than the total radio spectral
index. This is similar to the size of our error bars on the radio spec-
tral index, so that the contribution of the thermal radio continuum
emission is actually not that important in the halo. Consequently,
we do not expect the difference between the Balmer H « and Spitzer
mid-infrared map to make a large difference for our analysis.

This can also be seen when considering that the thermal contri-
bution to the radio continuum intensity at 1.4 GHz (it varies slowly
with frequency as v=%1) is

Inia=2.5x10"" - EM - Oy Jybeam ™, (1)

where EM is the Ha emission measure in units of cmpc~® and

®pwnw 1S the angular resolution of the radio map, referred to as the
full width at half-maximum, in units of arcsec. The above relation is
obtained when combining equation 2 from Voigtlander et al. (2013)
with equation 4 from Heesen et al. (2014), assuming an electron
temperature of 7, = 10* K and an integration area of @ = 1.133 -
Oy arcsec?. Typically, the emission measure drops below 100
cmpc~® at a height of 1kpc, so that at 10 arcsec resolution the
thermal radio continuum intensity is smaller than 25 pJy beam™!
(Collins et al. 2000), similar to the rms noise of our maps. The
emission measure drops even further at larger heights (the scale
heights are only ~0.5 kpc) and the thermal contribution becomes
entirely negligible.

We corrected our maps for foreground absorption using E(B — V)
values, but these corrections are only a few per cent (it is largest for
NGC 891 with 15 per cent). We do not correct for internal absorption
by dust (internal to the observed galaxy) except in NGC 3079 and
4666, where the Balmer decrement has been used to estimate it
(Voigtlander et al. 2013). The correction is a factor of 2.4 in NGC
3079 and 2.9 in NGC 4666; hence, it totally dominates the estimate
of the Ha flux. But since the absorption by dust is negligible in
the halo (Collins et al. 2000), we do not have to correct for internal
absorption. Hence, we have possibly overcorrected the thermal flux

MNRAS 476, 158-183 (2018)

in NGC 3079 and 4666, but the fractions are low (<10 per cent).
We also do not correct for the contribution of [N 1], which in our
sample is between 25 (NGC 55) and 45 per cent (NGC 4666). Using
the absolute B-band magnitude as proxy (Kennicutt et al. 2008), we
expect an average of 35 per cent of [N 1] contribution; this means
we slightly overestimate the thermal radio continuum emission.® We
conclude that the thermal contribution is negligible in the halo and
our measurements of the non-thermal intensities are conservative
lower limits.

2.3 Masking

We masked unrelated background sources, which we identified as
point-like sources in the halo that have no counterpart in the Ho
map. Furthermore, we masked nuclear starbursts and AGNs in those
galaxies that have a prominent, dominating nucleus in the radio con-
tinuum maps (NGC 253, 3079, and 3628). In NGC 3079, we have
masked the nuclear outflow as well, as far as we could distinguish it
from the remainder of the disc and halo emission. In NGC 891, we
have masked emission from SN1986J (Rupen et al. 1987). For all
galaxies, the same mask was then applied to all maps (radio contin-
uum at both frequencies and thermal radio continuum) before the
construction of the spectral index maps.

2.4 Uncertainties

The errors of the integrated flux densities were calculated with two
contributions. First, we assumed a 2 per cent relative calibration
error for the WSRT and VLA observations (Braun et al. 2007,
Perley & Butler 2013). For the single-dish observations, the cali-
bration error is also 2 per cent for the Parkes observations at C band
(Griffith & Wright 1993) and for the Effelsberg observations
at C and X band (Beck, private communication). Secondly, we
added the uncertainty arising from the baselevel error, which is
on = o, N = 0+/N, where N is the number of beams within the
integration region and the baselevel uncertainty for the intensities
is o, = o//+/N. This is a crude estimate since if an image contains
large-scale artefacts due to insufficient calibration (interferometric
data) or due to scanning effects (single-dish data), the rms variation
in the image, o, is larger than just thermal noise and does not have
Gaussian characteristics. Hence, we checked this error by measur-
ing the average flux intensity in areas surrounding the galaxies,
where the box size was selected to be similar to the galaxy size
and found approximate agreement. The calibration and background
errors were quadratically added with (8S,)* = (e5S,)* + o33, where
€5 = 0.02. For the subtraction of the thermal emission, we used the
error of the Ho flux density, which was then propagated into the
non-thermal flux densities and spectral indices.

For our main analysis, we created vertical profiles of the radio
continuum intensity averaged in stripes. The stripes were spaced
by 0.5 - @rwrm - D in the vertical direction and had stripe widths
between 0.5 and 1.0 of the length of the major axis (see Table 4
for the stripe widths). For the vertical intensity profiles, we used
a 5Sper cent calibration error, owing to the calibration uncertainty
and the deconvolution process. The error contributions are again
added in quadrature (81,)* = (¢;1,)* + o2, with €; = 0.05. This
uncertainty neglects the variation of the intensities within stripe

6 The [N 11] emission line falls into the bandpass of the H « filter; the contri-
bution from this emission cannot be separated from the H « flux, which is
hence an overestimate.
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width; the reason is that we assume in the following a 1D ap-
proach of cosmic ray transport and any variation as a function
of galactocentric radius is not included in our model. The error
of the radio spectral index is then calculated with the following
equation:

1 A L\
Ao = ———- — ) +({—), 2)
In (Ll) I 14}
vy
where 6/, and &1, are the intensity errors and /; and /, the intensities
at the observing frequencies v and v,, respectively.

3 COSMIC-RAY TRANSPORT MODELS

3.1 Motivation

3.1.1 Key assumptions

Our goal is to study the vertical cosmic ray transport using the 1D
models for pure advection and diffusion from HD16. These models
assume that the CREs are injected at a galactic height of z = 0 and
then transported away from the disc by either pure advection in a
galactic wind or by diffusion along vertical magnetic field lines. We
use these models with the following two assumptions.

(i) We fit the radio spectral index in the halo only. This is mo-
tivated by the fact that the vertical profiles of the radio spectral
index are not affected by the limited angular resolution for heights
|z| Z 1kpc, and the correction for thermal radio continuum emission
becomes negligible.

(ii) We model the magnetic field as a two-component exponen-

tial function with a thin and a thick disc. This is motivated by the
fact that in most galaxies the vertical non-thermal intensity profiles
can be best fitted by a two-component exponential function (e.g.
Dahlem, Dettmar & Hummel 1994; Oosterloo, Fraternali & Sancisi
2007; Heesen et al. 2009a; Soida et al. 2011; Mora & Krause 2013).
Exceptions can be explained by low angular resolution and incli-
nation angles, or by a diffusion-dominated cosmic ray transport,
which causes Gaussian intensity profiles (HD16).
We discuss these assumptions in more detail in Sections 3.1.2
and 3.1.3. The 1D treatment is motivated by the many studies
of cosmic ray-driven winds that have used the ‘flux tube’ ap-
proximation (e.g. Breitschwerdt, McKenzie & Volk 1991, 1993;
Everett et al. 2008; Dorfi & Breitschwerdt 2012; Recchia, Blasi &
Morlino 2016b). They assume straight, open magnetic field lines
rising above the disc. In this geometry, the wind flows along a tube
of approximately constant cylindrical cross-section up to a height
Z & Zureak, after which the area increases (usually assumed to scale
as ocz?) and hence the magnetic field strength decreases as well.
Everett et al. (2008) found zpreax = 4.5 kpc in the Milky Way, which
is of the order of the scale height of the magnetic field (Haverkorn &
Heesen 2012). These models have been able to reproduce the X-ray
data in the Milky Way and nearby galaxies, where it was shown
that the wind speed in the halo is of the order of the escape ve-
locity and its value does not change by more than a factor of a
few (Everett et al. 2008; Breitschwerdt et al. 2012). This is impor-
tant, because we assume a constant advection speed that is able to
describe the data to first order. We note that choosing a constant
advection speed will give the minimum magnetic field strength in
the halo. An accelerating flow dilutes the CRE number density by
longitudinal expansion and adiabatic losses (Heesen et al. 2018), so
that the magnetic field estimate would have to increase in order to
fit the observed intensities.
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Figure 1. A diagram of the disc-halo interface in galaxies with Xgrr <
107! Mo yr~ ' kpc=2. CREs are injected in the disc plane by Type II SNe
(and Type Ib/Ic) and in the halo by Type Ia SNe. They accumulate in
superbubbles that can break out from the flaring disc of warm H1and form a
‘chimney’, which are cospatial with plumes of extra-planar diffuse ionized
gas (eDIG). The magnetic field (dashed lines with arrows) is anchored to
the disc in the cold H1 clouds. The vertical scale is stretched by a factor
of 5.

3.1.2 Disc—halo interface

This paper is about haloes, but in order to investigate them, we
need to take into account the full vertical extent of a galaxy, so we
give here a brief overview of the vertical structure of the interstellar
medium (ISM). In the context of radio haloes, the transition from
the thin to the thick disc is important, so we start with what is
commonly referred to as the disc—halo interface. In Fig. 1, we show
a conceptual diagram of the disc—halo interface and we discuss in
the following how our model can fit into this picture. This diagram is
most realistic (although still very simplifying) for galaxies with low
Sgrr < 107! M yr~' kpe™2, where cosmic rays are most likely
to play a role in launching a wind. Galaxies with higher X sgg have
thermally driven so-called superwinds (Heckman et al. 2000), which
are not included in our study (see Adebahr et al. 2013, for a radio
continuum study of the superwind galaxy M82).

Cosmic rays are accelerated and injected into the ISM via SNe,
where the ejected shells have speeds of the order of 10000 kms™!,
which create a strong shock while sweeping up material and slow-
ing down. The turbulent magnetic field lines, which surround the
shock, deflect the cosmic rays, resulting in an efficient Fermi type
I acceleration with the cosmic rays crossing the shock many times
(Bell 1978). On average, the kinetic energy per SN is 10°! erg, a few
per cent of which is used for the acceleration of cosmic rays (e.g.
Rieger, de Ona-Wilhelmi & Aharonian 2013). Of the energy stored
in the cosmic rays, between 1 and 2 per cent goes into the CREs
with the rest into protons and heavier nuclei (e.g. Beck & Krause
2005). The SNe can be either Type la (thermonuclear detonation) or
Type II (core-collapse, also Types Ib and Ic). This is of significance
since the SNe of Type Ia can occur at galactic heights of a few
100 pc, whereas SNe of other types are restricted to within 100 pc
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from the mid-plane (effectively, the scale height of the molecular
gas; Ferriere 2001).

In the thin disc, the CRE population is very diverse. Approx-
imately 10 per cent of the radio continuum emission stems from
individual SN remnants, with the remaining 90 per cent made up
by the diffuse emission (Lisenfeld & Volk 2000). The radio spec-
tral index varies strongly between the spiral arms and the inter-arm
regions, which is caused by spectral ageing of the CREs with in-
creasing distance from star formation sites (Tabatabaei et al. 2013a;
Heesen et al. 2014). Furthermore, CREs can be found within su-
perbubbles, which can be observed during later stages as H1 holes
with sizes ranging from 100 pc to 2kpc (Bagetakos et al. 2011).
They are the result of dozens of SNe and some of them can contain
the CREs long enough that they display a curved non-thermal radio
continuum spectrum (Heesen et al. 2015). They may also be the
site of ‘chimneys’, where star formation activity in the disc drives
advective hot gas flows upwards into the halo, carrying magnetic
fields along with the hot gas motion and forming cavities in the
disc that are observable as H1holes (Heald 2012). We would expect
at any given time a few dozens of superbubbles per galaxy with
a diameter of a few 100 pc, so that the volume porosity is a few
per cent but can be up to 20 per cent (Bagetakos et al. 2011). It
hence becomes clear that the CREs in the thin disc are in fact a
superposition of many spectral ages (young CREs in the vicinity
of star-forming regions, old CREs in the inter-arm regions, young
and old CREs in non-thermal superbubbles). Consequently, the ra-
dio spectral index of the thin disc is not equivalent to the injection
energy spectral index of the CREs as expected from theory, which
is Vinj ~ 2, where the CRE number density is a power law as a
function of energy N oc E~"wi, but is steeper. Indeed, the integrated
non-thermal radio continuum spectrum of galaxies between 1 and
10 GHz has a spectral index of o, &~ —1, which corresponds to
Vinj = 3 (Niklas, Klein & Wielebinski 1997; Heesen et al. 2014;
Basu et al. 2015; Tabatabaei et al. 2017).

In the thick disc, the CRE population becomes more uniform
since the distance to the star-forming sites becomes more similar and
the contrast between spiral arm and inter-arm regions diminishes.
The height at which the transition from thin to thick disc happens
is probably of the order of a few 100 pc; this is related to the scale
height iy of the warm Hr disc and thus to the largest height the
superbubbles can expand to before they blow out (at z = 3 x hyy;
Mac Low & Ferrara 1999). The H1 discs show a flaring, where
the scale height increases with galactocentric distance (A = 100—
500 pc; Bagetakos et al. 2011), so that the superbubble blow-out
would occur at heights between 0.3 and 1.5 kpc.

As we will show below, we see the transition from thin to thick
disc at a height of 1-2 kpc as traced by a change of the slope in the
radio spectral index. Since we cannot really resolve the thin disc,
we can only probe the upper limit of the transition height, but our
measured values are at least consistent with the described picture.
Our first assumption is hence that we fit the radio spectral index in
the halo only. In the mid-plane, the radio continuum emission can be
described by a power law with an ‘injection’ spectral index, where
this is effectively the spectral index of the diffuse non-thermal radio
continuum emission.

3.1.3 Magnetic field structure

The magnetic field in galaxy discs is in approximate energy equipar-
tition with the turbulent gas motions of the (almost) neutral gas and
its associated kinetic energy density (Beck 2016). If the magnetic
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field is associated with the warm H1 disc, as suggested by the su-
perbubble picture, the resulting scale height would be 0.2—-1.0 kpc
in the thin disc as the magnetic field scale height is a factor of 2
higher than the magnetic pressure scale height.” The magnetic field
scale height in the thick disc is larger; from equipartition estimates,
the scale heights are of the order of 4-8 kpc. It is unclear whether
the field is associated with either the hot X-ray emitting gas, which
has similar scale heights (Strickland et al. 2004; Hodges-Kluck &
Bregman 2013), or the thick H1 disc that is seen in some galax-
ies with scale heights of 2—4 kpc (Zschaechner, Rand & Walterbos
2015; Vollmer, Nehlig & Ibata 2016). We caution though that in
both cases accretion from the intergalactic medium probably plays
arole as well, so that part of the gas in the halo has a different origin
from the magnetic field that is generated by processes within the
galaxy.

A discussion of the magnetic field structure would be incomplete
without mentioning the results from polarization. The halo field
consists of a turbulent and ordered component, with the ordered
component having the larger scale height. The turbulent component
possibly stems from Parker-type loops, which form when buoy-
ant superbubbles inflated with cosmic rays rise from the disc and
opposing magnetic field lines reconnect at its base. This allows a
closed magnetic field line to detach from the disc magnetic field
(Parker 1992). In that case, the trajectory of the loop would be
ballistic, such as for clouds of H1 gas in a ‘Galactic fountain’.
The ordered magnetic field could be from blown-out superbubbles,
where the magnetic field opens up in the halo, with overlapping
bubbles in the thick disc creating the halo field (Heald 2012; Mao
et al. 2015; Mulcahy, Beck & Heald 2017). An alternative scenario
is that the turbulent magnetic field is generated in the thin disc
by the small-scale dynamo, driven by star formation-related turbu-
lence, and advected into the halo by the wind. A lateral pressure
gradient or a galactic wind would then be able to shape the field
lines into the often observed X-shaped pattern (e.g. Dahlem et al.
1997; Tiillmann et al. 2000; Krause, Wielebinski & Dumke 2006;
Heesen et al. 2009b; Krause 2009; Soida et al. 2011; Mora & Krause
2013; Chyzy et al. 2016). Such a magnetic field structure has been
also seen in models of lagging magnetized haloes (Henriksen &
Irwin 2016). Of course, our simple model cannot take all of this
into account, and we attempt in this work only to fit for the total
magnetic field strength in the halo, neglecting this sub-division.

Our second assumption is hence that the magnetic field strength
can be described by a two-component exponential function.In the
thin disc, the magnetic field strength is regulated by the pressure
of the warm H1 gas, which has an exponential distribution. This
is expected for a constant velocity dispersion in a constant gravity
field as found near the mid-plane. In the thick disc, the dominating
turbulent magnetic field is in pressure equilibrium with either the
hot X-ray emitting gas or the thick Hr disc. If the halo gas is
in a hydrostatic equilibrium, the density distribution is close to
an exponential function. This is corroborated by observations of
the soft X-ray emission in nearby galaxies, which showed that the
vertical distribution of the hot ionized gas can be best described
by an exponential function, rather than a Gaussian or a power-law
function (Strickland et al. 2004). This suggests that X-ray haloes
are ‘hot atmospheres’ surrounding galaxies. If the magnetic field
is frozen into the ionized plasma, the magnetic field strength will

7 For an exponential magnetic field distribution B o exp (—z/hg1), the mag-
netic energy density is Ug = B?/(871) o< exp(—2z/hg1).
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Table 6. Physical properties of our sample galaxies.

Galaxy Lég B,  Ufr Uke U  Ure/U]  Una/U§ Fi, E(B—V)Y  Ref.Ha
(10% erg s (1G) (10713 erg cm™?) (1012 erg s lem™2) (mag) Map/Flux
NGC 55 0.41 7.9 0.6 1.6 24.5 0.07 0.24 78.1 + 3.6 0.012 2/5
NGC 253 17.90 14.0 7.1 19.5 78.3 0.25 0.30 79.0 £+ 3.6 0.017 5/5
NGC 891 12.10 14.7 4.9 13.4 86.0 0.16 0.20 5.1 £ 1.1 0.058 715
NGC 3044 5.20 13.1 3.0 8.2 68.1 0.12 0.18 4.5 + 0.5 0.025 i
NGC 3079 23.30 19.9 7.3 20.0 157.5 0.13 0.15 9.0 £ 04 0.361 11/6
NGC 3628 4.43 12.6 2.2 5.9 63.1 0.09 0.16 45 4+ 04 0.020 24 um/7
NGC 4565 14.60 8.7 0.6 1.6 29.8 0.05 0.19 1.3 +£ 04 0.015 24 um/8
NGC 4631 7.40 13.5 2.8 7.7 72.3 0.11 0.16 36.1 = 5.0 0.017 5/5
NGC 4666 41.50 18.2 11.9 324 132.3 0.24 0.28 144 £+ 0.6 0.028 24 um/10
NGC 5775 25.60 16.3 6.9 18.8 105.9 0.18 0.22 45 + 0.5 0.037 1/4
NGC 7090 1.60 9.8 1.7 4.8 38.2 0.12 0.23 4.0 + 0.6 0.020 5/5
NGC 7462 0.72 9.7 0.7 2.0 37.1 0.05 0.16 1.6 £ 0.8 0.009 9/3

Notes. See Appendix A for details how we calculated the presented values.

“Total infrared luminosity 3—1100 um from Spitzer and IRAS data.

bMagnetic field strength in the disc plane, calculated from energy equipartition using BRELD (Beck & Krause 2005), available at
http://www3.mpifr-bonn.mpg.de/staff/mkrause/.

“Total infrared photon energy density, calculated from the total infrared luminosity.

dRadiation energy density of the IRF, excluding the contribution from the CMB.

“Magnetic energy density Ug = Bg /(870).

/Ratio of the energy densities of the IRF (excluding the contribution from the CMB) to that of the magnetic field.

SRatio of the energy densities of the total IRF (including the CMB) to that of the magnetic field.

"Balmer H « line flux, corrected for foreground absorption.

The E(B — V) values are from NED to calculate the foreground absorption as Ay = 2.59 x E(B — V) mag.

References. (1) Collins et al. (2000); (2) (Bomans et al., private communication); (3) HD16; (4) James et al. (2004); (5) Kennicutt et al. (2008);
(6) Moustakas & Kennicutt (2006); (7) Rand et al. (2011); (8) Robitaille et al. (2007), (9) Rossa & Dettmar (2003a); (10) Voigtlander et al. (2013);
(11) Young et al. (1996). Where no Ha map was available, we used a Spitzer 24-pum map instead (marked as 24 um) from Dale et al. (2009, NGC

3628) and Bendo, Galliano & Madden (2012, NGC 4565 and 4666).

relate to the ionized gas density, so that exponential magnetic fields
can be expected.

3.2 Cosmic-ray transport equations

We are using 1D transport equations for the CRE number density
N(E, z), where E is the CRE energy and z is the distance to the mid-
plane. We assume a fixed inner boundary condition with N(E, 0) =
NoE =7, where y, is the injection CRE energy spectral index and
Ny is a normalization constant. The transport equation for advection
is

ON(E, 2) 1 0 .

T = v {ﬁ [b(E)N(E, z)]} (Advection), (©)]

where V is the advection speed, assumed here to be constant. Simi-
larly, for diffusion, we have

’N(E, 1 (0 -
# =D {aiE [b(E)N(E, Z)]} (Diffusion), )

where we parametrize the diffusion coefficient as a function of the
CRE energy as D = DyE., with Egey being the CRE energy in
units of GeV and D, the diffusion coefficient at 1 GeV. We assume
p = 0.5 in agreement with what is used for modelling the Milky
Way (Strong, Moskalenko & Ptuskin 2007). There is some debate
as to whether this energy dependence applies to CREs with energies
of a few GeV (e.g. Mulcahy et al. 2016; Recchia, Blasi & Morlino
2016a), but using p = 0 instead changes the results only slightly
and we cannot distinguish with our data one way or the other (see

also HD16). The combined synchrotron and IC loss rate for CREs
is given by (e.g. Longair 2011)

dE 4 E \?
_ (E) = b(E) = 3ore (mecz) (Urag + Us), 5)

where Uy, is the radiation energy density, Ug is the magnetic
field energy density, or = 6.65 x 1072° cm? is the Thomson cross-
section, and m, = 511keV c¢~2 is the electron rest mass.

The radiation energy density is the sum of the cosmic microwave
background (CMB) radiation energy density and the interstellar ra-
diation field (IRF) energy density; the latter includes contributions
from starlight radiation energy density and the total infrared ra-
diation energy density from emission by dust. The magnetic field
strength By in the mid-plane was calculated from energy equipar-
tition (Beck & Krause 2005). The energy density of the magnetic
field is then Ug = B?/(87). Furthermore, we assumed that the ratio
Uirr/Us is constant everywhere. The resulting values of these cal-
culations can be found in Table 6, and the details of the calculations
are explained in Appendix A.

We assume a two-component exponential magnetic field distri-
bution:

B(z) = By - exp(—|z|/hg1) + (Bo — By) - exp(—|z|/hg2). (6)

Here, hg; and hp, are the magnetic field scale heights in the thin
and thick disc, respectively, By is the magnetic field strength in the
mid-plane, and B, is the magnetic field strength of the thin disc
component. Equations (3) and (4) are integrated numerically from
the inner boundary, so that no outer boundary condition is required.
In order to calculate the non-thermal radio continuum intensities,
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the CRE number density is convolved with the synchrotron emission
profile of an individual CRE (see HD16 for details).

3.3 Fitting procedure

3.3.1 Vertical intensity profiles

In this section, we outline the fitting procedure of the cosmic ray
transport models, where we present a step-by-step analysis of NGC
4631. In Fig. 2, we show the radio continuum maps of NGC 4631
— a galaxy that has one of the most impressive radio haloes. We
have created vertical profiles of the non-thermal radio continuum
intensity, which we present in Fig. 3(a).

In our work, the scale height of the thin disc is comparable to the
spatial resolution of the maps. This is why, we use the analytical
functions of Dumke et al. (1995) that convolve the Gaussian point
spread function (PSF) with either exponential or Gaussian intensity
distributions. This Gaussian PSF is exact for interferometric maps
and it is a good approximation for single-dish maps. Furthermore,
it has become ‘standard practice’ to include a contribution of the
inclined disc (if i < 90°), measuring a Gaussian radio intensity
distribution along the major axis and projecting that on to the minor
axis. This larger PSF is then referred to as the ‘effective beam’ (e.g.
Heesen et al. 2009a; Adebahr et al. 2013).

We fit two-component exponential and Gaussian functions to
vertical non-thermal intensity profiles, which we present as solid
and dashed lines, respectively (see Appendix B for details). For
this galaxy, a two-component exponential function fits better than
a two-component Gaussian function with a reduced Xezxp =04 as
opposed to xZ,.., = 3.0 (average of the northern and southern halo
atboth frequencies). Using the fits to the data, we create vertical non-
thermal intensity model profiles using either of the two frequencies,
depending on which data have the better quality. We calculate the
error bars using the uncertainties of the maxima and scale heights
of the thin and thick discs (see Appendix B for details).

In Fig. 3(b), we show the vertical profile of the non-thermal
spectral index in NGC 4631. The spectral index is fairly flat in the
mid-plane with &« & —0.7 and steepens in the halo to values of
o &~ —1.4. The profile shows a conspicuous ‘shoulder’, where the
spectral index slope flattens at heights |z| 2 1 kpc. This distance cor-
responds to the transition from the thin to the thick disc seen in the
intensity profiles. We note that the slope of the spectral index profile
cannot be resolved in the thin disc because the effective beam is too
large. Furthermore, we are overestimating the non-thermal radio
spectral index in the thin disc since we did not correct the Balmer
H o line emission for internal absorption due to dust (Section 2.2).
In the halo, however, these influences can be neglected, so that we
can study the spectral index profile there. In order to illustrate the
influence of the effective beam, we have shown its contribution to
the vertical intensity profile in Fig. 3(a); in the case of NGC 4631,
we restrict the fitting of the spectral index to |z] > 1.4 kpc. We show
the fitting areas for the rest of the sample in Appendix D. In NGC 55
and 253, the fitting area also has an outer limit, because the L-band
maps are affected by missing fluxes (Section 2.1.6). In NGC 253,
we do not exclude this thin disc in the fit since we do not resolve
it in the spectral index anyway and there would be otherwise not
enough data points for a meaningful fit.

3.3.2 Finding the best-fitting model

We simultaneously fit for the advection speed (or diffusion coef-
ficient), the magnetic field scale height, and the injection spectral
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index. In order to find an ‘initial guess’, we first vary the magnetic
field profile to fit the intensity model at one frequency, varying
the scale height and choosing an advection speed (or diffusion
coefficient) that approximately fits the spectral index profile (to-
gether with the chosen injection spectral index). For NGC 4631, we
show the best-fitting advection intensity profile in Fig. 3(c) and the
best-fitting advection spectral index profile in Fig. 3(b). The cor-
responding vertical profile of the magnetic field strength is shown
in Fig. 3(d). The error interval of the latter stems from the uncer-
tainties of the magnetic field scale heights in the thin and thick
disc; it does not include any uncertainty from the total magnetic
field strength estimate from the equipartition assumption (we dis-
cuss the influence of the equipartition estimate in Section 5.3). The
magnetic field strength decreases rapidly and reaches a value of
approximately half the maximum field strength at |z| = 1 kpc from
where on it decreases more slowly.

From the best-fitting model, we can work out the uncertainties
of the advection speed and magnetic field strength. This is shown
in Fig. 4, where we plot the reduced y? for both the intensity and
spectral index fitting in NGC 4631. The fitting of the intensities
depends almost exclusively on the magnetic field profile, although
a higher advection speed can offset a lower magnetic field scale
height. In contrast, the fitting of the spectral index profile depends
mostly on the advection speed and hardly on the magnetic field scale
height. This means that best-fitting areas are almost perpendicularly
aligned, so that the advection speed and magnetic field scale height
can be constrained well by a simultaneous fit.

4 RESULTS

In Table 7, we present non-thermal intensity scale heights in the
thick disc at L and C band, magnetic field scale heights in the
thin and thick discs, advection speeds, and diffusion coefficients
for the entire sample. In some cases, we could find a best-fitting
value for the magnetic field scale height and/or advection speed,
but not an upper and/or lower limit. For these values, the given error
interval is a lower limit; they are plotted in Fig. 5 for the parameter
studies with arrows denoting the error bars, but are not taken into
account for the statistical analysis. Maps and plots are presented in
Appendix D.

4.1 The distinction between advection and diffusion

At first, we present our findings whether the cosmic ray transport
in haloes is advection or diffusion dominated. We note that this
distinction is a common one since advection will take over diffusion
in the halo quickly if there is a galactic wind (Ptuskin et al. 1997;
Recchia et al. 2016b). The effective boundary s, at which (|z| > s,)
advection dominates over diffusion is

S2 Sk ng

L .~ 0.3 x — kpc, 7
D V=>s XV]OO pc (7

2 1

where D,g is the diffusion coefficient in units of 10%®cm? s~
and V) is the advection speed in units of 100 kms~'. Diffusion
coefficients in galaxies have values of a few 10®cm’s™! (e.g.
Berkhuijsen, Beck & Tabatabaei 2013; Tabatabaei et al. 2013b;
Mulcahy et al. 2014, 2016) in agreement with the Milky Way value
of 3 x 10® cm?s™! (Strong et al. 2007). For a diffusion coeffi-
cient of 3 x 10%® cm?s~! and an advection speed of 200kms~',
the transition happens at a height of 0.45kpc. Hence, it is jus-
tified to assume an advection-only model in the halo if there is
a wind.
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Figure 2. NGC 4631. (a) and (b) Radio continuum emission at 1.37 and 4.86 GHz, respectively. The high noise level near the edge of the 4.86-GHz map stems
from the correction for the primary beam attenuation of the VLA. (c) The thermal radio continuum emission at 4.86 GHz. Contours in panels (a)—(c) are at (3,
6, 12, 24, 48, and 96) x o, where o is the rms map noise. In panel (c), the same contour levels as in panel (b) are used to ease the comparison. (d) Thermal
fraction at 4.86 GHz, where the grey-scale ranges from 0 to 40 per cent. (¢) Non-thermal radio spectral index between 1.37 and 4.86 GHz, where the colour
scale ranges from —1.4 to —0.5. (f) Error of the non-thermal radio spectral index, where the colour scale ranges from 0 to 0.6. In all panels, the synthesized
beam is shown in the bottom-left corner and the maps are rotated so that the major axis is horizontal.
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Figure 3. Vertical profiles in NGC 4631. (a) Non-thermal radio continuum intensities at 1.37 and 4.86 GHz. We fitted a two-component exponential function
(solid line) to the profiles. Black dashed lines show the effective beam, which is Iheam(z) = exp (=7 / (2b?)) (see Section 3.3.1). (b) Non-thermal radio spectral
index between 1.37 and 4.86 GHz. Lines show the best-fitting advection models, with an advection speed of 300 km s~ in the northern halo (blue solid line) and
200km s~ in the southern halo (red dashed line). (c) Normalized non-thermal intensity model profile at 1.37 GHz, which is deconvolved from the synthesized
beam. The red line shows the intensities of the best-fitting advection model. (d) Model of the magnetic field strength with uncertainties (blue shaded area).
Distances z > 0 refer to the northern halo and distances z < 0 to the southern one. In panels (a)—(c), the size of the symbols is equivalent to the size or the error

bars.

If there is no wind, the radio halo may be diffusion dominated.
As HD16 showed, the vertical profile of the radio spectral index can
be used in order to distinguish between advection and diffusion.
Advection has spectral index profiles, which gradually steepen as
a function of height. In contrast, diffusion leads to spectral index
profiles that steepen only very little at small heights, but have steep
cut-offs at large heights. This is caused by a steep cut-off of the
CRE number density at large heights in the case of diffusion, which
reflects the fact that the CREs cannot escape the galaxy. Thus, the
vertical diffusion spectral index profiles have ‘parabolic’ shapes,
which should distinguish them from the ‘linear’ advection profiles.
In practice, it can, however, be difficult to allow for a distinction
since the uncertainties of the radio spectral index are too large.
Therefore, we fitted all our galaxies with both advection and diffu-
sion models.

We find that only NGC 7462 can be fitted with a diffusion coef-
ficient roughly in agreement with what we would expect, namely
Dy ~ 3 x 10*® cm?s~!. All other galaxies required values in ex-
cess of this, with values between 1.2 x 10 (NGC 55) and
4 x 10% cm? s~! (NGC 4666). There is no physical reason why the
diffusion coefficient should deviate so much from the Milky Way

MNRAS 476, 158-183 (2018)

value, because the magnetic field structure is not too dissimilar.?
Such high diffusion coefficients would also lead to the cosmic rays
leaving the galaxy without interaction, so that they do not trans-
fer energy and momentum to the ionized gas. This is at odds with
cosmic ray-driven wind models, which now have become very pop-
ular (e.g. Breitschwerdt, McKenzie & Volk 1991; Everett et al.
2008; Samui, Subramanian & Srianand 2010; Salem & Bryan 2014).
Their advantage over previous models is that they can explain the
existence of winds in galaxies with Xgpr < 107! Mo yr~'kpc2,
where thermally driven winds suffer from too strong radiative cool-
ing. Thus, we rule out models with Dy > 10?° cm? s~! and assume
that haloes are in this case advection dominated.

8 The ratio of ordered (vertical to the line of sight) magnetic field strength to
total magnetic field strength in late-type spiral galaxies is Bord, 1 /Biot = 0.3
with some fluctuations within the galaxies (maxima in the inter-arm regions,
minima in the spiral arms; Fletcher 2010). This is similar to what has been
found in radio haloes (see Section 3.1.3 for references). Hence, we expect
similar diffusion coefficients to what is found in galactic discs.
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Figure 4. NGC 4631. Reduced 2 of the advection model fitting in the thick disc as a function of magnetic field scale height and the advection speed. The
colour scale shows x% = x2, + XSzpix’ where 2, refers to the model intensity profile (Fig. 3c) and stpix refers to the spectral index profile (Fig. 3b). Solid lines

show x2, win + 1 and dashed lines show stpix,min + 1. The best-fitting models (with uncertainties) lie in the intersection of the two contours and are marked
by yellow stars. The left-hand panel is for the northern halo (z > 0) and the right one for the southern halo (z < 0). The red line shows the escape velocity near
the mid-plane (Vese = V2 x Viot)-

Table 7. Non-thermal intensity scale height zp at L and C band, advection speed V, diffusion coefficient Dy (D = Dongv), and magnetic field scale height

of the thin (hg) and thick disc (Ap>) in the northern (N) and southern (S) halo.

Galaxy 0 @WN g (CNP 2 (WSY 0@ hs (N ke (8 A (NE g (S VN V(Y
(kpc) (kpc) (kpc) (kpc) (kpc) (kpe) (kpc) (kpe)  (kms™h)  (kmsT')

NGC 55 203 +£ 146 172 £022 106 +£0.14 201 £071 03+01 02=+01 40773 25708 5020 10075
NGC253 126 4 007 1.14 £ 004 133 +£ 004 128 £0.02 N/A N/A 28702 3.0701 400130 500750
NGC891 133 £002 130 £0.02 125+001 124£003 01+01 02+01 30737 2573 6007350 600755
NGC3044 3.64 £095 147 £026 130£008 LI5+014 05£01 0501 45735 3007 2000720 20020
NGC3079 5.14 + 886 1.00 £ 0.19 341 £ 063 1.54+£010 12+01 1.0+01 4575 80755 30005  400%5)
NGC3628 123 + 005 1.16 £ 0.04 N/A 087 £0.02 01£01 0101 263 207F 250750 2507
NGC4565 190 + 0.10  1.63 £ 0.07 3.11 £ 0.66 175 £ 0.10 N/A 08 0.1 35700 40%02  500t50  250t10
NGC4631 224 £ 007 170 £ 005 147 £002 113 £002 0601 04£01 5079¢ 32700 3007 200739
NGC4666 151 £0.05 1.54+003 200 £008 170+011 05£01 05+01 3073 400 7007720 50075
NGCS5775 272 £0.12 127 £006 191 £0.12 203 £080 1.0+01 04 £01 7005 4073° 40070  4507+1%
NGC7090 207 £0.18 1.96 £ 050 153 £039 L14+044 06=£01 0401 5579 4533 20003 300050

NGC7462 1.62 £ 0.15 138 £ 003 150 £ 003 146 £ 001 N/A N/A 3.009 35707 <80 <100
hgy N)¥ hp2 (S Do (N)' Do (SY
(kpc) (kpc) (108 cm?s~1)

NGC 7462 3.0 3501 2210 2.670%
Notes. Values with “*+* or *__* have no upper or lower limits. Where no upper limit for V was measured, we use I, oc B!~ for freely escaping CREs to

estimate the lower limit of hp;.

“Non-thermal exponential (Gaussian for NGC 7462) intensity scale height at L band in the thick disc in the northern halo.
bNon-thermal exponential (Gaussian for NGC 7462) intensity scale height at C band in the thick disc in the northern halo.
“Non-thermal exponential (Gaussian for NGC 7462) intensity scale height at L band in the thick disc in the southern halo.
4Non-thermal exponential (Gaussian for NGC 7462) intensity scale height at C band in the thick disc in the southern halo.

“Magnetic field scale height in the thin disc in the northern halo. NGC 253, 4565, and 7462 have only a thick disc in the northern halo.
IMagnetic field scale height in the thin disc in the southern halo. NGC 253 and 7462 have only a thick disc in the southern halo.
8Magnetic field scale height in the thick disc in the northern halo.
"Magnetic field scale height in the thick disc in the southern halo.
Advection speed (diffusion coefficient for NGC 7462) in the northern halo.
JAdvection speed (diffusion coefficient for NGC 7462) in the southern halo.
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Figure 5. Parameter studies in log—log diagrams as a function of SFR, SFR surface density (Xspr), and rotation speed V;o. Top panels: non-thermal intensity
scale height (zp) at 5 GHz (8.5 GHz for NGC 5775) of the thick radio disc. Middle panels: magnetic field scale height (4p2) of the thick radio disc. Bottom
panels: advection speed (V), where solid lines show least-squares fits. In the bottom-right panel, the dashed lines show (0.5, 1, 2)x Veg. In each panel, we also
present Spearman’s rank correlation coefficient, ps, which we derived from values that have both upper and lower limits.

4.2 Non-thermal intensity scale heights

We find that the vertical non-thermal intensity profiles in seven out
of the 12 sample galaxies are better fitted by exponential rather
than Gaussian functions, where Xezxp — X&wss < —1 (NGC 55, 891,
3044, 3079, 3628, 4631, and 5775; the reduced x? values are
the average of the northern and southern halo at both frequen-
cies). In three galaxies, the fits are of equivalent quality, where
-1 < XEZXP — X&uss < 1 (NGC 253, 4565, and 7090). Only in one
galaxy, the Gaussian fits significantly better than the exponential
function, where X2, = XGauss = 1 (NGC 7462). In 10 out of the 11
exponential haloes (including the seven better and the three equiva-
lent fits), we also detect a thin disc component. Only in NGC 4565,
this is not the case, which we believe is due to a combination of
low spatial resolution and disc intensity (NGC 4565 has the lowest
average surface intensity). We detect a thick disc in the Magellanic-
type galaxy NGC 55 (Appendix D), the first report of a radio halo
in this galaxy.

Averaged across the sample, the exponential scale height of the
thin disc is 0.41 £ 0.21kpc at 1.4 GHz and 0.25 4+ 0.13kpc at
5 GHz. The scale height of the thick disc is 1.33 £ 1.25kpc at
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1.4 GHz and 1.22 + 0.43 kpc at 5 GHz; these values are in excellent
agreement with those of Krause et al. (2017). We found a large
variety of scale heights at 1.4 GHz ranging between 1.2 and 2.7 kpc
(excluding values with fractional errors larger than 10 per cent). At
5 GHz, the scale heights of the thick disc vary between 0.9 and
2.0kpc. In NGC 7462, we find only a thick Gaussian disc with a
scale height of ~1.5 kpc at both 1.4 and 5 GHz.

In Fig. 5, we show the dependence of the 5-GHz intensity scale
heights as a function of the SFR, Xgrr, and V.. These are log—
log diagrams so that we can fit linear functions to them, which
are representative of power laws. We find no correlation between
the intensity scale height and either parameter (Spearman’s rank
correlation coefficient |ps| < 0.33). Full results of the scale height
fitting are presented in Appendix B.

4.3 Non-thermal radio spectral indices

We find that in those seven galaxies that have both a thin and
a thick disc, the vertical non-thermal radio spectral index profile
shows the thin and the thick disc clearly separated as well (NGC
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55, 891, 3044, 3628, 4631, 5775, and 7090). The exceptions are
NGC 253, 4565, and 4666, where the thin and the thick disc are
difficult to separate in the intensity profiles. This is caused by either
low inclination angles (<79° in NGC 253 and 4666) or low spatial
resolution (2.1 kpc in NGC 4565). In NGC 3079, we can separate
the thin and the thick disc in the intensity profile, but the slope of
the spectral index profile in the thick disc is so high that there is no
visible transition from the thin to the thick disc. Even though we
have masked the nuclear outflow, it is possible that additional diffuse
emission associated with it can contaminate our radio continuum
emission. Since this is more pronounced at L band, where the scale
heights in the thick radio discs are the largest in our sample, old
CREs, possibly stemming from an earlier episode of AGN activity,
could be responsible for this emission. Such emission can also
be explained as the result of jet interactions with clumpy media
(Middelberg et al. 2007), which can contaminate the radio emission
around the thin/thick disc transition. In all galaxies, the non-thermal
radio spectral index in the thick disc varies between —1.4 and —1.0,
showing that spectral ageing of the CREs plays an important role in
the halo.

The integrated non-thermal radio spectral indices range from
—1.3 (NGC 7462) to —0.6 (NGC 55). The significance of the inte-
grated non-thermal spectral index is that we can infer which energy
losses of the CREs are dominating. If synchrotron and IC radiation
losses are important, the CRE spectrum is N(E, z) oc E~ i~ If,
on the other hand, adiabatic losses dominate or the CREs escape
freely, the CRE spectrum is unchanged from the injection spectrum
with N(E, z) «« E7" (Lisenfeld & Volk 2000; Longair 2011). In
case radiation losses are important, a galaxy is referred to as an elec-
tron calorimeter, where the CREs are losing their energy before they
can escape through radiation and ionization losses (Yoast-Hull et al.
2013).

This shows that NGC 55 is not an electron calorimeter, whereas
NGC 7462 is one. NGC 55 is a Magellanic-type dwarf irregular
galaxy and possibly has a strong wind, similar to the starburst
dwarf irregular galaxy IC 10 (Chyzy et al. 2016). On the other
hand, NGC 7462 is diffusion dominated (no wind) and all the CREs
are confined in the halo, leading to high CRE radiation losses. Our
finding that galaxies have galactic winds means that galaxies are in
general not electron calorimeters. This has some consequences for
the radio continuum—SFR relation and its close corollary the radio
continuum—far-infrared relation, which we discuss in Section 5.2.

4.4 Magnetic field scale heights

In the thin disc, magnetic field scale heights range from 0.1 kpc in
NGC 3628 to 1.2kpc in NGC 3079. Averaged across the sample,
the magnetic field scale height in the thin disc is 0.50 £ 0.32kpc
(assuming an error of 0.1 kpc for each measurement). In the thick
disc, we find scale heights between 2 kpc in NGC 3628 and 8 kpc
in NGC 3079. In Fig. 5, we show that the magnetic field scale
height of the thick disc does not depend on either SFR, X, or
Viot- The magnetic field in the halo must be regulated by some-
thing else than the wind driven by the star formation in the disc.
Maybe the geometry plays a role, as for instance predicted by the
flux tube model used in the aforementioned 1D cosmic ray-driven
wind models. The large scale heights in NGC 3079 can possibly
be explained by the strong interaction of this galaxy with nearby
group members (Shafi et al. 2015). Tidal interaction can ‘puff’ up
the thin and the thick discs by inflating the warm neutral medium,
which in our picture results in a larger magnetic field scale height.
Alternatively, the prominent starburst/AGN-driven nuclear outflow
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advects cosmic rays and magnetic fields, so that the magnetic field
extends further into the halo (Cecil et al. 2001; Middelberg et al.
2007).

Averaged across our sample, the magnetic field scale height in
the thick disc is 3.0 = 1.7 kpc. Compared with the magnetic field
scale height predicted by energy equipartition, g & 4 - 75 (Where 7
is the 5-GHz intensity scale height) for o, & —1, the magnetic field
scale height in the thick disc is 35 per cent lower. This is because
the vertical decrease of the CRE number density is smaller than that
of the magnetic field energy density (fig. 10 in HD16).

4.5 Advection speeds

The advection speeds range from 100kms~! in NGC 55 to
700kms~! in NGC 4666. The advection speeds rise as V o
SFR3#006 and V o £032 %% as shown in Fig. 5. We found Spear-
man’s rank correlation coefficients of p, = 0.92 and 0.82, respec-
tively; for this we used a least-squares fitting routine in the log—log
diagram, taking only data points with both upper and lower limits
into account (that have no arrows in Fig. 5). These correlations are
robust with respect to performing the ‘jackknife’ test, where we
leave out NGC 55, the galaxy with the lowest SFR. We find an-
other possible correlation with V,., which is, however, not robust
to the jackknife test. We need more observations of dwarf irregular
galaxies to measure winds in them. A correlation between advection
speed and SFR has been suggested earlier based on the observation
that the 5-GHz radio continuum scale height is almost constant and
does not depend on the magnetic field strength in the mid-plane
(Krause 2015). If one assumes that the scale height is a function
of the CRE lifetime, neglecting the influence of the magnetic field,
then scale height scales as ocB,’ I3 where it is also assumed that syn-
chrotron losses are dominating over IC losses (Appendix A). If one
now uses that the magnetic field strength scales as By o« SFR? (e.g.
Heesen et al. 2014), one can conclude that the scale height scales
as o« SFR™%3. Hence, in order to have a constant scale height, the
advection speed has to scale as V « SFR%3 (Krause 2015). In re-
ality, the magnetic field scale height also plays a role, so that the
scaling is somewhat less with the SFR, but the general idea is a
valid one.

The advection speeds lie within the range 0.5 < V/V¢ < 2
(including the uncertainties), where Vs, = V2 x Viot 18 the escape
velocity near the mid-plane (further away from the disc, in the
dark matter halo, the escape velocity is higher). In NGC 7462,
where diffusion dominates, we can calculate an upper limit for the
advection speed, by comparing how much advection can contribute
at most. This can be done either analytically using equation (7),
inserting s, = 2.5 kpc, the CRE scale height in NGC 7462 (fig. 10
in HD16), or numerically by comparing profiles of the CRE number
density. Both ways give a similar result, namely that the upper limit
for the advection speed in NGC 7462 is between 80 and 100km s~!.

Are we tracing really disc winds, or are the radio haloes only
extensions to the nuclear outflows seen in galaxies with nuclear
starbursts or AGNs? A case in point is NGC 3079, a galaxy with a
low-luminosity AGN. On the northern side of the galaxy, a nuclear
outflow is detected with an outflow speed of the warm ionized gas
of up to 21000 kms~' (Cecil et al. 2001). There is also a nuclear
outflow on the southern side, which can be seen only in the radio
continuum due to absorption by dust of the optical emission. A
similar outflow, albeit less prominent in the radio continuum, can
be seen in the nuclear region of NGC 253 (Heesen et al. 2011;
Westmoquette et al. 2011). Here, the nuclear outflow speed is of
the order of ~300kms~!, traced by the Doppler shift of the warm
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ionized gas. The other galaxies in our sample have not been studied
in detail with regard to their nuclear outflows, although the study by
Ho et al. (1997) of the [N 1] emission line offers some clues. Our
samples have in common NGC 891, 3079, 3628, 4565, 4631, and
5775. Their line widths are all smaller than our advection speeds,
with the exception of NGC 3079. In NGC 891, 3628, and 5775,
the line-width equivalent velocity is less than 50 per cent of our
advection speed. Studying nuclear outflows and determining their
kinematics is very challenging and is usually based on the pres-
ence of unusually broad or shifted lines (or lines with excess wing
emission). Even when such features are identified, it is extremely
difficult to distinguish between rotation, inflow, or outflow (often
outflows are inferred from the presence of velocities exceeding the
escape velocity of the host galaxy). Hence, it is not possible to com-
pare the properties of nuclear outflows and disc winds in detail for
our sample.

5 DISCUSSION

5.1 Cosmic ray-driven winds

Our result of increasing advection speeds as a function of the SFR
is also observed in studies of other low-redshift galaxies, where the
wind speed of either the warm ionized gas (e.g. Arribas et al. 2014;
Heckman etal. 2015; Heckman & Borthakur 2016) or the neutral gas
(e.g. Martin 2005; Rupke, Veilleux & Sanders 2005) is measured.
This can be explained by a star formation-driven wind due to a
combination of a hot wind fluid driven by the thermalized ejecta of
massive stars and radiation pressure. Another explanation is cosmic
ray-driven winds, where the cosmic ray pressure (via Alfvén waves)
in conjunction with the pressure of the thermal gas pushes the
material outwards. Hybrid forms of winds are also possible. Cosmic
ray-driven winds are predominant for galaxies with low X gr, where
the pressure of the thermal gas alone is insufficient to launch a wind
(Everett et al. 2008). The influence of the cosmic ray pressure
can be tested with our observations: the magnetic field strength in
galaxies scales as B oc SFR%30+092 (Heesen et al. 2014), similar
to the relation of the advection speeds, which is V oc SFRO-36+0:06,
Hence, the magnetic field strength and the advection velocity are
nearly proportional to each other. This also means that V? oc B2,
so that the kinetic energy density of the wind Uy, = (1/ 2)pV? is
proportional to the magnetic energy density Ug = B2 /(87); here, p
is the density of the hot ionized gas. This may tell us that the wind
is driven by cosmic rays, which are roughly in equipartition with
the magnetic field.

Another important result is the remarkable agreement between
advection speeds and escape velocities. Again, this can be explained
by cosmic ray-driven winds. Initially, the wind speed is below the
sound speed of the combined thermal and cosmic ray gas (the so-
called compound sound speed), but the flow accelerates in the halo
where it goes through the critical point (Mach number M = 1)
at a distance of a few kpc away from the disc. Eventually, the
wind accelerates further to reach an asymptotic velocity of a few
times the escape velocity (Breitschwerdt et al. 1991; Everett et al.
2008). Wind speeds of the order of the escape velocity are also pre-
dicted for pressure-driven galactic winds without the contribution
from cosmic rays (Murray, Quataert & Thompson 2005; Heckman
et al. 2015; Heckman & Borthakur 2016). The accelerating force
in momentum-driven winds is a combination of radiation pressure,
ram pressure from galactic winds, and non-thermal pressure due to
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magnetic fields and cosmic rays.’ It is an intriguing possibility that
galactic winds are driven by the combined pressure supplied by star
formation (via SN ejecta and stellar winds) and cosmic rays.

Within the critical point, the compound sound speed can be ap-
proximated by (Breitschwerdt et al. 1991)

1 72

Cgomp ~ Egeffzifv (8)
where g is the gravitational acceleration in the halo, Z; is the
height where the flow becomes spherical, and z. is the height of the
critical point. The gravitational acceleration can be approximated
by gefr & V2, /7. because the flow emanates as a disc wind from
radii with active star formation (r < r,). We do not know where
the critical point lies, but it must be of the order of the magnetic
field scale height since our outflow speeds are already exceeding the
escape velocity. Hence, setting z. ~ hg, we find for the compound
sound speed

Zy
Ceomp = Vo - 7m~

With r, &~ 10kpc, Zy ~ 15kpc, and hg ~ 3kpc, we find ccomp ~
2 + Vi, in good agreement with our advection speeds. While the
exact numerical value of equation (9) is uncertain, the prediction is
that the advection speeds of cosmic ray-driven winds scale with the
rotation speeds and are similar to the escape velocities.

The particular value of our radio continuum observations lies
in the fact that we can measure wind speeds for galaxies with
Zsrr < 0.3 x 107! M yr~! kpe™2, whereas conventional absorp-
tion and emission line studies have so far focused on galaxies
exceeding this limit. All of our sample galaxies fulfil Xgpr >
107 M@ yr~'kpc™2, for which Rossa & Dettmar (2003a) de-
tect extra-planar diffuse ionized gas (eDIG). Only in NGC 7462,
which has Zgpr = 1.6 x 107 M yr~! kpe™2, we find a diffusion-
dominated halo. This galaxy is only marginally above the Xgpr
threshold. This leaves the possibility that galaxies with no eDIG are
diffusion dominated and have no outflows in them, whereas galax-
ies with eDIG are advection dominated and have outflows. We need
to extend this kind of study to galaxies with lower Xgpg to confirm
this theory.

&)

5.2 Radio-SFR relation

Radio continuum emission in galaxies emerges from two dis-
tinct processes: thermal free—free (bremsstrahlung) and non-thermal
(synchrotron) radiation. Both are related to the formation of mas-
sive stars. UV radiation from massive stars ionizes the ISM, which
gives rise to the free—free emission. The explanation of the non-
thermal radio continuum emission (which dominates at frequencies
below 230 GHz) is more involved: massive stars end their lives as
SNe. When the blast wave of the explosion reaches the ISM, strong
shocks are formed, which accelerate protons, nuclei, and electrons.
The CREs spiral around the interstellar magnetic field lines, thereby
emitting highly linearly polarized synchrotron emission. The rela-
tion between the radio continuum luminosity of a galaxy and its SFR
(in the following, the radio—SFR relation) is due to the interplay of
star formation, CREs, and magnetic fields.

9 Pressure-driven winds are also sometimes referred to as momentum-driven
winds in the literature. In our case, the cosmic ray-driven wind implicitly
means a momentum-driven wind since the cooling of the thermal gas is so
strong that the influence of the cosmic ray pressure becomes important.
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The radio—SFR relation is very tight, as Heesen et al. (2014)
have shown: using the relation of Condon (1992), and converting
1.4-GHz radio luminosities into radio-derived SFRs, they found
agreement within 50 per cent with state-of-the-art star formation
tracers, such as FUV, He, and mid- or far-infrared emission. An
even better agreement can be achieved if the radio spectrum is inte-
grated over a wide frequency range (‘bolometric radio luminosity’;
Tabatabaei et al. 2017). Moreover, these authors found that the radio
luminosity is a non-linear function of the SFR, as predicted by the
model of Niklas & Beck (1997) as detailed below. In radio haloes,
the spatially resolved radio—SFR relation is super-linear as well if
we take the A850-um far-infrared emission as a proxy for the SFR
(Irwin et al. 2013).

It has been realized early on (Condon 1992) for the non-thermal
radio continuum emission to be related to the SFR that (i) the CREs
have either to emit all their energy within a galaxy, so that the
galaxy constitutes an electron calorimeter; (ii) or the cosmic rays
have to be in energy equipartition with the magnetic field and there
is a magnetic field—SFR or magnetic field—gas relation (Niklas &
Beck 1997). Model (i) predicts a linear non-thermal radio—SFR
relation, and model (ii) a non-linear one. Present-day observations
of spiral galaxies favour model (ii), which is expected since galaxies
in general are not electron calorimeters. Electron calorimetry might
hold at best in starburst galaxies, but almost certainly not in low-
mass dwarf irregular galaxies, which lose a large fraction of their
CREs in galactic winds and outflows (e.g. Chyzy et al. 2016).

We can now confirm that even normal massive late-type spiral
galaxies do have such outflows, which can reasonably explain why
energy equipartition is found in them. In this picture, the SFR de-
termines the magnetic field strength. The model by Niklas & Beck
(1997) uses the elegant way of assuming a magnetic field—gas rela-
tion (the turbulent energy density of the magnetic field is equivalent
to the magnetic field energy density), from which the magnetic
field—SFR relation is the result of the Kennicutt—Schmidt relation.
Then, a galaxy can only store as many cosmic rays as the magnetic
field can contain. If the cosmic ray pressure becomes too high, the
buoyant cosmic ray gas will escape together with the magnetic field
from the galaxy. Cosmic ray-driven winds serve thus as a ‘pressure
valve’ that allows overabundant cosmic rays to escape and thus
preserve the energy equipartition with the magnetic field.

5.3 Magnetic field uncertainties

The largest source of uncertainty in our study stems from the esti-
mate of the magnetic field strength assuming energy equipartition.
This assumption is supported by the observed relation between ra-
dio continuum luminosity and SFR (Section 5.2). Non-calorimetric
models require energy equipartition, while calorimetric models are
not in good agreement with the observations (Niklas & Beck 1997;
Heesen et al. 2014; Li et al. 2016). Nevertheless, it is interesting to
note what happens when we increase or decrease the magnetic field
strength by a factor of 2. Because the typical halo magnetic field
strength is Bpao & 3 UG, the IC losses in the radiation field of the
CMB become comparable to the synchrotron losses of the CREs
(the CMB equivalent magnetic field strength is Bevp = 3.2 uG).
The CRE lifetime, as determined by synchrotron and IC radiation
losses, can be expressed by (HD16)

. o5 B ~15 Ua\ !
o = 34.2 2 1 Myr.
a=3 (1GHZ> (10;@) ( * UB) "

(10)
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If we now decrease and increase the magnetic field strength by a
factor of 2, we have By, = 1.5 UG, Bhao = 3.0 uG, and Byyjo + =
6.9 uG. Inserting this into equation (10) and neglecting the radiation
energy density from the star-forming disc, so that U,y = Ucms =
3.2 uG)z/(STt), we find .0 - = 90, traqa = 75, and £, + = 48 Myr.
Hence, for the lower magnetic field strength, the advection speed
increases by 20 per cent, whereas for the higher magnetic field
strength, the advection speed increases by 60 per cent. In summary,
the uncertainty of the magnetic field strength provides lower limits
for the advection speeds. Even if the magnetic field strength is in
reality a factor of 2 lower, the advection speed decreases only little
since the IC losses are compensating for the smaller synchrotron
losses.

6 CONCLUSIONS

In this paper, we present radio continuum observations of 12 nearby
(D = 2-27Mpc) edge-on galaxies at two different frequencies,
namely at 1.4 and 5 GHz (one galaxy at 8.5 GHz instead of 5 GHz).
Our sample includes 11 late-type spiral (Sb or Sc) galaxies and
one Magellanic-type barred galaxy (SBm), which are all highly in-
clined (i > 76°). The angular resolution of our maps varies between
8.25 and 41.1 arcsec, which corresponds to spatial resolutions at the
distances of the galaxies between 0.4 and 2.1 kpc. We subtracted
the thermal radio continuum emission using Balmer H o maps (or
Spitzer 24-pum maps, scaled to Ha) to study the non-thermal ra-
dio continuum emission in the halo (where internal absorption by
dust can be neglected). We fitted the vertical intensity profiles with
exponential and Gaussian functions, correcting for the effective
beam (the combined effect of angular resolution and projection).
The intensity model profiles and the spectral index profiles in the
halo (|z] 2 1kpc) were then fitted with 1D cosmic ray transport
models from the software SPINNAKER. In this way, we simultane-
ously measured CRE advection speeds (or diffusion coefficients)
and magnetic field scale heights. These are our main conclusions.

(i) We discover a previously unknown radio halo in the
Magellanic-type galaxy NGC 55 (see Appendix D). This galaxy
is hence another example of a dwarf irregular galaxy with a non-
thermal outflow.

(i) In seven out of 12 galaxies, we find exponential vertical
intensity profiles and only in one galaxy we find a Gaussian profile.
The profiles in the remaining galaxies can be equally well described
by either an exponential or Gaussian distribution. We conclude that
vertical intensity profiles in the thick radio discs are predominantly
exponential.

(iii) In 11 out of 12 galaxies, we find a thin disc in addition
to a thick disc. Averaged across the sample, the thin disc has
an exponential scale height of 0.41 £+ 0.21kpc at 1.4 GHz and
0.25 £ 0.13 kpc at 5 GHz. The thick disc has an exponential scale
height of 1.33 £ 1.25kpc at 1.4 GHz and 1.22 + 0.43 kpc at 5 GHz.

(iv) The magnetic field in the thin disc has a scale height of
0.50 =+ 0.32 kpc. This is in approximate agreement with the expected
value if the magnetic field is in pressure equilibrium with the warm
neutral medium (H1 disc).

(v) The vertical spectral index profiles show a clear separation
between the thin and the thick disc in those cases where we see
the separation also in the intensities (i > 85°, resolution <1 kpc).
The spectral index profiles at |z| = 1kpc are linear as expected
for cosmic ray advection. Only NGC 7462 shows the parabolic
shape expected for diffusion. The spectral index separation shows
two different CRE populations in the disc and halo. If superbubble
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breakout is responsible for the separation, we would expect the
transition to be happening at 0.5-1.5 kpc (three times the H1 scale
height).

(vi) The magnetic field scale height in the thick disc across our
sample is 3.0 &= 1.7 kpc. In individual galaxies, it is not correlated
with either SFR, Xggg, or V.

(vii) In 11 out of 12 galaxies, we find advection-dominated
haloes. The advection speeds correlate as V oc SFR%3%£0:06 and
V x Egggio.oe and agree remarkably well with the escape velocity
(0.5 < V/Ve < 2). The scaling relations and the good agreement
with the escape velocities can be explained by cosmic ray-driven
winds, with the pressure supplied by star formation (via SN ejecta
and stellar winds) and/or by cosmic rays (via Alfvén waves).

(viii) Radio haloes show the existence of disc winds that ex-
tend over the star-forming disc with an extension of several kpc
at least. Cosmic rays are important to launch these winds, be-
cause averaged over the full extent of the disc, the Xgpg is low.
In our sample, 1073 < Ysrr/ Mg yr‘l kpc_z) < 107!, where we
detect advective haloes in 11 out of 12 galaxies. The transition
from diffusion- to advection-dominated haloes possibly happens at
Ter = 1073 Mgp yr" kpc‘z, above which galaxies have winds, in
agreement with the detection of eDIG in their haloes.

Our study demonstrates the usefulness of radio continuum ob-
servations to study galactic winds, complementary to spectroscopic
studies of optical and FUV emission and absorption lines. As a next
step, it would be desirable to repeat this kind of analysis for a larger
sample of late-type spiral galaxies such as from the CHANG-ES
survey (Irwin et al. 2012; Wiegert et al. 2015) and to include dwarf ir-
regular galaxies such as from the LITTLE THINGS survey (Heesen
et al. 2011; Hunter et al. 2012). Furthermore, low-frequency radio
continuum observations with LOFAR (van Haarlem et al. 2013) will
allow us to trace the oldest CREs far away from the galactic disc,
of which early results show a prominent radio halo in NGC 5775
(Heald, Williams & Sridhar 2016).
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APPENDIX A: PHYSICAL PARAMETERS

In order to calculate the synchrotron and IC losses of the CREs, we
need to make estimates of both the magnetic field strength and the
radiation energy density. The magnetic field strength is calculated
assuming energy equipartition between the cosmic rays and the
magnetic field using the revised equipartition formula of Beck &
Krause (2005). We calculate the radio continuum surface intensity
I} = S /(7tr?) (using the 1.4-GHz flux densities) and use this as
an input for the program BFIELD, assuming a path-length of 1kpc,
an inclination angle of i = 0°, a polarization degree of 10 per cent,
a proton-to-electron ratio of Ky = 100, and a non-thermal radio
spectral index of ar,; = —1.'° Resulting magnetic field strengths in
the mid-plane are tabulated in Table 6.

The IRF radiation energy density is the sum of the starlight radi-
ation energy density and the total infrared radiation energy density
from dust. Following Draine (2011), the starlight radiation energy
density is scaled to the total infrared radiation energy density as
Ugar = 1.73 x Urg, so that we find the IRF energy density as
Urr = Urir + Ugar = 2.73 x Urr.'! The total infrared radiation
energy density is then calculated as Urr = L1ir /(27trfc), where
Lrr is the total infrared luminosity and c is the speed of light:

Ltr (1043 erg s7! )

—13 N
Urr(10” " ergem ") = 175 x 72 (kpo)?

(AD)
The total infrared luminosities are derived either from Spitzer (if
available) or IRAS data using the prescriptions by Dale & Helou
(2002). The Spitzer flux densities are from Engelbracht et al. (2008,
NGC 3079) and Dale et al. (2009, NGC 4631 and 7090). The IRAS

10The program BFELD is available at http:/www3.mpifr-bonn.mpg.de/
staff/mkrause/

''In Draine (2011), the ratio of 1.73 of stellar radiation energy density to
far-infrared radiation energy density is presented. We have used the total
infrared luminosity instead in order to also include the emission from the
hot dust.
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flux densities are from Rice et al. (1988, NGC 55), Soifer et al.
(1989, NGC 3044), Moshir et al. (1990, NGC 7462), and Sanders
et al. (2003, NGC 253, 891, 3628, 4565, 4666, and 5775).

The ratio of IRF to magnetic field energy density Urg/Us,
with Ug = Bg /(8m), is assumed to be constant everywhere and
lies between 0.02 (NGC 7462) and 0.25 (NGC 253). The to-
tal radiation energy density is then U,,q = Urg + Ucwmp, Where
Ucmp = 4.1 x 10713 ergem ™3 is the radiation energy density of the
CMB. The ratio of radiation energy density to magnetic energy den-
sity is then also the ratio of IC to synchrotron losses. In our sample
galaxies, the ratio lies between 0.15 (NGC 3079) and 0.30 (NGC
253); hence, synchrotron losses dominate. We tabulate the radiation
energy densities in Table 6.

APPENDIX B: INTENSITY MODELS

Following Dumke et al. (1995), we used analytical functions that
allow the fitting of vertical radio continuum emission profiles with
one- or two-component Gaussian or exponential functions, where
the instrumental PSF is assumed to be of Gaussian shape, which is
exact for interferometric maps (synthesized beam). In addition to
the PSF, a correction for projected disc emission can be added, for
instance by fitting a Gaussian and adding the FWHM in quadrature.
‘We have done this, so that the combined resolution is FWHM_ o, =
\/ FWHM?2 + (cos(i) - FWHMgi.)2. The effective beam size is
then b = 0.5 - FWHM_omp/+/2In(2) ~ 0.425 - FWHM_ . The ef-
fective beam sizes for our sample galaxies can be found in
Table B1. For an exponential profile, we fit the following function:

2
wo Z
Wexp(2) = 5 &P (—ﬁ)
X |exp (L - ZZO)Z erfc (L _ ZZO)
V2bz V2bzo
b? ’ b?
4 exp<ﬂ) erfec (ﬂ) , B1)
V2bzy V2bzo
where b is the effective beam size, wy is the maximum of the distri-

bution, and z is the (exponential) scale height. We have introduced
the complementary error function as

erfe(x) = 1 — erf(x) = % / ” exp(—r2)dr. (B2)
0

Table B1. Effective beam sizes.

Galaxy i FWHMg;sc FWHM_omb b
) (kpe) (kpe) (kpe)
N 55 85.0 22 0.44 0.18
N 253 78.5 6.5 1.43 0.60
N 891 89.0 11.6 0.91 0.38
N 3044 90.0 3.8 0.73 0.31
N 3079 88.0 9.0 0.88 0.37
N 3628 87.0 12.0 0.95 0.40
N 4565 90.0 40.0 1.62 0.68
N 4631 85.0 6.3 0.97 0.41
N 4666 76.0 11.0 3.39 1.42
N 5775 84.0 15.0 1.93 0.81
N 7090 89.0 5.5 0.74 0.31
N 7462 90.0 5.5 0.95 0.40
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Table B2. Exponential (top half of the table) and Gaussian (bottom half) fits to the vertical profiles of the non-thermal radio continuum intensities. In the
top half of the table, w20n1, w20n2, w20s1, and w20s2 are the intensities at v; (1.4 or 1.5 GHz) in the northern and southern halo for the thin and the thick
disc, respectively. Similarly, wonl, wén2, wésl, and wo6s2 are the values at v, (mostly ~5 GHz, except N 5775 where v, = 8.46 GHz). The corresponding
exponential scale heights are /20n1, h20n2, h20s1, and h20s2. In the bottom half of the table, the analogue values with an additional ‘g’ are presented for
Gaussian fits to the intensities. Reduced x are also presented for each fit.

Galaxy w20n1 w20n2 h20n1 h20n2 x> wonl wbn2 hoénl h6n2 x>
(1ly beam ™) (kpe) (1uly beam ™) (kpe)

N 55 6048 + 233 292 + 239 0.36 £ 0.03 2.03 + 1.46 0.63 3807 + 51 260 + 37 022 + 001 172 £ 022 041
N 253 - 16991 + 1242 044 + 0.06 1.26 + 0.07 5.86 - 6023 + 389 038 £ 0.06 1.14 £ 0.04 5385
N 891 33576 + 5493 11463 + 493 0.10 £ 0.05 1.33 £ 0.02 1.59 17675 £+ 7801 3258 £ 137  0.11 £ 0.05 1.30 £ 0.02 0.82
N 3044 2481 + 58 113 + 25 0.60 + 0.30 3.64 £+ 0.95 0.39 1351 + 90 202 + 63 032 £ 004 147 £026 0.75
N 3079 3598 + 106 111 £ 149 0.77 £ 0.05 5.14 £+ 8.86 0.13 1051 + 254 519 +£ 311 043 £ 0.11 1.00 £ 0.19 0.22
N 3628 7950 £ 1503 2949 + 208 0.10 &£ 0.10  1.23 £ 0.05 1.63 4160 £ 506 932 £ 63 0.10 £ 0.10 1.16 £ 0.04 1.40
N 4565 - 1799 + 164 - 1.90 + 0.10 5.00 - 689 + 44 - 1.63 + 0.06 2.08
N 4631 31222 + 1567 6085 + 387 047 £ 0.03 2.24 £+ 0.07 048 16976 + 1112 2469 + 158 033 £ 0.02 1.70 £ 0.05 0.60
N 4666 13439 + 4252 16167 + 1509 0.41¢ 1.51 + 0.05 0.69 18535 £+ 918 3714 £ 171 0.23¢ 1.54 + 0.03 0.13
N 5775 5364 + 164 968 £ 97 0.70 &£ 0.03 2.72 £ 0.12 0.21 5827 + 538 560 + 56 0.10 £ 030 1.27 £ 0.06 0.96
N 7090 1585 + 201 616 + 76 031 £ 0.07 2.07 £ 0.18 0.93 576 £ 85 124 + 44 032 £ 0.09 196 £ 0.50 2.23
N 7462 - 864 + 50 - 0.99 £ 0.04 1.72 - 223 +£ 17 - 0.86 +£ 0.06 2.31

w20s1 w20s2 h20s1 h20s2 x> wos1 wos2 h6s1 h6s2 x>
N 55 5067 £ 809 1859 + 401 0.20 £ 0.05 1.06 £ 0.14 2.15 4136 £ 602 231 £ 71 0.17 £ 0.02 2.01 £0.71 3.92
N 253 - 15587 + 625 0.44 +£ 0.06 1.33 £ 0.04 1.70 - 5484 + 172 038 £ 0.06 1.28 £ 0.02 1.47
N 891 43174 £ 2381 9433 + 195 0.10 £ 0.05 1.25 £+ 0.01 0.33 13587 + 3081 2797 £ 169  0.18 &£ 0.04 1.24 £ 0.03 1.11
N 3044 1786 £+ 106 849 + 125 0.38 &£ 0.05 1.30 £ 0.08 0.30 1223 + 76 318 + 90 0.33 £ 0.05 1.15 +£0.14 044
N 3079 3511 + 182 513 + 143 0.72 £ 0.07 341 £ 0.63 0.98 1100 £ 61 447 £ 74 049 £ 0.05 1.54 £0.10 0.24
N 3628 5082 + 371 56 + 238 0.73 £ 0.12 594 + 4.e5 3.13 3296 + 374 1229 + 64 0.10 £ 0.10 0.87 £ 0.02 0.57
N 4565 1531 + 312 505 + 159 0.80 £ 0.80 3.11 £ 0.66 3.71 696 + 177 500 + 47 0.25 1.75 £ 0.10 091
N 4631 26395 £ 1537 14554 + 476 0.32 £ 0.02 147 £+ 0.02 0.11 17953 + 3730 6752 £ 362 0.19 £ 005 1.13 £0.02 0.53
N 4666 25119 + 3712 9393 + 967 0.41¢ 2.01 + 0.08 1.06 17737 £ 3418 3487 + 569  0.23¢ 1.70 £ 0.11  2.20
N 5775 6593 + 2164 1857 + 293 035 £ 0.15 191 £ 0.12 2.21 7993 + 318 269 + 25 0.10 £ 0.30 2.03 £ 0.80 0.62
N 7090 1500 £ 129 443 + 27 040 £ 0.06 1.53 £+ 0.39 1.96 439 + 53 148 £ 13 029 + 0.10 1.14 £ 044 2.17
N 7462 - 1164 £+ 103 - 0.88 £+ 0.05 4.59 - 257 £ 27 - 0.90 + 0.08 5.52

w20gnl w20gn2 h20gn1 h20gn2 x> wognl w6gn2 h6gnl h6gn2 x>
N 55 3877 + 178 568 £+ 69 0.51 £ 0.02 1.71 £ 0.11 0.91 2364 £+ 157 211 £ 19 0.39 £ 0.02 2.09 £ 0.14 1.51
N 253 8944 + 5027 3323 + 5474  1.57 £ 050 292 £ 1.25 3.64 3666 + 439 994 + 439  1.27 £ 021 3.16 £ 047 6.03
N 891 13568 + 2341 3444 £+ 275 0.71 £ 0.10  3.10 £+ 0.07 5.23 6408 £ 910 1007 £ 70 0.60 &£ 0.07 299 £ 0.07 3.54
N 3044 1561 £ 110 255 + 46 0.84 +£ 0.06 2.67 £ 0.23 2.20 920 £ 90 125 + 20 0.55 £ 0.05 238 £0.21 2.10
N 3079 2208 + 164 646 + 99 0.86 + 0.07 244 + 0.15 1.34 928 + 29 222 + 17 0.67 £ 0.03 2.04 £ 0.06 0.18
N 3628 4650 + 1512 1329 + 135 0.37 £ 0.14 2.35 £ 0.11 3.57 2959 + 1327 423 £+ 33 0.24 £ 0.11 2.24 £ 0.08 2.47
N 4565 - 1243 £ 92 - 2.15 £ 0.14 2.74 - 494 £ 39 - 1.65 £ 0.13  1.72
N 4631 19405 £ 1910 2617 + 200 0.99 +£ 0.06 4.33 £ 0.14 3.80 9677 £ 1201 891 + 83 0.76 £ 0.06 3.60 £ 0.14 4.80
N 4666 19698 + 1657 3949 + 198 0.96 + 0.10 3.81 £ 0.05 0.11 7709 + 877 720 £ 116  1.07 £ 0.14 411 £ 0.19 0.61
N 5775 3609 + 246 446 + 40 1.30 £ 0.08 5.14 £ 0.21 1.71 3742 + 1744 204 £+ 11 024 + 0.12 277 £ 0.06 0.24
N 7090 1172 £ 47 353 £ 11 0.62 £ 0.03 3.27 £ 0.07 0.28 398 + 28 74 £ 7 0.60 &£ 0.04 3.10 £ 0.19 097
N 7462 - 536 + 77 - 1.62 £ 0.15 139 - 149 + 4 - 1.38 £ 0.03 047

w20gs1 w20gs2 h20gs1 h20gs2 x> wogsl wbgs2 hogs1 h6gs2 x>
N 55 3728 + 423 947 + 96 040 £ 0.04 1.84 £ 0.11 2.84 2630 + 453 188 + 33 0.30 £ 0.04 2.26 +£ 0.35 7.23
N 253 6561 £ 1213 5426 + 1456 122 £ 024 2.74 £ 0.23 0.82 3296 + 146 1231 £ 99 1.19 £ 0.06 3.22 £ 0.09 0.74
N 891 13171 £ 2308 2421 + 236 0.75 £ 0.10  3.06 £ 0.08 6.90 6241 £ 832 783 £ 65 0.65 £ 0.07 293 £ 0.08 3.95
N 3044 1476 £ 73 372 £ 23 0.69 £ 0.03 2.50 £+ 0.07 0.68 905 + 60 155 +£ 18 0.57 £ 0.04 2.15 £ 0.13 1.05
N 3079 2284 + 184 400 + 41 1.17 £ 0.07 4.62 + 0.27 291 885 £+ 71 198 + 24 0.85 £ 0.07 3.00 £ 0.17 1.69
N 3628 3792 + 1026 1389 + 252 047 £ 0.16 192 £ 0.14 4.61 1890 + 252 427 £ 32 040 £ 0.06 1.89 £ 0.06 0.98
N 4565 1201 + 80 1.77 £ 0.09 1.68 522 £ 62 1.21 £ 0.17 222

N 4631 20322 £ 2099 5066 + 430 0.83 £ 0.08 3.12 &+ 0.10 2.50 10913 + 837 1949 £ 107  0.65 £ 0.04 262 £ 0.05 1.14
N 4666 25617 £ 6272 3132 £ 215 0.74 £ 020 4.52 + 0.10 0.45 (1.1 £ 2.1)e5 1125 £ 56 0.06 = 1.20 3.92 & 0.06 0.18

N 5775 3573 £ 510 505 + 83 1.16 &£ 0.15 449 £ 0.29 5.32 2343 + 621 106 + 11 045 = 0.12 4.08 £0.22 1.78
N 7090 1206 £ 105 190 + 26 0.69 &£ 0.06 190 + 26 2.17 389 + 28 54+ 6 0.50 + 0.04 2.84 £0.24 0.80
N 7462 - 731 £ 29 - 1.50 £+ 0.03 1.22 - 172 £ 2 - 1.46 £ 0.01 0.10

Notes. Exponential scale heights in the southern halo of NGC 7090 are from HD16.
“ Average scale height of the sample, since the exponential scale height in the thin disc in NGC 4666 is unconstrained.

And for a Gaussian intensity profile, we fit the following function: Again, b is the effective beam size, wy the maximum of the
distribution, and z, the (Gaussian) scale height. We have fitted

W20 72 for a thin and a thick disc in all those cases where this provided

Woauss(2) = \/m CXp (_21,2 I Z(Z)) : (B3) a better fit than a single thick disc. The resulting fit parameters
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Table C1. Additional maps produced in our study.

Galaxy Telescope v OFWHM O rms Sy
(GHz) (arcsec) (mJy beam™!) (mJy)
N 55 Parkes 4.80 255.0 1.50 333
N 891 Effelsberg 4.85 147.0 0.50 281
N 4157 VLA 1.49 25.1 x 13.7 0.10 185
N 4217 VLA 4.86 15.8 x 10.9 0.04 44
N 4631 Effelsberg 4.85 147.0 0.50 472
N 4631 VLA 1.35 52.0 0.04 1201
N 4631 VLA 1.65 52.0 0.05 975
N 4634 VLA 4.86 15.4 x 13.6 0.06 14

Notes. S, denotes the integrated flux density of each galaxy.

are presented in Table B2. Here, the maxima of the exponential
thin and thick disc at L band in the northern halo are w20n1 and
w20n2, with the corresponding scale heights of #20n1 and h20n2.
Similarly, at C band, the maxima are wénl and w6n2 with scale
heights of h6n1 and h6n2. For Gaussian fits, the same parameters at
L band are w20gnl1, w20gn2, h20gn1, and h20gn2. The parameters
for C band and the southern haloes are defined in a similar way.
Using these fits, one can now construct the intensity models.
For instance, the resulting (normalized) intensity model for C band
(v = v,) and an exponential intensity profile in the northern halo is

wbnl - exp(—z/h6nl) + woébn2 - exp(—z/h6n2)
wénl + wén2 '

The other cases can be calculated accordingly.

1,(z) = (B4)

APPENDIX C: ADDITIONAL RADIO
CONTINUUM MAPS

As part of our study, we have obtained several additional radio con-
tinuum maps, which we present in this appendix. We will make
these maps publicly available (as well as all the other radio con-
tinuum maps in this paper); see Table C1 for the map properties.'”

12 The maps will be made available on the website of the Centre de Données
astronomiques de Strasbourg (CDS) (http://cds.u-strasbg.fr).
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For four galaxies (NGC 55, 253, 891, and 4631), we have used
single-dish maps, to correct for the missing zero-spacing flux where
necessary. The Effelsberg maps of NGC 253 and 4631 were already
presented in Heesen et al. (2009a) and Mora & Krause (2013),
respectively, and the Effelsberg map of NGC 891 was already pre-
sented in Dumke (1997). We present these maps for completeness
here again in Fig. C1. The 4.80-GHz map of NGC 55 obtained with
the 64-m Parkes telescope is so far unpublished and shown here
also in Fig. C1.

Furthermore, we show in Fig. C2 two maps of NGC 4631 at 1.35
and 1.65 GHz observed with the VLA in D-configuration (Beck,
private communication). The data were observed in 1996 August,
with 12-h on-source (ID: AG486) and reduced in standard fash-
ion with arps. The maps have an angular resolution of 52 arcsec,
so that we did not use them in the analysis, but they also show
the halo of this galaxy very well. Lastly, we obtained maps of
three further edge-on galaxies observed with the VLA (NGC 4157,
4217, and 4634), which we present in Fig. C3. We reduced the
data as described in Section 2, but since we had only one fre-
quency available and no spectral index map, we did not use them
in the analysis. The maps of NGC 4157 and 4217 were created
by re-reducing archive data (IDs AI23, AF85, AH457, and AS392
for NGC 4157 and ID AM573 for NGC 4217). The map of NGC
4634 was created by using so far unpublished data from the VLA
(ID: AD538).
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Figure C1. Single-dish maps of NGC 55 (top left), NGC 891 (top right), and NGC 4631 (bottom). Contours show the radio continuum emission at levels of
30 -2"(n=0,1,2,...). The size of the primary beam is shown in the bottom-left corner.
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Figure C2. VLA maps of NGC 4631 at 1.37 GHz (left) and 1.65 GHz (right). Contours show the radio continuum emission at levels of 30 - 2" (n =0, 1, 2,
...). The size of the synthesized beam is shown in the bottom-left corner.
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NGC 4157 VLA 1.5 GHz 25" resolution
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Figure C3. VLA maps of NGC 4157 (top left), NGC 4217 (top right), and NGC 4634 (bottom). Contours show the radio continuum emission at levels of 30
-2"(n=0,1,2,...). The size of the synthesized beam is shown in the bottom-left corner.

APPENDIX D: IMAGE ATLAS

In this appendix, we present maps and vertical profiles for individual
galaxies. Each page shows results for one galaxy. As an example,
we show in Fig. D1 results for NGC 55.!3 The top row shows maps
of the radio continuum emission at L and C band (1.4 and 5 GHz,
except for NGC 5775 where instead of a C-band map we show an
X-band map at 8.5 GHz) and the thermal radio continuum emission
at 5 GHz (again, with the exception of NGC 5775, where we show
the emission at X band instead). The second row shows thermal
fraction at C band (again except for NGC 5775 where this is at X
band), the non-thermal radio spectral index between L and C band
(for NGC 5775 between L and X band), and the corresponding error
of the non-thermal radio spectral index. In the radio maps, contours
show the radio continuum emission at levels of (3, 6, 12, 24, 48,
96) x o, where o is the rms noise of the map. For the thermal
radio continuum map, we use the same contours as of the radio

13 The complete image atlas (12 images) is available in the online journal.
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continuum map of either C or X band. In the first and second rows,
the size of the synthesized beam is shown in the bottom-left corner
and all maps are rotated so that the major axis is horizontal. In
panels (c)—(f), a mask has been applied (Section 2.3).

The third row shows vertical profiles of the non-thermal radio
continuum intensities, vertical non-thermal intensity model profiles
at one frequency, and vertical profiles of the non-thermal radio
spectral index. Panel (g) shows exponential (solid) and Gaussian fits
(dashed lines) to the data, panel (h) shows model intensity profiles,
and panel (i) shows radio spectral index profiles. The fourth row
shows the reduced x2 of the cosmic ray transport model in the
northern halo, in the southern halo, and the vertical model profile
of the magnetic field strength. In panels (j) and (k), contours show
X2 min + 1 for the intensity fitting (solid lines) and stpix,min +1
for spectral index fitting (dashed lines). The colour scale shows
the total reduced x> (sum of intensity and spectral index fitting).
The best-fitting models (with uncertainties) lie in the intersection
of the two contours and are marked by yellow stars. In panel (1),
the grey shaded area indicates the uncertainty of the magnetic field
model.

020Z J8qWaAON 90 UO Jasn 0aua)y,p oLedslolqlg ewalsig - eubojog Ip eusiaAlun Aq €6501.84/8S 1/1/9/ /elo1le/seluw/woo dno olwapede//:sdiy woll papeojumo(]



-3910

Declination (J2000)

0016 00

-3910

2l

Declination (J2000)
N
3

25

0016 00

(g) NT intensity profiles
T T

(a) 1.37 GHz radio continuum
0 mJy/beam 10 20 30

-39 10

Radio haloes in nearby galaxies

(b) 5.56 GHz radio continuum

0 mJy/beam 5 10 15

3910~ _ / h S~

183

(c) 5.56 GHz thermal emission
0 mJy/beam 2 4 6 8

g g ! [N / 1 ~
k=] S 1 1 S~ i
g 15 § 15 ,/ e
= < 0 /
H H < .'OO = /
z 3 C@r @& ~<_
£ £ / Q@ <= ]
3 S S~7 /
g8 = 8 N~. / PRI o /)
T~ ! ! T~ ’
1 S~ ! 1 S~ 1
/ = / / S~
& b 5 9 1 1 S~o 7/ 1 1T~
1 25 [O] 1 ‘\\. ) /i 25 O] ! © /& ! !
1530 00 00 0016 00 1530 00 00 00 16 00 1530 00 14 30 00
Right Ascension (J2000) Right Ascension (J2OOD) Right Ascension (J2000)
Grey scale flux range= -0.39 39. 00 MlIIlJy/beam Grey scale flux range= -0. 18 18.00 MilliJy/beam
Cont peak flux = 4.0130E-02 Jy/| Cont peak flux = 3.1915E-02 Jy/beam Cont peak flux = 8.4860E-03 JY/BEAM
Levs = 1.300E-04 * (3, 6, 12, 24 43, 95) Levs = 6.000E-05 * (3, 6, 12, 24 48, 96) Levs = 6.000E-05 * (3, 6, 12, 24, 48, 96)
(d) 5.56 GHz thermal fraction (e) NT radio spectral index (f) NT radio spectral index error
0% 30 40 -1.0 -0.5 0.0 0 0.2 0.47
~ 1 1 o= 1 -3910
g g
] ]
2 2
= =
2 K3
T T
£ £
3 3
[} [}

f
o~ / -

/ /T ~~14kpc / '~
gy ; — /
Vi / = I /
1530 00

Right Ascenslon (JZOOD)
Grey scale flux range= 0.0 400 0 MilliRATIO

o
w

Non-Thermal Int. (1)) [uJy beam™]
o
n

350

w
o
o

n
o
o

o
o

Advection Speed (V) [km s™']
> 8
o o

50

Figure D1. NGC 55. (a) Radio continuum emission at 1.37 GHz. (b) Radio continuum emission at 5.56 GHz. (c) Thermal radio continuum emission at
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panel (b) are used. (d) Thermal fraction at 5.56 GHz, where the grey-scale ranges from 0 to 40 per cent. (e) Non-thermal radio spectral index between 1.37
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Panels (a)—(f) are rotated so that the major axis (PA = 108°) is horizontal and the synthesized beam is shown in the bottom-left corner. (g) Vertical non-thermal
intensity profiles at both frequencies, where solid lines show two-component exponential fits and dashed lines two-component Gaussian fits. (h) Normalized
non-thermal vertical intensity model profile at 5.56 GHz with best-fitting advection model. (i) Vertical non-thermal radio spectral index profiles with best-fitting
advection model. (j) Reduced x2 in the northern halo as a function of advection speed and magnetic field scale height in the thick disc. (k) Same as panel (j)
but in the southern halo. The red lines in panels (j) and (k) show the escape velocity near the mid-plane. (1) Vertical magnetic field model profile.

(The complete image atlas (12 images) is available in the online journal.)
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