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Abstract: CHANG-ES (Continuum Halos in Nearby Galaxies—an EVLA Survey) is an ambitious
project to target 35 nearby disk galaxies that are edge-on to the line of sight. The orientation permits
both the disk and halo regions to be studied. The observations were initially at 1.5 GHz (L-band) and
6.0 GHz (C-band) in a variety of VLA array configurations, and in all four Stokes parameters, which
allowed for spatially resolved images in total intensity plus polarization. The inclusion of polarization
is unique to an edge-on galaxy survey and reveals the galaxies” halo magnetic fields. This paper will
summarize the results to date, some of which are new phenomena, never seen prior to CHANG-ES.
For example, we see that ‘X-type’ fields, as well as rotation measure reversals, are common features
of spiral galaxies. Further observations at 3.0 GHz (S-band) as well as future scientific opportunities
will also be described.
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1. Introduction

The CHANG-ES (Continuum Halos in Nearby Galaxies—an EVLA Survey) project tar-
gets 35 edge-on galaxies in the radio continuum with wide bandwidths centered at 1.6 GHz
(L-band) and 6.0 GHz (C-band), using the Karl G. Jansky Very Large Array' (hereafter, the
VLA). An earlier paper, also published by the Multidisciplinary Digital Publishing Institute
(MDPI) has summarized important CHANG-ES results for the year 2019 [1]. In this paper,
we further update and highlight some significant CHANG-ES insights and discoveries.

The gaseous halos (z 2 1kpc) of galaxies can be interrogated by focusing on sys-
tems that are edge-on to the line of sight, where z is the height above the plane. To this
end, we have targeted 35 such galaxies. Our selection criteria were as follows: (1) an
inclination > 75°, as given in the Nearby Galaxies Catalog [2], (2) a declination > —23° for
detectability at the VLA, (3) an optical size between 4 and 15 arcmin (except for NGC 5775)
to match VLA array configurations, and (4) flux densities at the L-band of at least 23 m]y
(except for NGC 4244) in order for a detection to be likely. It should be noted that the
sample does not specify high star formation rates (SFRs) or galaxy type, active galactic
nuclei (AGNs), etc.—only that the galaxy has an identifiable disk (i.e., not ellipticals).
Consequently, we are targeting ‘normal” galaxies; for example, SFRs range from 0.06 to
10.5 Mg yr~! and distances range from 4.4 to 42 Mpc (Table 1).

Table 1. CHANG-ES galaxy sample 2.

Galaxy Distance b SER ¢
Mpc Mg yr!

N 660 12.3 331+ 0.32
N 891 9.1 1.88 +0.18
N 2613 234 3.36 & 0.35
N 2683 6.27 0.25 + 0.03
N 2820 26.5 1.35 +0.14
N 2992 34 5.91 & 0.54
N 3003 254 1.56 &+ 0.16
N 3044 20.3 1.75 +0.16
N 3079 20.6 5.08 + 0.45
N 3432 9.42 0.51 + 0.06
N 3448 245 1.78 £ 0.18
N 3556 14.09 3.57 £+ 0.30
N 3628 8.5 1.41 4+ 0.12
N 3735 42 6.23 + 0.57
N 3877 17.7 135+ 0.12
N 4013 16 0.71 4+ 0.07
N 4096 10.32 0.71 £ 0.08
N 4157 15.6 1.76 + 0.18
N 4192 13.55 0.78 + 0.07
N 4217 20.6 1.89 +0.18
N 4244 44 0.06 £ 0.01
N 4302 19.41 0.92 + 0.08
N 4388 16.6 242 +0.23
N 4438 d 10.39 0.14 + 0.04
N 4565 11.9 0.96 £ 0.09
N 4594 12.7 0.43 + 0.04
N 4631 7.4 2.62 +0.22
N 4666 27.5 10.5 & 0.92
N 4845 16.98 0.62 + 0.06
N 5084 © 23.4 0.12 + 0.03
N 5297 40.4 3.00 & 0.33
N 5775 28.9 7.56 + 0.65
N 5792 31.7 4414037
N 5907 16.8 221 +0.19
U 10288 34.1 0.66 £ 0.07

2 For other galaxy properties, see [3]. ® From [4]. € From [5], unless otherwise indicated. 4 From the mixture
method of [6] using the Ha flux of [7] and 22 pum flux of [4]. ¢ From the IR method of [6] using the 22 pum flux
from [4].
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Unique to CHANG-ES is the measurement of all polarization products, namely Stokes
I, Q, U, and V. With analysis of linear polarization,

P = /Q*+u2 (when V = 0) )

along with rotation measures (RMs), an in-depth understanding of the magnetic fields in
these galaxies can be obtained (Section 3.4), and several examples have been very illumi-
nating in this regard. Even circular polarization was observed in some cases (Section 3.1).
The polarization results have been some of the most important outcomes of CHANG-ES
and can also lead to some stunning images (e.g., Figure 1).

Figure 1. See https://public.nrao.edu/news/2020-image-contest-winners accessed on 4 May 2024
and [8] for these images which won Second Prize (left) and Honorable Mention (right) in the NRAO
image contest held as part of celebrating the 40th anniversary of the VLA. On the left, the magnetic
field of NGC 5775 is highlighted in superb detail using the CHANG-ES D-array and C-band linear
polarization data. Displayed in fuchsia near the disk and in blue farther out, the curvy field lines
are highlighted via an LIC algorithm (Section 2.2.3) and extend as high as 8 kpc from the plane.
Superimposed is an optical image constructed from the Hubble Space Telescope data of the galaxy,
showing hot ionized gas in rose and broad-band optical in pale yellow. On the right, the magnetic
field of NGC 4666 is illustrated using the same LIC algorithm as on the left. Image by Y. Stein with
support from J. English. See also [9]. See Figure 8 for versions with coordinates.

CHANG-ES goals include understanding the incidence of radio halos, determining
their scale heights, and correlating these results with other properties such as the SFR.
A consistent galaxy sample, with complementary data at other wavelengths, can also
help us explore pressure balance in the ISM. Measurements of outflow speeds can help to
determine whether galaxies are more likely to experience winds or returning ‘fountain flow’.
Spatially resolved spectral index maps are essential to this process because they are required
when modeling the way in which cosmic ray electrons (CREs) propagate (Section 3.3). On
broader scales, details of outflows from CHANG-ES galaxies can be connected to the
Circumgalactic Medium (CGM) and to the process of magnetizing the intergalactic medium
(IGM). Outflows in nearby galaxies could also be low-energy analogues of the ‘feedback’
that appears to be required in galaxy formation scenarios in order to control the star
formation rate [10]. For more information on our original science goals, see [11].

This paper is organized as follows. In Section 2, we describe the technical incentive
and details for CHANG-ES, as well as technical advances and data products. In Section 3
we list some research highlights, and in Section 4 we indicate what current research is
ongoing and planned. Section 5 provides a summary with open questions.

2. Technical Aspects of the Survey and New Advances in Techniques
2.1. Technical Overview
CHANG-ES was initially conceived because of the newly available wide bandwidths,

Av, afforded by the VLA’s Wideband Interferometric Digital ARchitecture (WIDAR) cor-
relator’. A visual representation of the original frequency coverage can be seen in red
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and blue in Figure 2 (green refers to subsequent S-band observations, see Section 4). The
wide frequency coverage, 500 MHz at L-band and 2 GHz at C-band, has a number of
advantages over previous observations. For example, the theoretical signal-to-noise (S/N)
ratio increases as 1/+/Av. For CHANG-ES, this has meant an improvement by an order of
magnitude, on average, compared to any previous similar surveys. In addition, these wide
bandwidths are broken up into many individual channels. This allows radio frequency
interference (RFI) to be more readily identified and excised. It also means that the spatially
resolved spectral index can be more readily probed; for example, in-band spectral index
maps can be formed, e.g., [4]. Images can also be made using multi-scale, multi-frequency
synthesis [12,13]%, and rotation measure (RM) synthesis, e.g., refs. [14,15] can be used
to correct for Faraday Rotation (FR, Section 3.4), point-by-point, when multiple spectral
channels are available.

O0GHz 1 2 3 4 5 6 7 8
L Band S Band C Band

Figure 2. Visual representation of the CHANG-ES frequency coverage. The red and blue bands
represent the L-band and C-band coverage of the original observations (see [1] for a tabular version),
while green represents newer S-band data discussed in Section 4.1. The gaps in L-band and S-band
are because of RFIL The gap from 4 to 5 GHz is because the lowest available C-band frequency was
5 GHz during CHANG-ES observations. Shading is for aesthetics and does not indicate any technical
differences in the band.

Since in-disk and high latitude features in galaxies show structures on virtually all
spatial scales, we required observations over a range of VLA array configurations. Thus we
have observed at B-, C-, and D-configurations in L-band and in C- and D-configurations in
C-band (see Section 4 for S-band). We use the nomenclature, for example, “D-array L-band”,
to specify the VLA configuration and frequency band, respectively. To complement the
VLA data, we have also acquired Green Bank Telescope (GBT) single-dish data to fill in
missing large scale flux. Analysis of these data is ongoing.

2.2. Improved Techniques

In the process of image-making and dealing with wide bands, a number of techniques
required careful analysis and, in some cases, improvement over previous studies. In this
section, we itemize some of them.

2.2.1. In-Band Spectral Indices

Typically, the spectral index, «, where the spectrum is described as I, o v*, has usually
been measured between two separate frequency bands. For example, the specific intensity,
I, can be measured for the centers of L-band and C-band, and a single value of « can be
measured for each position in the galaxy, as was done for some high-resolution data sets in
CHANG-ES (Section 2.3). However, the wide bands (Figure 2) also allow for the formation
of in-band spectral indices. Two advantages can immediately be identified.

The first is that a single wide-band observation, rather than two separate observations,
leads to a map of « and its error map, A «. Extensive testing can be found in [4], revealing
that, for the S/N of most CHANG-ES galaxies, the calculated in-band A « values typically
underestimate the true uncertainties by ~ 20%. This underestimate increases substantially
once the distance from the pointing center reaches a point where the primary beam drops
to 70% of its peak value.

For brighter and/or smaller angular size sources (or regions of a source), in-band
spectral indices are useful tools and, in cases of variability, are essential. A good example is
the galaxy NGC 4845, which harbors an AGN. Measurements of the fluxes, in-band spectral



Galaxies 2024, 12, 22

5 of 27

indices, and their variation with time allowed for the modeling of a jet-like outflow in this
tidal-disruption-event (TDE) galaxy [16].

In principle, one can also solve for curvature in the spectral index, should it exist.
CASA allows for a solution described by I, oc v**£108V where B is a curvature term. An
early example of a map of B and its error map, A, can be found in [17]. In general,
however, this and other trials have shown that higher S/N is required to generate maps of
B with confidence.

2.2.2. Thermal/Nonthermal Separation in Edge-on Disks

The nonthermal component of the emission (i.e., synchrotron radiation) dominates
over the thermal component (i.e., thermal Bremsstrahlung radiation) globally in spiral
galaxies, as is clearly evidenced by strongly negative spectral indices, e.g., refs. [4,18,19],
and others. However, a thermal component contributes importantly to the total emission
and must be corrected for, if the nonthermal emission and nonthermal spectral index are to
be measured and understood. A standard method is to use Ha and/or IR maps to provide
the needed thermal information. The thermal map can then be subtracted from the total
emission radio map to obtain the nonthermal emission and spectral index maps.

Because previous Ha-to-thermal calibrations, e.g., refs. [20,21] did not focus specifically
on edge-on systems, however, the question arises as to how well these calibrations work
for long lines of sight in which dust obscuration is significant. Early evidence from [3], for
example, suggests that dust absorption could be underestimated in CHANG-ES galaxies.

Therefore, Ha imaging was obtained for CHANG-ES galaxies to provide informa-
tion on star formation and ionized gas morphologies, and to carry out tests of the ther-
mal/nonthermal separation [5,6]. A method was developed to estimate the thermal radio
emission using Ha data combined with Wide-Field Infrared Survey Explorer (WISE) IR
data to enable this separation. We showed that a combination of both of these data provides
a better estimate of star formation rates, hence of the ionized gas thermal emission, than
using either tracer alone. The edge-on perspective of the galaxies led to a slightly modified
“mixture method” formula than the one empirically determined in [21]. The modification
involves a 35% higher weight to the WISE band 4 data. We derived nonthermal radio maps
for three galaxies using this method [6], and demonstrated that the nonthermal spectral
index in these galaxies shows a systematic steepening with vertical height above the plane,
as might be expected from cosmic ray aging due to synchrotron electron energy loss. The
mixture method is currently being applied to the entire sample for a more global study.

2.2.3. New Techniques in Image Display

In Figure 1, we show the plane-of-sky magnetic field lines in NGC 5775 (left) and
NGC 4666 (right). This ‘flow-line’ technique using a Line Integral Convolution (LIC)
algorithm, ref. [22] (adapted by A. Miskolczi, Y. Stein, and ]. English) is becoming more
common when displaying magnetic field lines, as opposed to the more conventional
‘dashes’, such as shown in Figure 6. It allows the nature of the fields to be enhanced where
the polarization is stronger and is easily adaptable to additional color enhancements in
different regions, as was done in Figure 1.

We have also developed perceptually based color maps for spectral index images and
error maps [23] specifically for the CHANG-ES catalog panels, as shown in [4] and on the
public data release website (described in Section 2.3). In Figure 3, we show the B-array
L-band to C-array C-band spectral index map of NGC 3079. A description of how this
map and its corresponding error map were generated can be found in [24]. The spectral
index color table has two main divergent points and the default settings for the values
of these points are based on physics and adopted definitions for “steep” slopes (« more
negative than —0.8) and “flat” slopes (« more positive than —0.1) in the radio regime. This
makes the map immediately useful. Values for these points can also be changed by the
user. A third divergent point (gray-ish) lays between these threshold values. Two pairs of
perceptually complementary colors are employed and, incorporating a redundancy cue,
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the map is monotonic in grayscale values with the lightest colors for steep slopes and
darkest colors for flat slopes. The corresponding two-color error map is represented
by a single point divergent scheme that is not in visual conflict with the spectral index
map. Both « and A @ maps, as visually rendered for NGC 3079, can be seen on the public
data release website*. The yellow and gray A a map on this site shows that the error in
the « map in Figure 3 is less than 0.1 within the galaxy, except for the blue-purple rim
outlining the emission and for purple circles near each end of the major axis. Python Jupyter
Notebook [25] tutorials, provided on a GitHub site [26] called CosmosCanvas, describe
how to employ the Python code and demonstrate how the schemes can be adjusted (see
https:/ / github.com/mlarichardson/CosmosCanvas (accessed on 4 May 2024)).

The complementary colors not only help retain the viewer’s attention, but also permit
almost “at-a-glance” discoveries. This is shown in Figure 3, where the dark plum color
pinpoints the flat spectral index associated with an AGN in the center of NGC 3079.

ssea3 NGC 3079 PY. 0.30
Flat Range
L Analogous (Sequential)
42 ™ 010 1
, x
s 4 4 -0.45% 3 e Compensating
S % c Tones
) T
& i)
@ [
Y ~0.808
, -
39 )/ Steep Range
Analogous (Sequential)
\ Colors
¢
-1.50
38'te ¢

10°702™10° 00° 01m50°
RA (j2000)

Figure 3. Spectral index color map: this triple divergent color scheme has 3 boundaries. Boundary 1
is assigned cyan and the increasingly positive values of « have sequential colors on a standard color
wheel. Cyan’s complementary color, orange, marks divergent point 2, the upper boundary for “steep”
spectral values, and colors of more negative a are also sequential. The end points of the color bar are
yellow and purple which are also complementary colors, which work with human color perception.
The gray-ish divergent point 3 is created by mixing the orange and cyan in steps to create tones of
intermediate color. This example demonstrates that a flat spectrum central AGN can be discerned
almost at a glance with this color scheme. Tutorials for this, along with a single divergent point error
map, are found at https:/ /github.com/mlarichardson/CosmosCanvas (accessed on 4 May 2024).

2.3. Public Data Release Website

The CHANG-ES public website is https://projects.canfar.net/changes. It should
be noted that this website has superseded the previous public release website that was
announced in [1] and in earlier papers Table 2 lists all of the data products that are available
to date. These data are in Flexible Image Transport System (FITS) format and are freely
available for download.
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Table 2. Available FITS images at https:/ /projects.canfar.net/changes (accessed on 4 May 2024).

Type of Observation No. of Galaxies Ref

Radio Images

D-array L-band

Total Intensity ¥ 35 [4]
Linearly Polarized Intensity ¥ 35 [4]
Polarization Angle 35 [4]
In-band spectral Index ¢ 35 [4]
Spectral Index Error maps © 35 [4]
D-array C-band
Total Intensity ** 35 [4]
Linearly Polarized Intensity 35 [4]
Polarization Angle * 35 [4]
In-band spectral Index © 35 [4]
Spectral Index Error maps © 35 [4]
C-array L-band
Total Intensity * 35 [27]
Linearly Polarized Intensity 35 [27]
Polarization Angle * 35 [27]
C-array C-band
Total Intensity ab 35 [27]
Linearly Polarized Intensity ** 35 [27]
Polarization Angle * 35 [27]
B/L to C/C spectral Index * 35 [28]
Spectral Index Error maps ¢ 35 [27]
B-array L-band 35 [24]
Total Intensity ¥ 35 [24]
Linearly Polarized Intensity 35 [24]
Polarization Angle * 35 [24]
B/L to C/C spectral Index d 35 [28]
Spectral Index Error maps ¢ 35 [24]
L-band (all arrays, RM corrected) 21 [29]
C-band (all arrays, RM corrected) 21 [29]
Ha Images 27°¢ [5]
HI Images 19 [30]

“ In most cases, two spatial resolutions are available, made with two different uv weightings. * Maps, both
corrected and uncorrected for the primary beam, are available. ¢ Corrected for the primary beam. ¢ B/L = B-array
L-band, C/C = C-array C-band. The same maps are accessible from the B/L or C/C area. ¢ Twenty-four galaxies
were observed with the Apache Point Observatory (APO) and three are taken from available literature.

It should be noted that, at high resolution, where emission is weaker, we opted to
include band-to-band spectral index maps, rather than in-band spectral index maps, i.e.,
B-array L-band to C-array C-band « maps with their error maps. Future D-array C-band to
C-array L-band & maps are forthcoming. The Hx images were obtained to assist with the
thermal /nonthermal separation analysis (Section 2.2.2). Remarkably, HI‘MOMO0’ images
were also successfully extracted from CHANG-ES data, some images for the first time
see [30]—another (unexpected) consequence of having narrow channels across L-band.

The public release website also lists CHANG-ES publications as well as some press
releases. In addition, but not on the website, we have other ancillary data, such as WISE-
enhanced resolution images of all galaxies, to assist with the thermal /nonthermal separa-
tion (Section 2.2.2), as well as XMM-Newton and Chandra data [31] for a large fraction of
the sample. More CHANG-ES companion data will be described in Section 4.

3. CHANG-ES Science Highlights
3.1. Into the Core—Active Galactic Nuclei

Determining whether the core of a spiral galaxy is dominated by a star formation or
by an AGN has historically been a challenge. Although all galaxies are expected to harbor
a supermassive black hole (SMBH), e.g., ref. [32], this does not necessarily imply strong
AGN activity. Such activity could be absent, for example, if there is little accretion onto the
SMBH. It could also be absent in a lull period if the activity is episodic, e.g., ref. [33]. Weak
AGNs, called low-luminosity AGNs (LLAGNSs) [34,35], might also be present but simply
masked by other types of emission.
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For edge-on galaxies, where the line of sight is large at the center, radio frequencies
have a clear view down to the core. High angular resolution is also required to help
disentangle the core region from the surrounding local disk. CHANG-ES B-array L-band
(B/L) and C-array C-band (C/C) provide ~ 3 arcsec resolution, corresponding to linear
resolutions from approximately 64 to 610 pc. In [24], we adopted a number of criteria to
help determine whether or not an AGN is present in a galaxy. The radio criteria are as
follows: (1) the presence of point-like cores, (2) a luminosity that is too high for a collection
of SNe, (3) flat or positive spectral indices at the center, (4) the presence of bipolar or lobe-
like structures, (5) time variability, and (6) circular polarization (CP). For nineteen galaxies,
X-ray emissions were also interrogated and eight of these showed evidence for AGNs from
their X-ray spectra. In some cases, a single criterion may not be sufficient; for example,
bipolar structures (criterion # 4) can also result from starburst winds. However, bipolar
structure visible in polarization, but not at total intensity, is an AGN signature. Similarly, a
circularly polarized core, which has been detected in some CHANG-ES galaxies [16,36],
also rules out a thermal origin.

Figure 4 illustrates two examples of CHANG-ES galaxies that reveal previously unde-
tected bipolar radio structures, suggestive of AGNs. The left (NGC 5792) galaxy shows
radio lobes centered on the galaxy nucleus. These lobes are seen in linear polarization but
are masked in the total intensity images, clearly ruling out a starbursting (thermal) origin.
The right figure (NGC 3628) similarly shows a bipolar emission centered on the nucleus but
this time via the total intensity spectral index map. It has long been known that maps of
spectral index show more structure than total intensity images, e.g., Figure 2 from [37], and
this is the case for NGC 3628; together with the criteria outlined in the previous paragraph,
this galaxy also likely has an AGN. Another striking example (not shown) is NGC 2992,
described in [38].

6 GHz Polarization + B vectors over SDSSr

20"
40"
0s5'o0"
20"

J2000 Declination

—-1°06'00"
20"

40"
11"20™MEta 1755

14"58m33° 27° 24 218 18% 15° 42000 Right

Figure 4. On the left, polarization contours plus B-field orientations over a grayscale optical SDSS
image of NGC 5792, from [39]. On the right, L-band total intensity contours over the B/L to C/C
spectral index map of NGC 3628 [24].

We were able to use the criteria specified above to probe 33 CHANG-ES galaxies,
finding evidence for an AGN in 18 galaxies [24]. Since that paper was published, the galaxy
NGC 5792 was also shown to have bipolar polarized radio lobes [31,39] (Figure 4 left), and
the galaxies NGC 4192 and NGC 3877 are also new LLAGN candidates [31]. NGC 3877
also appears to be time variable. Altogether, then, we have uncovered evidence for AGN
activity in 64% of 33 CHANG-ES galaxies. This high proportion is due to the fact that
radio frequency observations can peer down into the core of systems that are edge-on;
the high sensitivity of CHANG-ES data allows us to detect faint LLAGNSs, especially the
polarization data, that uncover AGN-related activity. As noted in Section 1, the sample
selection did not include any AGN-related criteria, so it is likely that a random sample of
face-on galaxies would show similar proportions if similar criteria are used.

3.2. Discrete Sources in and Around the Disks

The high-resolution data, described in Section 3.1 have also been used to search for other
radio sources besides AGNs. In [31], we present catalogs of discrete radio and X-ray sources
using data from both CHANG-ES frequencies as well as the Chandra satellite. The three new
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candidates for LLAGNSs identified in Section 3.1 were detected in this study, based on their radio
and X-ray properties. In addition, we found new nuclear sources in two companion galaxies:
NGC 4298 (companion to the CHANG-ES galaxy, NGC 4302) and NGC 4435 (companion to
NGC 4438). Two examples of other new discoveries are shown in Figure 5. On the left is the
galaxy NGC 4438, showing two sources (fuchsia dots). The central source is the AGN, but the
source approximately 2 arcmin to the south is an X-ray source with a previously unknown
corresponding radio source. On the right is a binary star system in the Milky Way, observed
near NGC 4594 (the Sombrero Galaxy). This unexpected discovery shows radio and X-ray
emissions that likely signify some interaction between the two active stars.

These catalogs provide a base for follow-up studies to confirm the nature of the discrete
sources, investigate their origin and evolution, and understand their potential impact on
the ecosystems of the edge-on galaxies.

SDSS9 color

CDS/P/SDSS9/color

Gaia EDR3

6.501' x 5.363'

Ersc = 15.56" x 14.09"

-

Figure 5. Sample images from [31]. On the left, an optical image of NGC 4438 is shown in colour.
Two compact sources are specified in fuchsia. The central source is the AGN, and the southern
source is a new cross-matched radio/X-ray source. On the right, an optical Milky Way binary star
system is shown in colour. These stars are near the Sombrero galaxy and have Gaia designations
530134264552397440 (right star) and 3530134264552424960. The blue and red dots and error ellipses
show the positions of the L-band and C-band sources, respectively. The black dots with error circles
denote the two X-ray sources. The scale showing 1 arcsec is displayed on the lower left.

3.3. Cosmic Ray Propagation—Outflows and Winds

One of the main science goals of CHANG-ES is to investigate the nature of radio halos.
They indicate the presence of cosmic-ray electrons and magnetic fields, which are nowadays
thought of as playing crucial roles in the development of galactic winds. This subject was
recently reviewed in [40], but, here, we provide a brief summary of aspects that are particularly
relevant to CHANG-ES. Cosmic ray transport can be described as diffusion and advection,
the latter being important in the case of galactic winds. Hence, a study of the cosmic-ray
electron transport may allow us to detect galaxies with winds and explore the role of cosmic
rays in them. An early study of the edge-on galaxy NGC [41], using the Westerbork Synthesis
Radio Telescope (WSRT) compared diffusion and advection models with the z-distribution of
intensity and the radio spectral index at GHz frequencies. A more recent multi-wavelength
study of the Milky Way [42] gives a global context including cosmic rays, gamma rays,
calorimetry (Section 3.3.2), and a spectrum of our galaxy as it would be seen from one of our
CHANG-ES galaxies.

CHANG-ES galaxies have been analyzed with SPINNAKER (SPectral INdex Numer-
ical Analysis of K(c)osmic-ray Electron Radio-emission; ref. [43]), which models radio
continuum data based on models of pure diffusion and advection. It should be noted
that both diffusion and advection may (or may not) be escape-dominated, either with CR
electrons diffusing or ‘blowing’, respectively, into the ICM.
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3.3.1. Advective and Diffusive Halos

The scale height analysis of [44] shows that radio halos in CHANG-ES galaxies are
escape-dominated. This can be shown in an indirect way using two arguments. First, the
galaxies have exponential vertical radio intensity profiles. This is something that we would
expect for cosmic-ray electron advection rather than diffusion from theoretical grounds [43];
there are also observations that corroborate this view by observing examples of Gaussian halos
that would be in favor of diffusive halos [9,19,43,45]. This underlines that, in CHANG-ES
galaxies, cosmic-ray advection rather than diffusion plays the dominant role. Second, the ratio
of scale heights at low and high frequencies indicates that loss processes are not important as
the ratio falls in between what is expected for escape-dominated halos and either advection
or diffusion. Furthermore, we find that diffusion has a mild energy dependency in both
face-on [46] and edge-on galaxies [47]. Also, scale heights are larger in larger (more massive)
galaxies [44]. This could be a geometric effect, where the opening of the magnetic field lines is
regulated by the galaxy size, as found, for instance, in models of galactic winds. However,
when a normalized scale height is computed, which accounts for the size of the galaxy, we
see an anti-correlation, such that larger, more massive galaxies have smaller normalized scale
heights. This suggests that the massive galaxies are more effective at retaining CR electrons.

Similar results are found when studying the spatially resolved intensity profiles. This has
the advantage that the shape of the intensity and radio spectral index profiles can be taken
into account without the simplification of assuming either exponential or Gaussian intensity
profiles. Out of the 35 CHANG-ES galaxies, 11 were analyzed in this way. In addition, eight
galaxies were analyzed, which are either not in the CHANG-ES sample or only have VLA
legacy data available for the analysis. In Table 3, we summarize the findings of Heesen [40],
updated with new publications that have appeared since. Of the eleven CHANG-ES galaxies,
two have diffusion-dominated halos (NGC 4013 and NGC 4565) with the remainder advection
dominated. Of the nineteen galaxies studied in total, three are diffusion-dominated. Hence,
advection-dominated radio halos are the norm rather than the exception. Moreover, winds
accelerate with z-height, e.g., refs. [18,47,48]. In one case, that of NGC 5775, we have a mass
loss rate estimate of M = 3 — 6 Mg, /yr [49]. The best-known discriminator thus far is the
star-formation rate surface density (SFRD). Galaxies at low SFRDs have diffusive halos. By
contrast, at high SFRDs, they have advective halos [40]. It should be noted that this does not
imply that the scale heights are higher for more intensely star-forming galaxies; rather, the sizes
of advective halos are regulated by galaxy size instead [44].

Table 3. CR electron transport properties of edge-on galaxies. The displayed results are derived by
fitting two vertical intensity profiles at two radio continuum frequencies with the 1D transport code
SPINNAKER. CHANG-ES galaxies are highlighted in bold.

Galaxy Distance Freq. Model 2 Dy Velocity Ref
[Mpc] [GHz] [em2s—1] x 1028 [kms—1]
IC10 08 [0.144,1.6] Adv. - 29+8 [50]
NGC 55 19 (14,48 Adv. - 100 +50 [51]
NGC 253 3.9 [14,48] Adv. - 400+ 100 [51]
NGC 891 9.1 [1.5,6] Adv. - 150 + 50 [18]
0.144,1.5) Adv. flux tube - 410700 [47]
NGC 3044 44 (14,48 Adv. - 200 + 130 [51]
NGC 3079 7.7 [14,48] Adv. - 350 £70 [51]
NGC 3556 14.09 [0.144,1.5] Adyv. with acc. - 340 [48]
NGC 3628 14.8 [1.4,4.8] Adv. - 250 + 150 [51]
NGC 4013 16.0 [0.15,15,6] Diff. (4 = 0) 0.6+0.05 - [52]
0.144,15] Diff. (j = 0) 14728 - [47]
NGC 4157 15.6 [0.144,1.5] Adv. flux tube - 450 450 b [47]
NGC4217 20.6 [1.5,6] Adv. - 350 £ 100 [19]
NGC 4565 11.9 [0.144,1.6] Diff. (0 < pu <0.5) 2.0+09 - [51]
[1.5,6] Diff. (0 < u <0.3) >20 - [18]
NGC 4631 6.9 [1.4,4.8] Adv. - 250 + 60 [51]
74 [0.144,1.5] Adv. flux tube - 320+70P [47]
NGC 4666 26.6 [1.5,6] Adv. - 310 £ 50 [91
NGC 5775 269 [1.4,48] Adv. - 400 + 80 [51]
0.140,1.5] Adv. flux tube - 600 +200 P [49]
NGC 7090 10.6 [1.4,4.8] Adv. - 200 + 160 [51]
NGC 7462 136 [1.4,48] Diff. (1 = 0.5) 24404 - [51]

@ Models are for pure advection (Adv.) and diffusion (Diff.) with the diffusion coefficient D = Dy(E/GeV)#;
advection models have constant speeds (Adv.), linearly accelerating speeds (Adv. with acc.), and accelerating

speeds described by an isothermal galactic wind in a flux tube (Adv. flux tube). ® For the accelerated wind models,
we quote the maximum derived velocity.
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3.3.2. Calorimetry of Galaxy Disks and Halos

The concept of galaxies as ‘calorimeters’ was introduced by [53] to help explain the
well-known far infrared (FIR)-radio correlation, an almost linear relation between the radio
and FIR in galaxies over many orders of magnitude. If both FIR emissions and abundance
of CR electrons are proportional to the supernova rate, this would explain the correlation,
assuming that the effects of varying magnetic fields are minor. FIR emissions result from
the heating of dust in star-forming (SF) regions and CRs are produced by supernovae, in
SF regions as well. This requires that both dust and CR electrons are ‘trapped” together,
hence the concept of the calorimeter. There is a rich history of literature that attempts to
explain this relation, adjusting it for differing frequency bands, testing for non-linearity,
including correlations with the magnetic field [54], or ensuring that all necessary emissions
are taken into account, such as y-ray emissions. The Milky Way, for example, appears to be
a good calorimeter when all CR-related luminosity tracers are included [42].

However, if CR electrons are not trapped, but escape, as we generally find in CHANG-
ES galaxies (Section 3.3), then the galaxy is no longer a calorimeter. A plot of radio
luminosity against FIR luminosity (or star formation rate, SFR) should produce a slope that
is sublinear, since CR electrons can escape but dust is generally confined to the disk. On the
other hand, if the magnetic field increases with SFR, as suggested by the non-calorimetric
model of [54], then so should the radio luminosity, and superlinear slopes should result. In
either case, non-linear slopes are expected when there are departures from the calorimetric
condition.

Because the CHANG-ES sample is of edge-on galaxies, the calorimetry efficiency can be
investigated for the disk and halo as a whole. In [3], we found tight correlations between the
radio luminosity and SFR (as measured from the mid-IR), consistent with previous authors®.
In C-band, we find a slope that is consistent with a calorimeter (Lg g, © SFR1.057+0.075)
but in L-band, where the lifetime of CR electrons is larger, we find modest departures from
calorimetry as a superlinear slope (L1 ¢ gz &« SF R11324£0067) ‘Therefore, some important
additional effects, such as increasing magnetic fields with increasing SFRs as suggested
above, or a higher fraction of SN energy transported into CRs with higher SFRs, may be
at play. See [3] for further discussion of other subtleties such as cooling timescales, and
discussions of escape-dominated, or loss-dominated regimes.

3.4. Magnetic Fields and Their Orientation

The CHANG-ES galaxy sample shows a variety of magnetic field patterns, as we
outline in this section. However, when the 6 GHz images are ‘stacked’, an underlying
dominant pattern emerges. To accomplish this, Stokes Q images of 28 galaxies were
combined, as were Stokes U images. Each image was rotated so that the major axis was in
the horizontal direction, scaled to the size of the largest galaxy, flux-corrected for distance,
and weighted by the S/N, point-by-point. The resulting stacked Q and U images were
then combined, as in Equation (1), to make the polarized image shown in Figure 6, left
(see also [29] for more details). The emergent pattern is that of an overall (ragged) ‘X-
shaped’ magnetic field. This is not the first time that X-shaped fields have been observed,
e.g., ref. [55], but it is the first time that this geometry has been shown to be a common
feature of galaxies. Had the fields been purely random, or only associated with galaxy-
specific SF regions, no such pattern would have emerged in a stacked sample. The observed
magnetic field should be a mixture of plane-parallel disk fields, and halo fields with a
dominating vertical component. An observed X-type field suggests either that both fields
have similar strengths in similar regions, or that this pattern is an intrinsic property of
galaxies (see, e.g., Section 3.6). The pattern also indicates that the CHANG-ES galaxies have
‘scalable’ large-scale fields, since the 28 galaxies, which spanned a factor of 9 in angular
size, were brought to a common size prior to stacking.
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Figure 6. On the left, the weighted mean linear polarization (colors) and matching magnetic field
orientations from the stacking of 28 CHANG-ES galaxies, showing an underlying X-shaped field,
from [29]. The RA and Decl. axes have arbitrary centering. On the right, Comparison between
C-band (red) and L-band (white) magnetic field (B) orientations at the same resolution in the galaxy
NGC 2683, superimposed on an S-band (Section 4) polarization image. The galaxy’s major axis
extends from the north-east to the south-west. It should be noted how much the B field orientation
has rotated between C-band and L-band. From [56].

It is important to note that polarized emission is a signature of ordered fields (isotropic
turbulent fields, for example, do not produce polarization). Ordered fields may have
contributions from large-scale regular fields, generated by dynamo action, and anisotropic
turbulent fields, generated by compression or shear of isotropic turbulent fields [57]. Figure 1
of [58] provides a useful illustration. Regular fields give rise to significant Faraday rotation
(FR, described below), while anisotropic random fields reveal negligible FR when integrated
over the line of sight. In nearly face-on galaxies, the anisotropic turbulent fields are several
times stronger than regular fields [58].

The strength of ordered fields that give rise to polarization can be obtained from the
strength of the total field (obtained from the total synchrotron emissions and an assumption
of equipartition) along with the fraction of synchrotron radiation that is polarized, P. It
should be noted that a polarized emission measures the component of the magnetic field
that is in the plane of the sky, B, . To obtain the strength of the regular field along a line of
sight, we require Faraday rotation analysis.

The angle that a polarized wave rotates as it passes through an ionized medium is

A® = FD A? )

where

FD — k/ngBHdl 3)

is the Faraday depth (sometimes just called the rotation measure, or RM)’, k is a constant,
1. is the thermal electron density, By is the strength of the magnetic field parallel to the
line of sight, and [ is the line of sight distance through the medium. By convention, FD
is positive when the field points towards the observer, and negative if the field points
away. Clearly, if the line of sight is very large, the rotation will be greater for polarized
emissions coming from the back of the cloud in comparison to the front. This differential
FR means that the emerging light has contributions from many angles and is, therefore,
depolarized, even if the internal field is regular. In general, depolarization of the disk is
likely a combination of accumulation of small-scale structure along the line of sight and
within the beam (wavelength-independent depolarization), Faraday dispersion due to
turbulent fields, and differential Faraday rotation along the line of sight within the beam
and across the observed frequency band (wavelength-dependent depolarization). This
places an effective ‘depth’ on the emission such that, if A> A® >> 1, the source is ‘Faraday
thick’. We can only recover information about Bj| if the source is Faraday thin.
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There are two important consequences that are relevant to CHANG-ES. The first is
that observations at L-band (longer A) can be strongly depolarized, showing little to no
polarization. The second is that, if L-band polarization is observed, it can suffer from
significant Faraday rotation compared to C-band. Figure 6 (right) shows a striking example
in NGC 2683. Here, we see C-band magnetic field (B) orientations in red and L-band
orientations in white, from matching resolution data. In L-band, the galaxy has been
almost completely depolarized along the major axis where the line of sight is large, and
the polarized emission does not extend out very far from the major axis, in comparison to
C-band. In addition, the B orientations in L-band have been significantly Faraday-rotated
compared to C-band.

For these reasons, we have carried out rotation measure analysis using C-band data.
To obtain images of Faraday rotation measures (RMs), we applied RM-synthesis [14] to the
CHANG-ES data [29]. RM-synthesis provides images of polarized intensity that are not
affected by differential Faraday rotations within the observed frequency range, and, also,
an image of rotation measures up to a maximum rotation measure set by the differential
Faraday rotation within a single frequency channel. This has allowed us to analyze the
halo fields as well as the disk fields of the galaxies in unprecedented detail.

3.4.1. Large-Scale Ordered Magnetic Fields in CHANG-ES Galaxies

Of all thirty-five CHANG-ES galaxies, all except one® showed polarized emission
at C-band [29]. Seven galaxies showed polarization but were too weak to carry out RM
synthesis analyses. Six more were dominated by a central AGN-like source or a background
radio galaxy (UGC 10288) and did not have a clear polarized disk or halo emission. This
left 21 galaxies for which RM-synthesis was successfully carried out to reveal extended PI
within their disks and/or halos and for which reliable RM values could be mapped. An
example is shown in Figure 7.

NGC 3044 C-band PI NGC 3044 C-band  RM
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Figure 7. NGC 3044 C-band polarized emission, RM-corrected, from [29]. Contours denote the total
intensity and show that the major axis extends from the north-west (advancing side) to the south-east
(receding side). On the left, the polarized intensity (color) with magnetic field orientations superim-
posed. On the right, the rotation measure map (color), with magnetic orientations superimposed (see
Section 3.4.3).

Five main magnetic field types can be identified from the entire sample:

1.  Disk-halo type, where the disk field and the halo field are both observed. This results
in classical X-shape type magnetic field structures that can be seen in individual
galaxies (NGC 891, NGC 4217, NGC 4631, and NGC 5775). In some cases of close-by
galaxies, polarization appears in flocculent patches (NGC 891 and NGC 3556). Due
to higher linear resolution, we observe more detail, while the large-scale emission is
harder to detect.

2. Disk-type, where the disk field is predominant. These galaxies show little or no
polarization originating from the halo, and the observed polarization is mainly parallel
to the disk (NGC 3628, NGC 4013, NGC 4192, NGC 4302, NGC 4565 and NGC 5907).

3. Halo-type with a predominant halo magnetic field structure and weak observed
parallel disk field. Halo-type magnetic field structures are observed as a dominant
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vertical field. The vertical structure is either accompanied by large scale structures
(NGC 3044) or, again, by showing flocculent polarization patches with vertical fields
(NGC 4631).

4. Large-scale ordered fields that are related to huge outflows from a nuclear region with
strong star-formation activity (NGC 3079 and NGC 4388).

5. No large-scale ordered magnetic fields were observed in five of the twenty-one galax-
ies. In a few galaxies, this is probably a detection bias, where we just did not observe
long enough to see the low polarized emission. It would be interesting to investigate
if a non-detection could be due to turbulent magnetic fields in the galaxy. This could
be analyzed further with deeper observations.

No indication is found in [29] that the existence of a large-scale ordered field is pref-
erentially observed in galaxies with certain Hubble types or with star formation rates.
However, we do observe that the degree of polarization, P, increases from the galactic mid-
plane to the outer boundary of the halo. This cannot be explained by diminishing thermal
emission, given the vertical extent of the decline, and, therefore, suggests increasingly
ordered fields with z-height. Two examples are shown in Figure 8.

NGC 5775 C-band Perc NGC 4666 C-band Perc
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Figure 8. Percentage of polarization in NGC 5775 (left) and NGC 4666 (right) in color. Contours
represent the total intensity emission and the beam size is displayed as a filled black circle in a lower
corner. From [29]. Attractive images of these galaxies are shown in Figure 1.

3.4.2. Asymmetry of Polarized Intensity Between the Advancing/Receding Sides

Most of the CHANG-ES galaxies with observed large-scale polarized emissions at
C-band show the strongest polarized intensity (PI) on the side of the major axis that is
approaching with respect to the global rotation of the galaxy (13 out of 18, or 72%, [29]).
This has been observed in a previous galaxy sample by [60] and was first detected in
a CHANG-ES galaxy (NGC 4666) by [9]. An earlier, more sensitive map of NGC 4666
by [61] also shows the asymmetry. We show another example from CHANG-ES, the galaxy
NGC 3044, in Figure 7 (left). The absence of polarization in a rough line right along the
major axis should also be noted.

The first conclusion [29] is that significant Faraday depolarization is still occurring
at C-band, especially along the major axis where the lines of sight are large. The second
conclusion is the asymmetry itself, which requires an explanation as to why polarization
favors the advancing side for most galaxies. A simplified model is given in [19] (see
their Figure 28), where trailing spiral arms may explain the asymmetry in the disk and
its correlation with galactic rotation if the polarized emission from the near side of the
galaxy dominates because the Faraday depolarization blocks the farther side. However,
we also observed this asymmetry, in some cases, in the halo as well, which, in this model,
would require both depolarization as well as magnetic spiral arms in the halo. Neither
have observational confirmation at present, although halo turbulence, for example, could
satisfy the former, and magnetic spirals that ‘lift” into the halo [62,63] could satisfy the latter.
Further work to understand this phenomenon is ongoing, but preliminary results for both
L- and C-bands in both C and D arrays appear to be in agreement that the advancing side
has stronger polarization.
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3.4.3. Large-Scale Regular Magnetic Field Patterns in Galaxy Halos

Our images of Faraday rotation measures (RMs) have revealed unprecedented and
unexpected patterns of regular fields in halos. Early large-scale dynamo theory (assuming
symmetric gas distributions) predicts regular fields of quadrupolar or dipolar shape [64],
which, however, are not seen in the CHANG-ES data. More complex patterns are observed
instead. Apparently, astrophysical phenomena like spiral arms, galactic winds, and locally
strong star formations, can lead to more complex magnetic field patterns. For example, a
pattern of dynamo-generated magnetic spiral arms that extend into halos may be adequate
(see Section 3.6).

In NGC 4631 a quasi-periodic RM pattern with several sign reversals parallel to the
disk on a scale of about 2 kpc was found in the northern halo of the galaxy [65]. These
field reversals, together with the observed polarization angles, have been interpreted as
giant ‘magnetic ropes’, oriented almost vertical to the galactic plane, but pointing towards
or away from the observer, and reaching heights of about 2 kpc (Figure 9). This is the
first time that such large-scale regular reversing magnetic field patterns have been seen
in any external galaxy. Figure 7 (right) shows another example in which we see positive
(color) and negative (grayscale) RMs. Further investigation, moreover, shows that, when
RM patterns can be measured in CHANG-ES galaxies, they all reveal some reversals [29].

Figure 9. Magnetic field orientations of NGC 4631 Faraday rotations measures (from [65]) with
RM signs plotted in color (blue: negative, green: positive). Position angles are traced using an LIC
algorithm as in Figure 1. The background optical image uses data from the Mayall 4-m telescope,
collected by Maria Patterson and Rene Walterbos of New Mexico State University. Image composition
by Jayanne English, University of Manitoba.

Other more galaxy-specific halo patterns were also observed. In NGC 4217 (Figure 10,
left), a helical outflow structure is present in the northeastern part of the galaxy, extending
almost 7 kpc into the halo, as well as bubble-like features on the western side [19]. Large
magnetic features were also discovered in the halo of NGC 4388 (Figure 10, right). Two
almost vertical filaments with projected extensions of about 4 kpc to the north and 2 kpc to
the south are probably related to the outflow from the active nuclear region [66]. The RM
data indicate that the fields have a helical shape [67]. Other intriguing features in NGC 4388
are two extended extraplanar blobs of polarized emission at large distances (about 4 kpc)
north-west and south-east from the galaxy center. It should be noted how much structure
is revealed in polarization that otherwise is not seen at total intensity (where the rms noise
is higher), as shown in the inset.
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Figure 10. In the left image, we see RM patterns of NGC 4217. The RM image (upper right) shows two
boxes which highlight a feature extending almost 7 kpc into the halo (left box) and two bubble-like
features (right box). Models showing a helical field (top left, labelled a) and circumferential field
(bottom right, labelled ¢ and d) correspond to the two boxes, respectively. A possible orientation of the
in-disk field is shown on the lower left (labelled b). From [19]. In the right image, the galaxy NGC 4388
shows complex structure in polarization intensity (PI). Lower inset: Total intensity emission; the
marked difference compared to PI should be noted. From [66].

3.4.4. Large-Scale Regular Magnetic Field Patterns in Galaxy Disks

Reversing RM patterns have now been observed in the disks of all CHANG-ES galaxies
for which RM analysis could be carried out [29]. The RM data of NGC 4013 and NGC 4217,
in particular, show sign changes from the western to the eastern half to the disk [9,52].
This indicates a large-scale regular field with a dominating azimuthal component, like an
axisymmetric spiral field with a small pitch angle, as also observed in face-on galaxies [58].
By comparing the sign of RM with the sign of the galaxy rotation and assuming trailing
spirals, the radial field component is found to point outwards in NGC 4013, but inwards in
NGC 4217.

The first external galaxy in which field reversals were observed along the disk itself
was the CHANG-ES galaxy, NGC 4666 [9]. This phenomenon resembles the radial field
reversal found in the Milky Way [68], so our Galaxy is no longer a special case. The radial
field in NGC 4666 points inwards in the inner part of the disk within a 4 kpc radius, but
outwards in the outer disk at 4-9 kpc radius.

3.5. The Observational Three-Dimensional Magnetized Galaxy

Galaxies are complex three-dimensional objects. With the edge-on perspective of
the CHANG-ES project, we perfectly see the extended radio halo, while the disk appears
strongly compressed. The structure of disks in the radio emission needs to be investigated
in moderately inclined galaxies. Then, by combining the two views, we can get the full
story.

In almost face-on or weakly inclined spiral galaxies, unpolarized synchrotron emis-
sions (tracing isotropic turbulent fields) are the strongest in spiral arms and bars (20-30 puG)
and in central starburst regions (50-100 uG). Polarized emissions (tracing ordered fields,
which can be regular or anisotropic turbulent, Section 3.4) are generally strongest in inter-
arm regions (10-15 puG). In several galaxies, “magnetic arms” between gaseous spiral arms
were observed. In galaxies with strong density waves, ordered fields were observed at the
inner edges of spiral arms [57].

Faraday rotation measures (RMs) of the diffuse polarized radio emission from galaxy
disks reveal large-scale patterns that can be described by a superposition of azimuthal
modes. The lowest dynamo mode is an axisymmetric spiral field and dominates in many
galaxies [58] (e.g., in M 31), consistent with the reversing RM signs in both halves of the disk
of some edge-on galaxies (Section 3.4.4). Magnetic modes are thought to be signatures of
regular fields generated by the large-scale (mean-field) dynamo (see Section 3.6). According
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to the RM data of two galaxies (so far) (NGC 628 and IC 342), helically twisted field loops
wind around spiral arms [57].

On kpc scales, RM patterns with reversing signs were observed, e.g., in M 51 [69].
These may be attributed to magnetic Parker loops or to local outflows into the halo, possibly
related to the “magnetic ropes” in NGC 4631 [65].

We need to understand to what extent the observed patterns are underlying and
possibly common to galaxies as part of the regular, dynamo-generated field, and to what
extent they may be ‘local” or galaxy-specific, such as relating to individual spiral arms,
SERs, or specific outflow features (e.g., Figure 10). In the next section, we will focus on
theoretical expectations from dynamo theory.

3.6. The Theoretical Three-Dimensional Magnetized Galaxy

It is clear that large-scale magnetic spiral structures exist in many nearly face-on spirals,
e.g., [64]. On smaller scales, there is a turbulent field component, and total magnetic field
strengths are often of the order of 10 uG (Section 3.5). There is a strong indication from
edge-on galaxies, known for some time now, that magnetic fields exist in galactic halos as
seen in the famous "X fields” [55], and Section 3.4, which introduced some theoretical work
from, for example, refs. [70,71]. The origin of these fields has been attributed to classical
dynamo action, comprised of sub-scale (< 100 pc) turbulence, together with macroscopic
ionized gas flows such as rotation and winds. The implications of the dynamo theory
are complex and the classical theory itself is not entirely satisfactory. This led to various
variations and approximations of the equations, while attempting to explain, especially,
the magnetic spirals. Much of this work is summarized, with references, in [72]. The X
fields, in particular, have now been detected via the composite picture from CHANG-ES
(Figure 6 left) for the set of 28 edge-on galaxies. This confirms their widespread presence
and points to a common, rather than galaxy-specific, origin. Moreover, large-scale magnetic
fields in CHANG-ES galaxies appear to be robust and not easily destroyed. For example,
a number of CHANG-ES galaxies have close companions, or are in clusters, yet they still
have large-scale fields [29].

Perhaps the most novel result of the CHANG-ES campaign was the detection of
oscillating, line of sight, magnetic fields in galactic halos and disks (Sections 3.4.3 and 3.4.4).
Such patterns are ‘universal” in the CHANG-ES sample. Although novel, this was not
entirely unexpected, due to an earlier theoretical treatment. This was predicted by a steady-
state model using a version of the classical dynamo equations [62]. In this and subsequent
papers, the galactic magnetic field was assumed to be a scale invariant system from the
turbulent regime to the halo in the classical picture. This general assumption allowed for a
consistent value for the « effect, the macroscopic velocities and the mean magnetic field.
There was ultimately no limitation on the field geometry, although this first paper dealt
only with small pitch angles. Nevertheless the planar magnetic spirals and the oscillating
fields in the halo were already predicted. The theoretical conclusion was that the magnetic
spiral arms and the X fields could be related and explained, by a model of magnetic fields
spiraling about the galactic axis and rising into the halo from the plane of the galaxy. This
is the first time that X-shaped fields, as well as reversing-sign RM patterns, have both
been modeled.

The justification for this master assumption of scale invariance was partly to produce
an internally consistent solvable model. However, it is known that complex, self-interacting,
and isolated systems do tend to become scale invariant over a finite range of scales. This is
the inertial range in hydrodynamic turbulence, and, indeed, any self-similar fractal structure
illustrates this. The program was carried on to become exact, time dependent (a reasonable
growth rate, including exponential, follows) with many illustrative examples [73]. The
examples illustrated various parts of the global dynamo. For example, outflow from the
galaxy, together with rotation, were key amplifiers once a seed field was produced. The
outflow avoided the saturation expected for a finite dynamo.
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The research effort culminated in a detailed attempt [74] to summarize and match the
observed halo results for NGC 4631, shown in Figure 9. This paper gives the mature scale
invariant theory and its application to the halo of NGC4631. A typical result is shown in
Figure 11. The three-dimensional magnetic fields also have strong poloidal components
that appear to loop over the projected spirals near the disk (similar to NGC 628 and IC 342,
Section 3.5). The results suggest that the ‘magnetic ropes’ discussed in Section 3.4.3 may
be part of an even larger scale dynamo-generated structure. The Milky Way has also been
found to have changes in magnetic helicity crossing the disc [75], based on the theoretical
models that were used to describe CHANG-ES data; the spiraling magnetic fields agreed
well with the empirical model of the Milky Way magnetic field.
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Figure 11. One model from [74] from a fit to NGC 4631, which includes outflow. On the left, reversing
RMs are seen from an edge-on perspective. On the right, magnetic spirals continue from the disk to
the halo. One slice at z = 0 is shown from a face-on perspective.

The CHANG-ES campaign inspired a new look at the magnetic field of galaxies.
In many cases, it is clear that the field has an effect on gas motions generally and vice
versa. The models agree with observations, and are consistent with extending the scale
invariance to even larger scales, that is, the galactic magnetic field may well be connected
to the intergalactic plasma. Cluster magnetic fields may then rely on a form of sub-scale
turbulence [76,77] produced by galactic motions.

4. Ongoing Activities and New Opportunities
4.1. The S-Band CHANG-ES Extension—Filling the Gap

S-band data, which fill in the gap between L-band and C-band (shown in green
in Figure 2) have now been collected for all CHANG-ES galaxies. As illustrated, the
new frequency coverage (L-band, S-band, and C-band) is almost contiguous from 1.25
to 7.02 GHz, and provides an unprecedented opportunity to study the spatially resolved
spectral index in galaxies. Polarization studies will especially benefit from the addition of
S-band data. Currently, polarization analyses are still very limited because L-band data
suffer from strong depolarization and rotation (Figure 6, right), and C-band data have too
low a resolution in Faraday space.

When combining all radio data, CHANG-ES provides unprecedented frequency cov-
erage for a complete sample of well-resolved edge-on spiral galaxies. Significant results
have been obtained from the individual frequency bands, as described in previous sections,
but the analysis of the complete frequency range has yet to begin. This includes spectral
index structure, including the radio spectrum in the separation of thermal and nonthermal
emissions, spectral curvature, and Faraday tomography [59] (see Section 4.2) of the diffuse
emission and background sources.

S-band data analysis is currently ongoing, but Figure 12 shows some early S-band
results for the galaxy NGC 3044. On the left is a color image of the S-band total intensity
superimposed with X-ray XMM contours, and on the right are magnetic field orientations
from combined C-band and S-band data superimposed on an Hx map. The contrast
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between the thin star-forming disk and the enormous magnetized halo in this galaxy
should be noted.

N3044 H—Alpha w. S&C Band Pol. Vectors

DECLINATION (J2000)

42°  40°
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01° 33’

45% 09" 53™ 35%
RIGHT ASCENSION (J2000)

Figure 12. NGC 3044 images that include S-band data. On the left, XMM-Newton 0.3-1.2 keV
intensity contours superimposed on the VLA S-band total intensity image in color. On the right,
magnetic field orientations from combined S-band and C-band data superimposed on an Hx image
of NGC 3044, from [56].

4.2. Faraday Tomography of Edge-on Galaxies

The large frequency range of the three bands, interrupted only by frequencies lost
to RFI will reduce the errors and, therefore, allow more detail to emerge than any single
band is able to reveal. Since the images of the sources are resolved, we can investigate both
the polarization (obtaining B ), as well as Faraday analysis (obtaining B)), to reconstruct
the three-dimensional structure of the magnetic field in the source. This is called Faraday
tomography, and it has the potential to vividly expose the magnetic field in unprecedented
detail (see also Section 3.4 for an overview and explanation of terms).

Faraday tomography is sensitive to structures with a Faraday depth width of up to
1700 rad m~2 at a resolution of 40 rad m—2. At this resolution, the expected error in the
rotation measure for a signal-to-noise ratio of 7 in polarized intensity is ~ 3 rad m~2. This
will allow the mapping of the structure of the halo in Faraday depth space for both Faraday
thin and Faraday thick components.

Heald et al. [78] presented the Faraday rotation measure Synthesis for a sample of
galaxies from the SINGS survey with various inclinations, covering two bands in the
frequency range 1300 to 1763 MHz. These data revealed complex Faraday rotation and
depolarization in the halos of galaxies. The CHANG-ES survey, by contrast, provides
frequency coverage from 1 GHz to 7 GHz.

The separation of lines of sight through the halo versus lines of sight through the disk
in edge-on galaxies is of special importance for Faraday tomography of the halo and the
disk-halo interface. Images of polarized intensity tend to show polarized emissions from
the halo while the disk midplane is depolarized (e.g., Figure 7). For (nearly) continuous
frequency coverage between 1 GHz and 7 GHz, the largest continuous Faraday depth range,
which is limited by differential Faraday rotation along the line of sight, is 1.7 x 10° rad m 2.
This is more than double the mean Faraday rotation in most of the Milky Way disk, so
differential Faraday rotation along the line of sight should pose no significant limitations
for probing the halo and most of the disk with diffuse polarization.

We intend to apply frequency averaging to a maximum Faraday depth 42500 rad m 2
as a compromise between imaging constraints, including effective cleaning of the Stokes
Q and U images, and sensitivity to extreme Faraday rotation. The resolution in Faraday
depth, using all three bands, is ~ 40 rad m~?2, depending on frequencies lost to RFI. This
resolution corresponds to Faraday rotation over a path length

lagp = 10° (0.1 2;73)_1 (5?6) e @)
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The Faraday depth resolution of the combined L/S/C band data should, therefore, be
sufficient to differentiate between emissions of successive spiral arms along the line of
sight close to the disk. In the halo, the high Faraday depth resolution is the most important
parameter to reduce measurement errors for RM, thus revealing subtle differences in
Faraday rotation in the halo.

An angular resolution of 10” corresponds to a scale, 484 (d/10 Mpc) pc. This is a
factor of 5-10 larger than the outer scale for energy injection of turbulence in the interstellar
medium. Differential Faraday rotation within the beam is to be expected, leading to
modest Faraday complexity. Also, magnetic field structures smaller than the beam lead to
wavelength-independent depolarization, most likely in the disk.

4.3. Toward Understanding Galactic Ecosystems of Star-Forming Galaxies

CHANG:-ES data have now provided a solid foundation for furthering our understand-
ing of the Circumgalactic Medium (CGM), a key part of the dynamic galactic ecosystem.
The ordered magnetic field typically extends far out from the galactic disk into the halo, as
illustrated in Figure 1. The extraplanar radio emissions are prominent in total and polar-
ized intensities and sometimes show loop or shell-like structures, apparently representing
blowout superbubbles (Figure 10). In some cases, such structures have multi-wavelength
counterparts, observed as Ha and optical dust filaments, as well as in the diffuse X-ray
emissions, which show similar overall morphologies [19]. Moreover, winds are implied for
most galaxies (Section 3.3.1). All of these features suggest an active and dynamic connection
between the galaxy and CGM.

Existing studies of CHANG-ES galaxies are largely based on the initial VLA L- and
C-band survey data. The inclusion of S-band data (Section 4.1), as well as single-dish
observations (Section 4.5), will lead to profound insights into the magnetic halos of galaxies,
as preliminary analysis of the S-band pilot observations has shown (Figure 12). With
S-band, we expect to see even more spectacular halo features in both total intensity and
polarized emissions.

The radio emission traces the CR electrons and magnetic fields, which are an important
energetic component of the CGM. Another energetic component is the diffuse hot plasma
produced by similar galactic feedback (AGNs, massive stellar winds, and SNe). Indeed,
the diffuse soft X-ray emission generally shows a global similarity with the radio emission
(Figure 12 left), although there is no clear detailed correlation between the two emissions.
Therefore, the physical relationship between these two components is still unclear. It is time
for a fresh and systematic look at the energetic CGM, taking advantage of the accumulation
of complementary X-ray data sets and radio observations, to confront evolving theories
and simulations.

4.4. Ongoing CHANG-ES Companion Projects—Probing Deeper Into the Galaxies and Exploring
the Multi-Phase CGM

In addition to its major science related to the radio continuum observations, CHANG-
ES also has a few companion multi-wavelength observational projects, studying different
phases of the galaxies and CGM, as described in this section.

The CHANG-ES VLA L-band data cover the HI21 cm line, as pointed out in Section 2.3.
Although the observational design was not optimized for emission line studies, these
H I data were nevertheless successfully extracted and published in [30,79] (see also Table 2),
revealing high-resolution images of the cold atomic gas. Furthermore, many CHANG-ES
galaxies have also been observed in X-ray [80], IR [6], and Ha imaging [5], probing different
CGM phases in and around the galaxies.

The CHANG-ES consortium has also initiated two companion projects studying
the cold molecular gas via CO emission lines observed with the IRAM (Institute for
Radio Astronomy in the Millimetre Range) 30 m telescope (called the ‘CO-CHANGES’
project [81,82]), and the extraplanar diffuse ionized gas (eDIG) observed in a special multi-
slit narrow-band spectroscopy mode with the MDM (Michigan-Dartmouth-MIT) 2.4 m
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telescope (the 'eDIG-CHANGES’ project [83,84]). As examples, in Figure 13, we show the
distribution of the cold molecular and atomic gas mass of the CO-CHANGES sample (left)
and an example of our multi-slit narrow-band spectroscopy observations of the CHANG-ES
galaxy NGC 3556 (right). The spectroscopy data from these two projects can be used to
study the dynamics of the molecular and ionized gas of CHANG-ES galaxies. In Figure 13
(right), we present a pilot comparison of the position-velocity (PV) diagram of these two
gas phases extracted from the midplane of NGC 3556 [83]. Apparently, these two gas
phases follow the same dynamics, which should be dominated by the global rotation of the
galaxy. Combined with the study of the CR electrons and magnetic fields from the radio
continuum data, these CHANG-ES companion projects will help us to have a panchromatic
view of the role of different gas phases in galaxy evolution.
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Figure 13. On the left, (single frame) molecular gas mass measured with the IRAM 30m observations
from the CO-CHANGES project vs. atomic gas mass collected from the archive [81]. Best-fit relations
from different literature sources are plotted in colored lines for comparison, with the black solid
line the best-fit of the CO-CHANGES sample. On the right (three frames labelled (a—c)), a pilot
study of NGC 3556 from the eDIG-CHANGES project [83]: (a) The multi-slit mask overlaid on a
snapshot Ha image of NGC 3556. Each slit produces a narrow-band spectrum covering the Ha line
and [N IIJAA6548,6583 doublet. (b) The line centroid velocity map showing clear rotating disk
structures. (c) PV diagram extracted from the midplane of the galaxy. The three parallel bright bands
separated in the velocity space are the Ha line (middle) and the two [N II] lines. The contours are the
CO J =1 - 0PV diagram constructed with our IRAM 30 m data [81]. PV diagrams of the two gas
phases have comparable slopes, indicating that they follow similar dynamics.

4.5. Green Bank Telescope (GBT) Observations and Joint VLA-GBT Deconvolution

The CHANG-ES sample was observed with the GBT with the purpose of correcting
VLA images for missing short-spacing flux via joint deconvolution, based on the method
of [85] which incorporates wideband multi-frequency synthesis and multi-scale and mosaic
imaging. Optimization of the joint deconvolution is a remaining goal.

4.6. Lagging Extraplanar Gas and Nonthermal Radial Pressure Gradients

Studies of the kinematics of extraplanar atomic and diffuse ionized gas show that
rotation speed drops with height above the plane in many galaxies at a rate that, so far,
has defied explanation. A certain extraplanar rotational lag is predicted by considering
a ballistic model of disk-halo circulation [86,87], but many lags exceed this prediction
substantially, e.g., ref. [88]. One class of explanations involves the mixing of disk-halo
cycled and primordial infalling gas of much lower angular momentum [89]. Another class
notes that the vertical density gradient of extraplanar gas means that any radial pressure
gradients that might exist will cause a greater acceleration with height from the plane [90].
Specifically, low density extraplanar gas may be supported by a radially declining pressure
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with a rotation speed lower than expected in the ballistic case. The pressure is most likely
nonthermal or due to hot gas.

The nonthermal radial pressure gradient can be inferred from CHANG-ES VLA, or
eventually VLA-GBT, maps of galaxies with a sufficiently bright extraplanar emission using
the equipartition assumption and an adaptation of tilted-ring modeling. Together, simple
axisymmetric 3D models of the total magnetic field strength can be fit to the major-axis
emission profile in C- or L-band at different heights, from which the pressure gradients
can be derived [91]. This is a remaining goal of the project. The technique can also provide
an independent way of measuring magnetic field scale-heights and vertical nonthermal
pressure gradients.

5. Summary and Open Questions

CHANG-ES has presented a unique view of edge-on galaxies using VLA data in
wide L- and C-bands. Together with polarization data, the project has confirmed some
previously known phenomena, expanded our knowledge of others, and revealed entirely
new phenomena never before seen in any galaxy, as summarized below. The wide
bandwidths of the VLA have provided opportunities to expand how we deal with spectral
indices, and we have developed new techniques in imaging to produce spectacular images
of galaxy halos (Figure 1).

We now know that AGNs or low-luminosity AGNs are embedded in at least 64% of
a sample of 33 galaxies, even though AGNs were not targeted by any selection criteria.
AGN:s had previously been detected in some galaxies, but are new discoveries in others. A
new time-variable source, new bipolar structures, and a new AGN-related activity revealed
by polarization are examples. Circular polarization has also been detected for the first
time in the cores of some CHANG-ES galaxies (Section 3.1). Discrete sources with their
X-ray counterparts have been cataloged and an active binary star system was identified
(Section 3.2).

The largest halos correspond to the largest galaxies, suggesting a ‘scalability” to these
systems. Disk—-halo scale-heights have been measured, as well as frequency-dependent
spectral indices (Section 3.3). This information, together with the SPINNAKER model,
have determined whether the CR transport is diffusion-dominated or advection-dominated.
Most galaxies are advection-dominated, implying that most CHANG-ES galaxies experi-
ence winds, some of which exceed the escape velocity (Table 3). Just like the solar wind,
however, escape may be dictated by magnetic forces rather than gravitational ones [92]. It
is not yet clear to what extent the galaxies are calorimeters, nor is it clear why the slope of
the radio versus SFR plot is superlinear (Section 3.3.2). More comprehensive measurements
of mass-loss rates (e.g., as in [49]) are needed.

The polarization results from CHANG-ES (Section 3.4) have been some of the most
stunning. These include galaxy-specific loops, bubbles, and outflow features (e.g., Figure 10),
as well as features that appear to be more constant from galaxy to galaxy. Large-scale mag-
netic field patterns appear to be stable, even in the presence of close companions or cluster
members. These patterns include X-type fields in the plane of the sky (Figure 6 left),
stronger polarization on the advancing side of the galaxy (Section 3.4.2), as well as alternat-
ing RM patterns that imply reversing magnetic field directions in the line of sight (Figure 9,
and Figure 7, right). Reversing B field directions are new phenomena never before seen in
an external galaxy. We have shown that this behavior, as well as X-type fields in the plane
of the sky, are common in galaxies. One explanation requires spiral structures with Faraday
depth effects (Sections 3.4.3 and 3.4.4). Such patterns, however, are also predicted from
dynamo theory (Section 3.6, Figure 11), which can produce a variety of spiral modes. What,
then, determines which modes will be dominant? B fields are generated by dynamos acting
on sub-scale turbulence, combined with macroscopic motions (rotation, outflows), but to
what extent does SFR-related activity deform these fields on large scales? Future S-band
data with magnetic field tomography (Section 4.2) studies can help to disentangle these
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effects. More sensitive data may also help to answer the following questions: Where do the
large-scale field lines connect? Do they loop around the galaxy, or connect to the IGM field?

The CHANG-ES consortium is open to collaboration (please contact the first author, if
interested). FITS images, as outlined in Table 2, are available for general use.
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Notes

1
2

Formerly known as the Expanded Very Large Array, or EVLA.

A charming 3-minute video for the technically minded can be found at https:/ /www.youtube.com/watch?v=jwMfNKEsCmE
(accessed on 4 May 2024)

Data reduction uses the Common Astronomy Software Applications (CASA) package at http://casa.nrao.edu (accessed on 4
May 2024) which employs these sophisticated algorithms.

4 https:/ /projects.canfar.net/changes/wp-content/uploads/2019/04/N3079_B8.jpg (accessed on 4 May 2024)

5 The deprecated website was https://queensu.ca/changes.

6 The normalization, however, is different because of the extra extinction in edge-on galaxies.

7 RM, more technically, is defined as the slope of the ® versus A2 plot [14]. It has the same value as FD only in simple cases where
there is only one Faraday-thin source along the line of sight [59].

8 This was the very faint galaxy NGC 4244.
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