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Abstract

Magnetic fields in galaxy halos are in general very difficult to observe. Most recently, the Continuum HAlos in Nearby Galaxies – an EVLA Survey (CHANG-ES) Collaboration investigated the radio halos of 35 nearby edge-on spiral galaxies in detail and detected large-scale magnetic fields in 16 of them. We used the CHANG-ES radio polarization data to create rotation measure maps for all galaxies in the sample and stack them with the aim of amplifying any underlying universal toroidal magnetic field pattern in the halo above and below the disk of the galaxy. We discovered a large-scale magnetic field in the central region of the stacked galaxy profile, which is attributable to an axial electric current that universally outflows from the center, both above and below the plane of the disk. A similar symmetry-breaking has also been observed in astrophysical jets, but never before in galaxy halos. This is an indication that galaxy halo magnetic fields are probably not generated by pure magnetohydrodynamic processes in the central regions of galaxies. One such promising physical mechanism is the Cosmic Battery operating in the innermost accretion disk around the central supermassive black hole. We anticipate that our discovery will stimulate a more general discussion on the origin of astrophysical magnetic fields.
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⋆ The raw data of the RM maps shown in Appendix A are available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/649/A94



1. Introduction
We are entering the era of new, high-resolution, broadband radio facilities (e.g., LOFAR, ngVLA, ALMA, SKA, etc.) that will allow us to investigate the distribution and properties of cosmic magnetic fields along the line of sight, toward and within astronomical objects, in unprecedented detail. Large-scale, coherent, galactic magnetic fields play a fundamental role in star formation, cosmic ray propagation, and the dynamics of astrophysical accretion disks, as well as galactic and extragalactic jets (Kronberg 2016; Han 2017). Their origin and evolution remain one of the key open questions of modern astrophysics.
The distribution of cosmic magnetic fields along the line of sight can be investigated using linearly polarized radiation. The complex intensity of linear polarization Π is defined as follows:
[image: thumbnail](1)
where, I, Q, and U are the observed Stokes parameters, P is the modulus of Π, χ is the observed electric vector position angle (EVPA), and [image: equation] is the observed degree of linear polarization. Faraday rotation changes the observed orientation of the EVPA when polarized light is propagated through a magnetoionic medium from an initial value χ0 at position r0 to an observed value χ via the following relation:
[image: thumbnail](2)
where λ is the wavelength, and the Faraday rotation measure (hereafter RM) is defined as
[image: thumbnail](3)
where r, ne, and B|| are the distance, electron number density, and line-of-sight magnetic field of the magnetoionic medium, respectively, and r0 is the distance of the source of polarized radiation. The amplitude and sense of rotation probe the strength and orientation of the magnetic field component along the line of sight. The dependence of the polarization angle on wavelength λ becomes more complex than Eq. (2) if the source of the polarized radiation is the magnetoionic medium itself (i.e., internal Faraday rotation).
In this paper, we further investigate a very interesting discovery of the past decade, namely the existence of a universal pattern in the large-scale magnetic fields associated with astrophysical black holes. In a series of papers (Gabuzda et al. 2012; Christodoulou et al. 2016), Contopoulos and collaborators presented evidence for a universal toroidal magnetic field structure in astrophysical jets, namely that (when present) electric currents along kpc-scale astrophysical jets always flow outwards. Similar large-scale magnetic field patterns have been observed across the outer layers of galactic disks using background polarized radio sources. Two characteristic examples of this phenomena are found (i) in the extended region around the radio jet of Centaurus A (Feain et al. 2009), and (ii) in our own Galaxy (Pshirkov et al. 2011; Oppermann et al. 2015). In both cases, the inferred large scale axial electric currents also flow outwards.
There are several reasons why it has up to now been very hard to observe such a universal pattern in galactic halos. Firstly, the magnetoionic medium in the halo is very tenuous and can only be observed in the radio by stacking together images of tens of galaxies (e.g., Fig. 6 in Wiegert et al. 2015). Secondly, detailed studies of line-of-sight magnetic fields are better performed by means of Faraday RM synthesis (Brentjens & de Bruyn 2005), which requires broadband radio observations with good spectral resolution (i.e., a large and well-sampled wavelength range). Such data have only been sparsely available so far. Furthermore, galactic winds, supernova explosions, crossings of the galactic disk by neighboring galaxies, astrophysical jets, and so on, severely disrupt any underlying universal magnetic field structure in the halo.
In this paper, we set out to investigate the direction of the large-scale axial electric current flowing away from or toward the center of a typical disk galaxy seen edge-on, by studying the large-scale toroidal magnetic field above and below the galactic disk. We decided to use data from the Continuum HAlos in Nearby Galaxies – an EVLA Survey (CHANG-ES) Collaboration. The CHANG-ES sample consists of 35 edge-on spiral galaxies observed with the Karl G. Jansky Very Large Array (VLA) in wide bands centered at 1.5 GHz and 6 GHz (Irwin et al. 2012). The original goal of that survey was to provide new insight into the halo and disk-halo activity in spiral galaxies. The physical conditions in these regions were probed in considerably more detail than ever before, and the observations suggest that most galaxies in the sample experience outflowing winds. Several galaxies in the sample contain AGNs revealed mostly through circular polarization (Irwin et al. 2018). Bipolar X-shaped magnetic field structures can be seen when stacking the linear polarization maps of all galaxies (Krause et al. 2020). Such structures are otherwise masked in most of the individual galaxy maps. The polarization data together with an RM synthesis analysis have revealed large-scale coherent magnetic field structures that have never been seen before in any galaxy, such as regularly reversing magnetic fields on kpc scales both in the disk and the halo, likely generated by magnetic dynamo action in the disk (Krause et al. 2020; Mora-Partiarroyo et al. 2019). The CHANG-ES project is described in Irwin et al. (2012), and details about its first data release relevant to our present analysis are provided in Wiegert et al. (2015).
This paper is organized as follows: in Sect. 2 we analyze the publicly available CHANG-ES data (Wiegert et al. 2015) to create RM maps for all galaxies in the sample. In Sect. 3 we stack the RM maps to reveal an underlying universal toroidal magnetic field structure, indicative of a coherent axial electric current in the halo. Finally, in Sect. 4 we discuss our results in the framework of the Cosmic Battery mechanism for the origin of astrophysical magnetic fields in the disk surrounding an astrophysical black hole (Contopoulos & Kazanas 1998).
2. RM analysis of CHANG-ES data
In this section, we describe the procedure that we followed to obtain RM values from the publicly available CHANG-ES data. As input, we used the total intensity (Stokes I), linear polarization, and polarization angle χ (EVPA) maps from the D configuration of VLA. In particular, we made use of the EVPA maps at both the L and C bands, centered at 1.5 GHz and 6 GHz, respectively, to calculate the RM between them. The corresponding FITS files were obtained from the CHANG-ES data release website1. For our analysis, we used the images made with uniform UV-weighting (robust = 0) and corrected for the primary beam, labeled “Rob 0” and “PBcor” on the data release website, respectively. Nevertheless, we repeated our analysis with the gaussian UV-tapered version of the maps (labeled “UVtap”) and/or the non-primary beam-corrected maps (“no PBcor”) and found that the following results do not change significantly.
To construct the RM maps, we compared the EVPA images in the L and C bands (hereafter L-map and C-map) for each galaxy in the sample on a pixel-by-pixel basis. Since the resolution between the two images is different, we start with the L-map, which has a pixel size 2−5 times larger than that of the C-map. For each pixel in the L-map for which the EVPA value χL was not flagged2, we selected all non-flagged pixels in the C-map that fit into its area and calculated their average value [image: equation]. We note here that averaging EVPA measurements may lead to errors due to their 180° ambiguity3. To avoid this, we calculated the Stokes Q and U parameters that correspond to the selected C-map pixels using the linear polarization and polarization angle χ (EVPA) maps, and then we calculated the average EVPA as
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where N is the number of selected C-map pixels4. We found that this method delivers more stable results between neighboring pixels than averaging the EVPA measurements directly.
The result of the previous process is two maps for each source, both at the resolution of its L-map, with each applicable pixel having a pair of EVPA measurements (χL, [image: equation]) at 1.5 GHz and 6 GHz, respectively, which can be used to obtain an RM value of
[image: thumbnail](5)
where λL and λC are the L- and C-band wavelengths, respectively.
As with any other polarization angle measurement, both χL and [image: equation] have an ambiguity of 180°. This means that, in principle, RM in Eq. (5) can have an infinite number of values obtained by adding or subtracting integer values of 180° from either χL or [image: equation]. For consistency, we decided to minimize the difference between χL and [image: equation] and consider the value of RM in Eq. (5) that is minimum in absolute terms. For the minimization, we used [image: equation] as the pivot EVPA measurement, since the higher frequency C-band data are less affected by Faraday rotation.
We note that the limited frequency coverage of the input data, as well as the RM minimization method described above, restrict the RM calculation to a maximum absolute value of about 50 rad m−2. Therefore, our RM results may be underestimated, especially in regions with high electron density or magnetic field strength. Nevertheless, we decided to follow the RM minimization approach to avoid extreme differences between neighboring pixels in the RM maps of individual galaxies. Our results suggest that the RM minimization can mitigate (extreme) differences in the range of 75−105 rad m−2 between neighboring pixels by about 60%. As a representative example, in the map of galaxy NGC 4666 two neighboring pixels have RM values of +39.9 rad m−2 and −52.1 rad m−2 initially, and after the application of the RM minimization these values become +39.9 rad m−2 and +43.1 rad m−2. Since these are adjacent pixels, a small rather than a large RM difference is expected. A more robust estimate of the RM may be obtained with EVPA maps at additional wavelengths. Nevertheless, we note that the minimization was implemented only in about 16% of all pixels and we found that our results do not change significantly even if these pixels are completely excluded from the analysis.
Finally, the RM maps were corrected for the contribution from the Galactic Faraday depth using the estimate of Fig. 15 in Oppermann et al. (2015). The Galactic RM contribution was calculated as the average of several pixels around the location of each galaxy in the “Galactic foreground” map obtained from the publication website5. The resulting Galactic RM values were subtracted from the corresponding RM maps of all galaxies that we analyzed, except NGC 2613, where the Galactic RM was found to be about 174 rad m−2, which is outside the range that can be probed using the RM calculation methodology described above. We would also like to note that polarization angles have been corrected for ionospheric effects by the CHANG-ES team (Wiegert et al. 2015). The final RM maps for most galaxies in the sample are presented in Appendix A.
3. Evidence for a universal pattern via RM stacking
We investigate a magnetic field pattern in the halo above and below the galactic disk that does not depend on the orientation of the galactic disk (up or down) and is thus universal. The RM maps created individually for each galaxy through the procedure described in Sect. 2 were found to cover only small parts of the galaxy (see Appendix A). This makes it difficult to probe the large-scale magnetic field. To address this issue, we decided to stack all of our RM maps together.
The first step required for RM stacking is to align the galaxies. To do that, we obtained their coordinates and position angles from Irwin et al. (2012) and the HyperLeda catalog (Makarov et al. 2014). First, we set the l (galactic longitude) and b (galactic latitude) axes origin of the RM maps to the center of each galaxy, using the coordinates listed in Irwin et al. (2012). Then, we rotated each map so that the galactic plane would be along the horizontal direction, using the following transformation:
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where δRA and δDec is the distance of each pixel from the center of the galaxy along the right ascension and declination directions, l and b the distance in the reference frame of the given galaxy (longitude and latitude), and 0 ≤ PA ≤ 180° is the angle of the major axis of the galactic disk measured clockwise (north to east) from north (Makarov et al. 2014). Obviously, there is a 180° ambiguity in this alignment, but this is not relevant to our efforts to measure antisymmetric axial electric currents in galaxies seen edge-on. Following this step, we inspected the maps and applied minor adjustments (≤|6 ° |) to achieve better horizontal alignment.
The second step required for RM stacking is to rescale the galaxies so that all 22 μm infrared galactic disks have the same angular size in the sky (obtained from Col. 4 of Table 6 in Wiegert et al. 2015). With this procedure, very small and very large galaxies are scaled up and down, respectively, so that they all contribute on the same physical scale. The outcome of these two steps is a distribution of RM values in each map according to the distance from the center of each galaxy in units of their 22 μm infrared disk radius rdisk, namely RM(x, y). We note that five galaxies were excluded from the RM stacking, based on the justification described in Sect. 6 of Wiegert et al. (2015), namely NGC 660 and NGC 4438 (distorted structure), NGC 4594 and NGC 5084 (large beam), and UGC 10288 (map dominated by background AGN). A similar procedure of angular and physical scaling was followed by Wiegert et al. (2015) and Krause et al. (2020) to stack the total flux density and linear polarization maps of the CHANG-ES sample, respectively, and reveal the extent of the (median) galaxy halo and its X-shaped magnetic field structure on the plane of the sky.
To proceed with our analysis, we binned all RM values of all galaxies into one mean map (Fig. 1, left). We then divided the area of the whole map into sectors of 15° around the center. In order to avoid special patterns dominated by individual galaxies, we decided to focus our analysis in a region of the mean map that contains contributions from several galaxies in each bin. It turns out that this region can be outlined by an ellipse around the center with semi-major and semi-minor axes of 0.4rdisk and 0.3rdisk, respectively (rdisk is the semi-major axis of the rescaled galaxies)6. We thus collected all RM values in each angular sector inside this ellipse (highlighted in white in the left panel of Fig. 1). The names of all galaxies (24 total) that contribute to the bins inside the white ellipse, along with the number of data points and corresponding percentage, are listed in Table 1, and their RM maps are shown in Appendix A. We note that not all galaxies listed in Table 1 contribute to each bin inside the white ellipse. On average, the bins inside the ellipse contain data from seven galaxies, with a maximum of 13 galaxies per bin7, while the ones outside the ellipse contain contributions from only two galaxies, on average.
	[image: thumbnail]	Fig. 1. Left: mean RM map corresponding to the red line in the right panel. Color plot: binned RM values (logarithmic color scale from −25 to +25 rad m−2). Thick white line: elliptical region where most bins contain contributions from several galaxies. Thick green line: horizontal extent of edge-on rescaled 22 μm infrared disk. Thin dotted lines: 15° angular sectors around the center. Right: red line: mean RM distribution around the center of the mean CHANG-ES galaxy inside the white ellipse on the left (see text for details). Angles measured clockwise from the left horizontal semi-axis. The alternating gray and white colors of the background indicate the four quadrants of the mean RM map. 100 thin black lines: similar to red line after random rotation of half the sample of the aligned galaxies by 180°. The underlying universal pattern survives, on average, after these random 180° rotations.



Table 1. 
Galaxies that contribute data within the white ellipse of Fig. 1.

Since we are investigating large-scale axial electric currents, we are looking for gradients in RM across the vertical axis in both hemispheres (upper and lower) that would manifest the reversal of the line-of-sight magnetic field direction imposed by the toroidal magnetic field configuration. In the right panel of Fig. 1, we plot the mean RM value, together with the error of the mean8, in each sector located at an angle θ starting from the left horizontal semi-axis and increasing clockwise.
Our results provide strong evidence for a systematic universal variation of the mean RM near the center of the mean disk galaxy across all four quadrants around the center. As shown in Fig. 1 (left), the upper-left and lower-right quadrants inside the white ellipse have primarily positive RM values (red), which means that the line-of-sight magnetic field points toward the observer, while the upper-right and lower-left quadrants inside the white ellipse have primarily negative RM values (blue), which means that the line-of-sight magnetic field points away from the observer. This universality disappears outside the drawn ellipse, possibly due to the dominance of randomly oriented large-scale magnetic field components, like the ones discovered by Krause et al. (2020), from the 1−2 individual galaxies that contribute to these bins. The magnetic field pattern around the center is attributable to a large-scale electric current along the axis of the mean galaxy that flows outwards in both hemispheres (upper and lower). This is consistent with the evidence presented by Contopoulos and collaborators (Gabuzda et al. 2012; Christodoulou et al. 2016) and the magnetic field pattern observed in our own Galaxy (Pshirkov et al. 2011; Oppermann et al. 2015). Our work is complementary to the short study of Lynden-Bell (Lynden-Bell 2013), who discovered that the axial magnetic field at the centers of disk galaxies seen face-on lies along the direction of Ω of the galactic rotation (he called this “magnetism along spin”).
We performed several tests to verify that this is not a random occurrence, but rather a strong indication of an underlying universal pattern in galactic halo magnetic fields. To confirm that the pattern is not due to our particular alignment of individual galaxies (Eq. (6)), we randomly rotated half of the galaxies upside-down several times and plotted their corresponding angular distributions of RM in the right panel of Fig. 1. We clearly see that the universal pattern persists. The average spearman ρ correlation coefficient, when each line in Fig. 1 is fitted with a sin(2θ) dependence, is equal to 0.70, with an average p-value of 5 × 10−3, indicating a strong and significant correlation with the quadrupolar RM profile around the center at a 3σ significance level. We note that rotating an edge-on galaxy by 180° reverses its approaching and receding sides on the plane of the sky. Thus, the persistence of the RM pattern through the numerous random rotations described above implies that it does not depend on the direction of rotation of the galaxies.
We also checked for a possible bias in the pattern from the four galaxies with the most RM values inside the white ellipse (about 50%), namely NGC 4631, NGC 3079, NGC 3628, and NGC 3556. When we removed them one-by-one from the stacking, the angular RM distribution roughly persists, as seen in Fig. 2. In order to show the stacking uncertainty in that figure, we considered the most extreme case (remove four galaxies that contribute, cumulatively, 50% of the RM data inside the white ellipse) and performed 100 random 180° rotations on half of the remaining galaxies (similar to the black lines on the right panel of Fig. 1). The regions that the resulting lines are passing through are marked with box plots extending to the first and third quartiles of the distribution of points in each angle bin (the median is marked with the horizontal orange line in each box plot). We see that the quadrupolar angular RM distribution also roughly persists in the box-plot representation.
	[image: thumbnail]	Fig. 2. Superposed mean RM angular distributions after removing, one-by-one, the four galaxies with the most RM values inside the white ellipse of Fig. 1 (the remaining percentage of RM values shown in the legend). Details of box plot in the text. The universal pattern roughly persists.



Finally, the universal pattern that we advocate is anti-symmetric with respect to the galaxy plane; therefore, when we randomly reverse half of the maps with respect to the horizontal axis (i.e., reverse the sign of y) and repeat our stacking procedure several times, the RM distribution no longer exhibits an ordered, large-scale configuration (Fig. 3). In that case, the average spearman ρ correlation coefficient for a sin(2θ) fit is equal to −0.001 with average p-value 0.29.
	[image: thumbnail]	Fig. 3. Thin black lines: superposed 100 mean-RM angular distributions after vertically randomly mirror-reversing half of the galaxies in the sample. Red line: as in Fig. 1, the mean RM angular distribution without vertically mirror-reversing any of the galaxies. The red line is over-plotted to highlight that no universal pattern is present in the thin black lines.



	[image: thumbnail]	Fig. 4. Weighted mean RM map created by the RM data used in Krause et al. (2020). The underlying, quadrupolar RM pattern seems to be verified.



4. Discussion and conclusions
In this paper, we show preliminary observational evidence that in all galaxies, the toroidal magnetic field Bϕ configuration in the innermost halo is the same as that observed for our own Galaxy (Han et al. 1997; Pshirkov et al. 2011; Oppermann et al. 2015). This common pattern consists of a universal symmetry-breaking in the distribution of large-scale cosmic magnetic fields that cannot be accounted for by pure magnetohydrodynamic (MHD) processes9, and therefore a dynamo field advected into the halo cannot account for the effect that we advocate. If true, the detection of a universal symmetry-breaking suggests a relation between the polarity of the large-scale axial magnetic field Bz and the sense of rotation Ω of the disk. The argument is simple: “winding” Bz by the rotation Ω generates a Bϕ of a certain polarity, and if there is a relation between the polarity of Bz and Ω, reversing the direction of Ω would reverse both the polarity of Bz and the direction of its winding, which means that it would result in the polarity of Bϕ always being the same, hence the claim of a universal symmetry-breaking (the interested reader may consult Fig. 2 of Christodoulou et al. 2016).
This is supported by the Cosmic Battery mechanism for the origin of astrophysical magnetic fields in the disk surrounding an astrophysical black hole (Contopoulos & Kazanas 1998). According to that mechanism, the aberrated radiation pressure on the electrons of the electron-proton plasma in orbit around the black hole decelerates the electrons and thus induces an azimuthal electric field opposite to the direction of rotation. The rotation (curl) of this electric field generates poloidal magnetic field flux, which, near the black hole, is along the direction of disk-hole rotation Ω (“magnetism along spin”), and in the surrounding disk it is opposite to Ω. A toroidal magnetic field component is obtained when the poloidal magnetic field is twisted by differential rotation in the accretion disk around the galaxy’s central supermassive black hole. This twisting results in an axial electric current that always flows away from the center (e.g., Fig. 1 in Christodoulou et al. 2016). We propose that the universal magnetic field that we measured is the above toroidal field transported by galactic winds to large distances in the galactic halo. An alternative explanation could be that the Hall current plays a key role in the magnetohydrodynamics of the galactic disk (Königl 2010). More observations are needed to support our preliminary evidence.
We present here an order of magnitude estimate: the Cosmic Battery around a central supermassive black hole of a few times 108 solar masses generates a magnetic field BISCO ∼ 103 G within the radius of the innermost stable circular orbit (ISCO) rISCO ∼ 1014 cm (Contopoulos et al. 2015). This is the base of a disk wind that accelerates the flow out to about r0 ∼ 10 rISCO ∼ 1015 cm, where the toroidal and poloidal magnetic field components are expected to be of the order of B0 ∼ 10−2BISCO ∼ 10 G. Beyond that distance, the wind coasts without further acceleration, and the poloidal field drops with distance r as r−2, whereas the toroidal field drops as r−1. Thus, at distances of a few kpc in the galactic halo, the toroidal field in the wind reaches values B ∼ B0(r/r0)−1 ∼ a few μG. Furthermore, for halo’s thermal electron number density ne of the order of a few times 10−2 cm−3 (Cordes & Lazio 2002), we obtain a rough estimate of the halo RM over a few kpc of the order of 10 rad m−2, which are the values obtained in Fig. 1.
We would like to emphasize that we are not claiming that the standard galactic dynamo cannot generate an antisymmetric toroidal magnetic field in the halo, like the one we are observing in the present work. Indeed, dynamo can generate an A0 (dipole) poloidal magnetic field, Bz, that will then be wound into a toroidal field through the galactic rotation and yield an antisymmetric RM pattern or even more complex patterns with RM sign reversals (e.g., Han et al. 1997; Henriksen 2017; Woodfinden et al. 2019). In that case, however, depending on the relative orientation between the galactic rotation vector, Ω, and Bz, the resulting antisymmetric RM pattern would depend on the rotation sense of the galaxy, and in general one should observe either the positive-negative/negative-positive or the negative-positive/positive-negative RM sign configurations at the top/bottom part of the galactic halos. Should this be the case with both configurations possible and equally probable, our RM stacking of several galaxies would yield a null result, or an effect that would decrease as we increase the number of galaxies in our sample. This is not consistent with our results, since the RM pattern becomes more prominent as we add more galaxies to the stacking process (see Fig. 2 and relevant discussion).
The stacking of several galactic RM maps that we performed in the present work to enhance a potential underlying universal pattern certainly deserves further investigation as a new method of detecting universal magnetic field patterns in the halo. We acknowledge that this is preliminary work with a small sample of galaxies, and that it should certainly be repeated with a more extended sample. In conclusion, we hope that our discovery will stimulate a systematic search for halo magnetic fields with the upcoming new generation of high-resolution, broadband radio telescopes, and a more general discussion on the origin of astrophysical magnetic fields.


1 https://www.queensu.ca/changes


2 The images are flagged wherever Stokes Q and U fall below 3 sigma.


3 For example, the mean of 90° and −90°, which corresponds to the same polarization angle, is 0°, and that is perpendicular to the direction of the averaged EVPA measurements.


4 During this process we excluded C-map pixels with linear polarization degree less than 0.5%, as suggested by the data release website.


5 https://wwwmpa.mpa-garching.mpg.de/ift/faraday/2014/index.html


6 For a direct comparison between the 22 μm infrared disk size and the extent of the (median) halo in radio, we point the reader to Fig. 6 of Wiegert et al. (2015).


7 There are a few bins in the ellipse with data from one or two galaxies, but the vast majority of them (94%, 139/148) contain data from at least three galaxies.


8 The error of the mean is defined as [image: equation], where n is the number of RMi measurements and [image: equation] is the average RM value in each sector.


9 The equations of MHD are quadratic in the magnetic field B; thus, a reversal of B everywhere does not affect the dynamics.
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Appendix A:  RM maps
Rotation measure maps for the 24 galaxies in the CHANG-ES sample that contribute data within the white ellipse of Fig. 1. The name of each galaxy appears in the top left of the corresponding panel. The RM maps were created following the methodology described in Sect. 2. The maps contain ten contours of the total intensity (Stokes I) at the C band, with RM overlaid according to the color wedges. The total intensity contours are distributed on a log scale between the 2σ of the rms and the peak flux density of the total intensity map at C band. We note that the RM range is limited to about ±50 rad m−2 due to the data analysis technique (see text for details). Therefore, the RM may be underestimated, especially in regions with a high electron density or magnetic field strength.
	[image: thumbnail]	Fig. A.1. RM maps.
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	[image: thumbnail]	Fig. A.1. continued.





All Tables
Table 1. 
Galaxies that contribute data within the white ellipse of Fig. 1.
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	[image: thumbnail]	Fig. 1. Left: mean RM map corresponding to the red line in the right panel. Color plot: binned RM values (logarithmic color scale from −25 to +25 rad m−2). Thick white line: elliptical region where most bins contain contributions from several galaxies. Thick green line: horizontal extent of edge-on rescaled 22 μm infrared disk. Thin dotted lines: 15° angular sectors around the center. Right: red line: mean RM distribution around the center of the mean CHANG-ES galaxy inside the white ellipse on the left (see text for details). Angles measured clockwise from the left horizontal semi-axis. The alternating gray and white colors of the background indicate the four quadrants of the mean RM map. 100 thin black lines: similar to red line after random rotation of half the sample of the aligned galaxies by 180°. The underlying universal pattern survives, on average, after these random 180° rotations.
In the text



	[image: thumbnail]	Fig. 2. Superposed mean RM angular distributions after removing, one-by-one, the four galaxies with the most RM values inside the white ellipse of Fig. 1 (the remaining percentage of RM values shown in the legend). Details of box plot in the text. The universal pattern roughly persists.
In the text



	[image: thumbnail]	Fig. 3. Thin black lines: superposed 100 mean-RM angular distributions after vertically randomly mirror-reversing half of the galaxies in the sample. Red line: as in Fig. 1, the mean RM angular distribution without vertically mirror-reversing any of the galaxies. The red line is over-plotted to highlight that no universal pattern is present in the thin black lines.
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	[image: thumbnail]	Fig. 4. Weighted mean RM map created by the RM data used in Krause et al. (2020). The underlying, quadrupolar RM pattern seems to be verified.
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