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Fig. 22. Synchrotron polarization amplitude map, P =
p

Q2 + U2, at 30 GHz, smoothed to an angular resolution of 600, produced by a weighted
sum of Planck and WMAP data as described in Planck Collaboration XXV (2016). The traditional locii of radio loops I–IV are marked in black, a
selection of the spurs identified by Vidal et al. (2015) in blue, the outline of the Fermi bubbles in magenta, and features discussed for the first time
in Planck Collaboration XXV (2016) in red. Our measured outline for Loop I departs substantially from the traditional small circle.

Fig. 23. All-sky view of the angle of polarization at 30 GHz, rotated by 90� to indicate the direction of the Galactic magnetic field projected on
the plane of the sky. The colours represent intensity, dominated at this frequency by synchrotron emission. The “drapery” pattern was obtained
by applying the line integral convolution (LIC; Cabral & Leedom 1993) procedure using an IDL implementation provided by Diego Falceta-
Gonçalves (http://each.uspnet.usp.br/fgoncalves/pros/lic.pro). This gives an e↵ective way of visualizing regions where the field is
coherent, but where the field varies significantly along the line of sight, the orientation pattern is irregular and di�cult to interpret.

magnetic fields in the filaments and their background have
an ordered component with a mean orientation inferred from
Planck polarization data. However, the mean magnetic field
in the filaments does not have the same orientation as in the
background, with a di↵erent configuration in all three cases

examined. The magnetic field in a massive star-forming region,
the Rosette Nebula and parent molecular cloud, is analysed
in Planck Collaboration Int. XXXIV (2016), combining Fara-
day rotation measures from the ionized gas with dust polarized
emission from the swept-up shell. This same methodology and
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GALACTIC ROTATION MEASURE
Oppermann et al. 

(2010)
∼ 1.4 GHz

rad/m2
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The interstellar medium (ISM) is a low-  plasma: ; 
magnetic fields are dynamically important.

β β = P/PB = 8πP/B2 < 1
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Fig. 11 Total radio emission (colour) and B-vectors (corrected for Faraday rotation in the foreground of the
Milky Way) in the Andromeda galaxy (M 31), observed at 6 cm wavelength with the Effelsberg telescope
at 3′ resolution (from Gießübel 2012). (Copyright: MPIfR Bonn)

Fig. 12 Faraday rotation measures between 6 and 11 cm wavelengths (colour, from blue= −175 rad m−2

to red=+25 rad m−2), total radio emission at 6 cm (contours) and B-vectors (corrected for Faraday rotation)
in the Andromeda galaxy (M 31), observed with the Effelsberg telescope at 5′ resolution (from Berkhuijsen
et al. 2003). (Copyright: MPIfR Bonn)

the anisotropic turbulent field (Fletcher et al. 2011). Notably, RMs between 18 and
22 cm wavelengths, tracing only the polarized emission from regions nearest to the
observer, show a large-scale pattern that indicates a regular field in the halo of M 51
(Heald et al. 2009; Fletcher et al. 2011; Mao et al. 2015).

The large-scale regular field in the nearby galaxy IC 342 is similarly weak as
in M 51. It is only visible in the pattern of RMs obtained from the low-resolution
Effelsberg images (Beck 2015), while RMs derived from the higher-resolution VLA
images (Fig. 14) are about ten times larger. The field direction changes along the
northern spiral arm (Sect. 4.10).

The central regions of M 31 (Fig. 11) and IC 342 (Fig. 17) host regular spiral fields
that are disconnected from the disk fields (Gießübel and Beck 2014; Beck 2015). As
the direction of the radial field component points outwards, opposite to that of the disk
field, two separate dynamos seem to operate in these galaxies.

In the disks of many other galaxies no clear pattern of Faraday rotation was found.
Either several high-order modes are superimposed and cannot be distinguished with
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Figure 14. The regular magnetic field derived from fitting a model to the observed polarization angles at λλλλ3, 6, 18, 20 cm, with the length of the magnetic
field vectors proportional to the field strength, overlaid on the same optical image as in Fig. 1. (a) The regular magnetic field in the galactic disc. (b) The
regular magnetic field in the galactic halo. Ring boundaries are at 2.4, 3.6, 4.8, 6.0 and 7.2 kpc and all sectors have an opening angle of 20◦. The major axis is
indicated: the mid-points of these two sectors correspond to φ = 0◦ and 180◦, respectively.

be to add an extra mode, with three new parameters, to model one
data point.

The process by which two different regular magnetic field pat-
terns in two layers of the same galaxy are produced is not clear
and is beyond the scope of this paper. We only offer some specu-
lative suggestions: (i) both fields might be generated by mean field
dynamos but operating in different regimes, with the interaction of
M51 with NGC 5195 driving a m = 1 mode in the halo; (ii) the halo
field could be a relic of the magnetic field present in the tenuous
intergalactic medium from which the galaxy formed; (iii) as the disc
field is advected into the halo it can be modified by the halo velocity
field into the m = 1 pattern. All of these possibilities will require
careful modelling to determine their applicability to the problem.

In the disc of M51, in the four rings used in our model the m =
0 azimuthal field component is 1–2 times the strength of the m =
2 mode (Table A1). While the strength of the m = 2 mode remains
approximately constant between the rings, the m = 0 mode is of
similar strength in the inner ring, but is much stronger in the other
three rings.

The rms regular field strength B̄ in each ring can be determined
by integrating the fitted modes over azimuth (Table A1) via

B̄ = R̄

88 rad m−2

( 〈ne,d〉
0.11 cm−3

)−1 (
hth

1 kpc

)−1

µG,

where

R̄ = 1
2π

∫ 2π

0

√
R2

r + R2
φ dφ

with Rr and Rφ given by equation (A1). Berkhuijsen et al. (1997)
estimated that 〈ne,d〉 = 0.11 cm−3 and hth = 400 pc in the radial
range4 2.4 < r < 4.8 kpc and for 4.8 < r < 7.2 kpc they estimated
〈ne,d〉 = 0.06 cm−3 and hth = 600 pc. The rms strengths of the large-
scale magnetic field, using these parameters, are B̄ = 1.4 ± 0.1,
1.7 ± 0.5, 2.7 ± 1.0 and 2.8 ± 0.1 µG in the rings 2.4 < r < 3.6 kpc,
3.6 < r < 4.8 kpc, 4.8 < r < 6.0 kpc and 6.0 < r < 7.2 kpc, respec-
tively. These are a factor of 4 lower than the strength of the ordered
field derived from the equipartition assumption (Section 4.2). The
equipartition field strength is based on the observed polarized in-
tensity and an anisotropic random magnetic field can contribute to
the polarized signal (see Section 4.2) but will not produce any sys-
tematic pattern in polarization angles at different frequencies. This
is probably the reason for the discrepancy; most of the polarized
radio emission in M51 does not trace a mean magnetic field, only
the modelled large-scale pattern in Faraday rotation does.

The average pitch angle of the m = 0 mode is −20◦ with little
variation in radius between the rings. This means that the spiral
structure of the regular field is coherent over the whole galaxy. The
weaker m = 2 modes produce an azimuthal variation in pitch angle
of about 15◦ in the inner ring and 5◦ in the other rings. This variation
of the pitch angle of the regular magnetic field with azimuth is much
lower than the variation of the pitch angle of the ordered magnetic
field observed in polarization. Patrikeev et al. (2006) showed that

4 Berkhuijsen et al. (1997) adopted a distance to M51 of 8 Mpc: we have
rescaled their radii to our distance of 7.6 Mpc.
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NGC6946  6cm Polarized Intensity + B-Vectors (VLA+Effelsberg) + H-Alpha

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
20 35 30 15 00 34 45 30 15

60 14

13

12

11

10

09

08

07

06

05

04

Fig. 13 Polarized radio emission (contours) and B-vectors of NCC 6946, combined from observations
at 6 cm wavelength with the VLA and Effelsberg telescopes and smoothed to 15′′ resolution (from Beck
2007), overlaid onto an Hα image from Anne Ferguson. (Copyright: MPIfR Bonn)

5. drift of magnetic fields with respect to the gaseous arms in a non-axisymmetric
gas flow caused by a spiral perturbation (Otmianowska-Mazur et al. 2002) or by
a bar (Kulpa-Dybeł et al. 2011);

6. weakening of the mean-field dynamo in the material arms by continuous injection
and amplification of turbulent fields by supernova shock fronts (Moss et al. 2013,
2015);

7. weakening of the mean-field dynamo in the material arms by star-formation-driven
outflows (Chamandy et al. 2015);

8. magnetic arms as a transient phenomenon during the evolution of galactic magnetic
fields, possibly related to the short lifetimes of spiral patterns seen in numerical
simulations (e.g. Dobbs and Baba 2014).

Models (5)–(8) are promising. Still, these models are simplified and consider either
gravitational perturbations or dynamo action. Self-consistent MHD models of galaxies
including the gravitational potential with spiral perturbations and mean-field dynamo
action are still missing.

The origin of the rudimentary magnetic arm in IC 342 (Fig. 6) deserves a detailed
discussion. The absence of long magnetic arms in IC 342 is surprising in view of the
apparent similarities between IC 342 and NGC 6946, like the rotation curve and the
star-formation surface density ΣSFR (Calzetti et al. 2010). The evolution of a spiral
magnetic pattern in IC 342 may be hampered by the possible tidal interaction with
the Local Group (Buta and McCall 1999) and/or by the complex spiral pattern in the
gas of IC 342, described by a superposition of a two- and four-armed spiral pattern
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PARKER INSTABILITY
Parker (1966) considered the question what is confining the Galactic 
magnetic field. 

Were it confined by the Galactic bulge, it would have to increase 
towards the center at least like , becoming much too strong 
dynamically. 
He concluded that the field must be confined to the Galactic disk. 

Parker instability means that magnetic fields are buoyantly unstable, 
they try to escape confinement, do not mix well with the gas.

R−2818 E. N. PARKER Vol. 145 

discrete character of the interstellar gas is self-gravitation of the individual clouds,8 but 
there is the problem that in many cases the cloud masses inferred from the observations 
do not seem to be large enough to maintain the cloud in equilibrium by self-gravitation 
alone (see Kahn and Dyson 1965). For instance, the self-gravitation of a spherical cloud 
with a diameter of 20 pc and a density of 10 hydrogen atoms/cm3 can hold the cloud 
together only if the internal motions are 0.7 km/sec or less. A higher density of 100 
atoms/cm3 can contain internal motions of only 2.2 km/sec. But even the thermal 
velocities are this large, to say nothing of the 10-km/sec motions expected from collisions 
between clouds and from the passage of hot luminous stars through the region. So there 
is some question as to the means by which the apparent identity of the smaller, more 
tenuous, interstellar gas clouds is maintained. The new point arising in the galactic field 
configuration presented in this paper is that the self-gravitation of the individual gas 
clouds is supplemented, in the configuration shown in Figure 2, by the gravitational 
field of the Galaxy as a whole. 

Fig 2.—Sketch of the local state of the lines of force of the interstellar magnetic field and interstellar 
gas-cloud configuration resulting from the intrinsic instability of a large-scale field along the galactic 
disk or arm when confined by the weight of the gas. 

To illustrate the supplement to self-gravitation in a direct way, and to establish that 
the supplement may be large in many cases, consider two parallel, widely separated, 
infinitely long, slender cylinders of gas lying across the horizontal magnetic field and 
supported by the magnetic field in the large-scale gravitational field g. The entire region 
is filled with a tenuous conducting plasma, so that the hydromagnetic equations are the 
appropriate description of the system. To make the problem tractable, suppose that the 
pressure of the tenuous plasma is negligible compared to the pressure and weight of the 
cylinders of dense gas lying across the field. Then V X i? = 0, with B — — VV ^ 
everywhere except in the dense cylinders. The field outside the cylinders has the same 
configuration and stresses as though the space were a vacuum. The solution of this 
hydromagnetic problem may be effected simply by noting that, if m is the mass per unit 
length of each cylinder, then the current I induced in each cylinder by the weight on 
the magnetic field is given by 

IB, 
 — mg. 

c 
8 Alternatively it has been suggested (Savedoff and Spitzer 1950) that the region between clouds is 

filled with hot (Í04 ° K) tenuous (0.1/cm3) hydrogen, whose pressure confines the neutral clouds. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



X-SHAPED FIELDS IN 
EDGE-ON GALAXIESY. Stein et al.: CHANG-ES. XXI. Transport processes and the magnetic field of NGC 4217

Fig. 13. NGC 4217 magnetic field orientations represented by flow lines
in green on optical SDSS image as well as the H↵ image of Rand (1996).
The magnetic field flow lines are produced from the same data as shown
in Fig. 14.

separately. Of the three di↵erent array configurations at L-
band, only the D-configuration data exhibits polarized emission,
located in the approaching half and the center of the galaxy. With
the D-configuration having the largest beam of the array config-
urations, this argues against the possibility that the low polar-
ization is due to beam depolarization. RM-synthesis was not
able to reconstruct the polarized emission in the combined L-
band due to the small amount of data from the D-configuration
in comparison to the other two array configurations (shorter
integration time) and thus weak influence on the reconstructed
image of polarized intensity. Consequently, we analyzed the D-
configuration data separately. The results are shown in Fig. 12
(left) for the classic method deriving the polarization and in
Fig. 12 (right) using RM-synthesis. The magnetic field orienta-
tions of both figures have comparable orientations to the C-band
magnetic field orientations, that is a large-scale X-shaped reg-
ular magnetic field structure, at least for the approaching side
and the central part of the galaxy. The intensity of the polariza-
tion seems to be higher without RM-synthesis, though some faint
emission on the receding side was recovered by RM-synthesis.
Major parts of the receding side (southwest) seem to be depolar-
ized in L-band. Potential reasons are investigated in the Discus-
sion (Sect. 4.3).

In summary, with the CHANG-ES data, a large-scale
X-shape structure of the magnetic field is revealed, particularly
visible at C-band. RM-synthesis produces less strong polarized
signals at both CHANG-ES bands and was not able to recover
the faint emission equally well at C-band, compared to the clas-
sical Stokes Q and U derived polarization. The reason for this
is that Stokes Q and U images are produced for each spec-
tral window separately in RM synthesis (see Sect. 2.1.2), rather
than across the entire bandwidth, causing the signal to noise to
decrease and the faint emission is harder to detect.

3.2.2. Large-scale magnetic field at C-band

To show the large-scale structure of the magnetic field, a
polarization intensity map at C-band is produced at a lower

Fig. 14. Polarized intensity image of NGC 4217 from Stokes Q and U at
C-band with a � of 13.5 µJy beam�1. The robust parameter of clean was
set to two, smoothed to a resulting beam size of 1800 ⇥ 1800, shown in the
bottom left. Total intensity (Fig. 1 smoothed to 1800) contours at 3, 120,
360, 690� levels with a � of 7.0 µJy beam�1. The apparent magnetic
field orientations, not corrected for Faraday rotation, are shown in black
and clipped below 3�.

resolution of 1800, shown in Figs. 13 and 14. In the central part of
the disk, a plane-parallel magnetic field is visible. The polarized
intensity is more extended below the disk than above the disk
in the central region. In these figures, the large-scale X-shaped
magnetic field structure of NGC 4217 is present and even more
extended than in the higher-resolution maps. The extent of the
X-shaped structure is larger on the northern side of the disk. On
the southern side of the disk, where the symmetric superbubble-
like structure is located, the magnetic field shows orientations
almost perpendicular to the major axis of the disk. Furthermore,
the polarized emission extends beyond the total intensity 3�-
contour, because we produced Stokes Q and U images with the
robust weighting parameter set to two, recovering faint extended
emission in polarization6. In Fig. 13, the C-band polarization
data with the magnetic field orientations of NGC 4217, are visu-
alized as “flow lines” created by the Line Integral Convolution
(LIC) algorithm7. For this, the polarized intensity map as well
as the polarization angle map are used as inputs to create a
flow map, which connects the magnetic field orientation at each
pixel. The flow map is thus similar to plotting the orientations for
every pixel. The corresponding data are the same as presented in
Fig. 14. For the optical composite image, SDSS data (u, g, r fil-
ters) as well as the H↵map from Rand (1996) were combined in
GIMP.

This image visualizes the impressive extent of large-scale
magnetic fields; they are maintained throughout the entire galaxy
reaching far into the halo.

3.2.3. Connection to X-ray-emitting hot gas

Figure 15 presents the di↵use soft X-ray emission from
NGC 4217 panel a. The image is adaptively smoothed to
achieve a non-X-ray background-subtracted signal-to-noise ratio

6 For total power, the robust weighting parameter was set to zero.
7 Modified from https://scipy-cookbook.readthedocs.io/
items/LineIntegralConvolution.html
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Fig. 13. NGC 4217 magnetic field orientations represented by flow lines
in green on optical SDSS image as well as the H↵ image of Rand (1996).
The magnetic field flow lines are produced from the same data as shown
in Fig. 14.

separately. Of the three di↵erent array configurations at L-
band, only the D-configuration data exhibits polarized emission,
located in the approaching half and the center of the galaxy. With
the D-configuration having the largest beam of the array config-
urations, this argues against the possibility that the low polar-
ization is due to beam depolarization. RM-synthesis was not
able to reconstruct the polarized emission in the combined L-
band due to the small amount of data from the D-configuration
in comparison to the other two array configurations (shorter
integration time) and thus weak influence on the reconstructed
image of polarized intensity. Consequently, we analyzed the D-
configuration data separately. The results are shown in Fig. 12
(left) for the classic method deriving the polarization and in
Fig. 12 (right) using RM-synthesis. The magnetic field orienta-
tions of both figures have comparable orientations to the C-band
magnetic field orientations, that is a large-scale X-shaped reg-
ular magnetic field structure, at least for the approaching side
and the central part of the galaxy. The intensity of the polariza-
tion seems to be higher without RM-synthesis, though some faint
emission on the receding side was recovered by RM-synthesis.
Major parts of the receding side (southwest) seem to be depolar-
ized in L-band. Potential reasons are investigated in the Discus-
sion (Sect. 4.3).

In summary, with the CHANG-ES data, a large-scale
X-shape structure of the magnetic field is revealed, particularly
visible at C-band. RM-synthesis produces less strong polarized
signals at both CHANG-ES bands and was not able to recover
the faint emission equally well at C-band, compared to the clas-
sical Stokes Q and U derived polarization. The reason for this
is that Stokes Q and U images are produced for each spec-
tral window separately in RM synthesis (see Sect. 2.1.2), rather
than across the entire bandwidth, causing the signal to noise to
decrease and the faint emission is harder to detect.

3.2.2. Large-scale magnetic field at C-band

To show the large-scale structure of the magnetic field, a
polarization intensity map at C-band is produced at a lower

Fig. 14. Polarized intensity image of NGC 4217 from Stokes Q and U at
C-band with a � of 13.5 µJy beam�1. The robust parameter of clean was
set to two, smoothed to a resulting beam size of 1800 ⇥ 1800, shown in the
bottom left. Total intensity (Fig. 1 smoothed to 1800) contours at 3, 120,
360, 690� levels with a � of 7.0 µJy beam�1. The apparent magnetic
field orientations, not corrected for Faraday rotation, are shown in black
and clipped below 3�.

resolution of 1800, shown in Figs. 13 and 14. In the central part of
the disk, a plane-parallel magnetic field is visible. The polarized
intensity is more extended below the disk than above the disk
in the central region. In these figures, the large-scale X-shaped
magnetic field structure of NGC 4217 is present and even more
extended than in the higher-resolution maps. The extent of the
X-shaped structure is larger on the northern side of the disk. On
the southern side of the disk, where the symmetric superbubble-
like structure is located, the magnetic field shows orientations
almost perpendicular to the major axis of the disk. Furthermore,
the polarized emission extends beyond the total intensity 3�-
contour, because we produced Stokes Q and U images with the
robust weighting parameter set to two, recovering faint extended
emission in polarization6. In Fig. 13, the C-band polarization
data with the magnetic field orientations of NGC 4217, are visu-
alized as “flow lines” created by the Line Integral Convolution
(LIC) algorithm7. For this, the polarized intensity map as well
as the polarization angle map are used as inputs to create a
flow map, which connects the magnetic field orientation at each
pixel. The flow map is thus similar to plotting the orientations for
every pixel. The corresponding data are the same as presented in
Fig. 14. For the optical composite image, SDSS data (u, g, r fil-
ters) as well as the H↵map from Rand (1996) were combined in
GIMP.

This image visualizes the impressive extent of large-scale
magnetic fields; they are maintained throughout the entire galaxy
reaching far into the halo.

3.2.3. Connection to X-ray-emitting hot gas

Figure 15 presents the di↵use soft X-ray emission from
NGC 4217 panel a. The image is adaptively smoothed to
achieve a non-X-ray background-subtracted signal-to-noise ratio

6 For total power, the robust weighting parameter was set to zero.
7 Modified from https://scipy-cookbook.readthedocs.io/
items/LineIntegralConvolution.html
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NGC 
4666

Composite image by Yelena Stein of the Centre de Données astronomiques de Strasbourg (CDS), support 
by J. English (University of Manitoba). VLA radio data from Yelena Stein and Ralf-Juergen Dettmar 

(Ruhr-University Bochum). The observations are part of the project Continuum HAlos in Nearby Galaxies 
— an EVLA Survey (CHANG-ES) led by Judith Irwin (Queen’s University, Canada). The optical data are 

from the Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3)/UVIS camera. The ionized 
hydrogen data (magenta) are from the 1.5m telescope of the Cerro Tololo Inter-American Observatory, 

collected by Matthew D. Lehnert. The software code for tracing the magnetic field lines was adapted by Y. 
Stein and Arpad Miskolczi (Ruhr-University Bochum) from the scipy Linear Integral Convolution code 

(https://scipy-cookbook.readthedocs.io/items/LineIntegralConvolution.html). The National Radio 
Astronomy Observatory is a facility of the National Science Foundation, operated under cooperative 

agreement by Associated Universities, Inc.

A&A 639, A112 (2020)

Fig. A.19. Polarization results for NGC 4666 at C-band and 1200 HPBW, corresponding to 1600 pc. The contour levels (TP) are 90, 270, and
450 µJy beam�1.
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Krause et al. (2020) 
Fig. A.19 
CHANG-ES survey on JVLA



NGC 
5775

Krause et al. (2020) 
Fig. A.20 
CHANG-ES survey on JVLA

M. Krause et al.: CHANG-ES. XXII. Coherent magnetic fields in galactic halos

Fig. A.20. Polarization results for NGC 5775 at C-band and 1200 HPBW, corresponding to 1680 pc. The contour levels (TP) are 35, 105, and
175 µJy beam�1.
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Composite image by Jayanne English (University of Manitoba). NRAO VLA data 
processed by Yelena Stein (CDS) for the Continuum HAlos in Nearby Galaxies — 
an EVLA Survey (CHANG-ES) led by Judith Irwin (Queen’s University, Canada). 

The optical data are from the Hubble Space Telescope (HST) Wide Field Camera 
3 (WFC3). The software code for tracing the magnetic field lines was adapted by 

Y. Stein, J. English and Arpad Miskolczi (Ruhr-University Bochum) from the 
scipy Line Integral Convolution code (https://scipy- cookbook.readthedocs.io/

items/LineIntegralConvolution.html).



OTHER GALAXIES
Starburst galaxies: high 
star formation rate and 
stronger magnetic fields 

Young/distant galaxies: 
radio luminosity well 
correlated with the far-
IR luminosity tracing 
the star formation rate 
up to  

Inactive ellipticals: 
radio quiet

z ≃ 1.2

M82 
SOFIA/HAWC+,  
(Lopez-Rodriguez 2019)

53 μm

B ∼ 200 μG

� §q μ70 m of 2.0 ± 0.2. Within errors, q μ70 m is observed to
remain constant with redshift.

qTIR shows a mean value of 2.50 with a T1 dispersion of 0.24.
This is close to the value 2.64 observed for local galaxies
(Bell 2003) with similar dispersion. The mean value of qTIR for
the stacked sources is found to be lower, � § � oq 2.34 0.22TIR ,
than that of the detected sources, � § � oq 2.51 0.24TIR (see
Table 2). Our estimated value of � §qTIR for stacked sources is
close to the value 2.40 ± 0.29 observed by Ivison et al. (2010a)
for sub-mJy radio emitting galaxies. Note that the radio–FIR
correlation is tighter when studied for bolometric FIR
luminosity than for monochromatic 70 μm luminosity. This is
evident from the mean value of qTIR showing lesser spread
around the mean (0.24 dex) as compared to q μ70 m (0.26 dex).
In linear space this corresponds to ∼16% spread in L1.4 GHz
versus LTIR as compared to ∼28% spread when studied
between L1.4 GHz versus L μ70 m.

For completeness with the various definitions of the
parameter “q,” we also present the results of the radio–FIR

correlation between rest-frame L1.4 GHz and LFIR (listed in
Table 2). Here, LFIR is the bolometric infrared luminosity
integrated between 40 and 120 μm. There is no significant
difference in the values of qFIR and the slope when compared
with that of monochromatic 70 μm. This is not surprising
because, as per the traditional definition of Helou et al. (1985),
the factor q3.75 1012 Hz (in Equation (2)) normalizes the
integrated luminosity between 40 and 120 μm to the mean
luminosity at ∼80 μm. This value is close to 70 μm.

4.1. Detected Red Galaxies

To assess the effect of including the 26 red galaxies on the
radio–FIR correlation, we have separately studied the red and
blue galaxies that are directly detected. The two populations are
well mixed in the radio–FIR correlation and there are no
systematic differences between them. In Table 2 we list the
slope and the “q” parameter of the two classes estimated for
70 μm, TIR and FIR. Both blue and red galaxies follow the
correlation with similar “q” parameters for all the three cases

Figure 5. Left-hand panel: luminosity at 1.4 GHz (L1.4 GHz) vs. monochromatic luminosity at 70 μm (L μ70 m) at rest-frames. The stacked sources are shown as stars
and the sources detected in the XMM-LSS field are shown as circles. The symbols are color-coded based on their redshift. The solid line shows the fit to the entire data,
the dashed and dashed–dotted lines are for the stacked and detected sources respectively. The slopes are listed in Table 2. Typical errors on the data are shown in the
lower right. Right-hand panel: L1.4 GHz vs. bolometric luminosity (LTIR). The symbols and the lines have the same meaning as in the left-hand panel.

Table 2
Results of the Radio–FIR Correlation

μm70 TIR FIR

Slope � §q μ70 m Slope � §qTIR Slope � §qFIR

Stacks 1.04 ± 0.03 2.0 ± 0.3 1.12 ± 0.03 2.34 ± 0.22 1.07 ± 0.03 2.07 ± 0.21
Detections (blue) 1.05 ± 0.05 2.22 ± 0.27 1.12 ± 0.06 2.51 ± 0.24 1.07 ± 0.06 2.25 ± 0.24
Detections (red) 1.30 ± 0.13 2.16 ± 0.40 1.14 ± 0.07 2.48 ± 0.32 1.29 ± 0.12 2.19 ± 0.31
Detections (blue+red) 1.12 ± 0.05 2.22 ± 0.24 1.13 ± 0.04 2.51 ± 0.24 1.13 ± 0.05 2.25 ± 0.24
Stacks+detections 1.09 ± 0.05 2.18 ± 0.26 1.11 ± 0.04 2.50 ± 0.24 1.10 ± 0.04 2.23 ± 0.25

Note.The slopes are estimated by fitting a straight line in the log–log space of the luminosity plots shown in Figure 5. � §... represents the mean values of the quantity
along with their measurement errors from Figure 6.
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GALACTIC MAGNETIC FIELDS: 
SEEDED BY SUPERNOVAE?

The turbulent kinetic energy in the interstellar medium (ISM) of our 
Galaxy corresponds to  supernovae. 

Supernova remnants (SNR) produce strong shocks that dominate 
the production of PeV cosmic rays, they also amplify magnetic fields.

∼ 5000

summarize the aspect of the isolated ICs that might be of
interest to readers. Note that by adopting isolated galactic disk
ICs, we choose to ignore the effect of major and minor
mergers. Here we already make an implicit assumption that
such intergalactic-scale dynamical interactions are secondary in
the build-up of the galactic magnetic field.

The AGORA-isolated ICs were initially generated with the
MAKEDISK code and distributed to the community as ASCII
files in three resolution options. For our study we adopted the
low-resolution version. The disk has a total mass of Md
= 4.297 × 1010Me, 80% of which is in 105 stellar particles,
and the rest, 20% (=fgas), is in a gaseous disk that follows an
analytic exponential profile

S S� � �( ) ∣ ∣r z e e, r r z z
0

d d

with scale length rd = 3.432 kpc, scale height zd = 343.2 pc,
and ρ0 = Mdfgas/4πr zd

2
d. The disk has an initial temperature of

104 K and an initial metallicity of � :Z Z1d,init for the g320,
g160, g160LR, g80, and g80LR runs and 10−3 Ze for the
g160LM run (see Table 1). The stellar bulge of 1.25 × 104

particles follows the Hernquist density profile (Hernquist 1990)
with a bulge to disk mass ratio of 0.1. The dark matter halo has
a mass of M200 = 1.074 × 1012Me in 105 particles and follows
the Navarro–Frenk–White profile (NFW; Navarro et al. 1997)
with concentration parameter c = 10 and spin parameter
λ = 0.04. This system is embedded in a hot (106 K), gaseous
medium, uniform in density across the entire simulation box of
(1.31Mpc)3. However, the sum of this halo gas mass is only
equal to the disk stellar mass, with zero velocity and negligible
metallicity (10−6 Ze), so it has a negligible effect in the disk’s
evolution. This IC models typical structural properties and gas
fraction that are characteristic of Milky Way–like galaxies at
z ∼ 1.

3. Results

Here we describe the results of a family of simulated disk
galaxies, evolved using the MHD supernova feedback model
and ICs described in Section 2. Our family of models is
summarized in Table 1. It is parameterized around the mesh
spacing (in parsecs) of the finest grid blocks (those on the
galactic plane). For example, in the run g160, the smallest cells
are 160 pc in size. The scale L over which supernova feedback
is active is chosen to be smaller with increasing resolution,
such that L is roughly three grid cells across in each model. The
composition of the supernova ejecta is given a metallicity of
Ze, with the exception of an additional run, g160LM, for which
the metallicity was chosen to be 10−3 Ze. This choice allows us
to rule out the possible influence of chemistry-dependent
cooling on the magnetic field evolution.

3.1. Magnetic Field Morphology

The magnetic field in our disk galaxy simulations is
illustrated in Figure 2. Shown there are density-weighted
projections of magnetic and thermodynamic variables, taken
2.1 Gyr into the simulation at the highest resolution (model
g80LR), with the disk shown edge-on in the left column and
top-down in the right. At this time, saturation of the magnetic
energy throughout the disk is complete (see Section 3.2).
Images are zoomed into the central 35 kpc of the simulation.
The top row shows that the magnetic field strength attains

levels of several microgauss near the disk midplane and within
roughly 10 kpc of the galactic center. In that image, we have
also plotted streamlines of the magnetic field (projected onto
the disk plane) to provide an impression of its overall
geometry. From the top-down image, one sees that the field
throughout the disk is predominantly azimuthal, with the radial
field component BR being significantly lower than Bf. We
believe this indicates that differential rotation of the disk is
active in sustaining the field strength around its saturated value.
The prevalence of the azimuthal field is consistent with
observations, for example, IC 342, where the magnetic pitch
angle is inferred to be relatively small (Sokolov et al. 1992).
We also note that the azimuthal field in our simulations
changes sign at several radii. Those reversals imply the
presence of magnetic neutral lines, which have been observed
in M81 (Krause et al. 1989). The density profile indicates
higher-density spiral arms, which correspond to areas of lower
temperature and higher magnetic field strength.
The left column of Figure 2 illustrates the field morphology

projected onto the meridional plane. The relative isotropy of
meridional streamlines indicates that the vertical and radial
magnetic field components are comparable to one another
(Bz∼ BR). It is also evident from the relative smoothness of
the streamlines that the field is tangled at a smaller scale in the
vicinity of the disk midplane than in the halo. Finally, we see
that the halo magnetic field is considerably weaker than the
field around the midplane. These observations are consistent
with the view that agitation of the gas by supernovae and

Figure 2. Edge-on (left) and face-on (right) projections of the magnetic field
strength (top), density (center), and temperature (bottom) of galaxy g80LR at t
= 2.1 Gyr in 30 kpc boxes. Magnetic field streamlines are plotted in black over
the image of the magnetic field strength.
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MAGNETOROTATIONAL 
INSTABILITY

Quadrupolar 
(plane-symmetric) 
magnetic fields for 
in-plane galaxies 
may be signatures 
of MRI 
(Kitchatinov & 
Rüdiger 2004).

186 R. Pakmor and V. Springel

Figure 9. Gas density and magnetic field at t = 2 Gyr. The two rows on top show projections; the bottom rows show slices through the centre of the galaxy.
The left-hand column depicts the density for the simulation with a mass resolution of 2.1 × 105 M" without a magnetic field. Centre and left-hand columns
show density and magnetic energy (for the projection) and magnetic field (on the slice) for the simulation with the same resolution but an initial magnetic field
of 10−9 G.
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SUMMARY

Spiral galaxies (like the Milky Way, but even young galaxies) 
have regular magnetic fields of typical strength . 

The fields often form magnetic spiral arms between (and 
parallel to) the gas spiral arms. 

In edge-on galaxies, the magnetic field shows plane-
symmetric quadrupolar structure. 

Galactic magnetic fields require an efficient dynamo with 
turbulent motions seeded by supernovae and MRI.

B ∼ 10 μG


