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Lots of observations:
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above imply –together with the assumption that the
synchrotron lifetimes (! B!2) determine the disk
thicknesses– that the CR bulk speed (or galactic
wind velocity) is proportional to B2, and hence pro-
portional to SFR0.8.

4. REGULAR MAGNETIC FIELD AND STAR
FORMATION

The polarized intensity in spiral galaxies allows
to estimate the regular magnetic field strength and
the observed degree of polarization P (as determined
by the ratio of polarized intensity and total intensity)
is a measure of the degree of uniformity of the mag-
netic field. As discussed in § 3 the low brightness
edge-on galaxy NGC 5907 has a weak total and po-
larized intensity, a high thermal fraction and a low
SFR. On the other hand, NGC 891 (see Figure 1)
has strong total and polarized intensities, a normal
thermal fraction and strong star formation. Surpris-
ingly, the degree of polarization at !6 cm at a res-
olution of 84"" HPBW (half power beam width) is
equal in both galaxies, P = 3.2%. When we average
the Stokes I-, U-, and Q-maps over the total galaxy
(as described in Stil et al. 2008), the global degree
of polarization in NGC 5907 is P = 2.2%, whereas
in NGC 891 it is only P = 1.6%.

Similarly, we integrated the polarization proper-
ties in 41 nearby spiral galaxies and found that (inde-
pendently of inclination e!ects) the degree of polar-
ization is lower (< 4%) for more luminous galaxies,
in particular those for L4.8 > 2 " 1021 WHz!1 (Stil
et al. 2008). The brightest galaxies are those with
the highest SFR. Of course, the mean-field dynamo
needs star formation and supernova remnants as the
driving force for velocities in vertical direction. From
our observations, however, we conclude that stronger
star formation seems to reduce the magnetic field
regularity.

On kpc-scales, Chyży (2008) analyzed the cor-
relation between magnetic field regularity and SFR
locally within one galaxy, NGC 4254. While he
found a strong correlation between the total field
strength and the local SFR, he found an anticor-
relation of magnetic field regularity with SFR and
could not detect any correlation between the regular
field strength and the local SFR.

In our sample of 11 observed edge-on galaxies we
found in all of them with one exception (in the inner
part of NGC 4631) mainly a disk-parallel magnetic
field together with the X-shaped poloidal field in the
halo. Our sample includes spiral galaxies of very
di!erent Hubble type and SFR, ranging from 0.5 #
SFR # 27. The disk-parallel magnetic field along the

Fig. 3. Radio continuum emission of the edge-on spiral
galaxy NGC 4631 at !3.6cm (8.35 GHz) with the 100 m
E!elsberg telescope with 84!! HPBW . The contours in
give the total intensities, the vectors the intrinsic mag-
netic field orientation. The radio map is overlayed on an
optical image of NGC 4631 taken with the Misti Moun-
tain Observatory (Copyright: MPIfR Bonn).

galactic disk is the expected edge-on projection of
the spiral-field within the disk as observed in face-on
galaxies. It is generally thought to be generated by
a mean-field ""$ dynamo for which the most easily
excited field pattern is the axismmetric spiral (ASS)
field (e.g. Ruzmaikin et al. 1988). The dynamo
acts most e!ectively in regions of strong di!erential
rotation in the disk. NGC 4631, however, which has
a disk-parallel magnetic field along the disk only at
radii % 5kpc, shows for smaller radii a vertical large-
scale field also in the midplane of the disk, as visible
in Figure 3. The inner & 5 kpc (140"") is just the
region of NGC 4631 where the rotation curve rises
nearly rigidly (Golla & Wielebinski 1994), hence the
mean-field ""$ dynamo may not work e!ectively
in this inner part of NGC 4631 and hence may not
amplify a disk-parallel large-scale field.

The even ASS magnetic disk field (as discussed
in § 2.2) is –according to the mean-field dynamo
theory– accompanied with a quadrupolar poloidal
field, which is, however, a factor of about 10 weaker
than the toroidal disk field. This means that the
poloidal part of the ASS dynamo mode alone cannot
explain the observed X-shaped structures in edge-on
galaxies as the field strengths there seems to be com-
parable to the large-scale disk field strengths. Model
calculations of the mean-field ""-dynamo for a disk
surrounded by a spherical halo including a galactic
wind (Brandenburg et al. 1993) simulated similar
field configurations as the observed ones. Such a
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Fig. 1.—(a) Total radio intensity contour map of NGC 4736 at 8.46 GHz
and 8.6! # 8.6! resolution (from combined VLA and Effelsberg data) super-
imposed on the infrared 24 mm image (in colors, from Spitzer survey of SINGS
galaxies: Kennicutt et al. 2003). The contours are at 28, 72, 176, 320, 440,
800, 1040, and 1600 mJy beam!1. (b) Radio polarized intensity at 8.46 GHz
in contours and the infrared map in colors. The contours are at 21, 42, 70,
and 98 mJy beam!1. The galaxy is inclined by (Buta 1988) and the green35!
line in (a) denotes its major axis. The inner (rs) ring and the central minibar
are indicated, whereas the faint, outer (R) ring is out of the figure and also
invisible in the radio data.

Fig. 2.—Polarized intensity contour map of NGC 4736 at 8.46 GHz and
8.6! # 8.6! resolution with observed magnetic field vectors of the polarization
degree overlaid on the Ha image (from Knapen et al. 2003). The contours are
at 21, 42, and 84 mJy beam!1 area. The vector of corresponds to the!!10
polarization degree of 25%.

The observed total radio emission of NGC 4736 at 8.46 GHz
is clearly dominated by the galaxy’s bright inner pseudoring
(Fig. 1a) and resembles the distributions of infrared, Ha, and
UV emission (e.g., Waller et al. 2001). All pronounced radio
features in the ring correspond to the enhanced signal in the
mid-infrared (in colors in Fig. 1a) and must result from an
intense star formation process providing dust heating and strong
radio thermal and nonthermal emission. The radio contours in
the galaxy’s bright bulge region (within radius) are slightly!!20
elongated in position angle P.A. " 30 . They likely correspond!
to the nuclear minibar seen in optical and CO images (§ 1).
Outside the galaxy’s bright radio disk, weak radio emission is
detected from a star-forming plume (Fig. 1a), being another
feature of the galaxy’s resonant dynamics (Waller et al. 2001).

The polarized radio emission of NGC 4736 at 8.46 GHz
reveals a dramatically different morphology (Fig. 1b). It does
not clearly correspond either to the inner pseudoring in the
infrared emission or to the distribution of total radio emission.

The degree of polarization is slightly lower in the ring (about
on average) than in its close vicinity ( ),10% " 1% 15% " 1%

and rises to about at the disk edges. The observed vectors40%
of regular magnetic field (Fig. 2) are organized into a very
clear spiral pattern with two broad magnetic arms. Surprisingly,
the inner ring hardly influences the magnetic vectors: they seem
to cross the star-forming regions without any change of their
orientation. This is opposite to what is observed in grand-design
spiral galaxies (§ 1), where the magnetic field typically follows
a nearby spiral density wave.

The revealed spiral magnetic pattern at 8.46 GHz, is fully
confirmed at 4.86 GHz. The observed similar orientation of
magnetic field vectors at both radio frequencies indicates only
small Faraday rotation effects in this galaxy (see below). Hence,
the magnetic vectors presented in Figure 2 give almost precisely
the intrinsic direction of the projected magnetic field (within
7 ) in most of the galactic regions.!

3. PURE DYNAMO ACTION?

The observed spiral structure of the magnetic field in NGC
4736 contradicts the main feature of its optical morphology:
the starbursting inner pseudoring. To investigate the exact pat-
tern of regular magnetic field without projection effects, we
constructed a phase diagram (Fig. 3) of magnetic field vectors
along the azimuthal angle in the galaxy plane versus the natural
logarithm of the galactocentric radius. It confirms that the mag-
netic vectors cross the Ha-emitting ring (which constitutes a
horizontal structure in Fig. 3) without changing their large pitch
angle of 35! " 5!. The two broad magnetic spiral arms (§ 2)
clearly emerge from close to the galactic center, at azimuths
of about and . Inside the inner ring, around azimuths0! 180!
of and , the magnetic pitch angle attains smaller val-120! 300!
ues, from to , which may result from gas flows around0! 20!
the central minibar (§ 1). Despite this, the observed pattern of
regular field in NGC 4736 seems to be the most coherent one
observed so far in spiral galaxies (cf. Beck 2005).

The comparison of the magnetic pattern in NGC 4736 with
the Hubble Space Telescope and other filtered optical images

Chyzy & Buta 2007
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Figure 3. Plot of 37,543 RM values over the sky north of ! = !40". Red circles are positive rotation measure and blue circles are negative. The size of the circle scales linearly with magnitude of rotation measure.

Taylor et al. 2009

Lots of observations:
2 Title : will be set by the publisher

48 W. Reich et al.

Fig. 3. A 24! ! 9! section of the 1.4 GHz EMLS centered at l, b = 162!, 0!. Absolutely calibrated total intensities
are shown on top with color-coded intensities running from 4.5 K to 5 K. Contours are shown for intensities above
5 K in steps of 0.25 K Tb . Polarized intensities with preliminary absolute calibration are displayed from 0 mK to
850 mK (middle). The E!elsberg data with missing large-scale structures are shown for comparison (bottom). Polarized

intensities run from 0 mK to 500 mK.

Fig. 1: A 24�⇥ 9� section of the 1.4 GHz E↵elsberg Medium Latitude Survey cen-
tred at (l, b) = (162�, 0�) (Reich et al. 2004). Top: total intensity, with large-scale
structure added from Dwingeloo data. Middle: polarized intensity, also including
the Dwingeloo large-scale structure. Bottom: polarized intensity observed with
the E↵elsberg telescope with large scale structure missing. Note the strong dif-
ference between the (preliminary) absolutely calibrated polarized intensity map
(middle) and the map with artificial base-levels (bottom).

However extended, di↵use polarized emission is also rich in structure which most
plausibly arises from propagation e↵ects as the radiation passes through the ran-

Reich et al. 2004



What are common 
properties?

An overview with:

Summary statistics (few and far between)
Properties in common (not unusual features)

Magnetism of diffuse ISM i.e. not molecular clouds

What we don’t know



Optical polarization?
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¾ http://www.core-
mission.org/

¾Details in white paper
arXiv:1102.2181

¾ Last minute update: 
After being shortlisted, 
Did not make it a few 
days ago for the M3 
Study

¾ I’ll be back!

"Beyond Core" Workshop, IAP, June 25th 29th 2012F. R. Bouchet, Workshop Goals, Core reminder 5
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Magnetic field strength

N=74
Average: 9 μG

Figure 4: The distributions of the strength of the total magnetic field in a
sample of spiral galaxies obtained from the observed synchrotron intensity I
using energy equipartition between magnetic fields and cosmic rays (p. 109 in
Niklas, 1995) under slightly di!erent assumptions. The estimates of the left-
hand panel were derived from integrating the observed synchrotron intensity
in the range corresponding to the relativistic electron energies from 300MeV
to infinity, and in the right-hand panel the integration was over a frequency
range 10MHz–10GHz. Results presented in the left-hand panel are better
justified physically (§2.1 in Beck et al., 1996; §III.A.1 in Widrow, 2002).

from the Faraday rotation measures of pulsars simply as

B! =
RM

K1 DM
. (6)

This estimate is meaningful if magnetic field and thermal electron density are
statistically uncorrelated. If the fluctuations in magnetic field and thermal
electron density are correlated with each other, they will contribute positively
to RM and Eq. (6) will yield overestimated B!. In the case of anticorrelated
fluctuations, their contribution is negative and Eq. (6) is an underestimate.
As shown by Beck et al. (2003), physically reasonable assumptions about the
statistical relation between magnetic field strength and electron density can
lead to Eq. (6) being in error by a factor of 2–3.

The observable quantities (4) have provided extensive data on magnetic
field strengths in both the Milky Way and external galaxies (Ruzmaikin et
al.., 1988; Beck et al., 1996; Beck, 2000, 2001). The average total field
strengths in nearby spiral galaxies obtained from total synchrotron inten-
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Magnetic field strength

Hummel’s (1986) sample of 88 Sbc galaxies has a mean minimum-energy field of ≃ 8 μG, 
using K = 100. Using the same value of K for the sample of 146 late-type galaxies by Fitt 
& Alexander (1993), one obtains a mean total minimum-energy field strength of 10 ± 4 
μG.Be
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Figure 4: The distributions of the strength of the total magnetic field in a
sample of spiral galaxies obtained from the observed synchrotron intensity I
using energy equipartition between magnetic fields and cosmic rays (p. 109 in
Niklas, 1995) under slightly di!erent assumptions. The estimates of the left-
hand panel were derived from integrating the observed synchrotron intensity
in the range corresponding to the relativistic electron energies from 300MeV
to infinity, and in the right-hand panel the integration was over a frequency
range 10MHz–10GHz. Results presented in the left-hand panel are better
justified physically (§2.1 in Beck et al., 1996; §III.A.1 in Widrow, 2002).

from the Faraday rotation measures of pulsars simply as

B! =
RM

K1 DM
. (6)

This estimate is meaningful if magnetic field and thermal electron density are
statistically uncorrelated. If the fluctuations in magnetic field and thermal
electron density are correlated with each other, they will contribute positively
to RM and Eq. (6) will yield overestimated B!. In the case of anticorrelated
fluctuations, their contribution is negative and Eq. (6) is an underestimate.
As shown by Beck et al. (2003), physically reasonable assumptions about the
statistical relation between magnetic field strength and electron density can
lead to Eq. (6) being in error by a factor of 2–3.

The observable quantities (4) have provided extensive data on magnetic
field strengths in both the Milky Way and external galaxies (Ruzmaikin et
al.., 1988; Beck et al., 1996; Beck, 2000, 2001). The average total field
strengths in nearby spiral galaxies obtained from total synchrotron inten-
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Text

Average: 16 ±15 μG
Excl. starburst: 12 ±6 μG

Average: 4 ±3 μG

N=28 N=22

Compilation: Fletcher 2010

Bord/Bran 0.4 ±0.2 

Total field Ordered field

Magnetic field strength



Galaxy sample

FWHM / R25

median FWHM ~ 0.5 arcmin
4 Mpc, 1 arcmin ~ 1kpc 



Source Total B [μG] N Notes

Hummel 1986 8 88 Sbc galaxies

Fitt & Alexander 1993 10 ± 4 146 Late type galaxies

Niklas 1995 9 74

Fletcher 2010 16 ± 15 28 Resolved, 1990+

Total field ≈ 10 μG
Ordered field ≈ 4 μG
Random field ≈ 10 μG

Field strength summary



Global structure: radial
Exp. scale length [kpc]Exp. scale length [kpc]

Isyn Beq R25 [kpc] Source

NGC 6946 4 16 8.0 Beck 2007

NGC 253 3 & 7 7 & 13 11.7 Heesen et al. 2009

NGC 4214 0.6 2.4 5.7 Kepley

M33 5.8 24 4.1 Tabatabaei et al. 2007

M81 3.5 13 10.5 Beck et al. 1985

IC 342 4.7 19 9.9 Krause et al. 1989

Milky Way 34 10 Strong 2000
Beuermann 1985 



Exp. scale length [kpc]Exp. scale length [kpc]

Isyn Beq, Bn0 R25 [kpc] Source

NGC 1313 1.34 4.9, 2.3 6.0 Harnett 1987

NGC 1566 1.73 6.6, 3.1 10.2 Harnett 1987

NGC 1672 3.74 13.9, 6.5 13.3 Harnett 1987

NGC 3059 5.33 8.6 Harnett 1987

M83 2.52 10.4, 5.3 8.8 Harnett 1987

NGC 6753 6.79 19.8 Harnett 1987

M101 7.1 28.4 32.1 Hummel 1990

I(r) = I0 exp (�r/l)



Global structure: radial
Average scale length of synchrotron ≈ 0.4 R25

Average scale length of magnetic field ≈ 1.6 R25
(assuming equipartition with cosmic ray energy)



Global structure: radial
Average scale length of synchrotron ≈ 0.4 R25

Average scale length of magnetic field ≈ 1.6 R25
(assuming equipartition with cosmic ray energy)

B2
(r) = B2

0 exp (�2r/l)



Global structure: radial
Average scale length of synchrotron ≈ 0.4 R25

Average scale length of magnetic field ≈ 1.6 R25
(assuming equipartition with cosmic ray energy)

B2
(r) = B2

0 exp (�2r/l)

Magnetic energy drops by 1/2 in 
0.35 x scale-length ~ 0.5 optical disc radius



Energy densities
Energy: B2 ~ nkT ~ mv2 
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Energy densities
Energy: B2 ~ nkT ~ mv2 

544 R. Beck: Magnetic arms in NGC 6946

Fig. 5. Energy densities and their radial variations in the spiral galaxy
NGC 6946.

was derived from the map of nonthermal synchrotron intensity,
assuming a constant pathlength through the emitting medium
of 1 kpc. The energy density of the ordered magnetic field was
derived from the map of polarized intensity. The thermal en-
ergy density ( 3

2 !ne"kT ) of the warm ionized gas (T # 104 K)
was calculated from the map of thermal radio emission (giv-
ing the emission measure EM = L!n2

e" which is dominated by
H II regions, see Fig. 4), using a pathlength L of 1 kpc, a con-
stant volume filling factor f of 5% (Ehle & Beck 1993). The
average number density !ne" =

!
f !n2

e" of the H II regions de-
creases from about 0.5 cm$3 at 1 kpc radius to about 0.3 cm$3

at 5 kpc radius. The average number density !n" of the total neu-
tral gas (molecular + atomic) was determined from the CO map
of Walsh et al. (2002) and the H I map of Kamphuis & Sancisi
(1993), assuming for simplicity a constant scale height of the
disk of 100 pc. !n" decreases from about 50 cm$3 at 1 kpc ra-
dius to about 7 cm$3 at 5 kpc radius. The molecular gas traced
by the CO emission dominates until 5 kpc radius. Assuming a
constant temperature of T = 50 K, the energy density of the
molecular gas was computed and is shown in Fig. 5. The contri-
butions of the cold and warm atomic gas cannot be determined
with the existing low-resolution data, so that the thermal energy
density of the total neutral gas is unknown in NGC 6946. To
compute the kinetic energy density ( 1

2!v
2) of the turbulent mo-

tion of the total neutral gas, its turbulent velocity was assumed to
be vturb = 7 km s$1 , the typical value derived for the neutral gas
in our Galaxy (Boulares & Cox 1990; Kalberla & Kerp 1998)
and from ISM models (Fletcher & Shukurov 2001).

The energy densities of all components in NGC 6946 are
about one order of magnitude larger than in the Milky Way (Cox
2005). The energy density of the ionized gas Eth in NGC 6946
(Fig. 5) is about one order of magnitude smaller than that of
the magnetic field Emagn. This result is similar to that derived
for the Milky Way (Cox 2005). The ISM seems to be a low-
" plasma (" = Eth/Emagn). 3D magnetohydrodynamical models
for the ISM predicted a large variation of local " values, with
the average value steeply increasing with temperature (Mac Low
et al. 2005; Avillez & Breitschwerdt 2005).

The thermal energy density of the ionized gas Eth in Fig. 5
and hence " may be underestimated if there is a significant con-
tribution from hot gas, or if the di!use warm ionized gas domi-
nates over the H II regions, so that the e!ective filling factor f of
the warm ionized gas would be larger than 5% (!ne" %

!
Ith f ).

However, the values of !ne" for the H II regions in NGC 6946

(see above) are more than one order of magnitude larger than for
the warm di!use ionized gas (Sect. 3.7) and about two orders
of magnitude larger than typical values for the hot gas (Fletcher
& Shukurov 2001). Finally, Eth could be twice larger if the con-
tribution of protons is also considered. In summary, no major
uncertainties in Eth are expected.

The large energy density of the turbulent motions compared
to the thermal energy density in Fig. 5 means that turbulence in
the di!use ISM is supersonic, which is consistent with 3D MHD
models for the ISM (Avillez & Breitschwerdt 2005). While su-
personic turbulence in molecular gas clouds of the Milky Way is
observed and helps to support the clouds (Mac Low & Klessen
2004), supersonic turbulence in the di!use ISM would lead to
widespread shocks and hence is hard to maintain. The results
presented here are puzzling and need further investigations in
other galaxies.

In the inner parts of NGC 6946 the energy densities of the
total magnetic field and turbulent gas motions are similar, while
the field dominates in the outer parts. The reason is the large
radial scale length of the total magnetic energy (7.0 ± 0.1 kpc
for radii larger than 3 kpc) compared to the scale length of
about 3 kpc of the neutral gas density (Walsh et al. 2002).
This is in apparent conflict with the generation of interstellar
magnetic fields from turbulent gas motions. Before considering
physical explanations, like radial di!usion of the magnetic field
(Priklonsky et al. 2000), field configurations in a wind-driven
halo (Breitschwerdt et al. 2002), or a supra-equipartition turbu-
lent dynamo (Belyanin et al. 1993), possible bias e!ects of the
values shown in Fig. 5 have to be discussed.

The discrepancy between total magnetic and turbulent en-
ergy densities may indicate that the turbulent velocity of the neu-
tral gas in NGC 6946 is underestimated. 6 km s$1 and 9 km s$1

of the cold and warm neutral gas components, respectively, are
needed for the vertical hydrostatic equilibrium, while the to-
tal turbulent velocity is

&
3 times higher (Fletcher & Shukurov

2001). Another increase could be caused by the high star-
formation rate in NGC 6946. As a result, the magnetic and turbu-
lent energy densities could become similar until several kpc ra-
dius. In the outer parts of the galaxy, turbulence generated by the
magneto-rotational instability (MRI) (Sellwood & Balbus 1999;
Dziourkevitch et al. 2004) could be stronger than turbulence ex-
cited by star formation and increase the turbulent energy density
and scale length.

The discrepancy between total magnetic and turbulence en-
ergy densities for radii larger than about 2 kpc may also indi-
cate that the magnetic field strength or the scale length of mag-
netic energy density are overestimated. If energy equipartition
between magnetic fields and cosmic rays does not hold, the esti-
mates of field strength based on this assumption would be in-
valid. If, e.g., the density of cosmic-ray electrons is constant
in the galaxy, the scale length of the magnetic energy density
would decrease to 3.5 kpc, similar to the scale length of the en-
ergy density of turbulence. However, the sources of cosmic rays
are believed to be related to star-forming regions, which are con-
centrated in the inner galaxy, and the propagation of cosmic-
ray electrons is limited by synchrotron losses, so that a constant
density of cosmic-ray electrons can hardly be maintained. #-ray
data from the Milky Way indeed indicate a radial decrease of
the cosmic ray distribution (Strong & Mattox 1996). The ag-
ing of cosmic-ray electrons towards the outer galaxy leads to a
steeper decrease and hence to an increasing proton-to-electron
ratio R and to an underestimate of the magnetic energy as shown
in Fig. 5. This would enhance the discrepancy with the turbulent
energy.
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NGC 6946F. S. Tabatabaei et al.: High-resolution radio continuum survey of M 33. III. 1015

the combination of the modes m = z0 and stronger m = z1 pro-
duces a sinusoidal vertical field that is strongest near the ma-
jor axis: pointing away from us at ! ! 30" and towards us at
! ! 210". In the outer ring the vertical field is also strongest near
the major axis, at ! ! 10" (directed away) and ! ! 190" (directed
towards).

The presence of a vertical component in the regular mag-
netic field was indicated locally by our rotation measure maps
(Sect. 3). However, the large scale vertical field required by our
fits requires a global origin. The strong Bz along the major axis
together with the long lines of sight through the magneto-ionic
medium on the eastern and western minor axis (Sect. 3) sug-
gest that the galactic warp may play a role. In other words,
the “vertical” field that we identify may be due to the severe
warp in M 33 (Rogstad et al. 1976; Reakes & Newton 1978;
Sandage & Humphreys 1980; Corbelli & Schneider 1997). The
inner HI disk investigated by Rogstad et al. (1976) shows a warp
beginning at a radius of !5 kpc with a change in the inclination
angle of 40" at 8 kpc. The warp of the optical plane begins as
close to the center as the first arm system at 2 kpc (the center
of our inner ring), with a change in the arm inclination of >15"
at 3 kpc and 25" at 5 kpc (Sandage & Humphreys 1980). The
model in Sect. 4.2 assumes a constant inclination of i = 56"
but in a strongly warped disc i varies with radius and azimuth.
In this case, even if Breg only has components in the warped
disk plane Bd, as for e.g. M 51 (Berkhuijsen et al. 1997), M 31
(Fletcher et al. 2004), and NGC 6946 (Beck 2007), there will be
an apparent vertical component B̂z (as well as an apparent disk
parallel component B̂d) with respect to the average disk-plane.

The ratio B̂z/B̂d = tan iw where iw is the warp inclination.
So for wi ! 15" in the inner ring B̂z/B̂d ! 0.3 and in the outer
ring wi ! 25" gives B̂z/B̂d ! 0.5. Our model field in Table 2 has
Bz/Bd # 2 ± 1 in the 1$3 kpc ring and Bz/Bd # 1.0 ± 0.4 in the
3$5 kpc ring. This indicates that, in the outer ring, the vertical
field could be mainly due to the warp. However, a real vertical
field of a broadly comparable strength to the disk field can exist
in the inner ring.

6.2. Magnetic and spiral-arm pitch angles

The pitch angles of the horizontal component of the regular mag-
netic field are high: pB = 48" in the 1$3 kpc ring and pB = 42"
in the 3$5 kpc ring. These magnetic field pitch angles are how-
ever lower than the pitch angles of the optical arm segments
identified by Sandage & Humphreys (1980), which are typically
pa = 60"$70". A combination of shear from the di!erential ro-
tation, producing an azimuthal magnetic field with pB = 0",
and compression in spiral arm segments, amplifying the com-
ponent of the field parallel to the arms pB = 65", may be re-
sponsible for the observed pB ! 40". However, this type of
alternate stretching and squeezing of the field could not produce
the m = 0 azimuthal mode that is found in both rings, unless
the pre-galactic field was of this configuration. The presence of
a significant m = 0 azimuthal mode of Breg can be explained if
a large-scale galactic dynamo is operating in M 33: the axisym-
metric mode has the fastest growth rate in disk dynamo models
(e.g. Beck et al. 1996). This does not mean that a dynamo is
the origin of all of the regular magnetic field structure in M 33.
In particular it would be a strange coincidence if the large pB,
higher than the typical pB in other disc galaxies by a factor of
%2, is not connected to the open spiral arms with pa ! 65".

Fig. 12. Energy densities and their variations with galactocentric radius
in M 33.

A rough estimate of the magnetic field pitch angles expected
due to a simple mean-field dynamo can be obtained by consid-
ering the ratio of the alpha-e!ect – parameterizing cyclonic tur-
bulence generating the radial field Br from the azimuthal B! –
to the omega-e!ect – describing di!erential rotation shearing
the radial field into an azimuthal one. This can be written as
(Shukurov 2004)

tan pB =
Br

B!
! 1

2

!
"#

hG
, (12)

where # is a typical velocity of the helical turbulence, h is the
scale height of the dynamo active layer and G = R d"/dR gives
the shear rate due to the angular velocity". Using the HI rotation
curve derived by Corbelli & Salucci (2007), # % 1 km s$1 as a
typical value (Ruzmaikin et al. 1988), and an HI scale height of
250 pc at R = 2 kpc increasing steadily to 650 pc at R = 5 kpc
(Baldwin 1981) we obtain approximate pitch angles of pB !
20" and pB ! 15" for the 1$3 and 3$5 kpc rings, respectively.
These are only about 1/2 to 1/3 of the fitted pitch angles of the
m = 0 modes. Models specific to M 33, which allow for dynamo
action as well as the large scale gas-dynamics of the galaxy, are
required to understand the origin of the large pB as well as the
vertical component of the regular magnetic field.

6.3. Energy densities in the ISM

The energy densities of the equipartition magnetic fields in the
disk (B2

t /8" and B2
u/8" for the total and regular magnetic fields,

respectively) are shown in Fig. 12. The thermal energy density of
the warm ionized gas, 3

2 &ne'kTe, is estimated from the H# map
assuming Te ! 104 K (see also Sect. 5). Assuming the pres-
sure equilibrium between the warm and hot ionized gas with
Te ! 106 K and an electron density of !0.01&ne' (e.g. Ferrière
2001), the energy density of the hot ionized gas is about the same
order of magnitude as the warm ionized gas energy density. For
the neutral gas, we derive the energy density of 3

2 &n'kT using the
average surface density of total (molecular + atomic) gas given
by Corbelli (2003) and an average temperature of T ! 50 K
(Wilson et al. 1997). The warm neutral gas with a typical tem-
perature of !6000 K has roughly the same thermal energy den-
sity as the cold neutral gas, due to a !100 times lower density
(e.g. Ferrière 2001). Assuming a constant scale height of the
disk of 100 pc (as used for NGC 6946 Beck 2007), we obtain a
gas density of &n' ! 6 cm$3 at R = 1 kpc (that is about 8 times
lower than the corresponding value in NGC 6946) to !2 cm$3 at

M33
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28 KRAUSE

above imply –together with the assumption that the
synchrotron lifetimes (! B!2) determine the disk
thicknesses– that the CR bulk speed (or galactic
wind velocity) is proportional to B2, and hence pro-
portional to SFR0.8.

4. REGULAR MAGNETIC FIELD AND STAR
FORMATION

The polarized intensity in spiral galaxies allows
to estimate the regular magnetic field strength and
the observed degree of polarization P (as determined
by the ratio of polarized intensity and total intensity)
is a measure of the degree of uniformity of the mag-
netic field. As discussed in § 3 the low brightness
edge-on galaxy NGC 5907 has a weak total and po-
larized intensity, a high thermal fraction and a low
SFR. On the other hand, NGC 891 (see Figure 1)
has strong total and polarized intensities, a normal
thermal fraction and strong star formation. Surpris-
ingly, the degree of polarization at !6 cm at a res-
olution of 84"" HPBW (half power beam width) is
equal in both galaxies, P = 3.2%. When we average
the Stokes I-, U-, and Q-maps over the total galaxy
(as described in Stil et al. 2008), the global degree
of polarization in NGC 5907 is P = 2.2%, whereas
in NGC 891 it is only P = 1.6%.

Similarly, we integrated the polarization proper-
ties in 41 nearby spiral galaxies and found that (inde-
pendently of inclination e!ects) the degree of polar-
ization is lower (< 4%) for more luminous galaxies,
in particular those for L4.8 > 2 " 1021 WHz!1 (Stil
et al. 2008). The brightest galaxies are those with
the highest SFR. Of course, the mean-field dynamo
needs star formation and supernova remnants as the
driving force for velocities in vertical direction. From
our observations, however, we conclude that stronger
star formation seems to reduce the magnetic field
regularity.

On kpc-scales, Chyży (2008) analyzed the cor-
relation between magnetic field regularity and SFR
locally within one galaxy, NGC 4254. While he
found a strong correlation between the total field
strength and the local SFR, he found an anticor-
relation of magnetic field regularity with SFR and
could not detect any correlation between the regular
field strength and the local SFR.

In our sample of 11 observed edge-on galaxies we
found in all of them with one exception (in the inner
part of NGC 4631) mainly a disk-parallel magnetic
field together with the X-shaped poloidal field in the
halo. Our sample includes spiral galaxies of very
di!erent Hubble type and SFR, ranging from 0.5 #
SFR # 27. The disk-parallel magnetic field along the

Fig. 3. Radio continuum emission of the edge-on spiral
galaxy NGC 4631 at !3.6cm (8.35 GHz) with the 100 m
E!elsberg telescope with 84!! HPBW . The contours in
give the total intensities, the vectors the intrinsic mag-
netic field orientation. The radio map is overlayed on an
optical image of NGC 4631 taken with the Misti Moun-
tain Observatory (Copyright: MPIfR Bonn).

galactic disk is the expected edge-on projection of
the spiral-field within the disk as observed in face-on
galaxies. It is generally thought to be generated by
a mean-field ""$ dynamo for which the most easily
excited field pattern is the axismmetric spiral (ASS)
field (e.g. Ruzmaikin et al. 1988). The dynamo
acts most e!ectively in regions of strong di!erential
rotation in the disk. NGC 4631, however, which has
a disk-parallel magnetic field along the disk only at
radii % 5kpc, shows for smaller radii a vertical large-
scale field also in the midplane of the disk, as visible
in Figure 3. The inner & 5 kpc (140"") is just the
region of NGC 4631 where the rotation curve rises
nearly rigidly (Golla & Wielebinski 1994), hence the
mean-field ""$ dynamo may not work e!ectively
in this inner part of NGC 4631 and hence may not
amplify a disk-parallel large-scale field.

The even ASS magnetic disk field (as discussed
in § 2.2) is –according to the mean-field dynamo
theory– accompanied with a quadrupolar poloidal
field, which is, however, a factor of about 10 weaker
than the toroidal disk field. This means that the
poloidal part of the ASS dynamo mode alone cannot
explain the observed X-shaped structures in edge-on
galaxies as the field strengths there seems to be com-
parable to the large-scale disk field strengths. Model
calculations of the mean-field ""-dynamo for a disk
surrounded by a spherical halo including a galactic
wind (Brandenburg et al. 1993) simulated similar
field configurations as the observed ones. Such a

644 L. La Porta et al.: APS analysis of total intensity all-sky surveys

Fig. 3. Mollweide projection of the HEALPix maps produced at
408 MHz (top) and 1420 MHz (bottom) by subtracting the discrete
sources. The maps are in Galactic coordinates. The center of the maps
is l = 0, b = 0. The Galactic longitude increases toward the left up
to 180!.

They are mainly Galactic sources, i.e. HII-regions or supernova
remnants. On the contrary, the DSs subtracted at medium and
high latitudes are nearly all extragalactic sources.

The maps of some Galactic plane cut-o!s at 1420 MHz
(respec. 408 MHz) after DS subtraction are shown in Fig. 4
(respec. Fig. 5). The maps are displayed adopting di!erent
scales, in order to emphasize the relative importance of the
various components. Note that “scanning strategy e!ects” are
clearly visible in the southern sky at high latitude in the map
at 408 MHz. As discussed above, the angular power spectra
of the destriped and original versions of the Haslam map do
not exhibit significant di!erences, thus implying that “stripes”
are not an issue for the APS analysis at 1420 MHz. Figure 6
(respec. Fig. 7) shows the APS of the Galactic plane cut-o!s
at 1420 MHz (respec. 408 MHz) for the original map, for the
DS-subtracted map and for the map of subtracted DSs. The
APS of the DS maps almost perfectly matches the flat part of the
original map APS at large !. This result identifies DSs as the rea-
son for the flattening of the original APS and also confirms that
the major contribution from source contamination has been elim-
inated in the DS-subtracted maps. At high latitude the APS of the
Galactic fluctuation field is dominated by the DS contribution for
! >" 100, which is due to the enhanced relative contribution of the
DSs respect to the weak di!use background emission.

Figure 8 shows the APS of the various cuts for the DS map
at 1420 MHz. Note that for all the southern cuts and for the
northern cuts with bcut # 30! the DS angular power spectra are
rather flat up to ! " 100 and then decrease as for a beam smooth-
ing. On the contrary, for the northern cut at 5!$20! the DS angu-
lar power spectra present a power law behaviour at lower mul-
tipoles, that implies the existence of significant fluctuations also
at the larger angular scales, as expected in presence of relatively
extended discrete structures. The DS APS of the cut at 20! is

Fig. 4. HEALPix maps of the Galactic plane cut-o!s extracted from the
1.4 GHz all-sky map after DS subtraction. A mollweide projection is
displayed for the cuts with |bcut| % 20! and a gnomonic view (centered
on a Galactic pole) for those with |bcut | # 40!.

Fig. 5. As in Fig. 4, but at 408 MHz.

superimposed on that of the cut at 30! for ! >" 100, whereas it ex-
hibits a power law behaviour at lower multipoles. The di!erence
between the angular power spectra of the northern cuts at 20!
and 30! is then due to the DSs located in the portion of the sky
characterized by 20! % bgal % 30!, which includes Centaurus A,

Gaussian scale height of 13 galaxies: 
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B ≈ 2.4 kpc H
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28 KRAUSE

above imply –together with the assumption that the
synchrotron lifetimes (! B!2) determine the disk
thicknesses– that the CR bulk speed (or galactic
wind velocity) is proportional to B2, and hence pro-
portional to SFR0.8.

4. REGULAR MAGNETIC FIELD AND STAR
FORMATION

The polarized intensity in spiral galaxies allows
to estimate the regular magnetic field strength and
the observed degree of polarization P (as determined
by the ratio of polarized intensity and total intensity)
is a measure of the degree of uniformity of the mag-
netic field. As discussed in § 3 the low brightness
edge-on galaxy NGC 5907 has a weak total and po-
larized intensity, a high thermal fraction and a low
SFR. On the other hand, NGC 891 (see Figure 1)
has strong total and polarized intensities, a normal
thermal fraction and strong star formation. Surpris-
ingly, the degree of polarization at !6 cm at a res-
olution of 84"" HPBW (half power beam width) is
equal in both galaxies, P = 3.2%. When we average
the Stokes I-, U-, and Q-maps over the total galaxy
(as described in Stil et al. 2008), the global degree
of polarization in NGC 5907 is P = 2.2%, whereas
in NGC 891 it is only P = 1.6%.

Similarly, we integrated the polarization proper-
ties in 41 nearby spiral galaxies and found that (inde-
pendently of inclination e!ects) the degree of polar-
ization is lower (< 4%) for more luminous galaxies,
in particular those for L4.8 > 2 " 1021 WHz!1 (Stil
et al. 2008). The brightest galaxies are those with
the highest SFR. Of course, the mean-field dynamo
needs star formation and supernova remnants as the
driving force for velocities in vertical direction. From
our observations, however, we conclude that stronger
star formation seems to reduce the magnetic field
regularity.

On kpc-scales, Chyży (2008) analyzed the cor-
relation between magnetic field regularity and SFR
locally within one galaxy, NGC 4254. While he
found a strong correlation between the total field
strength and the local SFR, he found an anticor-
relation of magnetic field regularity with SFR and
could not detect any correlation between the regular
field strength and the local SFR.

In our sample of 11 observed edge-on galaxies we
found in all of them with one exception (in the inner
part of NGC 4631) mainly a disk-parallel magnetic
field together with the X-shaped poloidal field in the
halo. Our sample includes spiral galaxies of very
di!erent Hubble type and SFR, ranging from 0.5 #
SFR # 27. The disk-parallel magnetic field along the

Fig. 3. Radio continuum emission of the edge-on spiral
galaxy NGC 4631 at !3.6cm (8.35 GHz) with the 100 m
E!elsberg telescope with 84!! HPBW . The contours in
give the total intensities, the vectors the intrinsic mag-
netic field orientation. The radio map is overlayed on an
optical image of NGC 4631 taken with the Misti Moun-
tain Observatory (Copyright: MPIfR Bonn).

galactic disk is the expected edge-on projection of
the spiral-field within the disk as observed in face-on
galaxies. It is generally thought to be generated by
a mean-field ""$ dynamo for which the most easily
excited field pattern is the axismmetric spiral (ASS)
field (e.g. Ruzmaikin et al. 1988). The dynamo
acts most e!ectively in regions of strong di!erential
rotation in the disk. NGC 4631, however, which has
a disk-parallel magnetic field along the disk only at
radii % 5kpc, shows for smaller radii a vertical large-
scale field also in the midplane of the disk, as visible
in Figure 3. The inner & 5 kpc (140"") is just the
region of NGC 4631 where the rotation curve rises
nearly rigidly (Golla & Wielebinski 1994), hence the
mean-field ""$ dynamo may not work e!ectively
in this inner part of NGC 4631 and hence may not
amplify a disk-parallel large-scale field.

The even ASS magnetic disk field (as discussed
in § 2.2) is –according to the mean-field dynamo
theory– accompanied with a quadrupolar poloidal
field, which is, however, a factor of about 10 weaker
than the toroidal disk field. This means that the
poloidal part of the ASS dynamo mode alone cannot
explain the observed X-shaped structures in edge-on
galaxies as the field strengths there seems to be com-
parable to the large-scale disk field strengths. Model
calculations of the mean-field ""-dynamo for a disk
surrounded by a spherical halo including a galactic
wind (Brandenburg et al. 1993) simulated similar
field configurations as the observed ones. Such a
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26 KRAUSE

field parallel to the line of sight, and its sign gives
the direction of this magnetic field component. Both
field components, parallel and perpendicular to the
line of sight, enable us in principle to deduce a 3-
dimensional picture of the large-scale magnetic field.
Note, however, that the polarized intensity is only
sensitive to the field orientation, i.e. it does not dis-
tinguish between parallel and antiparallel field direc-
tions in the plane of the sky, whereas the RM is large
for parallel fields along the line of sight, but zero for
parallel and antiparallel fields (of equal strength).
Magnetic fields consist of regular and turbulent com-
ponents. The total magnetic field strength in a
galaxy can be estimated from the nonthermal ra-
dio emission under the assumption of equipartition
between the energies of the magnetic field and the
relativistic particles (the so-called energy equiparti-
tion) as described in Beck & Krause (2005).

2. OBSERVATIONAL RESULTS OF MAGNETIC
FIELDS

2.1. Spiral Galaxies seen face-on
The mean equipartition value for the total mag-

netic field strength for a sample of 74 spiral galaxies
observed by Niklas (1995) is on average 9 ± 3µG.
It can, however, reach locally higher values within
the spiral arms of up to 20µG. Strongly interacting
galaxies or galaxies with a high star formation rate
tend to have generally stronger total magnetic fields.
The strength of the regular magnetic fields in spiral
galaxies (observed with a spatial resolution of a few
100pc) are typically 1–5 µG, and may reach locally
values up to 10 ! 15 µG as e.g. in NGC 6946 (Beck
2008) and M51 (Fletcher et al. 2008).

The turbulent magnetic field is typically
strongest along the optical spiral arms, whereas the
regular fields are strongest in between the optical spi-
ral arms, or at the inner edge of the density-wave spi-
ral arm. Sometimes, the interarmed region is filled
smoothly with regular fields, in other cases the large-
scale field form long filaments of polarized intensity
like in IC342 (Krause et al. 1989; Krause 1993) or so-
called magnetic spiral arms like in NGC 6946 (Beck
& Hoernes 1996).

The magnetic lines of the large-scale field form
generally a spiral pattern with pitch-angles from 10!
to 40! which are similar to the pitch angles of the
optical spiral arms. Further, spiral magnetic fields
have even been observed in flocculent and irregular
galaxies.

2.2. Spiral Galaxies seen edge-on
Several edge-on galaxies of di!erent Hubble type

and covering a wide range in SFR were observed with

Fig. 1. Radio continuum emission of the edge-on spi-
ral galaxy NGC 891 at !3.6cm (8.35 GHz) with the 100
m E!elsberg telescope with a resolution of 84!! HPBW .
The contours give the total intensities, the vectors the
intrinsic magnetic field orientation (Copyright: MPIfR
Bonn). The radio map is overlayed on an optical im-
age of NGC 891 from the Canada-France-Hawaii Tele-
scope/(c)1999 CFHT/Coelum.

high sensitivity in radio continuum and linear polar-
ization. These observations show that the magnetic
field structure is mainly parallel to the disk along
the midplane of the disk (with the only exception of
NGC 4631) as expected from observations of face-
on galaxies and their magnetic field amplification by
the action of a mean-field !"-dynamo (e.g. Beck
et al. 1996). Away from the disk the magnetic
field has also vertical components increasing with
distance from the disk and with radius (Krause 2004;
Soida 2005; Krause et al. 2006; Heesen et al. 2008b).
Hence, the large-scale magnetic field looks X-shaped
away from the plane. As an example, we show the
magnetic field vectors of the edge-on galaxy NGC
891 together with the radio continuum emission at
"3.6cm (made with the E!elsberg 100 m telescope2

overlayed on an optical image of the galaxy in Fig-
ure 1.

2The E!elsberg 100 m is operated by Max-Planck-Institut
für Radioastronomie (MPIfR) in Bonn.
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ABSTRACT

A sample of large northern Spitzer Infrared Nearby Galaxies Survey (SINGS) galaxies was observed with the Westerbork Synthesis
Radio Telescope (WSRT) at 1300"1760 MHz. In Paper II of this series, we described sensitive observations of the linearly polarized
radio continuum emission in this WSRT-SINGS galaxy sample. Large-scale magnetic field structures of two basic types are found:
(a) disk fields with a spiral topology in all detected targets; and (b) circumnuclear, bipolar outflow fields in a subset. Here we explore
the systematic patterns of azimuthal modulation of both the Faraday depth and the polarized intensity and their variation with galaxy
inclination. A self-consistent and fully general model for both the locations of net polarized emissivity at 1"2 GHz frequencies and the
global magnetic field topology of nearby galaxies emerges. Net polarized emissivity is concentrated into two zones located above and
below the galaxy mid-plane, with the back-side zone su!ering substantial depolarization (by a factor of 4"5) relative to the front-side
zone in its propagation through the turbulent mid-plane. The field topology which characterizes the thick-disk emission zone, is in all
cases an axisymmetric spiral with a quadrupole dependence on height above the mid-plane. The front-side emission is a!ected by only
mild dispersion (10’s of rad m"2) from the thermal plasma in the galaxy halo, while the back-side emission is a!ected by additional
strong dispersion (100’s of rad m"2) from an axi-symmetric spiral field in the galaxy mid-plane. The field topology in the upper halo
of galaxies is a mixture of two distinct types: a simple extension of the axisymmetric spiral quadrupole field of the thick disk and a
radially directed dipole field. The dipole component might be a manifestation of (1) a circumnuclear, bipolar outflow; (2) an in situ
generated dipole field; or (3) evidence of a non-stationary global halo.

Key words. ISM: magnetic fields – galaxies: magnetic fields – radio continuum: galaxies

1. Introduction

The magnetic fields in spiral galaxies are an important compo-
nent, but their basic three dimensional topology remains largely
unknown. Two of their main characteristics are however, known.
First, the fields in relatively face-on spiral galaxies are seen to
follow the spiral pattern traced in the optical morphology. In the
handful of more edge-on galaxies that have been imaged to date,
the field distributions are seen to extend into the halo regions,
and have a characteristic X-shaped morphology (e.g. Heesen
et al. 2009). Apart from these basic properties, the details of the
magnetic field topology are unknown.

Observations of polarized flux, polarization vector orienta-
tions, and Faraday rotation measures all provide information
about the magnetic field associated with di!erent electron pop-
ulations and at di!erent projections with respect to the line of
sight. Synchrotron emission originates in ultrarelativistic elec-
trons spiralling around magnetic field lines, is beamed in the di-
rection of motion of the electron, and is polarized perpendicular
to the orientation of the field line. Polarized synchrotron radia-
tion and polarization vector orientation are thus direct tracers of
the magnetic fields perpendicular to the line-of-sight (LOS), B#,
within the region where both ordered magnetic fields and rela-
tivistic electrons are maximized. The Faraday rotation measure
(RM), or more generally the Faraday depth, ", that pertains
to a given component of polarized emission, is sensitive to the

integrated product of magnetic field component parallel to the
LOS (B$) and the thermal electron density in the foreground of
a polarized emission component:

" %
! telescope

source
neB·dl. (1)

The Faraday depth is defined to be positive when B points to-
ward the observer, and negative when B points away. When
assessing the magnetic field geometry traced by these observa-
tional characteristics, it is essential to keep in mind that the ob-
servable attributes may originate in distinct regions of space. The
classical Faraday rotation measure (RM) is an observable quan-
tity derived from the polarization angle di!erence(s)#! between
two (or more) frequency bands as RM = #!/("2

1 " "2
2). The

empirically determined RM is only equivalent to the Faraday
depth " for a simple background emitter plus foreground dis-
persive screen geometry.

Polarized emission can become depolarized in a number of
ways: beam depolarization can arise because the spatial reso-
lution element is large relative to the size of significant vari-
ations in the field orientation or the thermal electron content,
while Faraday depolarization can arise because synchrotron
emission and Faraday rotation take place in the same extended
volume along the LOS. Polarized emission from di!erent loca-
tions (either separated spatially or along the LOS) is a!ected by
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“The field topology in the upper halo of 
galaxies is a mixture of two distinct types: a 
simple extension of the axisymmetric spiral 
quadrupole field of the thick disk and a 
radially directed dipole field.”



Global structure: azimuth
Should be known, but nothing systematic:

arm-interarm contrast in I, PI, B, b, etc. ? 
(known for M51, NGC1097, NGC1365, NGC6946)

magnetic arms and spiral arms; streaming, corotation, 
alignment, ... ?

(“magnetic arms” in NGCs6946, 4254, 2997, M51)



Ordered B lines spirals
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Fig. 1.—(a) Total radio intensity contour map of NGC 4736 at 8.46 GHz
and 8.6! # 8.6! resolution (from combined VLA and Effelsberg data) super-
imposed on the infrared 24 mm image (in colors, from Spitzer survey of SINGS
galaxies: Kennicutt et al. 2003). The contours are at 28, 72, 176, 320, 440,
800, 1040, and 1600 mJy beam!1. (b) Radio polarized intensity at 8.46 GHz
in contours and the infrared map in colors. The contours are at 21, 42, 70,
and 98 mJy beam!1. The galaxy is inclined by (Buta 1988) and the green35!
line in (a) denotes its major axis. The inner (rs) ring and the central minibar
are indicated, whereas the faint, outer (R) ring is out of the figure and also
invisible in the radio data.

Fig. 2.—Polarized intensity contour map of NGC 4736 at 8.46 GHz and
8.6! # 8.6! resolution with observed magnetic field vectors of the polarization
degree overlaid on the Ha image (from Knapen et al. 2003). The contours are
at 21, 42, and 84 mJy beam!1 area. The vector of corresponds to the!!10
polarization degree of 25%.

The observed total radio emission of NGC 4736 at 8.46 GHz
is clearly dominated by the galaxy’s bright inner pseudoring
(Fig. 1a) and resembles the distributions of infrared, Ha, and
UV emission (e.g., Waller et al. 2001). All pronounced radio
features in the ring correspond to the enhanced signal in the
mid-infrared (in colors in Fig. 1a) and must result from an
intense star formation process providing dust heating and strong
radio thermal and nonthermal emission. The radio contours in
the galaxy’s bright bulge region (within radius) are slightly!!20
elongated in position angle P.A. " 30 . They likely correspond!
to the nuclear minibar seen in optical and CO images (§ 1).
Outside the galaxy’s bright radio disk, weak radio emission is
detected from a star-forming plume (Fig. 1a), being another
feature of the galaxy’s resonant dynamics (Waller et al. 2001).

The polarized radio emission of NGC 4736 at 8.46 GHz
reveals a dramatically different morphology (Fig. 1b). It does
not clearly correspond either to the inner pseudoring in the
infrared emission or to the distribution of total radio emission.

The degree of polarization is slightly lower in the ring (about
on average) than in its close vicinity ( ),10% " 1% 15% " 1%

and rises to about at the disk edges. The observed vectors40%
of regular magnetic field (Fig. 2) are organized into a very
clear spiral pattern with two broad magnetic arms. Surprisingly,
the inner ring hardly influences the magnetic vectors: they seem
to cross the star-forming regions without any change of their
orientation. This is opposite to what is observed in grand-design
spiral galaxies (§ 1), where the magnetic field typically follows
a nearby spiral density wave.

The revealed spiral magnetic pattern at 8.46 GHz, is fully
confirmed at 4.86 GHz. The observed similar orientation of
magnetic field vectors at both radio frequencies indicates only
small Faraday rotation effects in this galaxy (see below). Hence,
the magnetic vectors presented in Figure 2 give almost precisely
the intrinsic direction of the projected magnetic field (within
7 ) in most of the galactic regions.!

3. PURE DYNAMO ACTION?

The observed spiral structure of the magnetic field in NGC
4736 contradicts the main feature of its optical morphology:
the starbursting inner pseudoring. To investigate the exact pat-
tern of regular magnetic field without projection effects, we
constructed a phase diagram (Fig. 3) of magnetic field vectors
along the azimuthal angle in the galaxy plane versus the natural
logarithm of the galactocentric radius. It confirms that the mag-
netic vectors cross the Ha-emitting ring (which constitutes a
horizontal structure in Fig. 3) without changing their large pitch
angle of 35! " 5!. The two broad magnetic spiral arms (§ 2)
clearly emerge from close to the galactic center, at azimuths
of about and . Inside the inner ring, around azimuths0! 180!
of and , the magnetic pitch angle attains smaller val-120! 300!
ues, from to , which may result from gas flows around0! 20!
the central minibar (§ 1). Despite this, the observed pattern of
regular field in NGC 4736 seems to be the most coherent one
observed so far in spiral galaxies (cf. Beck 2005).

The comparison of the magnetic pattern in NGC 4736 with
the Hubble Space Telescope and other filtered optical images
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Fig. 3.—Diagram of the deprojected regular magnetic field vectors in the plane of NGC 4736 at 8.46 GHz (without correction for Faraday effects). The
galactocentric azimuthal angle is measured counterclockwise from the northern tip of the major axis (P.A. p 295 ). The vector’s length is proportional to the!
polarized intensity, also presented in contours. The Ha image is shown in colors.

Fig. 4.—Faraday rotation measure distribution (in colors) of NGC 4736, at
resolution, computed from 8.46 and 4.86 GHz data, in rad m , with!! !215

contours of Ha emission.

Fig. 5.—Magnetic maps of NGC 4736. (a) Total, (b) random, and (c) regular
magnetic field strength (in mG) in colors, with contours of (a) infrared 24 mm
and (b, c) Ha emission.

indicates further disagreement of the regular magnetic field with
other galactic structures, e.g., the prominent, almost circular, long
dust lane west of the center (Waller et al. 2001), or spiral dust
armlets (probably of acoustic origin) in the central part of the
galaxy (Elmegreen et al. 2002). Outside the ring, the relation of
magnetic vectors with optical, flocculent features (Waller et al.
2001) is ambiguous, and contrary to the magnetic structure the
optical features do not continue inside the ring. The kinematics
of CO- and H i–emitting gas near the ring is well described by
pure circular differential rotation with a velocity of about 200
km s and small residuals, typically less than about 10 km!1

s (Wong & Blitz 2000). This assures that galactic shearing!1

motions in the vicinity of the inner ring are strong. Hence, the
observed magnetic spiral could result from a pure MHD dynamo
action that develops without support from spiral density waves
(§ 1).

The strongest observational test for the origin of the galactic
magnetic field is the distribution of Faraday rotation measure
(RM), which is sensitive to the sense of direction of the magnetic
field. Magnetic fields produced locally by ejections from stars or

by small-scale MHD dynamos, compressed in shocks or stretched
by gas shearing flows, yield random fields and incoherent (chang-
ing sign) RM patterns. Only the large-scale dynamo can induce
unidirectional magnetic field and produce a coherent RM pattern
on the galactic scale. The typical RM values observed in NGC
4736 (Fig. 4) are small, about "50 rad m , reaching locally!2

rad m . As the galaxy is located at high Galactic!2FRMF 1 100
latitude ( ) the influence of the Milky Way on observed RM76!
could be omitted. Globally, NGC 4736 shows a large area of
statistically positive RM in the northwestern part of the galaxy
and negative RM in the southeastern one. This gives a strong
argument for a large-scale MHD dynamo working in this object.

From maps of total and polarized emission and the direction
of magnetic field vectors corrected for Faraday rotation we derive
“magnetic maps” (Chyży 2008)—the strength of total, random,
and regular magnetic field throughout the galaxy plane, corrected
for projection effects. In calculations we assume equipartition be-
tween the energy of the magnetic field and cosmic rays with an
Ep300 MeV cutoff in the cosmic-ray proton spectrum, the energy
ratio k p 100 of cosmic-ray protons and electrons, and an un-
projected synchrotron disk thickness of L p 500 pc. The thermal
emission is separated from the observed radio intensity assuming
a nonthermal spectral index of 0.9. The total magnetic field (Fig.
5a) is strongest in the galactic center and in the starbursting ring
where its strength varies from 18 to even 30 mG. The field is
dominated by the random component (Fig. 5b) which roughly
correlates with star-forming regions of Ha emission, as also seen
in other galaxies. Contrary to the random component the regular
magnetic field (Fig. 5c) is strongest in the southern part of the
ring and in the regions outside the ring, reaching locally 13 mG.
These local values are similar to the largest ones found in the
nonbarred late-type spirals (Beck 2005).
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Mean B-field structure

Galaxy m=0 m=1 m=2 Ref.
IC 342 1 - - Krause et al. 1989

LMC 1 - - Gaensler et al. 2005

M31 1 0 0 Fletcher et al. 2004

M33 1 1 0.5 Tabatabaei et al. 2008

M51 1 0 0.5 Fletcher et al. 2011

M81 - 1 - Krause et al. 1989

NGC 253 1 - - Heesen et al. 2009

NGC 1097 1 1 1 Beck et al. 2005

NGC 1365 1 1 1 Beck et al. 2005

NGC 4254 1 0.5 - Chyży 2005

NGC 4414 1 0.5 0.5 Soida et al. 2002

NGC 6946 1 - - Ehle & Beck 1993
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Pitch angles: spiral arms
pitch anglepitch anglepitch angle

Galaxy inner outer optical Ref.

IC 342 -20°±2 -16°±2 -19°±5 Krause et al. 1989

M31 -17°±4 -8°±3 -7° Fletcher et al. 2004

M33 -48°±12 -42°±5 -65°±5 Tabatabaei et al. 2009

M51 -20°±1 -18°±1 -20° Fletcher et al. 2011

M81 -14°±7 -22°±5 -11°→ -14° Krause et al. 1989

NGC 6946 -27°±2 -21°±2 -43°→ -22° Ehle & Beck 1993

Milky Way -11.5° 0° -11.5° (ne) Van Eck et al. 2011



Pitch angles: azimuth
Galaxy amplitude of pitch 

angle variation
Ref.

IC 342 30° Graeve & Beck 1988

M31 0° Fletcher et al. 2004

M33 30° Tabatabaei et al. 2008

M51 30° Patrikeev, Fletcher et al. 2006

M81 50° Beck et al. 1985

NGC 1566 0° Ehle et al. 1996

NGC 6946 5°9° Ehle & Beck 1993



Pitch angles: radius
pi

tc
h 

an
gl

e 
[d

eg
]

radius [kpc]

tan p =
Br

B✓
/

s
⇡l2

h(r)2



Pitch angles: M31
Sm

ith
 P

hD
 T

he
si

s 
20

11

Dynamo with outflow Dynamo no outflow

Figure 5: Left panel: The pitch angle of magnetic field in the galaxy M31
as obtained from radio polarization observations (squares with error bars)
(Fletcher et al., 2004), from Eq. (31) using the rotation curve of Deharveng &
Pellet (1975) and Haud (1981) (dashed) and Braun (1991) (dotted), and from
Eq. (33) with Dcr = 1 using the same rotation curves (open and filled circles,
respectively); h(r) is twice the H I scale height of Braun (1991). Results from
a nonlinear dynamo model for M31 (Beck et al., 1998) are shown with solid
line. Right panel: The rotation curve of M31 from Deharveng & Pellet (1975)
and Haud (1981) (solid) and from Braun (1991) (dashed).
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Magnetic field pitch angles
+ easy to observe (Stokes Q & U),
+ easy to quantify,
+ related (simply) to astrophysics,

- Faraday rotation at low frequency,
- line-of-sight effects,  | + — = nothing. 

Best diagnostic to test mean field 
dynamo theory.



The small-scale, random 
magnetic field

Ordered field ≈ 4 μG
Random field ≈ 10 μG2 Title : will be set by the publisher

48 W. Reich et al.

Fig. 3. A 24! ! 9! section of the 1.4 GHz EMLS centered at l, b = 162!, 0!. Absolutely calibrated total intensities
are shown on top with color-coded intensities running from 4.5 K to 5 K. Contours are shown for intensities above
5 K in steps of 0.25 K Tb . Polarized intensities with preliminary absolute calibration are displayed from 0 mK to
850 mK (middle). The E!elsberg data with missing large-scale structures are shown for comparison (bottom). Polarized

intensities run from 0 mK to 500 mK.

Fig. 1: A 24�⇥ 9� section of the 1.4 GHz E↵elsberg Medium Latitude Survey cen-
tred at (l, b) = (162�, 0�) (Reich et al. 2004). Top: total intensity, with large-scale
structure added from Dwingeloo data. Middle: polarized intensity, also including
the Dwingeloo large-scale structure. Bottom: polarized intensity observed with
the E↵elsberg telescope with large scale structure missing. Note the strong dif-
ference between the (preliminary) absolutely calibrated polarized intensity map
(middle) and the map with artificial base-levels (bottom).

However extended, di↵use polarized emission is also rich in structure which most
plausibly arises from propagation e↵ects as the radiation passes through the ran-

Reich et al. 2004 Figure 11: The WMAP 22.8 GHz all-sky polarized intensity map (upper panel) and the 1.4 GHz all-sky
polarized intensity map (lower panel). The polarized intensities are shown greyscale coded from 0 to 100 µK
for 22.8 GHz and from 0 to 570 mK for 1.4 GHz. Galactic Faraday-depolarization structures are visible in
the lower frequency map. Data from [183, 175, 181] and figures from [180].
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Wolleben et al. 2006, Testori et al. 2008, Sun et al. 2008



Correlation scale of b
Galaxy Analysis scale [pc] Ref.

Milky Way autocorrelation Isyn 90 Lazaryan & 
Shutenkov 1990

LMC RM structure function 90 Gaensler et al. 
2005

Milky Way RM structure function
arm < 10

interarm 100
Haverkorn et al. 

2006

M51 depolarization by 𝜎RM 50 Fletcher et al. 
2011

M51 dispersion of pol. angles 65 Houde, Fletcher 
et al. in prep.



Anisotropy: qualitative



Anisotropy: quantitative
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Anisotropy: quantitative
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�RM / RM

B
ord

[PI] >> B [RM]

Galaxy Source Ref.

Milky Way Brown & Taylor 2001 

NGCs 1097 & 1365 I and PI pre- & post-shock Beck, Fletcher et al. 
2005

Milky Way I, PI & RM in Galactic plane Jaffe et al. 2008

M51 Fletcher et al. 2011

Milky Way I, PI & RM whole sky Jansson & Farrar 2012

M51 Dispersion of pol. angles Houde, Fletcher et al. 
in prep.

I :  total intensity 
PI :  polarized intensity RM :  mean rotation measure

�RM :  RM standard dviation

“Observed” anisotropy of small-scale magnetic field



Origin of anisotropy
Compression (shocks, 

large & small)
Shear (differential 

rotation, streaming)

MHD turbulence (k⊥ > k||)

R. Beck et al.: Magnetic fields in barred galaxies. IV. 763

The magnetic braking of the radial shear flow is controlled by
the x-component of the Navier-Stokes equation,

!Vx

!t
! 1

4"#
By
!Bx

!y
, (4)

where we have neglected the x-derivative of magnetic field in
comparison with its y-derivative. For simplicity, consider the
e!ect on the magnetic field of compression alone. This will
result in a very conservative estimate of the e!ect of magnetic
field on the flow since additional amplification by the shear is
neglected. Thus, Bx is compressed over a length d1 by a factor
$#, whereas By remains unchanged: !Bx/!y ! ($# " 1)Bx/d1.
Since the azimuthal speed behind the shock is close to the speed
of sound cs (see above), the increment in the radial velocity
produced by magnetic stress over a length d2 follows as

"Vx !
$# " 1

cs

BxBy
4"#

d2

d1
(5)

! 70
km
s

!
"""""#

BxBy
10 µG2

$
%%%%%&
' n
0.2 cm"3

("1 ' cs

10 km s"1

("1
,

where the numerical value has been obtained for d1 = d2 and
$# = 4. We have the following additional constraints:

neB# ! 0.3 µG cm"3,

n2
e L ! 100% cm"6 pc , (6)

ne = Xn,

where the first is derived from Faraday rotation values in the
ridge (Sect. 3.4), the second from the estimated EM with % the
filling factor of the di!use ionised gas (Sect. 3.6), and the third
defines the degree of ionisation X of the di!use gas. For the
inclination of NGC 1097 and NGC 1365, L ! 2

$
2h where h

is the scale height of the di!use gas. Combining Eq. (5), with
Bx = By = B/

$
2, "Vx = 100 km s"1 and cs = 10 km s"1, and

Eqs. (6) we obtain expressions for the regular magnetic field
strength, di!use gas density and the scale height of the ionized
layer in terms of the least well known parameters % and X:

B
1 µG

! 4X"1/3,

n
1 cm"3 ! 0.1X"2/3, (7)

h
1 kpc

! 3%X"2/3.

In other words, Eq. (5) – and hence the suppression of shear
in the di!use gas – is consistent with the observed RM and
EM and the assumed disc thickness if Eqs. (7) give reasonable
values of B, n and h, using the chosen fractional ionisation X
and the di!use gas filling factor %. This is the case for X ! 0.5
and % " 0.2, plausible values for both parameters. For example,
X = 0.5 and % = 0.2 gives B ! 5 µG, n ! 0.2 cm"3 and h !
1 kpc. The latter is similar to the scale height of the di!use
gas in the Milky Way (Reynolds 1990) and the filling factor
% = 0.2 is similar to that of the di!use thermal electrons in
normal spiral galaxies (Greenawalt et al. 1998).

To summarise this section: the increase in polarized in-
tensity in the ridge, with respect to the upstream region, is

Fig. 22. An illustration of the shearing of the regular magnetic field
in the radio ridges. The orientation of the figure and the field direc-
tion roughly correspond to those in the southern part of NGC 1097.
A magnetic line shown with continuous line is sheared by a velocity
field component along the radio ridge (dust lane) region, whose vec-
tors are indicated with dotted lines; the thin straight line shows the
orientation of the original magnetic field; the unresolved part of the
system is shown shaded.

much lower than expected because the regular magnetic field
decouples from the dense molecular gas clouds and is su#-
ciently strong to prevent shearing and compression in the dif-
fuse ionised gas. The regular magnetic field of about 5 µG in
strength can be dynamically important in the di!use gas of den-
sity %0.2 cm"3. If the ionization degree of the di!use gas is of
order 50% and the scale height of the di!use ionised gas is
about 1 kpc, the resulting emission measure is compatible with
that observed in the southern ridge of NGC 1097.

8.3. Variation in RM across the dust lane

The variation of the Faraday rotation measure across the inner
southern radio ridge region of NGC 1097 (left-hand panel of
Fig. 12) is unusual. The discontinuous change in sign of rota-
tion measure arises because the radial component of the regular
magnetic field changes direction across the shock front. This
counter-intuitive arrangement of magnetic field directions is
confirmed by the fitting of the large-scale polarization structure
with azimuthal Fourier modes presented in Sect. 4. Figure 22
illustrates how such a magnetic field configuration can be pro-
duced by a shear shock. We should remember that the observed
polarization vectors are dominated by the anisotropic field
which is strictly aligned along the shock front. The sheared reg-
ular field sketched in Fig. 22, visible only in Faraday rotation,
is tilted with respect to the shock front.

The sharp change in magnetic field orientation at the
sheared region (Fig. 22) explains the origin of the depolarized
valley: if the region of strongest shearing is narrow compared
to the beam (as we argued in Sect. 8.2.2), then the almost or-
thogonal field orientations will give rise to strong, wavelength-
independent beam depolarization. A shift of the polarization
ridge downstream with respect to the total intensity ridge will
also result, as observed (Sect. 3.2).



Unknown
Galaxies evolve [rotation(t), SFR(t), spiral pattern(t), 

scale-height(t), ...]: 
how does B evolve?

What happens at large radius and height?
LOFAR should answer

What is the relation (if any) between
magnetic fields and star formation?



Most properties of small-scale magnetic field:
power spectrum?
turbulence and/or ‘structure’ (SNR, winds, ...)?
volume filling or intermittent?
origin: tangling or fluctuation dynamo?
helicity?

Unknown

What is the relation (if any) between
magnetic fields and star formation?



Connection of magnetic field to ISM:
which phase (cold, warm, hot)?
spiral arms and spiral field lines?
relative distributions of B, gas, cosmic rays?
connection to velocity field?

Unknown
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