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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 λ6 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 effects) 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
different 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 λ3.6cm (8.35 GHz) with the 100 m
Effelsberg 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 αΩ− 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 effectively in regions of strong differential
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 αΩ− dynamo may not work effectively
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 αΩ-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 δ = −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
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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 Effelsberg 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 the magnetic 
properties of a typical 

disc galaxy?

An overview with numbers and tables 

(Magnetism of diffuse ISM i.e. not molecular clouds)



Synchrotron radiation
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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 different 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



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 12 ± 6 28 Resolved, 1990+

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

Field strength summary



1. Total magnetic field: 8­12 ±6 μG
2. Regular magnetic field:  4 ±3 μG



Global distribution
Exponential scale length of B 

≈ 1.2 stellar radius

Exponential scale height of B 
≈ 0.6 & 3.6 kpc 
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Vertical fields in disc are weak

Observed 
pitch angles

Observed RM 
in Milky Way
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Only consider Br and Bφ initially. 

Modelling of mean field in ~10 galaxies requires no Bz



1. Total magnetic field: 8­16 ±6 μG
2. Regular magnetic field:  4 ±3 μG
3. Isyn scale length ≈ 1/2 optical radius
4. Isyn scale height ≈ 2 kpc
5. No holes: field everywhere



Large-scale 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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Pitch angles: B & spiral arms
pitch anglepitch anglepitch angle

Galaxy B inner B outer spiral arm  B field 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 -26°±5 Tabatabaei et al. 2009

M51 -20°±1 -18°±1 -15°±8 → -10°±8 Fletcher et al. 2011

M81 -14°±7 -22°±5 -11°→ -17° Krause et al. 1989

NGC 6946 -38°±12-38°±12 -36°±7 Frick et al. 2000

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



Pitch angles: not constant
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 10° Ehle & Beck 1993



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
M81 0.5 1 - Sokoloff et al. 1992

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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m=0 m=1 m=2

mode present 12 6 5

mode dominant 8 1 0

no dominant mode:  3

Mean B-field structure



Simple mean-field dynamo I
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m=0 mode by far easiest to produce
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1. Total magnetic field: 8­16 ±6 μG
2. Regular magnetic field:  4 ±3 μG
3. Isyn scale length ≈ 1/2 optical radius
4. Isyn scale height ≈ 2 kpc
5. No holes: field everywhere
6. Regular field lines are spiral p ≥ 10°
7. Axisymmetry (m=0) in disc fields
8. B pitch angles decrease with radius
9.  B pitch angles can vary strongly in azimuth



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 Effelsberg 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].

33

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. 2013

Milky Way power spectrum Isyn < 20 Iacobelli et al. 
2013



mean

random ordered

p ≈ 0               p > 0                p > 0

RM ≈ 0             RM ≈ 0            |RM| > 0

isotropic anisotropic

Classification

I > 0               I > 0                I > 0Synchrotron

Polarization

Faraday 
rotation



�RM / RM

B
ord

[PI] >> B [RM]

B
ord

[PI] >> B [RM]

Galaxy Source Ref.

Milky Way Brown & Taylor 2001 

NGCs 1097 & 1365 I and PI pre- & post-shock Beck 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 et al. 2013

M33 Stepanov et al. 2013

M51 Depolarization modelling Shneider et al. 2014

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

4πρ
By
∂Bx

∂y
, (4)

where we have neglected the x-derivative of magnetic field in
comparison with its y-derivative. For simplicity, consider the
effect on the magnetic field of compression alone. This will
result in a very conservative estimate of the effect 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
ερ, whereas By remains unchanged: ∂Bx/∂y ! (ερ − 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 !
ερ − 1

cs

BxBy
4πρ

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
ερ = 4. We have the following additional constraints:

neB‖ ! 0.3 µG cm−3,

n2
e L ! 100η 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 η the
filling factor of the diffuse ionised gas (Sect. 3.6), and the third
defines the degree of ionisation X of the diffuse gas. For the
inclination of NGC 1097 and NGC 1365, L ! 2

√
2h where h

is the scale height of the diffuse 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, diffuse gas density and the scale height of the ionized
layer in terms of the least well known parameters η and X:

B
1 µG

! 4X−1/3,

n
1 cm−3 ! 0.1X−2/3, (7)

h
1 kpc

! 3ηX−2/3.

In other words, Eq. (5) – and hence the suppression of shear
in the diffuse 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 diffuse gas filling factor η. This is the case for X ! 0.5
and η " 0.2, plausible values for both parameters. For example,
X = 0.5 and η = 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 diffuse
gas in the Milky Way (Reynolds 1990) and the filling factor
η = 0.2 is similar to that of the diffuse 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 suffi-
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 diffuse gas of den-
sity ≈0.2 cm−3. If the ionization degree of the diffuse gas is of
order 50% and the scale height of the diffuse 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).



1. Total magnetic field: 8­16 ±6 μG
2. Regular magnetic field:  4 ±3 μG
3. Isyn scale length ≈ 1/2 optical radius
4. Isyn scale height ≈ 2 kpc
5. No holes: field everywhere
6. Regular field lines are spiral p ≥ 10°
7. Axisymmetry (m=0) in disc fields
8. B pitch angles decrease with radius
9. B pitch angles can vary strongly in azimuth
10. Correlation scale b: 10pc to 100pc
11.  Anisotropic b can be important
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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, ...)

Unknown for typical 
disc galaxy



Unknown for typical 
disc galaxy

Galaxies evolve [rotation(t), SFR(t), spiral pattern(t), 
scale-height(t), ...]: 

how does B evolve?

What happens at large radius and height?

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?

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

Unknown for typical 
disc galaxy



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 for typical 
disc galaxy
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