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Early history

Alfvén (1937)
☞ Cosmic-ray confinement implies ”the existence of a magnetic field
in interstellar space”

Fermi (1949)
☞ ”The main process of [cosmic-ray] acceleration is due to [interstellar]
magnetic fields ... The magnetic field in the dilute matter is ∼ 5 µG,
while its intensity is probably greater in the heavier clouds”

Hall; Hiltner (1949) ; Davis & Greenstein (1951)
☞ Linear polarization of starlight
☞ Due to elongated dust grains aligned by an interstellar magnetic field

Kiepenheuer (1950)
☞ Galactic radio synchrotron emission

(Credit: Bryan Gaensler)
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Linear polarization of starlight & dust emission

- Optical starlight is polarized ‖ ~B⊥

- Infrared dust thermal emission is polarized ⊥ ~B⊥

Figure Credit: Ponthieu & Lagache (2004)

~B
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Linear polarization of starlight & dust emission
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Heiles & Crutcher (2005)

☞ - In Galactic Disk : ~B is horizontal

- Near the Sun : ~B is nearly azimuthal (p ' −7◦)
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Zeeman splitting

Figure Credit: Robishaw & Heiles

Stokes parameter V
gives B‖ in neutral regions

☞ - In atomic clouds :
B ∼ a fewµG

- In molecular clouds :
B ∼ (10− 3000)µG
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Faraday rotation of point sources

∆θ = RM λ2 where RM = C
∫

ne B‖ dl

⇒ RM probes B‖ in ionized regions

Magnetic structure of our Galaxy 459

Figure 1. The RM distribution of 736 pulsars with |b| < 8◦ projected onto the Galactic
plane, including new data of Han et al (2009, in preparation). The linear sizes of the sym-
bols are proportional to the square root of the RM values with limits of ±27 and ±2700
rad m−2. Positive RMs are shown by plus signs and negative RMs by open circles. The
background shows the approximate locations of spiral arms used in the NE2001 electron
density model (Cordes & Lazio 2002). RMs of 1285 EGRs of |b| < 8◦ (data mainly from
Clegg et al. 1992, Gaensler et al. 2001, Brown et al. 2003, Roy et al. 2005, Brown et al. 2007
and other RM catalogs) are displayed in the outskirt ring according to their l and b, with the
same convention of RM symbols and limits. The large-scale structure of magnetic fields indi-
cated by arrows was derived from pulsar RMs and comparison of them with RMs of background
EGRs (details in Han et al. 2009). The averaged RM fluctuations with Galactic longitudes of
EGRs are consistent with magnetic field directions derived from pulsar data, for example, in
the 4th Galactic quadrant.

te rste lla r m e d iu m m o stly in ta n g e n tia l re g io n s. T h e fl u c tu a tio n s in th e R M d istrib u tio n
o f e x tra g a la c tic ra d io so u rc e s (C le g g e t a l. 1 992 , G a e n sle r e t a l. 2 0 0 1 , B ro w n e t a l. 2 0 0 3 ,
R o y e t a l. 2 0 0 5, B ro w n e t a l. 2 0 0 7 ) w ith G a la c tic lo n g itu d e , e sp e c ia lly th e se o f th e fo u rth
G a la c tic q u a d ra n t, a re c o n siste n t w ith m a g n e tic fi e ld d ire c tio n s d e riv e d fro m p u lsa r d a ta
(se e F ig . 1 ). T h e n e g a tiv e R M s o f E G R s in th e 2 n d q u a d ra n t su g g e st th a t th e in te ra rm
fi e ld s b o th b e tw e e n th e S a g itta riu s a n d P e rse u s a rm s a n d b e y o n d th e P e rse u s a rm a re
p re d o m in a n tly c lo ck w ise .
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Figure 3. P lot of 37 ,5 4 3 RM v a lu e s ov e r th e s k y n orth of δ = −4 0◦. Re d c ir c le s a r e p os itiv e rota tion m e a s u r e a n d b lu e c ir c le s a r e n e g a tiv e . Th e s iz e of th e c ir c le s c a le s lin e a r ly w ith m a g n itu d e of rota tion m e a s u r e .

RMs of pulsars & EGRSs with |b| < 8◦ (Han 2009) RMs of EGRSs with δ > −40◦ (Taylor et al. 2009)
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Faraday rotation of point sources

In ionized regions

☞ - ~B has regular & turbulent components

Near the Sun : Breg ' 1.5 µG & Bturb ∼ 5 µG

- In Galactic Disk : ~Breg is horizontal & mostly azimuthal

Near the Sun : p ' −8◦

~Breg reverses direction with decreasing radius
CW in local arm, CCW in Sagittarius arm, ...

- In Galactic Halo : ~Breg has vertical component

Toward SGP : (Breg)z ' +0.30µG or +0.31µG
Toward NGP : (Breg)z ' −0.14µG or 0.00µG

(Taylor et al. 2009) (Mao et al. 2009)
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Diffuse synchrotron emission

E = f (α) nrel B⊥α+1 ν−α & ~E ⊥ ~B⊥

⇒ - Total intensity probes B⊥ (strength only)

- Polarized intensity probes (~Bord)⊥ (strength & orientation)

TI at 1.4 GHz (25m Stockert + 30m Villa Elisa)

Total Intensity All-Sky Surveys

408 MHz
Haslam et al., 1982, 

AAS, 47, 1

Jodrell Bank 76m, 

Effelsberg 100m, 

Parkes 64m 
HPBW=51’, 2K (3σ)

1420 MHz
Reich et al. 1982, 1986,  

2001, AA             

Stockert 25m,

Villa Elisa 30m
HPBW=36’, 50 mK (3σ)

Figure Credit: Wolfgang Reich

Total intensity versus polarization

Wolleben et al. (2005)
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Diffuse synchrotron emission

E = f (α) nrel B⊥α+1 ν−α & ~E ⊥ ~B⊥

⇒ - Total intensity probes B⊥ (strength only)

- Polarized intensity probes (~Bord)⊥ (strength & orientation)

TI at 1.4 GHz (25m Stockert + 30m Villa Elisa)

Total Intensity All-Sky Surveys

408 MHz
Haslam et al., 1982, 

AAS, 47, 1

Jodrell Bank 76m, 

Effelsberg 100m, 

Parkes 64m 
HPBW=51’, 2K (3σ)

1420 MHz
Reich et al. 1982, 1986,  

2001, AA             

Stockert 25m,

Villa Elisa 30m
HPBW=36’, 50 mK (3σ)

Figure Credit: Wolfgang Reich

PI at 23 GHz (WMAP)

Jansson et al. (2009)
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Diffuse synchrotron emission

In general ISM

☞ - Near the Sun : Bord ∼ 3 µG & Btot ∼ 5 µG

- In Molecular Ring : Btot ∼ 7 µG

- In Galactic Disk : ~Bord is horizontal

- In Galactic Halo : ~Bord has vertical component

- Global spatial distribution : LB ∼ 12 kpc & HB ∼ 4.5 kpc
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Faraday tomography

Faraday rotation of background point source
∆θ = RM λ2 with RM = C

∫
ne B‖ dl (rotation measure)

Rotation Measure synthesis

Faraday rotation:           ! source

Polarization angle rotates with observing wavelength  ":  ! # RM "2

where rotation measure RM # % n
e
 B¥ dl

ISM

ISM

!!!!!!!

Rotation measure synthesis:

P("2) = W("2)  %  F(&) e2i&"  d&

F(&) * R(&)   = %  P("2)e-2i&"  d"2 

Faraday depth  & # % ne Bádl  

(Burn 1966, Brentjens & de Bruyn 2005)

Faraday rotation of diffuse synchrotron emission
Synchrotron emission & Faraday rotation are spatially mixed

~P(λ2) =
∫
~P(Φ) e2iΦλ2 dΦ with Φ = C

∫
ne B‖ dl (Faraday depth)

☞ Fourier transform of polarized intensity : ~P(λ2) → ~P(Φ)

Rotation Measure synthesis

Faraday rotation:           ! source

Polarization angle rotates with observing wavelength  ":  ! # RM "2

where rotation measure RM # % n
e
 B¥ dl

ISM

ISM

!!!!!!!

Rotation measure synthesis:

P("2) = W("2)  %  F(&) e2i&"  d&

F(&) * R(&)   = %  P("2)e-2i&"  d"2 

Faraday depth  & # % ne Bádl  

(Burn 1966, Brentjens & de Bruyn 2005)

Credit: Marijke Haverkorn
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Faraday tomography

Also known as rotation measure synthesis
(Burn 1966; Brentjens & de Bruyn 2005)
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Summary of observational results

Near the Sun
- ~B is horizontal & nearly azimuthal (p ' −7◦,−8◦)
- Breg ' 1.5 µG , Bord ∼ 3 µG , Btot ∼ 5 µG

In Galactic Disk
- ~Breg is horizontal & mostly azimuthal
- ~Breg reverses direction with decreasing radius

In Galactic Halo
- ~Breg has vertical component

Global field configuration
- Azimuthal structure: neither pure ASS nor pure BSS
- Vertical symmetry : probably sym in disk & antisym in halo
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Magnetic fields near the Galactic center

Detection of non-thermal radio filaments (Yusef-Zadeh & Morris 1987 ... )

(Nord et al. 2004)
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Magnetic fields near the Galactic center
Non-thermal radio filaments
∗ Morphology & radio (synchrotron) polarization
~B ‖ filaments ⇒ ~B ⊥ GP

∗ Dynamical argument
No distortion ⇒ B & 1 mG

∗ Radio (synchrotron) intensity
Bequip∼ (50− 200)µG

In diffuse ISM
∗ Pressure-balance argument

Bin ∼ Bout ⇒ B ∼ 1 mG

∗ Diffuse synchrotron intensity
Bequip∼ 10µG

In dense molecular clouds
∗ FIR/submm (dust thermal emission) polarization
~B is nearly ‖ GP

Katia FERRIÈRE Interstellar magnetic fields
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Spiral galaxies

Observational methods

- Synchrotron emission (total & polarized)

- Faraday rotation

Observational results

- All spirals have large-scale, regular / ordered ~B

- In disk : Bord ∼ (1− 5) µG & Btot ∼ (5− 15)µG
In halo : Btot . 10µG

- Edge-on spirals → In disk : ~Bord is horizontal
In halo : ~Bord has vertical component

Face-on spirals → ~Bord follows spiral arms

Katia FERRIÈRE Interstellar magnetic fields
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Spiral galaxies
Elliptical galaxies

Face-on spiral galaxy: M 51

TI contours
+ ~B vectors
at λ 6 cm
(100m Effelsberg

+ VLA)

Optical image
(HST)

Fletcher et al. (2009)
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Spiral galaxies
Elliptical galaxies

Edge-on spiral galaxy: NGC 891

TI contours
+ ~B vectors
at λ 3.6 cm
(100m Effelsberg)

Optical image
(CFHT)
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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 different 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 λ3.6cm (8.35 GHz) with the 100
m Effelsberg 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 αΩ -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
λ3.6cm (made with the Effelsberg 100 m telescope2

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

2The Effelsberg 100 m is operated by Max-Planck-Institut
für Radioastronomie (MPIfR) in Bonn.

c© MPIfR Bonn (Krause 2009)
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Spiral galaxies
Elliptical galaxies

Edge-on spiral galaxy: NGC 4631

TI contours
+ ~B vectors
at λ 3.6 cm
(100m Effelsberg)

Optical image
(Misti Mountain)

©
 2

0
0
9
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

N
A

M
 -

 M
a

g
n

e
ti
c

 F
ie

ld
s 

in
 t

h
e

 U
n

iv
e

rs
e

 I
I:
 F

ro
m

 L
a

b
o

ra
to

ry
 a

n
d

 S
ta

rs
 t

o
 t

h
e

 P
ri
m

o
rd

ia
l U

n
iv

e
rs

e
Ed

. 
A

. 
Es

q
u

iv
e

l, 
J.

 F
ra

n
c

o
, 
G

. 
G

a
rc

ía
-S

e
g

u
ra

, 
E.

 M
. 
d

e
 G

o
u

v
e

ia
 D

a
l P

in
o

, 
A

. 
La

za
ri
a

n
, 
S.

 L
iz

a
n

o
, 
&

 A
. 
R

a
g

a

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 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

c© MPIfR Bonn (Krause 2009)
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Elliptical galaxies

Observational methods

- Synchrotron emission (total & polarized)

- Faraday rotation

Observational results

- No large-scale, regular ~B
Only small-scale, turbulent ~B

- Btot ∼ a fewµG
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Linear solutions
Nonlinear solutions

Field geometry

In the disk
- BΦ dominant because strong differential rotation
- BR ∼ 0.1 BΦ
- BZ < BR, BΦ because disk geometry
- Reversals in BΦ e.g., if strong ∂Ω/∂Z

In the halo
- BZ ∼ BR because spherical geometry
- BΦ large if strong differential rotation
- BR, BZ large if Galactic wind

Near the center
- BZ ∼ BR because spherical geometry
- BR, BΦ large because strongly sheared noncircular motions
- BZ large if horizontal inflow or vertical outflow

Katia FERRIÈRE Interstellar magnetic fields



Early history
Magnetic fields in our Galaxy

Magnetic fields in external galaxies
Predictions from dynamo theory

Linear solutions
Nonlinear solutions

Azimuthal structure

If underlying galaxy is axisymmetric
⇒ - ASS (m= 0) is always easiest to amplify

- Higher-order modes generally decay in time

If external disturbance
⇒ Possible to excite BSS (m= 1)

If underlying spiral or bar
⇒ Possible to excite QSS (m= 2)
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Vertical symmetry (for ASS)

Under typical galactic conditions
⇒ Both S0 & A0 are amplified

If the disk dominates
⇒ S0 grows faster

If the halo or the center dominates
⇒ A0 grows faster

At early times & in the nonlinear regime
⇒ Possibly mixed S0-A0 configuration

with S0 dominant in the disk
A0 dominant in the halo & near the center
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Temporal behavior (for ASS)

Under typical galactic conditions
- S0 & A0 grow monotonically with time
- S0 grows faster (γ ∼ 1 Gyr−1)
- A0 gets more easily oscillatory (ω ∼ 1 Gyr−1)

Factors favoring oscillatory behavior :
- Spherical geometry (halo, center)
- α strongly anisotropic
- Vanishing or weak Galactic wind
- Ω decreasing away from the midplane
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Nonlinear solutions

Field growth saturates when B→ Bequip
- Bfinal . 2Bequip

- tsat∼ several Gyrs

Final spatial configuration is smoother than in linear regime

Nonlinear interactions occur between different modes
⇒ Possible to amplify modes that would decay in linear regime
⇒ Possible to maintain mixed S0-A0 configuration
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