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elimination: one observed certain phenomena, and one 

investigated what part of the phenomena could be 

explained; then the unexplained part was taken to show 

the effects of the magnetic field. It is clear in this case that,

L. Woltjer, Proc. IAU Symp. 31, 479-485 (1967)

invoke the poorly understood magnetic field. ... One tends 

to ignore the field so long as one can get away with it
D. Cox, in The Interstellar Medium in Galaxies, Kluwer, 181-200 (1990)



Magnetic fields in spiral galaxies
(as in the lectures on Galaxies and the Universe)

Histogram of total magnetic field strengths in a sample of spiral 

galaxies (assuming equipartition between cosmic rays and 

magnetic fields) (Niklas 1995) 

B = 5 12 G



Total and regular magnetic fields in the Milky Way

E. M. Berkhuijsen 1996; Rand & Lyne 1994

Reversals



RMs of 674 extragalactic radio sources (Simard-Normandin et al. 1981)

Galactic centre Galactic equator



Wavelet transform, max-power scale 76o (Frick et al. 2001)

Quadrupolar symmetry:
B
Á
(z) = BÁ(¡z); Br(z) = Br(¡z); Bz(z) = ¡Bz(¡z)



Dipolar symmetry                   Quadrupolar symmetry 

(quasispherical objects)          (flat objects)



NGC 6946: magnetic arms

Large-scale magnetic field is stronger between the spiral arms, where 
gas density is lower: it is not frozen into the gas!

R. Beck, A&A 2007



M51: distinct magnetic fields in the disc and halo

Berkhuijsen et al., 1997

Large-scale magnetic fields in the disc and halo have different symmetries!
More recent interpretations confirms this but add further important details (Fletcher et al., 2009)



Magnetic fields in spiral galaxies: summary

B = 5 12 G,  B0= 3 7 G,    b2/B0
2 = 3,

approximate equipartition with turbulent energy, 
b (4 )1/2

Quadrupolar global parity **

Overall trailing spiral pattern, arctan Br/B = (10o 30o), 
but not aligned with gas streamlines ***

Complicated spatial structures (e.g., magnetic arms), 
magnetised quasi-spherical halos, etc.

Misconception: magnetic field in the Milky Way near the 
Sun is representative of all spiral galaxies: it is NOT

v0 ' 5¹G



t = 8.1 Gyr

Face-on and edge-on views showing the evolution of the magnetic field in a 

model of the galaxy M83 (Brandenburg & Donner, from Beck et al., ARAA 1996)

**



Beck et al., ARAA, 1996

p = arctan
B
r

B
Áp

***



1. Necessity of dynamo action

Can the magnetic fields observed be primordial? 

Do they need to be maintained by ongoing 
dynamo action?

Dynamo action: conversion of kinetic energy into 
magnetic energy with no electric currents at 
infinity 



1.1. Magnetic fields in a highly conducting turbulent medium 

Rm >> 1, magnetic field decays only slowly and so does 

Conclusion: any  (3D, MHD) magnetised, turbulent system 

must host a dynamo 
(unless the magnetic field is driven by external currents or decays).

Wrong, if the system is turbulent:

energy is transferred along the spectrum and then dissipates 

in a time of order     ,  and this time is much shorter than 
the Ohmic decay time  

l0=v0
l2
0
=´ if Rm = l0v0=´À 1:

Even without turbulence, a sufficiently strong random magnetic field would drive 

random motions, and they will drain magnetic energy.



1.2. Magnetic field in a differentially rotating, turbulent disc

(A) The decay problem                    (Parker 1979)

Fully ionised plasma, the Ohmic decay of a large-scale magnetic field is 
very slow:

= 107(T/104) 3/2 cm2/s,       = 10 km/s,  h = 500 pc 

Rm 1020 (!?), decay = h2/ 1027 yr >> Hubble time

However, turbulent diffusion destroys the large-scale magnetic field 
much faster:

1026
decay = h2/ 5 108 yr 

Without dynamo action, turbulent magnetic diffusion destroys a large-
scale magnetic field in a fraction of the galactic lifetime.

v0

¯ = 1
3
l0v0 '

20

lifetime galactic

s

cm2



(B) The wrap-up problem  (Parker 1979)

B

tt0

Expulsion of 

magnetic field 

from a region with 

closed streamlines

(Moffatt, Magnetic Field 

Generation in Electrically 

Conducting Fluids, CUP, 

1978, §3.7)

xB
)(rz



r

R0

Initial growth:

G = jr d- =drj: rotational shear rate,

C! = GR20=¯: turbulent Reynolds number

¯: turbulent magnetic di®usivity.

¢r '
R0
Gt
; p = arctan

Br
BÁ

' ¡
1

Gt
(magnetic pitch angle).

End of the growth phase, t = t0: ampli¯cation time = di®usion time,

1

G
=
[¢r(t0)]2

¯
) t0 '

C1=2!

G
; p(t0) ' ¡C¡1=2! :

Bmax ' B0Gt0 ' B0C1=2! ; ¢r(t0) '
R0

C1=2! :



Galactic discs:

G = V0=R0; ¯ = 1

3
l0v0 ) C! = 3

V0
v0

R0
l0
' 6000;

p '¡ C¡1=2! ' ¡1±; ¢r ' R0C
¡1=2
! ' 100 pc;

Bmax = B0C
1=2
! ' 0:1¹G for B0 = 10¡9G:

p ' ¡1±; ¢r ' 100 pc; B ' 0:1¹G:
a con¯guration very di®erent from that observed,
p ' ¡15±; ¢r > 1 kpc; B ' 3¹G.

Conclusion: to avoid twisting by di®erential rotation,
the large-scale galactic magnetic ¯eld
has to be supported (by a dynamo action).



M51 t 6 cm

I-contours + B-vectors

(Effelsberg+VLA;

A. Fletcher & R. Beck)

Magnetic pitch angle:   

p 20



Beck et al., ARAA, 1996

p p = arctan
Br
BÁ



2. Disc dynamos and

dynamo control parameters



2 -dynamo, thin disc, B exp(im ),  = h/R0 << 1



2.1. Basic equations









Dipolar symmetry                                                              Quadrupolar symmetry



2.2. Dynamo control parameters

NB! The Solar neighbourhood of the Milky Way, where 

these estimates apply, may not be a typical location.

Rotation - =
V0
r
;

V0 ' 200 km/s; r ' 10 kpc;

ionised gas scale height
h ' 0:5 kpc;

turbulent velocity v0 ' 10 km/s;

turbulent scale l0 ' 0:1 kpc:

®0 '
l20 -

h
' 0:4 km/s;

¯ ' 1

3
l0v0 ' 1026 cm2=s;

R® =
®0h

¯
' 0:6

R! =
(r d- =dr)h2

¯
' ¡15

D = R®R! ' ¡
3- h

v0

2

' ¡10



-z

For solutions of a simple form, e.g., Br, cos z/h    (see below),

@

@z
'
1

h
;

@2

@z2
' ¡

1

h2
:

Kinematic solutions: ~B = ~B0 exp(°t).

Thin disc, dimensional -dynamo equations:

@Br
@t

= ¡
@

@z
(®BÁ) + ¯

@2Br
@z2

;

@BÁ
@t

= GBr + ¯
@2BÁ
@z2

:



° +
¯

h2
B0r +

®

h
B0Á = 0;

¡GB0r + ° +
¯

h2
B0Á = 0:

Nontrivial solutions exist if

° + ¯=h2 ®=h
¡G ° + ¯=h2

= 0;

i.e., ° '
¯

h2
(¡1 +

p
¡D);

tan p =
Br
BÁ

' ¡
®

¡Gh
= ¡

R®
jR!j

:

Magnetic ¯eld grows if D <» ¡1, with p ' ¡ arctan 1
4
' ¡15±:



Conclusions

² Mean-¯eld dynamo is a threshold phenomenon:
° > 0 only if jDj > jDcrj:

² This inequality is plausible to be satis¯ed in galactic discs,
where D ' ¡10, but a more accurate solution is required.

² The pitch angle of the growing magnetic
¯eld agrees with observations
(for parameter values typical of galactic discs).

² For ®0 ' l20 - =h, we have p ' ¡l0=h.
Since h grows with r, h / ekr,
jpj decreases with r
(if l0 does not grow with r that fast),

as observed.
p

, d
e

gr
e

e
s



4. Perturbation solutions   

(Quadrupolar solution)                                           (Vacuum around the disc)

(Kinematic stage, where the Lorentz force is negligible, and so the velocity field is 

unaffected by magnetic field.)

Tutorial session 

of A. Fletcher







4.1. An operator form of the equations



4.2. Free decay modes of quadrupolar symmetry



4.3. The form of the asymptotic solution



° ~B = (W + ²V ) ~B; ~B = C0~b0 + C
0

0
~b00 + : : : ; ° = °0 + ²°1 + : : : ;

W~b0 = ¸0~b0; W~b00 = ¸0~b
0

0;
1

0

~b20 dz =
1

0

~b020 dz = 1:

Terms of order ²0 : °0 = ¸0:

Terms of order ² : C0°1~b0 + C 00°1~b
0

0 = C0V~b0 + C
0

0V~b
0

0:

1

0

(¢ ¢ ¢) ¢~b0 dz : C0(°1 ¡ V00)¡ C 00V000 = 0:

1

0

(¢ ¢ ¢) ¢~b00 dz : ¡C0V000 + C 00(°1 ¡ V0000) = 0:

Matrix elements: Vmn =
1

0

~bm ¢ V~bn dz; Vm0n0 =
1

0

~b0m ¢ V~b0n dz:



4.4. First order results, Vnm =
1

0

~bn ¢ V~bm dz

C00 = C0
V000
V000

= ¡
2p
¼
C0:



4.5. Second order results



Vn00 = ¡
1

1 + 4=¼
£ 1; n = 0;

0; n 6= 0:











An asymptotic solution developed for |D| << 1 remains 

applicable at  |D| |Dcr| = 10. 

Why?

Asymptotics for |D| << 1 and |D| >>1 happen to be 
consistent with each other, so both are reasonably 

accurate for |D| = O(1).

jDj ¿ 1 :

jDj À 1 :



5. Random magnetic fields in the ISM

The fluctuation dynamo in the ISM:


