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A B S T R A C T . Kinematic models of galactic dynamo in axisymmetric disk show remarkable 

agreement with observations. W e argue that nonlinear effects are relatively weak in galactic 

dynamos and consider the properties of linear dynamo models inherited by global magnetic 

configurations in spiral galaxies as well as nonlinear distortions of the linear solutions. 

1. Introduction 

The galactic dynamo theory is remarkably advantageous for applications since even 
its simplest kinematic version yields the results which can be directly compared with 
observations of spiral galaxies. On the other hand, it is clear that nonlinear effects 
can play some role in galactic dynamos and one should sensibly select those 
parameters of linear dynamo solutions which can be inherited by observed global 
magnetic configurations. (Nonlinear dynamo effects arise owing to influence of the 
generated magnetic field on fluid motions). 

Basic facts used in this paper and detailed references can be found in recent 
reviews of Sofue et al (1986), Beck (1986), Ruzmaikin et al (1988a,b) and F. Krause 
(1989). 

2. Asymptotic Models of Galactic Dynamo 

Up to now, two approaches to the galactic dynamo theory have proved to be most 
fruitful. The first one considers generation of the large-scale magnetic field in a thin 
disk and applies to outer parts of galaxies beyond a few kiloparsecs from their 
centers. To the lowest approximation, the generation is considered locally, at a fixed 
radius, and global solutions are constructed on the basis of local ones. 

Solutions of the dynamo equation in a thin disk depend most strongly on ^-coor-
dinate measured across the disk. However, radial variations of the generation 
strength and disk thickness introduce a weak parametric dependence of the local 
solutions b on the radius, r. In can be shown that the radial scale of magnetic struc-
tures generated by the thin—disk dynamo is somewhat smaller than the disk radius 
and has the order of magnitude L ~ (Λο^ο)1/2 with r*o the radius and Λο the half—thic-
kness of the disk. Thus, asymptotic distribution of the large-scale magnetic field in 
a thin disk is characterized by three distinct scales and has the form 
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Β = Ç(r/L)b(z//io;r/ro)exp(iri+im(/?), where Γ is the global growth rate and m is 
the azimuthal wave number (m = 0 and m = 1 correspond to axisymmetric and 
bisymmetric structures, respectively). After introduction of this ansatz the dynamo 
equation splits into relatively simple equations for b and Q which can be solved with 
account for observed parameters of galaxies. 

Note that for ro = 10 kpc and ho = 0.4 kpc we have L ~ 2 kpc which is of the 
same order as the radial width of the magnetic ring in M31. This agreement is 
associated with relative weakness of nonlinear effects in this galaxy. Nonlinear 
effects result in growth of the radial scale of magnetic field distribution. Indeed, the 
field growth saturates first near the maximum of the linear distribution but at the 
wings of the eigenfunction the growth proceeds further for some period. Thus, the 
radial scale of the field distribution grows at the rate u ~ (7/?)1/2, where 7 ~ 
(5χ108

 y r ) _ 1 is the local growth rate of the field and β ~ 1026
 cm 2 s'1 is the turbulent 

magnetic diffusivity. In Τ = 1010 yr the radial width of the field distribution can 
become wider by AL ~ 2uT ~ 7 kpc and reach the value of the order of L + AL ~ 
10 kpc. This value coincides with radial widths of distributions of large—scale magne-
tic fields in such galaxies as M51 or M81. 

In those galaxies where nonlinear effects are relatively weak and the observed 
field is close to a combination of several linear eigenfunctions, the axisymmetric 
magnetic field can exhibit reversals along the radius at the scale L ~2 kpc while the 
total width of the distribution is about 10 kpc (Ruzmaikin et al, 1985). Probably, 
such situation occurs in the Milky Way. Thus, alternating large—scale magnetic 
fields in neighboring spiral arms in the Milky Way hardly can be interpreted as 
unambiguous evidence of global bisymmetric structure. 

An alternative asymptotic solution, applicable to the central regions of galaxies, 
employs the fact that normally the generation is particularly strong near galactic 
centers. This solution can be applied to such galaxies as M33, N G C 6946 and IC 342 
(Starchenko and Shukurov, 1989). As follows from these asymptotics, in the very 
centers of galaxies the field can have dipole symmetry and large vertical component. 

3. Imprints of Kinematic Dynamo Modes in Observed Magnetic Structures 

When magnetic field cannot be excited in certain part of galactic disk at the linear 
stage of galactic dynamo, one can hardly expect to find there a more or less strong 
steady—state magnetic field. Indeed, as can be seen from expression for u above, the 
large-scale magnetic field cannot spread to the region where 7 < 0. This simple fact 
explains the existence of a peculiar magnetic annulus in M31: due to a specific form 
of the rotation curve, 7 < 0 f o r 2 < r < 7 kpc and magnetic field distribution can 
spread only outwards (a similar magnetic ring probably exists in the Milky Way) . 

Another important property of the large-scale magnetic field, which is formed at 
the linear stage, is the trailing spiral shape (rather than circular) of magnetic lines 
(which close outside the disk, probably in the corona). Observations confirm this 
theoretical assessment. Moreover, observed pitch angles of spiral magnetic lines 
reasonably agree with predictions of the dynamo theory. This agreement has the 
following rather deep reason. Nonlinear effects in galactic dynamos can be considered 
as weak perturbations. Then the perturbation theory predicts that, to the leading 
order, nonlinearity reduces the growth rate of the field but does not affect the ratio 
Β γ] Β φ which determines the pitch angle of magnetic lines. 

The most urgent problem of both theory and observations now seems to be verifi-
cation and explanation of possible dominance of bisymmetric magnetic mode m = 1 
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in at least several spiral galaxies. Observations indicate the dominance of bisymmet-
ric structure in M81 while the axisymmetric mode m = 0 dominates in M31 and 
IC 342 (see Beck, 1989). 

For those galaxies where observations reveal only the m = 0 mode, the linear 
theory also asserts that this is the only excited mode. For those galaxies where 
presence of the mode m = 1 is admissible, the theory also indicates the possibility of 
excitation of this mode. 

Note that the dynamo theory developed for axisymmetric disks implies that, 
along with the m = 1 dynamo mode, the m = 0 mode is always generated at greater 
growth rate. It would seem natural that dominance of the m = 1 mode can be 
explained by deviations of galactic disks from exact axial symmetry. However, it has 
been shown that weak perturbations from spiral arms do not facilitate generation of 
the m = 1 mode since spiral patterns have higher azimuthal wave number, m = 2. 
Perturbations associated with global asymmetry of galactic disks are too weak to 
make the m = 1 mode dominant and can explain only deviations from axial 
symmetry in basically axisymmetric configurations exemplified by M31 (Ruzmaikin 
et α/., 1989). More promising is warping of galactic disk which possibly can lead to 
dominance of the m = 1 dynamo mode. There also exists a wide selection of effects, 
which still have not been analyzed in detail, but which are potentially capable of 
making the m = 1 mode dominant at the linear stage. Here we mention the 
anisotropy of the mean helicity of interstellar turbulence, radial flows of interstellar 
gas, the role of boundary conditions on disk surface, etc. 

The galactic dynamo theory predicts very definitely that in the main parts of all 
galactic disks only the large-scale fields with even symmetry with respect to galactic 
equator can be generated. Available observational possibilities restrict relevant 
observations to the solar vicinity of the Milky Way where the theory is confirmed. 
Recent ideas of M. Krause (1989) possibly can lead to verification of this prediction 
in external galaxies as well. 

4. How Strong Are Nonlinear Effects in Galactic Dynamos? 

In a certain sense, the mean—field galactic dynamos are very weak (Krasheninnikova 
et al, 1989). The large-scale magnetic field grows so slowly that, for example, in the 
Milky Way and M31 only three characteristic growth times span the galactic life-
time. Thus, the seed magnetic field produced by stellar outflows (Ruzmaikin et al, 
1988b) just has the time to grow up to the observed strength. In such galaxies as 
M51 and M81 the generation proceeds faster by the order of magnitude. For compa-
rison, note that a jew million growth times of solar magnetic field have passed during 
its lifetime. 

W e do not have conclusive evidence that the large-scale magnetic fields in the 
solar vicinity of the Milky Way and in the magnetic ring of M31 have reached the 
steady state. Concerning, e.g., M51 or M81, we are sure that in these galaxies the 
field growth has already saturated at the level determined by the balance of the 
Lorentz and Coriolis forces, BrB^/(47τΛ) ~ pul, where ρ is the gas density, ν is the 

r.m.s. turbulent velocity, and Ω is the angular velocity of galactic rotation. The 
dynamo theory establishes the relation between the field components in terms of 
observable hydrodynamic parameters in galaxies. For the Milky Way, this estimate 
of the steady—state field strength yields B^~l /zG; it is not clear whether the diffe-
rence of this estimate from the observed strength, 2 - 3 ^G, is due to inaccuracy of 
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t h e c r u d e e s t i m a t e o r t o n o n - s t a t i o n a r i t y o f t h e o b s e r v e d field. I n a n y r a t e , n o n l i n e -

a r i t y c a n b e c o n s i d e r e d w e a k i n g a l a c t i c d y n a m o s . 
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F. KRAUSE: I t i s w o r t h r e m a r k i n g t h a t in y o u r t a b l e w i t h m a g n e t i c a g e s 
t h e c a l c u l a t i o n o f t h e g r o w t h r a t e s i n v o l v e s a l o t o f u n c e r t a i n t i e s : ( i ) 
t h e m a g n e t i c f i e l d mode is t r e a t e d b y an a p p r o x i m a t i o n ; ( i i ) i t i s b a s e d 
on e s t i m a t e d v a l u e s o f α and ( i i i ) t h e d i f f e r e n t i a l r o t a t i o n ( O o r t ' s 
c o n s t a n t ) . So i t a p p e a r s q u i t e doub t fu l w h e t h e r y o u can make r e l i a b l e 
d i f f e r e n c e s b e t w e e n d i f f e r e n t g a l a x i e s . 

SHUKUROV: Our r e s u l t s a r e c o r r e c t a t l e a s t t o t h e o r d e r o f m a g n i t u d e . 
Compar i son w i t h o b s e r v a t i o n s conf i rms t h i s . 

F. KRAUSE: In y o u r l a t e s t d i a g r a m t h e p a r a m e t e r ε p r o b a b l y d e s c r i b e s a 
p e r t u r b a t i o n and must t h e r e f o r e be smal l , s a y ε « 1. T h e v a l u e £ 0 , w h e r e 
t h e w a n t e d e f f e c t a p p e a r s ( g r o w t h r a t e o f t h e BSS f i e l d l a r g e r t han t h a t 
o f t h e ASS f i e l d ) , i s p r o b a b l y l a r g e , I t h ink ε > 1. C o n s e q u e n t l y , ε i s 
b e y o n d t h e l im i t o f v a l i d i t y o f y o u r c a l c u l a t i o n s . I n d e p e n d e n t o f t h i s , I 
t h i n k t h a t f o r l a r g e ε t h i s c o n s i d e r a t i o n makes no s e n s e , s i n c e t h e n a l l 
s y m m e t r y t y p e s a p p e a r m i x e d and no bas i c s y m m e t r y (BSS or A S S ) can be 
i d e n t i f i e d . 

SHUKUROV: Of cou r se t h e w e a k - p e r t u r b a t i o n a p p r o a c h a p p l i e s o n l y t o 
t h e c a s e s w h e n t h e p e r t u r b e d e i g e n v a l u e is c l o s e t o t h e u n p e r t u r b e d o n e . 
In o t h e r w o r d s , t h e only c o n d i t i o n o f a p p l i c a b i l i t y o f t h e p e r t u r b a t i o n 
t h e o r y is w e a k d e v i a t i o n from u n p e r t u r b e d s t a t e ( s e e e .g . Landau and 
L i f s h i t z , Quantum Mechanics). H o w e v e r , f o r m > 1 modes t h e e i g e n v a l u e s 
a r e c o m p l e x and t h e i r i m a g i n a r y p a r t s a r e c o n s i d e r a b l y l a r g e r t han t h e 
r e a l p a r t s ( K r a s h e n i n n i k o v a e t a l . , 1989, A s t r o n . A s t r o p h y s . 213 , 1 9 ) . 
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T h u s t h e p e r t u r b a t i o n can l e a d t o a l a r g e r e l a t i v e c o r r e c t i o n o f t h e r e a l 
p a r t o f t h e e i g e n v a l u e , i . e . t h e g r o w t h r a t e o f t h e f i e l d , w h i l e t h e 
r e l a t i v e c o r r e c t i o n t o t h e modulus o f t h e e i g e n v a l u e i s s t i l l smal l . 

V O L K : R e g a r d i n g y o u r a r g u m e n t s abou t a s t r o n g p o l a r f i e l d componen t 
( d i p o l e or q u a d r u p o l e ) in t h e c e n t r a l r e g i o n s o f g a l a x i e s , I w a n t t o p o i n t 
ou t t h a t in t h e s e c e n t r a l r e g i o n s t h e r e i s o f t e n s t r o n g a c t i v i t y . T h i s 
shou ld t hen l e a d t o a mass o u t f l o w w h i c h combs ou t t h e f i e l d in p o l a r 
d i r e c t i o n s . T h u s i t m i g h t be i m p o r t a n t t o c o n s i d e r t h i s a l t e r n a t i v e , i f one 
compares t h e o b s e r v a t i o n s w i t h dynamo t h e o r y . 

DEINZER: V ö l k ' s r emark m a y be e s p e c i a l l y i m p o r t a n t , b e c a u s e in t h e 
f rame o f dynamo t h e o r y y o u can o n l y p r o d u c e m a g n e t i c f i e l d s w h o s e 
t o r o i d a l and p o l o i d a l p a r t s a re a t mos t o f t h e same o r d e r o f m a g n i t u d e . 
But much h i g h e r f i e l d s t r e n g t h s w o u l d be n e c e s s a r y in t h e ca se o f j e t s 
coming ou t o f t h e c e n t r a l r e g i o n o f g a l a x i e s . 

SHUKUROV: C o n c e r n i n g t h e r a t i o o f p o l o i d a l t o t o r o i d a l componen t s o f 
m a g n e t i c f i e l d s p roduced b y d y n a m o s , t h e αω d y n a m o g i v e s t h e dominan t 
t o r o i d a l componen t w h i l e t h e a2 dynamo p r o d u c e s them a t compa rab l e 
s t r e n g t h . E x p l a n a t i o n o f dominance o f t h e p o l o i d a l f i e l d p r o b a b l y w o u l d 
r e q u i r e us t o i n v o k e o t h e r a d d i t i o n a l mechan i sms l i k e g a s o u t f l o w s 
m e n t i o n e d b y Volk w h i c h can m o d i f y t h e d y n a m o - g e n e r a t e d f i e l d . 

PUDRITZ: T h e r e is a l a r g e d i f f e r e n c e in t h e s t a r f o r m a t i o n r a t e s b e t w e e n 
g a l a x i e s , and h e n c e on t h e r e l a t i v e p r o p o r t i o n o f h o t p h a s e , s c a l e h e i g h t , 
e t c . o f t h e i r ISM. Could y o u s p e c u l a t e on t h e e f f e c t t h i s m i g h t h a v e on 
t h e dynamo t h e o r y y o u h a v e d i scussed? 

SHUKUROV: T h e m e a n - f i e l d g e n e r a t i o n mode l s d e p e n d on a v e r a g e d p a r a m -
e t e r s o f i n t e r s t e l l a r g a s : r o t a t i o n , v e l o c i t y , t u r b u l e n t m a g n e t i c d i f -
f u s i v i t y , t h e mean h e l i c i t y . T h e l a t t e r t w o q u a n t i t i e s d e p e n d , in turn , on 
t h e r .m.s. t u r b u l e n t v e l o c i t y w h i c h seems t o be r a t h e r un i fo rm, abou t 
10 km s " 1 in a l l g a l a x i e s . V a r i a t i o n s o f t h e s c a l e h e i g h t can p l a y a 
c o n s i d e r a b l e r o l e b e c a u s e g a l a c t i c dynamos a re r a t h e r s e n s i t i v e to t h e 
a s p e c t r a t i o o f t h e d i sk . 

HELOU: How w e l l d o e s dynamo t h e o r y w o r k in d w a r f i r r e g u l a r g a l a x i e s or 
b lue compac t d w a r f g a l a x i e s ? A n d w h a t g r o w t h t imes w o u l d y o u p r e d i c t 
f o r t h e m a g n e t i c f i e l d t o r e a c h t h e f e w //G l e v e l s ? 

SHUKUROV: D w a r f i r r e g u l a r and b lue compac t d w a r f g a l a x i e s p r o b a b l y 
r o t a t e as r i g i d b o d i e s . T h e n t h e dominan t d y n a m o mechan i sm wou ld be 
t h e a 2 d y n a m o . T y p i c a l g r o w t h t imes a r e o f t h e o r d e r o f t u r b u l e n t 
d i f f u s i o n t ime ac ross a d i sk or b y t h e f a c t o r o f a f e w l o n g e r . 

KULSRUD: How did y o u d e f i n e t ime Τ t o g r o w t o o b s e r v e d s t r e n g t h ? 

SHUKUROV: In o r d e r t o e s t i m a t e T , one shou ld know t h e i n i t i a l , s e e d 
m a g n e t i c f i e l d . We used t h e e s t i m a t e o f t h e random s e e d f i e l d e j e c t e d b y 
s u p e r n o v a e and h o t s t a r s , B 0 - 1 0 " 9 G ( s e e Ruzma ik in e t a l . f 1988, 
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N a t u r e 336, 3 4 1 - 3 4 6 ) . 

KULSRUD: Has a n y o n e d e r i v e d an e q u a t i o n fo r (<5B) 2 as t h i s may be 
i m p o r t a n t in l i m i t i n g t h e mean f i e l d g e n e r a t e d ? 

SHUKUROV: T h e p r o b l e m o f n o n l i n e a r dynamo is f a r f rom b e i n g c o m p l e t e . 
We can s u g g e s t t h a t t h e s t e a d y - s t a t e s t r e n g t h o f t h e m a g n e t i c f i e l d in α 
d y n a m o s i s d e t e r m i n e d b y s u p p r e s s i o n o f t h e mean h e l i c i t y o f t u r b u l e n c e . 
T h e f l u c t u a t i o n m a g n e t i c f i e l d , (<5B) 2 , p r o b a b l y i s m i r r o r - s y m m e t r i c and 
can a f f e c t o n l y < v 2 > bu t n o t < v . ? x v > , w i t h ν t h e t u r b u l e n t v e l o c i t y . We 
shou ld e m p h a s i z e t h a t e q u a t i o n s fo r (<5B) 2 h a v e b e e n o b t a i n e d and s o l v e d 
fo r b o t h m e a n - f i e l d and f l u c t u a t i o n dynamos ( s e e e .g . Ruzmaik in , 
S h u k u r o v and Soko lo f f , 1988, Magnetic Fields of Galaxies, K l u w e r ) . 

SOKOLOFF: In g a l a x i e s t h e e x c i t a t i o n o f mean m a g n e t i c f i e l d i s 
r e l a t i v e l y w e a k . So t o c o n s t r u c t a n o n l i n e a r dynamo t h e o r y w e n e e d o n l y 
t o d e v e l o p a s imple p e r t u r b a t i o n t h e o r y , c o n s i d e r i n g n o n l i n e a r i t y as a 
p e r t u r b a t i o n . 

DOLGINOV: I a g r e e w i t h y o u t h a t a smal l n o n l i n e a r i t y m a y be c o n s i d e r e d 
as a p e r t u r b a t i o n in t h e t h e o r y . But t h e t h e o r y d o e s n ' t g i v e y e t t h e f i e l d 
m a g n i t u d e s o f t h e Sun, p l a n e t s , e t c . So one c a n ' t s a y t h a t t h e n o n l i n e a r 
d y n a m o t h e o r y e x i s t s f o r t h e s e o b j e c t s . 

K U N D T : Dynamo e q u a t i o n s a r e n o t r i g o r o u s . A r i g o r o u s p r o p e r t y i s t h e 
v a n i s h i n g m a g n e t i c f l u x ac ro s s a n y su r f ace i n t e r s e c t i n g an i n t e g r a l 
number o f f l u x l o o p s . I f i nd i t d i f f i c u l t t o bu i l d up a ( g l o b a l l y o r d e r e d ) 
b i s y m m e t r i c s t r u c t u r e s o l e l y f rom l o c a l i n j e c t i o n s ( a n d t h e k n o w n m o t i o n s 
o f t h e g a l a c t i c g a s ) . 
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