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A B S T R A C T . Evolution of a vertical magnetic field which may have existed in 
the primeval galaxy is discussed based on a primordial-origin hypothesis for the 
bisymmetric spiral configuration of magnetic fields in spiral galaxies. The vertical 
field is accumulated toward the nucleus and forms a strong poloidal field, which 
may trigger activities like jets. Quasar jets are suggested to be the result of such 
strong vertical fields in the cores of primeval galaxies. 

1. B S S Magnet ic Fields and the Pr imordia l -Orig in Hypothesis 

The magnetic field configuration of spiral galaxies is shown to be predominantly 
bisymmetrc spiral (BSS) , while a few ring and axisymmetric cases are reported 
(Sofue et al 1986). As to the origin of the BSS configuration we may envision two 
possibilities: (a ) a primordial field trapped into a primeval galaxy and wound up by 
the disk rotation, where a steady spiral configuration is maintained by the dynamo 
action; and (b ) a dynamo-generated large-scale spiral field which was created from 
infenitesimally weak random fields (Ruzmaikin et al 1985; Sawa and Fujimoto 1986). 
In this paper we discuss the field configuration in spiral galaxies on the basis of the 
primordial origin hypothesis ( a ) . W e discuss the possible evolution of the field, 
particularly a field perpendicular to the disk plane. W e suggest that the frozen-in 
and amplified vertical field near the galactic centers of primordial galaxies may have 
been related to the strong ejection phenomena of jets in quasars. 

2. Evidence for Vertical Fields in spiral Galaxies 

( i ) Vertical Structures out of the Galactic plane: The radio-continuum maps 
of the Milky Way show vertical structures emerging from the galactic plane (Sofue 
1988). Their appearence parallel to each other suggests their coherent origin, likely 
driven by magnetic lines of force emerging normal to the disk plane. 

( i i ) Vertical Structures in External Galaxies: External edge-on galaxies often 
show vertical dust lanes. Long, coherent and thin filaments running normal to 
the disk of some dust-rich spirals suggest the exitence of a large-scale vertical field 
running across the disk plane (Sofue 1987). These vertical structures are found at 
radii of a few kpc and run for more than a kiloparsec in the halo. 

( i i i ) Vertical Magnetic Fields in the Galactic Center. In more inner regions of 
the Galaxy direct evidence for a vertical field has been found with high-resolution 
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Fig . l . Primordial magnetic field trapped into a protogalaxy and its evolution: 
( a ) and ( b ) disk field component; (c ) vertical field component. 

and/or polarization observations of the synchrotron radio emission: A large number 
of straight filaments extending for a hundred pc scale run almost perpendicular to 
the disk plane near the Arc and are well understood as the trace of a magnetic field 
running vertical to the disk (Yusef-Zadeh et al 1984). Some parts of these struc-
tures show strong polarization and Farday roatation directly showing the poloidal 
magnetic field (Tsuboi et al 1986; Sofue et al 1987; Reich 1989). 

( i v ) Vertical Magnetic Fields in Nuclei of External Galaxies: Polarization ob-
servations of the nuclear radio source in M31 shows the magnetic field orientation 
perpendicular to the major axis (Berkhuijsen et al 1987). Since the galaxy is nearly 
edge-on, this may be attributed to a poloidal magnetic field in the nucleus. Besides 
M31, however, no obvious magnetic structures are known for nuclei in external 
galaxies. 

( v ) Vertical Ejections from Nuclei of Galaxies: Nuclei of spiral galaxies often 
reveal jet-like features emerging perpendicular to the disk plane and/or central 
radio sources elongated perpendicular to the major axis (e.g. Hummel et al 1983). 
These ejection features may be the manifestation of a vertical field running across 
the nucleus. 

3. E v o l u t i o n o f M a g n e t i c F ie lds in Spira l Ga lax ies 

( i ) Primordial-Origin Hypothesis for the Galactic Magnetic Fields: On this 
hypothesis the BSS field configuration is interpreted as the fossil of an intergalactic 
field wound up by the primordial galaxy disk ( F i g . l ) . The field is then maintained 
in a steady state by the induction-dynamo mechanism (Fujimoto and Sawa 1987; 
Sawa and Fujimoto 1986). Even a ring field can be produced from the primordial 
one, if we allow for an initial asymmetry with respect to the center ( F i g . l ) . 

( i i ) Vertical Component of the Primordial Magnetic Fields in Galaxies: It is 
natural that a large-scale field component parallel to the rotation axis existed, when 
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a galaxy formed. This field component is also trapped to the primeval gas sphere 
[phase I ] . Since the disk radius is large enough and the diffusion time is longer 
than the galaxy evolution time, the vertical field is almost frozen into the disk gas. 
The vertical field then follows an evolution as described below (Sofue and Fujimoto 
1987). 

( i i i ) Evolution of Vertical Fields in Primeval Galaxies: Starting from a uniform 
gas sphere (disk) and initial star formation in a proto galaxy, an exponential disk 
is realised by the viscosity-driven angular momentum transfer and on-going star 
formation (Yoshii and Sommer-Larsen 1989). Since the field is frozen into the gas, 
the magnetic flux conservation results in a radial distribution of the field strength 
obeying the exponential law, provided the initial field was uniform [phase II] (F ig .2) . 
In the central region the gas density attains an excess by an order of magnitude over 
the value given by a simple exponential disk (Yoshii and Sommer-Larsen 1989), and 
the field strength is correspondingly high. The initial star formation then finishes 
when the gas is fed into stars and the density decreases to a certain threshold value, 
after which the magnetic field is no more frozen into the stellar disk. 

( i v ) Strong Vertical Fields near the Galactic Nuclei: The vertical magnetic field 
is then frozen into the gas left behind the initial star formation. At this stage the 
gas may have a constant threshold density below which the initial star formation 
did not take place, and shares a few percent of the total mass. The "interstellar" 
gas then follows its own evolution governed by the density wave shock, cloud-cloud 
collisions, and star formation. Through the shock- and viscosity-driven inflow the 
gas accretes toward the center. In the central region a bar-induced shock will 
enhance the accretion. Since the diffusion time of the vertical field is shorter than 
the dynamical time scale, this results in a formation of a strong vertical field in 
the center [pahse I I I ] (Fig .2) . In the early universe when galaxy formation took 
place, galaxy-galaxy collision will have been frequent and the tidal encounter may 
have enhanced the bar-induced inflow of gas (Noguchi 1988), and therefore strong 
vertical field near the center. 

Fiç.2. Evolution of vertical magnetic field strength as a function of radius 
normalized to the strength at a radius R0. 
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If the present intergalactic or intracluster magnetic field is of the order of 
1 0 _ 9 — 1 0 q ( S o f u e e t a l 1979^ t h e vertical field strength in the central 1 kpc of 
normal spiral galaxies is expected to be of the order of mG, which dominates in 
the central region. On the other hand spiral fields within the disk is weaker in the 
central few kpc (Sawa and Fujimoto 1986), while it dominates in the outer disk. 

( v ) Loss of Angular Momentum by the Vertical Fields: The interstellar gas 
in turn suffers magnetic torque from the vertical field which is twisted by the 
galactic rotation. The time scale with which the rotating gas element loses angular 
momentum is given by r = Vr/(B2/4πρ), where V, r, B, and ρ are the rotation 
velocity, radius, magnetic field strength, and gas density, respectively. The time 
is then calcularted to be τ ~ 10 1 1 , 10 s , and 10 5 years, respectively at r = 5, 1 
and 0.1 kpc. This shows that the magnetic torque is not negligible in the inner 
region of the galaxy, and the accumulation of vertical field is accelerated by the 
magnetic-torque/angular-momentum-loss mechanism. 

4. N u c l e a r A c t i v i t i e s and t he V e r t i c a l F ie lds 

( i ) Jets from the Nuclei: The twisted vertical magnetic field near the nucleus 
accelerates a screwing outflow of gas, and results in a vertical jet from the nucleus 
(Shibata and Uchida 1988). This mechanism will explain many of the observed 
vertical radio features near the nuclei of spiral galaxies. 

( i i ) Quasars and Jets: It is suggested that quasars are nuclei of distant galaxies. 
According to our scenario about vertical field component in protogalaxies, nuclei 
of these galaxies may have a strong vertical field and intense accretion of cas at 
its initial stage. This particularly applies in such a stage when the central den-
sity enhancement of the primeval exponential disk is present. Long, energetic jets 
from quasars could be the manifestation of such an intensive accretion of vertical 
magnetic fields in the nuclei of protogalaxies. 
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SHUKUROV: I f t h e v e r t i c a l m a g n e t i c f i e l d i s f r o z e n - i n and a d v e c t e d 
t o w a r d t h e G a l a c t i c c e n t e r , t h e a z i m u t h a l f i e l d must h a v e t h e same f a t e : 
I t i s imposs ib l e t h a t o n e c o m p o n e n t is m a i n t a i n e d b y t h e d y n a m o w h i l e 
t h e o t h e r componen t i s f r o z e n - i n . T h u s , dominance o f t h e a z i m u t h a l f i e l d , 
t y p i c a l fo r t h e o u t e r p a r t s o f g a l a x i e s , shou ld be p r e s e r v e d in g a l a c t i c 
c e n t e r s i f y o u r p i c t u r e i s c o r r e c t . Does t h i s a g r e e w i t h o b s e r v a t i o n s ? 

SOFUE: A d e t a i l e d m a g n e t i c f i e l d in t h e c e n t e r o f a g a l a x y is a v a i l a b l e 
o n l y in our M i l k y Way c e n t e r a t t h e moment , w h e r e w e s e e a c l e a r 
p o l o i d a l f i e l d o f s c a l e 1 0 0 - 3 0 0 pc , w h i l e no d o m i n a n c e o f a t o r o i d a l f i e l d . 
F o r t h e dynamo t o be o p e r a t i v e , t h e m a g n e t i c f i e l d must be p a s s i v e 
a g a i n s t g a s e o u s m o t i o n s . H o w e v e r , in t h e G a l a c t i c c e n t e r t h e v e r t i c a l 
f i e l d seems t o d o m i n a t e o v e r t h e t u r b u l e n t m o t i o n o f g a s . T h e a z i m u t h a l 
f o s s i l may p o s s i b l y e x i s t e v e n in t h e c e n t e r . H o w e v e r , t h e a z i m u t h a l 
c o m p o n e n t has b e e n t i g h t l y wound and may h a v e r e c o n n e c t e d a w a y n e a r 
t h e c e n t e r , w h i l e t h e v e r t i c a l f o s s i l had no c h a n c e t o r e c o n n e c t . On t h e 
o t h e r hand , o u t e r - d i s k f i e l d s , w h e r e t h e d isk c o m p o n e n t ( a z i m u t h a l ) f a r 
e x c e e d s t h e v e r t i c a l , a r e l i k e l y t o be m a i n t a i n e d in a s t e a d y s t a t e b y 
t h e d y n a m o . 

R U Z M A I K I N : A c ruc i a l o b s e r v a t i o n w h i c h can s e l e c t t h e r e l i c t or dynamo 
a p p r o a c h is t h e B z componen t a b o v e and b e l o w o f t h e G a l a c t i c d i sk ( n o t 
n e a r t h e G a l a c t i c c e n t e r ) . T h e r e l i c t h y p o t h e s i s p r e d i c t s d i f f e r e n t s i gns ; 
d y n a m o p r e d i c t s t h e same s igns ( t h e e v e n p o l o i d a l f i e l d ) . 

SOFUE: T h e r e l i c t B± can be o b s e r v e d o n l y in t h e c e n t r a l ~1 kpc r e g i o n . 
In f a c t our G a l a c t i c c e n t e r s h o w s a s t rong , l a r g e - s c a l e v e r t i c a l f i e l d 
c o n s i s t e n t w i t h t h e r e l i c t m o d e l . In t h e o u t e r d i sk t h e r e l i c t B i w i l l be 
smal l and t h e one p r o d u c e d b y t h e dynamo may d o m i n a t e . T h e r e f o r e i t 
s eems n o t p o s s i b l e t o d i s c r i m i n a t e t h e mode l s b y o b s e r v i n g o u t e r d i sk s . 
H o w e v e r , in my o p i n i o n , i t seems no t n e c e s s a r y t o d e n y a n y o f t h e 
p o s s i b l e mechan isms t o e x p l a i n t h e o b s e r v a t i o n s , a l t h o u g h I s imp ly 
p o i n t e d out t h a t t h e v e r t i c a l f i e l d o b s e r v e d in our G a l a c t i c c e n t e r may 
n o t be e a s i l y e x p l a i n e d b y t h e d y n a m o . N o t e a l s o t h a t I am n o t o p p o s i n g 
t h e dynamo, wh ich shou ld c e r t a i n l y p l a y an e s s e n t i a l r o l e in m a i n t a i n i n g 
t h e l a r g e - s c a l e sp i r a l p a t t e r n o f t h e g a l a c t i c f i e l d . I a l s o m e n t i o n t h a t 
t h e v e r y c o h e r e n t BSS c o n f i g u r a t i o n o v e r an e n t i r e g a l a x y d i sk must be 
e x p l a i n e d : t h e dynamo i s a l o c a l t h e o r y , and has no w a y t o p h y s i c a l l y 
c o n n e c t t h e f i e l d c o n f i g u r a t i o n a t one e d g e o f a d i sk t o t h e one a t t h e 
o p p o s i t e e d g e more t han - 2 0 kpc apa r t . Fo r such a l a r g e - s c a l e c o h e r e n c y 
t h e p r i m o r d i a l - o r i g i n h y p o t h e s i s seems t o g i v e t h e a n s w e r : t h e BSS ( o r 
r i n g ) n a t u r e is t h e r e l i c t o f a p r imord i a l f i e l d and has b e e n m a i n t a i n e d 
v i a t h e d y n a m o t o d a t e . 

M. KRAUSE: Our o b s e r v a t i o n s o f t h e r o t a t i o n m e a s u r e s in IC 342 i n d i c a t e 
t h a t t h e a z i m u t h a l m a g n e t i c f i e l d componen t has t h e same h a n d e d n e s s 
a b o v e and b e l o w t h e g a l a c t i c p l a n e as e x p e c t e d in an even ASS f i e l d 
c o n f i g u r a t i o n . T h i s f i e l d c o n f i g u r a t i o n i m p l i e s an even p o l o i d a l f i e l d g o i n g 
u p w a r d s a b o v e t h e p l a n e and d o w n w a r d s b e l o w t h e p l a n e . 
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MOUSCHOVIAS: In y o u r e s t i m a t e fo r l o s s o f a n g u l a r momentum b y t h e 
c o r e o f y o u r g a l a x y , w h a t v a l u e s o f gas d e n s i t y h a v e y o u used fo r t h e 
g a l a c t i c co re and fo r t h e e x t e r n a l medium? 

SOFUE: T h e a n g u l a r momentum loss and a c c r e t i o n o f g a s t o w a r d s t h e 

c e n t e r a r e due m a i n l y t o t h e d y n a m i c a l e f f e c t s o f t h e g a s and n o n a x i -

s y m m e t r i c p o t e n t i a l o f t h e g a l a x y . H o w e v e r , t h e m a g n e t i c t o r q u e w i l l p l a y 

some r o l e in t h e c e n t r a l f e w kpc r e g i o n . I f t h e f i e l d i s a n c h o r e d t o t h e 

h a l o or t o i n t e r g a l a c t i c medium, t h e t ime s c a l e o f a n g u l a r momentum lo s s 

i s s i m p l y e s t i m a t e d b y t h e m a g n e t i c t o r q u e [ i n t h i s r e s p e c t r e f e r t o t h e 

p a p e r b y Fuj imoto and Sofue ( t h i s v o l u m e ) ] . I f w e use t h e fo rmula τ ~ 

( P d i s k / P a m b i ) _ l / 2 R / V A , a m b i j R / V A , d i s k w i t h p d , s k - 10 and p a m b i ~ Ι Ο " 3 

( h a l o ) t o 10 5 ( I G M ) Η cm 3 , w e o b t a i n a t ime s c a l e o f τ - 1 0 7 8 y r f o r 

Β - 0 . 1 - 1 mG and R ~ 1 kpc . I n d e e d t h e w a v e p r o p a g a t i o n under m i l l i -

Gauss c i r c u m s t a n c e s i s v e r y f a s t . [ N o t e t h a t y o u r e s t i m a t i o n b y 
τ ~ ( ^ d i s k / > ° a m b i ) R / v A , a m b i i n c l u d e d a m i s t a k e ( o m i s s i o n o f t h e s q u a r e 

r o o t in t h e d e n s i t y t e r m ) . ] 

MOUSCHOVIAS: I d i s a g r e e . T h e e x t e r n a l d e n s i t y m a t t e r s a l o t ; t h e 

c h a r a c t e r i s t i c t ime fo r m a g n e t i c b r a k i n g o f an a l i g n e d r o t a t o r i s t h e t ime 

r e q u i r e d fo r t h e t o r s i o n a l A l f v é n w a v e s t o a f f e c t a moment o f i n e r t i a o f 

t h e e x t e r n a l medium e q u a l t o t h e moment o f i n e r t i a o f t h e g a l a c t i c c o r e 

( s e e M o u s c h o v i a s and P a l e o l o g o u , 1980, A s t r o p h y s . J. 237 , 8 7 7 ) . If, f o r 

e x a m p l e , y o u use n e x t ~ 1 0 ~ 5 c m - 3 , t h e w a v e s w o u l d h a v e t o t r a v e l a 

d i s t a n c e n c o r e / n I G M ~ 1 0 6 t i m e s t h e s i z e o f t h e c o r e b e f o r e m a g n e t i c 

b r a k i n g is n o t i c e d . 

MORRIS: T h e o b j e c t i o n r a i s e d b y M o u s c h o v i a s t o y o u r h y p o t h e s i s t h a t 

p r i m o r d i a l p o l o i d a l m a g n e t i c f i e l d s a re c o n c e n t r a t e d in g a l a c t i c n u c l e i i s 

b a s e d on t h e a s sumpt ion t h a t t h e a n g u l a r momentum o f t h e g a l a c t i c g a s 

t o w h i c h t h e m a g n e t i c f i e l d i s t i e d is l o s t b y m a g n e t i c b r a k i n g . T h i s i s 

an u n n e c e s s a r y a s sumpt ion , as many o the r , n o n - m a g n e t i c p r o c e s s e s l e a d 

t o a n e t t r a n s f e r o f a n g u l a r momentum o u t w a r d s : t u r b u l e n t v i s c o s i t y , 

s p i r a l d e n s i t y w a v e shocks or shocks a s s o c i a t e d w i t h ba r s , e t c . 

SOFUE: Y e s . T h e p r i m o r d i a l ( f o s s i l ) f i e l d g e t s c o n c e n t r a t e d in t h e 

g a l a c t i c c e n t e r m a i n l y b y t h e mass ( g a s ) c o n c e n t r a t i o n du r ing t h e g a l a x y 

c o n t r a c t i o n and d isk f o r m a t i o n , b e c a u s e t h e l a r g e - s c a l e v e r t i c a l f i e l d is 

f r o z e n i n t o t h e g a s . T h e r e a f t e r , f u r t he r a c c r e t i o n o f i n t e r s t e l l a r g a s 

p r o c e e d s w h i c h a l s o c a r r i e s t h e f o s s i l t o w a r d t h e c e n t e r v i a t h e m e c h -

anisms as Dr. Mor r i s c o r r e c t l y p o i n t s ou t . In a d d i t i o n , I s a id t h a t t h e 

a m p l i f i e d p o l o i d a l f i e l d , w h e n i t becomes s t r o n g e n o u g h and is no t c o m -

p l e t e l y p a s s i v e a g a i n s t t h e g a s m o t i o n , w i l l a c t in tu rn as t h e c a r r i e r o f 

a n g u l a r momentum from t h e d i sk t o t h e h a l o . T h i s p r o m o t e s a more r a p i d 

a c c r e t i o n o f g a s and f i e l d . T h e t ime s c a l e o f t h i s a n g u l a r momentum l o s s 

i s f a i r l y shor t . 
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