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A B S T R A C T . The advent of 3-dimensional, electromagnetic, and fully relativistic particle simulations 
allows a detailed study of a magnetized plasma galaxy model. When two such models are simulated, an 
interaction yielding results resembling observational data from double radio sources, including the 
emission of synchrotron radiation, are obtained. Simulation derived morphologies, radiation intensities, 
frequency spectra and isophote patterns are produced by the model which can be directly compared to 
observational data. Long time simulation runs (~10 9 years) show the evolution of barred spiral galaxies 
with large scale bisymmetric magnetic field distributions having ΙΟΟμβ field strengths. 

1. Introduction 

The idea of a galactic magnetic field was first introduced by Alfvén (1937) to explain the 
isotropy of cosmic radiation. At that time no other apparent observational methods were 
available to test the possible existence of magnetic fields of large dimensions in space. 

During the years following the development of radio astronomy, it became apparent that 
a large fraction of extra-galactic radio sources had a double structure, comprising two 
"clouds". It is now widely recognized that the radiation mechanism of these cosmic radio 
sources is the synchrotron process (Alfvén and Herlofson, 1950), so that each radio cloud 
contains, as essential ingredients, relativistic electrons (which must be accompanied by 
sufficient ions to preserve mean charge neutrality) and a magnetic field. 

More recently, it has been suggested that the formation and evolution of 
nonhomogeneous cosmic clouds of plasma are controlled by magnetic fields of cylindrical 
symmetry (Alfvén, 1981). Others strongly advocating the importance of the magnetic 
field in galactic plasma formation include Vorontsov-Velyaminov (1959), Α φ (1966), and 
Piddington (1981), who propose this field as the main ingredient in the morphology 
exhibited by peculiar and spiral galaxies. Synchrotron emission observed from a large 
number of peculiar, "interacting", and barred-spiral galaxies has led to theories suggesting 
an evolutionary connection between radio sources, peculiar, and normal galaxies 
(Shklovsky, 1960; Sturrock, 1969; Alfvén, 1971). 

2. Filamentary Current Model 

2.1 B I R K E L A N D C U R R E N T S 
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An electromotive force j ν χ Β ds giving rise to electrical currents in conducting media is 
produced wherever a relative perpendicular motion of plasma and magnetic fields exists. 
An example of this is the (nightside) sunward-directed magnetospheric plasma that cuts 
the earth's dipole field lines, therby producing a potential supply that drive currents within 
the auroral circuit. The tendency for charged particles to follow magnetic lines of force 
and therefore produce field-aligned currents has resulted in the widespread use of the term 
"Birkeland currents" in space plasma physics (Dessler, 1984). Their discovery in the 
earth's magnetosphere in 1974 has resulted in a drastic chage in our understanding of 
aurora dynamics, now attributed to the filamentation of Birkeland charged-particle sheets 
follwing the earth's dipole magnetic-field lines into vortex bundles. The importance of 
Birkeland currents in astrophysical setting has been stressed by Fälthammar (1986). 

Laboratory analogs to the magnetospheric Birkeland currents and a tabulation of 
possible occurances of Birkeland currents in astrophysical plasmas, with dimensions 
ranging from 10 2 m to nearly 10 2 1 m, and currents of 10 5 A to 1 0 2 0 A , have been given 
(Peratt, 1986). 

2.2 FIELD-ALIGNED ELECTRIC FIELDS 

Recent literature in the area of magnetospheric physics reflects considerable interest in 
magnetic-field-aligned electric fields. Such electric fields can have important 
consequences in cosmic plasma (Fälthammar, 1986), including the "unfreezing" of 
magnetic fields, the acceleration of electrons to very high energies, the generation of 
magnetic fields, and the filamentation of the plasma itself. 

In magnetized nonhomogeneous astrophysical plasma, a number of mechanisms are 
present that can generate field-aligned electric fields. These include wave-particle 
interactions, collisionless thermoelectric effects, magnetic mirror effects and double layers 
due to local charge separations. While all of the above have been studied in the laboratory 
and simulated by computers, it is the last mechanism that has been found to be remarkably 
prolific in producing appreciable potential drops in neutral plasma. Moreover, Birkeland 
currents and double layers appear to be associated phenomena, and both laboratory 
experiments and computer simulations have shown the formation of a series of double 
layers along current-carrying plasma filaments. 

When a double layer forms in a Birkeland current filament, a field-aligned electric field 
is generated which accelerates electrons and ions through the double layer, thereby 
producing a time-increasing, azimuthal magnetic field which serves to confine plasma in 
the filament. 

3. Galactic Currents and Magnetic-Field Forces 

3.1 GALACTIC-DIMENSIONED BIRKELAND CURRENTS 

By extrapolating the size and strength of magnetospheric currents to galaxies, Alfvén 
(1981) suggests a number of current-conducting regions in interstellar clouds, the currents 
of which assist in cloud formation. For example, a galactic magnetic field of the order 
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BG = ΙΟ" 5 - Ι Ο - 6 G associated with a galactic dimension of 1 0 2 0 - 10 2 1 m suggests the 
galactic current be of the order 10 1 7 - 10 1 9 A . As a natural extension of the size hierarchy 
in cosmic plasmas, the existence of galactic dimensioned Birkeland currents or filaments 
has been hypothesized (Peratt and Green, 1983; Peratt 1986). 

In the galactic dimensioned current model, the width of a typical filament may be taken 
to be 35 kpc ( 1 0 2 1 m), separated from neighboring filaments by a similar distance. Since 
current filaments in laboratory plasmas generally have a width/length ratio of the range 
10' 3 to 10 - 5 , a typical 35 kpc wide filament may have an overall length between 35 Mpc 
and 3.5 Gpc with an average length of 350 Mpc. It is expected that galaxies will form and 
evolve, from radio to barred spiral types, along the filaments where local electric fields 
occur. 

3.2 BIOT-SAVART FORCES 

In addition to confining plasma in filaments radially, the axial current flow produces 
another important effect; a long-range interactive force on other galactic filaments. 
Because of the guiding magnetic field Bz, the particles spiral as they drift (or accelerate, 
because of £ z ) , thereby producing an azimuthal component in the generalized current I = 
z / z + θ / θ . The resultant forces are long-range attractive (F ~ -r -1) and short-range 
repulsive (F ~ +r -·*). The resultant forces are depicted in Fig. 1. 

FIGURE 1. The forces between two 
adjacent galactic Birkeland currents. The 
parallel components of current (dark gray 
lines) are long-range attractive, while the 
counter-parallel azimuthal currents (light 
gray rings) are short-range repulsive. A 
projection of the current-induced magnetic 
fields is shown above the graph. 

DISTANCE BETWEEN FILAMENTS —*> 
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4. Double Radio Galaxies 

Whenever the attractive force between simulation filaments causes their separation to be 
reduced to a distance such that the repulsive force becomes comparable to the attractive 
force, a burst of synchrotron radiation occurs. This burst occurs because the 
counterparallel azimuthal current force brakes the circular electron flow in both filaments, 
releasing the energy stored in the induced axial magnetostatic field. For the parameters 
used in these simulations (Peratt, 1986), 1.5 x 10 5 1 joules of energy are released over 
about 5 Myr, producing 1.2 χ 1 0 3 7 W of synchrotron peak power. The power persists, 
but at lower levels, over some hundreds of Myr. Figure 2 compares isophotes of the 
simulation electromagnetic energy distribution at the filament cross-sections (where Ez is 
present) to the isophotes of synchrotron radiation of various double radio galaxies. A 
more complete sample appears elsewhere (Peratt, 1988). 

DOUBLE RADIO GALAXIES 

Observation Simulation 

0844 + 319 Τ = 10.4 Myr 

FIGURE 2. (left column) Synchrotron 
isophotes (various frequencies) of double 
radio galaxies, (right column) Simulation 
analogs. The width of the simulation in 
the axial direction (out of plane of page) is 
approximately lOkpc. Separation between 
lobes is 80kpc. 

2355 + 490 Τ = 48.3 Myr 

<Scsr 
Τ = 58.7 Myr 

5. Spiral Galaxies 

The long-term evolutionary sequence of interacting plasma filaments is shown in Fig. 3. 
Depicted in this figure are the cross sections of the dense plasma regions within two 
parallel current-conducting filaments. The morphologies and radiation properties of the 
simulated plasmas shown suggest a transistion through the following sequence of cosmic 
objects: double radio galaxy to radioquasar; radioquasar to radio quiet QSO's; radio quiet 
QSOs to peculiar and Seyfert spiral galaxies; and finally to normal or barred spiral galaxy 
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types. The rotation curve associated with the last frame in Fig. 3 is in close agreement 
with curves typical of Se type spirals (Peratt, 1986). 

The magnetic fields in the simulated spiral galaxies were found to extend over the entire 
dimension of the galaxy and possess the following properties (Peratt, 1984): poloidal-

toroidal field components; field strengths reaching ΙΟΟμΰ, and a bisymmetric field 
configuration. [The Disymmetric or doubleness has been identified in many cosmic objects 
where the magnetic field plays a principle role (Peratt, 1990)]. These properties share 
many of the characteristics of recent galaxy observations (Beck, 1986). (Fig. 4 ) . 

PLASMA DISTRIBUTION 
(Simulation) 

RADIATION SPECTRUM 
( Interpreted) 
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FIGURE 3. Simulation of spiral galaxy 
evolution. The radiation spectrum has 
been compiled from simulation results, 
laboratory measurements, and cosmic 
plasma theory (Peratt, 1990). 
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F I G U R E 4. Computed magnetic field 
strength (squared) isobars overlayed on 
simulation galaxy. 
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K A H N : I t should be m e n t i o n e d t h a t S y d n e y Chapman w o r k e d on B i r k e -
l a n d ' s i d e a s more t han 60 y e a r s a g o , but he d id n o t a g r e e w i t h A l f v é n ' s 
l a t e r i d e a s on the sub jec t . 

P E R A T T : S y d n e y Chapman 's s c a t h i n g c r i t i c i s m o f K r i s t i a n B i r k e l a n d ' s 
i d e a s ( P r o c . B i rke l and Symp. on A u r o r a and M a g n e t i c S torms , 1967, A n n . 
de G é o p h y s i q u e 24, 1 - 4 9 0 ) i s o n e o f t h e mos t i n t e r e s t i n g c h a p t e r s in t h e 
h i s t o r y o f space s c i e n c e . T h e e x i s t e n c e o f f i e l d - a l i g n e d "Bi rke land" 
cu r ren t s was d i s p u t e d b e c a u s e i t i s n o t p o s s i b l e t o d i s t i n g u i s h u n -
ambiguous ly b e t w e e n c u r r e n t s y s t e m s t h a t a r e f i e l d - a l i g n e d and t h o s e 
t h a t a re c o m p l e t e l y i o n o s p h e r i c from a s t u d y o f s u r f a c e m a g n e t i c f i e l d 
measu remen t s . S y d n e y Chapman d e v e l o p e d mode l s o f c u r r e n t s t h a t w e r e 
c o n t a i n e d c o m p l e t e l y w i t h i n t h e Ea r th ' s i o n o s p h e r e w h i c h cou ld a d e q u a t e -
l y a c c o u n t fo r g r o u n d - b a s e d m a g n e t i c f i e l d o b s e r v a t i o n s o b t a i n e d dur ing 
m a g n e t i c s to rms . 

Hannes A l f v é n s u p p o r t e d t h e c o n c e p t o f B i r k e l a n d cu r r en t s and 
d e v e l o p e d a t h e o r y fo r t h e g e n e r a t i o n o f t h e s e c u r r e n t s b y t h e s o l a r 
w i n d . 

T h i s h a l f - c e n t u r y l o n g d i s p u t e w a s d e c i d e d in B i r k e l a n d ' s f a v o r in 
1967 w i t h t h e d i s c o v e r y o f B i r k e l a n d cu r r en t s b y t h e U.S. N a v y n a v i g a -
t i o n s a t e l l i t e 1 9 6 3 - 3 8 C a t - 1 1 0 0 km a l t i t u d e ( P o t e m r a , 1988, L a s e r and 
P a r t i c l e Beams 6, 5 0 3 ) . T o d a y , B i r k e l a n d c u r r e n t s a r e r o u t i n e l y measu red 
and mapped w i t h i n t h e m a g n e t o s p h e r e and t h e d i s c o v e r y o f a 5 - m e g a -
ampere B i r k e l a n d c u r r e n t c o n n e c t i n g Io t o Jup i t e r s u g g e s t s t h a t B i r k e l a n d 
cu r r en t s e x i s t on y e t l a r g e r s c a l e s . 

VERSCHUUR: Y o u h a v e a mode l in w h i c h v e r y l o n g B i r k e l a n d f i l a m e n t s 
i n t e r a c t . A r e w e t o u n d e r s t a n d t h a t a t d i s c r e t e i n t e r v a l s a l o n g t h e s e 
f i l a m e n t s t h e i n t e r a c t i o n s y o u d i scussed occur? T h e n , i f y o u t w i s t t h e 
f i l a m e n t s a l i t t l e , w o u l d y o u e n v i s a g e t h e c r e a t i o n o f c l u s t e r s o f 
g a l a x i e s ? 

P E R A T T : Y e s . A s w i t h t h e c a s e o f f i l a m e n t a r y l a b o r a t o r y p lasma, w h e r e 
B i rke l and f i l a m e n t s f l a r e ou t , p inch , and t w i s t a t d i s c r e t e i n t e r v a l s a l o n g 
t h e p lasma, w e e x p e c t t h e same t o be t r ue w i t h g a l a c t i c - d i m e n s i o n e d , 
c u r r e n t - c a r r y i n g f i l a m e n t s . In t h e l a b o r a t o r y , t h e w i d t h / l e n g t h r a t i o i s 
g e n e r a l l y in a r a n g e 1 0 " 3 - 1 0 " 5 so t h a t a t y p i c a l cosmic B i r k e l a n d f i l a -
ment l e n g t h m a y be o f t h e o r d e r o f 350 Mpc ( P e r a t t , 1986, IEEE T r a n s . 
P lasma Sei . 16, 6 3 9 ) . T h i s s i z e i s t h e same as t h a t o f t h e r e c e n t l y 
d i s c o v e r e d s u p e r c l u s t e r c o m p l e x f i l a m e n t s and r i b b o n s . 

KOUPELIS: Do I u n d e r s t a n d i t c o r r e c t l y t h a t t h e o b s e r v e d d o u b l e r a d i o 
sources a r e t h e c r o s s - s e c t i o n s o f t h e i n t e r a c t i n g m a g n e t i c f i l a m e n t s ? 
What abou t t h e ( c o m m o n l y a c c e p t e d ) mass " o u t f l o w s " c o n n e c t i n g t h e 
"source" w i t h t h e l o b e s ? Could y o u t e l l us how y o u r mode l e x p l a i n s t h e 
w a y t h e y a re fo rmed , t h e i r d i r e c t i o n o f " f l o w " , c o n f i n e m e n t , and " f l o w " 
v e l o c i t i e s ? 

A l s o , w o u l d t h e i n t e r a c t i o n o f m a g n e t i c f i l a m e n t s l e a d t o t h e 
fo rma t ion o f bo th e l l i p t i c a l and sp i r a l g a l a x i e s ? How i m p o r t a n t i s t h e 
g r a v i t a t i o n a l ( c o m p a r e d t o t h e e l e c t r o m a g n e t i c ) i n t e r a c t i o n b e t w e e n t h e 
f i l aments? 
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P E R A T T : Doub le r a d i o g a l a x i e s a re t h e c r o s s - s e c t i o n s o f t h e i n t e r a c t i n g 
B i r k e l a n d f i l a m e n t s w h e r e d o u b l e l a y e r s ( i . e . t h i n r e g i o n s o f c h a r g e 
s e p a r a t i o n w i t h fi a l i g n e d É f i e l d s ) occur . T h e s i m u l a t i o n s show t h a t as 
t h e f i l a m e n t a l c u r r e n t s i n c r e a s e t h r o u g h t h e c h a r g e - s e p a r a t i o n r e g i o n s 
( b e c a u s e o f t h e d o u b l e l a y e r Ε f i e l d ) , a z i m u t h a l m a g n e t i c i s o b a r s a r e 
p r o d u c e d w h i c h c o n n e c t t h e t w o f i l a m e n t s . T h e s e i s o b a r s c o l l e c t i n t e r -
f i l a m e n t p lasma i n t o an e l l i p t i c a l s h a p e d v o i d b e t w e e n f i l a m e n t s and a l s o 
i n t o t w o f l a t , n a r r o w " je t s " on e i t h e r s i d e o f t h e c e n t r a l e l l i p s e . T h e 
c o n v e r g i n g m a g n e t i c f i e l d s c o n f i n i n g p lasma in t h e " je t s" a l s o p roduce an 
i n d u c t i o n a c c e l e r a t i n g f i e l d i n t o t h e p l a n e o f t h e c ros s s e c t i o n , w h i c h 
c a u s e s t h e " je t s" t o s y n c h r o t r o n r a d i a t e ou t o f t h e p l a n e . S imu la t i on f i e l d 
p r o b e s show t h a t t h e f i e l d p o l a r i t y can a l t e r n a t e on e i t h e r s i de o f t h e 
e l l i p s e . 

In c o n t r a s t t o t h e o u t f l o w mode l , t h e B i r k e l a n d f i l a m e n t mode l s h o w s 
t h a t t h e t r a p p e d s y n c h r o t r o n r a d i a t i n g p lasma is n o t f l o w i n g ou t o f a 
" c e n t r a l sou rce" bu t can a p p e a r supe r lumina l (up t o 7 c ) b e c a u s e o f t h e 
a c u t e a n g l e o f t h e c o n v e r g i n g Β f i e l d s a l o n g t h e " je t" . A s w i t h t h e 
au ro ra , t h e sou rce o f e n e r g y is s imp ly t h e m o t i o n o f p lasma ac ross 
m a g n e t i c f i e l d l i n e s on a Mpc s c a l e , t h e e n e r g y o f w h i c h i s c a r r i e d b y 
t h e f i l a m e n t s . T h i s p r o c e s s i s i n v i s i b l e a t o p t i c a l w a v e l e n g t h s . A t e a r l y 
t i m e ( 1 0 7 y r ) , an e l l i p t i c a l g a l a x y is p roduced b e t w e e n f i l a m e n t s ; a t l a t e 
t i m e ( 1 0 9 y r ) , t h e t h i n c h a r g e - l a y e r c r o s s - s e c t i o n s c o n v e r g e and c o a l e s c e 
a b o u t t h e e l l i p t i c a l g a l a x y t o p roduce a s p i r a l g a l a x y . G r a v i t a t i o n 
b e c o m e s i m p o r t a n t w h e n t h e p lasma i s c o n v e r t e d i n t o s t a r s . 
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