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ABSTRACT 

I. , 

c 

- 

Observations of r a d i o  ga lax ies  and of r ad io  emission from quasars  

provide evidence f o r  p a r t i c l e  acce lera t ion  on a g a l a c t i c  scale. The 

acce le ra t ion  is t y p i c a l l y  associated with some kind of explosion, i .e. ,  

with an i n s t a b i l i t y .  I t  appears,  t he re fo re ,  that galactic acce lera t ion  

is  p a r t  of a spontaneous process occurring i n  a closed system of g a l a c t i c  

dimensions. An analogous process on a laboratory s c a l e  is  provided by 

c e r t a i n  plasma experiments, i n  which a quiescent  plasma exh ib i t s  a sudden 

"explosive" i n s t a b i l i t y  which i n  tu rn  leads  t o  acce lera t ion  of some 

p a r t i c l e s  t o  high energies .  

T h i s  comparison l eads  t o  the  suggestion t h a t  a g a l a c t i c  explosion 

which leads  t o  p a r t i c l e  acce lera t ion  is typ ica l ly  a plasma i n s t a b i l i t y ,  

The form of s tored  energy most appropriate  f o r  t h i s  process i s  t h a t  of 

magnetic energy. I f  an objec t  condenses out of i n t e r g a l a c t i c  gas per- 

meated by a magnetic f i e l d ,  some of the g r a v i t a t i o n a l  energy l o s t  during 

condensation w i l l  be converted i n t o  magnetic energy, s ince  t h e  magnetic 

f i e l d  w i l l  be compressed. I n  t h e  absence of anomalous processes ,  t h e  

magnetic f i e l d  must remain connected with t h e  i n t e r g a l a c t i c  f i e l d ,  so 

t h a t  t h e  r e s u l t i n g  f i e l d  configurat ion w i l l  not be cu r ren t - f r ee  and there-  

f o r e  not i n  i t s  lowest energy state. I t  appears tha t  t h e  cur ren ts  w i l l  

be confined t o  c e r t a i n  sheets which comprise "sheet pinches." The tear ing-  

mode r e s i s t i v e  i n s t a b i l i t y  provides a mechanism f o r  re leas ing  the  excess 

magnetic energy. This process is believed t o  be tee same as t h a t  of s o l a r  

f lares ,  so t h a t  explosions i n  r ad io  ga lax ies  and quasars may be  "ga lac t i c  

f l a r e s .  It  

Various forms are suggested f o r  t h e  magnetic-field configurat ion t o  

be assoc ia ted  with a newly condensed object  with t h e  mass of a g a l a c t i c  

nucleus,  t e n t a t i v e l y  i d e n t i f i e d  as a quasar ,  and an evolved r ad io  galaxy. 

The energy content  of such configurat ions is  estimated, and shown t o  be 

adequate t o  explain observed r ad io  clouds. 

Discussion of a r ad io  outburst  of 3C 273 leads  t o  t h e  view t h a t  some 

of t h e  r ad io  emission from quasars i s  t h e  r e s u l t  of c o l l e c t i v e  plasma pro- 

cesses. Hence such outburs t s  provide d i r e c t  evidence f o r  t h e  occurrence 

of plasma i n s t a b i l i t i e s  on a g a l a c t i c  scale. 
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ACCELERATION ON A GATSCTIC SCALE 

W e  have, broadly speaking, two sources of information concerning 

high-energy p a r t i c l e s  on a galactic scale ( t h e  scale of our own galaxy . 
or of ex t r a -ga lac t i c  ga lax ies ) .  

rays , '  t h a t  i s ,  of high-energy ions ,  and of t h e  r a d i o  emission which is  

genera l ly  ascr ibed t o  synchrotron r ad ia t ion  from high- energy e lec t rons .  

Although w e  are accumulating q u i t e  de t a i l ed  information about cosmic 

r a y s ,  it is my view t h a t  w e  have much more d e t a i l e d  information about 

high-energy e l ec t rons ,  through r ad io  observations.  We know, i n  many 

cases, which ob jec t s  of g a l a c t i c  dimensions are responsible  f o r  t h e  ac- 

ce l e ra t ion .  

emission and so obta in  information about t h e  magnetic f i e l d  s t r u c t u r e ,  

W e  can obta in  t he  r ad io  spectrum and so i n f e r  t h e  p a r t i c l e  spectrum. 

W e  may m a k e  estimates of t h e  physical  dimensions of t h e  regions occupied 

by high- energy e lec t rons .  

These are our observations of cosmic 

2 

I n  some cases, w e  can observe t h e  polar iza t ion3  of t h e  r ad io  

4 

5 

For these reasons,  i t  seems t o  m e  t h a t  anyone who wishes t o  under- 

s tand acce le ra t ion  of p a r t i c l e s  i n  na ture  should begin by t ry ing  t o  

understand e l ec t ron  acce le ra t ion ,  I n  any case, i t  seems sens ib l e  t h a t  I 

should concern myself with e l ec t ron  acce lera t ion  s ince  the next two 

speakers w i l l  both be concerned w i t h  t he  o r ig in  of cosmic rays.  

The ffcanonical form" f o r  t h e  r a d i o  emission from a r ad io  galaxy is  

that  of two r ad io  clouds symmetrically placed with respec t  t o  t h e  galaxy 

(Fig.  1). These r a d i o  clouds have a l l  t h e  appearance of being t'smoke" 

from some kind of explosion. The quest ion wi th  which w e  are concerned 

may be in t e rp re t ed  as t h a t  of determining what kind of f i r e  gives  r ise 

t o  t h i s  kind of smoke. I n  order  t o  test an answer t o  t h i s  quest ion,  i t  

w i l l  be necessary t o  set up a model of what goes on i n  order t o  be ab le  

t o  make appropr ia te  ca l cu la t ions ,  The model w i l l  doubt less  be so complex 

a s  t o  involve a chain of ca l cu la t ions ,  and w e  should bear i n  mind t h a t  

t h e  s t r eng th  of the e n t i r e  chain is t h e  s t r eng th  of t he  weakest member. 

I t  is i n s t r u c t i v e  t o  look f o r  an analogy f o r  t h e  g a l a c t i c  accelera-  

t i o n  process.  W e  might think f i rs t  of man-made acce le ra to r s ,  but 

t h i s  is  a bad analogy. Accelerators  must be hooked up t o  a power l i n e  

s i n c e  they r equ i r e  a high-grade energy input .  I t  does not seem reasonable 

1 



FIG, 1 ,  TYPICAL STRUCTURE OF RADIO 
GALAXY. 
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t o  assume t h a t ,  when a r a d i o  galaxy "explodes," i t  rece ives  a sudden 

bu r s t  of high-grade energy from i n t e r g a l a c t i c  space. I t  is  more rea- 

sonable t o  regard t h e  galaxy (a t  l e a s t ,  f o r  t h e  explosion process)  a s  

a closed system. I t  appears t h a t  t h e  energy conversion which takes 

place i n  t h i s  closed system is  spasmodic. I n  t h i s  regard,  the explosion 

I t  is my view t h a t  a solar f l a r e  i s  an excel- i s  l i k e  a solar f l a r e .  

l e n t  analogy t o  galactic explosions,  8'9 and t h i s  is  a po in t  t o  which w e  

s h a l l  r e t u r n  la ter  on. 

697 

I t  i s  d e s i r a b l e  t o  f i n d  an even simpler analogy f o r  which we have 

more c e r t a i n  understanding. W e  might, t he re fo re ,  look f o r  a labora tory  

example of a closed system which g ives  rise t o  spasmodic p a r t i c l e  accel-  

e r a t ion .  Such phenomena a r e  observed i n  plasma l abora to r i e s .  An excel-  

l e n t  example was r ecen t ly  reported by Baidorodov, Gott ,  I o f f e ,  and 

Yushmanov.10 

shown i n  Fig.  2; it  i s  a magnetic b o t t l e  containing trapped plasma. By 

an ingenious f i e l d  configurat ion which is  not ind ica ted ,  t h e  system i s  

made t o  be s t a b l e  aga ins t  c e r t a i n  macroscopic i n s t a b i l i t i e s  so t h a t  

A highly s impl i f i ed  cha rac t e r i za t ion  of t h e i r  device i s  

t h e r e  i s  only a slow l o s s  of p a r t i c l e s .  

Figure 3 i s  a reproduction of some of t h e  da ta .  Af te r  some i n i t i a l  

adjustments which do not  concern u s ,  t h e  device t y p i c a l l y  settles i n t o  a 

quasi-s teady s ta te  i n  which t h e  plasma decays w i t h  a t i m e  s c a l e  of about 

one mil l isecond,  as shown i n  t h e  top curve. The dens i ty  i s  measured by 

t h e  charge- exchange f l u x .  

I t  w a s  observed t h a t  sometimes t h e  dens i ty  drops very sharp ly ,  When 

t h i s  occurs,  there i s  a rap id  loss of ions t o  t h e  wa l l s ,  t h e  plasma t r a v e l -  

ing  pr imar i ly  along t h e  f i e l d  l i n e s .  

The t h i r d  curve of Fig.  3 shows t h e  response of a de t ec to r  of high-energy 

p a r t i c l e s .  

i n  excess of 30 keV ( f a r  higher than t h e  thermal energy of t h e  i n i t i a l  

plasma),  t h e  f l u x  beginning a t  the t i m e  of t h e  sudden l o s s  of plasma from 

t h e  magnetic b o t t l e .  A loop antenna r e g i s t e r s  a bu r s t  of electromagnetic 

r a d i a t i o n ,  as ind ica ted  i n  t h e  f o u r t h  curve of Fig.  3 ,  t h e  dura t ion  of 

which (15 t o  20 psec)  and the  timing of which agree w e l l  with those of 

the  drop i n  dens i ty .  

T h i s  i s  shown i n  t h e  second curve. 

I t  is found tha t  t h e r e  i s  a sudden f l u x  of p a r t i c l e s  of energy 
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F I G .  2.  SCHEMATIC DIAGRAM OF 
PLASMA DEVICE WHICH EXHIBITS 
SPONTANEOUS ACCELERATION. 

FLUX 
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TlME(rnrec) 

F I G .  3 .  EXPERIMENTAL RESULTS 
Ol3TAINED WITH PLASMA EXPER- 
IMENT. 
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I th ink  t h a t  t h i s  simple example i s  very i n s t r u c t i v e ,  and I w i l l  go 

s o  f a r  as t o  say t h a t  i t  o f f e r s  a prototype of what w e  must look f o r  when 

w e  are t r y i n g  t o  understand acce lera t ion  of p a r t i c l e s  i n  na ture ,  F i r s t ,  

w e  must look f o r  some kind of s to red  (and a v a i l a b l e )  energy. 

experiment, the  s to red  energy i s  due t o  a "double-humped" energy d i s t r i -  

bution. Second, w e  must look f o r  an i n s t a b i l i t y  which provides a mech- 

anism f o r  t h e  release of t h e  s tored  energy. Third,  t h i s  i n s t a b i l i t y  must 

g ive  rise t o  electromagnetic f l u c t u a t i o n s  of nonthermal amplitude ( r a t h e r  

than t o ,  say ,  low-velocity bulk motion) Fourth,  these electromagnetic 

f l u c t u a t i o n s  must accelerate a small f r a c t i o n  of t h e  p a r t i c l e s  t o  high 

energies .  

I n  t h i s  

Rather than u s e  t h i s  experiment as a prototype,  one might p re fe r  t o  

r eve r se  t h e  chain of argument. One would then say  t h a t  t h e  acce lera t ion  

of p a r t i c l e s  r equ i r e s  a nonthermal spectrum of electromagnetic f i e l d s .  

T h i s  must be produced by some kind of i n s t a b i l i t y .  I n  order  t o  have an 

i n s t a b i l i t y ,  one must have some kind of s tored  energy. The type of i n -  

s t a b i l i t y  b e s t  s u i t e d  f o r  the  generat ion of electromagnetic noise  i s  a 

plasma i n s t a b i l i t y .  

Let  us  now consider t h e  acce le ra t ion  of p a r t i c l e s  by a nonthermal 

electromagnetic f i e l d .  I n  one form or another ,  t h i s  type of acce lera t ion  

process has been favored f o r  many years, s i n c e  i t  w a s  f i r s t  c l e a r l y  pro- 

posed by Fermi. 11'12 The bas i c  idea  is represented by the following 
13 equation 

where w is  t h e  p a r t i c l e  energy and f ( w , t )  i s  t h e  energy d i s t r i b u t i o n  

funct ion.  I n  t h e  llweak-fluctuationll approximation, t h e  cumulative e f f e c t s  

of t h e  random f i e l d s  may be represented by the  above Fokker-Planck equa- 

t i on .  <Awl&> i s  t h e  mean rate of ga in  of energy, and <Aw2/At> is  

an energy d i f fus ion  term which i s  required i n  t h e  general  form, but  which 

d id  not appear i n  Fermi's o r i g i n a l  presenta t ion .  

propor t iona l  t o  energy, 

I f  t h e  energy ga in  i s  

5 



($2) = a w  

and i f  t h e r e  i s  a l o s s  t e r m  which is  independent of energy, t h e  equation 

takes  t h e  fol lowing form 

a f  a 
at= - =& ( a w f )  - v f  . 

The s t eady- s t a t e  s o l u t i o n  of t h i s  equation has a power-law form: 

'(1 + ./a) f = c w  

Many v a r i a n t s  of the type of c a l c u l a t i o n  f i r s t  proposed by Fermi a r e  

A s  a r e s u l t  of labora tory  experiments of the now i n  the  l i t e r a t u r e .  14,15 

type  described earlier,  a very powerful technique has r ecen t ly  been de- 

veloped, based on the desc r ip t ion  of the electromagnetic f i e l d  as a s t a -  

t ionary  random d i s t r i b u t i o n .  That i s ,  t h e  electromagnetic f i e l d  is re- 

garded as " turbulent  .'I 
18 

The bas i c  idea  and method may be i l l u s t r a t e d  by a very simple example, 

t h a t  of t h e  n o n r e l a t i v i s t i c  motion of charged p a r t i c l e s  i n  one-dimension 

i n  a purely e l e c t r i c  f i e l d .  

func t ion  f (v ,  t )  , which s a t i s f i e s  t h e  Fokker-Planck equation 

19 
We now introduce t h e  ve loc i ty  d i s t r i b u t i o n  

The equation of motion i s  

2 d z dv 

d t  
- - - _ -  -' E z ( z , t )  . 2 - d t  m 

Assuming t h a t  t h e  mean electric f i e l d  i s  zero  

< E Z > ' O  9 

The f i e l d  i s  descr ibed t o  lowest order  by the  c o r r e l a t i o n  funct ion 

6 



With an appropr ia te  mult iplying factor , t h e  Four ie r  transform W (k , w) of 

the c o r r e l a t i o n  func t ion  

gives  us  the energy spectrum of t h e  f i e l d ,  analyzed i n  both wave number 

and frequency , 

I t  is  a s t ra ight forward  matter t o  compute o r b i t s  i n  t h i s  random f i e l d  

and so eva lua te  t h e  c o e f f i c i e n t s  of t h e  Fokker-Planck equation. I f  we do 

t h i s ,  w e  f i n d  t h a t  Eq. (1) reduces t o  t h e  form of a d i f fus ion  equation 

where 

D ( V )  = 8fi2 </dk 
m 

W(k,vk) . 

T h i s  represents  an i n t e g r a t i o n  of the energy spectrum over a l l  waves with 

phase v e l o c i t i e s  equal t o  t h e  p a r t i c l e  ve loc i ty .  

I f  t he  spectrum should be f l a t  over the  range of wave numbers and 

frequencies  of i n t e r e s t ,  so  tha t  D is independent of v over some 

range of v e l o c i t i e s  , then t h e  asymptotic so lu t ion  of Eq. (11) is a 
19 

Maxwellian d i s t r i b u t i o n ,  t h e  temperature increas ing  l i n e a r l y  w i t h  t i m e .  

This shows t h a t  t h i s  s t o c h a s t i c  process does indeed lead t o  acce lera t ion .  

However, i f  t h e  energy spectrum is power-law i n  form, t h e  d i f fus ion  co- 

e f f i c i e n t  a l s o  i s  power-law i n  form, and w e  f i n d  t h a t  t h e  s t a t iona ry  solu-  

t i o n  of t h e  d i f f u s i o n  Eq. (11) leads  t o  a ve loc i ty  spectrum which is a 

power-law. This f a c t ,  which appears t o  be t r u e  f o r  any s t o c h a s t i c  

7 



acce le ra t ion  mechanism, i n d i c a t e s  t h a t  w e  are on t h e  r i g h t  t rack.  The 

p a r t i c l e  spectrum w i l l  tend t o  a power-law form i f  t h e  turbulence spectrum 

tends t o  a power-law form. W e  know from the un ive r sa l  theory of turbu- 

lence2' t h a t  a power-law is a n a t u r a l  asymptotic form f o r  t h e  spectrum, 

and t h e r e  is reason t o  be l i eve  tha t  the same w i l l  hold t r u e  of magneto- 

hydrodynamic turbulence a l so .  These p o s s i b i l i t i e s  are cu r ren t ly  being 

explored a t  Stanford Universi ty .  

I t  must be emphasized t h a t  t h e r e  are many v a r i a n t s  of the process 

sketched so b r i e f l y  i n  the preceding paragraphs. 

f l u c t u a t i o n s  may be composed of plasma o s c i l l a t i o n s ,  Alfv6n waves, acous t ic  

waves, or some of t h e  more complicated wave types which arise i n  plasma 

physics.21 The acce le ra t ion  may be due t o  a component of e l e c t r i c  f i e l d  

p a r a l l e l  t o  t h e  magnetic f i e l d ,  t o  a low frequency component produced by 

induct ion ,  or t o  a t r ansve r se  electric f i e l d  w i t h  f requencies  comparable 

with t h e  gyrofrequency of high-energy p a r t i c l e s ,  such as may be produced 

by a spectrum of Alfvbn waves. 

The electromagnetic 

22 

I n  t h i s  contex t ,  it i s  important t o  note  t h a t  where t h e r e  i s  a c c e l e r a  

t i o n  t h e r e  i s  a l s o  damping. The energy given t o  t h e  p a r t i c l e s  i s  taken 

from t h e  waves. The type of wave damping caused by s t o c h a s t i c  acce le ra t ion  

appears t o  be ident ica l"  w i t h  what has been c a l l e d  "Landau" dampinga3 i n  

plasma physics.  I t  follows t h a t  an e f f e c t i v e  acce le ra t ion  mechanism must 

involve a s e l e c t i o n  process.  The f i e l d  must not accelerate a l l  p a r t i c l e s  

ind iscr imina te ly .  I t  is  necessary t o  make t h e  rich r i c h e r  and keep t h e  

poor poor. I n  d iscuss ing  t h e  acce le ra t ion  of e l ec t rons ,  one such selec- 

t i o n  process i s  provided by Coulomb c o l l i s i o n s ,  which implies  that  only 

e l ec t rons  of a certain c r i t i ca l  energy "run away" and acqui re  a r b i t r a r i l y  

high energy. Elec t rons  below t h i s  c r i t i c a l  energy belong t o  the  "thermal" 

p a r t  of t h e  d i s t r i b u t i o n .  This process was analyzed some time ago by 

Dreicer. 24 

I f  acce le ra t ion  is indeed due t o  a low-frequency e l e c t r i c  f i e l d  

p a r a l l e l  t o  t h e  magnetic f i e l d ,  t h e  s e l e c t i o n  mechanism being t h a t  of t he  

runaway process ,  p r a c t i c a l l y  no energy would be put  i n t o  ion  acce lera t ion  

s i n c e  t h e  c r i t i ca l  energy f o r  ions  i s  very much higher than t h a t  f o r  

e lec t rons .  Hence, i f  one be l ieves  t h a t  t h e  acce le ra t ion  of ions (as 

8 



evidenced by cosmic r ays )  is somehow connected with t h e  acce le ra t ion  of 

e l ec t rons ,  it is  e s s e n t i a l  t o  f i n d  some o ther  acce lera t ion  and s e l e c t i o n  

mechanisms. The la t te r  may poss ib ly  be a gyroradius e f f e c t ,  t h e  wave 

spectrum being such t h a t  p a r t i c l e s  of s m a l l  gyroradius are not  acce lera ted ,  

but  those  of l a r g e  gyroradius  are accelerated.  Such a process would appear 

a t  f i r s t  s i g h t  t o  put  most of t h e  ava i l ab le  energy i n t o  ions  r a t h e r  than 

e l ec t rons ,  bu t  whether or not t h i s  i s  t h e  case depends on t h e  d e t a i l e d  

electromagnetic f i e l d  spectrum. 

L e t  us make a very simple ca l cu la t ion  t o  see how e f f e c t i v e  such a 

process is  l i k e l y  t o  be i n  a context  of i n t e r e s t  t o  us. Greenstein and 

Schmidta5 estimate the magnetic f i e l d  i n  t h e  j e t  of 3C 273 t o  be  about 

4 X 10 

est imate . )  

amplitude of one percent  of t h e  average value,  t h a t  i s  4 X 10 gauss. 

Suppose, furthermore,  t h a t  t h e  dens i ty  of thermal p a r t i c l e s  i s  about 

lod4  cm ; then the  Alfv6n speed i s  about 10 

t h e  random e l e c t r i c  f i e l d  i s  of amplitude 10 esu or 3 X 10 V c m  . 
I f  w e  take t h e  m e a n  f r e e  path f o r  the random process t o  be  equal t o  t h e  

gyroradius  of a 1 O l 2  eV e l ec t ron ,  i .e.  l O I 4  c m  corresponding t o  a "col- 

l i s i o n  t i m e "  of 3 X 10 sec, w e  f i n d  t h a t  t h e r e  are about 10 s t eps  i n  

t h e  random-walk process (adopting a l i f e t i m e  of 10 years  f o r  t h e  j e t )  

and t h a t  t h e  energy gained or l o s t  pe r  s t e p  i s  about 3 X 10' eV.  

average inc rease  of energy of p a r t i c l e s  subjected t o  t h i s  process is 

the re fo re  about 1013 e V ,  which i s  somewhat g r e a t e r  than the  value of 

2 X 1 O l 2  eV needed t o  expla in  synchrotron r a d i a t i o n  i n  t h e  v i s i b l e  p a r t  

of t h e  spectrum. W e  see then t h a t  although the  acce le ra t ion  process i s  

random i n  character, it may be  q u i t e  e f f i c i e n t  f o r  our purposes. 

-5 
gauss.  (Our conclusion does not  depend very c r i t i c a l l y  on t h i s  

Suppose t h a t  t h e  f l u c t u a t i o n s  i n  the magnetic f i e l d  have an 
-7 

3 9 -1 c m  sec . This means t h a t  
-8 -6 -1 

3 9 

5 

The 

I n  order  t o  pursue our chain of argument, i t  may be necessary t o  

determine the tu rbu len t  spectrum. T h i s  means tha t  we must determine t h e  

o r i g i n  of t he  f l u c t u a t i o n s ,  which is another way of saying t h a t  w e  must 

know the  na tu re  of t h e  i n s t a b i l i t y .  A t  t h i s  po in t ,  i t  seems appropr ia te  

f o r  us t o  t a k e  a s m a l l  detour  from t h e  main l i n e  of our argument t o  ask 

whether t h e r e  i s  any evidence t h a t  any plasma i n s t a b i l i t y  ever occurs on 

a g a l a c t i c  scale. I be l i eve  t h a t  evidence f o r  such an occurrence is 

9 



26,27 given by d a t a  r ecen t ly  published by Pauliny-Toth and Kellermann 

cerning a centimeter-wave r a d i o  outburst  of 3C 273. The re levant  d a t a  

are reproduced i n  Fig.  4. A s  you see, t h e r e  i s  a sudden increase  i n  

br ightness  a t  2 c m  by a f a c t o r  of two i n  only a few months. 

con- 

Since synchrotron r a d i a t i o n  theory has been so successfu l  f o r  so 

long, one immediately tries t o  i n t e r p r e t  t hese  r e su l t s  i n  terms of t h i s  

process.  However, t h i s  l eads  t o  some d i f f i c u l t i e s .  The l i n e a r  scale 

of t h e  region respons ib le  f o r  t h e  outburs t  must be less than a few l i g h t  

months i n  dimension, so  t h a t  i t  is  reasonable  t o  r equ i r e  t h a t  t h e  rad ius  

of t h e  volume (assumed s p h e r i c a l )  is not  more than 3 X 10 

m a x i m u m  i n t e n s i t y  of t h e  r a d i o  emission during the outburs t  reaches 70 

f l u x  u n i t s .  I f  3C 273 i s  a t  i t s  ffcosmological'f d i s t ance  of 470 Mpc, a 

simple c a l c u l a t i o n  shows t h a t  t h e  br ightness  temperature of t h e  source 

exceeds 3 X 

cess, t h e  p a r t i c l e s  producing t h e  r a d i a t i o n  must t he re fo re  have an energy 

i n  excess of 3 X 10 eV. Assuming now that  t h e  r a d i a t i o n  is  due t o  

e l ec t ron  synchrotron r a d i a t i o n ,  and not ing t h a t  t h e  r ad ia t ion  is peaked 

a t  2 c m  wavelength, w e  see28 that the magnetic f i e l d  has a s t r eng th  which 

must not exceed 3 X 10 gauss. I n  order  t o  explain t h e  t o t a l  i n t e n s i t y ,  

t h e r e  must be an average dens i ty  of 4 X 10 c m  of p a r t i c l e s  of energy 

3 x 10 eV. However, t h i s  implies  t h a t  t h e  gas pressure  exceeds t h e  

magnetic pressure  by a f a c t o r  of about 10 . W e  also f i n d  tha t  t h e  rad ia-  

t i o n  l ifetime of t h e  system is 300 y ,  whereas the b u r s t  l a s t s  only a few 

months. Worst of a l l ,  w e  f i n d  t h a t  t h e  rf magnetic f i e l d  s t r eng th  of t h e  

r a d i o  waves amounts t o  3 gauss ,  10 t i m e s  t h e  assumed dc magnetic f i e l d  

s t rength .  This implies  t h a t  t h e  inverse-Compton process2' i s  lo8 t i m e s  

more e f f e c t i v e  than t h e  synchrotron process ,  so  tha t  i t  i s  completely 

incons i s t en t  t o  i n t e r p r e t  t h e  r a d i a t i o n  as due t o  t h e  synchrotron mech- 

anism. One might t r y  t o  salvage t h e  synchrotron-radiat ion mechanism by 

consider ing t h e  p o s s i b i l i t y  t h a t  the r a d i a t i o n  is  due t o  protons,  but 

t h i s  hypothesis a l s o  runs i n t o  d i f f i c u l t i e s .  

must be  i n  a magnetic f i e l d  of s t r eng th  10 gauss i n  order  t o  r a d i a t e  a t  

2 cm. The r a d i a t i o n  l i f e t i m e  would be  about r i g h t ,  4 months, but t h e  

t o t a l  energy i n  the magnetic f i e l d  would be equivalent  t o  the rest mass 

17 cm. The 

O K .  I f  t h i s  r a d i a t i o n  is  due t o  a s i n g l e - p a r t i c l e  pro- 
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Protons of energy 3 X lo9 eV 
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7 
energy of about 4 X 10 M. This  energy problem could be a l l e v i a t e d  by 

consider ing t h a t  t h e  emission then comes from a volume much smaller than 

t h a t  ind ica ted  by t h e  dura t ion  of t h e  ou tbur s t ,  but  i n  any case one f a c e s  

t h e  problem t h a t  t h e  e l ec t ron  gas w i l l  have a very high absorpt ion CQ- 

e f f i c i e n t  s o  t h a t ,  although t h e  energy may o r i g i n a t e  from protons,  t h e  

ra te  a t  which energy can escape w i l l  be  determined by t h e  e lec t rons .  

These cons idera t ions  s t rongly  suggest t h a t  t h e  r a d i a t i o n  leading t o  

such an outburs t  is  not  due t o  a s i n g l e - p a r t i c l e  mechanism. The f a c t  t h a t  

t h e  r a d i a t i o n  of the outburs t  has a f a i r l y  narrow spectrum a l s o  argues 

s t rong ly  aga ins t  a synchrotron-type i n t e r p r e t a t i o n .  

I f  t h e  r a d i a t i o n  i s  not  due t o  a s i n g l e - p a r t i c l e  mechanism, i t  must 

I n  t h i s  case, t h e  high br ight -  
30 

be due t o  a bunched-part ic le  mechanism. 

ness  temperatures do not  imply that  the  ind iv idua l  p a r t i c l e s  have cor-  

respondingly high energy. Type I and Type 111 r a d i o  bu r s t s  from the  sun 

and J u p i t e r ' s  r a d i o  bursts32 a l l  have br ightness  temperatures comparable 

with t h e  value quoted for 3C 273, However, i f  p a r t i c l e s  are bunched, 

t h e r e  is a reason f o r  it. There must be a plasma i n s t a b i l i t y  which has 

caused t h e  p a r t i c l e s  t o  bunch. We see then t h a t  observat ion of r ad io  

outburs t s  of t h e  type  j u s t  described provide f a i r l y  d i r e c t  evidence t h a t  

plasma i n s t a b i l i t i e s  do occur i n  ob jec t s  of galactic dimensions. 

31 

Now t ha t  w e  have a genera l  i dea  of the sequence of s t e p s  which can 

lead  t o  p a r t i c l e  acce le ra t ion ,  you may ask whether one can propose a 

s p e c i f i c  model which meets these  requirements. I n  the second p a r t  of t h i s  

l e c t u r e ,  I w i s h  t o  propose such a model, 

Since our a i m  is  t o  i d e n t i f y  c e r t a i n  plasma mechanisms, i t  is  most 

important t h a t  w e  t r y  t o  form an idea  of t h e  s t r e n g t h  and conf igura t ion  

of t h e  magnetic f i e l d .  

ing  t h e  t y p i c a l  r a d i o  cloud s t r u c t u r e  shown i n  Fig.  1. 

two r a d i o  clouds which are symmetrically placed wi th  respec t  t o  the  

c e n t r a l  ob jec t .  

W e  may obta in  some i n s i g h t  i n t o  t h i s  by remember- 

There are typ ica l ly  

I f ,  as i s  widely be l ieved ,  t h e  r a d i a t i o n  is  produced by t h e  synchro- 

t r o n  mechanism, each cloud must conta in  high-energy e l ec t rons  and magnetic 

f i e l d .  I f  t h e  high-energy e l ec t rons  were produced during the  explosion 

which occurred i n  t h e  v i c i n i t y  of t h e  c e n t r a l  ob jec t ,  t h e  magnetic f i e l d  



a l s o  must have come from t h e  same neighborhood. 

t h a t ,  t o  very c l o s e  approximation, t h e  magnetic f i e l d  must move with t h e  

plasma. 

t h a t ,  i f  a r ad io  cloud has dimensions of about 10 kpc, t h e  t i m e  scale f o r  

r e l a t i v e  d i f fus ion  of plasma and magnetic f ie ld  i s  i n  excess of 10 

W e  see t h a t  t h e  magnetic f i e l d  p a t t e r n  must be now (at  the t i m e  of obser- 

va t ion )  or a t  some t i m e  i n  t h e  pas t  (p r io r  t o  t h e  explosion) as  shown i n  

Fig.  5. Hence, the magnetic f l u x  which now goes through a rad io  cloud 

must a t  one t i m e  have passed through (or c l o s e  t o )  t h e  c e n t r a l  object .  

T h i s  implies  t h a t  t h e  magnetic f l u x  threading t h e  c e n t r a l  object  must be 

a t  least  as g r e a t  as t h e  magnetic f l u x  i n  e i t h e r  rad io  cloud. I f  we 

r e f e r  t o  t h e  v i r i a l  theorem,34 w e  f i nd  t h a t  a lower l i m i t  t o  t h e  magnetic 

f l u x  l eads  t o  a lower l i m i t  t o  the mass of the c e n t r a l  object .  This 

inequal i ty  is 

The reason f o r  t h i s  i s  

For ins tance ,  re fe rence  t o  t h e  Equation (2.38) of S p i t ~ e r ~ ~  shows 

30 
y. 

2 
where M i s  i n  grams and CD is  i n  gauss c m  . I f  w e  have a measurement 

of t h e  s i z e  of t h e  c e n t r a l  ob jec t ,  or perhaps an upper l i m i t  t o  the s i z e ,  

w e  may estimate t h e  s t r eng th  of the magnetic f i e l d  threading t h e  c e n t r a l  

object .  

We may consider as an example t h e  r ad io  galaxy Virgo A. 35 The 
42 magnetic f l u x  through each r ad io  cloud has been estimated t o  be 2 X 10 

gauss c m  . There i s  admittedly some uncer ta in ty  i n  t h i s  estimate, s ince  

it i s  based on t h e  supposi t ion t h a t  t h e  magnetic energy and t h e  p a r t i c l e  

energy i n  t he  r ad io  clouds a r e  equal. This estimate of t h e  magnetic f l u x  

implies  t h a t  t he  c e n t r a l  mass must exceed 10 

i d e n t i f i e d  with t h e  whole galaxy, w e  f i n d  t h a t  t h e  magnetic f i e l d  s t r eng th  

must be of order 10 gauss and t h a t  the  t o t a l  magnetic energy is  approx- 

i m a t e l y  1061 e rgs ,  

then be a very massive nuc leus) ,  the  magnetic f i e l d  s t r eng th  is increased 

t o  5 X gauss and t h e  magnetic energy t o  5 X 10 ergs ,  

2 

12 
M. I f  t h i s  mass i s  

-3 

I f  t h e  f l u x  threads through the nucleus ( t h i s  would 

61 

I f  one app l i e s  similar considerat ions t o  q u a s i - s t e l l a r  ob jec t s ,  one 

is  led  t o  very much higher magnetic f i e l d  s t r eng ths ,  s i n c e  t h e  magnetic 
9 

12 
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f l u x  through t h e  r ad io  cloud is  comparable w i t h  tha t  of a r ad io  galaxy, 

whereas the  s i z e  of the  c e n t r a l  ob jec t  is very much smaller than t h a t  

of the radio galaxy. An ana lys i s  of 3C 273 along these l ines ,34  which 

assumes tha t  t h e  objec t  is at  cosmological d i s tances  and obtains  infor- 

mation about the dimensions 6f the  c e n t r a l  object from the  apparent 

pe r iod ic i ty  of t he  l i g h t  curve,36 leads t o  estimates of t h e  c e n t r a l  

magnetic f i e l d  strength i n  excess of 10 gauss. 

of the magnetic f i e l d  is very high, i t  should be emphasized t h a t  the  
38 t o t a l  f l u x  i s  i n  f a c t  less than tha t  of Virgo A ,  being only 2 x 10 

gauss cm2 through the o p t i c a l  object. 

with t h i s  model would be 3 X 10 

f i e l d  of t h i s  magnitude w i l l  have an important e f f e c t  on t h e  s t r u c t u r e  

and s t a b i l i t y  of such an ob jec t ,  but  these are quest ions which w e  cannot 

pursue a t  t h i s  t i m e .  A b r i e f  discussion i s  given i n  Ref. 34 and an in-  

dependent and more detailed treatment has been presented by Ozernoy. 

6 
Although the s t r eng th  

The  magnetic energy associated 
59 ergs .  It i s  c l e a r  tha t  a magnetic 

37 

Once w e  f a c e  up t o  t h e  exis tence of a magnetic f i e l d  i n  the c e n t r a l  

object, the  i n e v i t a b l e  ques t ion  is ,  "What i s  i ts  or igin"? I n  consider- 

i ng  s te l lar  magnetic f i e l d s ,  one appears t o  have the choice of i n t e r p r e t -  

ing  the  f i e l d  as a f f f o s s i l , f f  or i n t e r p r e t i n g  t h e  f i e l d  as produced by 

either dynamo or b a t t e r y  action.38 

l a r g e r  than the  s te l lar  scale, the t i m e  scale f o r  e i ther  dynamo or 

battery ac t ion  is  very much g rea t e r  than it would be i n  a star. I f  t h i s  

is  so ,  t he  magnetic f i e l d  which threads a quasar or r ad io  galaxy must be 

primeval i n  o r ig in .  We may m a k e  a simple estimate of t h e  required 

s t r eng th  of the  primeval magnetic f i e l d  by expanding a r ad io  galaxy such 

as Virgo A u n t i l  i t s  mean dens i ty  r e tu rns  t o  i t s  o r i g i n a l  value,  t h a t  of 

i n t e r g a l a c t i c  gas.. If t h i s  is  assumed t o  be 10 g c m  , w e  f i n d  t h a t  

w e  r equ i r e  an i n t e r g a l a c t i c  magnetic f i e l d  of about 5 X 10 gauss. 

Since the  g a l a c t i c  s c a l e  i s  so much 

- 29 -3 

-a 

L e t  us  now consider i n  a l i t t l e  more detail  what would happen to  a 

primeval magnetic f i e l d  when an objec t  condenses from i n t e r g a l a c t i c  gas. 

A s  long as t h e r e  is  any s i g n i f i c a n t  degree of i on iza t ion ,  the magnetic 

f i e l d  is "frozenfq i n t o  the  plasma and condenses w i t h  it, so tha t  the 

connection of the magnetic f i e l d  t o  i n t e r g a l a c t i c  space and t o  the  con- 

densing mass i s  preserved. Hence, when a massive objec t  has condensed, 

14 



t h e  magnetic f i e l d  configurat ion w i l l  be something l i k e  t h a t  shown i n  

Figure 6 .  

This p a r t i c u l a r  f i e l d  configurat ion is  based on t h e  supposi t ion t h a t  

t h e r e  is  s t r ic t  c y l i n d r i c a l  symmetry about t h e  magnetic f i e l d  d i r e c t i o n ,  

and t h a t  t h e  system possesses no angular momentum. This assumption may 

not  be as bad as it  seems a t  f i r s t  s i g h t ,  s i n c e  t h i s  model has a b u i l t - i n  

way of g e t t i n g  r i d  of angular momentum. As long as t h e  speed with which 

gas streams i n t o  t h e  c e n t r a l  ob jec t  is less than t h e  l o c a l  Alfvba speed, 

t h e  magnetic f i e l d  can "propagate" angular momentum away from t h e  con- 

densing gas back t o  i n t e r g a l a c t i c  space. This fact  enables us  t o  explain 

t h e  formation of such complex objec ts  as q u a s i - s t e l l a r  ob jec t s  and t h e  

dense nuc le i  of some ga lax ies .  

Another important po in t  t o  note  i s  t h a t ,  i f  the mass dens i ty  drops 

rap id ly  ou t s ide  the  c e n t r a l  ob jec t ,  t h e r e  w i l l  i n  general  be a su r face  

of sharp f i e l d  r eve r sa l ,  what i s  known i n  plasma physics as  a "sheet 

pinch.'13g Since only a f i n i t e  amount of f l u x  can be connected with t h e  

c e n t r a l  ob jec t ,  the  shee t  pinch can extend only a f i n i t e  d i s tance .  The 

terminat ion of t h e  shee t  pinch w i l l  have t h e  form of a Y-type neu t r a l  

l i n e .  The f i e l d  l i n e s  outs ide  t h i s  neu t r a l  l i n e  have such a curvature  

t h a t  they form a t r a p  f o r  accre t ing  gas ,  This i s  l i k e l y  t o  be t h e  region 

of lowest Alfv6n ve loc i ty ,  so t h a t  t h i s  is  where t h e  "angular-momentum- 

propagation" mechanism w i l l  f a i l  f i r s t .  I t  therefore  seems l i k e l y  

tha t  t h e  main body of a galaxy w i l l  develop from t h i s  region. 

flares8 t h a t  a shee t  pinch i s  metastable;  t h i s  is  highly s i g n i f i c a n t .  

A configurat ion which i s  t o t a l l y  uns tab le  would be of no i n t e r e s t  t o  u s ,  

s i n c e  it could never e x i s t .  Furthermore, a configurat ion which i s  

t o t a l l y  s t a b l e  would be of no i n t e r e s t ,  s i n c e  it would never release any 

energy. 

of energy, and then release t h i s  energy i n  an explosive way. 

40 
I t  appears from i ts  role i n  the  geo-magnetic t a i l  and i n  s o l a r  

A configurat ion which is metastable  can s t o r e  a f i n i t e  amount 
41 

I t  i s  appropr ia te  here  t o  spend a l i t t l e  t i m e  d iscussing solar 

flares. This phenomenon has been s tudied f o r  many years ,  and astro- 

phys ic i s t s  have long r ea l i zed  t h a t  t h e  i n s t a b i l i t y  manifested as a f l a r e  

must be a plasma i n s t a b i l i t y  and t h a t  t h e  s tored  energy released by the 

15 
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i n s t a b i l i t y  must be magnetic. Di f fe ren t  models d i f f e r  i n  d e t a i l .  The 

model which I have been led  t o  adopt' is shown i n  Fig.  7 .  

reason t o  be l i eve  t h a t  t h e  magnetic f i e l d  l i n e s  above a b ipolar  photo- 

sphe r i c  magnetic f i e l d  region are p a r t l y  closed and p a r t l y  open. The 

open f i e l d  l i n e s  w i l l  c o n s t i t u t e  a b ipolar  f l u x  tube. A b ipolar  f l u x  

tube necessa r i ly  conta ins  a su r face  of f i e l d  r eve r sa l ,  t h i s  i s ,  a shee t  

pinch. The coronal gas i n  the shee t  pinch w i l l  have a higher pressure  

than normal coronal gas ,  and it is believed42 t h a t  t h i s  t h i n  layer  of 

gas of anomalously high dens i ty  and temperature i s  what w e  recognize as 

a coronal streamer. 

There is 

43 

I n  t h i s  model, a s o l a r  f l a r e  represents ,  t h e  occurrence of t h e  "tear- 
44 

ing-mode r e s i s t i v e  i n s t a b i l i t y , "  analyzed by Fur th ,  Killeen, Rosenbluth 

and o the r s ,  at t h e  shee t  pinch. The r e s u l t  of t h i s  occurrence i s  shown 

i n  Fig. 8, The i n s t a b i l i t y  permits t h e  reconnection of magnetic f i e l d  

l i n e s ,  allowing t h e  f i e l d  t o  move t o  a lower-energy configurat ion.  The 

reconnected f i e l d  l i n e s  a r e  e i t h e r  coupled a t  both ends t o  t h e  photo- 

sphere,  or coupled a t  both ends t o  in t e rp l ane ta ry  space. The former are 
snapped back toward t h e  photosphere, forming new closed f i e l d  l i n e s  and 

g iv ing  rise t o  a c t i v e  loop prominences, whereas the la t ter  move out i n t o  

in t e rp l ane ta ry  space,  car ry ing  coronal gas with them and giving rise t o  

a magnetic storm i f  t h i s  plasma cloud arrives a t  t h e  ear th .  Strong 

electric f i e l d s  develop during t h e  r e s i s t i v e  i n s t a b i l i t y  which can pro- 

duce prompt acce le ra t ion  of e lec t rons  t o  produce Type I11 rad io  burs t s .  

The turbulen t  electromagnetic f i e l d  which develops as a r e s u l t  of t h e  

i n s t a b i l i t y  can g i v e  r ise t o  acce lera t ion  of both e lec t rons  and protons 

by t h e  s t o c h a s t i c  acceleration process.  

31 

One of t h e  results of t h i s  model is  t h a t  a "magnetic bag" containing 

high-energy plasma i s  ca tapul ted  away from t h e  sun by t h e  newly recon- 

nected magnetic f i e l d  l i n e s .  When t h i s  m a s s  of plasma has been s u f f i -  

c i e n t l y  acce lera ted ,  a shock wave w i l l  form i n  t h e  surrounding corona, 

and it seems t h a t  t h i s  may be t h e  shock wave which one needs t o  explain 

Type I1 r a d i o  burs t s .  31 

L e t  us now consider  what t h e  resu l t  would be of a similar occurrence 

i n  t h e  shee t  pinch which w e  be l i eve  t o  form around a massive objec t  con- 
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FIELD CONFIGURATION ABOVE CENTER 
OF ACTIVITY WITH CORONAL STREAMER 

(SHEAR N 

FIG. 7 .  PROPOSED FIELD CONFIGURATION ASSOCIATED WITH CENTER OF ACTIVITY 
AND CORONAL STREAMER. 
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densed from i n t e r g a l a c t i c  gas. Once again,  t e a r i n g  of t h e  f i e l d  l i n e s  

w i l l  lead t o  two volumes of high-energy plasma, one being catapul ted 

toward t h e  nucleus and t h e  o the r  ca tapul ted  away from t h e  nucleus,  as 

shown i n  Fig.  9. The former process might, when it occurs on a small 

scale, explain t h e  l i g h t  f l a s h e s  from quasars.  The second process would 

have t h e  appearance of a j e t ,  i f  t h e  high-energy plasma were v i s i b l e  

through synchrotron r ad ia t ion .  I t  is ,  the re fo re ,  tempting t o  i d e n t i f y  

t h e  j e t  of t h e  quasar  3C 27325 and the  galaxy M 8745 w i t h  high-energy 

plasma clouds being e jec ted  as t h e  r e s u l t  of g a l a c t i c  f l a r e s .  I t  is 

notab le  t h a t  t h e  r a d i o  source 3C 273 forms a t  t h e  t i p  of t h e  o p t i c a l  

j e t ,  i n  analogy with a Type I1 r ad io  bu r s t  which apparent ly  forms a t  

t h e  t i p  of the  plasma cloud e jec ted  from t h e  s o l a r  f l a r e ,  

I n  order  f o r  t h e  i n s t a b i l i t y  t o  have t h e  form of a j e t ,  r a t h e r  than 

t h a t  of a r i n g ,  i t  i s  necessary e i t h e r  t h a t  t h e  f l a r e  be confined t o  a 

c e r t a i n  small range of " longi tude,f1 or t h a t  t h e  magnetic f i e l d  i n  f a c t  

be highly d i s t o r t e d ,  looking more l i k e  t h e  t a i l  of t h e  e a r t h ' s  magneto- 

sphere (Fig. 10) than t h e  model shown i n  Fig.  6. There are reasons f o r  

be l iev ing  tha t  t h e  l a t te r  conf igura t ion  could occur,  but  d i scuss ion  of 

t h i s  p o s s i b i l i t y  must be reserved f o r  another occasion. 

I f  the  i n s t a b i l i t y ,  which w e  may t e r m  a "ga lac t i c  f l a r e , "  is  occurr- 

ing  i n  a c e r t a i n  range of longi tude of t h e  model shown i n  Fig.  6 ,  i t  w i l l  

develop as shown i n  Fig. 9,  and t h i s  process w i l l  cont inue u n t i l  t h e  re- 

connected f i e l d  l i n e s ,  which are coupled t o  i n t e r g a l a c t i c  space,  r e l ax  

as f a r  as t h e  Y-type neu t r a l  l i n e .  A t  t h i s  s t age ,  t h e  f l a r e  process 

w i l l  cease because a l l  t h e  ava i l ab le  magnetic energy has been used up. 

The primary source of energy f o r  t h e  acce le ra t ion  process i s  no longer 

ava i l ab le ,  but a l a r g e  cloud of high-energy plasma is  now s i t u a t e d  a t  

a b i fu rca t ion  of t h e  magnetic f i e l d .  Unless the magnetic f i e l d  con- 

f i g u r a t i o n  i s  i n  some way pa thologica l ,  one would expect t h e  cloud t o  

d i v i d e  i n t o  two p a r t s ,  approximately equal i n  mass, and t h a t  half  would 

go i n  one d i r e c t i o n  and t h e  o ther  ha l f  i n  t h e  o ther  d i r ec t ion .  This 

l eads  n a t u r a l l y  t o  t h e  view t h a t ,  some t i m e  l a t e r ,  the  r a d i o  clouds would 

have t h e  forms shown i n  Fig.  11, which c lose ly  resemble t h e  typ ica l  

double radio-cloud s t r u c t u r e  of r ad io  ga lax ies  and some quasars.  However, 
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FIG. 9. PROPOSED FLARE ACTION IN FIELD CONFIGURATION OF FIG. 6. 
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FIG. 10. ASYMMETRICAL MAGNETIC FIELD PATTERN, SIMILAR TO THAT OF 
THE EARTH'S MAGNETOSP~RE.  



F I G ,  11. DOUBLE RADIO CLOUD AS TERMINAL STAGE OF FLARE 
ACTION OF F I G ,  9.  
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t h e  process is probably not q u i t e  as simple as t h i s .  Whether t h e  plasma 

i s  guided by t h e  magnetic f i e l d ,  or whether ins tead  t h e  magnetic f i e l d  

i s  d i s t o r t e d  by t h e  e jec ted  plasma, depends upon t h e  r e l a t i v e  magnitudes 

of the ve loc i ty  of t h e  e jec ted  plasma and the l o c a l  Alfv6n ve loc i ty .  I t  

seems more l i k e l y  t h a t  t h e  Alfven speed w i l l  decrease with increasing 

r a d i a l  d i s t ance ,  i n  which case a cloud which has been e jec ted  as a s i n g l e  

e n t i t y  w i l l  remain such, so  t h a t  t h e  f i n a l  s ta te  would be a s i n g l e  r ad io  

cloud t r ave l ing  r a d i a l l y  away from t h e  nucleus. 

The formation of a s i n g l e  r ad io  cloud is unusual, and the occurrence 

of a j e t  is  even more unusual. I t  seems, therefore ,  t h a t  t h e  most f r e -  

quent form of a g a l a c t i c  f l a r e  i s  due t o  a somewhat d i f f e r e n t  topology 

of t h e  magnetic f i e l d .  I n  order  t o  see what t h i s  form might be,  w e  can 

consider t h e  evolut ion of t h e  f i e l d  p a t t e r n  shown i n  Fig.  6 due t o  con- 

t i n u a l  accre t ion  of matter. Matter which streams along t h e  f i e l d  l i n e s  

coupled t o  t h e  central  nucleus w i l l  not  a f f e c t  t h e  ove ra l l  topology. 

However, matter which streams along the  f i e l d  l i n e s  feeding t h e  "magnetic 

t r a p , "  w i l l  change t h e  topology. A s  t h e  mass of gas i n  t h e  r ing  increases ,  

t h e  magnetic f i e l d  w i l l  be  squeezed toward the nucleus u n t i l  t h e  neu t r a l  

shee t  i s  replaced by an X-type neu t r a l  l i n e ,  as shown i n  Fig.  12. I f  the 

build-up cont inues,  a shee t  pinch w i l l  reform, but t h i s  t i m e  i n  the form 

of a c y l i n d r i c a l  sheet as shown i n  Fig. 13. I t  seems t h a t  t h i s  may be 

the  typ ica l  magnetic f i e l d  p a t t e r n  i n  rad io  ga l ax ie s ,  t h e  c e n t r a l  ob jec t  

being t h e  nucleus and t h e  surrounding mass being t h e  main body of t h e  

galaxy . 
The above considerat ions o f f e r  an explanation of t h e  d iv i s ion  of t he  

mass of t h e  galaxy i n t o  a small central nucleus and an outer  more d i s -  

persed mass. Over a certain group of f i e l d  l i n e s ,  and over a c e r t a i n  

per iod of t i m e ,  t h e  i n f l u x  ve loc i ty  is  less than t h e  Alfvbn ve loc i ty ,  

so t h a t  t h e  magnetic f i e l d  can g e t  r i d  of t h e  angular momentum of t h e  

accre t ing  gas  and permit t h e  formation of a compact mass: t h i s  is t h e  

nucleus. G a s  which c o l l e c t s  along f i e l d  l i n e s  and over t i m e  in tervals  

f o r  which t h i s  condi t ion is not  s a t i s f i e d  w i l l  r e t a i n  i ts  angular momentum, 

leading t o  t h e  formation of a dispersed mass of gas: t h i s  i s  t h e  main 

body of t h e  galaxy. 
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F I G ,  12 .  DISTORTION OF MAGNETIC FIELD PATTERN OF F I G .  6 DUE TO 
ACCRETION I N  RING TRAP. 
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F I G .  13, FURTHER DISTORTION OF MAGNETIC F I E L D  PATTERN, LEADING TO FOR- 
MATION OF CYLINDRICAL SHEET PINCH.  
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I t  i s  clear t h a t  if a f l a r e  occurs on t h e  shee t  pinch depicted i n  

Fig.  13, a double r a d i o  cloud is  inev i t ab le .  If t h e  f l a r e  occurs over 

only a s m a l l  range of "longitude,l' t h e  l i n e  jo in ing  t h e  r e s u l t i n g  clouds 

may not pass  through t h e  galaxy. If t h e  f l a r e  occurs over t h e  complete 

range of longi tude,  t h e  r e s u l t i n g  r a d i o  cloud should be  symmetrically 

arranged with respec t  t o  t h e  galaxy. Since t h e  main body of a galaxy 

is  t y p i c a l l y  much more massive than t h e  nucleus,  t h e  f l u x  connected t o  

t h e  nucleus w i l l  be  much smaller than the  f l u x  connected t o  the  main body. 

I n  consequence, t h e  s o l i d  angle subtended by t h e  f i e l d  l i n e s  which con- 

nec t  t o  t h e  nucleus should be f a i r l y  small .  This  o f f e r s  an explanation 

of the  f a c t  t h a t  clouds remain f a i r l y  small i n  angular dimensions a s  they 

expand outward from a r ad io  galaxy. 

This i s  a b r i e f  ske tch  of a s p e c i f i c  mechanism which might convert 

g r a v i t a t i o n a l  energy i n t o  r ad io  energy. The development of t h i s  model 

has been s t rong ly  influenced by t h e  apparent similari t ies between t h e  

electromagnetic phenomena i n  quasars  and r ad io  ga lax ies  and similar 

phenomena which occur on t h e  sun. However, t h i s  s p e c i f i c  model w a s  

developed t o  meet certain general  requirements, and i n  conclusion w e  

may now review t h i s  general  scheme f o r  acce lera t ion  of p a r t i c l e s  on a 

g a l a c t i c  scale. 

The general  requirements are summarized i n  Fig.  14. Before an ex- 

plosion can occur,  there must be some form of s tored  energy, This energy 

is  most l i k e l y  derived from the g r a v i t a t i o n a l  energy of a dispersed mass 

of gas. Gravi ta t iona l  energy can be  converted i n t o  other  forms, such 

as k i n e t i c  and thermal,  but  the form m o s t  appropriate  f o r  electromagnetic 

purposes is conversion i n t o  magnetic energy. 

An i n s  t a b i  1 i ty-r epr es en t  i ng the expl os i on-mus t convert s tored  

energy i n t o  o ther  forms of energy. I f ,  as i s  here  proposed, a l a r g e  

proport ion of t h e  s to red  energy is magnetic, t h e  i n s t a b i l i t y  may be  a 

plasma i n s t a b i l i t y  so t h a t  t h e  explosion i t s e l f  is  an electromagnetic 

process.  

The i n s t a b i l i t y  may a l s o  g ive  rise t o  t h e  generat ion of streams of 

e l ec t rons  and protons of moderate energy which may then lead t o  in t ense  

nonthermal r ad ia t ion  by a coherent mechanism such a s  a two-stream 

I t  may lead t o  some d i r e c t  acce le ra t ion  t o  very high energies.  

27 



'1 
NEW HIGH-GRADE 0 I RECT 

&ENERGY (STREAMS, ETC) CCELERATION 
w w 

L 

COHERENT 
WAVE EXCI TAT ION 

I POSSIBLE1 1 
 RADIATION] 

HIGH- ENERGY 
PARTICLES 

PARTICLES 

FIG. 14. POSSIBLE GENERAL SCHEME ASSOCIATED WITH GALACTIC EXPLOSIONS 
LEADING TO RADIO EMISSION. 

28 



, . .  

' 

3 

'I < 

46 
i n s t a b i l i t y .  This  i s  a l i k e l y  explanat ion of t h e  in t ense  r a d i o  b u r s t s  

from quasars  which were d i  ssed earlier i n  t h i s  l ec tu re .  

An i n s t a b i l i t y  which converts  energy by large-scale rearrangement 

of plasma and magnetic f i e l d  w i l l  necessa r i ly  produce a very d is turbed  

plasma. Soon after t h e  i n s t a b i l i t y  has occurred , state may be  w e l l  

described as one of large-amplitude e x c i t a t i o n  of a wide spectrum of 

waves, p r imar i ly  magnetohydrodynamic i n  type. The evolut ion of t h i s  

spectrum depends pr imar i ly  on two processes:  wave-wave i n t e r a c t i o n ,  

and wave damping through wave-part ic le  i n t e rac t ion .  I f  t h e  wave-wave 

i n t e r a c t i o n  is t h e  s t ronger  e f f e c t ,  t h e  wave spectrum should sett le 

down t o  a "universal" spectrum, t h e  form of which is  determined by the  

wave-wave coupling mechanism. 

The wave-part i c le  i n t e r  act ion  mechanism l eads  t o  s t o c h a s t i c  accel er a- 

t i o n  of a c e r t a i n  group of p a r t i c l e s  and t h i s  i n  t u r n  represents  a damp- 

ing process f o r  t h e  waves. Analysis of t h e  behaviour of r e l a t i v i s t i c  

p a r t i c l e s  i n  random electromagnetic f i e l d s  i s  being developed by H a l l  

and Sturrock.22 

acce le ra t ion  mechansims and it  seems t h a t  d i scuss ion  of the 7 f se l ec t ion  

ru les"  appropr ia te  t o  each mechanism may enable one t o  i d e n t i f y  the 

mechanism playing t h e  dominant role i n  acce le ra t ion  on a g a l a c t i c  s ca l e .  

This ana lys i s  enables one t o  i d e n t i f y  several d i s t i n c t  

I f  t h e  plasma, magnetic f i e l d  and high-energy p a r t i c l e s  form a 

closed system, t h e  f i n a l  s tate must be one of thermal equi l ibr ium. 

However, t h e  r a d i a t i o n  and some of t h e  high-energy p a r t i c l e s  can escape 

and t h e  t i m e  scale f o r  complete thermalizat ion may be too g r e a t  t o  be of 

i n t e r e s t .  I t  seems more l i k e l y  t h a t  a realist ic "asymptotic state" w i l l  

comprise several forms f o r  t h e  o r i g i n a l  s tored  energy: t h e  thermal 

energy of hot  plasma, a r e s idua l  %oise" of t h e  plasma, high-energy 

p a r t i c l e s ,  and nonthermal r a d i a t i o n  i n  t h e  r ad io  range and poss ib l e  a l s o  

i n  the o p t i c a l  p a r t  of t he  spectrum. The m o s t  important mechanism f o r  

conversion of t h e  k i n e t i c  energy of high-energy p a r t i c l e s  t o  r a d i a t i o n  

is  l i k e l y  t o  be t h e  synchrotron mechanism. 

F igure  14  o f f e r s  a poss ib l e  chain of processes  leading from s tored  

energy, der ived o r i g i n a l l y  from g r a v i t a t i o n a l  energy, t o  t h e  r ad io  energy 

observed t o  be emitted from r a d i o  ga lax ies  and quasars .  There a r e  a 
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number of formidable problems t o  be solved i n  developing t h i s  model. 

Although the  l i n e a r  theory of t h e  tearing-mode i n s t a b i l i t y  has been 

developed, the nonl inear  theory has not .  Furthermore, the ex i s t ing  

theory is n o n - r e l a t i v i s t i c ,  whereas it may be necessary t o  consider 

t ha t  t h e  cu r ren t s  are associated w i t h  streams of r e l a t i v i s t i c  p a r t i c l e s .  

T h e  theory of turbulence i n  n e u t r a l  f l u i d s  has been developed," but t h e  

theory of turbulence i n  plasmas18 i s  i n  an e a r l y  s tage .  

problems must be analyzed i n  detail ,  and so a l s o  must t h e  problem of 

determining the  development of a mass of g a l a c t i c  gas which condenses 

from a region of space containing a primeval magnetic f i e l d .  

Both these 

The problem of acce lera t ion  by s t o c h a s t i c  electromagnetic f i e l d s  

has now been analyzed i n  some de ta i l ,  and the  r e s u l t s  w i l l  be published 

i n  t h e  near fu tu re .  2' 

Although extensive ca l cu la t ions  w i l l  be  e s s e n t i a l  t o  confirm the 

model now proposed i n  o u t l i n e  form, t h e  q u a l i t a t i v e  and gross  quant i -  

t a t i v e  agreements between t h i s  m o d e l  and the  high-energy phenomena of 

quasars and r a d i o  ga lax ies  seem t o  be highly encouraging. 
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