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The perturbat ions of a magnetic field in the neighborhood of a nonstat ionary source of gamma 
rays ,  and also the radio emiss ion  associa ted with these perturbat ions,  are investigated on the 
basis  of the resul ts  f rom numer ica l  integration of the sys tem of Maxwell equations descr ibing 
the space and t ime var ia t ions  of the fields. 

1. The physical  picture of the phenomena leading to the perturbat ion of a magnetic  field by a non- 
stat ionary g a m m a - r a y  source and the qualitative behavior  charac te r iz ing  these per turbat ions together  with 
the i r  dependence on initial pa ramete r s  evidently can be considered to have been explained at the present  
t ime [1, 21. The question has been less well studied from the quantitative aspect .  Thus, approximate equa- 
tions obtained from the Maxwell equations by neglecting the spatial derivat ives in them were solved in 
es t imat ing the field amplitudes in the cur ren t  zone and in the radiated signal [1]. Only " local ,  pe r tu rba -  
tions of the external  field in the cur ren t  zone are taken into account under this approximation, and the ef -  
fects of field propagation together  with a g a m m a - r a y  pulse from the internal regions are not considered.  
The approach used in [2], where the amplitude and t ime dependence of the fields produced are  est imated,  
is free of this deficiency but only on the basis of an analysis  of the solution for some simulated problem. 
Without discussing in g rea te r  detail the advantages and disadvantages of the approximate methods for the 
est imation of fields developed in the papers  mentioned, we point out that a solution of the problem of p e r -  
turbation of a magnetic field by a g a m m a - r a y  source has not been published up to this time in sufficiently 
general  formulation without some kind of substantial  simplification. 

A formulation of the problem for numerica l  integration of the equations describing the perturbat ions 
is given below, a computational  scheme is presented in br ief  form, and the resultant  quantitative resul ts  
are presented and discussed.  

2. As in [1, 2], we describe the per turbat ions  of a magnetic field under the act ion of a g a m m a - r a y  
pulse emit ted by a nonstat ionary isotropic source  in air  of normal  density by the equation sys tem 

r o t H =  -~ 0 E ~ 4 n ( ~ E + j ) ;  
c ,~t  ~ c 

rot E -- I 0H 
c 8 t  ' 

where E and I I are the e lec t r ic  and magnetic field; a is the air  conductivity developed through the effect of 
gamma radiation; ] is the component of the cur ren t  density which a r i ses  because of curvature  of Compton- 
e lec t ron t r a j ec to r i e s  in the e lec t romagnet ic  field; c is the velocity of light. We assume the a i r  density and 
the unperturbed magnetic  field H 0 are uniform within the limits of the volume most  important  for  the exc i ta -  
tion of the radiated signal. 

It is completely reasonable that it is neces sa ry  to consider  the nonstat ionary g a m m a - r a y  source to 
be elevated above the surface of the ground which plays the role of an underlying conducting surface.  

In the following, we use the dimensionless  coordinate x =~ r and the dimensionless  t ime y =pct ;  fol-  
lowing [1], we consider  the electron conductivity of a i r  to be 
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= eo)t0vN 4,~--- T r (y - -  x), (2.1) 

w h e r e  the  d i m e n s i o n l e s s  func t ion  r (y)  i s  found f r o m  the  equa t ion  

dr ~' r _2_., = /(g); r(O)=O. (2.2) 
d~ ~ uc 

In compu t ing  the c u r r e n t  dens i t y ,  we c o n s i d e r  tha t  a L o r e n t z  f o r c e  E + ~/c[vH] a c t s  on a Compton  e l e c t r o n  
which  is m o v i n g  r a d i a l l y  on the  a v e r a g e .  B e c a u s e  of the de f l e c t i on  of  a Compton  e l e c t r o n  in the  m a g n e t i c  
and e l e c t r i c  f i e l d s ,  t h e r e  a r i s e s  a t r a n s v e r s e  c u r r e n t  componen t  

et (E~ ~ HO) j~, (2.3) J~ = T 

w h e r e  

L" = eL dl_Vc ~ .t (g - -  x) (2.4) 

i s  the  r a d i a l  c o m p o n e n t  of  the  C o m p t o n - e l e c t r o n  c u r r e n t  d e n s i t y .  I n  Eqs .  (2 .1)-(2 .4) ,  1 -~ 3 m a n d - t t - l ~  250 
m a r e  the  m e a n  r a n g e s  fo r  a Compton  e l e c t r o n  and fo r  a g a m m a  r a y ;  e ,  co, y ,  ~ a r e ,  r e s p e c t i v e l y ,  the  c h a r g e ,  
m o b i l i t y ,  s e c o n d a r y - e l e c t r o n  a t t a c h m e n t  p r o b a b i l i t y ,  and the n u m b e r  of  s e c o n d a r y  e l e c t r o n s  c r e a t e d  by a 
s ing le  Compton  e l e c t r o n ;  N i s  the  t o t a l  n u m b e r  of g a m m a  r a y s  e m i t t e d  by the  s o u r c e ;  e is  the  e n e r g y  of  a 

q ) Compton  e l e c t r o n ;  f (y) is  the  s o u r c e  i n t e n s i t y  a s  a funct ion of  t i m e  f (g) dy = 1 . The t i m e  b e h a v i o r  of  

the  s o u r c e  is  a p p r o x i m a t e d  by the  r e l a t i o n  

~a 

1 ye a~ �9 I =  !" ~en"l rig; o,  A, A is  const. 
] ( Y ) -  I A_~e(P-+A)y, . .t--e(P-+~)y "" 

In the  g rowth  s t age ,  t h i s  r e l a t i o n  rough ly  d e s c r i b e s  the  s o u r c e  b e h a v i o r  a s s u m e d  in [3] (e +~t ,  w h e r e  ~ = 
10 s s e e  -1) and in the d e c a y  s t a g e ,  the  b e h a v i o r  a s s u m e d  in [4, 5] (e-f l  t ,  w h e r e  /3 =10 ~ s e c - l ) .  Thus  the  r e -  
l a t ion  c h o s e n  p r o v i d e s  an o p p o r t u n i t y  to d e s c r i b e  a l l  s t a g e s  of  the p r o c e s s  in un i f i e d  fa sh ion .  

We i n t r o d u c e  the  new func t ions  H, h, and  $ ,  

Hr(r,  O, t ) = t t o . t I ( x ,  y) cos 0; 

H,:~(r, ffr, t) = H o l~ Ix. zt) s in0:  
X 

E , ; ( r , O , t )  = H g (x .  ~t) ~ i n ~  �9 l) Z 

(a s p h e r i c a l  c o o r d i n a t e  s y s t e m  is  u s e d  wi th  the  z ax i s  in the  d i r e c t i o n  of  the  i n i t i a l  f ield)  which  s a t i s f y  the  

equa t i ons  

dh O or-; =- H = -~y ~-[K --  311-F ~-IMh; (2.5) 

i~ ~ Oh 2 ~T dH 

e--X k ealtt2vN 
K ( x , y ) = k - 7 _  r ( y - - x ) ,  ~ , 

e--X e~-lu~t~N 
M ( x , g )  = m -  7 ] ( g - - x ) ,  m ~  s 

At  the  i n i t i a l  t i m e ,  H(x, 0 ) = 1 ,  h(x, 0) = - x ,  and  N(x,  0 ) = 0 .  We s e e k  a so lu t i on  of  the  s y s t e m  (2.5) in the  
r e g i o n  a <- x <-y (a << 1). To e n s u r e  the  u n i q u e n e s s  o f  the  so lu t ion ,  we r e q u i r e  s a t i s f a c t i o n  of  the  fo l lowing  
b o u n d a r y  cond i t i ons :  $ ( a ,  y ) = 0  when x = a  and N + h - - - x  and H = I  when x = y .  The cond i t ions  fo r  x--~0 c o r -  

�9 r e s p o n d  to a p r o b l e m  in which  the s o u r c e  is  s u r r o u n d e d  by an i d e a l l y  conduc t ing  s p h e r e  of s m a l l  r a d i u s  
a .  The cond i t ions  fo r  x =y  c o m p r i s e  the  con t inu i ty  of  the  q u a n t i t i e s  E~0 + H~ and Hr  at  the  f ron t  o f  a p e r -  
t u r b a t i o n  p r o p a g a t e d  at  the s p e e d  of  l ight .  

3. F o r  a n u m e r i c a l  so lu t ion*  of the  s y s t e m  (2.5), we u s e d  a r e c t a n g u l a r  g r i d  in the  s t r i p  a <-x-< 60, 
0-< v < ~ in the  (x, T) p lane  w h e r e  1- = y - x .  The equa t ion  was  s o l v e d  by the m e t h o d  of c h a s i n g  with  r e s p e c t  

�9 The  b a s i c  i d e a s  fo r  the  s c h e m e  of  n u m e r i c a l  i n t e g r a t i o n  a r e  t hose  of A.  A.  Mi lyu t in  and E .  I .  D inaburg .  
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to the v a r i a b l e  x for  each  value of � 9  A s table  scheme was used  in the solut ion (this s i tua t ion  was inves -  
t iga ted  sepa ra t e ly )  which had s e c o n d - o r d e r  approx imat ion  with r e s p e c t  to Ax and f i r s t  o r d e r  with r e s p e c t  
to Am. 

We give the r e s u l t s  of a n u m e r i c a l  solut ion of the p rob lem.  The ac tua l  ca lcu la t ions  were  p e r f o r m e d  
for  the following values  of the d imens ion l e s s  constants :  ~=250,  A =8.3, A =2.93 �9 109, a =0.01 and for  values  
of the cons tants  k=1 .54  �9 105 and m = 80. 

The t ime  dependences  of the e l e c t r o m a g n e t i c  f ield components  E r  AH~ H r a re  shown in F igs .  1-3, 
r e s p e c t i v e l y .  The va r ious  cu rves  c o r r e s p o n d  to di f ferent  source  d i s t ances :  1) x = 0 . 4 ,  2) x = 2 ,  3) x = 6 .  
F u r t h e r  i nc rea se  in x does not lead to a change in the t ime  dependence of the f ie lds  and th is  is  evidence 
that  the wave s ignal  is  a l r e ady  fo rmed .  The values  1.54 �9 107 and m = 8 �9 103, which c o r r e s p o n d  to a 
100-fold i n c r e a s e  in source  ac t iv i ty ,  were  used  in the ca lcu la t ion  of the f ie lds  in the addit ion to the va lues  
k = I . 5 4 . 1 0 5  and m = 8 0 .  The r e s u l t s  a re  shown in F igs .  4-6 .  

4. We d i scuss  the r e s u l t s .  The bas ic  phys i ca l  fea tu res  of the behav io r  of the f ie lds  were  expla ined  
in an ana lys i s  of a solut ion for  s imu la t ed  p r o b l e m s  [2]. It is  i n t e re s t ing  to compare  the qual i ta t ive  r e su l t s  
obta ined in that  p a p e r  with the exact  r e l a t i ons  given in Sec. 3. As is c l e a r  f rom F igs .  1, 2, 4, and 5, the 
quanti ty E~(~" ) a g r e e s  with the quanti ty - A H ~ ( 7 )  at l a rge  d i s t ances  f rom the source  (ac tual ly  outs ide 
the cu r r en t  zone) ove r  the en t i r e  dura t ion  of the s ignal .  This  p r o p e r t y  is m o r e  c h a r a c t e r i s t i c  of any 
e l ec t romagne t i c  s igna l  in the wave zone but i t  occurs  in the p re sen t  case  for  f ie lds  at the  s ignal  f ront  and 
in the cu r r en t  zone, which i s  non t r iv ia l .  The r e a s o n  fo r  the e x p r e s s i o n  
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E~-~ hfte =0 (4.1) 

for the wave fields is the " t r ansve r senes s "  of the e lect romagnet ic  waves, i.e., the smal lness  of the longi- 
tudinal components of the fields in compar ison  with the t r ansve r se  components.  It can be noted that the 
proper ty  of " t r ansve r seness"  is more charac te r i s t i c  of fields at the pulse front and in the cur ren t  zone, 
which follows direct ly f rom the resul ts  of numerica l  integration. In fact, at ea r ly  t imes  (T ~0.1-0.2), the 
values of the components E~o and AH~ reach values ~0.2H 0 at x =0.4, for example, while AHr~0.03H 0 at 
the same point. At la ter  t imes (~-~-0.5-1.0), the values of the field components Er AI-I~, and H r are  com-  
parable in the cur rent  zone (x ~1) and then the relation (4.1) does not hold. Using Eq. (4.1) and the smal l -  
ness of the quantity AHr, one can simplify the sys tem (2.5) considerably and obtain a number  of ra ther  
general  relat ions for the e lec t r ic  field, for example.  One can show that the e lec t r ic  field is a maximum 
at the t ime the g a m m a - r a y  flux reaches  a maximum with its dependence on the coordinate r = p - ~ x  having 
the form 

2:  / .~ ) e ! 

o , . . .  - 7 -  dz , (4.2) u -.,~, ~ dx" 

where A - K / M ,  and n =  (kpc/2~/)fmax is a dimensionless coefficient the value of which is ~104-106 in v e r -  
sions containing the computational resul ts  given. Therefore  the exponential in the integrand differs f rom 
zero in the cur rent  zone only for x '  sufficiently close to x. We make the substitution 

and we then have from Eq. (4.2) 

X ,, 

,., - - x  e - - X  

I ~ x " ~  (~ - ~') :~ ., i z: ')- 

E~HoA. (4.3) 

This es t imate  is quite approximate but it allows one to conclude that the amplitude of the e lec t r ic  field in 
the near  zone changes little with changes in distance and source activity. 

If  one turns to the resul ts  of the numerica l  integration of the system, one can note that the e lec t r ic  
field at the pulse front, at x=0.4 ,  for example, changes from ~0.19H 0 to ~0.22H 0 for an increase in source 
activity by two o rders  of magnitude. The e lectr ic  field changes from 0o19H 0 to 0.18H 0 (see Fig. 1) for con- 
stant source activity and a variat ion of x over  the range 0.4-2.0. With fur ther  increase in x where the e lec -  
t romagnet ic  pulse leaves the current  zone, the change in the field becomes markedly  significant. Equation 
(4.2) for x << 1, when xe -x < 1, can be written in the form 

- - •  exp --~'~ ~ d x "  -L~r--dx'. 
X �9 x 

Equation (4.4) indicates that the field amplitude outside the cur rent  zone should decrease  in inverse p r o -  
port ion to the distance. Numerical  calculations confirm that the quantity ECrx remains  pract ical ly  constant 
with a change in x from 6 to 10 (see Figs.  1, 4). 

As far  as the absolute value of the field in the current  zone is concerned, it is determined by the 
quantity A - M/K* ~ 5 • 10 -2 as follows from Eq. (4,3), which is in agreement  with the resul ts  of the nu- 
mer ica l  calculation. 

We turn to the wave field. F i rs t  of all, we note the agreement  of the general  nature of the variat ion 
of the radiation fields predicted in [2] and obtained from numer ica l  calculations.  In fact, the radiated signal 
has three half -cycles ;  the peak value of the field in the f irst  half-cycle is g rea te r  than that in the second, 
and in the second it is g rea te r  than in the third. The duration of the leading pulse of the field (at 0.5 of the 
maximum value) roughly cor responds  to the charac te r i s t ic  duration of effect ~ 0 . 0 6  for sources  of any 
intensity (varying by two o rders  of magnitude in the calculations), which agrees  with previous resul ts  [2]. 
The field amplitude is approximately doubled with an increase in source activity by a factor  of 100 (see 
Figs. 1, 4), which corresponds to the logari thmic dependence of amplitude on source activity found p r e -  
viously [2]. The charac te r i s t ic  length of signal hal f -cycles  is a quantity of the o rde r  of severa l  units (in 
dimensionless units of v) which is directly associated with the charac te r i s t i c  dimension of the source (which 

* As in Russian original  - Publisher .  
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is a lso s e v e r a l  units in the p resen t  case) .  We note that  the range of the g a m m a  r ays  was doubled for  the 
n u m e r i c a l  integrat ion in one of the ve r s ions ;  the length of the second and th i rd  ha l f - cyc l e s  of the signal was 
then doubled. Thus one can a s s e r t  the sa t i s f ac to r ines s  of the physical  p ic tu re  given in [2] fo r  per turba t ions  
of the magnet ic  f ield.  The set  of r e su l t s  in that paper  [2] can evidently be cons idered  as a complete  de-  
sc r ip t ion  of per tu rba t ion  of the f ield by a g a m m a - r a y  source  in a i r  of n o r m a l  densi ty.  
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