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Abstract 
The cosmic ray propagation i n  the Galactic arm is simulated. The 

Galactic magnetic f i e l d s  a r e  known t o  go along with so ca l led  Galact ic  arms 
a s  a main s t r u c t u r e  with turbulences o f  the s ca l e  about 30pc. W e  s tudy the  
d i s t r i bu t ion  of cosmic ray i n  Galact ic  arm and discuss  the  escape time and 
the possible  an iso t rop ies  caused by the a r m  s t ruc tu re .  

1 Introduction 
In the previous paper''), we have reported a method t o  s imulate  the  . - 

propagation of the  cosmic ray i n  the turbulent  magnetic f i e l d s .  (We r e f e r  
t ha t  paper as  I here a f t e r ) .  In t h i s  paper, we make a l i t t l e  extension of  
the work in  I. The magnetic f i e l d  i n  Galaxy is now considered t o  be a l ined  
along the Galact ic  a r m .  We simulate the propagation o f  the  cosmic ray  i n  the 
Galact ic  a r m .  It is expected t h a t  the cosmic ray is trapped i n  magnetic 
f i e l d  of  a r m  j u s t  l i k e  i n  TOKAMAK. We a r e  i n t e r e s t ed  i n  the d i s t r i b u t i o n s  of  
cosmic rays i n  the Galact ic  arm by following reasons. A s  the  o r i g i n  of  
anisotropy of  the a r r i v a l  d i r ec t i on  o f  cosmic ray,  one may consider two 
reasons; the source d i s t r i bu t ion  and the propagation i n  the Galaxy 
( including the  leakage from i t ) .  I f  the d i s t r i bu t ion  o f  the cosmic ray  is 
not uniform, w e  can expect the anisotropy from the l a t t e r  reason. A s  many 
authors suggested, the main reason the acce le ra t ion  of  cosmic ray is by 
the shock waves from the supernova(qf, the both reasons f o r  anisotropy can 
be considered as  the same thing. The study of the d i s t r i bu t ion  of cosmic ray 
becomes important. We w i l l  s tudy the possible  anisotropy caused by the a r m  
s t ruc tu re  ( o r  by the d i s t r i bu t ion  of cosmic ray i n  the arm) and the  escape 
of cosmic ray from the Galact ic  arm. w 

2 Magnetic f i e l d  i n  Galact ic  A r m  and Model 
The method of Rotation Measure a s  well as  o thers  ( 3-4 ) gave us the 

informations of the Galact ic  magnetic, f i e lds .  I t  can be summarized a s  a 

follows; the main s t ruc tu re  of  magnetic f i e l d s  is a l i n e  along the Galact ic  
arms and its average s t rength  is 3.0 micro gauss. About the turbulence of  
magnetic f i e l d s ,  the s t rength  is about 1 .5  micro gauss and the s c a l e  o f  the 
turbulences is 10-30pc i n  average. 

A s  a model of the Galact ic  arm, we consider a r i g h t  cyl inder  with the  
radius  of 300pc, which is comparable t o  the thickness of Galact ic  d i s c  
determined by the ro t a t i on  measure. We ident i fy  the a x i s  of  the cy l inder  
with the z-axis. The 'average' magnetic f i e l d  is assumed t o  be al ined along 
the cyl inder  ax is .  The magnetic f i e l d  is assumed a s  the sum of  'average'  one * 
and the turbulent  ones. The 'average'  magnetic f i e l d s  var ies  with radius  by 
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Abstract 
The cosmic ray propagation in the Galactic arm is simulated. The 

Galactic magnetic fields are known to go along with so called Galactic arms 
as a main structure with turbulences of the scale about 30pc. We study the 
distribution of cosmic ray in Galactic arm and discuss the escape time and 
the possible anisotropies caused by the arm structure. 

1 Introduction 1) 
In the previous paper ( we have reported a method to simulate the 

propagation of the cosmic ray in the turbulent magnetic fields. (We refer 
that paper as I here after). In this paper, we make a little extension of 
the work in I. The magnetic field in Galaxy is now considered to be alined 
along the Galactic arm. We simulate the propagation of the cosmic ray in the 
Galactic arm. It is expected that the cosmic ray is trapped in magnetic 
field of arm just like in TOKAMAK. We are interested in the distributions of 
cosmic rays in the Galactic arm by following reasons. As the origin of 
anisotropy of the arrival direction of cosmic ray, one may consider two 
reasons; the source distribution and the propagation in the Galaxy 
(including the leakage from it). If the distribution of the cosmic ray is 
not uniform, we can expect the anisotropy from the latter reason. As many 
authors suggested, the main reason(~f the acceleration of cosmic ray is by 
the shock waves from the supernova , the both reasons for anisotropy can 
be considered as the same thing. The study of the distribution of cosmic ray 
becomes important. We will study the possible anisotropy caused by the arm 
structure (or by the distribution of cosmic ray in the arm) and the escape 
of cosmic ray from the Galactic arm. 

2 Magnetic field in Galactic Arm and Model (3-4) 
The method of Rotation Measure as well as others gave us the 

informations of the Galactic magnetic fields. It can be summarized as 
follows; the main structure of magnetic fields is aline along the Galactic 
arms and its average strength is 3.0 micro gauss. About the turbulence of 
magnetic fields, the strength is about 1.5 micro gauss and the scale of the 
turbulences is 10-30pc in average. 

As a model of the Galactic arm, we consider a right cylinder with the 
radius of 300pc, which is comparable to the thickness of Galactic disc 
determined by the rotation measure. We identify the axis of the cylinder 
with the z-axis. The 'average' magnetic field is assumed to be alined along 
the cylinder axis. The magnetic field is assumed as the sum of 'average' one 
and the turbulent ones. The 'average' magnetic fields varies with radius by 
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where r is taken t o  be the  rad ius  of  g a l a c t i c  arm; 300pc. H is determined 
0  

so  t h a t  the  average of  the  magnetic f i e l d  i n s i d e  the  arm is 8 micro gauss.  
(The average o f  t u r b u l e n t  magnetic f i e l d s  is 0 . )  The genera t ion  o f  tu rbu len t  
magnetic f i e l d s  is e s s e n t i a l l y  same with I. However, t h e  s t r e n g t h  of the  
t u r b u l e n t  magnetic f i e l d s  with same r is generated p ropor t iona l  t o  ' averaget  
magnetic f i e l d  i n  average. The s c a l e  of magnetic f i e l d s  turbulence  a r e  
taken 30pc. 

3 Simulation 
The s imulat ion is executed almost same way with I. However, i n  t h i s  

case  the  i n i t i a l  d i s t r i b u t i o n  of cosmic ray is taken a s  the  uniform 
d i s t r i b u t i o n  i n  t h e  Ga lac t i c  arm. The d i r e c t i o n s  o f  v e l o c i t y  a r e  assume 
uniform. When a  cosmic ray  goes beyond r from the  arm a x i s ,  i t  is 

1 considered t o  escape from t h e  arm. In t h i s  s imulat ion r is taken 600pc, 
1 

with which d i s t a n c e ,  t h e  gyro rad ius  i n  the  magnetic f i e l d  given by (1) 
comparable t o  o r  l a r g e r  than r f o r  protons with energy g r e a t e r  than 10 

1BS5 
1 eV. ( I n  t h i s  paper ,  we assume i m p l i c i t l y  t h a t  the  cosmic rays  a r e  p ro tons . )  

We observe t h e  d i s t r i b u t i o n  o f  cosmic rays  and c a l c u l a t e  the  escape 
p r o b a b i l i t y  of  cosmic ray  from the  arm. To save the  cpu t ime, we made a  
t r i c k  t h a t  t h e  escaped p a r t i c l e s  a r e  resumed i n t o  the  a r m  with the  p o s i t i o n  
determined by the  p r o b a b i l i t y  propor t ional  t o  the  d i s t r i b u t i o n  of o t h e r  
cosmic rays .  This resumption is executed f o r  the  every time s t e p  
corresponding t o  250 years .  With t h i s  t r i c k  the  number of  cosmic rays  i n  
s imulat ion is kept cons tan t .  The escape p r o b a b i l i t y  is c a l c u l a t e d  from the  
resumed p a r t i c l e  numbe$ a f t e r  the  d i s t r i b u t i o n  of cosmic ray  is considered 
s t a t i o n a l  f o r  a few 10  yea rs .  The s t e p  t i ~ g  f o r  t h e  f g l g u l a t i o n  o f  cosmic 
ray p a r t i c l e  motion isl+,aken 1 year  f o r  10 eV and 10 ' eV and 10  yea rs  f o r  
g r e a t e r  energy than 10 eV. The s t e p  time is same o r  smal le r  than t h a t  o f  I. 

4 Resul t  
In  f i g .  1, we show the  escape 
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time c a l c u l a t e d  by the  escape 
p robab i l i ty .  I t  is i n t e r e s t i n g  t h a t  
the  escape t i m  fpg  ghe cosmic ray  E6- . 
with energy 10  eV is c o n s i s t e n t  
with the  e x t r a p o l a t i o n  of e  l ' f  
time o f  lower energy by E 

-FB.3-6.S) 

The s loyy gf the  escape time l a r g e r  
than 10  becomes s t e e p e r ,  which can 
be considered a s  the  r e f l e c t i o n  of the  
s t r u c t u r e  o f  the  Ga lac t i c  arm. W note  

O 1 0 3 .  
I I 

the escape time of  the  energy 10B6eV 

16 17 may show a  smal ler  value ,  because the  
l8 r used i n  t h i s  s imulat ion is too 

log E 1 
Fig. 1 small  t o  consider  t h a t  the  cosmic ray  

a t  r s u r e l y  escape from the  arm. They 
1 can be returnl&igol+,h~ arm with  the  gyro motion by the  magnetic - 

the  region 10  eV, t h e  escape time is propor t iona l  t o  E 
-(Gg%: 6fn 

In f i g . 2 ,  we show t h e  r - d i s t r i b u t i o n s  of  the  cosmic ray  f o r  var ious  
5  

energy a f t e r  10  yea r s  when the  d i s t r i b u t i o n  o f  cosmic r a y  is considered 
a l r e a d y l ~ t ~ t i o n a l .  The r - d i s t r i b u t i o n  of cosmic ray with the  energy lower 
than 10  ' eV show a  similar f e a t u r e .  In  t h i s  energy region the  cosmic ray  
dens i ty  decrease  exponent ia l ly .  We can consider  t h a t  t h e  cosmic r a  ~8 a r e  
trapped i n  the  Ga lac t i c  arm. The r - d i s t r i b u t i o n  with t h e  energy 10 eV show 
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where rO is taken to be the radius of galactic arm; 300pc. Ho is determined 
so that the average of the magnetic field inside the arm is 3 micro gauss. 
(The average of turbulent magnetic fields is 0.) The generation of turbulent 
magnetic fields is essentially same with I. However, the strength of the 
turbulent magnetic fields with same r is generated proportional to 'average' 
magnetic field in average. The scale of magnetic fields' turbulence are 
taken 30pc. 

3 Simulation 
The simulation is executed almost same way with I. However, in this 

case the initial distribution of cosmic ray is taken as the uniform 
distribution in the Galactic arm. The directions of velocity are assume 
uniform. When a cosmic ray goes beyond r l from the arm axis, it is 
considered to escape from the arm. In thlS simulation r 1 is taken 600pc, 
with which distance, the gyro radius in the magnetic field given by (1)1~s5 
comparable to or larger than r 1 for protons with energy greater than 10 • 
eV. (In this paper, we assume lmplicitly that the cosmic rays are protons.) 
We observe the distribution of cosmic rays and calculate the escape 
probability of cosmic ray from the arm. To save the cpu time, we made a 
trick that the escaped particles are resumed into the arm with the position 
determined by the probability proportional to the distribution of other 
c(lsmic rays. This resumption is executed for the every time step 
corresponding to 250 years. With this trick the number of cosmic rays in 
simulation is kept constant. The escape probability is calculated from the 
resumed particle numbea after the distribution of cosmic ray is considered 
stational for a few 10 years. The step tiT6 for the rglgulation of cosmic 
ray particle motion is17aken 1 year for 10 eV and 10 • eV and 10 years for 
greater energy than 10 eV. The step time is same or smaller than that of I. 

4 Result 
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• 
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In fig.1, we show the escape 
time calculated by the escape 
probability. It is interesting that 
the escape timI6!£6 She cosmic ray 
with energy 10 • eV is consistent 
w~th the extrapolation of_rB:3!6:g) 
tlme of lower energy by E • 
The slo£7 gf the escape time larger 

~ than 10 • becomes steeper, which can a. o be considered as the reflection of the 
~ structure of the Galactic arm. WI6note 
~ 103 !..-........... _ ...... _--'-_..1'_-'-_--'-_J the escape time of the energy 10 eV 

16 17 18 may show a smaller value, because the 
r 1 used in this simulation is too 

log E small to consider that the cosmic ray Fig. 1 
at r 1 surely escape from the arm. They 

can be returnl~nS~17hg arm with the gyro motion by the magneti~(6ig!8.6rn 
the region 10' • eV, the escape time is proportional to E • . . 

In fig.2'5we show the r-distributions of the cosmic ray for various 
energy after 10 years when the distribution of cosmic ray is considered 
alreadY17tgtional. The r-distribution of cosmic ray with the energy lower 
than 10 • eV show a similar feature. In this energy region the cosmic ray 
density decrease exponentially. We can consider that the cosmic rais are 
trapped in the Galactic arm. The r-distribution with the energy 10 eV show 
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a  l a r g e  d i f f e r e n c e  from the  lower 
one, which shows a slower decrease  
with r. This d i s t r i b u t i o n  suggests  
t h a t  t h e  cosmic ray is no t  trapped 
i n  the  arm s o  long time and e a s i l y  g- 
escape from t h e  arm. This  is a l s o  2 c 

g 5 r 
shown i n  t h e  escape time of t h i s  
energy. I t  a l s o  noted t h a t  the  =-2 0 o , 

L L 
d i s t r i b u t f g n  of cosmic ray  wi th  the  r 

encj?g~3-lq 
eV is d i f f e r e n t  from the  3 

10  ' 5 e ~  i n  the  shape of  the  
z s  2 
0 r 

s lope.  This  may i n d i c a t e  the  4 

d i s t r i b u t i o n  of  cosmic ray wi th  3. 
t h a t  energy is still i n  t h e  course  
of the  formation of  s t a t i o n a l  form 
wi th i8  the  s imulat ion corresponding 2. 

t o  10 yea r s .  Af te r  t h e  formation r 
of  the  s t a t i o n a l  form, t h e  escape 1. 
p r o b a b i l i t y  can be smal le r .  

In  f i g .  3, we show t h e  V6 i n  
average over  a l l  cosmic r a y s  f o r  . 
var ious  energ ies .  V g  is def ined by; 

x. v - Y. vx I O ' ~ - ~ ~ V  
Y VO = --2- ---~T 

J x  + Y 
- Fig. 2 

r 
We can s e e  t h e  Vg become 0 300 600 (PC) 

considefgbky l a r g e  f o r  l a r g e r  energy 
than 10 ' eV. I t  takes  its maximum a t  10 17'5 and i n  the  energy 1018ev it 

becomes smal le r  value.  This value have 
d i r e c t  r e l a t i o n  t o  the  anisot ropy o f  
the  a r r i v a l  d i ref&+gn of cosmic rays .  
In  the energy 10  eV, we can expect  a  
few % of excess  of the  number of cosmic 
r a y s  coming from the  r o t a t i o n a l  
d i r e c t i o n  a r o  d  the  arm a x i s  and i n  - 
the  energy 1 "5eV a  few 10%. In the 

P6 
energy of 10  eV, t h i s  value  a l s o  show 
a  non-zero V e  value.  However, t h i s  - 
value  f l u c t u a t e s  with time and a l s o  
v a r i e s  with r. We a r e  not  s u r e  the  we 
can expect the  anisot ropy i n  t h i s  
energy. 

In  f i g  .4 we show the  average o f  
I v ~ / v I  i n  var ious  energies .  I f  the 

d i r e c t i o n  of  cosmic ray v e l o c i t y  is 
i s o t r o p i c  t h i s  value  is 0.5. In the  
energy 10I8ev, it  shows a  l a r g e  

1 -  

A lo-'- - > - 
\ 

>" 
V ' lo-"- 

1 0 ' ~  16 17 18 devia t ion  from 0.5 t o  a  l a r g e r  value:  - 
log E 0.6. The d i r e c t i o n  o f  v e l o c i t y  o f  

Fig. 3 cosmic r a y s ,  which s t a y  i n  the  arm f o r  
long time, a r e  not  uniform i n  t h i s  
energy. In  the  lower energy, the  value  - 

1 I I 
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- 
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a large difference from the lower 
one, which shows a slower decrease 
with r. This distribution suggests 
that the cosmic ray is not trapped 
in the arm so long time and easily 
escape from the arm. This is also 
shown in the escape time of this 
energy. It also noted that the 
distribut±gn of cosmic ray with the 
enr6g~_!9 5eV is different from the 
10' . eV in the shape of the 
slope. This may indicate the 
distribution of cosmic ray with 
that energy is still in the course 
of the formation of stational form 
withig the simulation corresponding 
to 10 years. After the formation 
of the stational form, the escape 
probability can be smaller. 

In fig.3, we show the VB in 
average over all cosmic rays for 
various energies. VB is defined by; 

x-V - Y-V 
Y x 

V () = JXZ -"+-------yz- (2) 

We can see the Vo become 
considelgb~y large for larger energy 
than 10 . eV. It takes its maximum 
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at 1017.5 and in the energy 101Sev it 
becomes smaller value. This value have 
direct relation to the anisotropy of 
the arrival direr~~gn of cosmic rays. 
In the energy 10 eV, we can expect a 
few % of excess of the number of cosmic 
rays coming from the rotational 
direction aro~d5the arm axis and in 
the energy 126 • eV a few 10%. In the 
energy of 10 eV, this value also show 
a non-zero V8 value. However, this 
value fluctuates with time and also 
varies with r. We are not sure the we 
can expect the anisotropy in this 
energy. 

In fig.4 we show the average of 
Iv Ivi in various energies. If the 

dir~ction of cosmic ray velocity is 
isotropic1Sthis value is 0.5. In the 
energy 10 eV, it shows a large 10-:3 

16 

Fig. 3 

17 
log E 

18 deviation from 0.5 to a larger value: 
0.6. The direction of velocity of 
cosmic rays, which stay in the arm for 
long time, are not uniform in this 
energy. In the lower energy, the value 
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is very near  t o  0.5.  In  the  context  of  
anisot ropy , 1 V ~ / V  1) 0.5  means t h e r e  is 
an excess i n  the  numbers of cosmic rays  
coming from the  d i r e c t i o n  p a r a l l e l  t o  
the  arm a x i s .  In t h i s  case  the  
anisot ropy is observed a s  the second 
harmonics. 

> 5 Summary and Discussions 
We have shown t h a t  the  cpgmic r a y s  " .48 with the  energy lower than 10  eV a r e  

trapped i n  the  Ga lac t i c  arm. A s  t he  
log E physical  consequences, we can expect  a 

I 
few % ( f i r s t  harmonics) anisot ropy of  

Fig, 4 the  a r r i v a l  d i r e c t i o  y6:g-fqyic r a y s  i n  
the  energy region 10  eV t o  the  
r o t a t i o n a l  d i r e c t i o n  around the  arm 

a x i s .  We note  t h i s  is the  d i r e c t  consequence of the  d i s t r i b u t i o n  of  cosmic 
r a p p d  t h e  gyro-rota t ion o f  them i n  the  magnetic f i e l d .  I n  the  energy 
10 eV, t h e  cosmic ray  become easy t o  escape from t h e  G a l a c t i c  arm. The 
cosmic ray ,  which s t a y  long time i n  the  arm have smal ler  p i t c h  angles .  
Therefore we can expect t h e  anisot ropy o f  second harmonics t o  the  d i r e c t i o n  
of arm a x i s .  (Of course ,  if the re  is t y p i c a l  source nea r  t o  the  Ear th ,  the  
anisot rpgy i n  t h i s  energy region is a f f e c t e d  by it. ) For the  lower energy 
than 10  eV, t h e  e f f e c t  o f  a r m  s t r u c t u r e  i n  anisot ropy o f  the  a r r i v a l  
d i r e c t i o n  is uncer ta in .  The anisot ropy observed i n  t h i s  energy may be t h e  
r e f l e c t i o n  o f  t h e  l o c a l  s t r u c t u r e  o f  the  Ga lac t i c  magnetic f i e l d .  I t  should 
be noted t h e  ma ude of t h e  anisot ropy p red ic ted  he re  is c o n s i s t e n t  with 
the  o b s e r v a t i o n F S f .  However, the  d i r e c t i o n  determined by the  observat ion is 
d i f f e r e n t  from p g ~ ~ r e s u l t .  The observation of t h e  an i so t ropy  i n  the  energy 
region above 10  eV have some ambiguity y e t  caused by poor s t a t i s t i c s .  The 
more e l a b o r a t e  experiments a r e  expected. 

Acknowledgements 
The au thors  thank t h e  o t h e r  members o f  Akeno group f o r  t h e i r  - 

discuss ions  and f o r  showing t h e i r  experimental r e s u l t s .  They a l s o  a r e  
g r a t e f u l  t o  Prof .  K.Murakami f o r  the  d i scuss ion  from t h e  experimental  po in t  
of view and h i s  encouragements. The s imulat ion were made by the  use of  
FACOM M380 o f  t h e  computer room i n  the  I n s t i t u t e  f o r  Nuclear Study. 

References 
1, Honda, M.et a l .  Proc. 19 th  I C R C ,  La J o l l a  OG5.4-1. 
, Blanford,  R.D. and O s t r i k e r ,  J.P. Ap. J. 221 L29 (1978).  

B e l l ,  A.R. Mon. Not. R. A s t r .  Soc. 182 p147(1978) -  
Axford, W . I .  i n  Origin  of  Cosmic R ~ K  I A U  Sym. 94 (1981) 

, Lee, L.C. and J o k i p i i ,  J . R .  Ap. J .  - 206, p735 (1976) ,  
Simard-Normandim, M. and KronLerg, P.P., Ap. J .  - 242, p74(1980) 

, Verschuur, G.L.  Fundamentals of Cosmic Physics ,  - 5 p113 (1979) 
5 ,  Kifune, T. e t  a l .  submitted t o  J.  Phys. 

Kifune, T. e t  a l .  Proc. 1 9 t h  I C R C ,  La J o l l a  0G5.3-3 
Lins ley,  J. and Watson, A.A. 15th  I C R C ,  Plovdiv - 12 p202 (1977) 

. 60 

1\ .56 
> 
" .52 N 

> • V .48 
16 

Fig.: 4 

• 

• 
• • 

17 18 
log E 

279 
OG5.4-2 

is very near to 0.5. In the context of 
anisotropy, Iv Ivl/0.5 means there is 
an excess in th~ numbers of cosmic rays 
coming from the direction parallel to 
the arm axis. In this case the 
anisotropy is observed as the second 
harmonics. 

5 Summary and Discussions 
We have shown that the c£§mic rays 

with the energy lower than 10 eV are 
trapped in the Galactic arm. As the 
physical consequences, we can expect a 
few % (first harmonics) anisotropy of 
the arrival directio26o~_r9s~ic rays in 
the energy region 10' • eV to the 
rotational direction around the arm 

axis. We note this is the direct consequence of the distribution of cosmic 
ra~8and the gyro-rotation of them in the magnetic field. In the energy 
10 eV, the cosmic ray become easy to escape from the Galactic arm. The 
cosmic ray, which stay long time in the arm have smaller pitch angles. 
Therefore we can expect the anisotropy of second harmonics to the direction 
of arm axis. (Of course, if there is typical source near to the Earth, the 
anisotr£gy in this energy region is affected by it.) For the lower energy 
than 10 eV, the effect of arm structure in anisotropy of the arrival 
direction is uncertain. The anisotropy observed in this energy may be the 
reflection of the local structure of the Galactic magnetic field. It should 
be noted the mag~~rude of the anisotropy predicted here is consistent with 
the observations • However, the direction determined by the observation is 
different from £~rOresult. The observation of the anisotropy in the energy 
region above 10 • eV have some ambiguity yet caused by poor statistics. The 
more elaborate experiments are expected. 
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