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The resu l ts of expe r i men ts  des i gned t o  s tudy t h e  a r r i va l  d i rec t i on 
d i s t r i b u t i on of cosm i c  rays of energy 1 0 1 2  - 1 0 2 Dev a re rev i ewed . I t  i s  s hown 
tha t a t  a l l  energ i e s  there i s  e v i dence for an i sot ropy , the amp!  i tude of wh i ch 
ranges from 0 . 0 7 5 %  at the l owest energ i es to 90 ± 20% above 4 .  1 0 1 9ev . The 
i ncrease of a n i sotropy w i t h energy i s  not smoot h ,  show i ng fea t u res wh i ch occur 
at energ i es s i m i  J a r  to those at wh ich  fea t u res are observed i n  the cosm i c  ray 
energy s pect rum .  At l ea s t  up  to 2. 1 0 1 7ev i t  seems probab l e  tha t the 
acce l era t i on s i tes  I ie w i th i n  our Ga l axy , and i t  i s  ha rd to escape the 
conc l us i on  tha t part i c l es of energy > 1 0 1 9eV a re ext raga l act i c .  Sou rces o f  the 
h i ghest  energy pa r t i c l e s  (� 1 0 2 D ev )  must l i e  w i t h i n  200Mpc , and cons i derab l y  
c l oser i f ,  a s  seems l i ke l y ,  the i n terga l act i c  med i um i s  such a s  t o  preven t 
rect i l i nea r p ropaga t i on .  Between 2 . 1 0 1 7  a n d  1 0 1 9ev ti1e l oca t i on o f  the sources 
i s  l ess cer ta i n .  The a i m  of  future  a r r i va l  d i rect i on expe r i ments  shou l d  be to 
s tudy a n i sot ropy as a funct i on of p r i ma ry mas s  compos i t i o n .  
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1 .  I n t roduct i on 

Seventy yea rs after  the d i s covery of cosm i c  ray s ,  the ques t i on of the i r  

o r i g i n  rema i ns unso l ved . I n  the ea r l y  days of i nves t i ga t i on of the p ropert i es 

of the rad i a t i on , exper i men ters hoped to f i nd  that  some reg ions of the s ky 

we re b r i gh te r  than others when v i ewed i n  cos m i c  ray l i ght . I t  i s  now known 

tha t be l ow about 1 0 1 1 eV cosm i c  ray i n tens i t ies  a re s t ron g l y  i n f l uenced by the 

spat i a l  and  tempo r a l  changes in the magne t i c  f i e l ds of i n te r p l anetary s pace 

so tha t the G a l act i c  an i sot ropy cannot be determ i ned f rom the ea r t h .  At  h i gher 

energ i es ,  whe re so l a r  e ffects can be accounted for  o r  neg l ected , the 

amp I i tude of an i sot ropy is  found to be sma l I ,  b e i ng l ess  than 0 .  1%  up to 1 0 1 4eV . 

The h i gh deg ree of i so t ropy of l ow ene rgy cosm i c  rays was recogn i zed e a r l y  on , 
and  th i s  fact , cou p l ed w i th the l a rge dens i ty of cosm i c  rays ( 0 . 5eVcm- 3 at 1 0 9eV 

and 0 .  l eVcm- 3 a t  l 0 1 1eV) , was a s i gn i f i ca n t  c l ue ; n ea r l y  t h i n k i n g about the 

poss i b i  I i ty tha t our G a l axy m i g h t  conta i n  a weak but exten s i ve magnet i c  f i e l d . 

I t  i s  of course the Ga l a ct i c  magnet i c  f i e l d ,  at l east  a t  the l owes t energ i es , 

that thwa rts  a t tempts to l oca te cosm i c  ray sou rces i n  a man ner  ana l gous to 

tha t used to f i n d opt i ca l  or X- ray sou rces : the ' see i n g '  i s  spo i l ed for cos m i c  

r a y  te l escopes b ecause t h e  La rmer rad i us of charged part i c l e s  i s  ve ry sma l l  by 

compa r i son w i th G a l ac t i c  d i mens i ons  except at the h i ghest  ene rg i e s .  A t  l 0 1 4eV 

a p roton has a rad i us of gyra t i on of on l y  0 . 0 4pc  i n  a 3�G f i e l d ;  at 1 0 1 8ev the 

cor respon d i ng rad i us i s  370pc ,  ra the r l a rger  than the th i ckness of the Ga l a ct i c  

d i sc .  

I n  th i s  paper  I w i l I ou t l i ne the  detec t i on tech n i ques used to measu re 

cosm i c  ray a n i sotrop i e s , des c r i be the res u l ts ava i l a b l e  and  d i scuss  some 

ten ta t i ve i n te r p reta t i ons . I w i  1 1  show that  fea tures i n  the va r i a t i on of the 

cha racter of  the an i so t ropy w i t h  ene rgy a re 1 i n ked to fea tu res in the p r i ma ry 

ene rgy s pect rum. A fu l l  unders tand i ng of the mean i n g  of these l i n kages i s  no t 

yet c l ea r  because i nforma t i on about cosm i c  ray mass compos i t i on , pa rt i cu l a r l y  

a bove o, l Q 1 4eV,  i s  s t i l l  rud i mentary .  

2 .  P r i ma ry Ene rgy Spect rum and  Mass  Compos i t i on 

As a background to ou r d i scus s i on of cosm i c  ray a n i sot ropy i t  w i l l  be 
he l pfu l  to keep i n  m i nd our  p resen t know l edge of the cos m i c  ray energy 

spect rum and mas s  compos i t i o n .  F i gu re 1 shows a schema t i c  vers i on of  the 

ene rgy s pect rum. Th e i n te g r a l  i n tens i ty has been m u l t i p l i ed by E l . 5 (E is the 

p r i ma ry energy in eV) and is p l otted on the y-ax i s .  Th i s  p rocedure se rves 

to show c l e a r l y  the two p rom i ne n t  fea tu res in the s pect rum ,  name l y  the 1 knee 1 , 

nea r 1 0 1 5ev , and the �n k l e ' above 1 0 1 9ev . Both these fea tu res a re we l l  

estab l i s hed a l though the f l a tten i ng observed above l 0 1 9eV has been obse rved 
on l y  f rom the Northe rn Hem i sphere.  l ) I n te g ra l  s pect rum s l opes a re - 1 . 6 5 ,  



between 1 0 1 1  and  1 0 1 5ev , - 2 . 1 between 1 0 1 7 and 1 0 1 9ev and - 1 .  4 ± O .  1 above 

1 0 1 9ev. Between 1 0 1 5 and 1 0 1 7eV there is e v i dence2 ) that the s pectra l s l ope 
is s teeper than at h i gher  energ i es but  the expe r i menta l  s i t ua t i on i s  not yet 

c l ea r .  I t  shou l d  be borne in m i n d  tha t ,  because the observed pa r t i c l e  

dens i t i es a re g rea ter  and because the showe r max i mum i s  re l a t i ve l y  l owe r  i n  the 

a tmosphere , the p rope r t i es of  p r i ma r i e s  above 1 0 1 7eV (and at  l east  up  to 1 0 1 9eV) 

a re somewhat better  es tab l i s hed than the p rope r t i es of l owe r energy p r i ma r i es 

wh i ch p rod uce sma l l e r  s howe rs . 

E1-5!(>E) 
m-2 s-1 sr-1 ev1·5 

1016 

17 
10 

SAT 
1015 

10" 

BALLOONS 

I 
I 
I 
I 
I 
I sj.IALL 
I EAS 
I 
I 
I 
I 

MUONS 

50�m-

2

y-1sr·1 

t 

EXTENSIVE 
AIR SHOWERS 

PRIMARY ENERGY 

2 1 3 km-"century-1,-1 

� 

' 
\ 

\Predicted 

1020 ev 

F i gu re 1 The cos m i c  ray ene rgy spect rum above 1 o l Dev. The detec t i on 
tech n i ques used i n  va r i ous ene rgy reg ions a re i nd i ca te d .  The dashed cu rve 
nea r 1 0 1 6ev ma rks an  ene rgy range i n  wh i ch the spec t ra l sha�J 

i s  unce r ta i n .  
The cu rve above 1 0 1)

9eV ma rked ' p re d i cted ' i s  the ca l cu l a t i on o f  the G re i sen­
Zatse p i n  e ffec t4 • 5 . 

Exp l ana t i on s  for the two maj o r  featu res a re not yet ag ree d .  About  20  

yea rs ago  Pe ters p roposed that the  ' knee ' a t  1 0 1 Sev m i ght  ref l ec t  the  i nab i l i ty 

of o u r  Ga l axy to reta i n  cos m i c rays p roton s of t h i s  ene rgy ( La rmor rad i us 

o,Q . 4pc) . A p red i ct ion of th i s  hypothes i s  was that heavy n uc l e i  wou l d  beg i n  to 

dom i nate the p r i ma ry beam above 1 0 1 5eV . No con v i n c i ng ev i dence has been 

ob ta i ned to support  th i s  p red i ct i on and coun te r ev i dence has been offe red that 

Fe- n uc l e i  a re becom i n g  dom i n a n t  at energ i es l ess  than 1 0 1 5eV. 3 ) H i l l as 2 ) has 

rev i ewed the s i tua t i on and con c l uded that  compos i t i on and  s pect rum data cannot 

be recon c i l e d  w i th the Ga l a ct i c  l ea kage mode l .  He p roposes that the change i s  

i n duced i n  the spect rum by photon u c l ea r  o r  pa i r  p roduct i on react i ons  occu r i ng 
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n e a r  t o  the source.  The s pect ra l fea ture a t  1 0 1 5ev wou l d  t h u s  ref l ect  the 

rad i a t i on f i e l d  in the acce l e ra t i on reg ion . 

The ' an k l e '  fea ture above 1 0 1 9eV i s  even more puzz l i ng .  Fol l ow i ng the 

d i scove ry of  the 2.  7K  b l ack body rad i a t i on in 1 965 i t  was p re d i cted by G re i sen4 ) 

and  by Zatsep i n  and Kuzm i n 5 ) that i f  u l t ra h i gh e ne rgy cosm i c  rays we re 

p roduced on l y  i n  sou rces wh i ch were at cosmo l og i ca l  d i s tances (e . g .  quas a rs )  

then the i n tens i ty o f  cosm i c  rays above o,5 x 1 0 1 9eV wou l d  fa l l  so d rama t i ca l l y  

that no events of 1 o2 0ev wou l d  be obse rved w i th t h e  g i ant  a i r  s hower ar rays 

then b e i n g  b rought  i n to ope ra t i on .  Rea l i ty is d i fferen t .  The three Northern 

Hem i s phere i n s ta l l a t ions (Vo l cano Ranch (U . S . A . ) ,  Haverah Park ( U . K . )  and 

Yaku tsk (U . S . S . R . ) )  a l l f i n d  that the spec t rum is  f l a tter  above 1 0 1 9eV than a t  

l owe r energ i e s .  The tota l expos u re ach i eved a t  the h i ghes t energ i es i n  these 

expe r i ments is 0,300  km2 yr sr and at l eas t 7 even ts w i th energ i es above 1 02 0ev 
have been obse rved . U s i n g  the theo re t i ca l  p red i ct i ons  of St rong et  a i 6 ) about 

0 . 2  even ts wou l d  have been expected.  There i s  a consensus that th i s  res u l t  

i mp l i es that the age o f  the cos m i c  rays above about 3 x  1 0 1 9ev i s  l es s  than 

1 0 B y r  (e . g . Puget et  a 1 7 l ) .  The a r r i va l  d i rec t i on d i s t r i bu t i on of  these 

p a r t i c l es ,  wh i ch wi 1 1  be d i • cussed i n  deta i l  be l ow ,  i s  not that expected i f  the 

mos t energet i c  part i c l es we re p roduced w i th i n our Ga l axy . 

Fo r the pu rposes of i n te r p ret i n g  a r r i va l  d i rect i on i n forma t i on deta i l s  

abou t the mass compos i t i on o f  the p r i ma ry cosm i c  rays a re cruc i a l .  A t  ene rg i es 

l es s  than 1 0 1 3eV the a r r i va l  d i rec t i on d i s t r i b u t i ons  obse rved refer ma i n l y  to 

p rotons as the expe r i men ts wh i ch have been poss i b l e  are s e l ect i ve i n  the i r  

t r i gge r i ng and respon d dom i nan t l y  to muons p roduced by p roton p r i ma r i es .  At 

h i gher  ene rg i es the on l y  method of ge t t i ng i n forma t i on about p r i ma ry cosm i c  

rays i s  by s t udy i n g  fea t u res of the extens i ve a i r  showe rs wh i ch they p roduce 

(e l ectrons , muons , a i r-Ce renkov l i gh t ,  a i r-s c i n t i l l a t i on l i ght  etc ) . The 

p rob l em of extract i n g  the mas s  compos i t i on i s  part i cu l a r l y  d i ff i cu l t because 
the part i c l es cannot b e  obse rved d i rect l y  and b ecause the neces sa ry n u c l e a r  

phys i cs m u s t  be ext rapo l a ted f rom l owe r energ i e s .  Recen t l y  p rog res s h a s  been 

made by s tudy i n g the change of the depth i n  the a tmos phere at wh i ch the n umber 

of  e l ec t rons in the showe r reaches i ts max i mum. The va r i a t ion  o f  th i s  depth 
w i th ene rgy ( the e l onga t i on rate ) fo r a f i xed p r i mary compos i t i on depends 

p r i n c i pa l l y upon the mu l t i p l i c i ty of the p i ons  p roduced in  had ron i c  

i n te rac t i on s . 8 ) I f  i t  i s  ass umed that p-p cross- sect i ons  con t i n ue to r i se at  

the rate obse rved a t  acce l e rator energ i es then i t  appea rs that the p r i ma ry 

part i c l es a re very l i ght  (Tni\ = o+0 · 6 ) above 3 x  1 0 1 6eV and rather heavy 
) - 0  (Tni\ = 4 ± 2 )  nea r 1 0 1 5eV. 9 The rap i d  change of the depth of max i mum w i th 

energy between l 0 1 5eV and 3. 1 0 1 6eV expected on s uch a p i cture i s  i ndeed 



observed.  l O )  A deta i l ed s ummary of mass compos i t i on determ i na t i ons  i s  g i ven 

e l sewhere in these P rocee d i ngs by Yodh . A rev i ew of p rope r t i es of  the h i ghes t 

ene rgy cosm i c  rays has been g i ven by L i n s ley .  l l )  

3 .  A r r i v a l  D i rec t i on Data 

K i  ra l l y et  al  1 2 ) have rev i ewed a r r i va l  d i rect i on data at a l l energ i es 

wh i le more recen t l y  E l l i o t  ! 3 )  has d i s cussed the measu rements  ava i l ab l e  a t  

energ i es be l ow 1 D 1 4eV . The p resen t expe r i me n ta l s i tua t i on i s  s umma r i zed i n  

f i gure 2 .  What i s  p l otted ( f i g u re 2 (a ) )  i s  the amp l i t ude o f  the 1 s t  ha rmon i c  o f  

t h e  cosm i c r a y  an i sot ropy as  a funct i on of  energy.  A t  ene rg ies  l ess  than 

6. 1 0 1 6eV the f i rs t  ha rmon i c  i s  computed in s i de rea l t i me and  is an average over 

the range o f  dec l i n a t i on s  ( typ i ca l l y ±30 0 )  wh i ch l i e w i th i n  the recept i on cone 

of the detecto r  sys tem. A t  the h i g he r  energ i e s ,  whe re i n forma t i on on the energy 

and d i rec t i on o f  i n d i v i du a l  events  i s  ava i l a b l e ,  the f i rs t  h a rmon i c  i s  measu red 

in r i gh t  a s cens i on .  The da ta shown refer to a l l dec l i na t i on s  above -60 ; 
ana l yses i n  dec l i na t i on a re d i scussed b r i e f l y  be l ow .  The d i rect i ons o f  max imum 

amp l i tude ( the phase) a re s hown in f i gu re 2 (b ) . 
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F i gure 2 Summary of cosm i c  
ray an i sot ropy data , a fter ( l l ) .  
The top ha l f  o f  the d i ag ram 
( f i g u re 2a) shows the 
amp l i tudes measu red in va r i ous 
expe r i men t s .  The f i l l ed 
c i r c l es are  f rom refe rences 
( 1 4- 1 8 )  as  rev i ewed i n  ( 1 3 ) . 
The open c i rc l es are  f rom the 
comp i l a t j" on  of  L i n s l ey and 
Watson 1 9  wh i l e  the crosses 
a re f rom the H�verah Park 
exper i ment2 0  • 2 11. The l ower 
ha l f  of  the d i ag ram (f i gu re 
2 b )  shows the t i me of max i mum 
amp l i tude ( the phase ) . The 
e r ro r  bars corres pond to ± 1 
s tandard dev i a t i o n s ;  the upper 
l i m i ts are shown a t  the 9 5% 
con f i dence l eve l .  
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The  three po i n ts be l ow 1 Q l 3ev a re f rom measu rements  made i n  underg round 

l aborator i es 1 4 • 1 5 • 1 6 ) a t  depths between 40 and 507 m . w . e .  whe re muons from the 

decay of p i ons p roduced h i gh  in the atmos phere by the i ncom i ng p r i ma r i es are 

detected. The energy refers to the energy/n uc l eon of the p r i ma r i es wh i ch a re 

dom i na n t l y  p roton s .  The next two po i n ts (between 1 0 1 3 and 1 Q l 4ev ) are f rom the 
work of the Japanese1 7 )  and Hunga r i an 1 8 ) g roups who have meas u red the t i me 

va r i a t i on of the rates of s ma l l  a i r  showers p roduced a t  moun ta i n  a l t i tudes . 

Above 5. l 0 1 1 eV the t rajector i es of the pr i ma r i es a re re l a t i ve l y  l i t t l e  

i n f l uenced by the i n te r p l anetary magnet i c  f i e l d  (or the effect has been 

accura te l y  a l l owed fo r ) . The cons tancy of the amp l i tudes and d i rec t i ons between 

5 . 1 0 1 1  and 1 0 1 4eV i s  s t r i k i n g ,  and mu st  be cons i de red as we l l  estab l i shed.  

K i  ra l l y et  a l 1 2 ) in  a c l ea r  d i s cus s i on of  these data , have l i n ked the 

i n va r i ance of phase and amp I i tude to the pers i stence of the d i rec t i on of the 

l o ca l  i n terste l l a r  magnet i c  f i e l cl ou t  to d i s tances of  a few parsecs , the f i e l d  

d i rec t i on b e i n g  i n fe r red f rom the s teady f l ow o f  i n te r s te l l a r  gas i n  the reg ion  

j us t  outs i de the so lar  cav i ty .  K i  ra l l y et a l  a l so deduce that unde r these 

c i rcums tances fea t u res of  cos m i c  ray p ropaga t i on do not change ve ry much between 

1 01 1  and i o 1 4ev. 

Above 1 0 l 4ev a l  I measu remen ts are  der i ved f rom s t ud ies  of a i r  showe r s .  

Between 1 0 1 4 - l o 1 7eV (open c i rc l es )  the data have been taken f rom a 

comp i l at i on 1 9 ) of a l l ava i l ab l e  ev i dence recorded between 1 95 1  and 1 965 .  The 

res u l ts a re  based on 23 expe r i men ts i n  wh i ch the coun t i ng rate of sma l l a i r  

showe rs was recorded as a funct i on of  t i me .  The d i rect i ona l accuracy poss i b l e  

i n  these ea r l y  expe r i men ts was rather poor a s  i t  re l i ed upon a tmosphe r i c  

co l l i ma t i o n .  L i kew i se t h e  energy reso l u t i on was l i m i ted as ana l ys i s  o f  

i nd i v i dua l even ts w a s  n o t  pos s i b l e .  Nonethe l ess  there i s  ev i dence f o r  a n  

an i so t ropy wh i ch changes both i n  amp I i tude a n d  phase as t h e  ene rgy i n c reases 
Th e va l i d i ty of th i s  c l a i m  is s t reng thened by the fact that the amp l i tude of 

the f i rs t  of the o l de r  a i r  shower po i n ts ,  a t  3 . 1 0 1 4eV , i s  0 . 0 75 ± 0 . 020% ,  i n  

exce l l en t  ag reeme n t  w i th the mean amp l i tude o f  the 5 i ndependent measu rements  

made w i th EAS and muon techn i q ues in  more recen t expe r i ments  a t  l owe r ene rg i es .  

The d i ffe rence between the phase o f  the f i rst  o f  the o l de r  po i n ts and  that o f  

the l ower energy data i s  not part i c u l a r l y  d i s t u rb i n g  a s  the La rmor rad i us of 

a p roton of th i s  energy i s  �a . l p c  in the canon i ca l  f i e l d ,  and va r i a t ions i n  

magne t i c  f i e l d  and/or cos m i c  ray g rad ien t on t h i s  sca l e  may we l 1 occu r i n  

d i rec t i ons  away from the Ga l a c t i c  p l an e .  As the energy i n creases the 

amp l i tude of an i sot ropy starts  to r i se and the re i s  a s teady change in the 

phase of max i mum. 



Above abou t 6 . 1 o l6 eV the data shown i n  f i g u re 2 der i ve f rom the Have rah 
Park expe r i men t2 0 • 2 1. At the p resen t t i me these data a re the most  n ume rous 

ava i l a b l e ;  between 1 0 1 7 and 1 0 1 Bev the n umber of s howe rs recorded exceeds 

those f rom other expe r i men ts by roug h l y  an  order of  magn i tude ; between 1 0 1 8  and 

1 0 1 9eV the  Have rah Park data set  exceeds tha t of  Vo l cano Ranch2 2 )  by more than 

a factor of  5 wh i l e above 1 0 1 9eV the events ava i l ab l e  f rom Northern Hem i sphere 

expe r i me n t s  a re Yaku t s k2 3 ) (34) , Vo l cano Ranch24 ) (44 ) , Haverah Pa rk24 ) ( 1 44) . 

The d i scuss  ion  of da ta above 6 x 1 0 1 6eV wh i ch fo l  l ows concen t ra tes ma i n l y  on the 

Haverah Park resu l ts but where compa r i son has been pos s i b l e  the ag reeme n t  of 

these res u l ts w i th the broad fea tu res of other expe r i ments  is found to b e  good 

(see refe rence (20 )  for mo re deta i l s ) .  I n  the Haverah Pa rk expe r i me n t  the 

d i rec t i on o f  each even t is  known to w i th i n  1 0 -2 sr  and the ene rgy reso l ut i on i s  

better  than 40%. Part i t i on of the eve n ts i n to ene rgy b i n s  a facto r  of  2 w i de 
has been adopted.  

The data f rom the Yaku t s k ,  Vo l cano Ranch and Have rah Park cove r ma i n l y  

the sky reg i on above 8 = o D .  There are  I i m i  ted s ta t i s t i cs f rom Have rah Pa rk 

down 8 = - 6 0  and f rom Vol cano Ranch down to 8 = - 30 0 .  A maj or  expe r i men t has  been 

operated in the Southe rn Hem i s phere by the Un i ve rs i ty of Sydney2 5 l . Ana l ys i s 

i s  s t i l l  i n  p rog ress and the f i na l  resu l ts a r e  keen l y  awa i ted as the expos u re 

ach i eved i n  th i s  s i ng l e  expe r i men t was compa rab l e  to that  f rom the th ree 

No rthern Hem i s phere a r rays comb i ne d .  Part i cu l a r l y  a t  t h e  h i ghest  energ i e s  the 

absence of data f rom the Southe rn Hem i s phere seve re l y  hampe rs i n terpreta t i on 

of the mea s u remen ts wh i ch a re ava i l ab l e .  

The va r i a t ion o f  an i sot ropy w i th energy above 1 0 1 6ev wh i ch i s  s umma r i sed 

in  f i gure 2 is  ext reme l y  comp l ex .  Nea r 1 0 1 7eV there  appe a r  to be two 

s i gn i f i ca n t  amp I i tudes , i n  adj acent  ene rgy b i n s separa ted by a mean energy 

of a facto r 2 .  The d i rec t i on of  max i mum is  s i m i  Jar  i n  both b i n s  when the data 

a re exam i ned over a l l dec l i na t i on s ,  b u t  d i ffe rences i n  deta i l  a re revea l ed when 

i n d i v i dua l dee I i na t ion  s t r i p s a re exam i ned .  I n  the l owe r ene rgy b i n  ( E l , 

6 x  1 0 1 6  - 1 . 25 x 1 0 1 7eV ) the re i s  a s l i g h t  excess nea r 240 0RA i n  each b i n ,  

whereas b i n  E2 ( 1 . 25 - 2 . S x  1 0 1 7eV ) shows a n  excess  dom i nan t l y  i n  the s t r i p  

w i th 2 0 °  < 8 < 300 ( f i gu re 3 ) . I n  the sea rch for an i so t ropy2 ° )  1 00 s uch 

dec l i na t i on s t r i p s  we re exam i n e d ;  the chan ce of  f i n d i ng one s uch rema rkab l y  

an i sot rop i c  s t r i p  i s  compute d ,  tak i n g  i n to a ccount the n umbe r  o f  s t r i p s ,  a s  
8 x  1 0- 3 .  N o  data f rom othe r expe r i men ts a re ava i I ab l e  t o  check the rea l i ty 

o f  th i s  res u l t b u t  f i gu re 4 shows the phases and amp l i t udes f rom a l  I other 

expe r i men ts in wh i ch measuremen ts we re made nea r 1 0 1 7ev. The ag reeme n t  w i th 

the Have rah Park res u l ts ,  ave raged ove r a l l dec l i na t ions , i s  i mp ress i ve .  
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F i g u r e  3 R i g h t  a s cen s i on 
d i s t r i b u t i on s  i n  5 
de c l i n a t i on s t r i ps f o r  e n e r gy 
b i n s  E l  (6 x 1 0 1 6  - 1 . 25 x 1 0 1 7  
eV) a n d  E2 ( 1 . 25 - 2 . 5 _« l 017eV) 
of Haverah P a r k  data2 � The 
dashed hor i zo n ta l I i ne i n  
each h i s tog ram i s  the mean 
numb e r  for tha t i n te r va l ; the 
ve r t i ca l  das hed l i ne shows 
the phase of the f i rs t  
h a rmon i c  i n  r i gh t a s cens i o n .  

F i gu re 4 Compa r i son of da ta 
f rom a numb e r  of expe r i me n t s  
n e a r  l 0 17eV . T h e  c i r c l es 
i n d i ca te rms ) amp l i t u d e s .  
A ( C o r n e  1 1  26 , 1 9000 even ts , 
7 . 5  x 1 �1 6ev ) ; B (Have rah 
P a r k 2 D  ( 1 ,  1 3825 even ts 
6 x 1 0 1 6  - 1 .  25  x 1 0 1  7 eV ; 
2 ,  3 1 266 even ts , 1 . 2 5  -
2 . 5 x  i o l7eV) ) ;  c (othe r 
expe r i

)
me n t s , 1 1 059 even ts , 

see 2 0  for det a i l s ,  6 x 1 o l 6 -
5 x 1 0 1 7eV ) .  R i s  the 
res u l tan t vecto r .  



I n  the two energy b i ns i mmed i a te l y  above those j us t  d i scussed on l y  
uppe r l i m i ts can b e  set  to an an i sot ropy . The l i m i ts shown ( f i g u re 2 )  a re 

95%  conf i dence l i m i ts and i t  therefore appea rs tha t the amp I i tude of 

an i sot ropy may not i n crease as rap i d l y  w i th ene rgy beyond 2.  1 0 1 7ev as i t  

a pp ea rs to do between 1 0 1 5  and 1 0 1 7  eV . Note that  the phase of b i n  E3  

( 2 . 5  - 5 x 1 0 1 7eV ) is  unknown . By con t ras t b i n  E4 , aga i n  show i ng on l y  an uppe r  

l i m i t ,  h a s  a phase wh i ch can b e  e s t i ma ted a n d  i s  s i m i l a r  t o  that i n  the 

2 x 1 0 1 Bev reg i on (b i ns E5 and E6 ) whe re there is I i m i ted ev i dence fo r an 

a n i sot ropy in r i ght  ascens i on .  Th i s  res u l t  is s u pported (see f i g u re 5) by 

expe r i menta l ev i dence wh i ch i s  ava i l ab l e  f rom other wo rk2 2 • 2 5- z 9 ) ca r r i ed out 

nea r  1 o l Bev.  

1so·-- -

I VR 

90° 
I 

t2S°lo 

.... y 

F i gure 5 Compa r i son of  data 
f rom a number of expe r i me�ts  
nea r 1 0 I Bev . C (Corne l l 3 3 J ) ,  
M I T (M I T  g roup2 7 l ) ,  HP ( Have rah 
Park2 B ) ) ,  VR (Vo l cano Ranch2 2 ) ) ,  
Y (Yakuts k2 9 ) ) .  The va r i a t i on 
i n  amp l i tude be tween expe r i ments 
i s  l a rge but  the ag reement  i n  
phase i s  s t r i k i ng . 

At the ve ry h i ghes t  energ i es ( >4 . 1 0 1 9 eV) the re i s  accumu l a t i ng e v i dence 

for an excess  of even ts f rom h i gh Ga l act i c  l a t i tude s .  Such a poss i b i l i ty was 

f i rs t  noted in 1 9 73 30 ) and as further  even ts have been recorded the tendency 

for energe t i c  even ts to a r r i ve p referen t i a l l y  at  l a rge ang l es to the Ga l ac t i c  

p l ane has pers > s te d .  The c u r rent  s i tua t i on (for  o>Oo  and E>4 . 1 0 1 9eV) i s  

s umma r i s e d  i n  f i g u re 6 ;  the Vo l cano Ranch and Have rah Park events a re those 

l i s ted in the Wo r l d  Data Cen t re Cata l ogue24 ) w h i l e  the Yaku t s k  po i n ts we re 

reported by Kras i l n i kov2 3 l . The cut i n  ene rgy has been taken at 4 . 1 0 1 9eV so 

as  to  cor res pond w i th the h i ghe s t  energy band d i s cussed by Kras i l n i kov.  
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F i gu re 6 The a r r i va l  d i rect i ons  of the 45 mos t  energet i c  events 
(>4 x 1 019eV) obse rved at 6 >0 0 .  The p roject i on used i s  an  equa l a rea 
proj e c t i on ;  6=900 1 ies at the cen t re oJ' the c i rc l e  wh i ch has c i rcumfe ren ce , 
6=0 0 .  The open c i rc l es i n  the l eft  hand d i ag ram a re i den t i f i a b l e  i n  the 
r i ght  hand d i a g ram ( 1 3  f i l l ed c i rc l �s , Yaku tsk23 ) ; 7 crosses , Vo l cano Ran ch24 ) 
and  25 open c i rc l es ,  Haverah Park2 4 ! ) .  I n  the r i ght hand d i ag ram l i nes of 
Ga l ac t i c  l a t i tude , b"=60 0 ,  300 , o0 , - 30 0 , a re ma rked as  a re the d i rec t i ons  of 
s p i ra l - i n ,  the Ga l act i c  a n t i - ce n t re , the north Ga l act i c  po l e  and the cen t re 
of the V i rgo c l u s te r .  

I n d i v i dua l energ i es have y e t  t o  be pub l i shed for t h e  Rus s i an data .  The f i rs t  

h a rmon i c  i n  r i gh t  ascens i on o f  these 45  even ts has an amp l i tude of 90  ± 20% 

(p robab i l i ty o f  a r i s i ng by chance f rom an i so t rop i c  d i s t r i b u t i on = 1 . 4 x  1 0- 4 )  

and a phase of  1 80 ± 1 40 RA .  I t  i s  a l so c l ea r  tha t there i s  n o  enhan cement 

towa rds the Ga l a ct i c  p l a n e  as p red i cted by Syrovatsky 3 1 l . The probab i I i  ty of 

a 2 :  1 enhanceme n t  i n  the reg i on of the p l ane w i th respect to the Po l e  

( l b" l < 30°  compare w i th l b" l > 3 0 0 )  can b e  s t ron g l y  rej ected , (p« l 0- 3 ) .  

An a l te rna t i ve way of p resen t i n g th i s  res u l t i s  to determ i n e  the 
dev i a t i on f rom expecta t i on of the mean Ga l act i c  l a t i tude of these data . I t  

has been poi n ted out before 1 ) that  the Haverah Pa rk data set  reve a l  an i nc rease 

of <s i n b"> , ove r the va l u e  expected for i sotropy ,  above the ene rgy at wh i ch 

the ene rgy s pect rum f l a t tens . A s i m i l a r ana l ys i s  has been made w i th the 
ava i l a b l e  s howe rs f rom Vo l cano Ran ch and Yakutsk  and i s  shown a l ongs i de the 

Have rah Pa rk res u l t i n  f i g u re 7. There is some support f rom these 

expe r i ments for a change in the Ga l a ct i c  l a t i tude d i s t r i b u t i on at the 

ene rgy in q ues t i on .  Above 4 . 1 0 1 9eV , <s i n  b"> fo r 48 events is 0 . 5 0 ± 0 . 0 7 

compa red w i th the i s ot rop i c  expecta t i on of 0 . 30 .  For 1 -2 x 1 0 1 9eV ( the othe r 

energy band for wh i ch Ya kutsk d i rect ions  a re ava i l a b l e )  <s i n b"> = 0 . 2 1 0 ± 0 . 045 

( i sotrop i c expecta t i on = 0 . 22 )  for  the showe rs recorded i n  the th ree 
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F i gu re 7 Va r i a t i on \lf <s i n b"> w i th energy . The l e f t  hand d i ag ram shows the 
Have rah Pa rk resu l ts 1 1  for < s i n b"> and the ene rgy spect rum. The r i ght  hand 
d i agram s hows the res u l ts der i ved for <s i n  b"> fo r the Vo l cano Ranch24 ) and 
the Yakuts k2 3 ) data sets . 

The reason , • a  p r i o r i  1 ,  fo r i nves t i ga t i ng the an i so t ropy above and 

be l ow  4 x  1 0 1 9eV is that above th i s  energy the s pect rum is f l a t t e r  than at 

l owe r ene rg i es whereas i f  the sources of  these mu l t i - Jou l e  pa rt i c l es 

a re at cosmo l og i ca l  d i s tances (quasars for examp l e ) , the s pectrum i s  

pred i cted to s teepen rap i d l y .  I have been unab l e  t o  th i n k  o f  any 

sys tema t i c  e r ro r  wh i ch ,  if i t  we re p resen t , wou l d  s i m u l taneous l y  

f l a t ten the  s pect rum and cause the s howe rs to a r r i ve w i th an anoma l ous 

i n tens i ty at h i gh Ga l a ct i c  l a t i tudes . The two effects comb i ne to p rov i de 

an i mportant c l ue as to the or i g i n  of the mos t  energe t i c  part i c l es .  
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F i g u re 8 D i s t r i b ut i on of h i gh 
ene rgy cosm i c  rays i n  Ga l act i c  
l a t i tude32 ). The uppe r d i ag ram shows 
the ra t i o  of the obse rved to expected 
n umbe r of  showe rs as  a funct ion of 
Ga l a ct i c  l a t i tude and energy . 
Showe rs a re g rouped i n  energy b i ns 
wh i ch ,  apart f rom E l O ,  a re a factor 2 
i n  w i dth .  ES encompasses 1 - 2  x 1 0 l Bev 
and E l O  con ta i n s  a l l showers w i th 
energy > 3 . 2 x 1 0 1 9eV. Note that E 7 ,  
E S  a n d  E 9  a re t reated as  a s i ng l e  
g roup and that there i s  a change i n  
the ve rt i ca l  sca l e  fo r E l O .  I n  the 
l owe r d i ag ram the g ra d i en t  of each of 
the uppe r g raphs is p l ot ted as  a 
funct i on of p r i ma ry energy.  The re i s  
a change o f  sca l e  above the dotted 
1 i ne wh i ch s hows the g ra d i en t  
expected fo r an i sotrop i c  d i s t r i bu t i on 
i n  G a l act i c  l a t i tude .  The Co rne l l 
data a re f rom re fe ren ce ( 33 ) .  

A more deta i l ed ana l y s i s  i n  Ga l act i c  l a t i tude h as recen t l y  been made by 
the Have rah Park g roup32 ) fo r showe rs w i th ene rg i es be l ow 4 . 1 0 1 9eV. The 9 x 1 04 

even ts w i th energ i es a bove 6 x  J O l6eV have been g rouped i n to factor of 2 b i ns i n  

energy . Fo r each ene rgy b i n  the ra t i os of the obs erved to the expected n umbe r 

of events have been ca l cu l ated as a funct i on of Ga l ac t i c  l at i tude and  a re shown 
i n  f i g ure 8. The s t a t i s t i cs a l  l ow on l y  a des c r i p t i on of the sys tema t i c  
dev i a t i ons f rom un i form i ty i n  Ga l act i c  l a t i t ude . The g rad i en t  of a 1 i ne a r  l east  



squares f i t  to the data of each energy b i n  i s  shown i n  the f i gure .  The res u l t 

for  b i n  E l O  i s  a res ta tement  of t�e res u l t j us t  d i scussed , that s howe rs above 

4 x  1 0 1 9eV a r r i ve p referen t i a l l y  f rom h i gh  Ga l ac t i c  l at i tude s .  The rema i n i ng 

ene rgy b i n s  s how a sys tema t i c  enhan ceme n t  at l ow Ga l act i c  l a t i t udes . A l though 

no ene rgy b i n  s hows a very s i gn i f i cant  enhanceme n t  on i ts own ,  a t rend of 

s teepe r g ra d i en ts at h i gher  ene rg i es i s  appa ren t when the f i t ted g rad i en ts a re 

p l ot ted as a fun c t i on of energy . D i rect compa r i s on i s  poss i b l e  on l y  w i th data 

f rom the Corne l l g roup 3 3 ) who have reported the co- o rd i nates of 1 6 6  events  

ha v i ng E> l 0 1 8eV . Th e g rad i en t  i s  compa rab l e  i n  magn i tude and  of the  same s i gn 

as those obta i ned w i th Have rah Park data .  Fo r the Haverah Park even ts a l one  

the  mean g rad i e n t  a t  energ i es l es s  than  3 . 2  x l 0 1 9eV i s  (- 3 . 1 ± 1 . 4 )  x 1 0- 3 ,  

s i gn i f i can t l y  d i ffere n t  f rom zero. 

4 .  D i s c us s i on and  I n te rpre ta t i on 

have a t tempted to s umma r i se the p resen t s ta te of know l edge about cosm i c  

rays i n  f i g u re 9 whe re the ene rgy dependence o f  the mean mas s , the i n teg ra l 

s l ope of t h e  ene rgy s pect rum and pa rame te rs assoc i a ted w i th the an i s o t ropy , a re 

d i s p l ayed . The b reaks i n  the va r i ous  pa ramete rs a re not ,  of cou rse , as sharp  

as i nd i ca ted b u t  are  s hown as  d i s con t i n u i t i es to h i gh l i gh t  the poss i b i l i ty that  

changes in  s pectra l  features appear  to co i nc i de w i th changes in  features o f  the 

H Y C integral) 
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F i g u re 9 Summary of  
expe r i menta l data on cosm i c  rays . 
TriA i s  the mean of the l oga r i thm 
of the p r i mary mass , A; y i s  the 
s l ope o f  the i nteg ra l ene rgy 
s pect rum; o i s  the amp l i tude o f  
t h e  1 s t  ha rmon i c  i n  s i de rea l t i me 
o r  r i gh t  a s cens i on and the b"  
g rad i en t  rat i o  i s  a s ummary of  
the data o f  f i g u re 8 .  The Larmor 
rad i us of  a p roton i n  a 3µ G 
magne t i c  f i e l d  i s  shown at two 
energ i es .  

an i sotropy . The two mos t c l ea r l y  es tab l i s hed changes i n  the s l ope of the 

ene rgy spect rum occur near 1 0 1 5ev and 3 x 1 0 1 9ev. Nea r the l owe r ene rgy the 
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amp l i tude of t h e  f i rs t  h a rmon i c  i n  r i gh t a s cens i on i s  obse rved to s ta r t  to 
i n c rease w i th energy ; a t  the h i gh e r  energy a tendency for p a r t i c l es to a r r i ve 
p re fe ren t i a l l y  f rom h i g h Ga l ac t i c  l a t i t udes i s  obse rved . There may be a l e s s  
p ronounced s pe c t r a l fea t u re nea r 1 0 1 7eV whe re t h e  an i s o t ropy amp l i t ude chan ges 
and where t h e  phase and dec l i n a t i on d i s t r i b u t i on behaves in a comp l i ca ted 
manne r ;  more meas u remen ts of the s pe c t rum a r e req u i red in th i s  reg i on .  

I t  i s  e v i den t f rom f i g u re 9 (and f i g u res 2 and 8) that cosm i c  rays a re 
a n i s o t rop i c  a t  a l l ene rg i es b e tween S. 1 0 1 1  a n d  1 0 2 0ev. There i s  s ugges t i ve 
e v i dence , de r i ved f rom a n a l y s i s  of the d i s t r i b u t i on of 1 0 0MeV y - rays , tha t 
cos m i c rays of 1 0 9 - 1 o l O ev have the i r o r i g i n  i n  ou r Ga l axy 34 ) . I t  i s  
con se rva t i ve a n d  unexcep t i ona b l e  to s uppose tha t cosm i c  rays u p  to a t  l eas t 
2 . 1 0 1 7eV a re a l s o of Ga l a c t i c  or i g i n .  The re l a t i ve l y  l a rge amp l i t udes , seve r a l 
pe rcen t ,  obse rved nea r 1 0 1 7ev a n d  the comp l ex d i s t r i b u t i on i n  de c l i n a t i on (see 
f i g u re 3) cou l d  h a rd l y  a r i s e  as a res u l t  of s ome an i s o t rop i c , ext raga l a c t i c ,  
d i s t r i b u t i on o f  s o u rces beca use d i f f us i on o f  the p a r t i c l es i n  i n te rga l a c t i c  
s pace i s  expected to render the i r d i s t r i bu t i on h i gh l y  i so t rop i c .  Rather one 
m i g h t  seek to i n te r p re t  t h e  obse rved p a t te r n s  a s  a r i s i n g f rom the convo l u t i on 
of t h e  magne t i c  f i e l d  s t r u c tu re w i t h i n  a few La rmor rad i i  of the e a r t h  w i t h a n  
an i s o t rop i c  d i s t r i b u t i on of Ga l a c t i c  objects wh i ch wou l d  acce l e r a te s u ch 
p a r t i c l es .  I n  t h i s  con text i t  i s  n o ted t h a t  the c u r ren t l y  a t t ra c t i ve s hock 
a c ce l e ra t i on mode l m i gh t  ope rate up to energ i es of 1 0 1 8ev 3 51 .  S u i tab l e  shocks 
m i g h t  be, o r  m i gh t  have been , a s s o c i ated w i th fea t u res s u ch a s  the He i l e s  
s upe r s h e l  l s 3 6 l .  Theo re t i c a l  s t ud i es o f  me thod s of acce l e r a t i on of l i g h t  
n u c l e i  i n  s u c h  s y s tems wou l d  be of eno rmous he l p  i n  i n te rp re t i n g t h e  d a t a .  

Exten s i ve efforts have been made i n  t h e  l a s t  1 0  yea rs to unde r s t a n d  the 
fact that cosm i c  rays of 1 0 2 0 ev a re obse rved at a rate ( 5 (:'.� : i lx 1 0- 1 6m- 2 s - 1 s r- 1 ) 
s i g n i f i ca n t l y  g re a t e r  than expected i f  the s o u r ces of s u ch p a r t i c l es l i e on l y  
a t  cosmo l og i ca l  d i s tance.  The po i n t  i s  that  p rotons o f  th i s  ene rgy i n teract 
very s t ron g l y  w i t h the 3K rad i a t i on ( p rod u c i n g  p i on s ) a n d  have an a t te n ua t i on 
l en g th of about 2 0 0Mpc at 1 0 2 0ev . Th us 1 0 2 0ev p rotons f rom the Coma c l u s te r  

wou l d  b e  reduced i n  i n tens i ty by �2 . 7 even i f  d i f f u s i on i n  i n te rga l a c t i c  s pace 
was neg l i g i b l e . I f  a l l  of the p r i ma r i es were i ron n u c l e i  ( i n  con t rad i c t i on to 
the l i m i ted expe r i men t a l  ev i dence ) photod i s i n te g r a t i on by the 3K photons wou l d  
b e  e f f e c t i ve i n dep l e t i n g  the i n tens i ty b y  a s i m i l a r  amo u n t 7 ) . The sou rces 
m u s t  t h u s  be re l a t i ve l y  l o ca l ,  ce r ta i n l y  l y i n g w i th i n  200Mp c .  

Ev i dence f o r  an i s o t ropy i n  t h e  a r r i va l  d i rec t i o n s  o f  t h e  h i ghes t energy 
eve n t s  ( f i g u re 7)  appea rs at v a r i a n ce w i t h any reasona b l e  mode l o f  Ga l ac t i c  
o r i g i n ,  an d i t  h a s  become popu l a r6 , 7 , 3 7- 3 9 ) to cons i de r  the pos s i b i l i t y t h a t  
h i ghes t ene rgy p a r t i c l es a re p roduced by sou rces w i th i n  the V i rgo c l u s t e r .  A 



maj o r  d rawback of th i s  hypothes i s  i s  tha t the ene rgy req u i rements  for  s uch 

sou rces a r e  ve ry l a rge .  To  ma i n ta i n  the obse rved l oca l ene rgy dens i ty of  

"' 1 0- 8eV cm- 3 t h roughout the  Loc a l  Supe r c l uster  when the 3 K- l i m i ted l i fe t i me i s  

'V 1 0 By req u i res an ene rgy i nput , i n to 1 0 2 0 ev p a r t i c l es and above , of 

"'5 x 1 04 1 e rg s- 1 .  Add i t iona l l y the sou rces wou l d  have to p ump vast quan t i t i es 

of ene rgy i n t o  l owe r ene rgy cosm i c rays , as much as 1 046erg s- 1 i n to cos m i c  rays 

> 1 GeV if the h i gh ene rgy s pect r a l  s ha pe (y = 1 . 3  ± 0 . 1 )  pers i s ts to l ower energ i e s .  

Such an  ene rgy output  i s  about 1 0 6  t i mes that  of ou r own Ga l axy i n  cosm i c  rays 

whe reas th e n umbe r of s i m i l a r ga l ax i e s  in the V i rgo c l us t e r  may on l y  be "'1 0 3 .  

A p a rt i cu l a r l y  i n teres t i n g  and deta i l ed d i scuss i on o f  t h i s  p rob l em has 

been g i ven by G i  ! e r  et a ] 4 0 ) in a deve l opme n t  of s ome ea r l i e r  i deas of Wdowczyk 

and  Wo l fenda l e4 1 l . They have made a deta i l ed s tudy of a mod e l  i n  wh i ch the 

sou rces of the part i c l es l i e  in the V i rgo c l uster  and in ne i ghbou r i ng c l us ters . 

Two d i ag rams f rom the i r  paper a re s hown i n  f i g u re 1 0 .  The s pectra l s ha pe a t  the 

h i ghes t ene rg i es can be rep roduced by the mu l t i -c l us te r  mode l w i th a l a rge 

d i ffus i on coeff i c i en t ( 3 x 1 0 3 5  E i 9 5 cm2 s- 1 )  though a better  des c r i pt i on of the 

a n i sot ropy data i s  p rov i ded by the mode l i n  wh i ch the V i rgo c l u s te r  con ta i n s  the 

most  s i gn i f i ca n t  sou rces . A tes t between the two mode l s  may be poss i b l e  when 
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F i gure 1 0  Res u l ts of ca l cu l a t i ons  of the V i rgo c l uster  and mu l t i - c l us t e r  
mode l s  of G i  ! er et  a J 4 0 ) ,  The l eft  h a n d  d i a g ram shows the f i t  t o  t h e  spec t ra l  
shape ach i eved w i th the m u l t i -c l us te r  mode l ( c l us ters w i th i n  1 00Mpc ) i n  wh i ch 
the d i ffus i on coeff i c i en t  i s  energy dependen t ,  D = 3 x 1 03 5  E 1 9 1 ·  5 cm2 s- 1 ( E  i n  
un i ts of 1 0 1 9eV ) . The r i ght  hand d i ag ram s hows the v a r i a t i on of <s i n  b"> 
p red i cted by mode l s : A, V i rgo c l uster  o n l y ,  D = S x  1 0 3 3  E 1 9 � cm2 s- 1 ;  
B ,  V i rgo c l us te r  a l on e ,  D = 1 . 58 x 1 0 34 E 1 9 cm2 s- 1 ;  
C ,  V i rgo p l us other c l u s te r s ,  D = 3 x  1 0 3 5 E 1 9 1 · 5 cm2 s- 1 .  The open c i rc l l's a re 
f rom1 l , the t r i ang l e  i s  a sma l ! e r  samp l e  of Yakutsk  data than that  of2 3 J  
wh i ch i s  s hown i n  f i gure 7. T h e  d i ag rams are  f i g u res 7 a n d  9 of  
reference ( 40 ) . 
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da ta on the spect ra and  an i so t ropy i n  the Southern Hem i s phe re ( 6 < 0 ° )  become 

ava i l a b l e .  On the V i rgo hypothes i s  i t  seems c l ea r  that a sma l l e r  an i so t ropy 

than seen i n  the Nor thern Hem i sphere wou l d  be expected together w i th a l ess  

pronounced f l a t ten i ng of  the spect rum. Th i s  a r i ses beca use of  the we l l - known 

concen t r a t i o n  of ga l ax i es i n  the northern Ga l act i c  hem i s phere42 ). Pred i c t ions 

based on the mu l t i - c l uster  mode l req u i re more deta i l ed know l edge of the 

pos i t i ons , s i zes  and d i s ta nces of Ga l act i c  c l usters  than a re presen t l y  

ava i l ab l e . 

A l though the mode l j u s t  desc r i bed successfu l l y exp l a i n s fea t u res 

assoc i a ted w i th the h i ghest energy cosm i c  rays i t  p red i cts that the d i rect ion 

of a n i sot ropy of 1 01 8 - 1 0 1 9ev pa r t i c l es shou l d  l i e above the Ga l act i c  p l ane 

( f i gu re 1 0 ) rather than b e l ow i t  as  is  found exper i menta l l y ( f i gu re 8) . The 

or i g i n  mod e l  can be reconc i l ed w i th observa t i ons  i f  the p r i ma r i es wh i ch reach 

us  f rom southern Ga l ac t i c  l at i tudes have unde rgone some p referen t i a l  

acce l era t i on , perhaps a s  a resu l t  of hav i ng spent a substa n t i a l  part  o f  the i r  

1 i ves w i t h i n  the Loca l G roup of ga l ax i e s ,  the centre of wh i ch 1 i es i n  a 

d i rect i on zz O b e l ow the Ga l a ct i c  p l ane .  The  poss i b i l i ty of  i n terga l ac t i c  

acce l e ra t ion , sugges ted or i g i na l l y b y  Coccon i 4 3 l , has been rev i ved more 

recen t l y  i n  the con text of shock acce l e ra t i on by B l andford and Os t r i ke r 35 ) . 

I t  i s  not b e i ng suggested here that  part i c l es rece i ve a l l  of the i r  energy 

in i n t e rga l a ct i c  space. Rather i t  i s  b e i n g  p roposed tha t the an i sot ropy a r i ses 

because par t i c l es rece i ve a boost  of  energ y ,  /I E ,  l ead i ng to an  a n i sot ropy of 
(y + 1 )  LIE , where y i s  the s l ope of  the i n tegra l energy spect rum. Ga l a ct i c  

E 
w i nds  and the mot i on of mas s i ve gas c l ouds , such as those of the Mage l l an i c  

s t ream44 ) , may genera te the necessary shocks i n  the med i um o f  the Loca l G roup . 

I f  a heavy mass compos i t i on i s  eventua l l y estab l i shed as b e i n g  more 

proba b l e  than the p roton dom i na ted compos i t i o n  supposed i n  the above d i scus s i on 

then the obse rva t i ons between 1 0 1 8  and 1 0 1 9eV cou l d  be recon c i l ed w i th a 

Ga l a c t i c  o r i g i n .  A cosm i c  ray g ra d i en t  caused by i neff i c i en t  trapp i n g  w i th i n  

the Ga l act i c  magnet i c  f i e l d  wou l d  resu l t  i n  a n  a n i sotropy i n  a d i rec t i on 

orthogona l to the l oca l magnet i c  f i e l d  and the g rad i en t .  The d i rect i on of the 

obse rved excess i s  con s i stent  w i th a f i e l d  d i rect ion  o f  £""-90 ° , b""'oO p rov i ded 

the sun l i es in the d i rec t i on towa rds the i nner  boundary of the l oca l sp i ra l  

a rm a s  i t  may do4 5 l . 

5 .  Summa ry and Future Exper i ments  
The  conc l us i ons  wh i ch have been reached above as  to the o r i g i n  of  cosm i c  

rays a re : -
1 .  1 0 1 2 - z . 1 0 1 7ev I t  i s  l i ke l y  that the majo r i ty of these part i c l es are 



acce l e ra ted i n  sou rces wh i ch l i e w i th i n  our  own Ga l axy . The l eve l s  of 

an i so t ropy obse rved f rom 1 0 1 5  to 2.  l O l 7eV a re much l a rger  than expected 

on any ext raga l a ct i c  theory of o r i g i n  a nd s i nce there is ev i dence f rom 

s t ud i es of y- ray data that 1 0 9  - 1 0 1 0ev cosm i c  rays a re G a l a ct i c  i t  wou l d  

b e  s u r p r i s i ng i f  pa r t i c l e s  o f  i n te rmed i ate ene rgy had a d i fferent o r i g i n .  

Furthe rmore a n umber o f  p l aus i b l e  Ga l act i c  mode l s  have been dev i sed4 6-4 9 ) 

wh i ch ,  though d i ffe r i ng i n  the i r  assump t i ons , l ead to p red i ct i ons  for the 

amp l i tude of  an i sot ropy in rough ag reemen t w i th expe r i men t .  

I t  s hou l d  b e  borne i n  m i n d ,  howeve r ,  tha t a m i xture  of a n  i sot rop i c  

extraga l a c t i c  component and a n  an i so t rop i c  Ga lact i c  component cou l d  be 

p resent a t  any energy.  For  examp l e  the observed an i sot ropy near 1 0 1 7eV 

m i ght  a r i se f rom a Ga l a c t i c  componen t wh i ch had a 1 00%  1 s t  ha rmon i c  

amp l i tude ( a  po i n t  sou rce p roduces a 200% amp l i tude) and a n  i so t rop i c  

ext raga l a ct i c  component wh i ch comp r i sed �98% o f  the to ta l i n tens i ty . 

2 .  2 . 1 017- i a19 eV : I t  i s  not c l ea r  at the p resen t t i me whethe r cos m i c  rays 

in t h i s  ene rgy band o r i g i nate  dom i nan t l y  f rom w i th i n  ou r Ga l axy or  out­

s i de of i t .  I f  the maj o r  mass componen t i s  e s tab l i shed to b e  hyd rogen 

then i t  w i l l  be  hard to s u s ta i n  the v i ew that the maj o r i ty of the 

pa r t i c l es o r i g i na te w i th i n  ou r Ga l axy . 

3 .  > J O l 9eV : The ev i dence for an i sot ropy in  a d i rect i on nea r l y  norma l to the 

Ga l a c t i c  p l ane , cou p l ed w i th the d i f f i cu l ty of a cce l e ra t i ng part i c l es to 

t hese ene rg i e s  in any known s t ructure w i th i n  our G a l axy , makes i t  probab l e  

tha t the pa r t i c l e s  obse rved a re o f  Ga l a ct i c  or i g i n .  The con t i n u a t i on of 

the s pect rum to j u s t  beyond 1 02 0 ev, howeve r ,  requ i re s  that the sources 

l i e w i th i n  200Mpc and p robab l y  c l os e r .  

Wha t expe r i men ts  need t o  be unde r taken t o  tes t  these con c l us ions?  At  the 

h i g hest  ene rg i e s  the maj o r  needs a re for data f rom the Southe rn Hem i s phe re ,  

wh i ch s hou l d  come s ho r t l y  f rom the Sydney expe r i me n t 3 5 ) and fo r a t h ree- to­

tenfo l d  i n c rease i n  s ta t i s t i cs wh i ch may be ach i eved by the Un i ve r s i ty of 
Utah ' s  F l y ' s  Eye expe r i men t50 l i n  the near  future .  I f  1 0 3 km2 of co l l ec t i ng 

a rea  cou l d  be mon i to red for 1 0  yea rs on l y  abo u t  5 even ts  w i th E > l 0 2 1 eV wou l d  

b e  expected f rom a n  ext rapo l a t i on of the known rate a t  1 02 0ev. Between 1 0 1 7  

and J O l 9eV h i gh stat i s t i cs expe r i ments  i n  wh i ch i t  i s  pos s i b l e  t o  measure the 

a r r i va l  d i rect ion pa ttern of i n d i v i dua l ma ss  components a re b e i ng d i s cussed 

and p re l i m i nary data of  th i s  type may come from the recen t l y  comm i ss i oned 

l a rge a r ray in Japa n 5 1 l . At l owe r energ i e s  the Nagoya g roup has p l an s  to 

extend the i r  h i gh  coun t i ng ra t e ,  sma l I a i r  shower expe r i ments  to energ i es 

above l 0 1 4ev52 ) wh i l e  between 1 0 1 5  and  l 0 1 7eV expe r i ments  curren t l y  run n i ng 

at Have rah Park enab l e  an i n terest i n g  reg i on to be su rveyed w i th c u r re n t  
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techno logy.  Be l ow l 0 1 7eV howeve r ,  the sma l l ness  of  the showe rs makes i t  

ha rd to see how mass a s s i gnments  can b e  made eff i c i e n t l y  for i n d i v i d u a l  

even t s .  

O f  i mmense benef i t  t o  t h e  i n terpretat i on o f  ex i s t i ng d a t a  wou l d  be 

theoret i ca l  effort a i med a t  p i nn i ng down 1 i ke l y  acce l e ra t i on reg i on s .  I n  

part i cu l a r  the enormous powe r req u i red to b e  i np u t  to h i gh ene rgy cosm i c  rays 

and the acce l e ra t i on of pa rt i c l e s  to 1 02 0ev pose cha l l eng i ng p rob l ems for 

ast rophys i c i s t s .  
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