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A b s t r a c t

The status o f the field o f ultrahigh energy cosmic ray physics is summarized, from the point 

o f view o f the latest results o f the High Resolution Fly’s Eye (HiRes) Experiment. HiRes 

results are presented, and compared with those o f the Akeno Giant Air Shower Array 

(AGASA), plus the Telescope Array and Pierre Auger experiments.. The HiRes 

measurement o f the cosmic ray spectrum, and the observation o f the GZK cutoff are 

presented. HiRes results on composition, searches for anisotropy, measurement o f the 

proton-air total cross section, and shapes o f shower profiles are presented.
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2

I n t r o d u c t io n

E x p er im e n ta l o b se r v a tio n s  are th e  b a s is  fo r  s tim u la tin g  an d  te s t in g  th e o r ie s  o f  c o s m ic  ray p ro d u ctio n . 

A t th e  e n e r g ie s  o f  in terest fo r  th is  r e v ie w  (>  1 0 17 e V ) , th e  m a in  e x p e r im en ta l  o b se r v a tio n s  are th e  

en e r g y  sp ectru m , th e  c h e m ic a l c o m p o s it io n , th e  la rg e  an d  s m a ll-s c a le  a n iso tro p y  an d  th e  co rre la tio n s  

b e tw e e n  th em . P r o p o s e d  th e o r ie s  a b o u t c o s m ic  ray  o r ig in s  an d  e x p e c te d  p r o p a g a tio n  e f f e c ts  b e tw e e n  

so u rc e  an d  d e te c t io n  at th e  E arth  s u g g e s t  fea tu res to  lo o k  for  in  th e se  o b s er v a t io n s .

T h e  lo w - in te n s ity  o f  c o s m ic  ra y s a b o v e  1 0 17 e V  req u ires  d e tec to r s  w ith  la rg e  c o l le c t in g  areas. T h e  

E a rth ’s  a tm o sp h ere  m a k e s  su c h  la rg e  areas  p ra c tica b le  b e c a u s e  e a c h  e x tr e m e ly  h ig h -e n e r g y  (E H E )  

c o s m ic  ray p r o d u c e s  an  e x te n s iv e  air s h o w e r  (E A S )  o f  ch a rg ed  p a r tic le s . T h e  lo n g itu d in a l e x te n t  o f  

th e  s h o w e r  is n ear  te n  k ilo m e te r s  o f  a tm o sp h ere  w h ile  th e  fo o tp r in t o f  ch a rg ed  p a r t ic le s  o n  th e  g rou n d  

h a s  a  rad iu s  o f  o rd er o f  a  k ilo m ete r . T h u s  th e  s h o w e r s ’ ch a r a c ter is tic s  ca n  b e  d e ter m in ed  b y  sa m p lin g  

th e  p a r tic le  d e n s itie s  w ith  a  g ia n t array o f  w id e ly  sp a c e d  p a r t ic le  d e tec to r s  o n  th e  g ro u n d , or b y  

d e tec t in g  a ir - f lu o r e sc e n c e  lig h t  p r o d u ce d  b y  th e  p a s s a g e  o f  th e  s h o w e r  p a r t ic le s  th ro u g h  th e  

a tm o sp h ere . C o n tem p o rary  g ia n t g ro u n d  arrays h a v e  c o lle c t in g  areas  in  th e  ra n g e  o f  1 0 0  k m 2 

(A G A S A )  [1] to  th o u sa n d s  o f  k m 2 (T e le s c o p e  A rray  [2] an d  P ierre A u g e r  [3 ] e x p e r im en ts ).  T h e  F ly ’s 

E y e  a ir - f lu o r e sc e n c e  d e tec to r  [4 ] h a d  an  e f f e c t iv e  t im e  a v er a g ed  apertu re o f  a p p ro x im a te ly  1 0 0  k n r s tr  

at e n e r g ie s  n ear  1 020 e V  w h ile  th e  H ig h  R e s o lu t io n  F ly ’s E y e  (H iR e s )  [5 ], T e le s c o p e  A rray  an d  A u g e r  

a ir - f lu o r e sc e n c e  d e tec to r s  h a v e  o rd er o f  m a g n itu d e  h ig h er  t im e -a v e r a g e d  c o l le c t in g  areas. T h es e  

d etec to r s  ca n  o n ly  o p erate  o n  c lea r , m o o n le s s  n ig h ts  an d  th u s  h a v e  a  d u ty  fa c to r  o f  n ea r  10%.

A n  E A S  m ea su re m en t  p r o v id e s  in d irec t in fo r m a tio n  a b o u t th e  p r im ary p a r tic le . T o  a d v a n ce  

u n d ersta n d in g  o f  th e  o r ig in  o f  E H E  c o s m ic  ra ys , w h a t is  n e e d e d  is th e  en e r g y , a to m ic  m a ss  and  

arriva l d irec tio n  fo r  ea c h  p a r tic le . T h e  in d irec t m ea su re m en ts  m a d e  n e c e ss a r y  b y  th e  lo w  f lu x  o f  th e se  

p a r t ic le s  m a k e s  a cq u ir in g  su c h  in fo rm a tio n  d iff icu lt . S h o w e r  m ea su re m en ts  are a lw a y s  in c o m p le te . 

G ro u n d  arrays sa m p le  p a r t ic le  d e n s itie s  sp a r se ly  an d  at o n e  a ltitu d e  o n ly . T h e  s to c h a s t ic  n ature o f  th e  

s h o w e r  g u a ra n tees  that p a r t ic le  d e n s itie s  w i l l  f lu c tu a te  aro u n d  th e ir  e x p e c te d  v a lu e s  fo r  a  c o s m ic  ray
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o f  a  certa in  en er g y  an d  m a ss . T h u s  e v e n  a  p e r fe c t  m ea su re m en t w o u ld  n o t u n iq u e ly  d e term in e  th e  

p ro p er tie s  o f  th e  c o s m ic  ray p a r tic le  that in itia ted  th e  E A S . F u r th erm ore, g ro u n d  array m ea su re m en ts  

m u st re ly  o n  a  m o d e l o f  h ig h -e n e r g y  in tera c tio n s  to  co m p u te  th e  e x p e c te d  p a r tic le  d e n s itie s  for  a 

c o s m ic  ray o f  a  p ar ticu lar  m a s s  a n d  e n er g y . A n y  su c h  m o d e l is  an  ex tr a p o la tio n  fro m  k n o w n  

in tera c tio n  p ro p er tie s  at lo w e r  c e n te r -o f-m a s s  e n e r g ie s . U n ce r ta in ty  in  th e  h ad ro n ic  in tera c tio n  m o d e l  

im p lie s  an  u n cer ta in ty  in  th e  e x p e c te d  air s h o w e r  fo o tp r in t fo r  a p a r tic le  o f  a p ar ticu lar  m a ss  and  

e n e rg y .

T h e  a ir - f lu o r e sc e n c e  m ea su r em en t  is  m u c h  le s s  d ep en d en t o n  ex tr a p o la tio n  an d  g iv e s  a  m o re  re lia b le  

e stim a te  o f  th e  p r im ary s h o w e r  en e r g y , a s  it is  in h eren tly  ca lo r im etr ic . T h e  m a g n itu d e  o f  th e  air- 

f lu o r e s c e n c e  is  s im p ly  p r o p o r tio n a l to  th e  en e r g y  d e p o s ite d  in  th e  a tm o sp h ere  b y  th e  E A S . H o w e v e r , 

ea c h  d e te c t io n  tec h n iq u e  en co u n ters  d iffer en t m a n ife s ta tio n  o f  th e se  in tr in sic  sa m p lin g  d if f ic u lt ie s  

a n d  o th er  p r o b le m s  a s s o c ia te d  w ith  th e  e x p e r im en ta l  tec h n iq u e  it s e lf . T h e  m o s t  r ece n t  ex p e r im en ts  

(T e le s c o p e  A rray  an d  A u g e r )  h a v e  d e p lo y e d  b o th  k in d s  o f  d e tec to r s  in  th e  b e l i e f  that “h y b r id ” 

o b se r v a tio n  w i l l  r e d u c e  th e  d if f ic u lt ie s  p r e v io u s ly  en co u n tered .

W h ile  th e  p io n e e r in g  g r o u n d  arrays o f  V o lc a n o  R a n ch  [6], S U G A R  [7 ], H a v era h  P ark  [8], Y a k u tsk

[9] an d  A k e n o  [1 0 ] m a d e  m a n y  im p o rtan t co n tr ib u tio n s  to  ou r  u n d ersta n d in g  o f  th e  p h y s ic s  o f  c o s m ic  

ra y s a b o v e  1 0 17 e V , th is  r e v ie w  w i l l  co n c en tra te  o n  th e  m o re  recen t resu lts :  A G A S A  (a  g rou n d  array 

o f  p la s tic  sc in ti lla to r  d e tec to r s) an d  H iR e s  (th e  s e c o n d  g e n e r a tio n  F ly ’s E y e  air f lu o r e s c e n c e  

d etec to r s).  In  a d d itio n  p re lim in a ry  re su lts  fro m  th e  P ierre A u g e r  ex p e r im en t w i l l  b e  d is c u ss e d  an d  th e  

sta tu s  o f  th e  T e le s c o p e  A rray  ex p er im en t, cu rren tly  u n d er  co n str u c t io n , w i l l  b e  ex a m in e d .

T h e o r e t ic a l  B a c k g r o u n d

T h eo r e t ica l e x p e c ta t io n s  o f  w h a t  o n e  s h o u ld  s e e  in  th e  u ltra h ig h  en e r g y  r e g im e  (a b o v e  1 0 17 e V )  

in c lu d e  th e  G Z K  c u to ff .  F irst p re d ic te d  b y  K . G re is se n , G . Z a tsep in , an d  V . K u z m in  in  1 9 6 6  [1 1 ] th is  

is  a h ig h -e n e r g y  l im it to  th e  f lu x  o f  c o s m ic  ra ys . It is  c a u se d  b y  in tera c tio n s  b e tw e e n  c o s m ic  ray  

p ro to n s  o f  e x tra g a la c t ic  o r ig in  an d  p h o to n s  o f  th e  C o s m ic  M ic r o w a v e  B a c k g r o u n d  R a d ia t io n  

(C M B R ), w h er e  th e  cen ter  o f  m a s s  en e rg y  is a b o v e  th e  th resh o ld  fo r  p io n  p ro d u ctio n . Just a b o v e  th is  

th resh o ld  l ie s  th e  A (1 2 3 2 )  r e so n a n c e  that h a s  a q u ite  la rg e  c r o ss  s e c t io n . T h e  p io n s  fro m  th e  d e c a y  o f  

th is  r e so n a n c e  carry a w a y  a b o u t 2 0 %  o f  th e  p r o to n ’s e n e rg y . T h is  is  th u s a s tron g  e n e r g y - lo s s  

m e c h a n is m  fo r  p r o to n s , a n d  rep ea ted  p h o to p io n  in tera c tio n s  d e c r ea se  a  p r o to n ’s  en er g y  u n til it fa lls  

b e lo w  in e la s t ic  th resh o ld . T h e  th resh o ld  is s e t  b y  th e  tem p eratu re  o f  th e  C M B R  a n d  th e  m a ss  and  

w id th  o f  th e  A (1 2 3 2 )  r e so n a n c e . It is  a b o u t 6 x l 0 19 e V  i f  ex tr a g a la c t ic  so u r c es  are u n ifo rm ly  

d istr ib u ted  th ro u g h o u t th e  u n iv e r se . I f  th ere  w e r e  a  lo c a l  o v er a b u n d a n c e  or  u n d er -a b u n d a n ce  o f  

so u r c es  th e  “ G Z K  e n e r g y ” c o u ld  c h a n g e  b y  a  sm a ll  a m o u n t, b u t th e  e f f e c t  w o u ld  b e  e v id e n t  m o st ly  

a b o v e  IO20 e V  [1 2 ]. T h u s  th e  sh a p e  o f  th e  sp ec tru m  f a l l - o f f  a b o v e  th e  G Z K  c u t o f f  sh o u ld  te l l  u s  

a b o u t th e  lo c a l a b u n d a n ce  o f  so u r c es . A  s tee p  f a l l - o f f  w o u ld  in d ica te  an  u n d er  a b u n d a n ce  o f  so u r c es  

in  th e  lo c a l area. F in a lly , th e  d is ta n c e  p ro to n s  m u st tra v e l b e fo r e  th e ir  en er g y  is b ro u g h t b e lo w  th e  

in e la s t ic  th resh o ld  is s e t  b y  th e  A (1 2 3 2 )  c r o ss  s e c t io n  an d  th e  d e n s ity  o f  C M B R  p h o to n s , an d  is  a b o u t 

5 0  M p c .

E le c tr o n -p o s itr o n  p a ir  p r o d u ct io n  a lso  o c c u r s  in  th e  in tera c tio n s  b e tw e e n  p ro to n s  a n d  C M B R  p h o to n s . 

M u c h  le s s  en er g y  is  lo st  b y  th e  p ro to n  in  su c h  an  in tera c tio n , s o  it ta k e s  m o re  th a n  an  o rd er o f  

m a g n itu d e  lo n g e r  tra v e l d is ta n c e  b e fo r e  th ere  is  a n o t ic e a b le  e f f e c t  o n  th e  p r o to n ’s en e r g y . T h is  

en e r g y  lo s s  m e c h a n is m  is  p re d ic te d  to  e x c a v a te  a d ip  in  th e  sp ectru m  in  a b o u t th e  m id d le  o f  th e  1018 

e V  d e c a d e  [1 3 ]. A s  d is c u s s e d  b e lo w , d ata s h o w s  that th ere  is in d e ed  a  d ip  in  th e  sp ectru m  at th is  

lo ca tio n , w h ic h  is c a lle d  th e  “ a n k le ” . B u t  w h eth er  th e  a n k le  is  c a u se d  b y  p a ir  p r o d u ct io n  is s til l 

d isp u ted . T h e  m a in  o th er  p r ed ic te d  c a u se  o f  th e  a n k le  is  th e  g a la c t ic /e x tr a g a la c t ic  tran sitio n . T h e  fa ll 

to  th e  a n k le  is  h ere  s e e n  as th e  la st  g a sp  o f  th e  g a la c t ic  c o s m ic  ray  f lu x , and  th e  r ise  a b o v e  th e  a n k le  is  

th e  ex tr a g a la c tic  f lu x  s h o w in g  th rou g h .
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O n e  c a n  u s e  o th er  data  to  d e term in e  w h ic h  o f  th e se  tw o  e x p la n a t io n s  o f  th e  c a u se  o f  th e  a n k le  is 

co rrec t. I f  th e  a n k le  is  c a u se d  b y  e le c tr o n -p o s itr o n  p a ir  p r o d u ct io n  th en  th e  c o s m ic  ra y s in  th is  en e rg y  

ra n g e  are p re d o m in a n tly  e x tra g a la c t ic  an d  th e ir  c o m p o s it io n  sh o u ld  b e  u n ifo rm ly  lig h t  s in c e  

p h o to sp a lla t io n  w i l l  b rea k  u p  h e a v y  n u c le i o v e r  th e se  d is ta n c e s . F or  a  v a r ie ty  o f  re a so n s  in c lu d in g  

lea k a g e  fro m  th e  m a g n e tic  c o n ta in m en t  o f  th e  g a la x y  an d  p r e feren t ia l a c c e le ra t io n  o f  h e a v y  n u c le i  at 

th e  a c c e le ra tio n  so u rce , g a la c t ic  c o s m ic  ra y s are e x p e c te d  to  b e  d o m in a te d  b y  h e a v y  n u c le i  n ea r  th e  

en d  o f  th e  g a la c t ic  sp ec tru m . T h u s , in  th e  c a s e  o f  th e  g a la c t ic  -  ex tr a g a la c t ic  tra n sitio n  h y p o th e s is , a 

h e a v y  g a la c t ic  c o m p o s it io n  sh o u ld  g iv e  w a y  to  a  lig h t  e x tr a g a la c t ic  o n e  an d  a c h a n g e  o f  c o m p o s it io n  

sh o u ld  b e  e v id en t. W e  sh a ll s e e  that th e  c o m p o s it io n  m ea su re m en ts  m a d e  b y  th e  H iR e s  p ro to ty p e  

(o p e ra t in g  in  h yb r id  m o d e  w ith  th e  M I A  m u o n  array) an d  b y  H iR e s  s tereo  in d ica te  an  a n sw e r  to  th is  

q u es tio n . T h e s e  d ata s h o w  that th e  c o m p o s it io n  is a p p ro x im a te ly  c o n s ta n t o v e r  th e  w h o le  a n k le  

r e g io n , in d ica t in g  th at th e  a n k le  is  n o t  th e  g a la c t ic -e x tr a g a la c t ic  tra n sitio n .

In  p er fo r m in g  f its  to  th e  c o s m ic  ray  sp ec tru m  a n k le  [1 4 ] o n e  s e e s  that th e  sp ectra l in d ic e s  b e lo w  and  

a b o v e  th e  a n k le  are s e n s it iv e  to  tw o  im p ortan t p aram eters a b o u t e x tr a g a la c t ic  c o s m ic  ray s o u r c es , th e  

p o w e r  la w  in d e x  at th e  so u rc e  an d  th e  e v o lu t io n  o f  th e  so u r ces . T h u s  it is  im p ortan t to  m ea s u r e  th e  

p ro p er tie s  o f  th e  a n k le  a c cu ra te ly .

It is  c o m m o n ly  a c c ep te d  that g a la c t ic  so u r c es  o f  c o s m ic  ra y s are su p er n o v a  rem n an ts. T h e  K a sc a d e  

ex p e r im en t [1 5 ] h a s  s h o w n  th at th ere  is a  r ig id ity -d e p e n d a n t c u t o f f  at a n d  a b o v e  th e  “k n e e ” o f  th e  

sp ectru m , w h ic h  o cc u r s  fo r  p ro to n s  at a b o u t 3 x 1 0 1" e V  w h ic h  co rresp o n d s  a p p ro x im a te ly  to  e stim a te s  

o f  th e  m a x im u m  en er g y  o f  a c c e le ra t io n  fo r  th e se  rem n an ts. A b o v e  th is  en e r g y  th e  c o m p o s it io n  g e ts  

h e a v ie r  u n til a b o u t l x l O 17 e V , w h e n  th e  lim it is  r ea ch ed  for  iron  p r im a r ies . T o  e x p la in  th e  o r ig in  o f  

c o s m ic  ra y s o f  e v e n  h ig h e r  e n e r g ie s  o n e  m u st in v o k e  o th er so u rc e  ty p e s , su c h  as su p e r m a s s iv e  b la c k  

h o le s  in  d is ta n t g a la x ie s , k n o w n  a s  A G N ’s  [1 2 ] (th e  s u p e r m a ss iv e  b la c k  h o le  at th e  cen ter  o f  th e  

M ilk y  W a y  g a la x y  is  r e la t iv e ly  sm a ll an d  in a c tiv e ). T h e se  ca n  a c c e le ra te  c o s m ic  ra y s  to  h ig h er  

e n e r g ie s . T h e se  are n o t  lik e ly  to  b e  so u r c es  w h er e  a  g rea t d ea l o f  fu s io n  o f  h e a v y  e le m e n ts  h a s  

o ccu rred , an d  an y  n u c le i that are a c c e le ra te d  are b ro k en  u p  b y  sp a lla tio n , s o  e x tra g a la c t ic  c o s m ic  ray s  

are e x p e c te d  to  b e  o f  lig h t  c o m p o s it io n  (h y d r o g e n  an d  h e liu m  n u c le i) .

In  a d d itio n  to  th e se  th ree  p re d ic te d  so u r c es  o f  stru cture in  th e  c o s m ic  ray  sp ec tru m  an d  c o m p o s it io n , 

th ere  is an  o b se r v e d  fea tu re  th at is  n o t  p re d ic ted , c a lle d  th e  “s e c o n d  k n e e .” T h is  is  lo c a te d  in  th e
17 'x n 'x ^

m id d le  o f  th e  10 e V  d e c a d e  an d  is  a s te e p e n in g  o f  th e  sp ec tra l f a l l o f f  (fro m  a b o u t E ‘ to  E' 

sp ectra l b e h a v io r ). B e c a u s e  o f  d iffe r in g  en e r g y  s c a le s  a m o n g  th e  v a r io u s  e x p e r im en ts  that h a v e  s e e n  

it, th e  e x a c t  en er g y  o f  th e  s e c o n d  k n e e  is n o t  k n o w n . C o lle c t in g  d ata o n  sp ec tru m  an d  c o m p o s it io n  in 

th e  en e rg y  r e g io n  o f  th e  s e c o n d  k n e e  sh o u ld  b e  o f  th e  h ig h e s t  p r ior ity  for  fu tu re  e x p e r im en ts .

T h is  th e o r e tic a l  an d  e x p e r im en ta l  s itu a t io n  r a is e s  se v e r a l  q u e s t io n s  to  b e  a n s w e re d  b y  th e  curren t 

g en er a tio n  o f  e x p e r im en ts .

1. Is th e  G Z K  c u t o f f  p resen t?  A t  w h a t  en e rg y  d o e s  it o ccu r?  H o w  s tee p  is  th e  f a l l o f f  a b o v e  th e  

cu to ff?  Is th ere  a  lo c a l u n d er  or o v e r  a b u n d a n ce  o f  so u r ces?

2 . W h at is  th e  en er g y  o f  th e  a n k le?  W h at are th e  p o w e r  la w  in d ic e s  b e lo w  an d  a b o v e  it?

3 . W h at is  th e  c o m p o s it io n  a s  a  fu n c tio n  o f  e n er g y ?  Is it h e a v y  or lig h t?  C an  w e  s e e  a 

tra n sitio n  r e g io n ?  Is th e  tra n sitio n  at th e  a n k le  or  lo w e r  in  en e rg y ?

4 . W h at is  th e  c a u se  o f  th e  s e c o n d  k n ee ?  Is  th e  s e c o n d  k n e e  a g a la c t ic  fea tu re  ( i f  s o ,  it w o u ld  

s h o w  u p  in  th e  h e a v y  c o m p o n e n t  o f  th e  f lu x )  or an  e x tr a g a la c t ic  fea tu re  (th e  c o m p o s it io n  

w o u ld  th en  b e  lig h t)?

5 . W h at are th e  so u r c es  o f  th e  h ig h e s t  en e r g y  c o s m ic  ray s?  Is th ere  a n iso tro p y  in  th e  c o s m ic  ray  

f lu x  that p o in ts  to  so u r ces?  Is th ere  la r g e -sc a le  a n iso tro p y  re la ted  to  g a la c t ic  m a g n e tic  f ie ld s?
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H is t o r y

T h e  A G A S A  ex p e r im en t w a s  an  e x p a n s io n  o f  th e  A k e n o  g ro u n d  array, lo ca te d  at th e  A k e n o  

o b serv a to r y  in  Japan  ( 3 5 .8 d e g  N  1 3 8 .5  d e g  E ). T h e  A G A S A  array c o n s is te d  o f  111 p la s tic  

sc in ti lla to r s  e a c h  w ith  2.2 m 2 area sp a c e d  b y  a p p ro x im a te ly  1 k m  a n d  c o v e r in g  an  area  o f  -  100 k m 2. 

T h e s e  sc in ti lla to r s  h a v e  an  e s se n t ia lly  eq u a l r e sp o n se  to  th e  e le c tr o n s  an d  m u o n s  in  th e  E A S . In  

a d d itio n  th ere  w e r e  2 7  se ts  o f  p ro p o r tio n a l co u n ters  lo ca te d  u n d er  a b so rb ers , w h ic h  w e r e  u s e d  to  

m ea s u r e  th e  m u o n  c o m p o n e n t  o f  th e  E A S . T h e  m u o n  th resh o ld  en e r g y  w a s  .5 G e V . F u ll o p e ra tio n  o f  

th e  array b e g a n  in  1 9 9 3  an d  it w a s  d e c o m m is s io n e d  in  2 0 0 4 . A l l  th e  co u n ters  w e r e  c o n n e c te d  b y  an  

o p t ic a l f ib er  n e tw o rk .

T h e  F ly ’s  E y e  ex p e r im en t w a s  lo ca te d  at D u g w a y , U ta h  (4 0 d e g  N , 1 13  d e g  W ) at an  a tm o sp h er ic  

d ep th  o f  8 6 0  g m /c m 2. T h ere  w e r e  tw o  d e tec to r s , F ly ’s E y e  I c o n s is t in g  o f  6 7  sp h e r ica l m irrors o f  1.5  

m  d ia m eter  a n d  F ly ’s E y e  II, c o n s is t in g  o f  3 6  s im ila r  m irrors lo ca te d  3 .3  k m  a w a y . E a ch  p h o to tu b e  

su b te n d e d  a  5 b y  5 d e g r e e  p ix e l  in  th e  sk y . E v e n ts  w e r e  o b se r v e d  in  m o n o c u la r  m o d e  w h e n  e ith er  

d etec to r  s a t is f ie d  a  m in im u m  tr ig g er  req u irem en t and  in  s tereo  m o d e  w h e n  b o th  d e tec to rs  tr ig g ere d  o n  

th e  sa m e  ev en t. T h e  m o n o c u la r  t im e -a v e r a g e d  apertu re a p p ro a ch ed  1 0 0  k m 2str n ea r  1 020 e V  w h ile  th e  

stereo  apertu re  w a s  - 4 0  k m 2 str a b o v e  1 0 19 e V . T h e  d e tec to r s  w e r e  o p era ted  fro m  1 9 8 2  to  1 9 9 2 .

A  s e c o n d -g e n e r a t io n  air f lu o r e s c e n c e  ex p er im en t , th e  H ig h  R e s o lu t io n  F ly ’s  E y e  (H iR e s )  w a s  

p r o p o se d  in  th e  ea rly  1 9 9 0 ’s an d  w a s  c o m p le te d  in  1 9 9 7  (H iR e s  I)  an d  1 9 9 9  (H iR e s  II ). It w a s  a lso  

lo ca te d  at D u g w a y , U ta h  a n d  h a d  tw o  a ir - f lu o r e sc e n c e  d e tec to r  s ite s , H iR e s  I a n d  H iR e s  II sp a c e d  

1 2 .6  k m  apart. D u g w a y  P r o v in g  G ro u n d s h a s  a  c le a n  a tm o s p h e re  an d  lo w  lig h t  p o llu tio n . E a ch  H iR e s  

s ite  w a s  o n  a  h ill ,  a b o v e  th e  b u lk  o f  m o s t  o f  th e  a e r o so l h a z e  in  th e  a tm o sp h ere . T h e  tw o  s ite s  

g a th ered  d ata in d e p e n d e n t ly  a n d  th e  d ata w a s  a n a ly z ed  in  e ith er  m o n o c u la r  or s tereo  m o d e . T h is  

d e tec to r  h a d  sm a ller  p h o to tu b e s  r e su ltin g  in  a  p ix e l  s iz e  o f  1 d e g r e e  b y  1 d e g r e e  o n  th e  sk y . A m o n g  

o th er  im p r o v em en t o v e r  th e  o r ig in a l F ly ’s  E y e  w a s  an  F A D C  d ata a c q u is it io n  s y s te m  at H iR e s  II 

w h ic h  a l lo w e d  a  m u c h  m o re  p r e c is e  m ea su r em en t o f  th e  lo n g itu d in a l s h o w e r  p r o f ile . T h e  H iR e s  I 

d e tec to r  to o k  d ata in  m o n o c u la r  m o d e  fro m  1 9 9 7  to  2 0 0 6 ,  w h ile  H iR e s  II o p era ted  fro m  1 9 9 9  to  

2 0 0 6 . C o n se q u en tly  th e  d ata  se t  fro m  th is  ex p e r im en t is  d iv id e d  in to  a  la rg e  m o n o c u la r  d ata se t  fro m  

H iR e s  I, a  m o n o c u la r  d ata se t  fro m  H iR e s  II an d  a c o m b in e d  s tereo  d ata se t  c o v e r in g  1 9 9 9  to  2 0 0 6 .

T h e  A ir  F lu o r e s c e n c e  T e c h n iq u e

I o n iz in g  p a r t ic le s  tra v ers in g  th e  a tm o sp h ere  p r o d u c e  lig h t  b y  e x c it in g  th e  2 P  a n d  I N  b a n d  s y s te m s  o f  

N 2  an d  N 2 + m o le c u le s  [1 6 ]. T h is  e x c ita tio n  an d  th e  re su lta n t f lu o r e s c e n c e  h a v e  b e e n  m ea s u r ed  b y  a 

n u m b er  o f  g ro u p s  [1 7 ] a s  a  fu n c tio n  o f  p re ssu re  an d  tem p era tu re , m o s t  r e ce n t ly  b y  th e  F L A S H  [18 ] 

a n d  A ir  F ly  [1 9 ] c o lla b o r a t io n s . In  th e  3 0 0  to  4 0 0  n m  w a v e le n g th  r e g io n  that is  e f f e c t iv e  in  p r o d u c in g  

p h o to m u lt ip lie r  s ig n a ls  th e  a ir - f lu o r e sc e n c e  e f f ic ie n c y  is  a p p ro x im a te ly  4 .0  p h o to n s /m  p er  io n iz in g  

p a r tic le . T h e  c o m p e t itio n  b e tw e e n  f lu o r e s c e n c e  an d  c o ll is io n a l  d e -e x c ita t io n  m a k e s  th is  f lu o r e sc en t  

y ie ld  n ea r ly  in d e p e n d e n t  o f  a tm o sp h er ic  p re ssu re  (u p  to  -  12 k m  a ltitu d e ).

A s  an  E A S  p ro p a g a te s  th ro u g h  th e  a tm o sp h ere , its ch a rg ed  p a r t ic le s  e x c it e  a ir - f lu o r e sce n c e . T h is  lig h t  

is  em it ted  iso tr o p ic a l ly . In  a d d itio n  to  air f lu o r e s c e n c e , C h ere n k o v  lig h t  is  p r o d u ce d  w ith in  a  c o n e  o f  

a p p ro x im a te ly  2 .5  d e g r e e s  o f  th e  ch a rg ed  p a r tic le s . T h e  re su lta n t C h er e n k o v  lig h t  d istr ib u tio n , 

r e fle c t in g  th e  m u lt ip le  sca tter in g  o f  e le c tr o n s , is  s tr o n g ly  b e a m ed  fo rw ard  a lo n g  th e  E A S  a x is . A ir  

f lu o r e s c e n c e  d e tec to r  m irrors g a th er  th e se  p h o to n s  an d  fo c u s  th em  o n to  arrays o f  p h o to m u ltip lie r  

tu b e s  (P M T s). E a ch  P M T  v ie w s  a  s m a ll  s o lid  a n g le  o f  th e  sk y . A n  E A S  p r o d u c e s  a ch a rac ter is tic  

p attern  o f  p ix e l  tr ig g ers  as it p ro p a g a te s  th ro u g h  th e  a tm o sp h ere  w ith  n ea r ly  th e  sp e e d  o f  lig h t. A ir  

f lu o r e s c e n c e  d e tec to r s  reco rd  th e  P M T  s ig n a l a m p litu d e  a s  a fu n c tio n  o f  t im e  (se t  b y  e ith er  th e  

p h o to tu b e  c r o ss in g  t im e  or th e  F A D C  c lo c k )  an d  th is  in fo rm a tio n , a fter a pp rop r ia te  co r rec tio n s , can  

b e  u s e d  to  d e term in e  th e  lo n g itu d in a l s h o w e r  p r o f ile  (n u m b er  o f  io n iz in g  p a r t ic le s  a s  a  fu n c tio n  o f



UU 
IR 

A
uthor 

M
anuscript 

UU 
IR 

A
uthor 

M
anuscript

U n i v e r s i t y  o f  U t a h  I n s t i t u t i o n a l  R e p o s i t o r y

A u t h o r  M a n u s c r i p t

a tm o sp h er ic  d ep th ). T h e  in teg ra l o f  th is  p r o f ile  is  p ro p o r tio n a l to  th e  p r im ary s h o w e r  en e rg y  an d  th e  

p ro p o r t io n a lity  co n s ta n t is  la rg e ly  in d e p en d en t o f  th e  h a d ro n ic  p h y s ic s  at th e  p r im ary in terac tio n .

P h o to n s  fro m  an  E A S  tra v e l th ro u g h  th e  a tm o sp h ere  to  rea ch  th e  m irrors a n d  w i l l  sca tter  o n  th e  air 

m o le c u le s  an d  a e r o so ls  in  th e ir  p ath . M o le c u la r  or R a y le ig h  sca tter in g  is  w e l l  u n d ers to o d  a n d  th e  

e f fe c t  is  s tra ig h tfo rw a rd  to  c a lc u la te  o n c e  th e  m o le c u la r  d e n s ity  p r o f ile  is  k n o w n  (fo r  e x a m p le  fro m  

b a llo o n  r a d io so n d e  m ea su re m en ts) . S c a tter in g  fro m  a e r o so ls  v a r ie s  w ith  th e  a e r o so l co n ten t o f  th e  air 

a n d  th e  n ature o f  th e  a e r o so ls  an d  m u st b e  m ea s u re d  o n  an  h o u r ly  b a s is . T h e  e f f e c t  o f  a e r o so l 

sc a tter in g  is  ty p ic a lly  ch a ra c ter ized  b y  th e  h o r izo n ta l a e r o so l e x t in c t io n  len g th , th e  e x p o n e n t ia l  d ro p 

o f f  o f  a e r o so l d e n s ity  w ith  a ltitu d e , th e  v e r tica l a e r o so l o p t ic a l d ep th , an d  th e  a n g u la r  d e p e n d e n c e  o f  

th e  sc a tter in g  (th e  p h a se  fu n c tio n ) . L a sers  w ith  s teer a b le  b e a m s, lo ca te d  at s o m e  d is ta n c e  fro m  th e  

d e tec to r  s it e s  are u s e d  to  s w e e p  th ro u g h  th e  a ir - f lu o r e sc e n c e  d e tec to r  apertu re an d  d e term in e  th e se  

p aram eters [2 0 ]. In  c lea r  d esert a tm o sp h e re s  su c h  a s  are p re sen t at th e  D u g w a y  s ite , th e  n e t e f f e c t  o f  

a e r o so l v a r ia t io n s  o n  th e  to ta l a tten u atio n  o f  lig h t is  sm a ll  an d  is  w e l l  a p p ro x im a ted , o v e r  th e  co u r se  

o f  an  ex p er im en t, b y  an  a v er a g e  s ta b le  a tm o sp h ere .

L a sers  a lso  g iv e  an  in d ica t io n  o f  th e  p r e s e n c e  o f  c lo u d s  in  th e  a tm o sp h ere  s in c e  a  la ser  b ea m  h itt in g  a 

c lo u d  w i l l  m u s h r o o m  o u t d u e  to  e n h a n c e d  m u lt ip le  sca tter in g . O th er to o ls  fo r  m ea su r in g  the  

a tm o sp h ere  in c lu d e  in frared  c lo u d  m o n ito r s  an d  v e r tic a lly  d irec ted  x e n o n  fla sh e rs  lo ca te d  b e tw e e n  

th e  a ir - f lu o r e sc e n c e  d e tec to r s  [21].

A ir  f lu o r e s c e n c e  d e tec to rs  n e e d  to  b e  c a r e fu lly  ca lib ra ted  s in c e  th e  en e rg y  o f  an  E A S , w h ile  

ca lo r im e tr ic a lly  d e term in ed , d e p e n d s  o n  th e  a b s o lu te  g a in  o f  th e  d e tec tor . C a lib ra tio n  is  ty p ic a lly  

d o n e  u s in g  N I S T -  tra cea b le  s ta b le  lig h t  so u r c es  an d  an  o v e r a ll e n d -to -e n d  ca lib ra tio n  is  a v a ila b le  

u s in g  la ser  b e a m s  w h o s e  en e rg y  at in jec tio n  in to  th e  a tm o sp h ere  is ca r e fu lly  m ea s u r ed  u s in g  N I S T  

ca lib ra ted  d e tec to r s  [2 2 ]. T h e  re la tio n  b e tw e e n  P M T  s ig n a ls  a n d  th is  en e rg y  g iv e  th e  o v e r a ll d e tec to r  

ca lib ra tio n  co n sta n t. T y p ic a l s y s te m a tic  errors fo r  th is  a b s o lu te  d e tec to r  ca lib ra tio n  are 10% .

E v e n t  R e c o n s t r u c t io n

T h e  r e co n str u c t io n  o f  th e  E A S  lo n g itu d in a l s h o w e r  p r o f ile  d e p e n d s  o n  th e  d e term in a tio n  o f  the  

s h o w e r  g e o m e tr y , i.e . th e  im p a c t p aram eter  o f  th e  s h o w e r  (R p) an d  th e  s h o w e r  z e n ith  an d  a z im u th  

a n g le . T h is  c a n  b e  d e term in ed  in  m o n o c u la r  m o d e  b y  f itt in g  th e  e x p e c te d  d e p e n d e n c e  o f  th e  re la t iv e  

arriva l t im e  o f  th e  s ig n a ls  in  th e  s e q u e n t ia l p ix e ls  in  th e  sh o w e r -d e te c to r  p la n e  o n  th e se  p a ra m eters. 

T h e  sh o w e r -d e te c to r  p la n e  is  d e term in ed  b y  th e  b e s t f it  to  a p la n e  su b te n d in g  th e  d irec tio n  v e c to r s  o f  

th e  p ix e ls  tr ig g e red  b y  th e  E A S . W h e n  stereo  in fo rm a tio n  is  a v a ila b le , th e  s h o w e r  g e o m e tr y  is  s im p ly  

th e  in te r se c t io n  o f  th e  tw o  s h o w e r  d e tec to r  p la n e s  (fro m  H iR e s  I a n d  II, fo r  in sta n c e ). O n c e  th e  

g e o m e tr y  is k n o w n , c o r rec tio n s  fo r  s o lid  a n g le  e f fe c ts ,  v a r ia tio n s  in  a c c ep ta n c e  fro m  p ix e l  to  p ix e l  

(d u e  to  sh a d o w in g  o f  th e  m irrors b y  th e  p h o to tu b e  c lu ster ), m irror r e f le c t iv ity  an d  P M T  an d  

e le c tr o n ic s  g a in  as w e l l  a s  a tm o s p h e r ic  a tten u atio n  are a p p lied . T h e  n e t re su lt  is  a m ea su r em en t  o f  th e  

n u m b er  o f  p h o to n s  e m it te d  at th e  E A S  lo ca t io n  as a  fu n c tio n  o f  a tm o s p h e r ic  d epth  in  b in s  d ic ta ted  b y  

e ith er  th e  p ix e l  s iz e  (o n e  d e g r e e  fo r  H iR e s )  or b y  th e  F A D C  t im in g  s l ic e  (ty p ic a lly  1 0 0  n s ). 

K n o w le d g e  o f  th e  a ir - f lu o r e sc e n c e  e f f ic ie n c y  th en  a l lo w s  c o n v e r s io n  to  s h o w e r  s iz e  (n u m b er  o f  

io n iz in g  p a r t ic le s )  v e r su s  a tm o s p h e r ic  d epth .

T h e  G r o u n d  A r r a y  T e c h n iq u e

G ro u n d  arrays sa m p le  th e  n u m b er  o f  p a r t ic le s  at o b se r v a tio n  le v e l  in  an  E A S  p r o d u c ed  b y  a  p rim ary  

c o s m ic  ray . T h ere  are s ig n if ic a n t  f lu c tu a tio n s  in  th e  p o s it io n  o f  d ep th  o f  s h o w e r  m a x im u m  (X max) for  

an  e v e n t  w ith  th e  sa m e  en e r g y  and  a to m ic  m a ss . H e n c e , s im p ly  su m m in g  th e  to ta l d e n s ity  at 

o b se r v a tio n  le v e l  is  in ad eq u ate . H il la s  [2 3 ] p r o p o se d  a  m eth o d  to  m u c h  re d u c e  th e  in flu e n c e  o f  

s h o w e r  d e v e lo p m e n t  f lu c tu a tio n s  o n  th e  d e term in a tio n  o f  s h o w e r  en er g y  b y  g ro u n d  array 

e x p e r im en ts . T h e  m eth o d  r e lie s  o n  th e  fa c t  that p a r t ic le s  at d is ta n c e s  o f  5 0 0  to  1 0 0 0 m  fro m  th e  co re
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o f  th e  E A S  at o b s e r v a tio n  le v e l  are m o st  l ik e ly  to  h a v e  th e ir  o r ig in  at s h o w e r  m a x im u m . S in c e  th e  

n u m b er  o f  p a r t ic le s  at s h o w e r  m a x im u m  is  p ro p o r tio n a l to  th e  in itia l p a r tic le  en er g y  an d  the  

f lu c tu a t io n s  in  p a r tic le  n u m b er  are m in im iz e d  at th is  s ta g e  o f  s h o w e r  d e v e lo p m e n t , a  m ea su re m en t o f  

s h o w e r  p a r t ic le  d e n s ity  far fro m  th e  c o r e  sh o u ld  g iv e  m o re  a ccu ra te  re su lts . H i l la s ’ id ea  h a s  b e e n  

c o n f ir m ed  b y  m a n y  s im u la tio n s  a n d  h a s  b e e n  in co rp orated  in  th e  a n a ly s is  o f  d ata b y  th e  H a v era h  Park

[2 4 ] an d  Y a k u tsk  [2 5 ] g ro u p s  in  th e  p a st. W h ile  th e  d e ta ils  d e p e n d  o n  th e  h ad ro n ic  m o d e l  u s e d  an d  o n  

th e  n ature o f  th e  p r im ary p a r tic le , a l l s im u la t io n s  a g ree  that th e  flu c tu a tio n s  are m in im iz e d  n ea r 6 0 0  m  

fo r  E A S  w ith  e n e r g ie s  n ear  1 0 19 e V  n ear  s e a  le v e l . A  c o m p lic a tio n  c o m e s  fro m  th e  fa c t  th at sh o w e r s  

at n o n -z e ro  z e n ith  a n g le s  h a v e  d iffe ren t d e g r e es  o f  a t ten u atio n  in  th e  a tm o sp h ere . H e n c e  th e  d istan t 

d e n s ity  m ea su r em en t p ( 6 0 0 )  h a s  to  b e  co rrec ted  for  a  z e n ith  a n g le  re la ted  e f fe c t . T h is  co rre c tio n  

fa c to r  ca n  b e  d e ter m in ed  fro m  th e  s im u la tio n s  b u t is  th en  h a d ro n ic  m o d e l d ep en d en t. It ca n  in  

p r in c ip le  a lso  b e  d e ter m in ed  e x p e r im en ta lly  b y  u s in g  th e  eq u a l in ten s ity  m eth o d . T h is  p o s its  that 

s in c e  th e  c o s m ic  ray  f lu x  im p a ct in g  th e  a tm o sp h ere  at a  g iv e n  en e r g y  sh o u ld  b e  in d e p en d en t o f  z e n ith  

a n g le , th e  d e p e n d e n c e  o f  c o s m ic  ray  rate o n  z e n ith  a n g le  fo r  a f ix e d  in terva l in  p ( 6 0 0 )  c a n  b e  u s e d  to  

d e r iv e  th is  c o r rec tio n  fac to r . A n  a d d it io n a l a ssu m p tio n  th at m u st b e  m a d e  is th at th e  c o m p o s it io n  o f  

c o s m ic  ray s  is  n o t  c h a n g in g  ra p id ly  in  th e  en er g y  r e g io n  o f  in terest. T h e  latera l d istr ib u tio n  o f  ch a rg ed  

p a r t ic le s , e s p e c ia l ly  th e  m u o n  c o m p o n e n t , w i l l  b e  d iffer en t n ea r  6 0 0 m  for  p  an d  F e  in c id en t n u c le i, 

fo r  e x a m p le . T h e  e x te n s iv e  air s h o w e r s  p r o d u ce d  b y  a  h e a v y  c o m p o s it io n  w i l l  a lso  a tten u a te  m u c h  

fa ster  w ith  z e n ith  a n g le  th a n  th o s e  fro m  a  lig h t  c o m p o s it io n . A d d it io n a lly , th is  m eth o d  req u ires  

s ig n if ic a n t  s ta tis t ic s  and , g iv e n  th e  p o w e r  la w  n ature o f  th e  c o s m ic  ray f lu x , is  d if f ic u lt  to  u s e  at th e  

h ig h e s t  e n e r g ie s .

H y b r id  e x p e r im en ts  su c h  a s  th e  T e le s c o p e  A rray  an d  A u g e r  h a v e  a n o th er  o p t io n . T h e  en er g y  sc a le  

o b ta in ed  b y  u s in g  th e  p ( 6 0 0 )  p aram eter  a n d  its z e n ith  a n g le  d e p e n d e n c e  ca n  b e  ca lib ra ted  u s in g  

e v e n ts  w h e r e  th e  a ir - f lu o r e sc e n c e  d e tec to r  a lso  h a s  a  g o o d  en e r g y  m ea su r em en t. T h is  la rg e ly  r e m o v e s  

an y  d e p e n d e n c e  o n  h a d ro n ic  m o d e ls  an d  c o m p le x  s im u la t io n  c o d e s . H o w e v e r , s in c e  th e  o n  t im e  for  

a ir - f lu o r e sc e n c e  d e tec to r s  is  u s u a lly  le s s  th a n  10% o f  th e  g rou n d -array  o n  t im e , th e  ca lib ra tio n  

b e c o m e s  u n cer ta in  at th e  h ig h e s t  e n e r g ie s  d u e  to  l im ite d  s ta tis tic s . C u rren tly , lin ear  ex tra p o la tio n  is 

u s e d  to  a v o id  th is  p r o b le m  [2 6 ], b u t th is  m o o ts  th e  q u e s t io n  o f  w h eth e r  th e  z e n ith  a n g le  d ep e n d e n t  

c o r rec tio n  fa c to rs  for  th e  g ro u n d  array are in  fa c t lin ea r  w ith  e n er g y . H e n c e  th e  s y s te m a tic s  o f  g rou n d  

array ca lib r a tio n s , e ith er  u s in g  s im u la tio n s  or ca lib ra t io n s  fro m  a ir - f lu o r e s c e n c e  d e tec to r s  w i l l  r em a in  

p ro b lem a tic  at th e  h ig h e s t  e n e r g ie s  o f  in terest.

H a d r o n ic  I n t e r a c t io n  M o d e ls  a n d  E A S  S im u la t io n

T h e  m ea su ra b le  a sp e c ts  o f  an  E A S  (E n e rg y , X m a x , latera l a n d  lo n g itu d in a l p r o f ile , n u m b er  o f  

e le c tr o n s  or e le c tr o n  d e n s ity  a n d  n u m b er  o f  m u o n s  or  m u o n  d e n s ity )  d e p e n d  o n  th e  n ature o f  th e  

p r im ary p a r tic le  an d  th e  h a d ro n ic  in tera c tio n  p h y s ic s  at ea c h  in tera c tio n  an d  d e c a y  p o in t . S in c e  the  

C M  en e rg y  o f  th e  p rim ary  in tera ctio n  is w e l l  b e y o n d  a cce lera to r  e n e r g ie s , th e o r e tic a l  m o d e ls  m u st  b e  

u s e d  to  p re d ic t  m u lt ip lic ity , in e la s t ic ity , th e  to ta l in e la s t ic  c r o s s - s e c t io n  an d  o th er  v a r ia b le s . N u c le a r  

e f fe c ts  are a lso  im p ortan t, p a r ticu la r ly  i f  th e  in c id e n t  p a r t ic le  is  a  h e a v y  n u c le u s . S e v e ra l Q C D  b a se d  

th e o r e tic a l  m o d e ls  su c h  as D P M J E T  [2 7 ], n e x u s  [2 8 ], Q G S J E T  [2 9 ] an d  S IB Y L L  [3 0 ], are w id e ly  

u s e d  to  p re d ic t  E A S  d e v e lo p m e n t . T h e se  m o d e ls  d iffe r  in  th e ir  p r e d ic t io n s  o f  a n u m b er  o f  p aram eters. 

T h e  to ta l in e la s t ic  c r o s s - s e c t io n  in  p ar ticu lar  d iffe r s  s ig n if ic a n t ly  in  t h e se  m o d e ls  at th e  h ig h e s t  en e rg y  

( s e e  f ig u re  1 4 ). A n  in d ep e n d e n t  m ea su r em en t  o f  th is  q u a n tity  at u ltra -h ig h  e n e r g ie s  ca n  s e rv e  as a 

te s t  o f  th e se  m o d e ls  a n d  as a  s tep  to  a c h ie v in g  a  s e lf -c o n s is te n t  d e sc r ip t io n  o f  th e  E A S  d e v e lo p m e n t  

a s  w e l l  a s  b e in g  o f  g rea t in terest to  h ig h -e n e r g y  p h y s ic s .  M e th o d s  fo r  d e term in in g  th is  are d is c u ss e d  

b e lo w .

W h ile  th e  d istr ib u tio n  o f  X max in  th e  a tm o sp h ere  d e p e n d s  a lm o s t  en t ire ly  o n  th e  n ature o f  th e  prim ary  

p a r t ic le  an d  th e  c h o ic e  o f  in tera c tio n  m o d e l  fo r  th e  fir st  f e w  g e n e ra tio n s  in  an  E A S , th e  s itu a t io n  is 

d iffe ren t fo r  th e  latera l d istr ib u tio n  fo r  e le c tr o n s  a n d  m u o n s , p a r ticu la r ly  at la rg e  d is ta n c e s  fro m  th e
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s h o w e r  co re . S in c e  th e  a v er a g e  en e rg y  o f  th e  p a ren t p io n  or  k a o n  th at p r o d u c e s  m u o n s  at a  k ilo m e te r  

fro m  th e  co re  is  o n  th e  o rd er o f  1 0 0  G e V , it is  th e  lo w -e n e r g y  part o f  th e  E A S  s im u la t io n  that is  a lso  

an  iss u e  [3 1 ]. S in c e  th e  p a ren t h a d ro n s  are ty p ic a l ly  p r o d u ce d  at sm a ll F e y n m a n  x  w h er e  th ere  is 

a lm o s t  n o  a cce lera to r  data , th e o r e tic a l  ex tra p o la t io n s  m u st  b e  u s e d  e v e n  in  th is  en e rg y  ran ge . F ig u re  1 

s h o w s  th e  su rp r isin g  resu lt: th e  v a r io u s  lo w -e n e r g y  s im u la t io n  p a c k a g e s  g iv e  s ig n if ic a n t ly  d ifferen t  

p r e d ic t io n s  fo r  th e  m u o n  d e n s ity  p ^ (1 0 0 0 )  an d  e v e n  th e  e le c tr o n  d e n s ity  [3 2 ].

distance [m]

F ig u re  1. D e p e n d e n c e  o f  la tera l d istr ib u tio n  fu n c tio n s  o n  lo w e r -e n e r g y  m o d e ls . T h e  h ig h -e n e r g y  part 

o f  th e  s h o w e r  is s im u la te d  u s in g  Q G S J et  w h ile  G H E IS H A , G -F L U K A  a n d  U r Q M D  are u s e d  as lo w  

en e r g y  m o d e ls .

A  n u m b er  o f  e x p e r im en ts  h a v e  b e e n  p r o p o se d  or are in  th e  p la n n in g  and  im p le m e n ta t io n  s ta g e , w h ic h  

w i l l  h o p e fu l ly  a lle v ia te  th is  is s u e  as w e l l  a s im p r o v in g  o u r  k n o w le d g e  o f  th e  h ig h e r  en e r g y  p h y s ic s . 

T h e  F erm ila b  M IP P  ex p e r im en t [3 3 ] w i l l  c o v e r  th e  en tire  ra n g e  in  F e y n m a n  x  fo r  a v a r ie ty  o f  b ea m  

an d  se co n d a r y  p a r tic le s  n ea r  1 0 0  G e V . P r o p o s e d  e x p e r im en ts  at th e  L H C  [3 4 ] w i l l  en r ich  ou r  

k n o w le d g e  o f  s m a ll-x  p h y s ic s  at th e  h ig h e s t  e n e r g ie s  a n d  w i l l  further co n stra in  h a d ro n ic  m o d e ls  u s e d  

in  E A S  s im u la t io n s .

A  re la ted  iss u e  is th e  trea tm en t o f  b a r y o n s  in  th e  E A S . D a ta  fro m  R H IC  o n  p a r to n  sa tu ra tion  e f fe c ts

[3 5 ] h a v e  o n ly  re ce n t ly  b e e n  in corp o ra ted  in to  E A S  s im u la t io n  m o d e ls  [3 6 ] ( s e e  b e lo w ) . A  co rrec t 

a c c o u n t in g  o f  th e se  e f f e c ts  m a y  in  fa c t  b e  th e  k e y  to  a  s e lf -c o n s is te n t  d e sc r ip t io n  o f  E A S  in  term s o f  

la tera l an d  lo n g itu d in a l d e v e lo p m e n t .

F l y ’s  E y e  a n d  A G A S A

T h e  F ly ’s E y e  a n d  A G A S A  sp ectru m  m ea su re m en ts  s e t  th e  s ta g e  fo r  th o s e  m a d e  b y  H iR es . T h e  F ly ’s 

E y e  ex p e r im en t m a d e  tw o  ty p e s  o f  sp ec tru m  m ea su re m en ts , m o n o c u la r  an d  stereo  [3 7 ]. T h e  tw o  

d iffe r ed  in  th e  a b ility  to  o b se r v e  th e  '•‘a n k le ” o f  th e  c o s m ic  ray  sp ec tru m . It is  th o u g h t  that th e  b e tter  

r e so lu t io n  o f  th e  F ly ’s  E y e  s tereo  sp ectru m  m a d e  th e  d iffe r e n c e  in  th is  o b s er v a tio n . T h e  apertu re  o f  

th is  p io n e e r in g  ex p e r im en t w a s  a  b it  to o  sm a ll  to  m ea s u r e  th e  sp ectru m  at 1 020 e V , h e n c e  to o  sm a ll  to  

o b se r v e  th e  G Z K  cu to ff . H o w e v e r  o n e  e v e n t  w a s  c o lle c te d , at an  en er g y  o f  3 .2  x  1 020 e V , w e l l  a b o v e  

th e  e x p e c te d  c u t o f f  en e rg y . T h is  w a s  a rem a rk a b le  e v e n t , o n ly  12 k m  fro m  th e  F ly ’s E y e  I d e tec tor , 

w h ic h  m a d e  a  g o o d  m ea su re m en t o f  its p r o f ile  a n d  en er g y  [3 8 ]. U n fo r tu n a te ly , th e  e v e n t  fe l l  b e h in d  

th e  F ly ’s E y e  II d e tec to r  s o  w a s  n o t s e e n  in  s tereo . T h is  is  o n e  o f  a  s e t  o f  e v e n ts , s e e n  b y  ex p e r im en ts  

to o  sm a ll  to  m ea s u r e  th e  sp ectru m  at th e  G Z K  en e r g y  that s e e m e d  to  p re d ic t  that s o m e th in g  u n u su a l 

w a s  o c cu rr in g  in  th e  G Z K  en er g y  r e g io n  [3 9 ].
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T h e  A G A S A  e x p e r im en t w a s  th e  fir st  to  h a v e  a la rg e  e n o u g h  apertu re to  m ea su r e  th e  sp ec tru m  at th e  

G Z K  en er g y  w ith  re a so n a b le  s ta tis tic s  [4 0 ]. F ig u r e  3 s h o w s  th e ir  re su lt  ( in v e r ted  tr ia n g le s)  w h er e  th e  

y - a x is  is  th e  d iffe ren tia l f lu x  m u lt ip lie d  b y  E 3 T h is  tra n sfo rm a tio n  r e m o v e s  th e  o v e r a ll p o w e r - la w  

tren d  a n d  a l lo w s  d e ta ils  in  th e  sp ectru m  to  b e  s e e n  m o re  c le a r ly . T h e ir  re su lt  w a s  d iffer en t fro m  th e  

F ly ’s  E y e  s tereo  sp ec tru m  in  that th e  sp ec tru m  w a s  a b o u t a  fa c to r  o f  2  h ig h er  in  n o r m a liza tio n . T h is  

c o u ld  b e  d u e  to  a  d iffe ren t en e r g y  s c a le  in  th e  tw o  e x p er im en ts . A n o th e r  a sp e c t  o f  th e ir  sp ec tru m  w a s  

v ery  startling: th ey  sa w  th e  sp ectru m  co n t in u in g  a s  i f  th e  c u t o f f  w e r e  a b sen t. T h e  m o st  s ig n if ic a n t  

part o f  th e ir  re su lt  w a s  th e  o b se r v a tio n  o f  11 e v e n ts  a b o v e  1 020 e V . T h e ir  m ea su r em en t  o f  the  

sp ec tru m  la u n ch ed  m a n y  th e o r e tic a l  sp e c u la t io n s  as to  h o w  th e  G Z K  c u t o f f  m e c h a n is m  m ig h t  

p o s s ib ly  b e  ev a d e d .

H o w e v e r  th e ir  re su lt  w a s  retra c ted  in  2 0 0 6  [4 1 ]. T h ey  d is c o v e r e d  an  error in  th e ir  d ata  a n a ly s is  

h a v in g  to  d o  w ith  th e  z e n ith  a n g le  c o r rec tio n  ( s e e  a b o v e ) . T h e  e f f e c t  o f  im p r o v in g  th e ir  a n a ly s is  w a s  

to  lo w e r  th e ir  en e r g y  s c a le  b y  a b o u t 10%, an d  co rrec t an  en er g y  s c a le  n o n lin ea r ity  w h ic h  lo w e r ed  

th e ir  h ig h e s t  en e r g y  e v e n ts  b y  a b o u t 15% . T h e  re su lt  w a s  r e d u c in g  th e  11 e v e n ts  a b o v e  1 020 e V  to  5 

or  6. T h e  A G A S A  co lla b o ra tio n  a lso  d ro p p ed  th e ir  c la im  th at th e  G Z K  c u t o f f  is  a b sen t, s a y in g  

in stea d  that th e ir  data  d o  n o t h a v e  th e  s ta t is t ica l p o w e r  to  m a k e  a c la im  e ith er  w a y .

T h e  H iR e s  M o n o c u la r  S p e c t r u m

T h e  H iR e s  ex p er im en t , o n  th e  o th er  h an d , h a s  o b s e r v e d  th e  G Z K  cu to ff . U s in g  th e  f lu o r e s c e n c e  

ex p e r im en ta l an d  a n a ly s is  tec h n iq u es  d e sc r ib e d  a b o v e  p lu s  an  a u g m e n te d  M o n te  C a rlo  s im u la tio n  

m eth o d , th e  sp ectru m  w a s  m ea su red  in  m o n o c u la r  m o d e  an d  it s h o w s  th e  G Z K  c u t o f f  at th e  5 c  le v e l .

A n  im p ortan t a sp e c t  o f  m ea su r in g  th e  sp ectru m  w ith  a  f lu o r e s c e n c e  ex p e r im en t is  c a lc u la t in g  th e  

apertu re. S in c e  that apertu re v a r ie s  w ith  en e r g y  (h ig h er  en e r g y  e v e n ts  are b r igh ter  an d  h e n c e  ca n  b e  

s e e n  at larger d is ta n c e ) o n e  m ig h t  e x p e c t  that th e  apertu re c a lc u la t io n  b y  th e  M o n te  C a rlo  (M C )  

tec h n iq u e  w o u ld  b e  m o re  d if f ic u lt  th a n  fo r  g ro u n d  array e x p e r im en ts , b u t ju s t  th e  r e v er se  is  th e  ca se .

T h e  M o n te  C a r lo  te c h n iq u e  in  c o s m ic  ray  p h y s ic s  h a s  tw o  parts: s im u la t io n  o f  sh o w e r s  u s in g  a 

s h o w e r  M C  p ro g ram  su c h  as C o rs ik a  [4 2 ] or A ir e s  [4 3 ] an d  h a d ro n ic  g en era to r  ro u tin es  (to  

ex tra p o la te  c r o ss  s e c t io n s  m ea s u re d  b y  a c ce lera to r  ex p e r im en ts  to  h ig h er  e n e r g ie s )  su c h  a s  Q G S je t

[2 9 ] or  S ib y l l  [3 0 ]. T h e  s e c o n d  part is a  d e tec to r  s im u la t io n  p rog ram  w h er e  th e  a ir - f lu o r e s c e n c e  lig h t  

g en er a te d  b y  th e  sh o w e r s  is  p ro p a g a ted  to  th e  ap p aratu s an d  th e  d e tec to r  r e sp o n se  ca lcu la ted , or, fo r  a 

g ro u n d  array, th e  n u m b er  o f  p a r t ic le s  that s tr ik e  a  d e tec to r  is tra n sla ted  in to  a  p u ls e  h e ig h t.

T h e  s h o w e r  M C  p r o c e s s  h a s  se v e r a l  d if f ic u lt  p o in ts  w h er e  g ro u n d  arrays are c o n c ern ed . F irst , 

f o l lo w in g  e v e ry  p a r t ic le  in  th e  s h o w e r  is  p r o h ib it iv e  in  t im e  (a  1 020 e V  s h o w e r  ta k e s  a m o n th  to  

g en e ra te  o n  a ty p ic a l co m p u ter ), s o  m eth o d s  h a v e  b e e n  d e v e lo p e d  to  s p e e d  u p  th e  g e n e r a tio n  o f  

s h o w e r s  b y  f o l lo w in g  p a r t ic le s  s ta t is t ic a lly , b u t th ey  lo s e  in fo rm a tio n  o n  th e  f lu c tu a tio n s  in  s h o w e r  

d e v e lo p m e n t  in  th e  ta ils  o f  sh o w e r s . S in c e  g ro u n d  arrays w o r k  o n ly  in  th e  ta ils  o f  th e  la tera l 

d istr ib u tio n  (th e  cen tra l part o f  a s h o w e r  w o u ld  a lso  d r iv e  a g ro u n d  array d e tec to r  in to  sa tu ra tio n ) o n e  

ca n n o t r e lia b ly  p re d ic t  th e  r e so lu t io n  o f  a g rou n d  array ex p e r im en t b y  th is  m eth o d . In  a d d itio n  th e  

u n cer ta in ty  in  th e  s h o w e r  s im u la t io n  p r o c e s s  d u e  to  ex tr a p o la tio n  o f  c ro ss  s e c t io n s  in  en e rg y  m a k e s  

th e  en tire  s im u la t io n  p r o c e s s  m o d e l d ep en d en t. E v e n  c a lc u la t in g  th e  e f f ic ie n c y  o f  a  g ro u n d  array 

re lia b ly  b y  th is  tec h n iq u e  m a y  b e  b e y o n d  th e  s ta te  o f  th e  art.

O n  th e  o th er  h a n d , fo r  a  f lu o r e s c e n c e  e x p e r im en t that s e e s  o n ly  th e  cen tra l part o f  th e  sh o w e r , w h er e  

th ere  m a y  b e  1011 p a r t ic le s  at s h o w e r  m a x im u m , c a lc u la t in g  s h o w e r  d e v e lo p m e n t  s ta tis t ic a lly  is 

stra ig h tfo rw a rd . In  a d d itio n , th e  en e r g y  m ea su r em en t  is  d o n e  ca lo r im e tr ic a lly , s o  a f lu o r e s c e n c e
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ex p e r im en t is  in s e n s it iv e  to  c r o ss  s e c t io n  e x tr a p o la tio n s . T h u s  it s h o u ld  b e  p o s s ib le  to  p er fo rm  an  

a ccu ra te  apertu re c a lc u la t io n  fo r  a f lu o r e s c e n c e  ex p er im en t.

T h e  la rg est e f f e c t  o n  th e  apertu re (in  a d d itio n  to  th e  in tr in s ic  b r ig h tn ess  o f  sh o w e r s )  c o m e s  fro m  th e  

fa c t  th at f lu o r e s c e n c e  d e tec to rs  d e s ig n e d  fo r  h ig h -e n e r g y  o b s e r v a tio n s  c o v e r  a  l im ite d  e x te n t  o f  th e  

sk y  in  e le v a t io n . H iR e s  an d  T A  d e tec to r s  lo o k  fro m  3 to  31  d e g r e es  in  e le v a t io n , w h er e  A u g e r  

d etec to r s  lo o k  u p  to  2 9  d e g r e es . T h is  b ia s  a f fe c ts  th e  apertu re  an d  to  p er fo rm  an  a ccu ra te  M C  

d e tec to r  s im u la tio n  o n e  m u st m a k e  sure  th e  e v e n ts  in  th e  s im u la tio n  p o p u la te  th e  co rrec t a n g u lar  

ra n g e  in  e le v a t io n . O n e  d o e s  th is  b y  m a k in g  sure  th e y  h a v e  th e  sa m e  X max d is tr ib u tio n  as th e  data. 

G en era tin g  a co rrec t m ix  o f  p r o to n  an d  iro n  e v e n ts  fro m  a g iv e n  h ad ro n ic  m o d e l  g en era tor , for  

e x a m p le  Q G S je t, ca n  m im ic  th e  m ea s u r ed  X max d is tr ib u tio n  w e l l  ( it  turn s o u t to  b e  a b o u t an  8 0 /2 0  

ratio  for  p r o to n s /ir o n  a b o v e  1 0 18 e V  fo r  Q G S je t) .  It d o e s  n o t  m atter  i f  Q G S je t co rrec tly  s im u la te s  

p ro to n s  or  iron  fo r  th e  apertu re c a lc u la t io n  a s  lo n g  a s  it r ep resen ts  th e  m ea s u re d  d is tr ib u tio n s  

a d e q u a te ly . T h e  sa m e  is  tru e o f  S ib y l l  (h ere  o n e  m u st u s e  a b o u t a 6 0 /4 0  ra tio ). In  fa c t, o n e  ca n  u s e  

e ith er  h ad ro n ic  g en era to r  p ro gram  an d  o n e  g e ts  th e  sa m e  a n s w e r  for  th e  e x p e r im e n t’s  apertu re to  

w ith in  a  f e w  p ercen t. T h u s  fo r  a  f lu o r e s c e n c e  ex p e r im en t o n e  ca n  s im u la te  th e  apertu re an d  m ea su re  

th e  sp ectru m  in  a  m o d e l- in d e p e n d e n t  w a y .

T o  c a lc u la te  th e  apertu re as a fu n c tio n  o f  c o s m ic  ray  en e r g y , a  v e r y  a ccu ra te  M o n te  C ar lo  s im u la tio n  

o f  th e  H iR e s  ex p e r im en t w a s  p er fo rm e d  [4 4 ]. T w o  lib rar ie s o f  c o s m ic  ray  s h o w e r s  w e r e  g e n era ted  

u s in g  th e  C o rs ik a  s h o w e r  p ro g ram  a n d  Q G S J e t h a d ro n ic  g en era to r , o n e  fo r  p ro to n  an d  o n e  fo r  iron  

p r im a r ies . A  d e tec to r  s im u la tio n  p ro g ra m  p la c e d  library e v e n ts  in  th e  a tm o sp h ere  in  th e  v ic in ity  o f  

th e  H iR es -I I  d etec to r , c a lc u la ted  th e  f lu o r e s c e n c e  an d  C e r e n k o v  lig h t  g en er a te d  b y  th e  sh o w e r s , and  

h o w  m u ch  lig h t  w o u ld  h a v e  b e e n  d e tec te d . A  c o m p le te  s im u la t io n  o f  th e  o p tic a l  p ath , tr ig g er , and  

read ou t e le c tr o n ic s  w a s  p er fo rm ed . T h is  s im u la t io n  f o l lo w e d  th e  e x p e r im en ta l c o n d itio n s  that 

p er ta in ed  o v e r  th e  d a ta -c o lle c tio n  p e r io d . T h e  re su lt  w a s  w r itten  o u t in  th e  sa m e  fo rm a t as th e  data  

an d  a n a ly z ed  b y  th e  sa m e  p ro g ram s. T h e  s te r e o s c o p ic  en e r g y  m ea su re m en t o f  th e  F ly 's  E y e  

ex p e r im en t [3 7 ] , an d  th e  H iR e s  s ter eo  X m a x  c o m p o s it io n  m ea su r em en t [4 8 ] w e r e  u s e d  as inp u ts.

T h e  M o n te  C a r lo  s im u la t io n  c a n  b e  c h e c k e d  fo r  a c cu ra cy  in  re p resen tin g  th e  d e tec to r  tr ig g er  

e f f ic ie n c y  b y  co m p a r in g  m a n y  M o n te  C ar lo  d is tr ib u tio n s  o f  g e o m e tr ic a l  an d  k in e m a tic  v a r ia b le s  to  

th e  data. T h e  c o m p a r is o n s  are in  e x c e l le n t  a g re em en t  an d  in d ica te  g o o d  u n d ersta n d in g  o f  h o w  to  

s im u la te  th e  ex p er im en t.

T h e  re su lt  o f  th e  m o n o c u la r  sp ec tru m  m ea su r em en t  is  s h o w n  in  fig u re  2 . In  th is  f ig u r e  th e  a n k le  is 

s e e n  c le a r ly  as a  d ip  in  th e  sp ec tru m  c en ter ed  at lo g (E )= 1 8 .6 , an d  a  sharp  fa ll -  o f f  is  s e e n  at a b o u t 

lo g (E )= 1 9 .8 , w h ic h  is  6 x 1 0 19 e V , e x a c t ly  th e  e x p e c te d  G Z K  e n er g y . In  fig u r e  2  a  s e t  o f  th ree  l in e s  is  

s h o w n , re p resen tin g  a  m u lti p o w e r  la w  fit  to  th e  data. A  fit  w ith  a  s in g le  p o w e r  la w  o v e r  th e  en tire  

en e r g y  ra n g e  h a s  a  X  o f  1 6 2  fo r  3 9  d e g r e e s  o f  free d o m . A  fit  u s in g  tw o  p o w e r  la w s  w ith  o n e  b rea k  

a llo w e d  (an d  fit  b y  M I N U I T )  f in d s  th e  b reak  at th e  a n k le  at lo g (E )= 1 8 .6 5 ± 0 .0 5 ,  a n d  h a s  a  X  ° f  6 2 .9  

fo r  3 7  d e g r e es  o f  fre e d o m  (d o f) . I f  tw o  b reak  p o in ts  are a llo w e d , a s  s h o w n  in  th e  fig u re , th ey  are 

fo u n d  to  b e  at 1 8 .6 5 ± 0 .0 5  an d  at 1 9 .7 5 ± 0 .0 4 . In  o th er  w o r d s  th e  d ata s h o w  th e  G Z K  en er g y  to  b e  

10 19 75 e V . T h e  fit  h a s  a  X  ° f  3 9 .5  for  3 5  d o f . T h e  im p r o v em en t in  X  f ° r a  c h a n g e  o f  2  d o f  im p lie s  

th at th e  tw o  b reak  p o in t  f it  is  p referred  at a  c o n f id e n c e  le v e l  co rre sp o n d in g  to  4.5cr.
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log10{E) (eV)

F ig u re  2 . S p ec tru m  m ea s u re d  b y  th e  H iR e s  d e tec to r s  in  m o n o c u la r  m o d e . R e d  p o in ts  are th e  

sp ectru m  fro m  H iR e s -I  an d  b la c k  are fro m  H iR es -I I . T h e  a n k le  an d  th e  G Z K  c u t o f f  are e v id e n t  in 

th e se  data. T h e  b la c k  lin e  is  a  f it  to  th e  d ata d e sc r ib e d  in  th e  tex t , an d  th e  red  lin e  is  an  e x te n s io n  o f  

th e  b la c k  lin e  s e g m e n t  (fro m  th e  a n k le  to  th e  G Z K  c u to ff )  e x te n d e d  to  h ig h er  en e r g ie s .

O n e  ca n  a lso  q u a n tify  th e  s ig n if ic a n c e  o f  th e  b rea k  b y  e x te n d in g  th e  fit  r is in g  fro m  th e  a n k le  and  

co m p a r in g  th e  n u m b er  o f  e v e n ts  o n e  w o u ld  e x p e c t  to  s e e , i f  th e  b reak  w e r e  a b sen t, w ith  th e  n u m b er  

w e  a c tu a lly  s e e . T h e  n u m b ers  are 3 9 .9  e x p e c te d  an d  13 s e en . T h e  P o is s o n  p r o b a b ility  fo r  the  

o b se r v e d  d e f ic it  co rresp o n d s  to  a  s ig n if ic a n c e  o f  4 .8  a ,  c o n s is te n t  w ith  th e  p r e v io u s  e stim a te . T h is  

e stim a te  ta k e s  in to  a c c o u n t th at s o m e  e v e n ts  are s e e n  in  b o th  H iR e s -I  a n d  H iR es -I I  m o n o  d a tasets , 

a n d  r e m o v e s  th e  o v e r la p p in g  e v e n ts  fro m  th e  H iR e s -I  m o n o  d ataset.

T h e  b rea k  in  th e  sp ectru m  is  d e f in ite ly  p resen t. T h e  b reak  o c cu rs  at th e  en e r g y  p r ed ic ted  fo r  th e  G Z K  

cu to ff . O n e  th ere fo re  c o n c lu d e s  that it is  th e  G Z K  cu to ff . T h e  sp ec tra l in d ic e s  to  th e  le f t  an d  r ig h t o f  

th e  b reak  are 2 .8 1 ± 0 .0 3  an d  5 .1 ± 0 .7 . T h e  f a l l - o f f  to  th e  r ig h t o f  th e  b reak  is  v ery  s tee p , w h ic h  m a y  

h a v e  im p lic a t io n s  fo r  th e  o v e r  or u n d er  a b u n d a n ce  o f  so u r c es  in  th e  lo c a l  area  (w ith in  a b o u t 5 0  M p c ). 

F ig u r e  3 s h o w s  th e  H iR e s  m o n o  sp ectra  co m p a red  w ith  p r e v io u s  f lu o r e s c e n c e  e x p e r im e n ts ’ resu lts: 

th e  F ly ’s  E y e  s ter eo  sp ectru m  an d  th e  H iR e s /M I A  h yb r id  sp ec tru m . T h e se  th ree  m ea su r em en ts  are in 

g o o d  a g reem en t. T h e  fig u re  a lso  s h o w s  th e  sa m e  H iR e s  m o n o  sp ec tra  p lu s  th e  o r ig in a l A G A S A  

sp ec tru m .
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•  HiR&s-2 Monocular 
■ HiReS-1 Monocular 
A FE SJcriK)

Hires Prototype MIA

iog10(E) (eV)

F ig u re  3 . T h e  le f t  part s h o w s  th e  tw o  F liR es  m o n o c u la r  sp ec tra  in  red  an d  b la ck . In  a d d itio n  th e  F ly ’s 

E y e  s tereo  sp ectru m  is  s h o w n  in  b lu e  an d  th e  H iR e s /M I A  sp ectru m  is g reen . T h e  r igh t part s h o w s  th e  

tw o  H iR e s  m o n o c u la r  sp ectra  in  red  an d  b la c k , p lu s  th e  o r ig in a l A G A S A  sp ectru m  in  b lu e  an d  th e  

2 0 0 5  A u g e r  sp ectru m  in  m ag en ta .

T h e  H iR e s  s tereo  sp ectru m  is s h o w n  in  fig u r e  7 . T h is  sp ectru m  is c o n s is te n t  w ith  th e  m o n o c u la r  

sp ec tra  an d  a lso  s h o w s  th e  a n k le  a n d  b rea k  d u e  to  th e  G Z K  cu to ff . W ith  tw o  d e tec to r s  o b s e r v in g  th e  

sa m e  e v e n ts  o n e  ca n  u s e  th e  tw o  re co n str u c tio n s  to  m ea s u re  th e  en e r g y  r e so lu tio n . T h is  is  s h o w n  in  

f ig u r e  5 , w h er e  ( E l - E 2 ) /E 2  is  s h o w n  (h ere  1 an d  2  refer  to  th e  tw o  H iR e s  d e tec to r s).  T h e  re su lt  is  

a p p ro x im a te ly  g a u ss ia n  an d  is  c o n s is te n t  w ith  r e so lu t io n s  o f  a b o u t 3 0 %  a n d  15%  fo r  H iR e s l  and  

H iR e s 2  r e sp e c t iv e ly  at 1 0 18'2 eV .

T h e  H iR e s  S t e r e o  D a t a

T h e  H iR e s  e x p e r im en t w a s  d e s ig n e d  a s  a  s tereo  e x p e r im en t a n d  w h ile  th e  m o n o c u la r  d ata h a s  th e  

la rg est s ta tis tic s  b e c a u s e  o f  th e  ear ly  tu rn -o n  o f  H iR e s  I, th e  s tereo  d ata se t  h a s  th e  b e s t  g e o m e tr ic , 

X max, and  en e r g y  r e so lu tio n . T h e  e x p e c te d  X max an d  en e r g y  r e so lu t io n s  are s h o w n  in  fig u r e s  4  an d  5. 

T h is  is  b a se d  o n  s im u la te d  e v e n ts  as d e sc r ib e d  in  th e  c o m p o s it io n  se c t io n . A s  in d ica ted  th ere , s tereo  

d ata a l lo w s  tw o  in d ep en d e n t  m ea su r em en ts  o f  th e  sa m e  e v e n t  a n d  th e  “p u ll” d is tr ib u tio n  fo r  d ata and  

s im u la tio n s  sh o u ld  b e  s im ila r  i f  th e  d e tec to r  r e so lu t io n  is co rrec tly  e stim a te d . F ig u r e  8 s h o w  that th is  

is  in d ee d  th e  ca se .

T h e  c a lc u la t io n  o f  an  en e rg y  sp ec tru m  req u ires  a  g o o d  u n d ersta n d in g  o f  th e  d e tec to r  apertu re. S in c e  

th e  apertu re fo r  an  a ir - f lu o r e sc e n c e  d e tec to r  g r o w s  w ith  en e r g y  an d  th e  apertu re o f  a  s tereo  d e tec to r  is 

th e  in te r se c t io n  o f  tw o  g r o w in g  ap ertu res, ca r e fu l c r o s s c h e c k s  are n e c e ss a r y  to  in su re  that th e  

c a lc u la t io n  is  co rrect.
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dist ribut ion h tem p
Entrin 15786

Moan -7.642

RMS 40.32

x*/ndf 1053 / 40

Constant 2772 t  33.8

Mean -11,0210.25

Sigma 30.05 ± 0.17

- 3 0 0  - 2 0 0  - 1 0 0  0  1 0 0  2 0 0  3 0 0  

Xmax resolution (gm/cmA2)

F ig u re  4 . S tere o  H ir es  X m a x  reso lu tio n .

T h e  g e o m e tr ic  d is tr ib u tio n  o f  s h o w e r s  reco n stru c ted  b y  th e  H iR e s  e x p e r im en t r e fle c t  p r e c is e ly  the  

d e te c t io n  e f f ic ie n c y  o f  s h o w e r s  an d  ca n  b e  u s e d  to  c h e c k  th e  e f f ic a c y  o f  th e  s im u la tio n . A l l  

d istr ib u tio n s  in  g e o m e tr ic a l  v a r ia b le s  fo r  d ata a n d  fo r  s im u la tio n s , su c h  a s  th e  im p a c t p aram eter  R p , 

z e n ith  a n d  a z im u th  a n g le s  are in  g o o d  a g reem en t.

T h e  H iR e s  s ter eo  apertu re is  s h o w n  in  F ig . 6. T h e  apertu re  v a r ie s  v er y  ra p id ly  b e lo w  3 x  1 0 18 e V , th en  

f la t ten s  o u t  a n d  satu rates  at n ea r  1 0 ,0 0 0  k m 2str at th e  h ig h e s t  e n e r g ie s . S in c e  a b o u t h a l f  o f  th e  s tereo  

d ata c o m e s  fro m  d is ta n c e s  w h er e  th e  d e tec to r  tr ig g er  e f f ic ie n c y  is  fa ll in g  o f f , it is  u s e fu l  to  a lso  d e f in e  

a  "‘fu lly  e f f ic ie n t” apertu re. H ere  o n e  se ts  a  m a x im u m  im p a ct p aram eter  fo r  ea c h  en e r g y  b in , w h er e  

th e  v a lu e  o f  R pmax is  d e term in ed  a s  th e  d is ta n c e  at w h ic h  th e  tr ig g er  e f f ic ie n c y  ju s t  b e g in s  to  d e cr ea se . 

T h e  “fu lly  e f f ic ie n t” apertu re  is  a lso  s h o w n  in  fig u r e  6. N o t e  th at m o s t  o f  th e  d iffe r e n c e  b e tw e e n  th e  

tw o  a p ertu res  is  at lo w  e n e r g ie s . D e f in in g  a  “ fu lly  e f f ic ie n t” apertu re h a s  th e  a d d ed  b e n e f it  th at th e  

resu lta n t sp ectru m  is  m u c h  le s s  s e n s it iv e  to  a tm o sp h er ic  e x t in c t io n  v a r ia tio n . C h a n g e s  in  a tm o sp h er ic  

e x t in c t io n  d o  n o t  a f fe c t  th e  tr ig g e r in g  e f f ic ie n c y  o f  e v e n ts  that are c lo s e  e n o u g h  to  th e  d e tec tor .
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F ig u re  5 . H iR e s  s tereo  en e r g y  r e so lu t io n  ( le f t )  an d  en e r g y  d iffe r e n c e  d istr ib u tio n  (r ig h t).

A fte r  cu ts  to  m a k e  sure  that th e  s h o w e r  p r o f ile  is  w e ll-m e a s u r e d  fig u re  7  s h o w s  th e  sp ec tru m  fo r  th e  

“ fu lly  e f f ic ie n t” apertu re  [4 5 ]. N o  c lo u d  cu ts  h a v e  y e t  b e e n  a p p lie d  to  th is  sp ectru m , h o w e v e r . 

Stru ctu re in  th e  sp ectra  an d  sp ectra l n o r m a liz a t io n  are in  g o o d  a g r eem en t w ith  m o n o c u la r  data.
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F ig u re  6. H iR e s  s tereo  apertu re. O p e n  s y m b o ls  are th e  to ta l apertu re. F ille t  

“ f u lly -e f f ic ie n t” aperture.

s y m b o ls  rep resen t the
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F ig u re  7 . T h e  H iR e s  s te r e o s c o p ic  sp ectru m  w ith  “fu lly  e f f ic ie n t ” apertu re an d  n o  c lo u d  cu ts.

]09(X„„/X™=)

F ig u re  8. P u ll d is tr ib u tio n s  for  X m a x . L o g lO (X m a x l /X m a x 2 )  fo r  s im u la te d  d ata ( le ft) ;  sa m e  v a r ia b le , 

b u t fo r  a c tu a l data  (r ig h t).

T h e  X max M e t h o d  f o r  D e t e r m in in g  C o m p o s i t io n

T h e  a tm o sp h ere  s e r v e s  as an  a b so rb er  fo r  th e  en er g y  f lo w  o f  an  E A S . T h e  s lo p e  o f  th e  d istr ib u tio n  o f  

f irs t  in tera c tio n s  d e p e n d s  o n  th e  m a s s  o f  th e  p rim ary  p a r tic le . A t  th e  h ig h e s t  e n e r g ie s , p ro to n s  h a v e  an  

in tera c tio n  len g th  o f  n ea r  7 0  g m /c m 2 w h ile  Iron  n u c le i  w o u ld  h a v e  an  in tera c tio n  len g th  o f  n ea r  3 5  

g m /c m 2. W h ile  th e s e  n u m b ers are sm a ll co m p a red  to  th e  ty p ic a l e x te n t  o f  an  E A S  ( 1 2 0 0 -1 4 0 0
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g m /c m 2), th e  d is tr ib u tio n  o f  f irs t  in tera c tio n s  is  r e fle c te d  in  th e  d istr ib u tio n  o f  d ep th  o f  s h o w e r  

m a x im u m  X max in  a w a y  that a m p lif ie s  th is  s m a ll  d iffe r en ce .

S im u la tio n s  s h o w  th at p ro to n  p r im a r ies  w ith  e n e r g ie s  n ear  1 0 19 e V  p ro d u c e  a  d istr ib u tio n  o f  X max w ith  

a  m ea n  n ear  7 0 0  g m /c m 2, w h ile  Iron  p r im a r ies  o f  th e  sa m e  to ta l en er g y  w i l l  h a v e  an  X m a x  m ea n  o f  

8 0  to  1 0 0  g m /c m 2 s h a llo w er . B e c a u s e  an  Iron  n u c le u s  p r o d u c e s  an  E A S  w h ic h  is  b a s ic a lly  a 

s u p e r p o s itio n  o f  5 6  lo w e r  en e r g y  sh o w e r s , th e  flu c tu a tio n s  o f  X max arou n d  th e  m ea n  fo r  Iron  is  

sm a ller  th a n  fo r  p r o to n s , w ith  Iron  f lu c tu a tio n s  h a v in g  a  cr o f  n ea r  3 0  g m /c m 2 an d  p ro to n s  7 0  g m /c m 2. 

In term ed ia te  m a ss  n u c le i w i l l  lie  b e tw e e n  th e se  n u m b ers . W h ile  th e  a b s o lu te  v a lu e  o f  th e  p o s it io n  o f  

th e  m ea n  X max is  m o d e l  d e p e n d e n t  ( ty p ic a l v a r ia t io n s  are 2 0 - 4 0  g m /c m 2 for  p r o to n s  an d  2 0  g m /c m 2 

fo r  Iron  at a  f ix e d  e n e r g y ), th e  sep a ra tio n  b e tw e e n  th e  p re d ic te d  m ea n  X m a x ’s  is  m u c h  le s s  s e n s it iv e  

to  th e  m o d e l. T h is  is  a lso  tru e fo r  th e  d iffe r e n c e  in  th e  flu c tu a tio n s  a b o u t th e  m ea n .

A  re la ted  a p p ro ach  is  to  lo o k  at th e  s o -c a l le d  e lo n g a t io n  rate o f  th e  s h o w e r  m a x im u m . G iv e n  a 

h ad ro n ic  m o d e l  an d  a p r im ary p a r tic le  ty p e , th e  m e a n  X max o f  an  E A S  w i l l  d e e p e n  lin ea r ly  w ith  the  

lo g a rith m  o f  th e  p rim ary  en e r g y . T h is  e lo n g a t io n  is s e e n  e v e n  in  th e  s im p le s t  to y  m o d e ls  o f  an  E A S . 

T h e  s lo p e  o f  th is  lin e , p er  en e r g y  d e c a d e , is  c a lle d  th e  e lo n g a t io n  rate an d  is  ty p ic a l ly  5 0 -6 0  

g m /c m 2/d e c a d e  in d e p en d en t o f  h ad ro n ic  m o d e ls  an d  p a r tic le  ty p e  [4 8 ]. A  c h a n g e  in  p rim ary  

c o m p o s it io n  fro m  h e a v y  to  lig h t  o v e r  s o m e  en e rg y  in terva l w o u ld  p r o d u ce  an  e lo n g a t io n  rate larger  

th a n  th e  5 0 -6 0  g m /c m 2 fo r  an  u n c h a n g in g  c o m p o s it io n , w h ile  a  c h a n g e  fro m  lig h t  to  h e a v y  w o u ld  

p r o d u ce  a  sm a lle r  or e v e n  n e g a t iv e  e lo n g a tio n  rate. B e c a u s e  o f  th is  re la tiv e  in s e n s it iv ity  to  h ad ro n ic  

m o d e ls  an d  to  sy s te m a tic  errors a f fe c t in g  a b so lu te  X max d e term in a tio n , th e  m ea su r em en t  o f  th e  

e lo n g a t io n  rate h a s  b e e n  th e  firs t  a p p ro ach  to  d e term in in g  c o m p o s it io n  [4 6 ]. In  m a n y  m o d e ls , w e  

a n t ic ip a te  a  tra n sitio n  fro m  a  g a la c t ic  to  an  e x tr a g a c t ic  c o s m ic  ray f lu x  s o m e w h e r e  b e tw e e n  1017 and  

1 0 19 e V  [4 7 ]. T h is  tra n sitio n  m a y  b e  a c c o m p a n ie d  b y  a  c h a n g e  fro m  a  r e la t iv e ly  h e a v y  c o m p o s it io n  to  

a  r e la t iv e ly  lig h t  o n e . T h u s  o b se r v a tio n  o f  a c h a n g e  in  th e  e lo n g a t io n  rate as a  fu n c tio n  o f  en er g y  

w o u ld  b e  o f  g rea t in terest. I f  a  c h a n g e  in  th e  e lo n g a t io n  rate ca n  b e  co rre la ted  to  c h a n g e s  in  th e  

f lu c tu a tio n  arou n d  th e  m ea n  X max, a  c o n v in c in g  c a s e  ca n  b e  m a d e  for  a  c h a n g e  in  th e  c o s m ic  ray  

c o m p o s it io n  in  a  g iv e n  en e r g y  ra n g e . T h e  p r e c is io n  in  X m a x  r e so lu t io n  a tta in ed  b y  H iR e s  and  

e x p e c te d  for  T A  an d  A u g e r  ( ~ 3 0 g m /c m 2) is  s u f f ic ie n t  to  a c h ie v e  th is  g o a l.

H iR e s  X max M e a s u r e m e n t s

T h e  H iR e s  S tereo  d ata  [4 8 ] h a s  an  en e rg y  th resh o ld  fo r  d o in g  p h y s ic s  n ear  1 0 18 e V . T h is  th resh o ld  is 

la rg e ly  d e ter m in ed  b y  th e  l im ite d  e le v a t io n  a n g le  o f  th e  H iR e s  m irrors ( 3 - 1 7  d e g r e e s  fo r  H iR e s  I and  

3 -3 1  d e g r e e s  fo r  H iR e s  II ). L o w e r  en e rg y  E A S  d e v e lo p  h ig h er  in  th e  a tm o s p h e re  an d  a  s tron g  b ia s  

to w a r d s  m o re  p en e tra tin g  E A S  th u s  d e v e lo p s . A  p r e v io u s  h y b r id  a ir - f lu o r e sc e n c e  grou n d -array  

ex p er im en t , th e  H iR e s -M ia  p r o to ty p e  [5 2 ], w a s  s e t  up  to  s tu d y  th e  en er g y  r e g io n  fro m  1 0 17 to  1 0 18 

e V . T h e  M I A  d e tec to r  c o n s is te d  o f  16 m u o n  d e tec to r  p a tc h e s  fo rm ed  w ith  6 4  sc in t i lla tio n  co u n ters  

ea ch , c o v e r in g  3 7 0 x 3 7 0  m  w ith  an  a c tiv e  area o f  o v e r  2 5 0 0 m 2. T h e  p a tc h e s  w e r e  b u ried  3 m  u n d er  

th e  E a r th ’s su r fa ce . E A S  m u o n  arriva l t im e s  w e r e  reco r d ed  as w e l l  a s th e  n u m b er  o f  co u n ters  

tr ig g e red . T h e  th resh o ld  en e r g y  fo r  d e tec t in g  a  m u o n  w a s  8 5 0  M e V . T h e  h y b r id  apertu re fo r  th is  

ex p e r im en t b e c o m e s  fu lly  e f f ic ie n t  a b o v e  4  x  1 0 17 e V  co rre sp o n d in g  to  a v a lu e  o f  5 .2 k m 2str. T h e  

M I A  co u n ters  d e term in e  th e  m u o n  d e n s ity  v ia  th e  p a ttern  o f  h it  co u n ters  o b se r v e d  in  th e  sh o w e r . A n  

e stim a te  o f  th e  m u o n  d e n s ity  at 6 0 0 m  fro m  th e  co re , p M(6 0 0 )  is  th en  d e ter m in ed  b y  a  f it . F or  th e se  

X ^  m ea su re m en ts , 14  H iR e s  I m irrors w e r e  c o n f ig u r e d  in  an  in v er ted  p y r a m id  sh a p e  cen ter ed  o n  th e  

M I A  g ro u n d  array an d  e x te n d in g  fro m  3 d e g  to  7 0  d e g r e es  in  e le v a t io n . T h is  g a v e  e x c e l le n t  X max 

a c c ep ta n c e  o v e r  th is  en e r g y  ran ge . T h e  g e o m e tr ic a l  r e co n str u c tio n  o f  h yb r id  e v e n ts  w a s  a c c o m p lish e d  

u s in g  m o n o c u la r  tim in g  fro m  H iR e s  I an d  M IA  co u n ter  tim in g  o f  th e  s h o w e r  fro n t arriva l t im e . T h is  

a d d itio n a l  t im in g  co n stra in t fro m  th e  g ro u n d  array su b s ta n tia lly  im p r o v e s  th e  p r e c is io n  o f  g e o m e tr ic a l  

r e co n str u c t io n  o v e r  a  s im p le  m o n o c u la r  a p p roa ch . T h e  g e o m e tr ic a l  r e co n str u c t io n  o f  th e se  h yb r id  

e v e n ts  lea d s  to  a p r e c is io n  s im ila r  to  H iR e s  s tereo  reco n str u c t io n . T h u s  in  w h a t  f o l lo w s ,  o n e  can
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c o m b in e  th e  H iR e s -M I A  p r o to ty p e  d ata w ith  th e  H iR e s  s ter eo  data. In  s o  d o in g , an  en e rg y  ra n g e  fro m  

1 0 17 to  n ea r  1 020 e V  is  c o v e r e d  w ith  m in im a l b ia s e s  in  X max.
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F ig u re  9 . E lo n g a t io n  rate resu lt: T h eo r e t ica l p r e d ic t io n s  fo r  p ro to n s  an d  Iron  f lu x  an d  H iR e s  and  

H iR e s -M I A  data.

S in c e  a  p u re p r o to n  and  a p u re Iron  c o m p o s it io n  are th e  e x p e c te d  ex tr e m es  o f  th e  m a k eu p  o f  the  

c o s m ic  ray f lu x  th is  is  a  n atural p la c e  to  start. T o  ta k e  a c c o u n t o f  h a d ro n ic  m o d e l d e p e n d e n c e , s ev era l 

s im u la tio n s -  Q G S J et  an d  S I B B Y L  ca n  b e  co m p a red . P ro to n  a n d  Iron  E A S  g en er a te d  u s in g  th e se  

s im u la to rs  are fe d  to  th e  H iR e s  d e tec to r  s im u la tio n  a nd , i f  it is  d e term in ed  that th e  a ir - f lu o r e sce n c e  

d e tec to r  tr ig g ered , “ fa k e ” d ata is w ritten  o u t  in  th e  sa m e  fo rm a t as rea l d ata an d  a n a ly z ed  u s in g  th e  

stan d ard  r e co n str u c tio n  ro u tin e s . In  th e  c a s e  o f  H iR e s -M IA  p r o to ty p e  data , th e  M IA  array is a lso  

s im u la ted . C o m p a r in g  reco n str u c ted  X max to  in p u t X max a l lo w s  th e  s tu d y  o f  th e  X max r e so lu t io n  and  

a n y  p o s s ib le  b ia s e s . P r e d ic t io n s  fo r  th e  e lo n g a t io n  rate for  p ro to n s  an d  Iron  n u c le i  a s w e l l  a s  th eir  

f lu c tu a tio n s  are a lso  g e n era ted . T h e se  ca n  th en  b e  co m p a re d  to  rea l data.

F ig u r e s  4  an d  5 s h o w  th e  e x p e c te d  X max a n d  en e rg y  r e so lu t io n  fo r  th e  S tere o  H iR e s  data. S in c e  data  

an d  M o n te  C a r lo  w i l l  b e  co m p a red  in  o rd er to  ex tra c t th e  c o s m ic  ray c o m p o s it io n , it is  v ita l  that th e  

M o n te  C ar lo  a c cu r a te ly  re p ro d u ce  th e  d e tec to r  an d  r e co n str u c t io n  r e so lu tio n . S tereo  data  is  u n iq u e  in  

th at th ere  are e v e n ts  th at h a v e  X max in d ep en d e n t ly  m ea s u re d  b y  H iR e s  I an d  H iR e s  II. T h es e  

d istr ib u tio n s  o f  th e  d iff e r e n c e s  in  X max and  E n erg y  c a n  b e  u s e d  to  co n f irm  e s tim a te s  o f  M o n te  C ar lo  

r e so lu tio n . F ig u re  8 s h o w s  th e  p u ll,  d e f in e d  a s  th e  d iffe r e n c e  d iv id e d  b y  th e  a v er a g e , fo r  X m a x  and  

en e r g y , r e sp e c t iv e ly , a fter a ll cu ts . T h e  n ea r ly  G a u ss ia n  sh a p e  o f  th e  p u ll  an d  th e  n ea r ly  id e n t ic a l p u ll  

d istr ib u tio n  for  M o n te  C ar lo  an d  d ata s h o w  th at th e  M o n te  C ar lo  r e so lu t io n  rep resen ts  th e  rea l 

d e tec to r  r e so lu t io n  w e l l .  F or  th e  H iR e s -M IA  data, n o  su c h  in tern a l c r o s s c h e c k s  o n  th e  r e so lu t io n  are
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p o s s ib le  s in c e  o n ly  m o n o c u la r  d ata  is a v a ila b le . H o w e v e r , th e  a ir - f lu o r e sce n c e  part o f  th e  s im u la tio n  

is  v e ry  s im ila r  to  that u s e d  fo r  th e  s ter eo  H iR e s  data.

W h ile  d iffe ren t h a d ro n ic  m o d e ls  p r o d u ce  a  10  to  3 0  g m /c m 2 sh if t  in  a b so lu te  p o s it io n  o f  th e  m ea n  

X m a x , th e  sep a ra tio n  b e tw e e n  th e  c o m p o s it io n  ex tr e m es  is s im ila r  fo r  a ll m o d e ls . T h e  d e tec to r  M o n te  

C a r lo  p ro g ra m  an d  th e  p ro to n  and  F e  p r o f ile  lib rar ie s are a lso  u s e d  to  c h e c k  that th ere  is  n o  

s ig n if ic a n t  X m a x  b ia s  fo r  th e  en e r g y  in terv a l o f  in terest. A b o v e  1 0 18 e V  an d  a fter a ll cu ts , 

reco n str u c ted  M o n te  C a r lo  d ata  lea d s  to  n o  s ig n if ic a n t  d iff e r e n c e s  in  th e  e lo n g a t io n  rate fro m  th e  

in p u t v a lu e  fo r  e ith er  p r o to n s  or  F e  n u c le i.  S im ila r  re su lts  are fo u n d  fo r  th e  H iR e s  p r o to ty p e  d e tec to r  

s im u la tio n .

F ig u re  9  s h o w s  th e  rea l d ata e lo n g a tio n  rate a fter d ata  q u a lity  cu ts  ( id e n t ic a l to  th e  M o n te  C a rlo  data  

cu ts) . A b o v e  1 0 18e V  th e  m ea s u r ed  e lo n g a t io n  rate (E R )  is  5 4 .5  ±  6 .5  g m /c m 2/d e c a d e  (s ta tis tic a l errors 

o n ly ) . T h e  sy s te m a tic  errors o n  th e  e lo n g a t io n  rate are e s tim a ted  to  b e  6 g m /c m 2/d e ca d e . T h is  is  to  b e  

co m p a red  to  5 0  an d  61  g m /c m 2 fo r  Q G S J et  p ro to n s  an d  iro n  n u c le i,  r e s p e c t iv e ly  an d  5 7  an d  5 9  

g m /c m 2 fo r  S IB Y L L  p ro to n s  a n d  iron  n u c le i.  T h e  d ata a b o v e  1 0 18 e V  are th u s q u ite  c o n s is te n t  w ith  an  

u n c h a n g in g  c o m p o s it io n . T h e  H iR e s -M I A  p r o to ty p e  d ata at lo w e r  e n e r g ie s  g iv e s  an  e lo n g a t io n  rate o f  

9 3 .0  ± 8 . 4  g m /c m 2/d e c a d e , s tr o n g ly  s u g g e s t in g  a  c h a n g e  in  c o m p o s it io n  b e lo w  1 0 18e V  in  th e  d irec tio n  

o f  an  in c r e a s in g ly  h e a v y  c o m p o s it io n  n ea r  1 0 17 e V .

F ig u re  9  a lso  s h o w s  th at th e  a b so lu te  v a lu e  o f  th e  m ea n  X max at an y  en e rg y  a b o v e  1 0 18 e V  is  in  m u ch  

b etter  a g re em en t  w ith  a  lig h t, m a in ly  p r o to n ic  c o m p o s it io n  th a n  w ith  a  h e a v y , iro n -d o m in a te d  o n e . 

T h e  sy s te m a tic  errors o n  th e  a b so lu te  m ea n  X max m ea su r em en t  are 1 8 .7  g m /c m 2, w h ile  th e  d iffe r e n c e s  

b e tw e e n  Q G S J etO l, Q J S J e tll  an d  S IB Y L L  g iv e  an  in d ica t io n  o f  th e  e f f e c t  o f  d iffer en t th eo re t ica l 

a ssu m p tio n s  in  th e  h a d ro n ic  m o d e ls . A  m o re  q u a n tita tiv e  s ta tem en t a b o u t c o m p o s it io n  ca n  b e  m a d e  

b y  co m p a r in g  th e  d istr ib u tio n  o f  m ea su r ed  X max o v e r  s o m e  en e rg y  ra n g e  to  th e  e x p e c ta t io n  fo r  p u re  

p ro to n s  or  Iron . F ig  10  s h o w s  th e  X m a x  d is tr ib u tio n  for  e n e r g ie s  >  1 0 18 e V . L o w e r  en e rg y  

e x p e r im en ts  su c h  as F ly ’s  E y e  a n d  H iR e s /M I A  h a v e  larger in tr in s ic  X max r e so lu t io n s  that th e  H iR e s  

S tereo  re su lt  a n d  h e n c e  d irec t c o m p a r is o n  is d if f ic u lt  a n d  a w a its  n e w  e x p er im en ts . T h e  f lu c tu a t io n s  

in  th e  d ata fo r  e n e r g ie s  greater  th a n  1 0 18 e V  are m u c h  larger th an  w h a t  is  e x p e c te d  fo r  p u re Iron  an d  a 

tw o -c o m p o n e n t  f it  to  th e  d istr ib u tio n  y ie ld s  80%  p r o to n s  fo r  Q G S J et  an d  6 0%  fo r  S I B Y L L .

F ig u re  10 . X m a x  d istr ib u tio n  fro m  th e  H iR e s  s tereo  ex p e r im en t fo r  e v e n ts  w ith  e n e r g ie s  >  1 0 18 eV . 

S o lid  lin e  is  th e  data. D o tte d  an d  d a sh -d o t ted  l in e s  are p r e d ic t io n s  fo r  p u re F e  fo r  tw o  h ad ro n ic  

m o d e ls  n o r m a liz ed  to  th e  sa m e  area  as th e  data. S h a d ed  h is to g ra m  co rre sp o n d s  to  e v e n ts  w h e r e  an
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a v er a g e  a tm o s p h e r ic  c o r rec tio n s  (a s  o p p o s e d  to  h o u r ly ) w a s  m a d e . D a ta  is in c o m p a tib le  w ith  a  h e a v y  

c o m p o s it io n .

C o m p a r is o n  w it h  F l y ’s  E y e  r e s u lt s

B e c a u s e  a  c h a n g e  in  th e  C R  c o m p o s it io n  b e lo w  1 0 18 e V  m a y  b e  an  im p ortan t in d ica tor  o f  a  tran sitio n  

b e tw e e n  a g a la c t ic  an d  ex tr a g a la c tic  c o s m ic  ray  f lu x  (or  at th e  le a st  a  c h a n g e  in  th e  n ature o f  th e  C R  

so u rc e  it s e lf ) , it is  o f  g rea t im p o r ta n ce  to  c o n fir m  th is  re su lt. W h ile  a n e w  e x p e r im en t w ith  an  en e rg y  

ra n g e  c o v e r in g  fro m  b e lo w  1 0 17 e V  to  1 020 e V  w o u ld  b e  th e  id e a l a n d  h a s  b e e n  p r o p o se d  [4 9 ], th e  

p r e v io u s  F ly ’s E y e  ex p e r im en t [4 6 ] s tereo  m ea su re m en ts  o f  th e  e lo n g a t io n  rate an d  f lu c tu a t io n s  in  th e  

en e r g y  ra n g e  1 0 17 to  1 0 19 e V  are o f  in terest, e v e n  th o u g h  th e y  h a v e  s ig n if ic a n t ly  w o r s e  X m a x  

r e so lu t io n  (4 5  g m /c m 2). T h ere  are q u an tita tiv e  d iff e r e n c e s  b e tw e e n  th e  F ly ’s E y e  an d  th e  F liR es  and  

F liR e s-M IA  resu lt. T o  s e e  i f  th e se  d iffe r e n c e s  are s ig n if ic a n t , th e  q u o ted  s y s te m a tic  errors o n  th e  

a b so lu te  X m a x  m ea su r em en t for  b o th  ex p e r im en ts  n e e d  to  b e  ta k en  in to  a c c o u n t [5 0 ]. S in c e  s h o w e r  

p r o f ile s  m ea s u re d  a b o v e  1 0 18 e V  h a d  th e  b e s t r e so lu t io n  in  en e rg y  an d  X m a x  a c o m p a r iso n  o f  F ly ’s 

E y e  an d  H iR e s  s ter eo  m ea n  X m a x  in  th is  en e r g y  ra n g e  g iv e s  th e  b e s t in d ica tio n  o f  s y s te m a tic  sh ifts  

b e tw e e n  th e  tw o  e x p er im en ts . T h e  d ata c o m p a r is o n  in d ica te s  a  sy s te m a tic  sh if t  o f  14 g m /c m 2, w e l l  

w ith in  th e  q u o te d  s y s te m a tic  errors. T h e  en tire  F ly ’s  E y e  d ata ca n  th en  b e  sh if te d  u p w ard  b y  th is  

a m o u n t. F ig u re  11 p r e se n ts  th e  re su lt , w h ic h  n o w  s h o w s  g e n e r a lly  g o o d  a g r eem en t  b e tw e e n  H iR e s  

an d  F ly ’s  E y e  th ro u g h o u t th e  en tire  en e r g y  ran ge . T h e  c o m b in e d  H iR e s , H iR e s -M I A  p r o to ty p e  and  

F ly ’s  E y e  d ata c le a r ly  s h o w  a tra n sitio n  fro m  a  h e a v y  to  a  lig h t  c o m p o s it io n  s o m e w h e r e  b e tw e e n  1 0 17 

a n d  1 0 19 e V . T h e  H iR e s  data , w ith  b e tter  X m a x  r e so lu tio n , p re fer s  a  m o re  abrupt tran sitio n . T h e  

X m a x  d istr ib u tio n  flu c tu a tio n s  are a lso  q u ite  c o n s is te n t  b e tw e e n  F ly ’s  E y e , H iR e s -M I A  an d  H iR e s  

an d  s h o w  e v id e n c e  fo r  b ro a d e n in g  w ith  h ig h e r  en e r g y , c o n s is te n t  w ith  th e  tren d  to w a r d s  a ligh ter  

c o m p o s it io n .
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F ig u re  11 . C o m p a r iso n  o f  F ly ’s E y e , H iR e s -M IA , an d  H iR e s . O p en  c ir c le s  -  F ly ’s  E y e  d ata sh ifte d  

u p  b y  14  g m /c m 2; F i l le d  tr ia n g le s  -  H ires  M ia  data; F i l le d  c ir c le s  -  H iR e s  data.

C o m p o s i t io n  f r o m  G r o u n d  A r r a y  I n f o r m a t io n

S u rfa ce  arrays ca n  m ea su r e  th e  m u o n  co n ten t o f  E A S . T h e  m u o n  d e n s ity  at a  g iv e n  d is ta n c e  fro m  th e  

c o r e  h a s  s e n s it iv ity  to  th e  n ature o f  th e  p r im ary p ar tic le . S im u la t io n s  in d ica te  that th e  m u o n  co n ten t o f  

Iron  in itia ted  sh o w e r s , at s e a  le v e l  a n d  w ith  a  m u o n  th resh o ld  en er g y  o f  1 G e V  is  a b o u t 1 .4  t im e s  

greater  th a n  for  p ro to n s  for  e n e r g ie s  n ear  1 0 17 e V . T h e  m u o n  d e n s ity  in cr ea se s  lin ea r ly  w ith  lo g (E )  

an d  th e  s lo p e  o f  th is  re la tio n  ca n  p la y  th e  sa m e  r o le  a s  th e  e lo n g a t io n  rate fo r  X m a x , v is :

p =  d l o g « p M ( 6 0 0 ) » /d lo g E .
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A  s h o w e r  in itia ted  b y  a  n u c le u s  o f  m a s s  n u m b er  A  an d  en e r g y  E  is  a  su p e r p o sit io n  o f  A  su b sh o w e rs  

e a c h  w ith  en e r g y  E /A  an d  th u s ( 6 0 0 )  is  p r o p o r tio n a l to  A ( E /A )p0 w h er e  th e  v a lu e  o f  p 0 is  

d e p e n d e n t  o n  th e  h a d ro n ic  in tera c tio n  m o d e l,  b u t in  p ra c tice  is  la rg e ly  in d ep en d e n t  o f  A . H e n c e  a 

d e v ia tio n  o f  P fro m  w h a t  is  e x p e c te d  fo r  a  p u re c o m p o s it io n  im p lie s  a  c h a n g in g  c o m p o s it io n , i.e . 

d lo g A /d lo g E  =  P -P o/(1-P o).

T w o  r ece n t  e x p er im en ts , A G A S A  an d  th e  H iR e s -M I A  p r o to ty p e  h a v e  rep o r ted  re su lts  o n  th e  m u o n  

co n ten t o f  E A S  a b o v e  1 0 17 e V  [5 1 ] [5 2 ]. W e  d e sc r ib e  th e se  in  turn.

T h e  u n iq u e  fea tu re  o f  th e  H iR e s -M I A  ex p e r im en t is  its  h yb r id  n atu re. T h e  en er g y  o f  th e  prim ary  

p a r t ic le  is  m ea s u re d  b y  th e  a ir - f lu o r e sc e n c e  te c h n iq u e , w h ile  th e  u n d erg ro u n d  m u o n  d e tec to r  array 

s a m p le s  th e  m u o n  d e n s ity  at ~  1 k m  fro m  th e  s h o w e r  co re . X max in fo rm a tio n  is a lso  a v a ila b le  fro m  th e  

H iR e s  d etec to r . T h e  re su lts  are s h o w n  in  fig u r e  12 , w ith  P =  0 .7 3  + /-0 .0 3 + /-0 .0 2 /d e c a d e .  A l s o  s h o w n  

in  th e  fig u r e  are re su lts  fro m  s im u la tio n s  u s in g  th e  C o rs ik a  p a c k a g e  an d  th e  Q G S J et  an d  S IB Y L L  

h ad ro n ic  in tera c tio n  m o d e ls . T h e  Q G S J et  m o d e l  a fter r e co n str u c tio n  an d  a ll cu ts  g iv e s  an  p =  0 .8 3 + / 

.0 1 /d e c a d e  fo r  b o th  p ro to n s  an d  iron . S IB Y L L  p re d ic ts  s ig n if ic a n t ly  fe w e r  m u o n s  fo r  b o th  p ro to n s  

a n d  iron  sh o w e r s . D a ta  an d  s im u la t io n s  are c le a r ly  in c o n s is ten t  w ith  ea c h  o th er  in  th e  m u o n  co n ten t  

in d e x  b e ta . W h ile  th is  can  b e  in terp reted  as su p p o r tin g  a  c h a n g e  to w a rd s  a  ligh ter  c o m p o s it io n , 

c o n s is te n t  w ith  th e  X max m ea su re m en ts  d e sc r ib e d  a b o v e , th ere  is  a  p r o b le m  w ith  th e  a b s o lu te  d e n s ity  

o f  m u o n s  at 6 0 0 m . T h e  d ata s h o w s  v a lu e s  o f  ( 6 0 0 )  at lo w e r  e n e r g ie s , w h ic h  are la rg er  th a n  w h a t is 

p re d ic te d  fo r  F e .

F. ( lO,8eV)

F ig u re  12 . H iR e s -M I A  resu lt  o n  p^ (6 0 0 ) ,  th e  m u o n  d e n s ity  at 6 0 0  m eters  fro m  s h o w e r  co re , a s a 

fu n c tio n  o f  e n e rg y .

A  s im ila r  p ro b lem  a p p ears w ith  th e  c o m b in e d  A k e n o  a n d  A G A S A  m u o n  d ata [5 3 ]. T h e  A k e n o  1 k m 2 

g ro u n d  array w a s  in stru m en ted  w ith  1 5 6  o n e  m 2 sc in t i lla tio n  co u n ters  an d  e ig h t  2 5 m 2 su r fa ce  m u o n  

d etec to r s  c o v e r e d  w ith  2  m  o f  c o n cr e te . T h is  ex p e r im en t h a d  an  e f f e c t iv e  en er g y  ra n g e  b e tw e e n  1 0 165 

e V  to  1 0 18 5 e V . T h e  A k e n o  ex p e r im en t r e lie d  o n  th e  to ta l s h o w e r  s iz e  N e at o b se r v a tio n  le v e l  to  

e stim a te  th e  p r im ary en e r g y  rather th a n  p (6 0 0 ) .  In  th e  A G A S A  e x p e r im en t th e  re la tio n  b e tw e e n  

m u o n  d e n s ity  p Ll ( 6 0 0 )  a n d  e le c tr o n  d e n s ity  p ( 6 0 0 )  is  s h o w n  in  F ig  13 , to g e th e r  w ith  p r e d ic t io n s  u s in g
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th e  Q G S J et  an d  S Y B IL L  m o d e ls . T h is  f ig u re  s h o w s  th at A G A S A  d ata is in  fa c t  m a rg in a lly  c o n s is te n t  

w ith  a tra n sitio n  b e tw e e n  h e a v y  an d  lig h t  c o m p o s it io n  b e tw e e n  p ( 6 0 0 )  o f  1 an d  100 m '2 

(c o r r e sp o n d in g  to  an  en e r g y  ra n g e  o f 2 x  1 0 17t o 2 x  1 0 19 e V ) , s in c e  th e  ex p e r im en ta l s lo p e  is  f la tter  

th a n  th e  p re d ic te d  o n e  fo r  a  c o n s ta n t c o m p o s it io n . T h e  d iff ic u lty  is  th at at e n e r g ie s  b e lo w  1 0 17 e V , th e  

p re d ic te d  v a lu e  o f  ( 6 0 0 )  fo r  Iron  w ith  e ith er  h a d ro n ic  m o d e l  w i l l  b e  sm a lle r  th a n  th e  ex tra p o la tio n  

fro m  m ea su r ed  data. T h e  lo w e r  en e rg y  A k e n o  d ata can  b e  u s e d  to  c h e c k  i f  that is  in  fa c t  th e  ca se .

§

>
O
O
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o
o
ID

a

1

10

F ig u re  13 . A G A S A  d ata o n  m u o n  d e n s ity  a s  fu n c tio n  o f  en e r g y  e stim a to r  S ( 6 0 0 )  an d  co m p a r is o n  

w ith  p re d ic t io n s .

H o w e v e r , s in c e  th e  A k e n o  ex p e r im en t d id  n o t  u s e  p ( 6 0 0 )  a s  th e  en e r g y  e stim a to r , b u t rath er th e  to ta l 

s h o w e r  s iz e  at g rou n d  le v e l ,  a  sy s te m a tic  d iffe r e n c e  in  en e r g y  s c a le s  b e tw e e n  th e  lo w  en er g y  A k e n o  

a n d  th e  h ig h e r  en e r g y  A G A S A  d ata  is  p o s s ib le . B arr in g  su c h  a  sh ift , th e  p ( 6 0 0 )  a n d  N e en e rg y  

es tim a to rs  ca n  b e  c r o ss-co rre la te d  a n d  th e  m u o n  d e n s ity  o v e r  a  w id e r  ra n g e  o f  e n e r g ie s  ca n  b e  

ex p lo r e d . T h e  re su lt  is  that th e  m ea s u re d  A k e n o  c o m p o s it io n  b e c o m e s  h e a v ie r  th a n  that p re d ic te d  for  

iron  b e lo w  1 0 17 e V  [5 4 ].

R e c e n t ly , a  n e w  h a d ro n ic  g en era tor , E P O S , h a s  b e e n  a d d ed  in to  th e  C o r s ik a  fra m ew o r k  [3 6 ]. E P O S  is 

b a se d  o n  a  p a r to n /str in g  m o d e l  an d  is  u n iq u e  in  that it in corp o ra te s  an  e x p lic it  trea tm en t o f  b a ryo n - 

a n tib a ry o n  p ro d u ctio n . T h e  b a ry o n  part o f  th e  s im u la tio n  is  c o n s is te n t  w ith  R H IC  data  an d  s im u la te s  

th e  o b se r v e d  tra n sv er se  m o m en tu m  b ro a d e n in g , p a rton  sa tu ra tion  a n d  sc r e e n in g  an d  o th er  e f fe c ts

[5 5 ]. It is  a lso  c o n s is te n t  w ith  o th er  a cce lera to r  m ea s u r em en ts . T h is  m o d e l lea d s  to  a  s ig n if ic a n t  

in crea se  in  th e  p r ed ic ted  m u o n  d e n s ity , w ith  a  4 0 %  in crea se  n ear  1 0 17 e V . T h ere  is  v e r y  litt le  c h a n g e  

in  th e  X max p r e d ic t io n s , h o w e v e r . T h e  e f f e c t  is  d u e  to  in c re a s in g  th e  b a r y o n -a n tib a ry o n  co n ten t o f  

th e  E A S  a n d  h e n c e  d e c r ea s in g  th e  en er g y  f lo w  to  p io n s  an d  k a o n s . A  rap id  in crea se  in  th e  n u le u s -  

a n t in u c leu s  p r o d u ct io n  w a s  fir st  o b s e r v e d  in  a ir s h o w e r  e x p e r im en ts  s tu d y in g  d e la y e d  h ad ro n ic  

s ig n a ls  n ear  a ir -sh o w e r  c o r e s [5 6 ] . E P O S  p r e d ic t io n s  are in  e x c e l le n t  a g r eem en t w ith  th e  H iR e s -M IA

shaded: AGASA result

* QGSJET, Proton

* QGSJET. Iron

■ SIBYLL. Proton

* SIBYLL, Iron
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P i /6 0 0 )  data  an d  lea d s  to  a  s e lf -c o n s is te n t  c o n c lu s io n  a b o u t th e  c o s m ic  ray c o m p o s it io n  u s in g  b o th  

an d  p Ll( 6 0 0 )  data. W o rk  is  in  p r o g re ss  to  co m p a re  w ith  A G A S A  an d  A u g e r  m ea su re m en ts .

T h e  p - A ir  I n e la s t ic  T o t a l  C r o s s - S e c t io n

S e v e ra l tec h n iq u es  h a v e  b e e n  p r o p o s e d  an d  u s e d  to  m ea su r e  th e  to ta l in e la s t ic  p r o to n -A ir  c r o s s 

s e c t io n  u s in g  u ltra -h ig h  en e r g y  c o s m ic  ray  data. R e su lts  fro m  A G A S A  [5 7 ], th e  F ly ’s  E y e  [5 8 ] 

ex p e r im en t an d  th e  s tereo  H iR e s  ex p e r im en t [5 9 ] u t i l iz e  v e ry  d iffe ren t a p p ro a ch es . H ere  w e  w i l l  

d is c u s s  th e  H iR e s  a n a ly s is , a s it is  th e  le a s t m o d e l d ep en d en t.

T h e  s lo p e  o f  th e  d is tr ib u tio n  o f  f irs t  in tera c tio n  in  th e  a tm o sp h er e , Xp..dn- is  in v e rs e ly  p ro p o r tio n a l to  

Gpail,  T h is  d is tr ib u tio n , h o w e v e r , is  n o t  m ea su r a b le  b y  th e  a ir f lu o r e s c e n c e  or an y  o th er  in d irec t  

o b se r v a tio n  te c h n iq u e . W h at ca n  b e  m ea s u re d  w ith  g o o d  a c cu ra cy  is  th e  s ta t is t ica l d is tr ib u tio n  o f  

Xmax- T h e  m ea n  o f  th is  d istr ib u tio n  is u s e d  to  ex tra c t in fo rm a tio n  o n  c o m p o s it io n . T h e  d e cr em en t A , 

or  s lo p e  o f  th e  d is tr ib u tio n  b e y o n d  th e  p e a k  o f  th e  X max d istr ib u tio n , is  s e n s it iv e  to  th e  v a lu e  o f  

w ith  A  = K^I>air w h e r e  th e  v a lu e  o f  K is  m o d e l d e p en d en t an d  ra n g es  fro m  1 .2  to  1 .6  [6 0 ].

A  le s s  m o d e l d e p e n d e n t  a p p ro ach  w a s  re ce n t ly  d e v e lo p e d  b y  th e  H iR e s  co lla b o ra tio n . T h is  r e lie s  o n  

th e  fa c t  that th e  m o s t  o f  th e  E A S  s h o w e r  d e v e lo p m e n t  is g o v e r n e d  b y  h a d ro n ic  in tera c tio n s  and  

d e c a y s  at m u c h  lo w e r  e n e r g ie s , th a n  th e  en er g y  o f  th e  p r im ary p a r tic le  w h er e  m o s t  m o d e ls  are in  

g o o d  a g reem en t. N e a r  s h o w e r  m a x im u m , for  e x a m p le , th e  m ea n  e le c tr o n  e n e r g ie s  are o rd er o f  1 G e V  

to  1 0 0  M e V  (th e  cr itica l en e rg y  in  a ir). S ep ara tin g  th e  e f f e c ts  o f  th e  firs t  in tera c tio n  fro m  th e  

su b se q u e n t  E A S  d e v e lo p m e n t  c a n  lea d  to  m o re  r e lia b le  re su lts .

T h e  o b se r v a b le  X max d istr ib u tio n  ca n  b e  c o n s id er e d  to  b e  a  c o n v o lu t io n  o f  tw o  d is tr ib u tio n s . T h e  first 

is  th e  d istr ib u tio n  o f  th e  d ep th  o f  th e  fir st  in terac tio n , w h ic h  ca n  b e  a p p ro x im a ted  b y  an  e x p o n e n t ia l 

fu n c tio n

N i ( x )  =  ex p (-x /^ p .air).

T h e  s e c o n d  is  th e  d istr ib u tio n  in  d ep th  v a r ia b le  X ’ =  X max -  X i  w h er e  X i  is  th e  d ep th  o f  th e  fir st 

in tera ctio n . T h e  d is tr ib u tio n  in  X ’ ca n  b e  c a lc u la ted  in  M o n te  C a r lo  s im u la tio n s  an d  ca n  b e  

a p p ro x im a ted  b y  a p o w e r -e x p o n e n t  fu n c tio n  o f  th ree  p aram eters. T h e se  p a ra m eters ca n  b e  s tu d ie d  as 

a  fu n c tio n  o f  en e rg y  in  M o n te  C a r lo  s im u la t io n  an d  th u s  th e  fu n c tio n  o f  X ’ b e c o m e s  a  ‘k n o w n ” 

fu n c tio n . A s  e x p e c te d , th e  th ree  p aram eters are la rg e ly  in d ep e n d e n t  o f  d iffer en t h a d ro n ic  m o d e l  

a ssu m p tio n s .

F ig u re  14 . D is tr ib u tio n  o f  X m a x  a n d  f it  u s in g  d e c o n v o lu t io n  m eth o d .
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T h e  X max d istr ib u tio n  is  th en  a c o n v o lu t io n  o f  k n o w n  fu n c tio n s  w ith  o n e  u n k n o w n  p a ram eter , ^ p.air 

S im u la tio n s  s h o w  that th e  inp u t v a lu e  o f  Xp..dn- is  co rrec tly  fo u n d , w ith in  s ta t is t ica l errors, b y  th is  

m eth o d , for  b o th  Q G S J et  an d  S I B B Y L  m o d e ls . F ig u r e  14  s h o w s  th e  fit  to  th e  data  an d  th e  v a lu e  o f  ̂ p. 

air ex tra c ted  fro m  d e c o n v o lu tio n .

T h e  p ro to n -a ir  in e la s t ic  c r o ss  s e c t io n  fo u n d  b y  th is  m eth o d  at 3 x  1 0 18 e V  is  s h o w n  in  fig u r e  15 

to g e th e r  w ith  m ea su re m en ts  b y  A k e n o  an d  th e  F ly ’s E y e  re su lts  an d  lo w e r  en er g y  data.

E|ab (eV)

F ig u re  15 . I n e la s t ic  c r o s s - s e c t io n  m ea su re m en ts  and  p r e d ic t io n s  fro m  a  v a r ie ty  o f  h ad ro n ic  m o d e ls . 

H iR e s  d ata  p o in t  in c lu d es  sy s te m a tic  errors fro m  p o s s ib le  5%  g a m m a -ra y  co n ta m in a tio n .

S m a ll  S c a le  A n is o t r o p y

O n e  o f  th e  o u ts ta n d in g  q u e s t io n s  o f  c o s m ic  ray p h y s ic s  is , “W h at are th e  so u r c es  o f  th e se  p a r t ic le s? ” 

F or  g a la c t ic  c o s m ic  ra y s  a  g r o w in g  c o n s e n s u s  m a in ta in s  th at th e  so u r c es  are su p er n o v a  rem n a n ts [6 1 ]. 

R e c e n t  H e s s  T e V  g a m m a  ray re su lts  s h o w in g  fla tter th a n  e x p e c te d  sp ectra  fro m  m a n y  ex te n d ed  

g a la c t ic  o b je c ts  are c o n s is te n t  w ith  th is  e x p e c ta t io n  [6 2 ]. T h e  rem n a n ts o f  O  an d  B  stars, in  

“ su p e r b u b b le s ,” m a y  p la y  a  p a r ticu la r ly  s tro n g  r o le  in  a c c e le ra tin g  g a la c t ic  c o s m ic  ra y s [6 3 ]. T h e  

su p e r m a s s iv e  b la c k  h o le  at th e  cen ter  o f  th e  M ilk y  W a y  g a la x y  is  sa id  to  b e  o n ly  a b o u t 1 06 so la r  

m a ss e s , a n d  h a s  lo w  lu m in o s ity , s o  it is  n o t  th o u g h t  to  co n tr ib u te  to  th e  c o s m ic  ray f lu x  in  a 

s ig n if ic a n t  w a y  [6 4 ]. S u p er m a s s iv e  b la c k  h o le s  in  o th er g a la x ie s , h o w e v e r , are o n e  o f  th e  m a in  

ca n d id a te s  fo r  a c c e le ra tin g  ex tr a g a la c tic  U H E  c o s m ic  ra y s [6 5 ]. I f  th is  is  tru e th en  c o s m ic  ra y s  o f  

s u f f ic ie n t ly  h ig h  en e rg y  m a y  p ro p a g a te  in  a lm o s t  s tra ig h t -lin e  tra jec to r ie s  th ro u g h  th e  ex tr a g a la c t ic  

a n d  g a la c t ic  m a g n e tic  f ie ld s  fro m  th e se  so u r c es  an d  p o in t  b a ck  to  th em . E v e ry  c o s m ic  ray e x p e r im en t  

carries  o u t a  sea rch  fo r  s m a ll-s c a le  a n iso tro p y  (e .g . ,  p o in t  s o u r c es , p o s s ib ly  b lu rred  b y  m a g n e tic  

b e n d in g ).
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T h e  A G A S A  ex p e r im en t fo u n d  a  la rg e  a u to co rre la tio n  s ig n a l  a m o n g  th e ir  e v e n ts  at e n e r g ie s  grea ter  

th a n  4  x  1 0 19 e V . T h ey  a lso  fo u n d  s e v e n  c lu ste r s  o f  e v e n ts , s ix  d o u b le ts  and  a tr ip let, w h er e  th ey  

w o u ld  e x p e c t  b e tw e e n  o n e  a n d  tw o  fro m  ra n d o m  c o in c id e n c e s  g iv e n  th e  s ta tis tic s  o f  th e ir  data. 

S e v e ra l m o d e ls  o f  c o s m ic  ray so u r c es  w e r e  d e v is e d  to  e x p la in  t h e s e  re su lts , o n e  o f  w h ic h  c o n s is te d  o f  

a  c o u n t  o f  th e  m in im u m  n u m b er  o f  so u r c es  n e e d e d  to  p r o d u ce  th e  c lu ste r in g  re su lt  ( it  is  a b o u t 200).

A  s im ila r  a u to co rre la tio n  sea rch ed  w a s  p er fo rm ed  for  th e  H iR e s  data  an d  n o  s ig n if ic a n t  s ig n a l w a s  

s e e n  [66]. T o  u n d erstan d  th is  d is cr e p a n c y  b etter , th e  H iR e s  c o lla b o r a tio n  ca rried  o u t  a  s tu d y  [67 ] 

w h o s e  a n sa tz  w a s  that th e  s e v e n  A G A S A  c lu ster s  rep resen t th e  s e v e n  b r ig h te st so u r c es  o f  c o s m ic  

ra ys . I f  th is  w e r e  tru e th en  H iR e s  w o u ld  b e  l ik e ly  to  o b se r v e  e v e n ts  co rre la ted  w ith  th o s e  o f  the  

A G A S A  c lu ster s . T h is  s tu d y  u s e d  th e  H iR e s  s ter eo  d ata w ith  s e le c t io n  criter ia  s im ila r  to  th o s e  o f  

A G A S A . B e c a u s e  o f  th e  d iscr e p a n c ie s  in  th e  n o rm a liz a t io n  o f  th e  c o s m ic  ray sp ectru m  b e tw e e n  th e  

tw o  e x p er im en ts , an  e x a c t  m atch  is n o t  p o s s ib le  b e c a u s e  th ere  is  n o  lin ea r  tra n sfo rm a tio n  (su c h  as an  

en e r g y  s c a le  s h ift) , w h ic h  ca n  b r in g  th e  n u m b ers  o f  e v e n ts  o b se r v e d  b y  A G A S A  an d  H iR e s  in to  

a g r eem en t  a s  a fu n c tio n  o f  en e r g y . T h e  A G A S A  e v e n ts  h a v e  an  a n g u la r  r e so lu t io n  o f  a b o u t 2 ° ,  w h ile  

th e  H iR e s  s ter eo  e v e n t  r e so lu t io n  is  a b o u t 0 .6 ° .  T h e  re su lt  o f  th is  s tu d y  w a s  th at n o  H iR e s  e v e n ts  o f  

en e r g y  a b o v e  4  x  1 0 19 e V  w e r e  co rre la ted  w ith  th e  A G A S A  c lu ster s . H o w e v e r , an  e v e n t  w a s  fo u n d , 

w ith  an  en e r g y  o f  3 .7  x  1 0 19 e V , r ig h t in  th e  m id d le  o f  th e  A G A S A  tr ip let. T h e  A G A S A  trip let, p lu s  

th is  H iR e s  e v e n t , are n o w  c a lle d  th e  “ q u artet” . T h e  c h a n c e  p ro b a b ility  o f  th is  o c cu rr in g  is  a b o u t 1 0 ° . 

A  sk y  m ap  o f  th e  quartet is  s h o w n  in  fig u r e  16 . T h e  c o lo r s  at d iffe ren t lo c a t io n s  o n  th e  sk y  in d ica te  

th e  p ro b a b ility  o f  f in d in g  th e  cen ter  o f  th e  q u artet at th at lo ca tio n . T h e  p o in t in g  a ccu ra cy  o f  th e  H iR e s  

stereo  e v e n t  d o m in a te s  th e  d e term in a tio n  o f  th e  m o st  l ik e ly  lo ca tio n , w h ic h  is  (R A , d e c )  =  (1 6 9 .1  + 

0 .6 ,  5 6 .3 + - 0 .4 )  d e g r e es . It w i l l  b e  in ter es tin g  to  s e e  i f  T A  s e e s  s o m e th in g  at th is  lo c a t io n  in  th e  sk y . 

T h e  quartet is  in  U r sa  M a jo r , and  is n o t  v is ib le  fro m  th e  lo c a t io n  o f  th e  A u g e r  ex p er im en t.

log(R)

riyhit ascension n

F ig u re  16 . S k y  m ap  o f  th e  A G A S A  an d  H iR e s  e v e n ts  m a k in g  u p  th e  “q u a rtet.” T h e  H iR e s  e v e n t  is  at 

th e  cen ter  o f  th e  b la c k  r e g io n . T h e  c o lo r  s c a le  re p resen ts  a l ik e l ih o o d  ratio , w ith  b la c k  b e in g  

lo g R = 1 2 , red  1 1 ,y e l lo w  9  , g r e en  6 an d  b lu e  z e ro  ( s e e  tex t ) .

C o r r e la t io n s  w i t h  B L  L a c  O b je c t s

I. T k a ch ev , P . T in y a k o v , D . G o rb u n o v , an d  o th ers , p io n e e r e d  th e  sea rch  for  co rre la tio n s  b e tw e e n  

c o s m ic  ray e v e n ts  a n d  B L  L a c  so u r c es . B L  L a c ’s  (a ls o  c a lle d  b la z er s ) are ex tr a g a la c tic  a str o n o m ica l 

o b je c ts  (h ig h ly  v a r ia b le  A G N ’s ) w ith  th e ir  j e t s  p o in t in g  d irec tly  to w a r d  th e  earth . T h ey  are g o o d  

ca n d id a te s  for  c o s m ic  ray  a cce le ra to rs  b e c a u s e  o f  th is  g e o m e tr y . T k a ch ev  e t a l. [68], a n d  D . 

G o rb u n o v  e t a l. [6 9 ] f ir st  sea rch ed  th e  Y a k u tsk  an d  A G A S A  data  a b o v e  4 .0  x  1 0 19 e V  u s in g  th e  V e r o n  

c a ta lo g  o f  B L  L a c  o b je c ts , a n d  fo u n d  co rre la tio n s  at th e  1 0 '4 c h a n c e  p r o b a b ility  le v e l .  T h ey  th en
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sea rch ed  H iR e s  s tereo  d ata  a b o v e  1 0 19 e V , a s su m in g  a  u n ifo rm  a n g u lar  r e so lu t io n  o f  0 .8 ° ,  a n d  fo u n d  

co rre la tio n s  at th e  1 0 "4 c h a n c e  p r o b a b ility  le v e l  [7 0 ]. In  th e se  s tu d ie s  th e y  m a d e  o n e  cu t o n  th e  V e r o n  

c a ta lo g  e v e n ts , c h o o s in g  B L  L a c ’s b r igh ter  th a n  m a g n itu d e  18 . S u ch  so u r c es  are d e sc r ib e d  in  th e  

c a ta lo g  as b e in g  b e tter  id e n t if ie d  B L  L a c ’s.

T h e  H iR e s  c o lla b o r a t io n  rep ea ted  th e  co rre la tio n  s tu d y  ta k in g  in to  a c c o u n t th e  p o in t in g  r e so lu t io n  o f  

e a c h  e v e n t  an d  w a s  a b le  to  re p ro d u ce  th e  re su lt  d e sc r ib e d  a b o v e  [7 1 ]. T h ere  is  an  a d d itio n a l  ca te g o r y  

o f  so u r c es  in  th e  V e r o n  c a ta lo g , B L  L a c ’s w ith  h ig h  p o la r iz a t io n  ( s o -c a l le d  H P  so u r c es ) , w h ic h  

T k a ch ev  an d  co lla b o ra to rs  n e g le c te d . U p o n  in c lu d in g  th e  H P  so u r c es  co rre la tio n s  w e r e  fo u n d  at th e  

c h a n c e  p ro b a b ility  le v e l  o f  1 0 ‘5. T h e se  s tu d ie s  w e r e  carried  o u t w ith  H iR e s  s ter eo  d ata c o lle c te d  

th ro u g h  January 2 0 0 4 . A n a ly s is  o f  th e  rem a in d er  o f  th e  H iR e s  data, an d  s tu d ie s  o f  o th er  p rop er tie s , 

su c h  as th e  en e rg y  sp ectru m  o f  a ll e v e n ts  an d  co rre la ted  e v e n ts , are o n g o in g .

T h ere  are se v er a l  in ter es tin g  a sp e c ts  o f  B L  L a c  co rre la tio n s . O n e  is  that th o s e  w ith  Y a k u tsk  and  

A G A S A  d ata are c o n s is te n t  w ith  th e  b e n d in g  o f  c o s m ic  ra y s b y  g a la c t ic  m a g n e tic  f ie ld s  (a t a b o u t 1° 

fo r  p r o to n s ), b u t th e  H iR e s  s ter eo  e v e n ts  h a v e  p o in t in g  r e so lu t io n  a b o u t 1/3 o f  th e  e x p e c te d  b e n d in g  

a n g le s . S o , i f  th e  co rre la tio n s  are rea l, a b o u t 3%  o f  c o s m ic  ra y s m u st b e  n eutra l, or th e  g a la c t ic  

m a g n e tic  f ie ld s  m u st b e  sm a lle r  th a n  e x p e c te d , at lea st  in  s o m e  d ir ec t io n s . In  a d d itio n , se a r c h in g  for  

co rre la tio n s  w ith  B L  L a c  so u r c es  is  m o s t ly  a n orthern  h e m isp h e r e  a c tiv ity  s in c e  o n ly  a b o u t 1/3 as 

m a n y  B L  L a c  so u r c es  are k n o w n  in  th e  so u th ern  h em isp h e re . T h e  fig u re  o f  m er it  for  B L  L a c  

sea rch es  is  A /R 2, w h er e  A  is  th e  apertu re  an d  R  is  th e  a n g u la r  r e so lu tio n . C o s m ic  ray e v e n ts  s e e n  in  

h yb r id  an d  ster eo  m o d e s  s im u lta n e o u sly  h a v e  th e  b e s t  r e so lu tio n , s o  fu tu re  e x p e r im en ts  sh o u ld  try to  

o p t im iz e  th eir  h y b r id -ste reo  apertu re. F urther d ata (an d  fu tu re  e x p e r im en ts )  in  th is  area  w i l l  b e  v er y  

in terestin g .

L a r g e  S c a le  A n is o t r o p y

T h e  A G A S A  e x p e r im en t s a w  an  in ter es tin g  a n iso tro p y  s ig n a l  at la rg er a n g u lar  s c a le s  [7 2 ]. In  the  

R a le ig h  a n a ly s is  o f  th e ir  d ata in  a  n arrow  en er g y  b a n d  (a b o u t a  fa c to r  o f  2  w id e )  a b o u t 1 0 18 e V , th e  

A G A S A  e x p e r im en t s a w  an  e x c e s s  o f  e v e n ts  n ear  (b u t n o t  a t) th e  g a la c t ic  cen ter  a n d  a  d e f ic it  o f  

e v e n ts  n ea r  b u t n o t at th e  g a la c t ic  a n ticen ter. T h e  e v e n ts  w e r e  in teg ra ted  o v e r  2 0 °  fo r  th is  s tu d y . T h e  

n a rro w n e ss  o f  th e  en e r g y  b a n d  r a is e s  d o u b ts  a b o u t th e  rea lity  o f  su c h  an  e f fe c t . T h e s e  tw o  r e g io n s  

h a v e  n o w  b e e n  e x a m in e d  in  th e  H iR e s  an d  A u g e r  data. T h e  A u g e r  c o lla b o r a tio n  a n a ly z ed  th e ir  d ata in  

a  s im ila r  w a y  to  A G A S A  an d  p u b lish e d  a  n o n -o b se r v a tio n  o f  e x c e s s  n ear  th e  g a la c t ic  cen ter  [7 3 ]. In  

th e  n o rthern  h e m isp h e r e  th is  r e g io n  o f  th e  sk y  is  o b se r v e d  in  su m m er , w h ic h  r e d u c e s  o b s e r v a tio n  tim e  

b e c a u s e  o f  short n ig h ts . H iR e s  d o e s  n o t h a v e  th e  s e n s it iv ity  to  m a k e  s ta tem en ts  a b o u t a n iso tro p y  n ear  

th e  g a la c t ic  center.

H o w e v e r , n ear  th e  g a la c t ic  a n ticen ter, in  S c o r p iu s , H iR e s  s e e s  a  d e f ic it  o f  ev e n ts  in  a lm o s t  th e  sa m e  

p la c e  as th e  A G A S A  d e f ic it .  F ig u r e  17  s h o w s  th e  A G A S A  an d  H iR e s  sk y  m a p s in  r ig h t a s c e n s io n  

a n d  d e c lin a tio n . H ere  th e  H iR e s  d ata h a v e  n o t  b e e n  lim ited  in  e n e r g y , b u t in c lu d e  th e  w h o le  en er g y  

ran ge , 1 0 ,3 2 6  e v e n ts  in  a ll. H o w e v e r  th e  H iR e s  en er g y  h is to g r a m  p e a k s  at 1 0 18 e V , ju s t  at th e  cen ter  

o f  th e  A G A S A  en er g y  b an d .

O n e  u s u a lly  th in k s  o f  a n iso tro p y  s tu d ie s  a s  se a r c h in g  fo r  e x c e s s e s ,  n o t  d e f ic its , in  th e  data . O n e  w a y  

a  d e f ic it  m ig h t  o c c u r  is th ro u g h  th e  g a la c t ic  m a g n e tic  f ie ld  in teg ra l b e in g  la rg e  e n o u g h  in  s o m e  

d ir ec tio n s  to  e x c lu d e  ex tr a g a la c tic  c o s m ic  ra y s c o m in g  fro m  th o s e  d irec tio n s . T h is  in  fa c t  o cc u r s  w ith  

s o m e  f ie ld  m o d e ls  [7 4 ]. A g a in , th e  T A  ex p e r im en t w i l l  h a v e  in ter es tin g  th in g s  to  sa y  a b o u t th is  

p o s s ib le  a n iso tro p y  s ig n a l. T h e  g a la c t ic  a n ticen ter  ap p ears at a z e n ith  a n g le  o f  7 0 °  fo r  th e  A u g e r  

ex p er im en t , s o  it is  u n lik e ly  that th ey  ca n  o b se r v e  th is  part o f  th e  sk y  w ith  g o o d  s ta tis t ic s  and  

sy s te m a tic s .
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F ig u re  17 . S ig n if ic a n c e  m a p s o f  A G A S A  ( le f t )  an d  H iR e s  (r ig h t) s h o w in g  th e  d e f ic it  n ea r  th e  g a la c t ic  

a n ticen ter  (R A = 1 0 0 ° , 8 = 1 8 ° )  in  b o th  data. R ig h t  a s c e n s io n  is  s h o w n  o n  th e  x - a x is  an d  d e c lin a t io n  o n  

th e  y -a x is .

S h o w e r  D e v e lo p m e n t  P r o f i le

W h ile  m o s t  o f  th e  h a d ro n ic  in tera c tio n s  an d  d e c a y s  that p r o d u ce  an  E A S  are at lo w  e n e r g ie s , it is  

im p or tan t to  v a lid a te  th e  c o m p le x  s im u la tio n  p ro g ra m s that are req u ired  to  p re d ic t  su c h  p r o f ile s . T h e  

H iR e s /M I A  h yb r id  d ata w a s  u se d  to  s tu d y  th e  d e v e lo p m e n t  p r o f ile  o f  sh o w e r s  [7 5 ]. S h o w e r  p r o f ile s  

o f  w e ll-m e a s u r e d  e v e n ts  w e r e  n o r m a liz ed  to  ea c h  o th er  in  term s o f  m a x im u m  s h o w e r  s iz e  an d  d ep th  

o f  m a x im u m  an d  a v era g ed . T o  n o r m a liz e  o u t th e  X m a x  flu c tu a t io n , th e  s h o w e r  w a s  r e sc a le d  in  term s  

o f  th e  s h o w e r  a g e  p aram eter . T h e  re su lta n t m ea n  s h o w e r  a n d  th e  p r ed ic ted  fu n c tio n a l form  (th e  

G a is s e r -H il la s  fu n c tio n )  are in  g o o d  a g r eem en t  o v e r  m o s t  o f  th e  lo n g itu d in a l d e v e lo p m e n t .

T h e  H iR e s  m o n o c u la r  data  (fro m  H iR e s -I I)  h a s  a lso  b e e n  u s e d  to  s tu d y  th e  d e v e lo p m e n t  p r o f ile  o f  

sh o w e r s . H ere  a  d iffe ren t a p p ro ach  w a s  ta k en  th a n  in  th e  H iR e s /M I A  ca se: a d irec t c o m p a r iso n  w a s  

m a d e  b e tw e e n  d ata a n d  M o n te  C ar lo  e v e n ts  g en e ra ted  u s in g  C o r s ik a  an d  Q G S je t. T h is  is  m a d e  

p o s s ib le  b y  th e  e x c e l le n t  a g r eem en t  b e tw e e n  H iR e s  d ata and  ou r  M o n te  C a rlo  s im u la tio n . S h o w e r  

a g e  is  a g a in  u s e d  for  th e  co m p a r is o n . A f te r  a v e r a g in g  o v e r  e v e n ts , th e  d a ta /M C  c o m p a r is o n  o f  the  

a g e  d is tr ib u tio n s  fo r  a ll e n e r g ie s  is  s h o w n  in  th e  le f t  part o f  f ig u re  18 . T h e  ratio  o f  d ata to  M C  is  

s h o w n  in  th e  lo w e r  part o f  th e  fig u re . T h e  a g re em en t  is g o o d .

T h e  H iR e s  m o n o c u la r  data  a l lo w  o n e  to  m a k e  th e se  c o m p a r iso n s  fo r  a  w id e r  en e rg y  ra n g e  th a n  w a s  

p o s s ib le  w ith  H iR e s /M IA . T h e  w id th  o f  data an d  M C  a g e  d is tr ib u tio n s  is  s h o w n  in  th e  r igh t part o f  

f ig u r e  18 , fo r  ea c h  h a lf -d e c a d e  in  e n er g y . T h e  error b ars in  th is  f ig u re  are th e  s ta t is t ica l u n cer ta in tie s . 

In  a d d itio n , th ere  are s y s te m a tic  u n cer ta in tie s  o f  a b o u t 0 .0 0 5 . A  d iscr e p a n c y  in  s h o w e r  w id th s  is 

ap p aren t fo r  th e  h ig h e s t  en e r g y  sh o w e r s . T h e  s iz e  o f  th e  d iscr ep a n cy  is  a b o u t fo u r  t im e s  th e  

sy s te m a tic  u n cer ta in ty . A s  th ere  are m o re  s y s te m a tic  s tu d ie s  to  b e  d o n e , th is  re su lt  is  s t i ll  

p relim in a ry .
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F ig u re  18 . P re lim in a ry  p lo ts  o f  th e  lo n g itu d in a l s h o w e r  d e v e lo p m e n t  p r o f ile  fo r  H iR es -I I  m o n o c u la r  

d ata an d  C o r s ik a /Q G S je t  s im u la t io n s . T h e  a g e  d istr ib u tio n  fo r  E  >  1 0 18 3 e V  is  s h o w n  in  th e  le f t  h a n d  

p lo t, an d  a  p lo t  o f  d ata an d  M o n te  C a rlo  p r o f ile  w id th s  fo r  h a lf-d e c a d e  b in s  in  en er g y  is s h o w n  in  th e  

r igh t h a l f  p lo t.  T h e  a g r eem en t  s e e m s  to  b e  g o o d , b u t th ere  m a y  b e  a  d iscr ep a n cy  in  s h o w e r  p r o f ile  

w id th s  fo r  th e  h ig h e s t  en er g y  b in .

C o n c lu s io n s

O n e  ca n  lo o k  at th e  h is to r y  o f  U H E  c o s m ic  ray e x p e r im en ts  as h a v in g  th ree  p h a s e s . T h e  o r ig in a l, 

p io n e e r in g  p h a s e , e x e m p lif ie d  b y  e x p e r im en ts  su c h  as A k e n o , H a v era h  P ark , Y a k u tsk  and  F ly ’s E y e  

e s ta b lish e d  th e  b roa d  o u t lin e s  o f  th e  su b jec t, f in d in g  th e  fir st  e v id e n c e  o f  stru cture n ea r  th e  a n k le  and  

h a v in g  ju s t  b a re ly  e n o u g h  s e n s it iv ity  to  b e g in  to  e x p lo r e  th e  G Z K  re g io n . In  th e  s e c o n d  p h a se , th e  

A G A S A  ex p e r im en t g a v e  u s  th e  firs t  s ig n if ic a n t  a ttem p t to  lo o k  fo r  th e  G Z K  cu to ff . T h e ir  

o b se r v a tio n  o f  a co n t in u in g  sp ectru m , to g e th e r  w ith  th e  h a n d fu l o f  e v e n ts  fro m  ea r lier  ex p e r im en ts  

a b o v e  th e  G Z K  en e rg y  w a s  a g rea t p u z z le . H o w e v e r , in d irec t m eth o d s  o f  en e r g y  d e term in a tio n  u se d  

b y  g r o u n d  arrays ca n  lea d  to  m is le a d in g  re su lts . T h e  H iR e s  ex p e r im en t c le a r ly  e s ta b lish e d  th e  

e x is t e n c e  o f  th e  G Z K  c u t o f f  u s in g  th e  a tm o sp h er ic  f lu o r e s c e n c e  te c h n iq u e . T h e  r e -a n a ly s is  o f  th e  

A G A S A  d ata  h a s  d e c r ea se d  th e  d iscr ep a n cy  b e tw e e n  it an d  th e  H iR e s  re su lt  a n d  h a s  re -itera ted  th e  

im p o r ta n ce  o f  a  b e tter  u n d ersta n d in g  o f  th e  m e a n in g  o f  gro u n d  array en er g y  m ea su re m en ts . W e  are 

n o w  en ter in g  th e  th ird  p h a se , w h er e  g ro u n d  array a n d  a ir - f lu o r e sc e n c e  te c h n iq u e s  are b e in g  c o m b in e d  

in  h yb r id  e x p e r im en ts  su c h  as th e  T e le s c o p e  A rray  p ro jec t  in  U ta h  a n d  th e  P ierre A u g e r  O b serv ato ry  

in  A r g e n t in a . N e w  in fo r m a tio n  fro m  th e  L H C  an d  F erm ila b  e x p e r im en ts  w i l l  a l lo w  further  

r e fin em en ts  in  th e  m o d e lin g  o f  E A S . D ir e c t  c o m p a r is o n  o f  g ro u n d  array an d  a ir - f lu o r e s c e n c e  d ata o n  

an  e v e n t-b y -e v e n t  b a s is  an d  v is - a - v is  s im u la t io n s  w i l l  im p r o v e  k n o w le d g e  o f  en e rg y  s c a le s  and  

ex p e r im en ta l r e so lu t io n s .

W h ile  it ap p ears that th e  G Z K  p u z z le  h a s  n o w  b e e n  se t  to  rest, th e  u n d er ly in g  q u e s t io n s  are a s  u rg en t 

a n d  b u rn in g  as ever: w h a t  are th e  so u r c es  o f  U H E  c o s m ic  ra ys , w h a t  is  th e  n ature o f  th e  a c c e le ra tio n  

m ec h a n ism  a n d  w h a t is  th e  c o m p o s it io n  o f  th e  p a r tic le s?  T a n ta liz in g  h in ts  o f  p o in t  so u r c es  h a v e  

b e g u n  to  ap p ear  in  th e  la st  d e ca d e . S ig n ific a n t  m ea su re m en ts  o f  a n iso tro p y , b o th  o n  la rg e  an d  sm a ll  

s c a le s , s e e m  ju s t  w ith in  reach . T h e  n e w  g en er a tio n  o f  d e tec to r s , w ith  o rd er o f  m a g n itu d e  larger  

s e n s it iv it ie s  an d  e x c e l le n t  a n g u la r  r e so lu t io n  sh o u ld  m a k e  a  g rea t im p a ct in  th is  area.

A s  th e  d e ta ile d  stru cture o f  th e  c o s m ic  ray sp ec tru m  b e c o m e s  m o re  r e lia b ly  k n o w n , e x p lic it  f its  to  

so u rc e  m o d e ls  an d  p r o p a g a tio n  d is ta n c e s  h a v e  b e c o m e  p o s s ib le .  H ere  e x p e r im en ts  w ith  a  larg e
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d y n a m ic  ra n g e  in  en er g y  are o f  th e  g r ea te st im p or tan ce , s o  th at th e  r e g io n  fro m  th e  s e c o n d  k n e e  to  th e  

G Z K  c u t o f f  ca n  b e  s tu d ie d  in  a  co n t in u o u s  fa s h io n . T h e  ro b u st an d  r e lia b le  m ea su r em en t  o f  

c o m p o s it io n  a c ro ss  th is  sa m e  en e rg y  ra n g e  is a lso  o f  th e  h ig h e s t  im p o r ta n ce  as it, to g e th e r  w ith  b roa d- 

s c a le  a n iso tro p y , is  th e  o n ly  w a y  th at th e  g a la c t ic  an d  ex tr a -g a la c tic  c o m p o n e n ts  o f  th e  U H E  c o s m ic  

ray f lu x  w i l l  b e  u n ra v e led . B o th  th e  T A  an d  A u g e r  e x p e r im en ts  are lo o k in g  se r io u s ly  at lo w -e n e r g y  

e x te n s io n s  to  a c h ie v e  th e se  g o a ls  an d  th e  n e x t  d e c a d e  sh o u ld  a l lo w  u s  to  g e t  a g o o d  u n d ersta n d in g  o f  

th e  g a la c t ic -e x tr a g a la c t ic  tra n sitio n  re g io n .
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