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ABSTRACT 

It may be poss ib le  t o  account f o r  a p rev i ous l y  puzz l ing  f ea tu re  - a 
"bump" i n  t h e  energy range 1014-1015 eV - of t h e  cosmic ray  spectrum by 
hypothes iz ing a pr imary e x t r a g a l a c t i c  o r i g i n  f o r  t h e  bu lk  o f  t h e  
observed cosmic r ay  ant ipro tons,  al though such an exp lanat ion i s  no t  
unique. I n  t h i s  model, most o f  t h e  cosmic rays above 101s eV a re  
ex t r aga lac t i c .  We descr ibe a method o f  t e s t i n g  t h i s  hypothesis 
exper imenta l ly .  

1. In t roduc t ion .  One o f  t h e  most fundamental quest ions i n  cosmology i s  
t h e  quest ion o r  t h e  ex is tence o f  an t ima t t e r  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  
t h e  universe. Does an t imat te r  p l ay  an equal r o l e  w i t h  mat ter  i n  t h e  
makeup of  t h e  ga lax ies? This quest ion has now become a quest ion o f  
fundamental importance t o  physics as we1 1. I n  t h e  contemporary paradigm 
of grand u n i f i e d  gauge t heo r i es  i t  i s  r e l a t e d  t o  t h e  quest ion o f  t h e  
na tu re  of CP v i o l a t i o n  a t  h i gh  energies (1,2). Recent t h e o r e t i c a l  work 
based on t h e  concepts o f  grand u n i f i e d  t h e o r i e s  has resu l t ed  i n  t h e  
development o f  a p l a u s i b l e  baryon-ant i  baryon domain theory  i n which 
mat te r  and an t ima t t e r  a re  created i n  separate reg ions of su rv ivab le  s i z e  e 

t o  begin w i t h  (3-5). Various observat iona l  aspects o f  thSs theory  have 
been p rev ious ly  discussed (6,7)  and t h e  sub jec t  o f  baryon symmetric 
cosmology has been recen t l y  reviewed e l  sewhere (8,9). 

7- 

2. Primary Ant imatter.  The present s t a tus  o f  cosmic ray an t i p ro ton  
measurements and t h e  attempts t o  understand them have been recen t l y  
reviewed (10) and an exegesis o f  t h e  pr imary e x t r a g a l a c t i c  o r i g i n  
hypothesis has a l s o  been recen t l y  given (11). We w i l l  discuss f u r t h e r  
i m p l i c a t i o n s  o f  p o t e n t i a l  bas ic  import  t o  cosmic ray  research here and 
we w i l l  a l s o  propose an experimental search program based on these 
cons iderat ions.  We s t a r t  w i t h  t h e  hypothesis t h a t  t h e  baryon symmetric 
domai n cosmology leads t o  a f l u x  o f  e x t r a g a l a c t i c  cosmic rays cons i s t i ng  
of roughly  equal amounts of protons and an t i p ro tons  w i t h  t h e  sources o f  
these cosmic rays being p r i m a r i l y  a c t i v e  ga lax ies  (12) and w i t h  hel ium 4 

and a n t i  he1 i um n u c l e i  being supressed by dest r u c t i  on processes i n these 
sources (11). We assume t h a t  t h e  g a l a c t i c  wind i s  t o o  weak t o  keep out 
t h e  e x t r a g a l a c t i c  cosmic rad ia t ion .  Observations favor  t h e  - 
i n t e r p r e t a t i o n  t h a t  t h e  g a l a c t i c  wind i s  i n  r e a l i t y  a "breeze" (13). 

The measured spectrum o f  cosmic r a d i a t i o n  can be represented by a power 
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ABSTRACT 

It may be possible to account for a previously puzzling feature - a 
"bump" in the energy range 1014 _1015 eV - of the cosmic ray spectrum by 
hypothesizing a primary extragalactic origin for the bulk of the 
observed cosmic ray antiprotons, although such an explanation is not 
unique. In this model, .most of the cosmic rays above 101 5 eV are 
extragalactic. We describe a method of testing this hypothesis 
experimentally. 

1. Introduction. One of the most fundamental questions in cosmology is 
the question of the existence of antimatter in significant quantities in 
the universe. Does antimatter play an equal role with matter in the 
makeup of the galaxies? This question has now become a question of 
fundamental importance to physi cs as well. In the contemporary paradi gm 
of grand unifi ed gauge theori es it is rel ated to the questi on of the 
nature of CP violation at high energies (1,2). Recent theoretical work 
based on the concepts of grand unifi ed theori es has resulted in the 
development of a plausible baryon-antibaryon domain theory in which 
matter and antimatter are created in separate regions of survivable size 
to begin with (3-5). Various observational aspects of this theory have 
been previously discussed (6,7) and the subject of baryon symmetric 
cosmology has been recently reviewed elsewhere (8,9). 

2. Primary Antimatter. The present status of cosmic ray antiproton 
measurements and the attempts to understand them have been recently 
reviewed (10) and an exegesis of the primary extragalactic origin 
hypothesis has also been recently given (11). We will discuss further 
implications of potential basic import to cosmic ray research here and 
we will also propose an experimental search program based on these 
considerations. We start with the hypothesis that the baryon symmetric 
domain cosmology leads to a flux of extragalactic cosmic rays consisting 
of roughly equal amounts of protons and antiprotons with the sources of 
these cosmic rays being primarily active galaxies (12) and with helium 
and antihelium nuclei being supressed by destruction processes in these 
sources (11). ·We assume that the galactic wind is too weak to keep out 
the extragalactic cosmic radiation. Observations favor the 
interpretation that the galactic wind is in reality a "breeze" (13). 

The measured spectrum of cosmic radiation can be represented by a power 
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law i n  energy of t h e  form K E ' ~  w i t h  t h e  spect ra l  index r = 2.75 f o r  
several  decades above t h e  10 GeV energy leve l .  It appears 1 i k e l y  t h a t  
t h i s  r a d i a t i o n  i s  produced p r i m a r i l y  i n  g a l a c t i c  sources (14,15). 
Furthermore, t he  source spectrum o f  t h i s  r a d i a t i o n  i s  expected t o  have a 
lower spec t ra l  index r s  than t h a t  observed a t  t h e  e a r t h  which has been 
steepened by energy dependent propagation ef fects .  A va lue f o r  r s  of 
approximately 2.0 t o  2.2 appears t o  be l i k e l y  f o r  two reasons. ( A )  
Measurements of t he  r a t i o  o f  secondary t o  pr imary nuc le i  i n  t h e  cosmic 
r a d i a t i o n  suggest t h a t  t he  mean l i f e t i m e  i n  t h e  Galaxy owing t o  t r app ing  
by t h e  tangled g a l a c t i c  magnetic f i e l d s  f a l l s  w i t h  energy as E* where 
t h e  most recen t l y  der ived value (16) o f  6 c: 0.7. (B) The t h e o r e t i c a l  
shock acce le ra t ion  models f o r  cosmic ray product ion c u r r e n t l y  favored 
(17) genera l ly  y i e l d  product ion spectra w i t h  r s  c lose  t o  2. 

I 1 1 1 1 1 1 1 ,  I 1 1 1  1 1 1 1  ' "' If  we assume t h a t  t he re  ex i  s t s  a 
general accel e r a t  i on mechani sm 

1 fo r  generat ing cosmic rays which 
acts  i n  both g a l a c t i c  and ex t ra -  
g a l a c t i c  sources t o  g i  ve a un i  v- 

lo-) = 7 ersa l  source spectrum w i t h  r = 
2, as i s  now thought t o  be ?he 
case w i t h  shock accel e r a t i  on, 
then t h e  ex t  raga1 a c t i  c cosmi c 
ray component shoul d r e f  1 e c t  
t h i s  source spectrum. 

1 0 - ~  
Thus, 

w i t h  t h e  an t ip ro tons  assumed t o  

/' be both pr imary and ex t raga lac -  
t i c  and t h e  bu lk  o f  t h e  protons 
t o  be ga lac t i c ,  t he  expected 

,/' - 
r a t i o  o f  an t ip ro tons  t o  protons 

1 0 - ~  I / I . I I , t l l  s ou ld  increase w i t h  energy as 
O.l I to lo2 E 6 . 

T(p) (GeV) 

Figure  1. Observations and t h e o r e t i c a l  p/p r a t i o s  as a f unc t i on  o f  
k i n e t i c  energy. The data po in t s  a re  from Refs. (18-20). The t h e o r e t i c a l  
curves t ake  account o f  so la r  modul at'ion e f fec ts .  

Taking 6 = 0.7, ant iprotons could make up approximately one per  cent  o f  
t h e  czsmic ray f l u x  a t  an energy o f  = 500 GeV and even - 50 per cent a t  
h igher  energies. This has impor tant  observat ional  imp1 i c a t i  ons (see 
sec t i on  3). The s i t u a t i o n  i s  i n d i c a t e d  i n  F igure 1 which shows t h e  
present data on p/p r a t i o s  as a func t ion  o f  k i n e t i c  energy and t h e  
t h e o r e t i c a l  curve corresponding t o  a pr imary ex t raga lac t i c  a n t i  p ro ton  
f l u x .  Solar modulation f l a t t e n s  t h e  t h e o r e t i c a l  curve a t  low 
energies. Addi t ional  secondary product i  on o f  a n t i  protons (as shown) i s 
r e l a t i v e l y  unimportant. It can be seen t h a t  t h e  t h e o r e t i c a l  curve f o r  
t h e  ex t raga lac t i c  primary o r i g i n  hypothesis provides an encouragingly 
good f i t  t o  t h e  present /5 data. Thus, our hypothesis has poss ib l e  
observat ional  support. 

F igure  2 shows t he  e f f e c t  o f  ex t rapo la t i ng  t he  e x t r a g a l a c t i c  i ntens i  t y  
of both protons and ant iprotons ( t h i s  in t roduces a f a c t o r  o f  two)  w i t h  a 
spec t ra l  index o f  2 t o  h igher  energies and superposing i t  on t h e  
g a l a c t i c  cosmic ray spectrum w i t h  index r = 2.75. Note t h a t  such an 
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law in energy of the form KE-r with the spectral index r '" 2.75 for 
several decades a~ove the 10 GeV energy level. It appears likely that 
this radiation is produced primarily in galactic sources (14,15). 
Furthermore, the source spectrum of this radiation is expected to have a 
lower spectral index rs than that observed at the earth which has been 
steepened by energy dependent propagation effects. A value for r s of 
approximately 2.0 to 2.2 appears to be likely for two reasons. (A) 
Measurements of the ratio of secondary to primary nuclei in the cosmic 
radiation suggest that the mean lifetime in the Galaxy owing to trapping 
by the tangled galactic magnetic fields falls with energy as E-O where 
the most recently derived value (16) of cS '" 0.7. (B) The theoretical 
shock acceleration models for cosmic ray production currently favored 
(17) generally yield production spectra with rs close to 2. 

10 -2C---'--'-'rT"T"TTT'I--r-"'---'""TTTT1T--'--"-'-"'T""M1"TT'I 

0. --10. + 
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SECONDARY 
• ~YPOTHESIS 

" 
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If we assume that there exists a 
general acceleration mechanism 
for generating cosmic rays which 
acts in both galactic and extra­
galactic sources to give a univ­
ersal source spectrum with r s '" 
2, asis now thought to be the 
case with shock acceleration. 
then the extragalactic cosmic 
ray component shoul d refl ect 
this source spectrum. Thus. 
with the antiprotons assumed to 
be both primary and extragalac­
tic and the bulk of the protons 
to be galactic. the expected 
ratio of antiprotons to protons 

10-5'---'---'--L..L...L.llJ.J'-'--'-....L.....Ju..L..L..a...u.J_--'-~~,U.lJ s h ou 1 din c rea s e wit hen e r gy a s 
0.1 10 10 2 EO. 

T(p) (GeV) 

Figure 1. Observations and theoretical pip ratios as a function of 
kinetic energy. The data pOints are from Refs.(18-20). The theoretical 
curves take account of solar modulat~on effects. 

Taking cS '" 0.7. antiprotons could make up approximately one per cent of 
the csmi c ray f1 ux at an energy of '" 500 GeV and even ~ 50 per cent at 
higher energies. This has important observational implications (see 
section 3). The situation is indicated in Figure 1 which shows the 
present data on pip ratios as a function of kinetic energy and the 
theoretical curve corresponding to a primary extragalactic antiproton 
flux. Solar modulation flattens the theoretical curve at low 
energies. Additional secondary production of antiprotons (as shown) is 
relatively unimportant. It can be seen that the theoretical curve for 
the extragal acti c primary ori gi n hypothesi s provi des an encouragi ngly 
good fit to the present p data. Thus. our hypothesis has possible 
observational support. . 

Figure 2 shows the effect of extrapolating the extragalactic intensity 
of both protons and antiprotons (this introduces a factor of two) with a 
spectral index of 2 to higher energies and superposing it on the 
galactic cosmic ray spectrum with index r '" 2.75. Note that such an 



ex t rapo l  a t i o n  imp1 i e s  t h a t  t h e  e x t  raga1 a c t i  c  and g a l a c t i c  cosmic r a y  
f l uxes  become comparable a t  an energy o f  about 105 GeV and t h a t  e x t r a -  
g a l a c t i c  p a r t i c l e s  predominate above t h i s  energy. It i s  i n t e r e s t i n g  
t h a t  t h e  r e s u l t a n t  f l a t t e n i n g  i n  t h e  spectrum occurs a t  t h i s  p a r t i c u l a r  
energy where t he re  have been claims (22) o f  a  f l a t t e n i n g  i n  t h e  cosmic 
ray spectrum as i n f e r r e d  from measurements o f  extens ive a i  r showers. A 
steepening i n  t h e  spectra of both t h e  g a l a c t i c  and ex t raga lac t i c  compon- 
ents  would be requi red by t h e  observat ions f o r  energies above 106 GeV. 

F igure  2. The e f f e c t  o f  ex t raga lac t i c  pr imary protons and a n t i  protons 
on t h e  t o t a l  cosmi c-ray spectrum according t o  t h e  model discussed i n  t h e  
t e x t .  It can be seen t h a t  t h i s  model may account f o r  t h e  p u t a t i v e  
f l a t t e n i n g  i n  t h e  observed cosmic ray spectrum near 1014 eV. * 

I ~ - , ~ ~ ~ ~ ~ ~  3. Experimental Tests. Since our  
model i n d i c a t e s  t h a t  t h e  a n t i  proton-  

lo-' - - to -p ro ton  r a t i o  which should increase 
- w i t h  energy, measurements, o f  t h e  s i  gn 

o f  t h e  charges of cosmic rays a t  t h e  
- h ighest  p r a c t i c a l  energy and t h e  de t -  

erminat ion o f  t h e  spect ra  o f  t h e  var-  - - ious  charged components of t h e  cosmic 
- r a d i a t i o n  up t o  t h a t  energy w i l l  

c" 
E 

p rov ide .  a  t e s t  o f  our  hypothesis as 
z lo-=' - - we l l  as t h e  b lack ho le  hypothesis (21) 
Y- - and t h e  pho t ino  hypothesis (Cf. F i  g. 1 

lo-= - - here w i t h  Fig. 2  of paper OG 6.1-9). 

t h i s  type, w i t h  an a t t a i nab le  energy of  about 500 t o  1000 GeV, cou ld  be 
f lown aboard a space s h u t t l e  (23,24). I n  add i t ion ,  an emulsion s tack 
experiment could be flown on a h i gh  a l t i t u d e  ba l loon  o r  on t h e  space - 
s h u t t l e  t o  look f o r  an t ihe l ium nuc le i ,  even a t  t he  reduced l e v e l  imp l i ed  
by our hypothesis. A po la r  o r b i t  would be des i rab le  t o  avo id  t h e  
geomagnetic cu to f t .  I n  view o f  t h e  almost impossible odds o f  c r e a t i n g  a 
secondary He a n t i  nucleus, t h e  unambiguous de tec t ion  o f  even one such 
p a r t i  c l  e  woul d  prov ide i r r e f u t a b l  e  evidence o f  primary cosmi c  r ay  
ant imat ter .  (The observed 1 ow-energy a n t i  protons i n t h e  cosmic 
r a d i a t i o n  a r e  a l so  q u i t e  d i f f i c u l t  t o  exp la i n  as secondaries from 
cosmi c-ray i n t e r a c t i  ons. ) 

10-9 

10- 

1 0 - ~  

* 
I f  t h e  i / p  r a t i o  i s  observed t o  cont inue t o  increase as I?-7 o r  
thereabouts a t  h i  gher energies, then our  hypothesi s  o f  ex t raga lac t i c  
an t ip ro tons  from an t imat te r  ga lax ies w i l l  have very s t rong support. 
Th is  would r u l e  out  t h e  phot ino and b lack  ho le  hypotheses. The - 
observat i  on o f  a n t i  he1 i um nuc le i  woul d, as a1 ready mentioned, p rov ide  
c e r t a i  nty. The extent  t o  whi ch non-observatjgn o f  a n t i  he1 i um disproves 
our  hypothesis i s  unclear, bu t  if ,'la << 10 ( the  value expected very 

109 iol0 lot1 lot2 1013 1014 1015 lola 
more, t h e  s i gn  o f  t h e i r  charges (and 

EleVl 
magnitude) may be measured by use o f  a  
superconducting magnet. A de tec to r  o f  

- - 
- - 

1  1 1 1 1 1 1  

Such a t e s t  requ i res  t h e  placement o f  
t h e  experiment above t h e  atmosphere so 
t h a t  t h e  incoming cosmic ray  n u c l e i  
can be measured d i  r ec t l y .  Fur ther -  
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extrapolation implies that the extragalactic and galactic cosmic ray 
fl uxes become comparabl e at an energy of about lOS 6eV and that extra­
galactic particles predominate above this energy. It is interesting 
that the resultant flattening in the spectrum occurs at this particular 
energy where there have been claims (22) of a flattening in the cosmic 
ray spectrum as inferred from measurements of extensive air showers. A 
steepening in the spectra of both the galactic and extragalactic compon­
ents would be required by the observations for energies above 105 6eV. 

100 

10-8 

,..--.,----,-,---,--,--,---,,.---, 3. Ex pe ri ment a 1 Te s t s • Si nce ou r 

p 

mode 1 i ndl cates that the anti proton­
to-proton ratio which should increase 
with energy, measurements, of the si gn 
of the charges of cosmi c rays at the 
hi ghest pract i ca 1 energy and the det­
ermi nat i on of the spectra of the var­
ious charged components of the cosmic 
radiation up to that energy will 
provi de . a test of our hypothesi s as 
well as the black hole hypothesis (21) 
and the photino hypothesis (Cf. Fig. 1 
here with Fi g. 2 of paper 06 6.1-9). 
Such a test requires the placement of 
the experiment above the atmosphere so 
that the i ncomi ng cosmi c ray nucl ei 
can be measured di rectly. Further-

10-40
10''----'10-'0---110,-, -1 ...... 0'-2 -1-'-0'3-10'-"-10'-'5---'10-'8---' more, the si gn of thei r charges (and 

magnitude) may be measured by use of a 
superconducting magnet. A detector of 

EleVI 

Figure 2. The effect of extragalactic primary protons and antiprotons 
on the total cosmic-ray spectrum according to the model discussed in the 
text. It can be seen that this model may account for the putative 
flattening in the observed cosmic ray spectrum near 1()l'+ eVe 

this type, with an attainable energy of about 500 to 1000 GeV, could be 
flown aboard a space shuttle (23,24). In addition, an emulsion stack 
experiment could be flown on a high altitude balloon or on the space 
shuttle to look for antihelium nuclei, even at the reduced level implied 
by our hypothesis. A polar orbit would be desirable to avoid the 
geomagnetic cutof~. In view of the almost impossible odds of creating a 
secondary '+He antinucleus, the unambiguous detection of even one such 
particle would provide irrefutable evidence of primary cosmic ray 
antimatter. (The observed low-energy antiprotons in the cosmic 
radi ati on are al so quite diffi cul t to expl ai n as secondari es from 
cosmic-ray interactions.) 

If the pip ratio is observed to continue to increase as EO·7 or 
thereabouts at higher energies, then our hypothesis of extragalactic 
antiprotons from antimatter galaxies will have very strong support. 
This would rule out the photino and black hole hypotheses. The 
observation of antihelium nuclei would, as already mentioned, provide 
certainty. The extent to which non-observatign of antihelium disproves 
our hypothesi sis uncl ear, but if ala «10- (the val ue expected very 

...... 



approximately on t h e  basis of ,"s leak ing  from "normal" an t ima t t e r  
ga lax ies)  then t he  d i f f i c u l t y  would be severe. 

The authors would l i k e  t o  thank Dr. Jonathan Ormes f o r  he lp fu l  
d i  scussi ons. 
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approximately on the basis of ~IS leaking from "normal" antimatter 
galaxies) then the difficulty would be severe. 

The authors would like to thank Dr. Jonathan Ormes for helpful 
discussions. 
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