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I. Introduct ion.  We i n v e s t i g a t e  t h e  possi  b i  1 i t y  t h a t  t h e  repor ted  
excess 1 ow energy a n t i  pro ton component of t h e  cosmi c r ad i  a t i  on resu l  t s 
from proton-proton (p-p) i n t e r a c t i o n s  i n  r e l a t i v i s t i c  plasmas. Because 
o f  both t a r g e t  and p r o j e c t i l e  mot ion i n  such plasmas, t h e  a n t i p r o t o n  
product ion th resho ld  i n  t h e  frame of t h e  plasma i s  much lower than  t h e  
thresh01 d of a n t i  pro ton product ion i n cosmi c ray  i h t e r a c t i  ons w i t h  - 
ambient matter. The spectrum of  t h e  r e s u l t a n t  a n t i  protons t h e r e f o r e  
extends t o  much lower energy than i n  t h e  cosmic ray  case. 

We c a l c u l a t e  t h e  a n t i  pro ton spectrum f o r  r e l a t i v i s t i c  thermal plasmas 
and est imate t h e  spectrum f o r  re1 a t i v i  s t i  c nonthermal plasmas. As 
poss ib le  product ion s i t e s ,  we consider mat ter  acc re t i ng  onto compact 
ob jec ts  loca ted  i n  t h e  galaxy. Possible overproduct ion o f  y -rays from 
associated n o  product ion can be avoided i f  t h e  s i t e  i s  o p t i c a l l y  t h i c k  
t o  t h e  photons bu t  no t  t o  t h e  ant ipro tons.  A poss ib le  scenar io  i nvo l ves  
a s u f f i c i e n t l y  l a r g e  photon dens i t y  t h a t  t h e  r  O y - rays  a re  absorbed by 
y-y p a i r  production. Escape of t h e  an t ip ro tons  t o  t h e  i n t e r s t e l l a r  
medi um can be medi ated by a n t i  neutron p roduc t i  on. 

I I. Observati ons and Const r a i  n t s  on Secondary Product ion Model s. Go1 den 
e t  a l .  (1979) have repor ted an an t i p ro ton  t o  proton ( p i p )  r a t i o  o f  
5.2(+1.5)~10-4 i n  t h e  cosmic r a d i a t i o n  i n  t h e  energy range 4.7-11.6 
GeV. Bogomolov e t  a l .  (1979), on t h e  bas is  of on ly  two events, r epo r t  
a p/p r a t i o  of 6(k4)x10'4 a t  energies between 2 and 5 GeV. Bu f f i ng ton  
e t  a l .  (1981) r epo r t  a p/p r a t i o  o f  2.2(+0.6)~10-4 between 130 and 320 
MeV, and a l so  determine t h a t  t h e  an t i he l i um  t o  hel ium r a t i o  ;/a < 2 . 2 ~  
10-5 i n  t h e  energy range 130-370 MeV/nucleon. Upper l i m i t s  on p r i o r  
ant inuc leus searches can a l so  be found i n  t h i s  paper. ). 

As i s  we l l  known, t h e  s imple " leaky box" model o f  cosmic ray  propagat ion 
p red i c t s  a p/p r a t i o  smal ler  by a f a c t o r  o f  3-5 than t h e  values measured 
i n  t h e  Golden and Bogomolov experiments. Because o f  t h e  ki-nematic c u t o f f  
associated w i t h  t h e  h i gh  j5 product ion th resho ld  i n  p-p c o l l  i s i o n s  when 
one o f  t h e  protons i s  a t  r es t ,  t h e  p/p r a t i o  p red ic ted  by t h i s  model i s  
some two orders o f  magnitude lower  than t h e  value repor ted by Bu f f i ng ton  
e t  al., even a f t e r  t h e  e f f e c t s  of s o l a r  modulat ion a re  taken i n t o  
account (Tan and Ng 1983a). The low ;/a r a t i o ,  i n  comparison w i t h  t h e  
p/p r a t i o s ,  suggests a secondary o r i g i n  of t h e  p ,  although pr imary 
cosmic r ay  an t i p ro ton  theor ies ,  w i t h  subsequent breakdown of t h e  A > 1 
a n t i  nucl  e i  , have been proposed (e .g., Stecker e t  a1 . 1983). 

- 
Theories o f  secondary p product ion i n  p-p c o l l i s i o n s  i n  t h e  galaxy are 
const r a i  ned by t h e  observed gal  a c t i  c gamma-ray 1 umi nosi t y .  The observed 
an t i p ro ton  f l u x  a -  (E) imp l i es  a t o t a l  g a l a c t i c  IS p roduct ion r a t e  
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I. Introducti on. We i nvesti gate the possi bil ity that the reported 
excess low energy antiproton component of the cosmic radiation results 
from proton-proton (p-p) interactions in relativistic plasmas. Because 
of both target and projecti 1 e moti on in such pl asmas, the anti proton 
production threshold in the frame of the plasma is much lower than the 
threshold of antiproton production in cosmic ray interactions with 
ambi ent matter. The spectrum of the resultant antiprotons therefore 
extends to much lower energy than in the cosmic ray case. 

We calculate the antiproton spectrum for relativistic thermal plasmas 
and estimate the spectrum for relativistic nonthermal plasmas. As 
possible production sites, we consider matter accreting onto compact 
objects located in the galaxy. Possible overproduction of y-rays from 
associated nO production can be avoided if the site is optically thick 
to the photons but not to the antiprotons. A possible scenario involves 
a sufficiently large photon density that the nO y-rays are absorbed by 
y-y pai r production. Escape of the antiprotons to the interstellar 
medium can be mediated by antineutron production. 

II. Observations and Constraints on Secondar Production Models. Golden 
et ale (1979) have reporte an antiproton to proton p/p ratio of 
5.2(±1.5)x10-4 in the cosmic radiation in the energy range 4.7-11.6 
GeV. Bogomolov et ale (1979), on the basis of only two events, report 
a pip ratio of 6(±4)x10-4 at energies between 2 and 5 GeV. Buffington 
et ale (1981) report a pip ratio of 2.2(±0.6)x10-4 between 130 and 320 
MeV, and also determine that the antihelium to helium ratio a/a < 2.2x 
10-5 in the energy range 130-370 MeV/nucleon. Upper limits on prior 
antinucleus searches can also be found in this paper. 

As is well known, the simple "leaky box" model of cosmic ray propagation 
predicts a p/p ratio smaller by a factor of 3-5 than the values measured 
in the Golden and Bogomolov experiments. Because of the kinematic cutoff 
associated with the high p production threshold in p-p collisions when 
one of the protons is at rest, the p/p ratio predicted by this model is 
some two orders of magnitude lower than the value reported by Buffington 
et al., even after the effects of solar modulation are taken into 
account (Tan and Ng 1983a). The low a/a ratio, in comparison with the 
p/p ratios, suggests a secondary origin of the p, although primary 
cosmic ray antiproton theories, with subsequent breakdown of the A > 1 
antinuclei, have been proposed (e.g., Stecker et ale 1983). 

Theories of secondary p production in p-p collisions in the galaxy are 
constrained by the observed galactic gamma-ray luminosity. The observed 
antiproton flux~p (E) implies a total galactic p production rate 
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where V i s  t h e  g a l a c t i c  confinement volume and T i s  t h e  average g a l a c t i c  
i j  residence t ime. Taking V - r (15 kpc)2 (1 kpc)  - 1 . 2 ~ 1 0 6 ~  cm3 and T - 
10' y r s  gives Q ( t )  - 2.1~1039 p/sec. I f  t h e  product ion o f  a secondary 
i j  S s accompanied by t h e  product ion o f  <n> r O-decay gamma rays,  t h e  
r e s u l t a n t  y - ray luminos i t y  o f  t h e  galaxy Q(y ) - < n > ~ ( l j ) .  I n  t h e  case o f  
t h e  product ion o f  > I00 MeV photons i n  cosmic ray  i n t e r a c t i o n s ,  <n>, - 
2.7x103, from t h e  ca l cu l a t i ons  o f  Stephens and Badhwar (1981) and Fan 
and Ng (1983a). I f  t h e  p i n  t h e  cosmic r a d i a t i o n  a re  e n t i r e l y  cosmic 
r a y  secondaries, t he  > 100 MeV luminos i t y  o f  t h e  galaxy should the re -  
fore  be a t  l e a s t  5 . 7 ~ 1 0 4 ~  y/sec, i n  con t ras t  t o  t h e  measured value o f  - 
2.5~1042 y /sec from t h e  work o f  Bloemen e t  a l .  (1984). This l a t t e r  
number i s  an upper l i m i t ,  s ince  i t  inc ludes a s i g n i f i c a n t  c o n t r i b u t i o n  
from bremsstrahl ung and i nverse Compton y-rays.  

Various model s have been designed t o  e i t h e r  i ncrease t h e  i j  1 i fe t ime T , 
incorpora te  add i t i ona l  i j  sources, o r  conceal t h e  T y -rays. A1 though 
t h e  i n t e g r a l  product ion r a t e  o f  p can then be made t o  agree w i t h  obser- 
vat ions,  most models s t i l l  f a i l  t o  p r e d i c t  a subs tan t i a l  low energy 6 
f l u x  because o f  t he  low energy c u t o f f  t h a t  r e s u l t s  from secondary i n t e r -  
ac t ions  w i t h  s t a t i ona ry  t a rge t s ,  i n  disagreement w i t h  t h e  experiment o f  
Bu f f i ng ton  e t  a l .  (1981). Models t h a t  prov ide dece le ra t ion  o f  t h e  6 

1 1 1 1 1  1 1 1  

a f t e r  product ion o r  r equ i r e  t h a t  
t h e  Solar  System occupies a 
spec ia l  p o s i t i o n  i n  t h e  galaxy 
have a l s o  been proposed 
(Stephens and Mauger 1984; Tan 
and Ng 1983b). 

111. Secondary Di s c re te  Source 
Model. We exami ne t h e  possl  b l -  
'li t h a t  t h e  low energy 

7 ant ip ro tons  observed i n  t h e  
cosmic r a d i a t i o n  a re  produced 
through secondary P- P 
i n t e r a c t i o n s  i n re1 a t i  v i  s t i  c 
plasmas i n  t h e  v i c i n i t y  o f  a 
neutron s t a r  o r  b lack hole. A t  
p ro ton temperatures o = kT/m c2 
> 0.2 (op = 1 correfponds t g  - 
N 

1013 K),  a s i g n i f i c a n t  number o f  
secondary i j  can be produced. 
We have ca l cu l a ted  t h e  r a t e  
c o e f f i c i e n t s  and p roduc t ion  

1°-&2 0.05 0.1 0.2 0.6 1.0 2.0 spect ra  (Weaver 1976; Dermer 
Dimensionless Temperature Op 1984) f o r  secondary p us ing  t h e  

Fig. 1. The r a t e  c o e f f i c i e n t s  f o r  secondary r O  and i j  product ion from p- 
p c o l l i s i o n s  i n  a r e l a t i v i s t i c  plasma a t  temperature o = kT/m c2. A1 so 
shown i s  t h e  r O l um inos i t y  c o e f f i c i e n t  g i v i n g  t h e  Rota1  &ergy i n  
secondary n O y- rays produced a t  temperature Bp. 
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_ 4IT V CD ~p(E) 14 
Q(p) ~ -c- J dE I3:T(E) ~ (3.Sxl0- V/T) p/sec, 

o 
where V is the gal~ctic confinement volume and T is the average galactic 
p residence time. Taking V ~ 'Ir (15 kpc)2 (1 kpc) ~ 1.2xl()67 cnP and T ~ 
107 yrs gi ves Q(p) ..... 2.1xl()39 piseco If the producti on of a secondary 
p 1S accompanied by the production of <n> 'lr°-decay gamma rays, the 
resultant y-ray luminosity of the galaxy Q(y) ~ <n>Q(p). In the case of 
the production of >100 MeV photons in cosmic ray interactions, <n>cc. ~ 
2.7xl03 , from the calculations of Stephens and Badhwar (1981) and Ian 
and Ng (1983a). If the p in the cosmic radiation are entirely cosmic 
ray secondaries, the > 100 MeV luminosity of the galaxy should there­
fore be at 1 eastS. 7x1d+ 2 y /sec, in contrast to the measured val ue of ..... 
2.Sx1d+ 2 y/sec from the work of Bloemen et al. (1984). This latter 
number is an upper limit, since it includes a significant contribution 
from bremsstrahlung and inverse Co~pton y-rays. 

Various models have been designed to either increase the p lifetime T, 
incorporate additional p sources, or conceal the 'Ir ° y-rays. Although 
the integral production rate of p can then be made to agree with obser­
vations, most models still fail to predict a substantial low energy p 
flux because of the low energy cutoff that results from secondary inter­
actions with stationary targets, in disagreement with the experiment of 
Buffington et ale (1981). Models that provide deceleration of the p 
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after production or require that 
the Solar System occupi es a 
special position in the galaxy 
have also been proposed 
(Stephens and Mauger 1984; Tan 
and Ng 1983b). 

III. Secondary Di screte Source 
Model. We examlne the posslbl-
1 iti es that the low energy 
antiprotons observed in the 
cosmic radiation are produced 
through secondary p-p 
interactions in relativistic 
plasmas in the vicinity of a 
neutron star or black hole. At 
proton temperatures 0 p = kT /mpc2 

2 0.2 (0 = 1 corresponds to ..... 
1013 K), ~ s i gni fi cant number of 
secondary p can be produced. 
We have calculated the rate 
coefficients and production 
spectra (Weaver 1976; Dermer 
1984) for secondary p using the 

Fig. 1. The rate coefficients for secondary 'lr0 and p production from p­
p collisions in a relativistic plasma at temperature 0 = kT/m c2 • Also 
shown is the 'lr0 luminosity coefficient giving the ~otal tlftergy in 
secondary 'Ir ° Y -rays produced at temperature 0 p• 



i n v a r i a n t  cross sec t ion  o f  Tan and Ng 
(1982) and t h e  r e s u l t s  a re  shown i n  
Figs. 1 and 2. We have a l s o  ca l cu la ted  
t h e  r a t e  and 1 umi n o s i t y  c o e f f i c i e n t s  
from secondary n o  product ion data. 
From Fig. 1 we f i n d  t h a t  t h e  e f f i c i e n c y  
f o r  i j  product ion compared t o  n O 

product ion i s  greater  than i n  t h e  
cosmic ray case f o r  0 > 0.5, so t h e  
t o t a l  n O-decay y -ray '1 hi nos i t y  w i  11 
no t  exceed 1 i m i t s  imp l i ed  by y -ray 
observations o f  t h e  galaxy. I n  
addi t ion,  a number of absorp t ion  
processes l i k e l y  t o  occur near compact 
objects,  such as photon-photon o r  
magnetic pa i  r product ion, can f u r t h e r  
reduce t h e  n y -ray 1 umi nosi  t y .  

The 6 spectra shown i n Fig.2 f o r  a 
v a r i e t y  of temperatures extend t o  1 ow 
energies w i thou t  t h e  appearance o f  t h e  
kinematic c u t o f f  found i n t h e  cosmic 
ray  problem. The spect ra  peak a t  
h igher  energies w i t h  i nc reas ing  
temperature, and e x h i b i t  an exponent ia l  
dec l ine  above t h e  peak temperature. 
But i n  a l l  cases a very low energy 
secondary i j  component i s ca lcu la ted,  
which could poss ib ly  exp la i n  t h e  low 
energy p observat ion of Bu f f i ng ton  e t  
a l .  (1981). 

Fig. 2. Secondary 6 product ion spectra a t  var ious temperatures 
o = kT/m c2 a re  given as a f u n c t i o n  o f  k i n e t i c  energy E. 

P P 
I V .  Discussion. Possible product ion s i t e s  of  t h e  6 ' s  i nc l ude  t h e  
g a l a c t i c  bulge b inary  X-ray sources o r  t h e  ob jec ts  associated w i t h  t h e  
y- ray p o i n t  sources (e.g. Cyg X-3). Models f o r  d isk  acc re t i on  ( E i l e k  
1980) and spher ica l  acc re t ion  i ncorporat ing shocks (Meszaros and 
Ostr i  ke r  1983) could y i e l d  p ro ton  temperatures as h i gh  as Q - 1. 
Although the  establishment o f  a thermal d i s t r i b u t i o n  o f  protons Bay no t  
be poss ib le  a t  these temperatures, t h i s  assumption af fords t h e  s imp les t  
ca lcu la t ions .  Pre l iminary  est imates employing nonthermal p ro ton  spect ra  
i n  r e l a t i v i s t i c  plasmas suggest low energy spectra s i m i l a r  i n  form t o  
t h e  r e s u l t s  of Fig. 2. 

Transport of t he  secondary p from t h e  product ion s i t e  can occur because - 
ant ineut rons t i ,  produced i n  equal numbers as t h e  6 (Gaisser aild Maurer 
1973), are not confined by t h e  ambient plasma magnetic f i e l d .  The i - w i l l  escape t o  t h e  i n t e r s t e l l a r  medium and subsequently decay i n t o  
( t h e  ca lcu la t ions  of Figs. 1 and 2 r e f e r  on ly  t o  these particles!. 
Because of t he  f i n i t e  l i f e t i m e  of t h e  ii, an upper l i m i t  can be placed on 
t h e  mass o f  black holes t h a t  serve as product ion s i t e s  f o r  t h e  ij. Re- 
qu i  r i n g  t h a t  t he  marginal l y  r e l a t i v i s t i c  ti escape t o  - 10 Schwarzschi l d  
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i nvari ant cross section of Tan and Ng 
(1982) and the results are shown in 
Figs. 1 and 2. We have also calculated 
the rate and luminosity coefficients 
from secondary 'Ir 0 production data. 
From Fig. 1 we find that the efficiency 
for p product ion compa red to 'Ir 0 

production is greater than in the 
cosmi c ray case for E> 2 0.5, so the 
total 'lr°-decay y-ray Pluminosity will 
not exceed limits implied by y-ray 
observations of the galaxy. In 
addition, a number of absorption 
processes likely to occur near compact 
objects, such as photon-photon or 
magnetic pair production, can further 
reduce the 'Ir 0 Y -ray 1 urni nos i ty. 

The p spectra shown in Fig.2 for a 
vari ety of temperatures extend to low 
energies without the appearance of the 
k i nemat i c cutoff found in the cosmi c 
ray probl em. The spectra peak at 
higher energies with increasing 
temperature, and exhibit an exponential 
decline above the peak temperature. 
But in all cases a very low energy 
secondary p component is calculated, 
which could possibly explain the low 

lO-ci.01·':-......................... ~O:':-.1--'--'-'-.L...U.L,~.O--'-....I.-L~,0.0 energy p observati on of Buffi ngton et 
E IGeVI a 1. (1981). 

Fig. 2. Secondary p production spectra at various temperatures 
E> = kT/m c2 are given as a function of kinetic energy E. 

p P 
IV. Discussion. Possible production sites of the piS include the 
galactlc bulge binary X-ray sources or the objects associated with the 
y-ray point sources (e.g. Cyg X-3). Models for disk accretion (Eilek 
1980) and spherical accretion incorporating shocks (Meszaros and 
Ostriker 1983) could yield proton temperatures as high as E> ~ 1. 
Although the establishment of a thermal distribution of protons ~ay not 
be possible at these temperatures, this assumption affords the simplest 
calculations. Preliminary estimates employing nonthermal proton spectra 
in relativistic plasmas suggest low energy p spectra similar in form to 
the results of Fig. 2. 

Transport of the secondary p from the production site can occur because 
antineutrons ii, produced in equal numbers as the p (Gaisser and Maurer 
1973), are not confined by the ambient plasma magnetic field. The ii 
will escape t~ the inter~tellar medium and subsequently decay ~nto p 
(the calculatlons of FlgS. 1 and 2 refer only to these partlcles). 
Because of the finite lifetime of the ii, an upper limit can be placed on 
the mass of black holes that serve as production sites for the p. Re­
quiring that the marginally relativistic ii escape to ~ 10 Schwarzschild 



r a d i i  imp l ies  a maximum black ho le  mass o f  <10 7 M  . Past a c t i v i t y  
around such a massive b lack ho le  a t  t h e  Ga lac t i c  t e n t e r  cou ld  have 
produced t h e  an t ip ro tons  wi thout  a l a rge  contemporaneous gamma 
emission. A d e t a i l e d  treatment of Ij product ion i n  a r e l a t i v i s t i c  plasma 
must a1 so inc lude  d i s t o r t i o n s  o f  t h e  emergent ii and y - ray spectrum due 
t o  t h e  in tense g r a v i t a t i o n a l  f i e l d  o f  t h e  compact ob jec t ,  and poss ib le  
reacce le ra t ion  o f  t h e  source spectrum i n  t he  g a l a c t i c  environment. 

V. Conclusions. We have presented a model t h a t  can produce low energy 
a n t i  protons through secondary p-p i n t e r a c t i  ons i n re1 a t i  v i  s t i  c 
plasmas. Such a model i s  i n  agreement w i t h  t h e  observat ion o f  low 
energy ant iprotons i n  t h e  cosmic r a d i a t i o n  and t h e  observed y -ray 
luminos i t y  o f  t h e  galaxy. Moreover, i t  agrees w i t h  t h e  present l ack  of 
observat i  ons o f  a n t i  nuc le i  i n the  cosmi c r ad ia t i on ,  whose fo rmat i  on by 
secondary product ion processes i s  e n t i r e l y  neg l i g i b l e .  
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radi i impl i es a maximum black hol e mass of <10 7 M. Past acti vity 
around such a massi ve bl ack hol e at the Gal acti c <tenter coul d have 
produced the anti protons without a 1 arge contemporaneous gamma 
emission. A detailed treatment of p production in a relativistic plasma 
must also include distortions of the emergent nand y-ray spectrum due 
to the intense gravitational field of the compact object, and possible 
reacceleration of the source spectrum in the galactic environment. 

v. Conclusions. We have presented a model that can produce low energy 
antlprotons through secondary p-p interactions in relativistic 
plasmas. Such a model is in agreement with the observation of low 
energy antiprotons in the cosmic radiation and the observed y-ray 
luminosity of the galaxy. Moreover, it agrees with the present lack of 
observations of antinuclei in the cosmic radiation, whose formation by 
secondary production processes is entirely negligible. 
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