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Abstract: Developing our earlier proposal that the knee could be due to the mass distribution of progenitors of cos-
mic ray source, here it is shown that a reasonable description of the cosmic ray energy spectrum up to about 1 EeV 
can be given if cosmic rays are dominantly accelerated in a single class of extragalactic sources by ultra relativistic 
shock waves. 
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1 Introduction 
 
It is revealed from the observations that there is a sudden 
change in the slope of the shower size spectrum of cos-
mic ray extensive air showers at about shower size of 106 
particles (at sea level). The interpretation of this interest-
ing spectral feature leads to the hypothesis of a steepen-
ing of the energy spectrum of primary cosmic rays at an 
energy about 3 � 1015 eV, the so called knee; the spectral 
index of the energy spectrum appears to change from 
about -2.7 to -3.0 at this energy.  
Several mechanisms have been proposed so far to ex-
plain the knee which include leakage from the galaxy due 
to reduced efficiency of galactic magnetic field to con-
fine the cosmic ray particles within galaxy [1], rigidity 
depended acceleration scenario [2], nuclear photo-
disintegration at the sources [3], dominant contribution 
of the cosmic ray flux at the knee by a nearby source [4], 
as a result of cosmic ray acceleration by a variety of 
supernovae [5] or a change in the characteristics of high 
energy interactions [6]. None of these models are, how-
ever, free from problems and the dilemma of the knee 
still continues. 
It is generally believed that the cosmic rays below around 
1018 eV are of galactic origin whereas those having ener-
gies above this energy are extragalactic though there are 
also suggestions for lower transitional energies. Among 
the galactic sources the remnants of supernova explo-
sions are considered as the most potential candidate, at 
least below the knee energy. Whatever may be the 
sources, there is little doubt that they are products of 
stellar evolution process. And an interesting fact is that 
the ZAMS mass spectrum of stars also exhibits power 
law behavior [7]. This immediately suggests that the 
cosmic ray energy spectrum might have some connection 
with the mass distribution of progenitor of their sources.  

Earlier we tentatively proposed that the steepening of the 
energy spectrum of cosmic rays beyond the knee might 
be related with ZAMS mass distribution of progenitors of 
cosmic ray sources [8]. Here pursuing the idea, we would 
argue during the presentation in the conference that the 
hypothesis may work well if cosmic rays are mainly 
accelerated in a single class of extragalactic sources by 
ultra relativistic shock waves. 
 
2. The Progenitor connection 
 
The mechanism of generating relativistic shocks is not 
well understood yet. The energy involved in generation 
of both relativistic and non-relativistic shocks in stellar 
atmosphere is most likely gravitational in origin. Perhaps 
a distinction between generation of relativistic and non-
relativistic shocks is whether a black hole (BH) or a 
neutron star (NS) is formed in the stellar evolution 
processes. It is generally believed that through stellar 
core collapse progenitor stars with mass less than a criti-
cal mass (~ 20 MΘ) give rise to NSs whereas stars more 
massive than this limit form BHs. The maximum mass of 
neutron star is restricted to Chandrasekhar mass (~1.4 
MΘ ) but no such upper limit exists for black hole mass. 
Consequently explosion energy in NS formation process 
is more or less constant whereas that in the case of BH 
formation process may differ considerably depending on 
final BH mass.   
The gravitational collapse of massive stars to BH in-
volves some complex, still poorly understood aspects of 
stellar physics. However, one can still make some qualit-
ative statement. According to the Newtonian theory (a 
zero level approximation), an uniform sphere of mass M 
and radius r possesses a gravitational potential energy 
GM2/r. Hence in a core collapse equivalent energy 
should be released. When a BH of mass Mo is formed, its 
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radius may be taken as the Schwarzschild radius of the 
star i.e. r = 2 MΘ. Thus gravitational energy released (�) 
when a BH of mass Mo is formed in massive star collapse 
should be proportional to Mo. Such a relation can also be 
established through more rigorous analysis. The mass of 
collapsing core increases with progenitor mass (M), 
hence more energy is expected to release for a massive 
progenitor [9]. Here we assume that mass of the core 
increases linearly with the mass of progenitor. 
As mentioned before the formation mechanism of the jet 
in collapse is not understood yet. Several models for 
relativistic jet formation has been proposed so far such as 
the collapsar model [10], the supernova model, the pulsar 
model etc. Without going into any particular model a 
simple picture of jet formation may be described as fol-
lows: The energy released in collapse is deposited in the 
surrounding matter (envelope of the progenitor star) and 
is preferably leaked out producing jets with small open-
ing angle and are further collimated by their way through 
the stellar envelope. The relativistic jets carry energy 
comparable to that of the explosion itself. Hence the 
initial Lorentz factor of the jet Γo ~ �/MJET. The masses 
of jets appear to be more or less constant, at least not a 
strong function of progenitor's mass (though the behavior 
is not strictly established yet). 
 
3. The model conjectures 
 
Based on the above collapse scenario we developed a 
model for the knee of cosmic rays. The basic fea-
tures/conjectures of the model are:  
 
i) Dominant part of the observed cosmic rays is produced 
by only a single class of extra-galactic sources. No other 
kinds of sources dominate at any energy range.   
 
ii) Cosmic rays are produced through diffusive relativis-
tic shock acceleration. Here we do not specifically identi-
fy the extragalactic sources but generation of relativistic 
shocks is possible in various astrophysical situations such 
as in gamma ray bursts (GRBs), jets of Blazers, jets of 
micro-quasars, pulsar wind nebula and in some other 
situations also. 
 
iii) Particles are accelerated by expanding shock waves 
up to a maximum energy Emax. Emax is not the same for all 
the sources but differs depending on the explosion ener-
gy. The minimum Emax that is possible for the main class 
of cosmic ray sources corresponds to the knee energy. 
 
Here it is worthwhile to mention that the concept of 
spread in emitted energies of sources (supernova explo-
sions) was first considered by Sveshnikova [5]. 
 
4. Energy spectrum and the knee 
 
In the present model we considered that cosmic rays are 
accelerated in relativistic shocks. Hence the energy spec-
trum of accelerated particles is given by a power law 
 

                                 
 
with � is around 2.3 [Meier, 2003], the normalization 
constant A � �. Due to diffusive propagation of cosmic 
rays (upto the ankle energy) through the interstellar me-
dium the slope of the resulting spectrum will be steepen 
to ~ 2.7 till the ankle of the spectrum.  
However, all the sources do not have the same Emax. As 
per our conjecture, the minimum possible Emax is Eknee. 
Hence the slope of the spectrum below the knee should 
be ~ -2.7 and the knee should be a sharp one as observed. 
Above the knee the spectrum will be modified due to the 
distribution of � or rather Emax. To get the spectrum 
beyond the knee we need to obtain maximum energy 
distributions for the cosmic ray sources from the mass 
distribution of their progenitors. The calculation involves 
a sequence of steps. Using the expression for explosion 
energy as function of progenitor mass as obtained in the 
previous section, we convolve the resulting explosion 
energy-progenitor mass relation with the initial mass 
function of the progenitors to obtain explosion energy 
distribution. Finally using the relation of maximum ener-
gy that a cosmic ray particle may attain in relativistic 
shock acceleration process with explosion energy, we 
derive the maximum energy distribution for main cosmic 
ray sources.  
The contribution of all the sources at an energy E will be  

, where N(Emax>E) is the total number 
of sources having Emax � E. 
The stellar initial mass function, or distribution of masses 
with which stars are formed can be represented by a 
declining power law with the universal (Salpeter) value 
of the exponent � = -1.35 over the whole mass range 
above 3 MΘ [Salpeter, 1955]. Since explosion energy 
scales linearly with M, the expected explosion energy 
distribution of massive progenitor stars, is also 
represented by  
       
                                 dN/d� ~ �-2.35.  
 
The Lorentz factor of relativistic shock is nearly equal to 
the initial Lorentz factor of the jet i.e. �s ~ �o. So for the 
collapse model as described in the previous section, [Dar 
A & A 2000]  
       
                                  Emax � �o 2 � �2.  
 
Thus we have  
 
                                N(>Emax) ~ Emax

-0.67.  
 
Therefore beyond the knee the spectrum would be given 
by  
                                 

, 
 
i.e. the spectrum will be steepen by a factor E-0.17 above 
the knee.    
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ii) Mass composition: 
 
According to the present model, cosmic rays below and 
just above the knee region are produced in sources of 
comparable progenitor mass. Hence there should not be 
any abrupt change in the mass composition through the 
knee. The observations appear to support such a scenario. 
The higher energy particles originated from the source of 
heavier progenitor, thus resulting composition is ex-
pected to become heavier as energy increases as ob-
served.  
 
iii) The cosmic Ray Luminosity 
 
Our argument on steepening of energy spectrum beyond 
the knee requires continuous distribution of explosion 
energy of cosmic ray sources. Such a continuous distri-
bution of explosion energy cannot be expected from 
limited number of galactic sources. An advantage of 
extragalactic origin is that the problem of anisotropy due 
to sources at low energies does not arise.  
Extragalactic origin of cosmic rays is usually considered 
as unlikely on the energetic grounds. However, such a 
problem can be circumvented by employing flux trapping 
hypothesis. Moreover, the conventional models of galac-
tic origin of dominant part of the observed cosmic rays 
below the ankle also suffer from various problems.  
 
5. Conclusion 
 
The feature that ZAMS mass distribution of stars exhibits 
a power law is very intriguing in connection with the 
power law behavior of energy spectrum of primary cos-
mic rays. It seems unlikely that these two spectra are 
totally independent.  
Based on this point we developed a model in which the 
steepening of the energy spectrum of primary cosmic 
rays beyond the knee is due to the mass distribution of 
progenitors of cosmic ray sources.  
It is found that the proposed model can account all the 
main characteristics of primary cosmic rays when the 
collapse scenario as described in the section 3 is adopted. 
However, we have not specifically identified the main 
class of source for cosmic rays. This would be a major 
task for the future.  
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