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Abstract

The �rst order Fermi acceleration of cosmic ray particles is considered on the assumption that the
shock fronts meet outer magnetic �elds at de�nite but various angles to the shock normals. Then,
the acceleration by oblique shocks is essential. It is shown that the behavior of the knee in the
primary cosmic ray spectrum and the change of its chemical composition are strongly dependent
on the maximum energy per particle which can be achieved with this acceleration mechanism. Our
results �t closely with several recent experimental data.

1 Introduction

It is one of the most important clues to resolve the acceleration mechanism of cosmic ray particles
in explaining the energy spectrum of primary cosmic rays. Above all, acceleration caused by an
oblique shock around a supernova remnant is quite signi�cant for the behavior at knee energies
(� 2� 1015 eV).

Our model is as follows. After a supernova explosion, a shock wave is formed around its remnant
and expands almost spherically symmetrically. It is therefore assumed that the interstellar magnetic
�eld meet the shock normal at random incident angles. Based on this assumption, we have calculated
the energy spectrum and energy dependence of the chemical composition of primary cosmic rays.
Our results can explain the knee behavior and �t closely with recent data of balloon and air shower
experiments.

2 Methods

Suppose a shock whose front is moving at a non-relativistic speed U1. The shock normal crosses
magnetic �eld lines B1 at an angle �1 in the upstream rest frame. The energy of a cosmic ray particle
is conserved during the interaction with the shock front if the amplitudes of magnetic �eld 
uctuations
are suÆciently small compared with the average �eld. Then, the characteristic acceleration time tacc
can be expressed by upstream parameters only (Ostrowski, 1988; Takahara, 1990),
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where �B is the Bohm di�usion coeÆcient and r denotes the compression ratio of the shock. The x
is de�ned as the ratio of the di�usion coeÆcient of parallel to shock normal to �B and its value is of
the order of inverse square of �eld 
uctuations ( B

ÆB
)2. To derive the maximum energy per particle

which can be achieved with this acceleration mechanism, we put the characteristic acceleration time
equal to the lifetime of the shock tsh = Rsh=U1 in accordance with Lagage & Cesarsky (1983),
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Although there are also some other causes to restrict the acceleration such as energy losses of
particles and leakage from the galaxy, they are negligible at such a high energy level. Substituting



the various constants for corresponding typical values and de�ning � � cos�1, we express Emax as a
function of � and x,

Emax = 2:5� 1016[eV]
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Emax in quasi-perpendicular shocks is two or three orders of magnitudes larger than in quasi-parallel
shocks for each value of x. Here we choose the numerical value 2:5 � 1016 according to the recent
papers. B is taken three (Bykov & Toptygin, 1997; Klepach et al, 1997) and 80=9 times following to
Berezhko (1997) than ordinary values (for example Gaisser, 1990).

3 Results

Based on the result that angular dependence of the maximum energy is quite signi�cant, we propose
a simple model in which a supernova remnant shock expands almost spherically symmetrically and
a uniform distribution of � is assumed. Here we neglect the possibility that magnetic �eld lines tend
to be perpendicular to the shock front because of Rayleigh-Taylor instabilities (Biermann, 1993).
Taking the condition that U1 cos� � c into account, we �nd � � U1

c
. The probability density of � is

then
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where (1��min)
�1 is a normalization factor. The region where 0 < � < �min is not considered because

this occupies only 1

30
of total �. If there is an energy E(�) which satis�es E0 � E(�) � Emax(�min), �

is restricted within the region between �min and 1. Thus, the energy 
ux at E(�) should be multiplied
by the factor ���min

1��min
. The 
ux doesn't depend on � in the region where E < E0. As for a strong shock,

the spectral index �2 is independent of � and is assumed to be changed into �2:58 in consideration
of \leaky box model". In summary, the energy di�erential 
ux can be expressed as:

dJ
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= CE�2:58
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(E0 � E � Emax(�min))

= 0 (Emax(�min) < E); (5)

where C is a constant. This �-dependent factor may cause the bent of the spectrum around the knee
energy.

Although the value of x is considered to lie between 10 and 100, for simplicity we �x it at their
geometrical mean, x = 30. Then, the cut of rigidity in parallel shock, Rcut = 1:25 � 1014 V and
Emax(�min) for Fe is 2:5 � 1018 eV. We show our total energy spectrum and its each component in
Fig. 1 and compare the total spectrum with various experimental data (Amenomori, 1996). Our

ux for each component is normalized to the experimental data at 1012 eV (Ichimura, 1993). Our
theoretical curve (total) shows a good agreement with experimental data around knee energy. In
the energies higher than 1017 eV, however, our model shows a slight discrepancy from experiments.
This is a natural consequence on account of the rigidity cut of our model. This probably indicates
contribution from other sources such as pulsar or AGN (Frank et al, 1992).



Next we comsider the energy dependence of chemical composition. We introduce the average value
of the logarithm of mass number A as a good indicator of the composition,

< lnA >�

P
ifi(lnAi)P

ifi
;

where A and f are mass numbers and 
uxes, respectively, and suÆx i denotes the specy of each
element. Using our results of fi, < lnA > is shown in Fig. 2. Our theoretical curve is constant
approximately with the initial value 1:45 up to 1:25 � 1014 eV and then rises with energy slowly.
In our model, light elements such as proton and He are abundant in low energy regions and heavy
elements like sub-Fe and Fe are dominant in high energy regions. Our curve is somewhat lower than
many of experimental data (Kakimoto, 1995). Some experiments, however, suggest lower values of
< lnA >. In the experiment of Ohya group (Mitsui et al., 1995), < lnA > is 1:12+0:6

�0:28 from 2� 1014

eV to 2� 1015 eV and is 2:14� 0:37 from 2� 1015 eV to 2� 1016 eV. Some authors say that < lnA >
decreases in energy regions larger than the knee (Kasahara et al, 1997 ; Boothby et al, 1997).

4 Conclusions and Discussion

Based on the assumption that outer magnetic �elds cross the shock normal at random angles
in the framework of the �rst Fermi acceleration, we have succeeded in reproducing the total energy
spectrum. Especially, its knee behavior can be derived without requiring additional spectra in regions
above the knee energy. Our model, however, will be limited to energies per particle less than � 1017

eV. In energy higher than that, sources other than ordinary supernova remnants will be necessary,
such as OB-associations (Bykov & Toptygin, 1997), pulsars, AGN and so on.

For the compositions < lnA >, our curve seems to be lower than experimental data. When we
take less Rcut in the present model, < lnA > rises from less energies and the knee energy becomes
lower. The dependence of < lnA > on energies is experimentally not settled sharply.

Here we neglect the dependence of power indices on obliqueness (Naito & Takahara, 1995) and
the quasi-perpendicular case where de-Hofmann-Teller frame cannot be used. These are problems
remaining to be solved.
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Figure 1: Energy spectrum of primary cosmic rays (Amenomori, 1996) compared with the present
calculation. Our spectra of the �ve mass groups are also shown.
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Figure 2: Comparison of our composition with experimental data (Costa 1996, Swordy 1995, Bernl�o
1988, and Kakimoto's compilation, 1995).


