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Cosmic rays: extragalactic and Galactic
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From the analysis of the flux of high energy particles,E > 3·1018eV , it is shown that the distribu-

tion of the power density of extragalactic rays over energy is of the power law, ¯q(E) ∝ E−2.7, with

the same index of 2.7 that has the distribution of Galactic cosmic rays before socalled ’knee’,

E < 3·1015eV . However, the average power of extragalactic sources, which is ofE ≃ 1043ergs−1,

at least two orders exceeds the power emitted by the Galaxy incosmic rays, assuming that the

density of galaxies is estimated asNg ≃ 1Mpc−3. Considering that such power can be provided

by relativistic jets from active galactic nuclei with the powerE ≃ 1045−1046ergs−1, we estimate

the density of extragalactic sources of cosmic rays asNg ≃ 10−2−10−3 Mpc−3. Assuming the

same nature of Galactic and extragalactic rays, we concludethat the Galactic rays were produced

by a relativistic jet emitted from the Galactic center during the period of its activity in the past.

The remnants of a bipolar jet are now observed in the form of bubbles of relativistic gas above

and below the Galactic plane. The break, observed in the spectrum of Galactic rays (’knee’), is

explained by fast escape of energetic particle,E > 3·1015eV , from the Galaxy because of the de-

pendence of the coefficient of diffusion of cosmic rays on energy, D ∝ E0.7. The obtained index of

the density distribution of particles over energy,N(E) ∝ E−2.7−0.7/2 = E−3.05, for E > 3·1015eV

agrees well with the observed one,N(E) ∝ E−3.1. Estimated time of termination of the jet in the

Galaxy is 4.2·104 years ago.
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Cosmic rays origin

1. Introduction

The main hypothesis of the origin of cosmic rays in the Galaxy is the accelerationof charged
particles to high energies on the fronts of shock waves formed by supernova explosions. The
observed spectrum over energy differs from the spectrum given bysources, remaining a power
law, N(E) ∝ E−β . But the value ofβ is not constant, it changes fromβ1 = 2.7 for E < 3 ·1015eV
to β2 = 3.1 for E > 3 ·1015eV . The important circumstance is the fact that the spectrum at high
energies becomes softer, not harder. This suggests that the source of cosmic rays at energiesE < 3·
1015eV and at energiesE > 3·1015eV is single. It is possible the superposition of two independent
sources, if it would be vice versa,β2 < β1. But it is unlikely that the spectrum produced by one
source atE < 3 ·1015eV would cut off at higher energies, whereas another independent source at
energiesE > 3 ·1015eV would cut off at lower energies, and they were joined at the same energy
E ≃ 3·1015eV .

Here we do not discuss the paradigm of acceleration of Galactic cosmic rays by shock waves
from supernova explosions. Last review made by Blasi (2013) givesa good representation of this
paradigm in many aspects. Observational data certainly show the acceleration of particles on fronts
of supernova shock waves. Is that enough to consider a hypothesis of the origin of Galactic cosmic
rays by shock wave acceleration is proven? Here you can quote from the Blasi’s review: "Despite
all this circumstantial evidence, no proof found yet that SNRs can accelerate CRs up to the knee
energy."

If the source is single, it would produce cosmic rays also in other galaxies with characteristics
similar to those observed in the Galaxy. The aim of our work is to analyze the properties of
cosmic rays of superhigh energiesE > 3 · 1018eV observed on the Earth, coming outside, from
other galaxies, and compare them with the properties of Galactic cosmic rays.

2. Energy distribution of extragalactic particles observed in the Galaxy

The solution of the kinetic equation, describing the cosmic rays propagation inan intergalactic
space, is

N(ε) =
∫ ε0

ε q̄(ε ′)dε ′

|dε/dt|
, ε =

E
4·1020eV

. (2.1)

HereN(ε) is the distribution function of extragalactic cosmic rays observed in the Galaxy, q̄(ε) is
the power denisity of cosmic rays sources,dε/dt is the energy losses of particles. Equation (2.1)
has a simple physical meaning: the particle flux in the energy space,N|dε/dt|, is equal to the total
flux produced by sourcesQi. Moreover, since we have many sources, their fluxes are summing,
ranging from close sources, providing a full range of energies fromε = εmin up to the maximum
oneε = ε0, to distant sources from which we observe only large initial energyε ≃ ε0. Suppose that
the distribution ¯q(ε) is the power law function, ¯q(ε) = q0ε−β . Then the distribution functionN(ε)
is equal to

N(ε) =
q0

β −1
ε−β+1− ε−β+1

0

F(ε)
, (2.2)

F(ε) = (1+ ε)exp(−1/ε)+aε(ε−2
e +bε0.6

e )−1exp(−1/εe)+αε , εe =
E

2.1·1018eV
.
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Figure 1: The functionε3N(ε), N(ε) is given by the formula (2.2). Here we choose the value of maximum
energyE0 = 1022eV, ε0 = 25, and the indexβ = 2.7. The dashed line represents this function when the
electron-positron pairs production is absent.

The graph of the functionε3N(ε) for ε0 = 25, E0 = 1022eV , andβ = 2.7 is shown on Fig. 1.
One can see that at energiesE < 1018eV andE > 4 · 1020eV the distributionN(ε) is the power
law, N(ε) ∝ ε−β . The same slope is observed at the intermediate energies, in the region of
the maximum relative losses of energy,(dE/dt)/E, on the birth of electron-positron pairs,E ≃

1019eV . In the region 0.2 < ε < 1, N grows exponentially with decreasing of energy,N(ε) =
q0ε−β+1exp(1/ε)/(β −1). According to observations summarized by Berezinsky (2013), the flux
of particlesI(ε) = cN(ε)/4π in the energy range 6·1018eV < E < 4·1019eV, 1.5·10−2 < ε < 0.1,
is indeed the power law function of the energy with the indexβ = 2.7. Berezinsky (2014) showed
that the actual energies are required to move a little upwards. This corresponds to the range
6 ·1018eV < E < 4 ·1019eV . On the Fig. 1 this energy is below the maximum atE = 4 ·1019eV .
When shifting energies the slope does not change and remains 0.3.

The functionε3N(ε) has a maximum atε = ε1 = 0.1, E1 = 4·1019eV (see Fig. 1). At energies
ε > ε1 the functionε3N(ε) exponentially decreases not to zero, but to the minimum value atε2,
ε2 ≃ 1, E2 ≃ 4 · 1020eV . After that the distributionN(ε) continues to fall down by a power law
manner with the same indexβ , N(ε) ∝ ε−β . The fall down of the functionε3N(ε) at energyε1 to
its value atε2 is approximately one and half orders. The strong growth of the density of particles for
ε < ε2 is explained by the sharp decreasing of the rate of energy losses of particles when braking
by relict photons becomes small. Here particles are accumulated. The distribution of N(E) for
energiesE > 4·1020eV does not go exponentially to small values that can seem as the result of the
GZK effect. Here we observe that the distribution ofN(E) repeats the distribution of extragalactic
sources ¯q(E), unless of the maximum energyE0 is not close to the energy 4·1020eV . However,
at energiesE > 4 ·1020eV the observational data have great uncertainty, which does not allow to
make a conclusion about the growth of the functionE3N(E) at high energiesE > 4·1020eV under
the conditionE0 > 4·1020eV . The energy rangeE < 3·1018eV (see Fig. 1), where the distribution
N(E) also reproduces the distribution of extragalactic sources ¯q(E), is hidden by Galactic cosmic
rays.

Let us estimate now the average power density of sources ¯q. Observations give the value
of the extragalactic particle flux, where there is maximum value of productE3I(E) at the energy

3
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Cosmic rays origin

E1 = 4·1019eV ,
I(E1) = 4.7·10−39cm−2s−1sr−1eV−1.

Considering that, as well as in our Galaxy, the power law spectrum with indexβ = 2.7 continues
up to small energiesEmin ≃ 5GeV , from the equation (2.1) we get

q̄(E) = 8.4·108
(

E
4·1019eV

)−2.7

eV−1s−1Mpc−3. (2.3)

The total average power density of extragalactic sourcesE =
∫ E0

Emin
q̄(E)EdE is equal to

E = 1.8·1043
(

Emin

5GeV

)−0.7

ergs−1Mpc−3. (2.4)

This value divided by the density of galaxies,Ng ≃ 1Mpc−3, at least two orders of magnitude
exceeds the power of the Galaxy in cosmic rays, 1041ergs−1. If we assume that the sources of
ultrahigh energy particles are active galactic nuclei with relativistic jets generated inside, the power
of which is (1045− 1046)ergs−1 (Mao-Li, et al., 2008), then their density in the Universe is of
Ng ≃ (10−2−10−3)Mpc−3. The same estimation of the density of extragalactic sources of cosmic
rays follows also from the conditions of isotropy of arrival of particles inthe range of energies
E ≃ 1019eV (Abbasi et al., 2004).

3. Galactic cosmic rays

The most surprising fact, following from the previous consideration, is that the spectrum of
the power density of extragalactic cosmic rays (2.2) has the the same slope that have Galactic
cosmic rays density before the ’knee’,E < 3 ·1015eV , β = 2.7. This indicates that the nature of
the origin of cosmic rays in the Galaxy and in active galactic nuclei is the same. The formation
of the spectrum with indexβ = 2.7 in the Galaxy is explained by the fact that the index of the
power law energy spectrum of source is of universal value ofβ = 2. This is valid as for the
acceleration of particles on fronts of strong shock waves, as for the acceleration at the base of the
jets emitted near massive black holes in centers of galaxies (Istomin, 2014). Next, accelerated
particles, spreading over a galaxy, are scattered by inhomogeneities of amagnetic field. Their
motion becomes diffusive. Moreover, the coefficient of diffusion is larger for particles with larger
energies,D ∝ Eδ . It should be noted that the indexδ is the same for protons and for different
nuclei. Only diffusion coefficients can slightly vary at the same energyE. But the diffusion is
the same for particles of the same rigidityR (Blasi & Amato, 2012). The observed spectrum of
Galactic cosmic rays under the assumption about the universality of the source gives the value of
δ of 0.7. We are taking this value as following from the observations, regardless of other values
obtained from theoretical and numerical calculations of the scattering of charged particles and of
the paradigm of particle acceleration by shock waves from supernova explosions.

The density of particles is equal to the product of the power of a sourceQ to the lifetime of
particlesτ, N = Qτ. The lifetime is the time of escape of particles from a galaxy,τ = R2/D, R
is the radius of a galaxy. Thus,N(E) ∝ E−2−0.7. There arises the question: why in our Galaxy
the spectral index of cosmic rays at energiesE > 3 ·1015eV deviates from the value ofβ = 2.7?

4
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Figure 2: The functionF(p). The solid line corresponds tor = R/2, the dashed line -r = 0

Spectrum becomes softer,β = 3.1. If the source of cosmic rays in a galaxy is strong shock waves
from supernova explosions, it is not clear why the spectrum of high energy particles from active
galaxies remains with indexβ = 2.7 up to energies∼ 1020eV . More natural to assume that the
source of cosmic rays is a jet emitted from active galactic nucleus and whosepower significantly
exceeds the power transformed to particles by supernova explosions. Istomin (2014) suggested that
Galactic cosmic rays were produced by the jet, emitted from the center of the Galaxy. Giant bubbles
of relativistic gas, observed above and below the Galactic plane, are remnants of this bipolar jet
existed previously. From the size of the bubbles it follows that the jet switched on 2.4 ·107 years
ago, and it worked at least 107 years. Thus, before the jet switched off the Galaxy and its halo were
uniformly filled by cosmic rays with the spectral indexβ = 2.7 (Istomin, 2014). After the source
turned off particles continue to flow out from the Galaxy, and their density begins to decrease with
time. Consider how it is happen.

Suppose that at timet = 0 cosmic rays with densityN0(E) uniformly filled the spherical region
(Galaxy and halo) of radiusR. Then, assuming that the motion of particles is of diffusion character,
we find the density of cosmic raysN(r,E, t) at the point located at distancer from the center of
the Galaxy and at the timet, N(r,E, t) = N0(E)F(p,r), where the functionF(p,r) is the function
of the parameterp, p(E, t) = [R2/4Dg(E)t]1/2. For small values ofp, p << 1, the functionF is
equal toF = 4p/π1/2, for large valuesp >> 1, F = 1. The graph of the functionF(p) for two
different values ofr = R/2 andr = 0 are presented on the Fig. 2. It is seen that the transition of
density of cosmic rays from the initial distributionN0 (p > 1) to the falling down with time,N =

N0(4R2/πDgt)1/2, takes place atp ≃ 1. At this point there is a transition of the spectrum of cosmic
rays from the original,N ∝ E−2.7, with energiesE < Ek to the distribution ofN ∝ E−2.7−0.7/2 =

E−3.05 for E > Ek. The value of energyEk is defined by the equalityp = 1, Dg(Ek) = R2/4t. In the
center of the Galaxy (r = 0) the transition occurs exactly at the pointp = 1, for us (r ≃ R/2), this
point is also very close to unity. Whenp = 1, there is a local increase of density of cosmic rays,
i.e. near the energyE ≃ Ek the distributionN(E) is really observed as ’knee’.

The position of the ’knee’ depends on the timet, passed after turning off of the source. Know-
ing the position of the ’knee’ at the present timet = t0, we find

t0 =
R2

4Dg(Ek)
= 4.2·104

(

R
5·1022cm

)2( Dg(1GeV )

2.2·1028cm2s−1

)−1( Ek

3·1015eV

)−0.7

year.
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It should be noted that ’knee’ is moving with time,Ek = 3 ·1015(t/t0)−1.43eV . The speed is now
equal todEk/dt =−1.43Ek/t0 =−1011eV/year.

4. Conclusions

We showed that the distribution of power of sources of extragalactic cosmicrays in the energy
range of 3· 1018eV < E < 1021eV is a power law, ¯q(E) ∝ E−2.7. Thus, it is the same as in our
Galaxy at the energy range below the ’knee’,E < 3 ·1015eV . This indicates the common nature of
the origin of cosmic rays in the Galaxy and in other galaxies. However, the power of extragalactic
sources at least two orders of magnitude exceeds the capacity of the Galaxy (see formula (2.4)).
The conclusion is that a ’normal’ galaxy, to which belongs our Galaxy, is not the source of cosmic
rays. The estimation of the density of extragalactic cosmic rays sources,Ng ≃ 10−2−10−3 Mpc−3,
indicates galaxies with active nuclei. The possible source of energetic charged particles is rela-
tivistic jets emitted from surroundings of massive black holes. Thus, acceleration by shock waves
from supernova explosion does not explain the origin of cosmic rays up toenergies≃ 1018eV .
Otherwise, all galaxies in more or less degree would are sources of cosmicrays, because in all of
them there are explosions of supernova. Why, nevertheless, we observe cosmic rays in the Galaxy
is explained that once in the past the Galaxy was also active. From the center of the Galaxy there
emitted the relativistic bipolar jet, the remnants of which is observed now above and below the
Galactic plane as bubbles of relativistic gas (Su, Slatyer & Finkbeiner, 2010). The ’knee’ forma-
tion reflects the escape of particles from the Galaxy. Knowing the position ofthe ’knee’ now one
can estimate the time when the source of cosmic rays in the Galaxy stopped, it occurred 4.2 ·104

years ago. The position of the ’knee’ is not constant in time, it must move,Ek ∝ t−1.43. This motion
one can notice if to have a sufficient accuracy of the measurement of the ’knee’ position. During
50 years the change in the position of the ’knee’ is∆Ek =−5·1012eV .
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