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1. Introduction

The energy spectrum in extragalactic sources is commongrméed by the trial-and-error
method when one makes the calculations of the expected Batile cosmic ray intensity assuming
some shape of the source energy spectrum and the source sitarpoThe calculations follow
cosmic ray propagation from the source to the observer, f.].gThe standard assumption is that
the source spectrum is a power law on magnetic rigidity ummesmaximum rigidity.

In the present work we show how to inverse the procedure alcdlate the source function
starting from the observed at the Earth spectrum withoutaddssumptions about the shape of
source spectrum. Simple cases of the source compositionnttiades protons and Iron nuclei
are considered and the analytical approximations of the filatn Auger experiment is used. The
approach of inverse transport problem allows the abandonhaii¢he standard assumption of power
law source spectrum with an abrupt cutoff at some maximumnaigg rigidity as it is usually
assumed when the direct problem is considered.

2. Transport equations

We use the following transport equation for cosmic ray pmetand nuclei in the expanding
Universe filled with the background electromagnetic radia{see [2] for detail):

—H(2)(1+ z)i (M) _

0z\ (1+23
0 H(z) 1
~ s (s <(1+z)3 + T(A,S,Z)> F(A,s,z)) + V(A €,2F(A €, 2)
= ; VIA+i— Ag,2F(A+i,e,2)+q(Ae)(1+2™ (2.1)

The system of egs. (2.1) for all kinds of nuclei with differanass number# from Iron
to Hydrogen should be solved simultaneously. The energynpeleone = E/A is used here
because it is approximately conserved in a process of nughesiodisintegration (A, €, 2) is the
corresponding cosmic-ray distribution functianis the redshiftg(A, ) is the density of cosmic-
ray sources at the present epach 0, m characterizes the source evolution (the evolution is absen
for m=0), 1(A,&,2) is the characteristic time of energy loss by the productibe @" pairs and
pions, V(A €, 2) is the frequency of nuclear photodisintegration, the surtheright side of eq.
(2.1) describes the contribution of secondary nuclei pcedwby the photodisintegration of heavier
nuclei,H (2) = Ho((14 2)2Qm+ Qa)Y/? is the Hubble parameter in a flat universe with the matter
densityQn(= 0.3) and theA-termQa (= 0.7).

The numerical solution of cosmic-ray transport equatiatisds the finite differences method.
The variables are the redshifand logE /A).

Let us introduce solutiois(A, €; A, &) of egs. (2.1) az = 0 for a delta-source|(A, €) =
Onn0(€ — &). This source function describes the emission of nuclei widss numbeAs and
energyes from cosmic ray sources distributed overallp to somemax. The general solution of
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Figure 1: Analytical approximations used in the present calculaitendescribe the Auger data are shown
by solid line together with Auger data [3].

egs. (2.1) at the observer locatina- 0 can now be presented as
F(Ag,z=0) = Z/ds’G(A,s;A’,s’)q(A’,s’). 2.2)
A/

The observed all-particle spectrum is determined by thensaition over all types of nucl§isF (A, €,z=
0).

Egs. forF should be presented in the matrix form and inverted to findsthece functions
q(A, ¢) for different types of nuclei. This procedure is describetkagth in [4].

To simplify calculations and damp the spread of data poimtthé measured at the Earth
cosmic ray spectrum, we use its analytical approximation.
The formula

J(E) DE3% E < 5x 10%V;
J(E) DE~283x [1+explog(E/10'%%3%eV)/0.15)] 1 x
exp—(E/(1.5 x 10?%V))*),E > 5x 10%%eV. (2.3)

is used in the calculations to approximate the Auger datasfs] figure 1. This formula is similar to

the equation suggested by the Auger team but contadps-(E /1.5 x 10°7%V)#) factor of cosmic
ray flux suppression at energigsl.5 x 10?0 eV.

Using the Auger data on energy dependence of the mean lugeasitthe atomic mass number
(InA) calculated in the EPOS-LHC model of particle interactionthie atmosphere [3], we accept
the following approximation

(INA) = 0.5+ 4.2 x (E/10%%V)°® (2.4)

shown by the dash line in figure 5 below.
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Figure 2: Calculated source spectra in arbitrary units based on theajnated analytically Auger data.
Black lines for proton source; gray lines for Iron sourcelidlines correspond to the homogeneous source
distribution without evolutionm = 0. Dotted lines correspond to the spatial source distidoutiith a finite
distance to the nearest source located at the redghift 0.0024 atm= 0. Dash lines are the source spectra
for homogeneous source distribution with evolution désadiin the text.

3. Resultsof Calculations

We first make calculations of the source spectra in two siropfes of pure proton and pure
Iron source composition. The results are shown in figure 2 ddrk line refer to a pure proton
source and the gray line refer to a pure Iron source. The $iokd illustrate the case without
source evolutiorm = O; the dash lines describe the case of AGN with a strong ewvoluwvhere
m= 3.2 atz< 1.2 and the evolution is saturated at larg¢8]. It is clear from figure 2 that strong
cosmological evolution leads to the decrease of requiraccegower at low cosmic ray energies.
The difference with the source spectrum without evolutieaches the factor of about 4 at'30
eV. The dotted line show the results of calculations with a-mero distance to the nearest source
Zmin # O for the source number density = 10~ Mpc=2. It is clear that the finite distance to the
nearest source requires the increase of source power agtreshenergies of accelerated particles.

The kinks in all source spectra at about 50'8 eV are due to the corresponding discontinuities
of the first derivatives of the expression (2.3) and in thisseethey are artificial. The difference
between proton and Iron sources at low energies is evidamtptoton source spectrum can be
better approximated by a power law compared to the concawesfyectrum. It is explained by the
influence of energy loss on thes e" production in the case of ultra high energy protons moving
through the background radiation [5]. After propagatiorthie intergalactic space, this process
produces the characteristic dip in the initial power lawtpnospectrum at around>510'® eV
while the Iron nuclei preserve the shape of their sourcetspac

The results of calculations when both proton and Iron arsgm&in the source and their spectra
are similar functions of magnetic rigidity are shown in figug. One can see how the results of
calculations depend on the assumed Iron-to-proton soatieSte/S,.
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Figure 3: Calculated source spectra based on the Auger data foretiffénon-to-proton source ratios in-
dicated by (a) foiSee/Spy = 2 x 1072, (b) for Sre/Sp = 1072, and (c) forSee/Sp = 6.7 x 10-3. Black lines

for proton source; gray lines for Iron source. Proton and Bource spectra have the same dependence on
magnetic rigidity. Homogeneous source distribution withevolution is assumed.
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Figure 4. Calculated spectra of different types of nuclei for Irorgtmton source ratiGe/Sp = 102 and
the total Auger cosmic ray spectrum at the Earth.

The calculated elemental composition of cosmic rays at tirehEor the cas&re/S, = 102
is presented in figure 4. The corresponding valudmfA)) is shown in figure 5. It is evident that
our very simple model with only two primary species at therseyprotons and Iron nuclei), does
not reproduce the observéhA) except the energies 10'8 eV where the protons and light nuclei
dominate and the highest energies where the Iron groupirdaieinate. The intermediate nuclei
are certainly needed at the source to reproduce obsersatiall energies.

The source spectra of protons and Iron can be found if theunemgnts of the mean logarithm
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Figure 5: Calculated value ofIn(A)) (solid line) together with corresponding Auger data (datd gray

regions which characterizes errors in determinatiotifA)) in the EPOS LHC interaction model). Dash
line shows our approximation (2.4).
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Figure 6: Calculated source spectra of protons and Iron based on Alagaron cosmic ray spectrum and
(InA). Homogeneous source distribution without evolution isiassd.

(InA) are available in addition to the all-particle spectrum.

Both, the observed all particle cosmic-ray Auger spectrtithe Earth approximated by eq.
(2.3) and the(InA(E)) given by eq. (2.4) can be exactly reproduced assuming thgtpootons

and Iron nuclei are present in the source. The corresporaditoylated source spectra are shown
in figure 6. They have different dependence on magneticitygid
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4. Discussion and Conclusion

We showed how one can find average spectrum of extragalacticess from the cosmic ray
spectrum observed at the Earth. This task was formulated awerse problem for the system of
transport egs. (2.1) that describe the propagation of-bltgh energy cosmic rays in the expanding
Universe filled with the background electromagnetic radiat The simple settings were consid-
ered. The Auger data [3] were approximated by formula (2t3yas assumed that only two kinds
of nuclei (proton and Iron) were present in the sources aadt#ises of a pure proton, pure lron,
and the mixed source composition were considered. In thedae the calculations were made for
the following two scenarios: 1) the proton and Iron sourccia have the same shape on rigidity;
2) the source spectra and the Iron-to-proton ratio are dbteeeproduce the observed at the Earth
value of (InA). Mathematically, the inverse problems for transport eiguat(2.1) are ill-posed in
the general case that manifests itself in the instabilitghef derived numerical solutions. It ex-
plains to a large extent simple assumptions used in the mres@er. We plan specifically study
this problem in a future publication.

Two additional factors that may impact on the interpretaid the derived source spectra at
energies close to 1®eV is worth to mention. The first is the possible contributidrihe Galactic
sources that may dominate in the observed cosmic ray speetrd 3 x 10'8 eV, see e.qg. [5] for
discussion. The second is the strong deflection of cosmitragctories in magnetic field that may
produce the so called magnetic horizon effect in the expandniverse. The particle transmission
factor at various distances to the source as a function t¢itfgenergy was calculated in [7]. This
factor characterises the suppression of cosmic ray intedsie to the magnetic horizon effect.
Using results of these calculations and assuming that thue & the intergalactic magnetic field
is 1 nG and its correlation length is 1 Mpc, one can find thatrtfagnetic horizon effect is not
significant for Iron nuclei with energies above'#@V if cosmic ray source density is not smaller
than~ 10~*Mpc—3. It is in the limits of the low bound on cosmic ray sources digrfeund at the
GZK energies in the Auger experiment [8]. It should be pantet that the source density may
increase with the decreasing of energy of acceleratedcfetiFor example, such a behavior was
found in our model of cosmic ray acceleration by the AGN jeithvihe observed distribution on
kinetic energy where more numerous weak jets contribute toasmall cosmic ray energies [2].
The experimental indication of this effect was found in [Bhe calculations of the source spectra
in the present paper ignored the presence of the intergafaegnetic field.

It is difficult to make firm astrophysical statements abowdrnoi@ ray source spectra and com-
position from our simple modelling. However, some condusi can be made. Recall that the
kinks in the calculated source spectra at aboutl®!8 eV reflect the corresponding discontinuities
in the derivatives of the approximation eq. (2.3) and ardicd in this sense. To demonstrate the
specific character of the inverse problem solutions, we didcorrect the unphysical approxima-
tions of the observed spectra. The Auger data favor theiti@m&om a proton source composition
to the Iron one as the energy is rising. With our simple tweesgs composition, this case is most
closely reproduced by the calculations illustrated in fg8r The obtained source spectra resemble
the results [10, 11] based on the analysis of direct tratngpoblems with a power law source spec-
trum. The maximum magnetic rigidity of accelerated pagti¢B...5) x 10'8 eV is relatively low in
this case that alleviates the problem of cosmic ray acd@erto the extremely high energies. The
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calculated composition of cosmic rays at the Earth showrngiwrdéi 5 considerably deviates from
the Auger measurements and certainly requires incorporaiti the intermediate nuclei between
protons and Iron in the source composition. More detaileggmtation of our work can be found
in [4].
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