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A possible contribution of gamma-rays predicted wi.thin the 

universal cosmic ray (CR) hypothesis to the energy range of 

CR spectrum above black-body cutoff is calculated. These gamma­

rays arise from the relativistic electromagnetic cascade gene­

rated in the field of microwave background radiation (MBR). 

The ultrahigh energy photons and electrons that initiate the 

cascade are produced at the decay of <IT -mesons created ju 

interactions of photons with the MBR. Simple analytic expres­

sion for cascade gamma-re.y spectr·um is obtained from the solu­

tion of cascade kinetic equations for electrons and photons 

as well as for protons propagating in the MBR field. The ob­

tained results essentially differ !rem the rel&vant ones of 

previous investigations. The reasons for this discrepancy are 

discussed. It is shown that at certain values of magnetic field 

and radio-wave density in the intergalactic space the flux of 

cascade gamma-rays may at least partly mask the black-body 

cutoff in the proton spectrum. 
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1 • Introduction 

According to the existing ideas the ultrahigh-energy (UHE) 

cosmic rays (CR) are of extragalactic origin at least in the 

energy range E > 1019 eV. At such energies the CR interact 

effectively with the microwave background radiation (MBR) 

owing to the '3T -meson photoproduction process. As a result, 

in the intergalactic medium an equilibrium CR spectrum with 

Greisen-Zatsepin cutoff at Erv 5 · 1019 eV is formed (1,21. 

The noticeable deviation of the MBR spectrum revealed recently 

in the Wien region [31 being taken into account, the black-body 

cutoff is to shift towards the region of lower energies 

(E"' 4 . 1019 eV) (4] • The secondary 51 -mesons while decayed 

produce electrons and gamma-rays which initiate electromagnetic 

cascade in the MBR field. The feasibility of the cascade pro­

cess in the intergalactic space was emphasized originally by 

Hayakawa (5) • Later this question was often referred to, 

in particular to explain EAS data in the energy range 
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E > 1O19 eV [ 6-8) • In these v1orks attempts were made as to 

describe quantitatively the electromagnetic cascade in the 

photon gases; however a certain progress in this field was 

achieved only recently [ 9-131 • 

In thtl present study we investigate a possible contribu­

tion to the CR energy spectrum at E >1019 eV coming from the 

cascade gamma-rays unavoidably produced within the model that 

implies homogeneous population of the Metagalaxy by the CR 

sources (hereafter universal CR hypothesis). These gamma-rays 

being a result of the electromagnetic caeca.de in the MBR fielr\ , 

initiated by the decay products of the pion photoproduction 

process, are genetically coupled to the blac~-body cutoff of 

CR speotrum and can even mask it under certain conditions. 

The cascade gamma-ray spectrum is obtained from the solution 

of kinetic equations for electrons and gamma-rays taking into 

account the eqtdlibrium proton spectrum, formed in the MER 

field. 

2. Source Function of Gornma-Rays Due t o Interactions 

of CR with !ABR 

The UHE part icles (e l ectrons a..."1.d photons) initiatin6 the 

el ectromagne tic cascade aris e by the fo llowing scheme . 'l'he 

:ixt rs.gal actic CR with E ) 10 19 eV , due to the ')(
1

-:ncson photo­

production on the MBR photons produce h:i.gh-ena riJY phu t ons from 

the 5t" ~ ~~ • decay. These garnma-rnys just ini tlu te e l ec t!-on-

photon showers in the MBR field. lt ahould b ted the.t the 

CR interacting with :'..IBR pr0 d-..:e r.enrly t lll.rrlber uf 

sr+-mesons and therefore the showers will be initiated also 

by high-energy positrons - the products of the 'Jr--.µ jf' ·and 

/ -'> e "1.a.)? decays. In order to calculate the photon and po­

sitron production spectra, it is necessary to use the equilib­

rium proton spectrum in the Metagala.xy filled with MBR photons 

at a temperature T = 2. 7 K. As shown in our p1·evious paper [4], 

the equilibrium CR spectrum in the MBR field has a form: 

where 

q, p lE) 
FplE) = At~) Xl(E) 

00 

(1) 

}..-i (E)= 0_~ \ '"" ~l. Sdvsr<\ wr [-en \i- ell-pl- ~~~1' l 
£" 

- . . ll'-i ,.., ;l. 
Al~)-=i-[i-~(Ec,)1 , \ ==E/mpC . 

Here G(ur1) is the total pion photoproduction cross sec­
t 

;ion caused mainly by two reactions: P~ -> P5\ 0 and 
-t ;{ · ~ii\ P ~ - Yl <Jr ; E.;, -::: 'm.rrc li+ .2.~ i' l ~ O .145 GeV is the threshold 

>f the pion photoproduction reaction, 'm'lt , YYtp are pion and 

1ucleon masses, )lt~) is the share of energy lost by the 

1ucleon at the reaction threshold energy. The CR production 

spectrum (source function) is given by the simple power-law 

distribution: 

- -'i{ q,, f' t E)-::. Q pl E/ E. o) t l'l1 c 2 :w \/ 
E: ·= " 1

' ~ ~. '3 · iO e." · 
0 ~kT 

(2: 

Spectrum ( 1) contains only protons, sin.:. e neutrons even of 

41trahigh ene:::-gies (for the time scale of interest ) decay 
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before tney interact with MER. However, since the protons 

produced in the neutron decays take practically the whole 

energy (E ~ E ), these protons also should be taken into 
P n 

account. Formally they are taken into accowit in Eq.(1), sine& 

the reaction Pt~ n '.it+ is considered not as a process of 

proton disappearance but as a process of nucleon energy degra-· 

dation [41 • 

The source fwiction of gamma-rays from decay of photopro­
., 

duced '.lt -mesons may be presented as 

<><> ~ = _wd.:ll"'S· 
<\-lE d) ""Tif(~1;?r 4 ~ d~; ~d£ F1,lE)~lEn-E~ )Sdwr(tr(j'-v{-Qnli- e ,j CJ) 

t:~ t 1/;l. t."' 
where ~·:r. is total cross section of 'J'i"' -meson production. ,. " 

The parameter Ei/~ in expression (3) is a characteristic 

energy of black-body cutoff. In the model of Metagalaxy homo­

geneously populated by CR sources the equilibrium proton spect­

rum in the energy range E '> E l./l is determined by Eq. ( 1 ) , 

and the value for the black-body cutoff is E :1/;i "' 5 • 10
1

9 ev*). 

Note that at E <~ E11i (practically for E ~ 10
19 

eV) the 

equilibrium proton spectrum repeats the shape of the production 

spectrum, since protons at such energies practically do not 

interact with MBR, and the absolute proton flux at these­

energies is determined by the size of CR capture region 

(more exact, by CR "lifetime" in this region). 

~) For simplicity hereafter we nei;lect the devintion of MER 

spectrum from the Flanckinn on~. 

'!'he energy share lost by the nucleon per single collision 

cwing to pion photoproduction is 

2 
)L us .. )= W r it (mlfc) /:ZuJr Mp 

\ l ~ 
\1¥\pC. i+ iWr/Yl"lpC 

For w-
1 

variation range from the threshold value 

,..,, 0.145 GeV to 1 GeV this fraction varies rather weakly from 

0.15 to 0.35. In the energy region of interest, Et> 1019 eV , 

the main contribution corresponding to the maximal probabilit~ 

of interaction of protons with the MBR photons comes from the 

region i.ATr ~ 0.3 - 0.5 GeV, therefore below we shall use the 

value -~ ( W r z 0.4 GeV) e:: 0.23. 

It should be noted that the gamma-ray source function (3) 

depends weakly on the character o! interaction. Indeed, sub­

stituting the equilibrium proton spectrum (1) into Eq.(3) we 

arrive at the expression for q, (Eb') independent of the inter· 

action cross section: 
00 00 

~lEl))=_L ~ ~~ir ~Q.E'\tp~E)& l E11"-E ~). 
Am E ' t: 

~ "'1/~ 

This is explained by the fact that if the equilibrium 

spectrum is inversely proportional to the integral 
oc 

Sdw1 ~1vJr)wr(- ~~u.- exp(- ~~~)1 
to 

(4) 

which characterizes the interac·tion rate of protons with the 

field photons, then the gamma-ray production rate is propor­

tional to the same integral (taking into ac~ount that in the 

gamma-ray energy region of interest E:i = .J;<;:; ~~ l~ 1" ~ +)) 
it 0 o< t .<. llO 1T 

7 



For the same reason the ga.rm:ia-ray production spectrum is 

independent of the field photon number density. Evidently, 

this statement is valid only in case of effective interaction 

of protons with MBR (which is just the case with 

E > 5. 1019 eV); otherwise, we may neglect the distortion of 

proton energy spectrum, and therefore the gamma-ray source 

function will be proportional to the cross section of inter­

action as well as to the number density of target photons. 

Integrating expression (4), we obtain the g6Ill111a-ray source 

function: 
-'4 

l (Eg/E) 

q,lE~): Qg lEif'.l./E.5~ 

where 
Q{' __ 

Q.~ = ~Al~)·>5 

E~ ~ t ~ i/~ 

f.g < 1·E1,1~ 

t ::~.£ 
i" 0 

ThuA, due to the secondary ~~ decay the gamma-ray 

production spectrum (5) is formed which has the same index 

as the proton production spectrum (2). 

(5) 

It should be stressed once more that the gamma-ray source 

function (5) is calculated here using the proton equilibrium 

spectrum (1), and not the production 

the simple power-law shape oC E - (1 

(as it was done in Refs [6,7 J ). In 

spectrum of protons with 

up to highest energies 

the latter case the 

incorrect shape of gamma-ray source function arises. FoT 

example, Stecker (14) (see also Ref.[?] where formula (9), 

however, contains error in the spectrel inde~) using 

~ -functional approximation for the pion photoproduction 

8 
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crose section has obtained a gamma-ray spectrum stee~er than 

Eq.(5) ('HG~) o<. f.~t~d.) ). 

Note also that the equilibrium proton spectrum (1) corres­

ponds to a purely Planckian distribution of MBR photons. With 

account of the recently revealed deviation of the MBR spec+,rum 

from the Planckian one in the submillimeter range [31 the 

equ'ilibrium proton spectrum undergoes a modificatj_on, in 

particular the black-body cutoff occurs considerably earlier 

[41. However this effect influences insignificantly the 

source function of gamma-rays at E > 3 • 1O19 eV, since these 

gamma-rays are generated by protons with the energy 

E > 2 · 1020 eV which interact predominantly with the MBR 

spectrum region corresponding to the distribution maximum. 

3. The Spectrum of Cascade Gamma-Rays 

The kinetic equations that deac:dbe the development of 

electromagnetic cascade in the MER field have a rather compli­
( WI .... ) !( 

cated form. However in the energy region E ~> 4~c .cw> 
where Wle is the electron mass, and <.1,v > "ii' J kT they 

)an be reduced to the following system (151 : 
i-1/11. dx 

~ o~fiG,t) + £tf,t)encs -= .i \ 1.,t1:1~,-t) i-x 

~ ~1:(E,t) +1.f'(E,t)~"e ·= si-llflE/1(,-t) f_x x (6) 

" 
~"'4£<w>l(mec1):{ j t = flfr.:2nw l: J 

where t(\;,t)= F~ll: 1 t) E and r'tE,-t)::: F"¥(E,l) E· Fe l E, t) 

and != ~ l G 1 t) ar<> respectively the fluxes of ceacade electrons 
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and gwnma-rays at depth t ; \ 0 is the classical electron 

radius, n ur is the average density of field photons, l: 

the distance travelled by shower particles. 

The solution of Eq.(6) for the equilibrium spectrum of 

the cascade shower initiated by one particle (electron or 

photon) with energy E i.. has a form (.15) : 

oe - lS +.i) 

I= E. = .!::._ L («If~) ,, : 
""I Lt I'\: 0 ~ l $11 + ~) , 

g. - 4'f<.<'-"'~> 
• - (t"\'I .-~).( e." . 

The values of Sn are determined from the solution of 

equation 
't'LS.,+~)+CE =O, 

is 

(7) 

where 'f (S) 

dQnfls)/ctS 

is a logarithmic derivative of Gamma-function 

, and (~ = 0.5772 is the Euler constant. 

Thus, convolving the cascade particle spectrum (7) with 

the source function (5) we come to the flux of cascade gamma­

rays ( F~ ) and electrons ( fe ): 

F~ = F~t1. = 't1T Sr<E, £•) i<EJc/( (8) 

Taking into account that the function f1 ( E, f J with 

an accuracy no worse than 3% is approxil!lated by the expres­

sion [ 15] ' 

r= u:r£;:, £+L cE/E.:.) <9) 
[ 

, oo 1'1+1-A,.. l 
4 JT ro<.n...; ( Wl~c1J~ 1! l. "' :1. 'JT"2. +(€n ~ + c i=):l _, • 

for the cascade electrons and gamma-rays we obtain 

10 
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F .. :: ~Fe= lE/f) Q~ *· [ G + o. ~s], £>0,t1~<1o) 

" di.. ·~ 'tr/·nw- lX'-:J\<tT"L 

(for index ~ varying in the most interesting interval 

2 < "1) _::: 3) and 

- -F •) - (0,it)~·io~t.Js_ o,11e-,. l[iO,iH·)~1J 
f- ~ - e I"'- - 4 ,-,./ rJ w c~· -i !:: + 5T ~ \ E + 

+ (O,i)E.,../E) +Z i-LO,ilEi'/E) A ' 
oo -Ln-a,..) oo ·-ln-11 -1) ~r11) 
~ Ln"l.+(£,., n +C.e )

2 ](~-i+n-An) •'»i ['Jt i.+l~hh+C.e)'~O,-An - i) 

for E <0.17 E*. 

Here 
.6"' =-~ arcc.:t~[['l"(n)+Ci=t-ilrt]l9r) 

The values of Q p and ~ can be determined from the expe­

rimental data on CR spectrum. For example, according to the 

Fly•s Eye data [16] the CR spectrum in the energy range 

:r; < 1019 eV has the form: 

I(E) = 2.9 · 1019 E-2 •94 cm-2 s-1 ster-1 ev-1 ( 12) 

In the energy range E < 1O18 eV the CR interact weakly 

with the MBR; therefore, assUJlling that the CR sources populate 

the region with a size of Hubble scale c./Hc (universal 

CR hypo ·thesis), for the CR proton production spectrum we have: 

q,P lE)., I lE) . 'm . JI,, 
c 2.75. 10-68 (E/E )-2 .94cm-Js-1ev-1 (13) 

0 
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(here we uae the value H0 = 100 k:m/3 Mpc). 

Extrapolating the spectrum (13) to the region of higher 

energies by a si.ruple power law and comparing (13) with the CR 

production opectrum (2), for Q(' and ~ we obtain: 

Q?= 2,75-10-68 cm-3s-1ev-1; ~ = 2.94 ( 14) 

As already mentioned, a contribution to the CR flux will 

be also made by the cascade gamma-rays initiated by positrons 

(from decay of photoproduced 
+ 'Jr -mesons). The injection 

spectrum of these posi h.'ons is similar to the gamma-ray injec­

tion apectrum (5) but is about a f a ctor of two less t han t.he 

latter (e.g. Ref. [171 ), This conclusion results from the 

"" kinematic consideration of 51 -meson decays and i .s va.lid w'1der 

the assumption that the production cross sections f or Ji'"' and 

5Tt -mesons a.re collipara.ble. Actually, near the t hr eshold 
t 

( "'150 MeV) the production ra.•e of 5T -meaons is much higher 

than that of 51° -mesons because of direct E1 transition 

where the pion is being emitted as S -wave. By the way, this 

gr+ meson production channel plays a dominant role in the 

proton spectrum formation in the black-body cutoff region. 

Nevertheless, since in the gamma-ray energy region of interest, 

E > 3·1O19 eV, the intera.c·tion of protons with MB.~ occurs in 

the interval , i...Ur ,., JOO - 500 MeV (where the cross sections 

of 'JT+ and '1T 0 meson production are compa1•able) the assumption 

CJ,lft) = ~ 1t(£ e) is quite acceptable, 

Thus, the gamma-ray flux exceeds Eq.(10) by a factor of 

1.5, since tha cascade gamma-ray spectrum is independent of 

12 

the fa.C' i, as to 'Nhether the positron or photor. lni tiates the 

electrc1 .. ,. ,gnetic ca.scEt.de. Subs ti tu ting the vah1cs of Gp and ~ 

from Eq,(14) into Eqs (10) and (11) we obtain an absolute flux 

of cascade gamma-rays I~E~)-=-Fd4Jr. It is shown in Fig.1 

together wHh the ~quilibrium proton spectrum Ilfr)::~p/~'Jf 

( F p (E) ia determlned by Eq. ( 1)), calculated for the size 

of IV!etaga.laxy Re:: C./1-\ 0 • One can see from Pig.1 that in 

the ene:rgy region E >:. 1020 eV the flux of g!1.lllllla.-rays exceeds 

the flux of the parent particles - protons. This at first 

sight paradoxical result is due to a co~tribution into the 

flux ( 1 0) ma.de by the ga.mrna.-raya coming from more distant 

regior.s than protons, Indeed, at such high energies the free 

pa.th of gamma-rays with respect to the e+e- pai~ production, 
( l:) 
A~ becomes greater than the proton free pa.th ca.used hy 

('tf) 

pion photoprodu.ction, A p Moreover, owing to the cascade 

behavior of propagation of gamma-rays the la.tterR are effect­

j vely accumulated from 
,t~ 

photon free pa.th, A~ 

distances considerably exceeding the 

• The gamma-ray absorption length 

corresponding to the cascade proces~ AcQS is given in the 

(S' = 3 it is Aca.s = Q,h3'1rfc, :z. n w , 
. l1) 

Appendix and for the case 

>.3 i.e. Qy, e times as la.rgP. as the As to the ultra­

high-energy proton absorption length, it is only 3/2 times 

exceeds the free path relative to pion photoproductfon: 
~ =.l.£ \ Al.IT) 

p \"i!'= :I. I o ·• . 
, where ~ • 3 ( 4 J • Hence the a.bsorp-

tion length foz· gamma-re.ya considerably exce6ds the corres-

ponding length for protons and therefo~e, in case of uniform 

C.istribution of CR sourcea in the Metaga.le.xy the ultra.high-

Gner~y ~wnma-ra.ys accumulate f..-"~ <: ::-··-: ... derably more extended 
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regions than the protons do. Emphasize that the e.bsorption 

length of cascade gamma-rays grows linearly with energy. Ji.lat 

this fact is responsible for the increA.Se: by the •mi ty of the 

spectral index of cascade gamma-ray flux as comps.red to the 

spectral index of proton production spectr·um, which in turn 

leads to the excess of the ge.mma-ray flux over the proton flux 

at energies E :;:. 1c20 eV, and hence to partial masking of black-

body cutoff. 

It should be noted that the flux of cascade electrons 

(electrons and positrons) is twice the flux of cascade gamma­

rays et the same energy (see Eq. ('l)). Jiov1eve!' the:se electrons 

do not reach the Earth owing to their drastic synchrotron 

/ losses in the galactic disk [ 7 J • 
•rhe equilibrium spectrum of cascade gamma-rays (10) differs 

essentially from the spectra calculated in Refs [6,71. For 

example, the comparison of Eq.(10) with the relevant Eq.(24) 

of Ref. (71 (which define the relation between source function 

of ga.m.~a-rays with equilibrium spectrmn of cascade gamma-rays; 

reveale that in Ref.L7] the cascading effect is underestimated 

by a fee.tor a.bout four. Presumably this is due to the continu­

ous energy loss approximation used by Stecker [ 71 to analyze 

the kinetics of high-energy garruna-ray and electron propagation 

in photon gas. On the other hand, the source function of g&~a­

rays, calculated in Ref. [ 7) , is overestimated (see Sect. 2), 

and it partially compensates the undere:stimation in the cas- • 

ending effect. The same problem was considered numerically by 

Wdowczyk et al. [6,18). Unfcrtu.nately, the details of calcula-

tions '"' "'"11 as a pprnxi.mations being ll"' "' are not presented 
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in Refs ( 6, 18) , so it is difficult to us to discuss their 

results. Here we may emphasize only that in Refs {6,~8] the 

source function for gamma-rays has been calculated using the 

production spectrum of protons (as in Ref. ( 7) ) instead of · 

the equilibrium one which should lead to incorrect shape and 

overestimation of source function. 

So far we have neglected the influence of intergalactic 

magnetic field and radio-wave be.ckground on the efficiency of 

cascade development. If the strength of extragalactic magnetic 

field B ~ 1 o-9 Gauss, the electromagnetic cascade will be 

sharply suppressed, since the main portion of relativistic 

electrons is spent on continuous synchrotron radiation without 

production of high energy photons (6,7] • The synchrotron 

losses substantially suppress the cascade development at 

E > Ecr , where E
0

r is a critical energy of cascade particles 

for the ·given value of magnetic field. Thus, the extragalactic 

magnetic field B __ ~ 2 10-11 Gauss leads to cascade suppression 

at E '> 1020 eV ( 6) and hence to the absence of noticeable flux 

of cascade gamma-rays in the CR black-body cutoff region. The 

contemporary estimate of intergalactic magnetic field, baaed 

on Faraday rotation measures, is very low, B < J-10-11 Gauss 

[19]. If this estimation is true, then the synchrotron energy 

losses cannot essentially suppress the cascade development i n 

the Meta.galaxy up_ to E "'1020 eV. 

The situation concerning the effect of radio-wave back­

ground on the cascade development in the MBR f i eld i s leas 

clear. 
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As is known, the density of galaxies and their luminosities 

at the p1~sent epoch are insufficient to provide the observed 

isotropic component of radio radiation [20) • Therefore, most 

of astronomers imply that this radiation is connected with 

evolving objects - powerful radiogalaxies and QSO's [20) 

(see, however, Ref.[21) ). In this case the detected isotropic 

component of radio radiation is related with the whole Meta­

galaxy (i.e. has universal origin), and its effect should be 

taken into account when considering the equ.ilibrium gamma-ray 

spectrwa. The radio background affects the cascade development 

by two reasons. Firstly, at E > 3.1019 eV gamma-rays interact 

with radio-waves more effectively than with MER, which leads 

to the decrease of their free path due to e+e- pair produc­

tion [6] . Secondly, the radio background decreases the elec­

tron free path (due to Compton scatterings), the latter effect 

being more important than the former one (22J. The influence 

of radio background on the equilibrium gamma-ray spectrum was 

quantitatively studied in Ref.[81 , where the radio background 

has been considered as the source for continuous energy losses 

of electrons. However, this assumption leads to the underesti­

mation of cascade at energies E ;!: 1019 eV (especially at 

E > 1020 eV). Indeed, for the electrons and gamma-rays of 

these energies the problem ca.~ be reduced to the electron 

continuous energy loss approximation only if the target photor 

average energy • W << ll'Y\eC~ f IE ,.., 3 · 10-3 eV or ~ << 1 MHz. 

'.!.'hough we have no reliable information on the radiation in 

thj s band, but t he:?:"e are some evidences on the sharp cutoff 

of spectrum below -::> ,..., 2 Mllz C 20 J (this may be connected with 

~o 

absorption of radio waves within the sources). In.the frequency 

range ~ > 10 MHz, where the observational data are more con­

f:ident *), the parameter g"" l.fE ~:i ~>.i and hence the energy 
{ 11/c.C 

of upscattered secondary particles (electron or photon) is .of 

the aame order as the primary particle energy. So the electro­

m86lletic cascade will be developed effectively also in the 

field of radio waves, therefore the radio background influence 

on the equilibrium gamma-ray spectrum is not so drastic as it 

follows from the electron continuous energy loss approximation. 

The quant:i.tative consideration of this problem seems necessary; 

however it is complicated due to poor information on the 

genuine universal long-wave radio background. From this point 

of view it is worth noting that the observations in the future 

experiments of diffuse gaJT1111a-rays at E > 1O19 eV" will give us 

a valuable information on the universal long-wave radio back­

ground as well e.a on the magnetic field in the intergalactic 

space. 

4. Discussion 

The main conclusion of the present study may be formulated 

as follows: if the contemporary estimate of the upper limit cf 

intergalactic magnetic field B<3·10-11 Gauss [20] is true, 

and if the genuine universal radio-wave background is below 

the observed flux of isotropic component of radio radiation, 

1') Note·, however, that even in this band the procedure of ex­

traction of extragalactic isotropic radio component is not 

free of unce~tainti~s (20} 
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then the noticeable flux of UHE gamma-rays, which may at least 

partially mask the black-body cutoff in CR spectrum should be 

expected. Now we would like to d.iscuss briefly whether there 

are any experimental evidence to or against this conclusion. 

Fig. 1 shows the Fly's Eye experimental data on URE CR 

spectrum as well as the proton and gamma-ray equilibrium 

spectra calculated within a universal one-component model of 

CR in the energy range 1018 - 1020 eV (see Eqs (13), (14)), 

assuming uniform population of Metagalaxy by CR sources. As iE 

firmly established by several experimental groups, some flat­

tening or even bump is observed in the CR spectrum at 

E tv (1 + 5) · 1019 eV (e.g. Ref. (2J) ) • This peculiarity is ab­

sent in the calculated proton spectrum (nor in the total 

"P + ~ " spe0trum) in Fig. 1. This is due to the fa.ct that the 

protcn spectrlll!l is found by solving the stat:l.ona.ry equation for 

infinite medium (formally implied for i;he Hubble scale 

R -:: C/ 1-\o ). In the case of proton spectrum from local 

so;.irce (sou:::-ces) located at distances >.p<<c\<<.C/Ho 

(or for CR propagation time 108 years << T < < 10 
1 

O years) the 

bump unavoidably occurs as s. result of accumulation of recoil 

proto~ in a range t"' (H5) · 1019 eV l 17 ,24,4) • In the same 

proton spectra another peculiarity (a dip) appears as a result 

of continuous energy losseR of protons due to e+e- production 

in MBR field [17,241 

However b~th the bump and dip may be explained also wit.in 

the unj:;rersal CR hypothesis, assuming that this component 

("U(p)"-component) is responsible for spectrum energy range 
10 19 E > 10 -' eV onl :v , and the low energy domain (E < 10 eV) 
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is due to another (most ~iuuQuiy, galactic) component 

("G"-component) with break at E 'V 1019 eV. Obviously, in this 

case the power-law index of production spectrum of universal 

protons should be lesa than J. Then the dip occurs at the 

crossing point of spectra of two components and a bump arises 

due to the flatness and black-body cutoff of "U(p)"-component. 

It can be seen from Fig. 2, where the spect:::-um of "U(p)"-

component with '5 = 2.4 is presented (the spectrum is norma-

lized so that to fit the experimental fluxes of Fly's Eye ~d 

Haverah Park at E -v 1019 ev)*). 

In Fig. 2 we also preoent the equilibrium spectrum of uni­

versal gamma-rays (hereafter "U( '! )"-component), genetically 

coupled with "U(p)"-component. In this fi 13;ure the experil:lental 

points of Fly's Eye and He.verah Park a.re presented as well. 

As it follows from l<'ig. 2, the experimental fl :.ixes of both 

installations at E"' 1019 eV may be interpreted as superposition 

of "G" and "U(p)" componentR, and in the energy range 

E "'(H-5) 1019 eV as total flux of "U(p)"- and "U01 )"-compo-

nents. 

In the energy resion E>5·1o19 eV the contribution of uni-

versal gamma-ray component becomes dominant. At the same time 

in this very energy region a discrepancy between fluxes of 

different installations, particularly of Fly's Eye and llaverah 

Park, takes place. Then a question arises, if this discrepw1~y 

*) The spectrum of "U(p)"-component is obtained for pure Plan­

ckia.n distribution of l\IBR. The account of dev"iation of MER 

spectrum from the Planckian one leads to the shift of black­

body cutoff towards lower energies[4}. However, fer simplici­
ty w~ negle c " chis effect. 
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is caused by different efficiencies of UHE gamma-ray detection 

by different installations. 

To compare the detected UHE particle spectrum with the 

calculated spectra, it is necessary to take into account the 

method for primary particle energy estimation, which is differ~ 

ent for various installations. Thus, for Fly's Eye inste1.llation 

a parameter which is used for energy estimation is a total 

number of electrons along the whole shower, i.e. the cascade 

curve integrated over depth •. In accorde.nce with Ref.[25) this 

number at E > 1019 eV essentially depends on the sort of a 

primary particle (photon or proton) initiating the atmospheric 

cascade. Up to the depth of 850 g/cm2 corresponding ~o the 

Fly's Eye location, the 1020 eV photon creates nearly as many 

electrons as the proton of E,.., 1019 eV does, l').Ild when increas-

ing the primary photon energy the total number of particles 
2 . in a shower up to depth 1000 g/cm decreases. This unusual 

conclusion is due to the Landeu-Pomeranchuk-Migdal (LPM) effect 

that determines the cascade curve of the purely electromegnatio 

shower at such energies. Hence all the primary photons of the 

energy from 1020 eV to 1021 eV will be detected by Fly'a Eye 

as protons of the energy lower by a factor of ''t,.., 10 - 100. 

Thus, in order to compare with Fly's Eye data, the gamma-ray 

spectrum calculated in energy range 1020 - 1021 eV should be 

shifted in energy by' a factor of "1. towards the lower energies 

and only then summed with the calculated proton spectrum. This 

however means that the Fly's Eye cannot reveal these gamma-rays, 

since in the energy range ~ 1019 eV their contribution to the 

JR flux ia negligible. So, the Fly's Eye turns out inse;:isitive 
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to the photons, and probably this is the reason of the lack of 

events detected by this installation above black-body cutoff. 

At depths ~ ~ 1200 g/cm2 the size of shower from the 

primary photon (with account of LPM affect) becomes comparable 

with the size of shower from primary proton of the same energy. 

Therefore, if the ground parameter (such es ](600) at 

Haverah Park) is used for estimation of primary energy, then 

this estimate may be considered s.s a correct one even for 

shower initiated by primary photon. In other words, the 

installation Haverah Park could be able to detect primary 

photons above black··body cutoff (it is worth noting that all 

the eight Haverah Park extra-high energy events (E ~ 1020 eV) 

have been detected at large zenith angles, $ ?: 30° [23] 

which corresponds to depth ~ 1200 g/cm2). 

If the above-gi-.ren arguments are ve.lid, then it becomes 

understandable the detection by Haverah Park eventswith energ? 

above black-body cutoff and the lack of such events in Fly's 

Eye experiment. Thia qualitative interpretation, of course, 

needs a detailed study of extra-high energy cascades caused 

by both protons and photons with the characteristics of the 

given lnstallation being taken into account. Moreover, the 

influence of geomagnetic field should be also taken into 

e.ccount, since primary photons with energy E
0 
~ 5. 1019 eV 

begin interact wHh the magnetic field of B.1. ~ (0.2 f O.J) 

Gauss. Due to this process, by McBreen and Lambert (26) a 

conclusion was made that prim~ry photons at such high energies 

could not be detected, However th1:> :.:-eal situation Js different. 

rhe primary photons interacting with the geom5.gnetic fi<>l 
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initiate the electromagnetic cascade in this field leading to 

the transfer of the predominant fraction of primary energy 

( ~ 99%) to secondary gamma-rays possessing energiea 

Eg"' (10-4 .;. 10-1 ) E
0 

prior to entering the Earth atmosphere. 

These gamma-rays further initiate cascades in the atmosphere, 

and as the LPM effect for energies E < 1019 eV is negligible, 

the superposition of these cascades becomes comparable with 

the cascade initiated by primary proton with the sB.l!le energy. 

This p-roblem is to be discuas~d in more detail elsewhere. 

In conclusion we would like to note that it seem.'3 valuable 

to re-analyze the scclll!lulated data on extra-high energy EAS 

keeping in mind that at least some of them may be caueed by 

primary photons. Concerning the future eY:periments one should, 

of course, carry out spectral measurements for .primary protons 

a.n.d photons separately, i.e. effectively identify the proton 

and gamma-ray induced showers. 
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HPENDIX 

As shown i.n Ref. [151, the set of equationo (6) in 

($, \ ) VGrinties (the transition to vr.rio.hle S. is realized 
n 

v·~ ,- r:elJ in tr·1 :1 sfor::1n.U o n ove!' It , and ti:le trumii tion to VL<-

ririblc A is i mplc:T.e1:tcd viu Laplace tra:isfcr:natio:1 over t ) 

bus '1 fo •·r:: 

.Ah-.; • i 1 >. )+ "d [ l !; , >,)/6s -.2.Ci rts. X,)/Cls ·r '.l.Jls)f1(s,>.) =C 
(A. 1) 

,\!,ls d) A )--C Hs, ,\)/ii'.:,+ .~21 \"( S, :>-)(); i- J(<;)f (s:, )-) .: r (~ t-i' c) 

'I'he solution of Eq. ( ; . • 1) for fundion r ( ~. )..) in case 

vrhen the caa ca.de is i nit j u tio>d riy the c C" mrrn-ray vii th 

has a form: 

co ") ? "'''"•:t i "')l l- ;A~~) L. 
Cl'>,>.) ·:: L.; L..J Jl!>)]l'Hi) J(•: .. k) 

~~c 

J ( ~) = \f ( '.:>. ~h c -
t: (A . 2) 

Defining the c.nalytical contimrntfon of the sum (A.2) as 

•~<>O 

:) g )K ' - - ?JtS >. P 
Ll-;;>- ~ = ·~Sapr(pd)\..,(-p)l~) \:(s,pT.1) ( A .J) 

J lS) · · J{S •le:) ~·Ji 1.. • 

- ~c.o 

where for F (s., p) "the following difference equation js 

.fulfilled: 

!=lS,p)/J(s,p)=F(s.,p .. d); {::(-:>,C)=1 

for the cas cade .~r->.mmD.-·rn:v spectrum we obta.in: 
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at which the flux of photons falls off by a factor of e is 

t ~oC) S+1. P+i 

\'~~I t I e .,)-= I.I :~ .• d ) )dsdp(t) rlr-ti)(-~ ~) HS,f+i). (A. 5: 

3g 
t ::: 4'J(6'-2) 

(A. 11 ) 

- ... ~ 

J,et now the source function is given in s. power-law for:n 

- -~ q, l t ~):: 0. ~ l • Then the spectrum at a depth t is det.erm-

ined by its convolution wj. th the spectrum (A. 5): 

F ~ t ~ 't) = ~ Sct i: ~ CV l ~ J \ t ~I l, £ J (A.6) 

Integration of expression (A.6) leads to the following 

result: +\..00 

Q. (( -l-S.+:!.) ~ P+i 
F3'le, t.)= ~l~11"\.):(~J)dsdp@ rtf+i)(4t) F(S,P-~i)x 

-~~ 
00 -11\S+P+l, o0 "\ t \'"\ -· 

~d~ r>, - Q 11-~7' t-i) Ii -o) Fl~+\'\-l-n) 
~ ,~ .. --

4
1? w"'1\3b/ , 

n=o • 
~ 

(A. 7j 

Por function P we have: 

Fl~-:1 +n ,->'lti) ::i=(~ -l + "1, --n)/Jlt-)..)} H o-.Q I 0): i . (A.8) 

Therefore 

Fl~-~+Vi , -Y\\::1l~-1~H~-~+Y\ 1 -•"1-i)~l_J(~-1Yf' (A.
9

) 

'Ihus, for the cascade ga.rnma-ray &pectrum we finally obtain: 
, H 

t:- 1( +) = .2:_ e-~ e,- T]L~-.?.) 
;r l 't - '-! (A. 10) 

Hence, the photon absorption length , i.e. the distanr.e 25 
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Figure Captions 

Fic;.1. Equ:!.librium proton and ganuna-ray spectra calculated 

within a universal one-component model. The produc­

tion spectrum of protons is normalized to the expe­

rimental f1uxes of Fly's Eye at E <. 1019 eV 

(see Eqs (2) and (1J)). 

Fit;.2. u:;.trahic;h-energy radiation spectra calculated 

within a two-component (galactic + universal) 

model. "G" - low-energy (galacttc) component; 

"U( p)" - universal proton spectrum; 

"U( ~ )" - universal gamma-ray spectrum, 

·rhe index of production spectrum of unive:rsal 

protons is taken equal to 2.4. 

Experimental points: § - Ha.verah Park, 

f - Fly's Eye. 
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