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The formation of the bump and black-body cutoff in the
f&osmic-ray (CR) spectrum arising from the J{-meson photopro-
‘duction reaction in collisions of ¥HE CR protona with the micro-
wave background radiation (i{BR) photons is studied. A kinetic

}equation which deacribes CR proton propagation in MBR ! th

5 account of a catastrophic nature of the I -meson photoproduc-
/ tion process is derived. Tkhe equilibrium CR pretecn spectrum ob-
N\ tained from the solution of the stationary kinetic equation is
\ in general sgreement with spectrum ottained under assumption
gof continuous energy loss aspproximation. However spectra from
ilocal gources, especially for the times of propegation

t > 107 years differ noticeably from those obtained in the

it continuous loss approximation. Beth—bhe—equitibaium-—end-—-the
loeal-seurce anectra-sre-modified -when-faking-inte-asgount -—the
possible deviation of the MBR spectrum from the Planckisn one
in the Wien region. Thus, for ¢ recently measured NMBR spect-
rum which reveals an &gsent "excegs" in the submillimeter
region the tlack-bedy cutolff d the preceding bump shift no-
ticeably towards lower emergies. In particular, for the CR pro-
pegetion time t > 109 years the energy of black-body cutoff
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does not exceed E ~ 4.1019

Yerevan Physics Institute
Yerevan 1989

* Institute of Nuclear Physics

Mogcow State TIniverat+v



[penpuur EGN-IT35(I2)~89

¢.A.ATAPOHAH, B. B. BAPJIAHAH , 5. 1 . KAHEBCKUM *

B3AUMOZIEHCTBE KOCMWYECKNX XVYE{ CBEPXBHCOKHX
SHEPIU C PEJUKTOBHM MUKPOBOJHOBMM M3AYYEHUEM

PaccuoTpes Iponecc $opMmpoBaHss "ropdéa™ u "uepHOTENBHOTO
cOpe3auus” B CNEKTpe KOCMHYeCKHx ayueit (KI), BO3HMKaOWMX B pe:\\
3yNBTATE pEaKUuM (OTOPORACHUA J1 — ME3OHOB MpPH CTONKHOBOHHMAX
INPOTOHOB ¢ (OTOHAMM PEAUKTOBOrO uanyueuua (PUl). [oayuyeHO KuHe=- f
THYEeCKOe YpaBHEHHe, ONMCHBAWilee pacnpoctpaHeHue KX B PU, ¢ yue
TOM EAaTacTpofMyeCKOro xapaxKrepa nmpoiecca JoTOpoOXASHUS. PaBHO~
BECHHI cnexTp NpOTOHOB Kil, NoJAyuyeHHHA B peayisprare penieHuA cTa-
I\ OHAPHOI0 KHMHETHYECKOTO YpaBHeHHfA, cOriacyeTcs (B NepBOM NpH-
CIMECHUM) C peilleHUWEeM CTAUMOHAPHOIO KMHETHUOCKOI'0 YPaBHOHMA,BH~
BeZ@HHOIO B NMPUONKXSHNA HENDPEPHBHHX NOTEph YHepruu. OaHaxo ,
CHOKTPH OT AOKAJBHHX NCTOYHUKOB, OCOOGHHO ZJIf BpeMeH pacnpc -
crpaHenus t > Id9 jleT, 3&MOTHO OTAMYAWTCA OT CHEKTpPOB, OOy -
yaeMux NnpH pemeunn ypanueﬂua B npudnuzeﬂun ﬂenpepunﬂux nomepb. y

BSHHO BHZOM3MEHANTCA HIpU yqere BO3MOXHOI'0 OTKIOH8HHSA cnexrpa Pl
97 NJSHKOBCKOT'0 B BMBQBCKO# oCaacTu. Tau,\nna OOHapyXeHHOI'0 He-
DABHO NpH &I pOXCHMANNH TKQ —~WSTyueHus B cnexrpe PU B cyl-
MUJJMME TPOBOM ZHMANA30HE suepru LyepHoTEeARHOrO0 OOpe3aHns™ u
npeamecTynupit eif ﬂrbpd" CABMIrawTca B-Q0NacTh MEHBUHX SHEepTul.
B 4acTHOCTH, AJAA BPeMeHu pacnpocTpacenua KI 1 > IOﬁ leT 3Hep-
rua "gepHOTENBHOIO OGpe3aHua" He NpeBOCXOAMT £ = 4-I 3B.
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1. Introduction

The ultrehigh-energy cosmic-ray (CR) interaction in the
intergalactic space with the microwave background radiation
(MBR) givea rise to a CR spectrum black-body cutoff predicted
nore than 20 years ago by Greisen (1) and by Zatsepin and
Kuzmin {27 , Unfortunately, the available set of experimental
data do2s not allow us to draw an unambiguous conclusion con-
cerning the presence or absence of such spectral peculierity
(see, e.8. [3] ). At the same time, ir the energy range
E > 10'2 eV the Fly's Eye has detected some excess (bump) in
the spectrum [ 4] , which agrees with the evidence obtained by
Haverah Park [5] , Volcano Ranch [ 6] and Akenc [ 7] groups to
a tendency of spectrum flattening in this energy region, With
a lesser confidence this peculiarity is also revealed in the
data of Yakutsk (8] and Sydney { 9) EAS arrays. ‘

Hill and Schramm (10) , exsmining the ultrahigh-energy
proton tranafer in the MBR field, arrived at a rather important

¥.onclusion that due to the pion photoproduction process there
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is formed besides the black-body cutoff also a bump (preceding
the cutoff). The latter spectral peculiarity is apparently due
to a sharp (exponential) energy dependence of proten free path
(owing to the threshold nature of XYP —$(N process, protons
with energy b < 1020 eV interact only with the Wien "tail" of
the MBR spectrum). Protons with energy E ~ (0.5 + ‘!)-102o eV
{depending on the time of propagation in intergalactic medium)
effectively interact with the MBR, lose their energy and
accumulate in the energy region E ~ (1 =+ 5)-1019 eV where the
probability of interaction with the ITBR sharply falls off.
Hill and Schramm [10] believe that the bump is connected with
recoil protons and may be revealed only when the exact trans-
sort equation is used., However, the mentioned effect is suczh
itrong that displays qualitatively in different approximations.
‘herefore, the remark of authors of Ref.[11] that the bump in
the CR spectrum occurs in the contirnucus energy loss approxi=~
mation too, is true, and the absence of proper concern to this
spectral feature in the early works is accounted for by the
fact that as a rule the integral spectra, where the bump dis-
plays in the form of a flat "step" [12] , were considered *).

At the seme time the calculations of Hill and Schramm [10
(based on numerical solution of the transport equation with
the collisional integral for photomeson processes) are ir
disagreement with calculations of Berezinsky and Grigor'eva

(carried out within continuous energy loss approximation) I11].

5

*) It should be noted, however, that the differential spectrum

was considered in the early paper of Konstantinov et e21.(13].



The discrepancy cannot be due only to the account of the effect
of possible cosmological evolution of MBR by Berezinsky and
Grigor'eva [(11) (as it is suggested in Ref. L1111 ), since the
essential discrepency.is a2lso maintained at small propagation
times (see also Ref.[14] ), when the evolutionary effects are
negligible, Taking into account the exceptional importance:of
this quéstion from the viewpoint of solution of the problem of
ultrahigh-energy CR origin, it seems te us urgent to carry out
a detailed analysis in order to reveal the correct approach to
UHE proton propagetion in the MBR field. In our analysis of
the CR transport kinetics we shall restrict ourselves to the
epproximation in which the cosmological evolution effects
connected with both MBR and CR sources are neglected. Such an
approximation is convenient to separate the influence of the
mentioned effects on the resultant proton spectrum and is used
to investigate peculiasrities of the kinetics of CR transfer in
th2 MBR field in a "pure form". Furthermore, evidently, up to
the values of propagation time ¢ &:109 years ( z < 0,1) the
evolutionary effects cannot play an essential part in CR spect-
rum formation., For the same times one may also neglect the
proton energy losses for ete” pair production. The proton cha-~
racteristic "lifetime" with respect to the cited process even
at energies E ~ (1 < 10)-1019 eV, where it achieves a maximunm,
turns out to be too large - 't: =E/(dE/d{) A 5.109 years {15].
Therefore, this process affects weakly the dynamics of CR
spectrum formation during the time of their propasgation in the
MBR field t < 10° years.

A much more essentiael nart in the CR gpectrum formation,



at least for t.s1o9 years, can be played by possible deviation
of the MBR spectrum from the Planckian one in the Wien "{ail"®
region where the interaction of protons of E $,102O eV with

the MBR photons just occurs. Hitherto the CR spectra formed in
the intergalactic medium were calculated on the assumption that
the MBR is described exactly by the Planckian distribution.
Actually, the observed data that are in good agreement with the
Planckian distribution attribute to wavelength region \>1 mm.
The possible deviation of the MBR specfrum is not excluded,
moreover, it is predicted within the Big Bang model (see, e.g.
{16,171 ). In particular, it can be caused by inverse Compton
scattering (comptonization) of MBR photons by hot electrons
[18] . Because of methodical difficulties the MBR spectral
measurements in this range have become feasible only recently.
The rocket measurement carried out by the Japah-American group
have shown a noticeable excess of radiation in the MBR spect-
rum at ) < 1 mm as compared to the Planckian distribution
0191 . This radiation excess in the Wien region turns out to

be sufficient to considerably shift down along the energy scale
the expected spectral peculiarities - the bump and black-body
cutoff produced due to interaction of CR with MBR.

2. Equilibrium CR Spectrum in the Universe

Consgidering the a&iffuse proton spectrum within the univer-
sal CR hypothesis we shall neglect the effects connected with

cosmological evolution of both MBR and CR sources. The equilib-



agsumption of continuous energy loas approximation is defined

from the equation:

d _dE -\ _ ap: (1)
Here 4 (E) '."().(E/E-o)8 is the CR production spectrum
given, as a rule, in a power-law form; dE/dAX is the rate

of CR energy losses due to their interesction with MBR.
Solution of Eq.(1) has a form:
¢
Md}"-) 5 (2)
- LX-
TR

The rate of energy losses of protons interacting with

F(E) =

black-body radiation at a temperature T are determined as

follows {11] :
oD

1ge T A Qe 3w (i ATy
..E dx 'Qﬂ}(ct)’f’*é r (WM We (\. h( ¢ ] (3)

-}

where W, ie photon energy in the proton rest frame, Q (W)
ig total cross section of proton interaction, {(W¢) is &
portion of energy lost by a proton per one collision, E—c is
the threshold energy of reaction in the proton rest frame.
For the proton energy loss rate due to photomeson process

Berezinsky and Grigor'eva [ 11] suggest a convenient analytical

expression:
3, .2 . . ‘
_.A..,d_.E_.—- l(kT)G gc ; - Eo (4)
E dx ~ Wi(cf;)?'m,‘,(;3 eXPL Rl"KT]

- 2
where | EE/W\PC is the proton Lorentz factor,
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g°=m1c2 (1+My/amg) =145 MeV, & = 6.8-10 36 cm?/ev, This
expression is obtained for Planckian MBR distribution in the
approximation when the cross section and the energy portion

lost by the proton in one interaction act are determined by
their values at threshold energy /.~ £, : |

! ) W,
=S ) e S0y ST

fhis approximation, according to Ref.({11] , is valid in the

20 oy %o the accuracy >»f 20%.

mergv range E £ 3.10
The CR with energy less than some critical energy Ecr
practically do not interact with MBR in case when the considera:
CR region is large enough (for the optical thickness of medium
with respvect to photomeson process at energies of intereat
(E>>E,,) to be ’Cp‘ << 1 ) dut not infinite. At energies
E > Ecr the CR spectrum formed in this region sharply steepens
end behaves in accordence with iiq.{2), The valuc of L . depends
mainly on the size of CR confinement region (ir fect or the
propegation time of CR). Insofar as the value of critical
energy is not amencble to exact définition, the spectrum cutofif
energy is convenient to specify by a parameter E 4, at which
the differential flux of protons is reduced twice as compared
to the spectrum extended with the same power-law index from the

low-energy to high-energy range:
| 4 c 4(E)
-— Q(E)_ = — . (6)
b i
He -2%% (5-9)
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. In Eq,(6)_fhé quantity'c/}io cd:reaponda to the Hubble
size of the Universe.

Solving Eq.(6) with respect to E for H,= 100 km/s/Mpc
and ¥ = 3 we obtain Ey, ~ 5.10'7 eV. t should be moted that
in order to calculate exactly the "black-~body cutoff™ energy
we must know the CR lifetime t . For this time we used in
Eq.(6) the value of the Hubble time 3/Hy ~ 10'C years which
ectually should be considered as the upper limit for ¢t .
However, since Euafvenf ", the value E”1~ 5.1012 ev charac-
terizes sufficiently correctly the plece of the "black-body

cutoffn,

The above-citéd continuous energy 19!8 approximation was

used by many authors in the analyais of equilibrium proton

apectrum in the intergalactic space. To prove this approxima-
tion; consider the solution of a more general kinetic equatior
for equilibrium spectrum which takes into account fluctuations
of energy losses of protons in intgraction with MBR.

The kinetic equation which describes the equilibrium proton

apectrum with account of fluctuations in py -interactions has

a form:_ ‘ o
9(E) =F(E)/ A - AF(E). M

The first term in this equation de‘scribes the proton gene -
ration(source) function. The second term describes the escape of
protons from the energy interval (E, E+dE ), and the third
term descrii:ea the proton arrival to the mentioned energy range
owing to the photopion proceases.



Let the protons generate with a power~law differential
spectrum ' '

§ (8)

%LE)=QLE/E5).

Assuming that the production of the resultant from reaction
¥P->9TN particles (nucleon and pion) in the c.m.s. occurs

fgotropically (this assumption is quite correct near the reac-

tion threahold) , we have
oo

.-1 KT R . .,.wr/zr\k‘
A .J!TQICL')"P-I Sd“‘\'siwr)wr{.‘enu e ], (9)

A | "" ?.,(cu}
AF =731 caﬁr'zgd“fs““‘m”‘)wS“%F(E)*[“ ol o 1,97
A (u‘,)
vhere
RGN -]
-i fi W ] _ -
!(mpci 2m4> "ﬁ%'} /U Qe ol

“ (10a)

we M P 2
- i'(i? ,,_. aw;\,‘“ﬂ?ifﬂﬁiu&/“{‘p@ ),

In the energy range E < 3,1020

eV _the main contribution
to the integral of variable W'r iz mede by the regicn aesr
the reaction threshold. Therefore, the intezgral term in Lg.{7;

approxima.tely can be present.ed asg

Wi ﬁ ]
AF ~’21‘g_( Y, 1%“ r(\(wf)wr“?(tiﬁj:FlE-)a[emtiﬂ )] (11)

™



This approximation allows us to present the kinetic equa-

tion solution in an anelytical form using the Mellin integral

transformation [20] :

L SE) |
FE) = Ay xt® (12)
where 2,080 |
Alz{):i--ﬂe,)gdi AR PR YT b .
1.(€Ea)

Obviously, function ME) hes a meaning of proton free
path relative to the pion photoproduction process.

Noticing that | )\‘ngé&-..-, «3%— (ef. Eqa.(3) and (12))
and A(¥)= $(E€)Y-1) (since 3(€,) = 0.15 << 1), we are
convinced that the solution of kinetic equation in the conti-
nuous loss approximation (2) coincides with the solution of
transport kinetic equation (11). It should be emphasized that
the given result is obtained assuming that in the energy region
of interest, E < 1020 ev, the main contribution is made by
callisions near the photoproduction threshold in the nucleon

_ rest frame. This question needs a more detailed analysis. Here
* we shall just restrict ourselves to the remark that according
to Ref. [ 11] a similar approximation provides in the energy
range E 5‘3-1020 eV the accuracy of energy losses £ 20% (for-
‘ mula (4) is obtained precisely in this approximation).

- '~ Consider now the interaction of protons with MBR with
reapect to. a possibdle dqv:lat:l.on of MBR spectrum from the

Planckian distribution predicted in the framework of some lﬁo-
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dels (see, e.g. (16,171 ). In particular, Zeldovich and ,Su-;
nyaev (18] predicted an essential distortion of MER spectrum
in the submillimeter range due to comptonization of radiation
-on hot electrons, if a late energy release (at z £ 104) has

occurred. The comptonized MBR spectrum is described by the

expression [18] :

nix,3) 7==-15

where X=W/KT , N(Xx,0) 1is the Planckian radiation spect-

n(% o)exp\ (ﬁu)&/’haz) ] % (14)

rum, and

_ (kT
\3‘8 Mec 2 QTCV\ZU:)A{: 115}

is the so-called comptonization parameter 2 , i.e. the pro-
duct of the dimensionless electron temperature Kle/me<<
and mean number of scatterings per photon.

For a lcng time the question about the extent of distortior
of MBR spectrum remained open due t¢ the lack of experimential
date in the submillimeter range. It follows from the aneiysis
carri_ed out by Field and Perrenod [ 211 that the observations
do not contradict the values of comptonizetion parameter

"3 £ 0,05, Even for such small values of the comptonization
paerameter the deviation from the Planckian distribution

( js 0) in the Wien region becomea significant, and therefore
one should expect a noticeable influence of this ettecf on®the
proton‘ épectr_um shape, in particular on the value of the cutoff
energy E4/y . The corresponding calculations presented in

Appendix 1 support this assumption.



Recently, very important measurements conceming' the MER
spectrum have been carried out in the submillimeter range '
which point out a significant radiation exceas (as compared to
the Planckian spectrum) et )\ =0.709 mm and A =0.481 mm {19],
Thease data together with ones obtained earlier in the wave-
length range A > 1m may be approximated by the comptonized
black-body radiation spectrum with the parameter ‘4 = 0.02
end temperature T = 2.7 X [19,22] . Calculations show that
for 4 =0,02 the cutoff energy E,j, for the equilibrium proton
gpectrum turns ou% to bc considerably less (E a1~ 4-1019 eV)
than was agsumed before for "pure" Planckian aspectrum of MBR
(E”:l ~ 5-1019 eV). Account of evolutionary effects can only
reduce this value of cutoff energy. Therefore, with account of
this effect it is impossible to explain experimental data in
the framework of the universal one-componént CR model which
assumeg uniform distribution of non-evolving CR aoux;ces in the
Universe,

The UHE CR spectrum at E < 4.10'7 eV is studied by several
groups, and the data of all large installations, being in
agreement with each other within the error limits, do not point
out the tendency of spectrum steepening at such energies (the
data of the Fly's Eye and Yakutsk installations, though testi-
fied to a possible steepening of the spectrum but only at'
energies ‘above 5.1012 ev {3] ). Actually, in the energy range
1 '-;- 5 1019 eV an opposite tendency, namely a noticeable flatten-
ing of the .spectrum is obgerved. Therefore, within universal
one~compenent model of CR protons it is :I.mpos‘a:l.ble to explain
the measured UHE CR flux sbove E ~ 4.1012 ev.



3. CR Spectrum from Local Sources

If the CR sources are located not far Ifom our Galaxy,
then the black-body cutoff is shifted towards the region of
higher energies (or may be absent at all) owing to the small-
ness of CR propegation time. A real candidate for such a group
v? CR sources is the Local Supercluster (LS), most likely the
active galexies in it (see, e.g. [23] ).

Insofar as the main supplier of CR in this case is a small
number of objects that are at diatances about 10 = 20 Mpec,
then the study of CR spectra from local sources becomes ne-
cesgsary.

The differential CR proton apectra from local sources were
calculated by Hill and Schramm {i0] hased on the solution of
the kinetic equation which took inte account the cutaztrophic
character of photomeson interactions, and aisc by Berezinsky
end Grigor'eve [11] in %the conitirucus snewsy logs cpproximg-
tion. Below,it will be snown that the laitex epproximation to
degcribe the local source spectirum is not correct, eapecially
for the propagation times t > T (E), where C= \E)/C :

ALE) is the proton free path in the M35 field with respect
to 9T -meson photoproduction (see Eq.(9)).

The kinetic equation for prctons traversing the MBR fielid,
under assumption that all particles propagate in the same way

irrespective of energy (i.e. the diffusion coefficient is

energy~independent), has a form:



FLlE,t
EED S, AFlE 4, (16)
ot , :
_ N :
sere N and A are determtned by Egs.(9) and (10).

For gimplicity we shmll ignore the evolutionary effects of
both l“'BR and CR sources and asgume the power-law shape (8) fox
the injection.spectrum.

'_ Eq.(16) considerably simplifies for the energy region
CE > 3.10°0 eV, where the interaction total cross section is
nearly _constant ( Go ~ 10-28 -c,ma)', and the fraction of proton
" energy.lost per one interaction varies in the intervel L0, 1]

with the average value £ ~ 0.5. Then we have

Sy |
8L, YV __ 4 = dz : (17)
- = Fle,v+L F(E/z,1)»

ot T, CENrE, S., 2

- where . . { .
-?‘-C. = .Goc’nu:'
¢
and N is the field photon density with the average energy
~ 3 kT. '
For Eq.(17) we cen obtain an anaelytical solution using the
 Mellin integral transformation over energy variable (see, e.g.
[ZD]_ ). Thus, for the proton source function S(E-Ei) one

obtains '

;m,a- SASLEL/ ) e

~L 00

S - AlSt (18)



- where

a9
Adls U gz cli-] - (w 19

For the proton power-law sourcé function (8) we obtain a -

golution: . X
- OQS)
FLE & = =4 (B)e | | o
where Ac(¥)ZCNw 8o 4-1/7¥)= "*?:3’
i L'D

Consider now thia problem in the continuous ernergy lciss
approximation. In case of the proton power-law source functinn

the equation solution in this epproximation caen be presentec

es (gee, e.g. L11] ):

44 .
FIE, )=4(Ejx T $LE4)/E), o)
where 2 E'g/L s ?sLE)_-i—j; R E% is the proton energy

at 2 time t = O (when escaping from the source) if at a time
t =T it equals E.
Assuming that the photoproduction cross section at
E >3 1020 eV approximately is Go 210728 ¢n? and the enersgy

fraction lost by a proton per collision § ~ 0.5, we have
PLEY=§/7, (22)

Then

E%'-'Eexp[?"t/t,] (23)



and respectively

FE, t) = 4(E) exp { (5-4)§4/T, S , (24)

Comparing Eqs. (20) and (24) we are convinced that the con-
tinuous energy loss approximation describes correctly the pro-

ton gspectrum under the condition:

pa=ERE eyt 25)

20 eV the solution'in

Thus, in the energy region E > 3.10
the continuous energy loss epproximetion agrees with the solu-
tion of the kinetic equatiOn which tekes into account the cata-
strophic nature of interaction, only at the value of the dif-
ferential spectrum iﬁdex ¥ = 2, At other values of the pro-
duction spectrum index the difference between the solutions of
(20) and (24) becomes esgential, especially for the times
t >>1/G§,¢ ‘1“3"“2'107 years.

At the same time for the equilibrium differential proton
spectrum formally obtained (on the assumption that the Metaga-
laxy is populated uniformly by CR sourcesg) in integration of

Eqs. (20) and (24) over t from zero to infinity the difference

{wt) T,HE) een) ~ E
between the two epproximations (F ~ ‘jf:r’f and A'é?f?gz )
(Ca“) U-'n) o - )
is considerably less: F ,/ﬁ ~ K-y . This is accounted for

by the fact that the main contribution to the equilibrium
spectrum which represents a superposition of spectra of uniform-
ly distributed local sources comes from sources located at re-

latively close distances corresponding to the propagation time



t £ 1/ Ny~ .

This simple example points out that though <the continuous
enerzy loss approximation describes the equilibrium CR spect-~
rum relatively correctly, this approximation when considering
spectra from local sources mey lead to essential errors. Pre-
sumably this is the main reason of the discrepancy between the
results obtained in Refs L10) and {11] .

The energy range E > 3‘1020 eV where it is possible to od-

tein simple eanalytical expressions are most likely of general

20

interest. In the energy range less than 3.10 eV the soluation

of Eq.(12) can be obtained by iterations (see Appendix ?2).

Tig. 1 shows differential CR spectra (normalized to ir*tial
production gpectrum QjZF(E)/Q(E} } from a gsingle sourc~
for the various CR prepagation times both in the continusus
eneryy loss approximeation srnd with account of the catastrophic
nature of thes photomesc:n prazessss., Tne can gee from Fig.d
that whereas for times t = & 107 seare the difference between
the two solutions ig insgignificant ‘2t lesst irn the coersy

2c
range £ < 2:1C eV), for

-

larpe times thiz difference turns
out to be essential. Here 1t should bte noted that both solu-
tions reveal the presence sf the trump preceding the black-»2dy
cutoff. However the bump in the solutiun of the exact kinetic
equation is smoother and wider than in the continuous energy
loss approximation, which is naturally due to the account »f
the [-¥ ., interaction fluctuation in the exsct kinetic®
equation,

Pig. 2 presents the proton spectra from the local source

at distances 36 Mpc ( t = 1.1 - 108 years) and 288 Mpc
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(t >~9.2 -108 years), obtained, as’in Fig.1, in two approxi-
mations. Ibidem we present spectra obtained by Hill and .
Schramm L10] by numerical integration of the exact kinetic
equation which takes into account the catastrophic nature of
the Y ~-interaction (the values R = 36 Mpc and 288 Mpc are
chogsen namely for the comparison with the numerical calcula-
tions of (101 ). We carried out calculations for the produc-
tion gpectrum index { = 3. The comparison of curves in Fig.2
points out that besides the discrepency in spectra obtained

in the continuous energy loss approximetion and by sol&ing
exact transport kinetic equation (see also Fig.1), there also
takes place a noticeable discrepancy between our results and
results of Hill and Schramm L10] obtained practically under
the same essumptions about the nature of the photomeson pro-
cess, It is difficult to clarify the cause of this discrepancy,
since calculations in Ref.l10) were carried out numericelly.
Nevertheless, we'd like to emphasize one feature in spectra
obtained in ({10] which is difficult to understand from the
viewpoint of simple physical considerations, As can be seen
from Fig.2, the energy of black-body cutoff of Hill and Schramm
spectrum | 10] obtained for the proton propsgation path of

36 Mpc is approximately 6 - 101° eV, Mearwhile the proton free
path in the MBR field for this energy is about 20C Mpe {11,24].
It is evident that even without account of particle arrival
from the region of higher energies (which is just the cause

of Bump formetion) the deviation of the spectrum from the

initial production spectrum at this energy cannot exceed 20%
(M=F(E, )/ U(E)~exp(-A/R)=20(, 8



As in the case of the equilibrium proton spectrum the de-
viation of the MBR distributicn from the Planckian one in the
Wien region affects significantly the proton spectrum from the
local source. Thia can be seen from Fig.3 where proton spectra
from the locel source for various values of the comptonization
parameter 3 are shown. At the given CR propagetion time
the bump and hence the cutoff energy EL&, (determined from the
condition ™M = 0.5 ) shift towards the lower energy region.
For example, if for the Planckian spectrum of MBR ( 34 = 0) and
t = 1O9 years the bump maximum corresponds to EQ b 4.5-1019ev.
end the cutoff energy is B,,, = 6.2 1019 eV. then for the
comptonized KBR spectrum with 4= 0.02 the corresponding
energies are congiderebly less: EQ = 3-1019 eV and

E,, = 4.2 109 ev.

y
Ag was mentioned above, the recent rocket measurements of
I'BR spectrum in the submillimeter range [19] have revealed a
significant deviatior of the lIRR spectrum from Planckian disg-
tribution. In case of approximation of these data by the com-
ptonized radiation spectrum a good agreement is achieved fcr
the value of comptonization parameter Y= 0.02 [19,22] .
Flg. 4 Shows proton spectra from the loecal source for 2 values

8 years and 10° years), formed in

of CR propagetion time (3.10
the IBR field in the case of the "pure" Planckian and compto-
nized Planckian (with '} = 0.02) IBR spectra. We arrive at an
interesting cqpclusion when comparing these spectra to experd-
mental data on UHE CR fluxes. Notwithstanding the existing

uncertainty and ambiguity of these data, we can claim that the

AT anan+twmm nutnff. if anv. occurs no sooner than at



E A~ 5-1019 eV (see, e,g2. (3] ). As can be geen from Fiz.4,

in case of "pure" Plahckian MBR digtribution et the value'of
CR propagation time t = 109 years the expected black-body
cutoff E;,, turns out o be higher than 5.10'2 eV and does
not contradict at least the Fly's Eye data (4) . Meanwhile the
account of the deviation of the MBR spectrum from the Planckian
one reéults in a noticeable shift of proton apectrum towards

a lower enérgy region; in particular, for Y = 0.02 and cosmic
ray propagation time ¢ nf109 years the energy of tlack-body
cutof? does not exceed ~ 4.10'7 eV. This contradicts tre data
of all the installations including the Fly's Eye and Yakutsk
erray. Curves in Fig.4 are obtained for the value of the index
of the proton power-law production spectrum X = 2.5. However
this statement is valid for othexr values of X as well.

Fig.5 presents proton apecira from the local source for the

CR prapagation time t = 3A108 years and for three values of
the proton production spectrum index: X = 2.3; 2.5; 3. The
figure shows that whereas the cutoff energy depends weakly on
the value of X , the less is ¥ +he more pronounced is the
bump. This can be explained by the fact that the amount of
high-energy particles interacting with MBR and producing a
bump is considerably greater in the flat spectrum than in the
steep spectrum of production. Note also that thé deviation of
MER spectrum from the Planckian one practically does not dis-
tort the proton spectrum but shifts it towards the lower energy

region.
Finally, we'd like to note that due to the poor information

on the MBR spectrum in the submillimeter region we have to make



gsome assumption about spectral shape of MBR at A < 1 mm.

For certainty here we suggest the comptonization spectrum of
black-body radiation (Eq.(14)), though other interpretations
of the observed deviation of the MBR spectrum from Planckian

one cannot be unambiguously ruled out.

4. Summary

The basic conclusions of the present study can be summarized
as follows:

1, The.equilibrium spectrum of universal CR protons is ana-
lyzed with account of possible deviation of the MBR spectirum
from the Planckianwone in the submillimeter range. The rec-rtly
revealed ‘excess in the MBR aﬁectrum in this wavelength range
results in a noticeable shift of the energy of black-body
cutoff in the proton differential-spectrum. Instead of the
black-body cutoff at E,, ~ (4.5 + 5) 1012 &v (depending on the
vaelue of the index of production spectrum and Hubble constant)
one should expect a cutoff at the energy E”2~(3.5 = 4}'10?§ ev.
Insofar as none of the BAS installations has revealed a ureak
of spectrum at such enefgies, we can cleaim that the experime: -
tal data. on ultrahigh-energy CR spectrum cannot be explained
(at least by CR protons) within a one-component universal CR
hypothesis,

2. CR spectra from local sources are gtudied and it is °
shown that the continuous energy loss approximation fails for
this problem. In particular, the energy of black-body cutoff

turns out to be somewhat less than the corresponding value



obtained in continuous energy loss approximation. Besides, for
the CR propagation times t > 109 years the bump preceding the
cutoff of spectrum becomes less pronounced.

As in case of equilibrium universal proton spectrum, the
account of the meesured excess in the submillimeter range of
MBR spectrum leads to a noticeable shift of both the cutoff
and the bump towards the lower energy region. With account of
this effect for the CR propagation times t 2 109 years the
energy of black-body cutoff does not exceed Ei/1'~-4-1019 ev,
which contradicts the data of all the EAS installations
including the Fly's Eye. Moreover, owing to the excess of the
MHBR spectrum in the submillimeter range the energy of black-

20

hody cutoff turna oui to be legs than 10 eV even for the CR

vropagetion time t ~ 108 years. Hence, if the data of Haveran
Fark and Volcano Ranch actuelly refisct the absence of CR

20

3pectirum break up to the energy E ~ 10 eV, then with respect

t5 new datva on MBR apectrum we can claim that the CR propa-

8 years. In case

xation time cannot essentirlly exceed t ~ 10
¥ rectilinear propagation of CR this time corresponds to the
digtance to the source ~ 30 Mpc, which is comparable to the
characteristic size cf the Local Supercluster. Therefore, in
the presence of even a weak diffusion of CR in the intergalac-~
tic medium (which seems to be natural and follows from the
obgerved level of anisotropy of CR) the characteristic scale
of the capture region of UHE ( ::1019 eV) turns out to be

too samall, not exceeding a few Mpc, which seems tc be rather

problemetic from any point of view.
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APPENDIX 1

Energy Loss Rate of Protons in the Field of
Photons of Comptonized Black-Bedy Radiation

The energy loass of protons in case of photon spectrum (14)
characterizing the black-body radiation comptonized by hot

electrons can be presented in the form:
[N o

_ 1 dE __ kT gd“‘ /W kuar\u:Sd"““ 3) _
T amilct\)ﬁtﬁl ¢ \)E ) (A1-1)
Wl
where oo Sk _
dxnix .y = dx \ni3 C)lex (_“ 1*”3) ___
% )= \qug Pl 44 ‘\'c(.M 2)
‘*’r/ll &\ W\/lr‘*( c

Having done a replacement of variables X/%=-1/t we have:

_ Cﬂi/{ ..J,J) we t t
T - 1 Soﬁ exP, ""73"_— N L - expl- T IB (A1-3)

oSamg ) €L

In the energy region E < 3-10

20 ov the expression (A1-3)

somewhat gimplifies, and Eq.(A1-1) can be written out in the

form: :
_i-.é_E_ e T S exp w (A1-4)
E dt ~ 2nict)r? \imy ) t ¥
oo . . v wi t
X &dwr(i(wd%(‘*()wf ex\".‘ 10T ]

Following Ref. U117, the cross section of the reaction



PY —» NG near the threshold ¢, = 145 MeV can be

presented in the form 6(&&:6’1&»-80) . Then for the proton

energy loss in the region E < 3. 1020 eV we have
- 1/+.+3
i_d lc(‘)f ’5“ ) 4 5 ‘it-e exP (()H 3). (A1=5)
Tdt ~ T (et yery =
Calculate the integral
= 2
- { it- - { (-Euti’;a) ?,: _
L \;’TTYS Al ‘P\ ] v = azru (41-6)
using the saddle=-point method.
Denote
AN - (bt +30)VGY .
i)z -4 lnt-3t- (Fatr INAE (41-7)
At the saddle point we have
)= 4 -5 A - date3d) =0 -
X =- 2 y*;zat( n 1 (A1-8)
and hence
to=expl-29t,9-51]. - (419"
For low values of ! (2 tey«y)
_t' ~ i" ~53
v " 1*2513 (A1=10)
S0, for Ii we have
xKite)
I L - - e (A1=11)

Vagixeal



Finally, for the proton energy loss rate in- the field of

comptonized black-body ra#igtion in the éne;g& region

5107 < B¢ 3-1_020 eV we have a simple expression
= s X X | - N (A1-12)
3=¢ ~ ‘
i dE ~ . . .
where = — is energy loss rate of protons in the
& d—t ‘3:_0 .

black-body radiation field with pure Planckian distribution

(\6-0)0

APPENDIX 2

The Proton Spectrum from the Local Source
with Account of Fluctuetions in the

Frhctomeson Production Process

The kinetic equation (16) in the integral form can be

written as

e

- —t/t ) "tt'{‘)/t ~ o
F(E, )= 3E)E +\dt' 9 e AFLE L) . (A2-1)

(¢}

The solution of this equation we present in the form of an

iterative series:

) -t/ o=t oA
F e, 0=49Ee - ‘L(E)Bate AR EY (r2-2)
- o =tiTt
where F_lE,t)=4(k)e is the initial apprczimation for

the spectrum. For numericel calculations it is convenient to

pass to a new function Y(E,t) using the replacement



F('E_,t)_ :..QQE)'S(E_"t)'-- - _(Az'-j)

Then for $§\E, t) we obtain a soluticn in the form

) ze 1—dt9 oy LEIE),
%n( S % . (A2~4)
'whére the integral "term is
- o
_"% _i;_i_l__{__.\.i de QW) PWe) Wi~
PR (AR (A2-5)

-

Z2.(WT) )
om0 otse et 53]

E‘ («7)
In the energy reglon E < 3.10 20 eV the integral term appro-

ximately may be presented as follows:

oD 2 (i) el
° ¢ T E .
A ;_.____——--Sh,sc..au,‘( i x
ig' QJT)*(Cﬂa'['N ; i ( ) r j “. )
. g4 (h2-6€)
<SEI2 ) oxpl- S | S TE/2) S(E/2: V2
where Zr , ‘1:‘ are determined by expressions (10a), while
Ze=4-58) (42-7)
Then the solutiom for function §({,t) cen be presented
in the form
o i -t/t. .
, _ L) [4] \K- i) n 3 S~ fm
W= 20 2 & /T, (A2-8)
nze y=C I [i__ LQ/t_)\



‘where
T, =078 o (A2-9)
Account of the MBR deviation from thé Planckian spectrum
(in case of its approximation by the Spectrum of comptonized
black-body radiation (14)) for ithe proton spectrui. from the

local source can be carried out just like for the equilibrium

proton spectrum (see Appendix 1).
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Figure Captions

Fig.1., Differential épectra of protons from the local
source for the different CR propagation times
t marked near the curves. The index of the power-law
production apectrum of protons ¥ = 2.5; the MBR
gpectrum is "pure" Planckian. Solid curves refer to
the kinetic equation solution that takes into
account the catastrophic nature of the photomeson
production; dashed curves refer to the apectra
obtained in the continuous energy loss approximation.
Here and in the following Figures the proton

gpectrum is normalized to the production spectrum:
nEe)=F(B)/ 4 (E).

Pig.2, Differential proton spectra for the values of CR
propagation paths in the intergalactic medium,
warkad near the curves, Solid curves - a solution
of the kinetic equation that izakea into account
tne catastrophic natiure of the phoiwmeson production;
daghad curvea -~ apectra obtained i:x: the continuous
en2rgy loaa approximation; dots - spectra from
Ref. L1¢) . T™he proton production spectrum
index & = 3.

Fig,3. Differential proton apectra for the various values
of the comptonization parameter 4 of MBR spectrum

marked near the curves. a) T = 102 years;

8

b) T = 10" years. The proton production apectrum

index X = 2.5.



Fig.5.

. Pig.4. _Differential proton spectra for the values of CR

propagation time t = 3.108 years and 10° years.

Solid curvés - Planckian distribution of MBR

spectrum; dashed - the comptonized black-body
spectrum of MBR with Y4 = 0.02. The proter production

spectrum index Y=~ 2.5.

bifferential proton spectra for the propagation

8

time t » 3.10° years and for three values of the

.proton production spectrum index, msrked near the

curves. Solid curves - the Planckian spectrum of
MBR; daahéd ~ the comptonigzed black~body spectrum of
MBR with ‘Y = 0.02.
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