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Features of the spectrum of the most energetic cosmic-ray protons produced by their passage through
the 2.7 K universal background radiation are investigated by Monte Carlo techniques. We discuss the
inhuence of various factors on the spectrum of protons observed at Earth with energies above 3 X 10'

eV. These factors include the shape of the initial cosmic-ray spectrum, the spatial distribution of
sources, and the energy-dependent di6'usion and escape of particles from a con6nement region.

PACS number(s): 98.70.Sa, 98.70.Vc

I. INTRODUCTION

The current models of the origin of cosmic rays (CR's)
coupled with the lack of a strong observed anisotropy
suggest that the particles observed at energies E ~10'
eV are most probably of extragalactic origin. If these
particles are protons, their interaction with the 2.7 K
universal microwave background radiation (MBR) gives
rise to the "blackbody cutoF' in the spectrum at
E &5X10'9 eV [1]. This remarkable spectral feature is
generally considered as a signature of extragalactic CR's.
The parameter characterizing the "blackbody cutoF'
(E,zz) is defined as the energy at which the difFerential

spectrum drops to —,
' of its extrapolated value. It depends

essentially on the CR diffusion time in the intergalactic
medium (IGM). Even for a relatively short diffusion time
ta -3X10 yr, E,&2 becomes less than 102o eV, indepen-
dent of the initial energy of the proton. If such a cutoff is
not observed it may be interpreted as a result of concen-
tration of the highest-energy CR sources within the local
supercluster (I.S). Similar considerations require that the
cosmic-ray event observed by the Fly's Eye group at
3X10 [2] must have its origin at a distance ~50 Mpc.
In general, however, the existing experimental data are
insufficient to draw any definitive conclusions. The most
concise presentation of the cosmic-ray spectrum at the
highest energies is given in the review by Watson [3]. To
this must be added the recent paper of thp Fly's Eye
group [2].

Our knowledge of the CR spectrum at highest energies
will be improved in the near future, with the measure-
ments from the 100-km Akeno array [4], and the high-
resolution Fly's Eye [5]. However, definitive conclusions

may require detectors with a sensitivity of many 1000
km sr located in both hemispheres so that the entire sky
can be observed [6]. The rather high statistics provided
by these future detectors wi11 allow accurate measure-
ments of the absolute fluxes of CR, and also a search for
possible dependence of the spectral shape on their direc-

tion. Thus, predictions of the spectral features of &10'
eV CR expected for different production and propagation
models are of practical value.

With a limited data set, the observation of a sharp
cutoff on a steeply falling spectrum may not have an
unambiguous interpretation. For example, it may be that
the original source spectrum contains that feature. The
interaction of CR's with MBR has another characteristic
feature: namely, a "bump" preceding the "cutoff." Ob-
servation of this feature would confirm the "blackbody
cutoff. " The "bump, " predicted by Hill and Schramm

[7], is a result of strong (exponential) dependence of the
CR proton free path on energy. Protons with energy
E&E,&2 effectively interact with MBR due to pho-
tomeson processes, lose energy, and are accumulated in a
region between 3 X 10' eV and —Ei&2, where the proba-
bility of the interaction drops sharply. The formation of
this "bump" is a common feature in all of the calcula-
tions including those which assume a continuous energy
loss [8] even though this technique does not describe

properly all aspects of the propagation [9,10]. In fact,
fiuctuations in the energy loss produce a much broader
"bump" with lower amplitude than would be expected if
the energy loss were continuous and terminating abruptly
at a fixed minimum energy.

The propagation is described correctly by the kinetic
transport equation with a collision integral for the pho-
tomeson processes [7,9]. While this approach permits the
analysis of the general features of the spectrum, it does
not provide the flexibility for the solution for a variety of
practical problems. From this point of view, the Monte
Carlo method has certain advantages. The goal of the
Monte Carlo calculations presented here is the investiga-
tion of the profiles of the spectral features arising in the
single-source and dNuse spectra of CR protons above
3 X 10' eV during their passage through 2.7-K universal
background radiation. In this paper we discuss the
influence of the factors characterizing the production and

propagation of extragalactic CR on the resulting CR pro-

0556-2821/94/50(3)/1892(9)/$06. 00 50 1892 1994 The American Physical Society



50 INFLUENCE OF THE UNIVERSAL MICROWAVE BACKGROUND. . . 1893

ton spectra. These factors include the form of the source
function, the spatial distribution of the CR sources, and

energy-dependent conditions on the time of diffusion and
escape from a confinement region. We do not consider
any specific model of the CR production, but try to
present the results in some general form to demonstrate
the various possible effects, connected only with the CR
proton propagation and interaction with MBR in the
IGM. We limit this study by relatively nearby sources
with cosmological redshifts z ((1, which allows us to
neglect possible evolutionary effects connected with both
MBR and CR sources. The cosmologically distant
sources do not contribute much to the energy region of
CR & 10' eV, which is the primary interest of this paper.
The evolutionary efFects have been treated in a recent pa-
per by Yoshida and Teshima [10].

II. DESCRIPTION
OF THE MONTE CARLO CALCULATIONS

The two important processes of interaction of relativis-
tic protons with low-frequency ambient photons are
(e+e ) pair production and photomeson production.
These have been considered by many authors [8,10,11].
The inelasticity of the first process is very low
( =m, /m ) so that the energy loss of protons is gradual.
The characteristic lifetime for energy loss for this process
at energies ~10' eV is t+ =E/(dE/dt)+=SX10 yr
[11]. Therefore this process is not an important influence
on the spectrum for propagation times, tn &10 yr. For
this propagation time scale we can ignore also the evolu-
tionary effects connected with both MBR and the CR
sources.

The photomeson production cross section is much
smaller than the cross section of the (e+e ) pair produc-
tion. However, because of its large inelasticity ( 10%%uo

energy loss in each interaction), this process is the dom-
inant one at energies E ~ 3 X 10' eV.

There is extensive data on photomeson production.
For single-meson production the angular distributions
have been well measured. With the onset of multiple
meson production the data are less complete as far as the
details of the final states, but the total cross sections are
well measured. We have used the compilation of the
DESY e+e collider HERA and COMPAS groups for the
input data for our calculations [12]. Most important are
the total cross sections and the ratio of the charge ex-
change to the charge retention process. The latter are
important at energies where the neutron decay length be-
comes comparable or longer than the interaction length.
We have compared the result of our calculations for the
case where one assumes an isotropic angular distribution
in place of the measured one. We have also compared re-
sults for various plausible assumptions of the inelasticity
and its distribution in the regime of multiple meson pro-
duction. None of these refinements make a significant
difference over the assumption that the total cross section
always corresponds to a single pion produced isotropical-
ly. Yoshida and Teshima have reached the same con-
clusion [9]. This simplification would be unacceptable if
we also were concerned with the subsequent propagation
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FIG. 1. (Above) Mean energy as a function of propagation
distance (time) for protons of indicated initial energies. (Below)
Ratio of rms fluctuations of energies to mean energy as a func-
tion of propagation distance (time) for the indicated initial ener-
gies.

of the decay products of the pions, such as y rays and
neutrinos.

To simulate the propagation of protons (and neutrons)
via intergalactic medium, we divide the given propaga-
tion distance (or time) into thin layers, typically
5=0. 1 —1 Mpc, where the interaction length of highest
energy cosmic rays, A, , is always large compared to 5.
This technique, while it is more computationally inten-
sive, has an advantage over the standard method in
which the interaction path is chosen by means of a ran-
dom number. It provides a simple way to investigate the
propagation of CR in the general case of the energy-
dependent diffusion time in the IGM. It also provides a
simple procedure to take into account continuous energy
losses due to pair production, as well as the evolutionary
efFects if such effects are important.

We first show the general features of the propagation
of protons in the MBR which allows one to understand
qualitatively the various specific cases we treat in the pa-
per. In Fig. 1(a), we plot the mean energy of protons as a
function of propagation distance. After a distance of
=100 Mpc, or propagation time of =3X10 yr, the
mean energy is essentially independent of the initial ener-

gy of the protons, and that energy is less than 10' eV.
Energies in excess of 10 eV correspond to a propagation
time ~3X10 yr. In Fig. 1(b), we plot the ratio of the
rms energy fluctuations to the mean energy as a function
of propagation distance. These fluctuations are very
significant in the range 10—100 Mpc. The fluctuations
are important in determining the more detailed features
of the spectrum below the cutoff such as the "bump" re-
ferred to above.
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The observed energy spectrum of high-energy protons
(E~3X10' eV} produced in extragalactic sources de-
pends on (i) the spatial distribution and character of
propagation of CR in the intergalactic magnetic fields, (ii)
the energy spectrum of accelerated particles injected in
the IGM, (iii} energy losses due to interactions with the
intergalactic photon fields, and (iv} the time history (evo-
lution) of sources. All these factors are model dependent
and rather uncertain. But as far as the highest-energy
part of the spectrum is concerned, the bulk of particles is
contributed by relatively nearby sources, the propagation
time which does not exceed 3 X 10 yr. This circumstance
removes the most speculative ambiguity associated with
possible cosmological evolution of sources. In addition,
for relatively close sources we can neglect interactions of
CR protons with other intergalactic background fields
such as infrared photons which infiuence principally the
spectrum below the energies of interest [13]. Since the
cross sections of the photomeson processes in the ap-
propriate energy region [12], and the energy spectrum of
MBR [14] have been well measured, the uncertainties re-
late to points (i) and (ii). In the following sections we dis-
cuss a variety of possibilities that result from diferent as-
sumptions concerning points (i) and (ii). There are cases
where quite difFerent assumptions lead to nearly identical
results so that even with good statistics the ambiguities of
interpretation will persist.

A. The single-source power-law injection spectrum

I~ (E)f(E)=
Io(E)

(2)

where Io(E) is the injected spectrum and I (E) is the
spectrum as modified by the MBR. In Fig. 2, we plot
f (E) calculated for E, =0, Ei = 10 ' eV, and for different
values of spectral index I' and CR propagation path L (in
case of rectilinear propagation L corresponds to the dis-
tance to the source, L =R). These results are in general

There is direct as weil as indirect evidence that the
spectra of accelerated particles have a power-law
behavior in a wide energy region. The spectrum is
represented by

Io(E)~E, Ei E E2 .

The spectral index I, as well as the lower and upper
limits E, and E2, generally are determined by the ratio of
the acceleration rate to the energy-loss rate. Power-law
spectra are predicted by most acceleration mechanisms,
e.g., acceleration of CR's by shock waves. Thus, it seems
reasonable that the power-law injection spectra are usual-
ly expected also for the highest-energy cosmic rays,
though at present there is no conclusive experimental evi-
dence for the spectral shape of particles above 3X10'
eV. Moreover, if these particles have an extragalactic
origin, the interactions with MBR can change dramati-
cally the original spectral shape of accelerated particles
injected in the ICBM. We define a modification factor
f (E) given by
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FIG. 2. The modification factor f(E)=I~(E)/10(E) of the
single-source energy spectra of protons, calculated for different
values of the CR propagation distance L and power-law index
of the initial spectrum I, as indicated. In this and subsequent
figures, log represents the logarithm with base 10.

agreement with single-source spectra calculated earlier by
Monte Carlo simulations [10] and by solving the trans-
port kinetic equation [9]. Both of these techniques pre-
dict a much smaller "bump" than the continuous
energy-loss approximation [7]. The amplitude of the
"bump" is a factor of 2.5 in the case of very hard injec-
tion spectrum with I =2, and is a factor of 1.5 in the case
of I =3. A harder spectrum produces a more significant
"bump" since the number of high-energy protons in-
teracting with MBR is significantly larger. It is conven-
tional to plot the spectrum, weighted by E, to emphasize
small changes in the slope of the spectrum. The recent
Fly's Eye analysis of the CR spectrum at energies
& 3 X 10' eV [2], where distortion of the initial spectrum
due to interactions with MBR becomes negligible, indi-
cates a harder injection spectrum than ~E . We note
that

E I (E) ~ f(E)E (3)

hence, for an injection spectrum index, I (3, the increase
of the function E XI(E) is provided not only by the real
physical "bump, " due to the MBR, but also due to the
rise of the function F. . Therefore, a possible experi-
mental indication on the maximum in the function
E XI(E} at E~3X10' eV [13], is not sufficient evi-

dence for a real "bump" in the spectrum. In addition the
energy resolution of the detector will have a significant
inhuence on the observability of a "bump. " The effect of
energy resolution is discussed below.

For sources not too distant (-30 Mpc), the shape of
the spectrum of cosmic rays, as observed, depends strong-
ly on the upper bound of the injection spectrum Ez. An

upper bound E2 in the initial spectrum should exist in the
case of any reasonable mechanism of particle accelera-
tion, in particular due to insufficient magnetic
confinement of highest-energy particles in the accelera-
tion region (see, e.g., [15]). Unfortunately, the blackbody
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"cutoff" masks E2, which makes the experimental prob-

ing of this very important parameter difBcult. Some in-

formation about the upper limit is contained, in principle,
in the highest-energy part of the observed spectrum. For
a source distance of 30 Mpc this is demonstrated in Fig. 3
for different values of E2. In the energy region E & 10 '

eV the mean free path of protons in the MBR becomes al-
most energy independent, which allows one to find a sim-

ple analytic solution for f (E) from the kinetic transport
equation [9]:

I(E) I —1 tf (E)= =-exp
Ip I ~0

(4)

where t =L /c is the propagation time and

Tp ( 0pcn ~'h ) is the mean interaction time;
op=1.3X10 2 cm is the total p-y photoproduction
cross section at high energies, and n h-400 cm is the
total MBR photon density with an average energy
=6X10 eV. So, in the case of E2~ eo, the spectrum
of protons formed in the IGM repeats the form of the in-

jection spectrum, but with an amplitude lower by a factor
of =exp[[(l —I)/I'](t/rp)]. Since rpXc =6 Mpc, the
detection possibility of this part of the spectrum, even for
relatively nearby sources, is strongly limited by statistics.
The technique outlined above can only be successful if a
source can be found, since over the whole sky it is un-

reasonable to expect the sources to be at a uniform dis-
tance. Moreover, for reasonable values of E2, namely

E2 ~ 10 eV, the spectrum becomes steeper than predict-
ed from Eq. (4).

As we see from Fig. 3, the highest-energy part of the
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FIG. 3. The modification factor of the single-source energy
spectra of protons for L =30 Mpc, and for different high-energy
upper limits ("ends") of the initial power-law (I =2) spectrum,
E2: (1) E2=100 eV; (2) E2=10~' eV; (3) E =10 eV (4)
E2 =10 eV. L =30 Mpc. Note that the "wiggles" are indica-
tive of the Monte Carlo statistics.

spectrum beyond the blackbody cutoff" is not totally
abrupt; its shape depends strongly on the value of E2.
The latter affects also the spectral shape below the
"cutoff." In particular, for E2 =10 eV, E,~2 occurs at
lower energies than for E2 ~10 ' eV. In addition, for
E2=10 eV the "bump" practically disappears. Thus,
measurement of the energy spectrum in the region of the
"bump" and "cutoff" can provide, in principle, some in-

direct information about E2, but in practice, it would be
difficult to make definitive conclusions. First, the
moderate energy resolution of detectors and limited
statistics at highest energies may not allow sufficiently

precise spectrum measurements as discussed below.
Second, spectra such as shown in the curve labeled 1 in

Fig. 3, i.e., with "cutoF' at E & 10 eV but with negligi-
ble "bump, " could be formed in other models, for exam-

ple, in the case of difFuse (many-source) models with more
or less homogeneous distribution of CR sources in the
Universe. In subsequent calculations we will use the
value E2=10 ' eV.

B. The disuse spectra

The single-source spectra (S spectra) in Fig. 2 corre-
spond to fixed CR propagation path lengths which, in

practice, may be realized when the bulk of CR is contrib-
uted by a single source or by several sources located in
the same region (e.g., by galaxies of the Virgo cluster). In
the case of many extragalactic sources having broad dis-
tribution in distances and luminosities one has to in-

tegrate the contribution of all sources. The solution of the
problem becomes very simple if we assume that CR
sources with comparable luminosities populate the
Universe homogeneously; this is called the universal mod-
el (UM) of CR.

Because of the superposition of contributions of dis-
tributed sources, the spectral features of diffuse spectra
(D spectra) are smoother than S spectra. The "bumps"
from sources at different distances do not amplify each
other, since they appear at different energies. Thus, the
resulting "bump" is less pronounced, and in the idealized
case of the UM it disappears altogether [8,9]. The high-
energy tails of D spectra beyond "cutoF' are also less
steep than in S spectra. The difFuse spectra, presented in
Fig. 4, correspond to homogeneous distribution of
sources within a sphere with radius R =~ct,„,where c is

the speed of light, and the coefticient ~ takes into account
a possible delay of the arrival time of particles due to
diffusion in the intergalactic magnetic fields.

In fact, CR sources are not necessarily distributed in
space homogeneously. This adds a new uncertainty in
the expected shape of the spectrum detected by the ob-
server, since the distribution of CR sources in distances
and luminosities can only phenomenologically be taken
into account. The D spectra corresponding to three
different distributions of CR sources are shown in Fig. 5.
Hereafter in the figures we present the differential spectra
in the form dI /d log, pE, with a normalization
Ip( ~ Ep) = 1, which gives the relative number of particles
at the given narrow interval of lnE. The curves 1 and 2
in Fig. 5 correspond to a homogeneous distribution of
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FIG. 7. The diffuse energy spectrum for the initial power-law

spectrum of particles (I =3) with (solid curves) and without

(dashed curves) a low-energy cutoff at E, = 10~0 eV. The values

of the maximum CR propagation length, 10 Mpc and 10' Mpc,
are indicated at curves. Normalization: Io( ~ 10 eV) =1 for
the injected spectrum.

FIG. 8. The single-source spectra of protons for the initial
monoenergetic spectrum (E0=10 eV} and energy-dependent
CR propagation distance: L (E)=300(E/10" eV) e Mpc. The
values of the parameter P=O; 0.5; 1 are indicated adjacent to
the curves. The curves are normalized to one primary particle.

istic but it gives a clear understanding of the formation of
the resultant spectra in the IGM when there is a power-
law injection spectrum with high value of E, —10 eV
which could actually exist. For example, the low-energy
cutofF may be the result of the magnetic confinement of
protons in the source(s), e.g., in clusters of galaxies. It is
interesting to note that even in the case of the total
confinement of protons in clusters with size R & 1 Mpc,
their partial escape, namely, the leakage of the high-

energy tail, is possible via neutrons, produced at interac-
tions with MBR and possibly, with other photon fields in-

side the source. This case is discussed below.

100

I I I I t I I I t I I I I I I I I I I

C. Energy-dependent propagation

All calculations presented above correspond to the
rather idealized situation where it is assumed that the
propagation of particles is essentially energy independent.
In fact, the diffusion coeScient of the particle propaga-
tion generally depends on energy. The distribution of
random field scales in the IGM is quite uncertain; there-
fore, calculations of energy-dependent diffusion
coe(Ftcient D (E) can be done only by empirical models of
CR propagation [16,17]. These models predict the
dependence D(E)~E~ with P-0.3—1. They may be
tested by forthcoming experiments with giant arrays, pri-
marily by measurements of anisotropy of the angular dis-
tribution of highest-energy particles. In addition, infor-
rnation on D (E) is also contained in the energy spectrum.
In Figs. 8 and 9, we show the energy spectra of protons

10-'

10
19.6 19.8 20

LogE(ev)
20.2 20.4

FIG. 9. The single-source spectra of protons for energy-
dependent CR propagation path: L(E)=LO(E/10 ' eV) ~;

La=25 Mpc. The values of the parameter P are indicated at
curves. The dotted curve corresponds to the case of P=O, but
L =gXLo; g=10. The initial spectrum is power law with
I =3. Normalization: Io( ~3X10' eV)=1.
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from a single source with fixed distance R, but for
different propagation lengths before reaching the ob-
server, L(E)ocR /D(E)o-E ~. The case of monoener-
getic initial spectrum, Eo = 10 eV and L (E)
=300(E/10' eV) ~, Mpc is presented in Fig. 8. It illus-
trates a dramatic infiuence of the parameter p on forma-
tion of the spectrum. For p=0, i.e., constant propaga-
tion length with L (E)=300 Mpc, a Gaussian-like spec-
trum is formed with a negligible number of particles with
an energy near 10 eV. But for p=0. 5, and especially
p= 1, when high-energy particles spend much less time to
reach the observer, many particles survive with energies
close to 10 eV. In Fig. 9, we show the case of the initial
power-law spectrum with I =2. The propagation length
L(E}=25(E/10 ' eV) ~ used in this case may be inter-
preted as rectilinear propagation of particles from the
source at distance R =25 Mpc at energies ~ 10 ' eV, but
with delay ( ~E ~} in arrival time at lower energies.
This scenario may be realized, probably, in the model of
particle production in the Virgo cluster. The difference
between p=0 and 1 is so strong, that the two cases may
be distinguished by measurements of the energy-
dependent angular distribution in future experiments if
Virgo proves to be a source.

Another possible scenario is the case of particles par-
tially confined in some region, e.g. , in our supercluster,
with an escape time, depending on energy. The diffuse
spectra of protons for an observer inside the confinement
region are shown in Fig. 10. In the calculations we took,
for the escape time, r„,=10 (E/10' eV) '

yr, and for
the duration of injection ht =3X10 yr which could be
interpreted as "active phase, " i.e., a nearly constant CR
injection rate in the intercluster region during the last
3 X 10 yr. Note that at r„,))b,t a typical D spectrum is
formed. But in the case of ~„,~ At, the escape losses be-
come very important, leading to a decrease of the abso-
lute flux of particles for an observer inside the
confinement region. The escape losses, together with en-

ergy losses due to interactions with MBR, determine the
spectral shape of protons. The "bump" and cutoff, "
characterizing interactions with MBR, survive in the
spectrum until the interaction time is comparable with
escape time. They gradually disappear at ~„,~ t;„„when
escape losses dominantly determine the spectrum of pro-
tons, transferring the initial E " spectrum to the softer,
I (E) o- E ', spectrum.

Even a total magnetic confinement of protons within
sources cannot prevent a partial escape of particles via
secondary neutrons [18]. The minimum energy of neu-
trons escaping the source, and correspondingly the low-

energy cutoff in the spectrum of protons, produced at de-
cays of neutrons outside of the source with linear size
scale l, roughly may be estimated as E =mzcl /
r&=10 (i/1 Mpc) eV if one assumes that the neutrons
produced in interaction with the MBR do not interact be-
fore escaping the source. This approximation remains
correct even for highest-energy neutrons, provided the
source size does not exceed significantly the mean-free-
path length of nucleons, A ~ = (a ~rn ~h )

' —5 Mpc.
Thus, for models with total confinement of CR in clusters
of galaxies with typical size l —1 Mpc, we would expect
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19.4 19.6

LogE(ev)
19.8

an injection spectrum of protons to the intercluster re-

gion with a low-energy cutoff near 10 eV. The Monte
Carlo calculations for the energy spectra of protons, es-
tablished inside and outside of the source with a mean
size 1=1 Mpc are presented in Fig. 11. Though the Aux

of particles above 10 eV, established outside of the
source, exceeds the fiux inside the confinement region,
the total number of escaping neutrons is too small, and
they do not have much efFect for 1) 1 Mpc on formation
of the spectrum inside the confinement region. However,
this effect leads to the injection of protons into IGM with
a nearly power-law spectrum with low-energy cutoff at
E, —10 eV. A Gaussian-like resultant spectrum (as the
spectrum shown in Fig. 7), will occur if the bulk of
highest-energy cosmic rays are contributed by clusters or
superclusters of galaxies.

IV. DISCUSSION

The Monte Carlo approach for study of formation of
the highest-energy proton spectrum provides a rather
simple but quite correct and convenient way to investi-
gate the influence of different parameters, characterizing
the cosmic-ray sources and difFusion of particles in the
IGM. The presented results show that the problem of
the spectrum formation in the field of MBR cannot be
brought to the simple case of a production of a "bump"
and "cutoff." These spectral features, arising due to pho-

FIG. 10. The diffuse spectra of protons inside the
confinement region for the energy-dependent time of escape
from the confinement region: 7 =7p(E/10 eV) eV' 'TO=10

yr. Curves 1, 2, and 3 correspond to s =0, 0.25, 0.5, respective-
ly. The dashed curve is the initial spectrum with power-law in-

dex of I =2.5; normalization: Io( ~3X10' eV)=1. The in-

tegration time (duration of injection) ht =3X10' yr. The dot-
ted curves correspond to the diffuse spectra, formed due to the
particle escape from the confinement region without the effect
of the MBR.
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FIG. 11. The energy spectrum of protons, established inside
(solid curves) and outside (dashed curves) of the source due to
interactions with MBR and escape of neutrons from the source.
The initial power-law spectrum is shown by the dotted curve.
The integration time ht =3X 109 yr; the escape time of charged
particles (protons), r=ao. The mean size of the source 1 =1
Mpc.

tomeson processes at interactions with MBR, contain
certain information about spatial distribution of cosmic-
ray sources. However, the possible energy-dependent
diffusion of particles in the IGM makes the unambiguous
extraction of this fundamental information rather
diScult. Moreover, the resultant spectrum strongly de-
pends on the injection spectrum, in particular, on both its
low- and high-energy cutoffs. The high-energy cutoff Ez
in the primary spectrum should certainly exist due to lim-
ited efftciency of the acceleration; for typical extragalac-
tic sources the upper limit is estimated to be between 10
and 10 eV. The low-energy cutoff in the spectrum of
particles, E&, could be the result of partial or total mag-
netic conSnement of accelerated particles in sources. In
the last case the escape of the high-energy tail of the pro-
duction spectrum is possible via secondary neutrons. For
clusters of galaxies as a source of highest-energy cosmic
rays, the neutron-escape mechanism gives typically
E& —10 eV.

The spectrum below E &3X10 eV is insensitive to
values of Ez ~ 10 ' eV. The values of Ez & 10 ' eV shift
the blackbody cutoff" to lower energies and make the
"bump" weaker. The low-energy cutofF in the injection
spectrum, which becomes important at E& ~ 10 eV, re-
sults in the Gaussian-like spectrum, formed in the IGM.
This specific shape of the spectrum is saved even in case
of strong energy-dependent diffusion of particles in the
IGM.

The spatial distribution of sources, the spectral shape
of particles injected in the IGM, the energy-dependent

FIG. 12. The single-source spectra of protons after correc-
tion for the energy resolution of the detector. I.=300 Mpc;
I =2.5. Curves 1, 2, 3, and 4 correspond to the energy resolu-
tion 0 =0, 0.15, 0.30, 0.50, respectively.

diffusion, etc., make the problem of formation of the
spectrum of highest-energy cosmic rays a very interesting
one which involves many different aspects of high-energy
astrophysics. However, the combination of these factors
predicts a wide range of possible spectra of cosmic rays
reaching the observer, which makes the unambiguous ex-
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FIG. 13. The single-source (S) and diffuse (D) spectra of pro-
tons without (solid curves) and with (dashed curves) correction
to the energy resolution of the detector. L =300 Mpc; I =3,
and cr =0.3.
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traction of the fundamental information on distribution
of CR sources very diScult. It requires rather precise en-
ergy measurements with small statistical errors. The
spectral features of the primary spectrum are noticeab1y
distorted due to limited energy resolution of detectors.
This is clearly seen in Fig. 12, where the spectrum of pro-
tons from the source at distance 300 Mpc is presented be-
fore and after correction to the energy resolution of a
detector. We see that for energy resolution of detector
~ 10% the spectrum still retains its general features, but
a detector with energy resolution ~ 30% strongly distorts
the primary spectrum. In particular, the "bump" total1y
disappears. Note, that because of the monotonically de-
creasing primary spectrum, the limited energy resolution
"storks" in one direction, namely, "shifting" low-energy
particles from the "bump" region to the "cutoff" region.
If uncorrected it could lead to a wrong conclusion about
the model of propagation of cosmic rays. For example,
for a typical 30% energy resolution for the detector the
single-source spectrum is transformed to a spectrum simi-

lar to a diffuse one. This is shown in Fig. 13. Therefore,
the reconstruction of the primary spectrum requires good
knowledge of the (energy-dependent) response of detec-
tors which in principle can be obtained from a combina-
tion of different kinds of detectors measuring different
components of atmospheric showers, and therefore pro-
viding cross calibration of relevant characteristics. The
second crucial point is the sufBcient statistics of detected
events, which will require detectors with acceptance of
10 km sr or more.
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