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ABSTRACT

The acceleration cites of ultra-high-energy (UHE) protoas be traced by the footprint left by these particles prapiag through
cosmic microwave background (CMB) radiation. Secondaegtebns produced in extended region of several tens of Mpttkeir
energy via synchrotron radiation predominantly in theidhitirection of the parent protons. It forms a non-variadfel compact
(almost point-like) source of high energy gamma rays. Theoirtance of this #ect is increased for cosmologically distant objects;
because of severe energy losses, UHE protons cannot aclsiexeen in the case of extremely weak intergalactic magfietits.
Moreover, at high redshifts the energy conversion fromagrstto secondary particles becomes significantly mfieztve due to the
denser and more energetic CMB in the past. This increasehtmees of UHE cosmic rays to be traced by the secondary syt
gamma radiation. We discuss the energy budget and the fiedisbéndence of thefléciency of energy transfer from UHE protons to
synchrotron radiation. The angular and spectral distidbstof radiation in the gamma- and X-ray energy bands amulzbd and
discussed in the context of their detectabilityf®ymi LAT andChandra observatories.
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1. Introduction actions initiate electromagnetic cascades in CMBR. Tihece

. . : tive development of such cascades is determined by the domi-
AItQOUQh there is a little doubt that UHE cosmic rays, > nance of Compton energy losses over the synchrotron logses o
10'%V, are produced in extragalactic sources, the nature and Qbcondary electrons. Generally, this condition is quilee; it
gin of these objects remain highly unknown. In the case of Vefeqjires IGMF weaker than 18G. However, the second condi-
weak intergalactic magnetic fields (IGMF), the initial dit@ns i, of detection of cascade gamma rays in the direction of pa
of these particles |slonly modefately entangled, and theisth oy protons requires much weaker magnetic fields, smalle
formation about their acceleration sites can be partlygesl. h4n 1015G. Otherwise the relatively low energy electrons, and
.Th.e quantitative treatment of propagation Of. UHE CoSMIGTayqnsequently the GeV and TeV gamma-ray emission, V\;i|| be
is limited because of large (orders of magnitude) uncetitsin immediately isotropised. Formally, such week intergataniag-
of relevant model parameters. Especially it concerns tHeRG peiic fields cannot be excluded. Moreover, recently it hasibe
The current measurements give only upper liit- 10~ G .0,,64 that very high energy tails of gamma-ray spectrassf di

for the component parallel to the line Qf sight (Ryu €tal.&99 5 Tev blazars might be contributed by cascades initiaied
Blasi & Olinta1999); the lower bound is estimated as small g§yg protons in intergalactic medium with magnetic field as

of B ~ 107'° G (see Taylor et all (2011) and references thereiQh, 1| as 10156 (Essey et 4l. 2011)
from the non-observations of GeV gamma-ray counterpaois fr o _
distant TeV blazars. The large scale structure of IGMF is als Reémarkably, even in the case of strong IGMF, we might
very uncertain; the attempts to model usually lead to quifte d€XP€Ct physically extended (but looking point-like) gamrag
ferent results (Dolag et Al. 2005; Sigl etlal. 2004). Thesgeun Sources formed around production sites of UHE cosmic rays
tainties significantly limit the potential of the so-calledsmic (Gabici & Aharonian 200S; Aharonian et'al. 2010; Kotera et al
ray astronomy. Moreover, even in the case of very weak megP1)- In this case gamma rays are produced through syn-
netic fields, the cosmic ray "horizon” of UHE cosmic ray s@sc cthrotr_on radiation of secondary electrons from photomésen
through direct detection of these particles is limited bigiac- t€ractions. Protons lose significant fraction of their gyesn
tions with CMBR. For highest energy particlés,~ 10%%V, it scales of several tens of Mpc. If the magnetic field in these re
does not exceed 100 Mpc. At lower energies cosmic rays c3fns located at reéatlvely small redshifis,<« 1, are signifi-
propagate to significantly larger distances, but they aaendt- cantly IargeB > 107G (so the energy of secondary electrons is
ically deflected by galactic magnetic fields. These two fectof€leased in the gamma-ray band), but smaller thaiG@thus

significantly limit the potential of the so-callgatoton astron-  the initial directions of electrons are not dramaticallyanged),
omy. the resulting gamma-ray synchrotron sources can be quite co

An important information about the acceleration sites ¥act With an angular size as small as"0.1

UHE protons is contained in gamma rays produced during prop- For cosmologically distant sources embedded in denser
agation of protons through the CMBR. In the case of very lofp, « (1 + 2)%) and more energeticl( « 1 + z) CMBR, pro-
intergalactic magnetic field, the secondary productgjointer- tons lose their energy on distances significantly smallanth
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100 Mpc. In the presence of magnetic field of strenBth= S B I A N
10°-1078 G the high energy electrons produced in photomeson 10%

processes intensively emit synchrotron radiation in Gengea

of energies. The electrons radiate most of their energy on al

most rectilinear part of the path that gives, along with timak 3
deflection of protons, collimated beam of gamma rays pcgntino 10
to the acceleration site of UHE protons. Note that the carsid &

able contribution to the high energy electrons is providgthie

gamma rays produced in decay of mesons. The interactionzg 102
these gamma rays with cosmic radio background radiation qgr

curs in the regime when the most of the energy goes to onexf

the component of the created electron-positron pair. w

The probability of detection of cosmic ray sources via synt,
chrotron radiation of secondary electrons strongly depestd
the maximum energy of accelerated protons. In the case of 0
sources with redshift < 1, the interaction of protons with 10
CMBR is dfective only when the proton spectrum extends to
10°%V and beyond. Since acceleration of protons to such high
energies can be realized only at a unique combination of a few 1071
principal parameters, in particular the linear size of tberse, 1018 1010 1020 1021 10%2
the strength of the magnetic field, and the Lorentz factohef t
the bulk motioni(Aharonian et al. (2002)), the number of sesr E, eV
of 10?%V cosmic rays can be quite limited compared to sourc
accelerating particles tBnax ~ 10'%V. Since protons at high
redshifts interact with denser and more energetic photdins# : . .
CMBR, the requirement t&max is significantly relaxed, thus . € ratio of cooling lengths &= 0 andz = 3 are shown in the
one should expect dramatic increase of the number of UHE cgset
mic ray sources surrounded by gamma-ray halos. Furthermore
at high redshifts the interaction of protons with CMBR viarpa
production (Berhe-Heitler) process begins to play an irtgrdr interaction with CMB at the epoch of redshifis expressed in
role and a considerable part of proton energy is convertedtégms of the present loss r@iéE) = -2 9 as
less energetic electrons compared to electrons generapdubi
tomesons reactions. Appearance of dense halos of BethieiHeB(E, 2) = (1 + 2)>80((1 + 2)E). 1)
electrons around the source at presence of magnetic fielteof t ) _ o _
order ofB ~ 10°® G (comparable to the field of clusters of galaxlt is convenient to present this relation in terms of the gupl
ies) results in radiation dominated by synchrotron X-rays.  length which is shown in Fig.]1. The cubic dependence on red-

In this paper we study the energy and angular distribution ﬁ%lﬁ leads to considerable decrease of the cooling lemgfar-

oY : ular, for the constant losses at highest enerdies, 10%leV,
the synchrotron gamma-ray emission from cosmologicaly d|it is reduced fromx 15 Mpc at the present epoch400.2 Mpc
tant sources. The calculations are based on the approaeh deng = 3. The plateau of constant losses itself extends to lower
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Elsg. 1. The cooling length of protons in the intergalactic medium
e to interactions with photons of CMBR afféirent redshift.

oped in our previous work (Aharonian et al. (2010)) combine ergies due to the energy shift. At lower energies, the auanb

ertor; o%??ﬁfg'c:é f ienCttSh:?/igrnoif agfa;ur?en sﬂu??énr\?vﬁergeyilﬁp on of the dfects related to the energy shift and the increase of
P : p y ol ' . edensity jointly results in reduction of cooling length byacfor
evant processes occur, can be considered as conventiomal Pzﬂger than (i 2)°. Indeed, as it is seen from the inset in Fil. 1
-rreh desrﬁifé)sre\',vtgkc'gg |6r11t0 Iactﬁcéugé\?;gszga}gmiﬂg?%aggrﬂat the reduction of the proton cooling length can be an order of
of the distribution fupnrz:%;on of ammpa rays in the vicinity thie magnitude larger. The peaks show domains where energytioss a
source. Using this function w?a can easi?/ obtain the dljgt'rbn z = 3 is the most intensive relative to the case of present epoch.
= 9 L asily If the energy cutfi in the initial proton spectrum falls into this
function of the observed radiation which has propagatethoes domain, the advantage of energy extraction at cosmologisal

logical distance (see Appendid A). tances becomes more significant. MoreoveE at 10'%V, the

cooling length is reduced from 10* Mpc atz = 0 to tens of

Mpc atz = 3. Itis interesting to note that the energy loss rate of

protons of energ < 10'° eV atz = 3 is comparable to the loss
2. Energy budget rate ofE > 10°°eV protons at the present epoch.

Fig.[2 describes the evolution of proton energy losses and

An accelerator of UHE protons located at high redshift has afhe dficiency of their conversion to the electron component of
preciably diferent conditions of ambient media as compared secondaries with the distance to the sourcefédint redshifts.
the ones in the nearby Universe. The photon field of CMB iBhe electron componentincludes the electrons produceddir
denser and more energetic due to cosmological expansi@n. BH channels under consideration: pair production by prstde-
increase of density by factor of (d2)° leads to more frequent cay of charged mesons produced in photomeson processes and
interactions of UHE protons with CMB that intensifies the erpair production by gamma rays produced from decay of neu-
ergy loss rate. The average energy of photons is also iregteasal mesons. As mentioned above, in the latter process almos
by factor of (1+ 2) that decreases the threshold energy of thadl energy of the photon goes to the energy of one of the elec-
interactions for protons. The energy loss rate of protorestdu trons. Therefore the gamma rays can be treated as electrons.
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Fig.2. The fraction of the initial energy of protons wifh > 10'® eV lost (thick lines) and converted to the energy of elecron
(thin lines) at the distance from the source. The injected proton spectrum is assumectiplaw with an exponential cufid
Jo(E) = JoE? exp(-E/Ey), with Eg = 3- 107 eV.

Then the energy taken away by neutrinos is théedénce be- 3. Gamma-ray source
tween the energy lost by protons and the energy converte
electrons. As can be seen from Fip. 2, the protons with Irdtia
ergieskE > 10'® lose only 18% of their total energy after passin
r = 100 Mpc at the redshift = 0.1, whereas at redshift= 3 the
same protons lose 93% of the available energy already-at0
Mpc, where the saturation begins. It can be explained byatie
that the cooling length of protons in the range> 10 eV do
not exceed tens of Mpc at= 3, while for redshiftz <« 1, the
protons have the cooling length of cosmological scalegivela .
to pair production process. As the contribution of pair prod °f 960metrical factor.

tion process increases, the share of energy lost by protats t _ 19- 4 shows spectral energy distribution of synchrotron
goes to electrons increases from 74% at0.1 to 86% atz = 3 gamma rays observed within ftéirent polar angle in the d".
rection to the source of protons. The geometry of expanding

Universe leads to more sophisticated dependence of afigaren
The fraction of the initial energy of the protons with > gular size on distance compared to thé/r dependence for the

10'8 eV that can be converted to the electrons generated at pl¢gal Universe. It is useful to define a reference argglevhich
tomeson processes depends strongly on the position of the égiequal to the angular size of the region with the radies0.5

off energy. Left panel of Fig:]3 shows that th@aency of ex- Mpc located at the redshift Expressing the angles in units of
traction of proton energy and its transfer to this compomént corresponding reference angles, we can compare the regions
electrons grows with the redshift, andzat 3 all available for cated at dierent redshifts eliminating the geometrical factor. As
conversion energy is transferred at first 5 Mpc. The fractibn €xpected, at large redshifts the reference angle increetes
proton energy taken away by neutrinos in photomeson preseséee Appendik A, Fid. All). In Figl4 for each redshift the #ax
is 429% independently of redshift. Due to more energeticpmot are presented within three polar angles whidffiedifrom each

of CMBR, the threshold of photomeson interactions is stifee Other by factor of 3 and are expressed in the units of corredpo
lower energies that leads to the increase of extracted gfrerg  ing reference angle. The maximal angle indicated in plotses
6% to 17% (see Fig]3). However, as pair production begins R@lar angle within Whlch the_total flux is observed. Compamis
play a significant role at high redshifts the share of thetedes of the maximal angles in units of reference angles shows-a ten

generated in photomeson processes is decreased, from 49 #efey of decreasing the angular size of the region of secgnda
22 % at the distance= 100 Mpc. synchrotron radiation with redshift, fron99, to 6;/9.

The interaction of synchrotron gamma rays with extragalac-
tic background light (EBL) leads to considerable atteraratf
The importance of the shift of the reaction threshold othe flux. As it is seen from Fifl 4 the intergalactic absompbe-

production of electrons becomes more obvious if the protonemes substantial, depending on the distance to the sdrowe,
with energies close to threshold and higher are taken into d&V energies down to tens of GeV energy range. For calculatio
count. The percentage of initial energy of protons with gieer  of the absorbtion of gamma rays, the model of EBL developed
E > 10% eV which is converted to the energy of electrons ig [Franceschini et al. (2008) have been applied.
presented in the right panel of FIg. 3. Whilezat 0.1 the pro- At high redshifts, the electrons from photomeson reactions
duction of electrons due to photomeson processes domitatarg produced close to the acceleration cites of protongisn t
all distances smaller than 100 Mpc, at high redshifts the paiase a considerable part of emitting electrons might bedoun
production prevails. in much stronger magnetic field compared to the average in-

dI—fgving the highest energy among secondaries, the eleaemms
@rated in photomeson processes emit almost all their energy
ia synchrotron radiation. Therefore, because of the gifift

the threshold of photomeson interactions, the intensitgyof

gchrotron gammarays is increased with the redshift of thecgou

On the other hand, the reduction of cooling length of proteas
sults in reduction of the apparent angular size of the regioit-

ting synchrotron radiation, in addition to the diminutioedause
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Fig. 3. Left panel: the fraction of the initial energy of protons wignergyE > 10'8 eV converted to the energy of electrons from
photomeson production at distance from the source. Right panel: the percentage of the initirgy of protons with energy
E > 10'° eV converted to the energy of electrons from photomesonymtimh (thick lines) and electrons from pair productioririth
lines) at the distancefrom the source.
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Fig.4. Spectral energy distribution of gamma rays observed witfiferent angles in the direction to the source with EBL ab-
sorbtion (thick lines) and without one (dashed lines) iatéd for maximum angles; is apparent angular size of the region with
radius 05 Mpc from the distance with redshit The angles are specified in the units of corresponéjraind diter from each other
by factor of 3. The maximum angles for every redshift, thaltpower of injection of protont and the beaming anglgeam are
indicated.

tergalactic field. The energy spectrum of synchortron ttaatia rays allows to reduce the required power of source. Untikdefl
of secondary electrons is shifted linearly with change @& thion of protonsis smaller than the angle of a jet, there isiffed
strength of magnetic field to keep the rak9/B constant (see ence between the spherically symmetric and anisotrope ¢as
Aharonian et al.[(2010)). Therefore the increase of thengtie both cases the observer will see identical pictures. Fogitren
of magnetic field leads to the shift of radiation spectrumamig power of injection the existence of anisotropy with the dpgn
higher energies; if the radiation extends to TeV energiesint- angledyem Of jet means the increase of the flux of gamma rays by
tergalactic absorption becomes quite violent; this resultthe the factor 40§eam compared to the spherically symmetric case.
dissipation of almost the entire radiation. The absorbedrga The fluxes of synchrotron gamma rays in Hi§j. 4 are calculated
rays initiate cascades which contribute to théudie extragalac- for the case ofyeam = 10°. The deflection of protons is smaller
tic background radiation. than this value of the opening angle while protons produce se
ondary particles. Itis seen from Fig. 4 that at the power ofqm
Keeping in mind the sensitivity of instruments such ajectionL = 10 — 10*erg's, the fluxes of gamma rays can ex-
Fermi, the detection of the collimated synchrotron radiatioseed the sensitivity (minimum detectable fluxesyefmi LAT
from sources located at high redshifts is possible only sea# (Atwood et al! 2009) The resolution of th@rmi LAT varies in
very powerful AGN. The anisotropic injection of UHE cosmic
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10712 v —rrrrm——rrrm——rr——r—y - CONSider the following spatial distribution for IGMF madice
z=1 L=10"8 erg/s 3 field:
137 ]

. 10 o 3

. B =By + Bo, 2

] r+ro
o 10-14

§ whereBy = 1075G is magnetic field in the cluster of galaxies
o 1015 with characteristic size afy = 1 Mpc, By = 10° G is IGMF.

o Such a dependence of the magnetic field has been chosen to have
m 16 a dipole behavior at large distances. For this case the gaerd)

L 10 angular distributions of gamma- and X-rays are presentdeffon
W panels of Fig[1;6 and]7. This magnetic field gives considerable

increase of the fluxes of synchrotron radiation at low ergrgi
which is generated at small region close to the source aack-th
fore, has narrow angular distribution. Right panels shdvedt t
the contribution of electrons produced in pair productioo-p
cess (lower lines) is dominant in X-ray region, whereas gamm
E, eV rays are generated predominantly by electrons produceddn p

. o tomeson processes. Horizontal segments indicate sétysifv
Fig. 5. Energy flux distribution of gamma- and X-rays Observeé)handra (Lehmer et al 2005: Romano ef al. 2008) for corre-

within different angles in t.he.direction of the source for the a8 onding maximum angles of observation. As can be seen the
of homogeneous magnetic fieBil= 1 nG. Other parameters arejq,, energy part of X-rays (6—2 keV) is detectable for specified
the same as in previous figures. power of injection of protons, whereas the radiation at bigm-

ergies can be missing for sources located at high redshifte s

Chandrais less sensitive in the range of energies2keV.

As follows from Fig[6 and7, the electrons produced in pho-

tomeson processes provide the main contribution to sythro
dependence of photon energy fronv 42 E = 10° eV 10 42" gamma rays, although the most of energy lost by protons is con
atE = 10" eV (Atwood et all 2009). Already for the source l0tajned in the low energy component of secondary electrams fr
cated at = 0.2 the angular size is 4@hus the source of gammayne pair production process. The radiation of this compbcam
rays would be seen as extended one ongy<if0.2. be detected only in the case of a quite lafBg,~ 10® G mag-
netic field around the source. This can happen if the source is
located inside a cluster of galaxies with a typical size of dcM
Nevertheless, even in the case of intensive pair produttian
takes place in cosmologically distant objects, only a sifnal-

Protons lose part of their energy via pair production. Thie-pation of pairs is produced in the relatively compact regiothve
produced electrons have lower energies compared to the elétear size ot~ 1 Mpc (see Fid.2); the most of energy of protons
trons produced in photomeson processes and emit synchroifoconverted to the energy of extended gamma ray halo.
radiation in the lower band of spectrum. At high redshifts th
mean free path of protons relative to pair production preées
decreased and generated electrons are located in more compa
region. Moreover, the fraction of energy of protons cors@tb High energy gamma rays are unavoidably formed around the
the secondary electron component is increased and reazhesolirces of UHE cosmic rays because of synchrotron radiation
68% atz = 3 (see Figl L13). of secondary electrons produced at interactions of higéest
Synchrotron radiation for the strength of IGMF ofergy protons with the cosmic microwave background radiatio
B = 10° G and inverse Compton (IC) scattering give equal com our previous papef (Aharonian et al. (2010)) we have shown
tribution to electron losses at enerfy~ 3 - 10'8 eV. At lower that even for relatively large intergalactic magnetic ficiia the
energies electrons lose their energy predominantly thrd@g neighborhood of UHE cosmic ray acceleratoBs,~ 1077 —
scattering. Scattering is carried out at Klein-Nishinamegand 10° G, these process lead to formation of high-energy point-
almost all energy is transferred to photon. In turn the higgrgy like gamma-ray sources. Because of relatively weak gamgna ra
photon produce electron-positron pair due to interactidgin w signals, the chances of detection of such sources are Higher
CMBR and most of the energy goes to one component of thbjects located in the nearby Universe, namely at distalesss
pair which again sfiier IC scattering. This process can be corthan 100 Mpc. Since thefficiency of conversion of the pro-
sidered as alternation of the particle state with gradudleon ton energy to secondary gamma rays is dramatically reduced a
of energy. The electromagnetic cascade produces a hugefalprotons energieE < 10°° eV, one may hope to detect gamma
gamma rays with energy in GeV region. Region of synchrotraays only from extreme objects accelerating protons togesr
radiation is more compact, and electrons radiate it at thegppf 10°° eV and beyond. Given the fact that this requirement can be
their generation. In spite of this the region is still quitended satisfied only in the case of unique combination of pararseter
as can be seen from angular distribution on Elg. 5. The flux a§ well as the limited volume of the 100 Mpc region, realis-
synchrotron radiation drops at low energies and becomeas vécally one can expect not a very large number of such sources
small in X-ray region. The calculation of fluxes presented o@ne can gain a lot if extends the study to cosmological digtan
Fig.[T takes into account only homogeneous IGMF with stlengfirst of all, this allows to probe the most powerful objeats i
B = 10°G. However, the strength of magnetic fields close tihe Universe (e.g. quasars and AGNs) in which more favorable
the accelerator can be much higher. To take this into accant conditions can be formed for acceleration of protons togeer
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Summary
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Fig.6. Energy flux distribution of gamma- and X-rays observed withifterent angles in the direction of the source (left panel) and
within maximum angle (right panel) for the case of two-barabmetic field. For the right panel, the total radiation fromefpmeson
and pair production electrons (upper lines) and the rautidtiom pair production electrons (lower lines) are indéchtHorizontal
segments present ti@handra sensitivity for the corresponding maximum angles of obatown. The other parameters are the same
as in previous figures.
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Fig.7. The same as Figl 6 but far= 1, 2, 3 and the total power of injection of protohs= 10*® erg’s .

10?%V. Secondly, because of higher temperature of the CMBRnally, since the secondary gamma-ray emission geneialy

at cosmological epochs, i.e. because of denser and hofiter riows the direction of parent protons, the beamed cosmideicce
photons, less energetic protons (with energy down t§ 2¥) ators like GRBs and blazars seem to be quite attractivetaige
can lead to ffective production of gamma rays. Given that theearch of point-like but steady GeV gamma-ray emission from
conditions of acceleration of protons to!f@V in suspected cosmologically distant objects.

cosmic accelerators are much relaxed as compared to the\ 0

extreme accelerators (see Aharonian etlal. (2002)), weldhou

expect dramatic increase of such gamma-ray sources. AnotAgppendix A: Angular size of sources at large

factor of enhancement of number of sources comes from the in- redshifts and distribution function in the

crease_of the volur_ne o_f the e>_<p|0red region to redslaifts 3. expanding Universe

An obvious caveat in this case is the decrease of gamma ray flux

However, this factor can be at least partly compensated &y tfithe radiation is generated on scales smaller than cosyiuzb
huge power of objects in the remote Universe. Moreover, duednes, the relevant processes can be considered as theyaage p
dramatic reduction of mean free paths of UHE protons at cesmmin the conventional stationary Euclidean space. Howeveenv
logical epochg > 1, the conversionfciency of proton energy radiation propagates over cosmological distances, tharesipn

to gamma rays is increased almost an order of magnitudehwhaf space should be taken into account. Based on the law of free
makes these objects an extremelgetive gamma-ray emitters. motion of massless particles in expanding space, one cathind
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distribution function of photons at the observation poiftien Aharonian, F. A, Kelner, S. R., & Prosekin, A. Y. 2010, PHyev. D, 82, 043002
we need to convert the distribution function calculatedhia t Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ,4071

; [eE re® Blasi, P. & Olinto, A. V. 1999, Phys. Rev. D, 59, 023001
reference frame with origin at the source to the refere & Dolag, K., Grasso, D., Springel, V., & Tkachev, |. 2005, Js@ology Astropart.
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Fig.A.1. Angular size of the source with diametr= 1 Mpc located
at different redshiftz.

We consider an isotropic gamma-ray source of rafiue-
cated at redshift. Let us assume that photons escape this region
with spherically symmetric distributiofy(E, 6), whereE is the
energy of photon and is the angle between photon momen-
tum and radial direction at the escape point. Finally we mgsu
that after the escape gamma rays propagate freely. In tlee cas
of small angles the distribution functidg(z, E, Q(6)) of gamma
rays at the observation point integrated over the solideafigl
(with polar angled) can be expressed in the following form:

0/0.

2
fo(z E,Q(H)):Zn( ©. ) f f(E(L + 2), X)xdx, (A1)
0

1+z

where
-1

(A.2)

0. c j‘ dz
" [HoR(1+2) J VO +2)3+ Qp

The final result[{A.]l) diers from analogous one corresponding
to the stationary space by the dependence on the redshiétlas w
as by the nonlinear dependence of angular size on distahee. T
latter is determined by the parame@rgiven by Eq.[(A.2). The
parameteAd = 20. has the meaning the angular size of the
isotropically emitting source. In the case of anisotropiarse,
the angular size of radiation cannot be arbitrary large atich-
ited by Ad. In Fig.[A.Q we show the angular size of the emission
region with diameteb = 2R, = 1 Mpc. The parametekd has

a minimum 195 arcmin at redshit = 1.64 when recession ve-
locity equals to the speed of light(Kelner et al.|(2011)).

References

Aharonian, F. A., Belyanin, A. A., Derishev, E. V., Kochasty, V. V., &
Kocharovsky, V. V. 2002, Phys. Rev. D, 66, 023005



	1 Introduction
	2 Energy budget
	3 Gamma-ray source
	4 X-ray emission
	5 Summary
	A Angular size of sources at large redshifts and distribution function in the expanding Universe

