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SINGLE SOURCE MODEL AND ULTRA HIGH-ENERGYCOSMIC RAY ORIGIN�Tadeusz WibigExperimental Physi
s Department, University of �ód¹Pomorska 149/153, 90-236 �ód¹, PolandCosmi
 Ray Laboratory, The A. Soªtan Institute for Nu
lear Studies�ód¹ 1, P.O.Box 447, Poland(Re
eived De
ember 17, 2001)The energy spe
trum of Cosmi
 Rays (CR) is a perfe
t example of asituation when the subje
t of studies is unique. Thus, trying to explainit, one does not have to relay on the `most probable' or `average' solution.The phenomenon as we see it, here and now, 
ould be the result of theparti
ular 
hain of 
oin
iden
es. If only this 
hain is not `very impossible'it 
an be just the right solution. In this paper we would like to examinethe idea of the Single Sour
e Model (SSM) of Erlykin and Wolfendale forthe whole CR spe
trum. We will show that the origin of extremely highenergy parti
les is quite 
onsistent with the model. Our main 
on
lusion isthat no new physi
s `beyond the GZK energy' is needed.PACS numbers: 96.40.�z, 98.70.Sa1. Introdu
tionThe spe
trum of energies of CR parti
les extends over 10 de
ades. Therespe
tive �gure 
an be found in Ref. [1℄. On the �rst sight it is surprisinglyboring preserving over whole this energy range the power low shape withthe index 
lose to 3 (intensity de
reases about 3 orders of magnitude whenthe energy of the parti
le in
reases 10 times). Although a 
loser inspe
tionshows two points whi
h deserved more attention. The �rst is 
alled theknee. About the energy of 1015 eV the spe
trum be
omes slightly steeper(the index 
hanges from 2.7 below this point to about 3 above). The se
ond,following the anatomi
al analogy, is 
alled �the ankle�. At about 1018 eVthere 
an be seen a slight dip and subsequent �attering of the spe
trum justbefore the statisti
s of all existing data vanishes and the measured spe
trum� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (499)



500 T. Wibigends. If any theory of the CR origin (and propagation) pretend to be rightit should explain both these features. We would like to show that SingleSour
e Model ful�lls this requirement satisfa
torily. It was introdu
ed byErlykin and Wolfendale few years ago (Ref. [2℄). It was established to explainthe shape of the so-
alled `knee' in the CR energy spe
trum seen in manyexperiment for almost 50 years (Ref. [3℄).The most 
omplete re
ent and
areful analysis of the very a

urately measured Extensive Air Shower size(the number of 
harged parti
les) spe
tra (40 data sets), muon size spe
tra(11), hadron size spe
tra (2) and Cherenkov photon size spe
tra (5) 
olle
tedby di�erent experiments made in Ref. [4℄ shows the existen
e of sharp �nestru
tures around the estimated primary CR parti
le energy of few times1015 eV. In the papers by Erlykin and Wolfendale (Ref. [5℄) it was shownthat SSM 
an be used to explain number of other observed CR phenomena.In this paper we would like to follow this line and look for the 
onse-quen
es of SSM for Ultra High-Energy Cosmi
 Rays (UHECR). The high-est energies of CR parti
les ex
eed 1020 eV what is believed to violate theGreisen�Zatsepin�Kuzmin (GZK) 
uto�, whi
h is the 
onsequen
e of in-tera
tions of UHE nu
leons with 3 K 
osmologi
al mi
rowave ba
kgroundphotons (Ref. [6℄). The very detailed re
ent review of this interesting energyarea is given in Ref. [7℄ (for some theoreti
al impli
ations see, e.g., Ref. [8℄).2. Review of the CR spe
trumBefore doing this we would like to examine the whole CR spe
trum fromthe SSM point of view.2.1. Below the knee (E < 1015 eV)Starting from the energy of few GeV, whi
h is high enough to negle
tthe Solar modulation e�e
ts, it is known that the measured CR spe
tra aswell as 
hemi
al and isotopi
 
ompositions are in surprisingly good agree-ment with the simple so-
alled `leaky box' model proposed by Cowsik inRef. [9℄. In this model CR parti
les originate and are 
on�ned within someregion of spa
e (Galaxy). In�nite number of in�nitesimal sour
es are dis-tributed uniformly ea
h with the same inje
tion energy spe
trum (presumedto be of the power-law form I(E) = E�
0). CR parti
les after leaving thesour
e 
ontinue random walk determined by the s
alar di�usion 
oe�
ientwhi
h, in prin
iple, 
an depend on parti
le energy, but they 
ould also leakout from the 
on�nement region 
rossing the boundaries (however spatiallydistributed) whi
h are only partially re�exive. Thus, the time of 
on�ne-ment of the parti
le of given energy (rigidity) is determined by the value ofthe di�usion 
oe�
ient. It depends on parti
ular distribution of magneti
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e Model and Ultra High-Energy : : : 501�elds irregularities in interstellar medium. For example, the Kolmogorovturbulen
e spe
trum of the form F (k) � k�5=3 gives D � E1=3, other possi-bilities give index of D(E) 1=2 and even 5=3.The leaky box model 
an be modi�ed in many ways. One of our spe
ialinterests is to put, instead of in�nite, the large but �nite number of CRsour
es, whi
h 
ould be identi�ed later as some astronomi
al obje
ts ase.g. SuperNovae (SN). In Fig. 1 (from Ref. [10℄) we present the varietyof 50 spe
tra 
al
ulated by Erlykin and Wolfendale assuming 
0 = 2:15(as it 
omes out from theoreti
al predi
tion of the a

eleration model givenby Axford) and D(R) � R1=2 and reasonable 
hoi
e of other propagationand a

eleration parameters. Ea
h line represents the result of the parti
ularset of 50 000 standard SNs distributed randomly in spa
e and time. It isseen that the �u
tuations of the resulting slope are quite large and detailedanalysis shows that it is quite likely that observed spe
trum below the knee
an be produ
ed by the model.

Fig. 1. 50 examples of spe
tra from parti
ular distribution of CR sour
es in theGalaxy. 2.2. The knee (1015�1016 eV); the Single Sour
e ModelThe CR of energies around the knee (3�1015 eV) propagate in Gala
ti
magneti
 �eld of strength and size of irregularities whi
h 
annot ex
eedsome limits determined by the stru
ture of the Galaxy. It is obvious thatat some energy they 
an be no longer 
on�ned within the Galaxy volume.Rough estimation is to 
orrelate the energy at whi
h this pro
ess starts withthe minimum length s
ale of magneti
 �eld irregularities. If one takes thislength to be 1 p
 than it gives energy of just about 3� 1015 eV for protons.However, su
h explanation of the breakup of the CR spe
trum (`knee') givesthe 
hange of the spe
trum index quite smooth. The sharpness parameter



502 T. Wibigde�ned as maximum of the �2I=�(logE)2 (where I = I(E) is the di�erentialCR energy spe
trum at Earth) found in Ref. [11℄ for Gala
ti
 modulationme
hanism is ' 0:3 while observed spe
tra give values (in most 
ases) of 1�3.In Fig. 2 the idea of SSM is shown. The rather smooth, Gala
ti
 modu-lated CR spe
tra from many SNs forming the `ba
kground' �ux is enri
hed bythe additional 
omponent from the one nearby and quite re
ent SN. The SSspe
tra are not a�e
ted by the modulation just be
ause `by pure 
oin
iden
e'we are within the expanding shell 
on�ning just a

elerated high energy CRparti
les: `the lo
al bubble' � region of hot (106 K) plasma. The likelytopography of the region of interest 
oming from the astronomi
al observa-tions is shown in Fig. 3 and 
on�rms su
h `
oin
iden
e' (Ref. [12℄). The `lo
albubble' 
ould be produ
ed by the typi
al SN explosion (of � 5 � 1050 erg)roughly 105 years ago giving the sharp 
uto�s of di�erent mass 
omponentshown in Fig. 2 distributed a

ording to the di�erent parti
le rigidity (dif-ferent Z) whi
h 
an be seen in the data as mentioned �ne stru
tures.

Fig. 2. The nearby region of the Galaxy and the `lo
al bubble' stru
ture.The SSM gives not only the overall spe
trum of CR around the knee butalso dire
t predi
tions 
on
erning the 
hemi
al 
omposition in this energyregion, and they are also in agreement with the observations.2.3. Between the `knee' and the `ankle' (E = 1016�1018)In the energy range 1016�1017 the `ba
kground' spe
trum, i.e. the sumof many modulated SNs 
ontributions, is smooth. However, one remark isneeded here. The `standard' SN are believed not to be able to a

elerateCR to energies mu
h higher than the energy of the knee, but it is quite
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Fig. 3. The SSM of CR spe
trum around the `knee'. The re
ent lo
al sour
e
ontribution is shown separately for di�erent mass 
omponents: Fe � iron, H �heavy elements, O � oxygen and p for protons.likely that there is a spe
ial population of SNs with very high initial sho
kvelo
ities and magneti
 �elds whi
h 
an shift this energy limit even up to1021 eV for iron nu
lei. We 
an 
all them hereafter Super-SuperNovae SSN.At the energy of about 3 � 1017 eV the ba
kground 
omponent shouldfall down anyway. The Gala
ti
 magneti
 �elds are not strong enough tokeep su
h energeti
 parti
les. It is interesting that in the measured UHECRspe
trum this is the region where the se
ond substantial 
hange of spe
tralindex appears: the `ankle'.2.4. The `ankle' and above (E > 1018 eV)Many of experimentally observed features in the UHECR domain (as,e.g., anisotropy studied in Ref. [13℄), 
on�rm that we a
tually see there thevanishing Gala
ti
 
omponent and the new Extra-Gala
ti
 (EG) one whi
hstarts to dominate above the energy of 3 � 1018 eV. The analysis of thewhole available data made in Ref. [14℄ shows that the EG 
omponent 
ouldstart as power-law with the index of about 2 and than, above ' 1019 eV,
ontinues with spe
tral index of � 3 up to the end of measurements (i.e.,1020 or slightly higher). This EG spe
trum is the subje
t of our analysis inthe present paper.



504 T. Wibig3. EG 
omponent � origin and spe
tra at EarthIf we assume that other galaxies are similar to our own, it is obvious thatthe CR of ultra-high energies whi
h 
annot be 
on�ned �ll the extra-gala
ti
spa
e. They traveled there in magneti
 �elds whi
h are, of 
ourse, mu
hweaker and extended than that within Galaxy. Astronomi
al measurementsshow that the averaged �eld 
ould be of the order of 10 nGs and the s
ale ofits irregularities is of the order of 100 p
. These values make the propagationof UHECR rather 
ompli
ated be
ause, just in the energy region of the`ankle', their transport through the intergala
ti
 spa
e 
hanges from di�usiveregime to (almost) re
tilinear. Thus, CR below, say, 5 � 1018 eV 
an rea
hthe Earth after traveling over billions of years, while those of 3 � 1019 eV
an do this mu
h faster. Taking into a

ount the fa
t that the spa
e is notempty, but full of ba
kground low energy photons (
osmologi
al mi
rowave(CMB) radiation and infrared light photons produ
ed by stars and hot gasin galaxies), the UHECR parti
les 
an sometimes intera
t with them loosingsome portion of their energy. The pro
esses involved here are rather wellknown and 
ross se
tions measured in laboratory experiments 
an be usedto estimate the e�e
t.In Fig. 4 we present results of su
h 
al
ulations. We assumed that in ea
hgalaxy the birth rate of SSN is 1 per 100 years and ea
h of them produ
esthe spe
trum I(E) = E�2:15 with total energy of given CR (from 1 GeV to
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Fig. 4. Fluxes of UHECR observed at Earth for iron, oxygen and proton primariesprodu
ed in sour
es uniformly distributed over the whole Universe. Points showthe `world average' data.
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e Model and Ultra High-Energy : : : 5051021 eV) of 1051 erg. The density of galaxies is equal to 1 per 100 Mp
3 and
onstant over the whole Universe (with Hubble radius of 3000 Mp
), whatgives us the CR produ
tion rate. The propagation is then introdu
ed byfull 3D Monte Carlo. Modi�
ation of the CR energy spe
trum is 
aused bye+e� pair produ
tion, pions produ
tion (the famous GZK pro
ess relatedto signi�
ant � resonan
e 
ross se
tion for rea
tion with CMB photons atproton energies above � 5 � 1019 eV) and photo-disintegration in the 
aseof nu
lear CR (iron and oxygen as typi
al examples were used). Points inFig. 4 are from Ref. [14℄ and represent the `world average' measured UHECRspe
trum.As it is 
learly seen data 
an be satisfa
torily explained by the mixtureof heavy elements (oxygen and iron) in SSN sour
es in distant galaxies.Further examinations are in progress and results 
on
erning details ofthe `best �t' sour
e 
omposition, in
luding perhaps some modi�
ations inthe galaxy distribution, will be published somewhere else soon.4. SummaryWe have shown that the idea of SSM works well for the whole CR spe
-trum. The EG 
omponent seems to originate from the same pro
esses asthose produ
ing CR in our Galaxy. E�e
ts of intergala
ti
 propagation re-produ
e the shape of the `ankle' in a natural way without introdu
ing anynew parameters and no new physi
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