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GZK PHOTONS AS ULTRA-HIGH-ENERGY COSMIC RAYSG. B. Gelmini a;b, O. E. Kalashev 
*, D. V. Semikoz d;b**aDepartment of Physi
s and AstronomyUCLA, Los Angeles, CA 90095-1547, USAb CERN, PH-TH, CH-1211 Genève 23, Switzerland
Institute for Nu
lear Resear
hes of Russian A
ademy of S
ien
es117312, Mos
ow, RussiadAPC, College de Fran
e75005, Paris, Fran
eRe
eived O
tober 12, 2007We 
al
ulate the �ux of �GZK photons�, namely, the �ux of ultra-high-energy 
osmi
 rays (UHECR) 
onsistingof photons produ
ed by extragala
ti
 nu
leons through the resonant photoprodu
tion of pions, the so 
alledGZK e�e
t. We show that for primary nu
leons, the GZK-photon fra
tion of the total UHECR �ux is between10�4 and 10�2 above 1019 eV and up to the order of 0:1 above 1020 eV. The GZK-photon �ux depends onthe assumed UHECR spe
trum, the slope of the nu
leon �ux at the sour
e, and the distribution of sour
es andintervening ba
kgrounds. Dete
tion of this photon �ux would open the way for UHECR gamma-ray astronomy.Dete
tion of a larger photon �ux would imply the emission of photons at the sour
e or new physi
s. We 
omparethe photon fra
tions expe
ted for GZK photons and the minimal fra
tions predi
ted by top�down models. We�nd that the photon fra
tion above 1019 eV is a 
ru
ial test for top�down models.PACS: 96.50.sh, 96.50.sb1. INTRODUCTIONThe 
osmi
 rays with energies beyond the Greisen�Zatsepin�Kuzmin (GZK) 
uto� [1℄ at 4 � 1019 eVpresent a 
hallenging outstanding puzzle in astropar-ti
le physi
s and 
osmology [2, 3℄. Nu
leons 
annot be
on�ned to our Galaxy for energies above the �ankle�,i.e., above 1018:5 eV. This and the absen
e of a 
or-relation of arrival dire
tions with the Gala
ti
 planeindi
ate that if nu
leons are the primary parti
les ofthe ultra-high-energy 
osmi
 rays (UHECR), these nu-
leons should be of extragala
ti
 origin. But nu
leonswith energies above 5 � 1019 eV 
ould not rea
h Earthfrom a distan
e beyond 50 to 100 Mp
 [4℄ be
ause theys
atter on the 
osmi
 mi
rowave ba
kground (CMB)photons with a resonant photoprodu
tion of pions:p
 ! �� ! N�;*E-mail: kalashev�ms2.inr.a
.ru**E-mail: dmitri.semikoz�ap
.univ-paris7.fr

where the pions 
arry away approximately 20% of theoriginal nu
leon energy. The mean free path for thisrea
tion is only 6 Mp
. Photons with 
omparable en-ergy pair-produ
e ele
trons and positrons on the ra-dio ba
kground and, likewise, 
annot rea
h Earth frombeyond 10 to 40 Mp
 [5℄ (although the photon energy-attenuation length is un
ertain due to the un
ertaintiesin the spe
trum of the absorbing radio ba
kground).There are only few known astrophysi
al sour
es withinthose distan
es that 
ould produ
e su
h energeti
 par-ti
les, but they are not lo
ated along the arrival dire
-tions of the observed 
osmi
 rays.Intervening sheets of large-s
ale intense extragala
-ti
 magneti
 �elds (EGMF), with intensities B � 0:1�1 � 10�6 G, 
ould provide su�
ient angular de�e
tionfor protons to explain the la
k of observed sour
es inthe dire
tions of arrival of UHECR. However, re
entrealisti
 simulations of the expe
ted large-s
ale EGMFshow that strong de�e
tions 
ould only o

ur when par-ti
les 
ross galaxy 
lusters. Ex
ept in the regions 
loseto the Virgo, Perseus, and Coma 
lusters, the obtained1214
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osmi
 raysmagneti
 �elds are not larger than 3 � 10�11 G [6℄ andthe de�e
tions expe
ted are not important (however,see Ref. [7℄).Whether parti
les 
an be emitted with the ne
-essary energies by astrophysi
al a

elerators, su
h asa
tive gala
ti
 nu
lei, jets or extended lobes of ra-dio galaxies, or even extended obje
t su
h as 
ollidinggalaxies and 
lusters of galaxies, is still an open ques-tion. The size and possible magneti
 and ele
tri
 �eldsof these astrophysi
al sites make it plausible for themto produ
e UHECR up to energies of 1021 eV at most.Larger emission energies would require a re
onsidera-tion of possible a

eleration models or sites.Heavy nu
lei are an interesting possibility forUHECR primaries, be
ause they 
ould be produ
edat the sour
es with larger maximum energies (propor-tional to their 
harges) and would more easily be de-�e
ted by intervening magneti
 �elds. On the otherhand, both AGASA and HiRes data favor a dominan
eof light hadrons, 
onsistent with being all protons, inthe 
omposition of UHECR above 1019 eV. However,we should keep in mind that the inferred 
omposi-tion is sensitive to the intera
tion models used. If aproton-plus-iron 
omposition is assumed, HiRes Stereodata show a 
onstant or slowly 
hanging 
ompositionof 80% protons and 20% iron nu
lei between 1018:0 eVand 1019:4 eV. This is 
onsistent with the 
hange in
omposition from heavy to light in the 1017 eV to1018 eV range found by HiRes Prototype [8℄. HiResmono
ular data show 90% proton 
omposition between1017:6 eV and 1020 eV [9℄. Similar results were foundby AGASA, whi
h produ
ed bounds on the iron fra
-tion (again assuming an iron-plus-proton 
omposition)of 14 (+16;�14)% and 30 (+7;�6)% above 1019:0 eVand 1019:25 eV respe
tively, and the 1 � upper boundof 66% above 1019:5 eV [10℄.In fa
t, a gala
ti
 
omponent of the UHECR �ux,whi
h 
ould be important up to energies 1019 eV,should 
onsist of heavy nu
lei, given the la
k of 
or-relation with the Gala
ti
 plane of events at this en-ergy (outside the Gala
ti
 plane, gala
ti
 protons wouldbe de�e
ted by a maximum of 15�20Æ at this ener-gies [11℄). For nu
lei, the dominant energy loss pro-
ess is photodisso
iation through s
attering with theinfrared ba
kground below 1020 eV [12℄ and with theCMB above 1020 eV, and pair 
reation on the CMBin a small energy interval around 1020 eV (at energiesfor whi
h the typi
al CMB photon energy in the restframe of the nu
leus is above the threshold, i.e., above1 MeV, but below the peak of the giant resonan
e, 10�20 MeV) [13℄. The typi
al attenuation length in theenergy range 4 � 1019 to 1020 eV 
hanges from several

103 Mp
 for iron and sili
on to a value 
omparableto that of nu
leons for helium [13, 14℄. At energiesabove 1020 eV, the attenuation length of heavy nu-
lei de
reases and be
omes less than 10 Mp
 at about3�1020 eV for iron, 2�1020 eV for sili
on, and 1020 eV for
arbon (see, e.g., Fig. 1 in Ref. [14℄). In the realisti
allylow EGMF in Ref. [6℄, most of the heavy nu
lei withE > 1020 eV rea
hing us from more than 10 Mp
 awaywith energies above those mentioned would disintegrateinto protons with energy (1=A) of the original nu
leusenergy, where A is the atomi
 number (this is 1/56of the original energy for iron nu
lei). We also notethat the same photodisso
iation pro
esses 
an destroyheavy nu
lei near their sour
es if the intensity of theinfrared ba
kground near the sour
es is large enough.We should not forget that all UHECR above 1018 eV
ould be due to extragala
ti
 protons [15℄.The GZK 
uto� at 4�1019 eV seems not to be presentin the data of the AGASA ground array [2℄, but it ap-pears in the data of the HiRes air �uores
en
e dete
-tor [3℄. In any 
ase, there are events above the GZK
uto�, even in the HiRes data set, and these remainunexplained be
ause the lo
al Universe (� 100 Mp
)is devoid of strong 
andidate sour
es in the dire
tionto whi
h the events point, and also of the large mag-neti
 �elds that 
ould de�e
t the in
oming parti
lessigni�
antly. Due to the limited statisti
s and di�er-ent systemati
 errors of both experiments, the dis
rep-an
y between them is not very signi�
ant. However,the presen
e or absen
e of the GZK 
uto� remains anopen question. This 
ontroversy will be solved 
on
lu-sively by the Pierre Auger Observatory [16℄, a hybrid
ombination of 
harged parti
les dete
tors and �uores-
en
e teles
opes, perhaps within the next one or twoyears.The analysis of the muon 
ontent in air showers hasbeen used by AGASA to reje
t photon dominan
e inUHECR above 1019 eV [17, 10℄. Assuming a 
ompo-sition of protons plus photons, AGASA quotes upperlimits for the photon ratio of 34%, 59%, and 63% at1019 eV, 1019:25 eV, and 1019:5 eV respe
tively at the95% 
on�den
e level [10℄; even above 1020 eV, they�nd no indi
ation that the events they observe aremostly photons [17℄. Also a reanalysis of horizontalshowers at Haverah Park 
on
luded that photons 
an-not 
onstitute more that 50% of the UHECR above4 � 1019 eV [18℄.The GZK pro
ess produ
es pions. The de
ay of ��yields neutrinos. These �GZK neutrinos� have been ex-tensively studied sin
e 1969 [19℄ (see, e.g., [20, 21℄ andthe referen
es therein), and 
onstitute one of the mainhigh-energy signals expe
ted in neutrino teles
opes,1215
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h as ICECUBE [22℄, ANITA [23℄, and SALSA [24℄or spa
e-based observatories su
h as EUSO [25℄ andOWL [26℄. The de
ay of �0 yields photons, �GZK pho-tons�, with about 0.1 of the original proton energy,whi
h have been known to be a subdominant 
ompo-nent of the UHECR sin
e the work of Wdow
zyk etal. in the early 1970s [27℄. In 1990, it was suggestedthat if the extragala
ti
 radio ba
kground and mag-neti
 �elds are small (B < 3 � 10�11 G), GZK photons
ould dominate over protons and explain the super-GZK events [28℄. The dependen
e of the GZK photon�ux on extragala
ti
 magneti
 �elds was later studiedin Ref. [29℄. The argument in Ref. [28℄ and its depen-den
e on extragala
ti
 magneti
 �elds was again dis-
ussed [30℄ in 
onne
tion with the possible 
orrelationof the UHECR arrival dire
tions with the BL La
ertaeobje
ts [31℄. However, to our knowledge, no 
ompletestudy of the expe
ted �uxes of GZK photons was doneso far, in
luding their dependen
e on the initial pro-ton �uxes, distribution of proton sour
es, and UHECRspe
trum, besides intervening ba
kgrounds.In the near future, when the Pierre Auger Observa-tory be
omes operational, we expe
t to have the high-statisti
 data that may allow studying a subdominant
omponent of UHECR 
onsisting of photons. The GZKphotons provide a 
omplementary handle to GZK neu-trinos and other signatures to try to determine thespe
trum and 
omposition of the UHECR. The �uxof GZK photons is ne
essarily 
orrelated with the �uxof GZK neutrinos, although the former is a�e
ted bythe radio ba
kground and EGMF values, whi
h do nota�e
t the latter.In this paper, we show that if the UHECR aremostly protons, depending on the UHECR spe
trumassumed, the slope of the proton �ux, the distributionof sour
es and intervening ba
kgrounds between 10�4and 10�2 of the UHECR above 1019 eV and between10�5 and 0:6 of the UHECR above 1020 eV are GZKphotons, the range being mu
h higher for the AGASAspe
trum than for the HiRes spe
trum (see Fig. 17 be-low). Dete
tion of these photons would open the wayfor UHECR photon astronomy.Dete
tion of a larger photon �ux than expe
ted forGZK photons would imply the emission of photons atthe sour
e or new physi
s. New physi
s is involved intop�down models, produ
ed as an alternative to a
-
eleration models to explain the origin of the highest-energy 
osmi
 rays. All of the top�down models predi
tphoton dominan
e at the highest energies. Here, we es-timate the minimum photon fra
tion predi
ted by top�down models, not only assuming the AGASA spe
trumthat these models were originally proposed to explain

but also assuming the HiRes spe
trum. We show thatat high energy, 
lose to 1020 eV, the maximum expe
ted�ux of GZK photons is 
omparable to (for the AGASAspe
trum) or mu
h smaller than (for the HiRes spe
-trum) the minimum �ux of photons predi
ted by top�down models, whi
h �t the AGASA or the HiRes data(see Fig. 17 below). We try to minimize the photonratio predi
ted by top�down models by assuming thatthese models explain only the highest-energy UHECR(if they do not explain even those events, the models areirrelevant for UHECR). We show that the photon ratioat energies 
lose to 1020 eV is a 
ru
ial test for top�down models, be
ause it is always higher than about0.5, independently of the UHECR spe
trum assumed.We also show that, surprisingly, in a limited energyrange above 1020 eV, GZK photons 
ould be
ome thedominant 
omponent of the UHECR (assuming thatprotons 
ould be a

elerated at the sour
e to energiesas large as 1022 eV). This result allows us to �t theAGASA data with an original �ux of only nu
leons.This seems to 
ontradi
t previous estimates of the GZKphoton �ux, in whi
h this �ux is always subdominant,but we must take the assumed initial spe
trum andintervening radio ba
kground and magneti
 �elds intoa

ount (for example, in Ref. [20℄, an average EGMF of10�9 G is assumed, mu
h larger than the �elds foundlater in Ref. [6℄).In Se
. 2, we explain our 
al
ulations and show thedependen
e of the GZK photon �ux on the assumedinitial proton �ux and intervening ba
kground param-eters. In Se
. 2, we only normalize the �uxes to onepoint of the AGASA or HiRes spe
trum, but we do not�t these spe
tra (whi
h we do in the following se
tion).In Se
. 3, we estimate the maximum and minimumGZK photon fra
tions expe
ted either with the AGASAspe
trum or with the HiRes spe
trum. In Se
. 4, we es-timate the minimum photon fra
tions predi
ted by sev-eral top�down models and 
ompare them with the max-imum GZK photon fra
tion found in Se
. 3. We alsoin
lude a 
omparison with experimental upper boundson photon fra
tions.2. THE GZK PHOTON FLUXWe use the numeri
al 
ode developed in Ref. [32℄ to
ompute the �ux of GZK photons produ
ed by an ho-mogeneous distribution of sour
es originally emittingonly protons. It 
al
ulates the propagation of protonsand photons using the standard dominant pro
esses,explained (for example, in Ref. [33℄). For protons,it takes single and multiple pion produ
tion, and e�1216
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osmi
 rayspair 
reation into a

ount. For photons, it in
ludesthe e� pair produ
tion, inverse Compton s
attering,and double e� pair produ
tion pro
esses. For ele
-trons and positrons, it takes Compton s
attering, triplepair produ
tion, and syn
hrotron energy loss on extragala
ti
 magneti
 �elds into a

ount. The propagationof protons and photons is 
al
ulated self-
onsistently.Namely, se
ondary (and higher-generation) parti
lesarising in all rea
tions are propagated alongside withthe primaries. Ultra-high-energy protons and photonslose their energy in intera
tions with the ele
tromag-neti
 ba
kground, whi
h 
onsists of CMB, radio, in-frared and opti
al 
omponents, as well as EGMF. Pro-tons are sensitive essentially to only the CMB, butall 
omponents of the ele
tromagneti
 ba
kground areimportant for photons. We note that the radio ba
k-ground is not yet well known and that our 
on
lusionsdepend strongly on the ba
kground assumed. We in-
lude three models for the radio ba
kground: the ba
k-ground based on estimates by Clark et al. [34℄ andthe two models of Protheroe and Biermann [35℄, bothpredi
ting larger ba
kground than the �rst. To 
al-
ulate the infrared/opti
al ba
kground, we used thesame approa
h as in Ref. [36℄. In any event, the in-frared/opti
al ba
kground is not important for the pro-du
tion and absorption of GZK photons at high ener-gies. This ba
kground is important to transport the en-ergy of se
ondary photons in the 
as
ade pro
ess fromthe 0.1�100 TeV energy range to the 0.1�100 GeV en-ergy range observed by EGRET. The resulting �ux inthe EGRET energy range is not sensitive to details ofthe infrared/opti
al ba
kground models.For the EGMF, only the upper bound is estab-lished observationally, B . 10�9 ( Mp
=l
)1=2 G [37℄,where l
 is the reversal s
ale of the magneti
 �eld in
omoving 
oordinates. It is believed that the magneti
�elds in 
lusters 
an be generated from a primordial�seed� if it has the 
omoving magnitude B � 10�12 G[6; 38℄. The evolution of EGMF together with the large-s
ale stru
ture of the Universe was re
ently simulatedby two groups using independent numeri
al pro
edures[7, 6℄. Magneti
 �eld strengths signi�
antly larger than10�10 G were found only within large 
lusters of galax-ies. In our simulations, we vary the magneti
 �eldstrength in the range B = 10�12�10�9 G, assumingan unstru
tured �eld along the propagation path.We note that we assume protons to be produ
ed atthe sour
e but the results at high energies would beidenti
al if we took neutrons instead. The intera
tionsof neutrons and protons with the intervening ba
k-grounds are identi
al; when a neutron de
ays, pra
-ti
ally all of its energy goes to the �nal proton (while

the ele
tron and neutrino are produ
ed with energies1017 eV or lower).The resulting GZK photon �ux depends on severalastrophysi
al parameters. These parameterize the ini-tial proton �ux, the distribution of sour
es, the radioba
kground, and the EGMF. In this se
tion, to explorethe �ux dependen
e on a given parameter, we �x allthe other unknown parameters to the following values.For the radio ba
kground, we take the lower estimatein [35℄, whi
h is intermediate between the other twowe 
onsider. For the EGMF, we take B = 10�11 G,whi
h is the average value found in Ref. [6℄. For thesour
e distribution, we take a uniform 
ontinuous dis-tribution of sour
es with the zero minimum distan
eto us (i.e., the minimum distan
e 
omparable to theintera
tion length). For the maximum energy of theinje
ted protons, we use Emax = 1022 eV, whi
h is al-ready 
onsidered a generous upper limit for a

elerationin astrophysi
al models [39℄.As regards the 
osmologi
al parameters, we takethe Hubble 
onstant H = 70 km � s�1 � Mp
�1, thedark-energy density (in units of the 
riti
al density)
� = 0:7, and the dark-matter density 
m = 0:3. Weassume that the sour
es extend to the maximum red-shift zmax = 2 (although any zmax > 1 gives the sameresults for the high energies we 
onsider) and disregarda possible evolution of the sour
es with redshift.2.1. Dependen
e of the GZK photon �ux onthe initial proton spe
trumWe parameterize the initial proton �ux for anysour
e with the power-law fun
tionF (E) = f 1E� �(Emax �E): (1)The power-law index � and the maximum energy Emaxare 
onsidered free parameters. The amplitude f is�xed by normalizing the �nal proton �ux from allsour
es to the observed �ux of UHECR, whi
h we taketo be either the AGASA �ux or the HiRes �ux.We impli
itly assume that the sour
es are astro-physi
al, sin
e these are the only ones that 
ould pro-du
e solely protons (or neutrons) as UHECR primaries.Astrophysi
al a

eleration me
hanisms often result in� & 2 [40℄, but harder spe
tra � . 1:5 are also possi-ble, see, e.g., Ref. [41℄. The resulting spe
trum maydi�er from a power-law one; it may even have a peakat high energies [42℄. A
tive gala
ti
 nu
leus (AGN)
ores 
ould a

elerate protons with indu
ed ele
tri
�elds, similarly to what happens in a linear a

elerator.This me
hanism would produ
e an almost monoener-geti
 proton �ux, with energies as high as 1020 eV or5 ÆÝÒÔ, âûï. 6 1217
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onsider the power-law index tobe in the range 1 � � � 2:7.Figure 1 shows the GZK photon �ux for three val-ues of the power-law index in Eq. (1), � = 1:5, 2, and2.7. Dotted (solid) lines 
orrespond to the resulting �uxof protons (GZK photons) from all sour
es. A protonspe
trum / 1=E2:7 does not require an extra 
ontribu-tion to �t the UHECR data, ex
ept at very low energiesE < 1018 eV outside the range we study [44℄. For � � 2,an extra low-energy 
omponent (LEC) is required to �tthe UHECR data at E < 1019 eV. The LEC may bea gala
ti
 
ontribution (for example, of iron nu
lei, toexplain the la
k of 
orrelation of arrival dire
tions withthe gala
ti
 plane), whi
h 
an be parameterized as apower law with an exponential 
uto� as in Eq. (2) be-low. In this 
ase, the �ankle� is the energy where theextragala
ti
 protons start to dominate over the LEC.The LEC 
ould also be due to a population of extra-gala
ti
 lower-energy proton sour
es. This last 
ontri-bution 
an be parameterized again as in Eq. (1), butwith parameters di�erent from those of the extragala
-ti
 proton population that dominates above the GZKenergy.We note that in this se
tion we just normalize thetotal �ux to a point of the AGASA or HiRes spe
trum,but we do not �t these spe
tra, so we do not add theLEC, even if it would be needed. We do �t the UHECRspe
trum in the next se
tion.As 
an be seen in Fig. 1, the �ux of super-GZKprotons and, 
onsequently, the �ux of the GZK pho-tons they generate depend strongly on the power-lawindex of the initial proton �ux: they are lower for largervalues of �. In the most 
onservative 
ase of a proton�ux / 1=E2:7, the GZK photon �ux at E = 1019 eVis as small as 0.03% and in
reases to a few % atE = 2 � 1020 eV. This means that even with the �-nal statisti
s of Auger Observatory it might be di�
ultto dete
t the GZK photons in this 
ase. On the otherhand, in the optimisti
 
ase of an inje
tion spe
trum/ 1=E1:5, the GZK photons 
an 
ontribute as mu
h as1�3% at E = 1019 eV and 50% or more at E = 1020 eV.We note that most of the energy produ
ed in theform of GZK photons 
as
ades down in energy to be-low the pair-produ
tion threshold for photons on theCMB. For � < 2, the di�use extragala
ti
 gamma-ray�ux measured by EGRET [45℄ at GeV energies imposesa 
onstraint on the GZK photon �ux at high energies,whi
h we have taken into a

ount.The dependen
e of the GZK photon �ux on themaximum energy Emax of the initial proton �ux (seeEq. (1)) is shown in Fig. 2 for Emax = 1021, 1022, and1023 eV. We do not show the 
ase � = 2:7 be
ause

for su
h a steeply de
reasing proton �ux, the GZKphoton �ux is pra
ti
ally independent of Emax. Fig-ure 2a shows the 
ase � = 2 and Fig. 2b is the 
ase� = 1:5. These �gures 
learly show that the depen-den
e on Emax is more signi�
ant for smaller values ofthe power-law index �. We note that not only the pho-ton �ux but also the �nal UHECR proton �ux abovethe GZK 
uto� depend strongly on Emax.For relatively small values of the maximal energy,su
h as Emax = 1021 eV, the GZK photon �ux is verysmall for any power-law index � (see the lowest 
urvesin Fig. 2a and Fig. 2b). For larger values of the maximalenergy, su
h as Emax = 1022 eV and Emax = 1023 eV,the GZK photon �ux in
reases 
onsiderably for � � 2.2.2. Dependen
e of the GZK photon �ux onthe minimal distan
e to the sour
esIn the literature, the minimal distan
e to thesour
es is quite often taken to be negligible (i.e., 
om-parable to the intera
tion length). This is one of the
ases we 
onsider as well. But we also take 50 Mp
, asinferred from the small-s
ale 
lustering of events seenin the AGASA data [46℄, and 100 Mp
, to show how the�uxes diminish with this assumption (whi
h proves thatmost photons 
ome from smaller distan
es). Contraryto AGASA, HiRes does not see a 
lustering 
ompo-nent in its own data [47℄. The 
ombined dataset showsthat 
lustering still exists, but it is not as signi�
antas in the data of AGASA alone [48℄. We note that thenonobservation of 
lustering in the HiRes stereo datadoes not 
ontradi
t the result of AGASA be
ause ofthe small number of events in the sample [49℄.Assuming proton primaries and a small EGMF (fol-lowing Ref. [6℄), it is possible to infer the density ofthe sour
es [50, 49℄ from the 
lustering 
omponent ofUHECR. The AGASA data alone suggest the sour
edensity 2 � 10�5 Mp
�3, whi
h makes it plausible thatone sour
e exists within 50 Mp
 from us. However, theHiRes negative result on 
lustering requires a largerdensity of sour
es and therefore a smaller distan
e tothe nearest sour
e. Larger values of the EGMF (asfound in Ref. [7℄) and/or some fra
tion of iron in theUHECR have the e�e
t of redu
ing the required num-ber of sour
es and, 
onsequently, in
reasing the ex-pe
ted distan
e to the nearest one.Figure 3 shows the dependen
e of the UHECR pro-ton and GZK photon �uxes on the assumed minimaldistan
e to sour
es for the initial proton �ux / 1=E2(Fig. 3a) and / 1=E1:5 (Fig. 3b). The highest, inter-mediate, and lowest �uxes respe
tively 
orrespond to aminimal distan
e of 0 (labeled �
ont� for 
ontinuous),1218
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Fig. 1. UHECR proton �ux (dotted lines) normalized to the AGASA data (a) and HiRes data (b) at 3 � 1019 eV and GZKphoton �ux (solid lines) for three values of the power-law index � of the initial proton �ux at the sour
e: � = 1:5, 2:0, and2:7 (from highest to lowest �uxes at high energy)50, and 100 Mp
. We note that in all the examplespresented in Fig. 3, the protons dominate the �ux (i.e.,the total �ux is pra
ti
ally the proton �ux). Only thehighest proton �uxes shown in Fig. 3 (with negligibleminimal distan
e) �t the HiRes data well. The inter-mediate and lowest proton �uxes have a sharp 
uto�and do not �t the HiRes data. We 
learly see in the�gures that most of the GZK photons with energiesE > 1019 eV should 
ome from nearby sour
es within100 Mp
 (see the impressive redu
tion in �ux if we onlytake sour
es farther than 100 Mp
 away).2.3. Dependen
e of the GZK photon �ux onthe radio ba
kgroundThe main sour
e of energy loss of photons withE > 1019 eV is pair produ
tion on the radio ba
k-ground (at lower energies, pair produ
tion on the CMBis more important). Figure 4 shows GZK photon �uxesfor the three di�erent estimates of the radio ba
k-ground we 
onsider: the minimal ba
kground of Clarket al. [34℄ and the two estimates of Protheroe and Bier-mann [35℄, both larger than the �rst one. The inje
tedproton spe
trum is / 1=E2 in Fig. 4a and / 1=E1:5in Fig. 4b. These �gures show that (for the EGMF as-sumed, B = 10�11 G as mentioned above) the GZKphoton �ux depends only mildly on the radio ba
k-ground at energies below E < 1020 eV, where we �nd afa
tor 2�3 of di�eren
e between the highest �ux (withthe lowest radio ba
kground in Ref. [34℄) and the lowest�ux (with the highest ba
kground in Ref. [35℄). How-ever, at energies above E > 1020 eV, the di�eren
es

in
rease, rea
hing one order of magnitude or more.This behavior is due to the di�erent shapes of the as-sumed radio spe
tra. As we see next, larger EGMF,B > 10�10 G, in
rease the GZK photon absorption 
on-siderably at E < 1020 eV, but not 
lose to E � 1020 eVand above.2.4. Dependen
e of the GZK photon �ux onEGMFThe spatial stru
ture, amplitude, and 
orrelationlength of the EGMF outside 
lusters of galaxies are un-known. The existing models of the EGMF attempt toevolve these �elds together with the large-s
ale stru
-ture of the Universe, starting from 
ertain (primor-dial) seed values. In these models, the EGMF inthe voids are 
lose to the 
omoving value of the pri-mordial �eld, while the EGMF in 
lusters of galax-ies and �laments are ampli�ed. Constrained simula-tions of the �lo
al� Universe (within 100 Mp
 fromEarth) [6℄, in whi
h the magneti
 �eld is normalizedto the values observed within 
lusters, yield an averageBEGMF = (10�11�10�12) G in voids. Figure 5 showsthat for BEGMF < 10�10 G, the resulting GZK photon�ux 
hanges very little with B, but it de
reases 
onsid-erably at low energies for BEGMF & 10�9 G. In Fig. 5,an initial proton �ux / 1=E2 was assumed and sour
eswere integrated from zero distan
e. Assuming the min-imum distan
e 50 Mp
 to the nearest sour
es (the 
asenot shown in the �gures), we see that the GZK pho-ton �uxes di�er at most by a fa
tor of 3 as the EGMFmagnitude is varied in the range B < 10�10 G.1219 5*
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Fig. 3. UHECR proton �ux (dotted lines) normalized to the HiRes data at 4�1019 eV and GZK photon �ux (solid lines) forthree values of the minimal distan
e to the sour
es: 0, 50, and 100 Mp
 (from highest to lowest �uxes at high energy) forthe initial proton �ux / 1=E2 (a) and / 1=E1:5 (b)Figure 5 is the only pla
e in this paper where weused BEGMF = 10�8 G, and this is just to show howthe photon �ux is a�e
ted by large B �elds. For EGMF� 10�8 G or larger, the photon energy is lost intosyn
hrotron radiation as soon as the ultra-high-energyphoton pair is produ
ed, even for energies E < 1019 eV.Therefore, the shape of the spe
trum follows the en-ergy dependen
e of the photon pair produ
tion inter-a
tion length (whi
h is dominated by the intera
tionwith the CMB below 1019 eV and with the radio ba
k-ground above this energy). For smaller magneti
 �eldstrengths, the length of syn
hrotron energy loss in-
reases and, at low energies, several steps of pair pro-

du
tion and inverse Compton de
ay o

ur. For largeenough energies, the syn
hrotron radiation length issmaller than the intera
tion length for all the EGMFvalues 
onsidered (i.e., even as small as B � 10�12 G),and therefore the photon energy is lost into syn
hrotronradiation as soon the photon pair is produ
ed. Hen
e,only the photons that do not intera
t with the radioba
kground 
an rea
h us and the spe
tra for all valuesof the EGMF 
onverge.Our results in Fig. 5 for BEGMF � 10�9 G aresimilar to those in Fig. 3 in Ref. [29℄. In parti
ular,both �gures show that the GZK �ux does not dependstrongly on the magneti
 �eld for BEGMF < 10�10 G,1220
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Fig. 5. UHECR proton �ux (dotted lines) normalizedto the HiRes data at 3 � 1019 eV and GZK photon�ux (solid lines) for four values of the average EGMF,10�12, 10�10, 10�9, and 10�8 G (from highest to low-est �uxes), for a proton �ux / 1=E2and that there is a suppression of the photon �ux atenergies E < 1019 eV for larger �elds (due to pair pro-du
tion on the CMB followed by syn
hrotron energyloss).2.5. Summary of the GZK photon �uxdependen
e on di�erent parametersFigures 4 and 5 show that given a parti
ularUHECR proton �ux, the un
ertainty in the resultingGZK photon �ux due to our ignoran
e of the inter-

vening ba
kgrounds (minimum-to-maximum estimatesof the radio ba
kground and EGMF from 10�11 G,whi
h is equivalent to zero, to 10�9 G) is approximatelywithin one order of magnitude.Figures 1, 2, 3 showmu
h larger 
hanges in the GZKphoton �ux when the parameters de�ning the UHECRproton �ux (the power-law index �, the maximum en-ergy Emax, and the minimal distan
e to the sour
es)are varied. However, on
e the parti
ular UHECR spe
-trum is �xed, these un
ertainties due to the extragala
-ti
 proton model de
rease and be
ome 
omparable withthose due to our ignoran
e of the intervening ba
k-ground. In the next se
tion, Figs. 8 and 9 show that aparti
ular proton-dominated observed �ux, the HiResspe
trum in this 
ase, 
an be �tted with very di�erentextragala
ti
 proton �uxes, whose 
orresponding GZKphoton �uxes di�er by about one order of magnitude,for a given �xed ba
kground. In fa
t, the di�eren
ebetween the two photon lines in Fig. 8 shows the un-
ertainty in the GZK photon �ux due to the interven-ing ba
kground (about one order of magnitude), givena parti
ular extragala
ti
 proton �ux, while the di�er-en
e between the lower photon line in Fig. 8 and thelower photon line in Fig. 9 (both 
omputed with thesame ba
kground, i.e., the maximum radio ba
kgroundand EGMF B = 10�9 G) shows the un
ertainty dueto the UHECR proton �ux (whi
h is also one order ofmagnitude).This means that pla
ing an upper limit on the GZKphoton �ux, or measuring it, provides 
omplementaryinformation to that 
ontained in the UHECR proton�ux itself. However, extra
ting information on the ex-1221
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ti
 nu
leon �ux from the GZK photons wouldrequire having independent information on the extra-gala
ti
 magneti
 �elds and radio ba
kground, and vi
eversa.3. RESULTS: POSSIBLE SCENARIOS WITHGZK PHOTONSWe show in Se
. 2 that if the UHECR above 1019 eVare mostly protons (or neutrons), depending on theslope of the proton �ux, the distribution of sour
es andthe intervening ba
kgrounds, between 10�5 and 10�2 ofthe UHECR above 1019 eV, are photons. Mu
h largerphoton fra
tions are predi
ted at 1020 eV in some 
ases.The largest GZK photon fra
tions in UHECR o

urfor small values of �, large values of Emax, a small min-imal distan
e to the sour
es (whi
h is 
ompatible witha small frequen
y of 
lustering of the events) and smallintervening ba
kgrounds. In the most favorable 
asesfor a large photon �ux, GZK photons 
ould dominatethe UHECR �ux in the energy range above 1020 eV. Aswe show below, this allows �tting the AGASA data, atthe expense of assuming that the initial protons 
ouldhave a hard spe
trum / 1=E and be a

elerated toenergies as high as 1022 eV. In this extreme 
ase, theAGASA data (as shown in Se
. 3.1 below) 
an be ex-plained without any new physi
s, ex
ept what 
on
ernsthe me
hanism of a

eleration of the initial protons.We also �t the HiRes spe
trum (Se
. 3.2 below). Withthe HiRes spe
trum, the GZK photons are always sub-dominant and 
an be negle
ted for the �t. In both
ases, AGASA or HiRes data, we evaluate the mini-mum and maximum GZK photon fra
tions expe
tedwith ea
h spe
trum of UHECR.We make a one-parameter �2 �t to the assumedtotal spe
trum obtained by summing up the 
ontribu-tions of protons, GZK photons, and a low-energy 
om-ponent when needed.In this se
tion, we parameterize the LEC withFLEC � E�� exp(�E=E
ut) (2)and we �t the amplitude to the lowest-energy bin inthe �gures. We 
hoose the parameter � = 2:7�2.8 to �tthe low-energy spe
tral points, and the parameter E
utsu
h that the minimum �2 value per degree of freedomof the �t is smaller than unity.We use the 18 highest-energy data bins of AGASAand the 16 highest-energy data bins of HiRes-1 mono
-ular data. We also separately 
he
k the �2 for theAGASA events above the GZK 
uto�, i.e., for the 3highest-energy AGASA data bins, with E > 1020 eV.

We do this to ex
lude models that do not �t thehighest-energy events well but whose minimum �2 
on-sidering all the 18 bins 
ould be good due to the LECassumed. Additionally, we 
he
k that the number ofevents predi
ted above the end-point of the AGASAspe
trum (the energy above whi
h AGASA has ob-served no events), i.e., at E > 2:5 �1020 eV, is not largerthan 4 (predi
ting 4 events and observing none has avery small Poisson probability of 1.8%). The numberof events we predi
t above the end-point of the HiResspe
trum, at E > 3:2 � 1020 eV, is always mu
h smallerthan 4.3.1. GZK photons with the AGASA spe
trumIn this subse
tion, we dis
uss �ts to the AGASAdata with extragala
ti
 protons, their se
ondary GZKphotons, and a LEC as in Eq. (2) when needed. Unlesswe mention otherwise, we here take a zero (i.e., 
om-parable with the intera
tion length) minimum distan
eto the sour
es.The �ts to the AGASA spe
trum at high energywith a proton-dominated �ux are very poor. As shownin Fig. 1, for � < 2:7, a LEC parameterized as in Eq. (2)and possibly 
onsisting of gala
ti
 or extragala
ti
 Feand protons, is ne
essary to �t the data. It is wellknown that with extragala
ti
 protons plus a LEC, a�t of the AGASA data is possible below the GZK 
ut-o�, at energies 3 � 1018 eV < E < 1020 eV. In fa
t, wetried power-law indi
es � = 2:7, 2, 1.5, 1 and we ob-tained �ts with the respe
tive minimum �2 = 36, 17.7,14, 14 for 15 degrees of freedom. The �rst �t (with� = 2:7, whi
h does not require a LEC) is bad, butthe others (whi
h do require a LEC) are good. Eventhe �rst �t 
ould be improved to a minimum �2 = 18by 
hanging the power index slightly to � = 2:6 andin
reasing the number of sour
es in the early universeas (1+ z)3. But the same proton �uxes �t the AGASAdata at E > 1020 eV very poorly. We found the re-spe
tive minimum �2 = 12, 12, 9.8, 7.8 for 3 degrees offreedom. The reason for these bad �ts is that the pro-ton �ux at super-GZK energies is very small for � � 2,and is still insu�
ient for � < 2.These �ts 
an be improved by adding a large 
om-ponent of GZK photons. We tried to maximize theGZK photon �ux by redu
ing the radio ba
kground andEGMF, and in
reasing the maximum proton energy inEq. (1) up to Emax = 1022 eV.In Figs. 6 and 7, we show the di�erential spe
trafor ea
h 
omponent (i.e., extragala
ti
 p, LEC, andGZK 
) and the total spe
trum, and also the inte-grated �ux fra
tions of di�erent 
omponents in per-1222
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Fig. 6. Example of a �t to the AGASA data with extragala
ti
 protons, the GZK photons they produ
e, and a LEC atE < 1019 eV. Di�erential spe
tra (a) and fra
tion in per
entage of the integrated �ux above the energy E of ea
h 
omponent(b). Here, we try to maximize the photon 
omponent and therefore take the extragala
ti
 proton spe
trum / 1=E with themaximum energy Emax = 1022 eV, BEGMF = 10�11 G, and the minimum radio ba
kground. Also shown in (b) are the 2-�AGASA upper bounds on the Fe fra
tion above 1019:0 eV and 1019:25 eV [10℄, the HiRes limits on the Fe 
omponent [9℄,and the bound on the photon fra
tion obtained with AGASA data at 1020 eV [51℄
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Fig. 7. The same as in Fig. 6 but with the redu
ed GZK photon �ux due to assuming the intermediate (instead of thelowest) extragala
ti
 radio ba
kground. Here, we try to minimize the photon 
omponent while still providing a good �t tothe AGASA data
entage of the total predi
ted �ux above the energy E.The extragala
ti
 protons here have an initial spe
trum/ 1=E with the maximum energy Emax = 1022 eV (seeEq. (1)). The parti
ular LEC shown has the param-eter � = 2:7 and the 
uto� energy E
ut = 1019 eV(see Eq. (2)). In both Figs. 6 and 7, the EGMF isB = 10�11 G. The only di�eren
e between both �guresis in the radio ba
kground: we took the lowest one forFig. 6 and the intermediate one for Fig. 7. This is theonly 
hange we 
an introdu
e between the maximum
and the minimum GZK photon �ux while not redu
ingthe goodness of �t to the AGASA data to una

eptablelevels.The �t to the super-GZK AGASA events in Fig. 6ais now perfe
t, due to the GZK photons: it has theminimum �2 = 2:6 for 3 degrees of freedom andthere are 11.5 events (6.8 photons and 4.5 protons) atE > 1020 eV, where AGASA has observed 11. Thespe
trum predi
ts 4 events (2 photons and 2 protons)at energies above 2:5 � 1020 eV, where AGASA has seen1223
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h we 
onsider a

eptable (the probability issmall, 1.8%). Larger Emax or lower � values wouldlead to predi
ting even more events where AGASA hasseen none and would therefore no longer �t the AGASAspe
trum well.The �t to the super-GZK AGASA events in Fig. 7a,where we try to lower the GZK �ux, is not as goodas that in Fig. 6a: it has a minimum �2 = 5:5 for3 degrees of freedom and there are 7 events (2.5 pho-tons and 4.5 protons) at E > 1020 eV. But this �t isbetter than that is Fig. 6a above the end-point of theAGASA spe
trum: it predi
ts only 2.7 events abovethe highest-energy AGASA point, whi
h has the 6.7%Poisson probability.As we see, a good �t to the AGASA data atE > 1020 eV with GZK photons is strongly restri
tedby the total number of events on one side and by thenumber of events above the end-point of the AGASAspe
trum on the other. Thus, Figs. 6 and 7 provide anestimate of the maximum and minimum GZK photon�ux that �ts the AGASA data.We see from Fig. 6b that with the maximum GZKphoton �ux predi
tion, the photon ratio in
reases fromabout 7% at 1019 eV to more than 50% above 1020 eVand that the total di�erential �ux is dominated by GZKphotons at energies between 1 and 7�1020 eV. This largeGZK photon �ux is possible only under the extreme
onditions 
hosen here. A larger radio ba
kground or asmaller maximum proton energy qui
kly diminish theGZK photon �ux, as Fig. 7 demonstrates.The EGRET bound on the photon energy that 
as-
ades down to the GeV energies has been taken intoa

ount. We found that the �ux predi
ted is aboutone order of magnitude below the level measured byEGRET.The 2-� AGASA upper bounds on the Fe fra
tionin the integrated �uxes, respe
tively given by 46% and44% above 1019:0 eV and 1019:25 eV [10℄, are shownin Fig. 6b and Fig. 7b. The LEC 
ould respe
t thesebounds (and hen
e the LEC 
ould 
onsist entirely ofgala
ti
 Fe) if we assumed a somewhat softer protonspe
trum than we 
hoose in Figs. 6 and 7, possiblywith � & 1:5. With our 
hoi
e, the extragala
ti
 pro-ton spe
trum is a bit too low at energies below the GZKenergy and, 
onsequently, the LEC is too large. Thelower HiRes limit on a possible Fe low-energy 
ompo-nent [9℄ entirely reje
ts a LEC 
onsisting mostly of iron.In this 
ase, the LEC should 
onsist mostly of extra-gala
ti
 protons with a soft spe
trum / 1=E2:7 and asmall maximum energy Emax � 1020 eV, whi
h should
ome from a di�erent 
lass of UHECR sour
es (di�er-ent from those that produ
e the super-GZK UHECR).

Also shown in Fig. 6b and Fig. 7b is the bound onthe photon fra
tion obtained with the AGASA data at1020 eV [51℄, whi
h is saturated by the photon �ux inFig. 6.3.2. GZK photons with the HiRes spe
trumTo estimate the possible range of photon fra
tions
ompatible with the HiRes spe
trum, we here presenttwo �ts to the HiRes data, one maximizing and oneminimizing the GZK photon �ux. These �ts are pre-sented in Figs. 8 and 9 respe
tively.Figure 8a shows the di�erential spe
tra of ea
h 
om-ponent (i.e., extragala
ti
 protons, LEC, and GZK pho-tons), and Fig. 8b shows the total spe
trum, and theintegrated �ux fra
tions of di�erent 
omponents withrespe
t to the total predi
ted �ux shown in Fig. 8a. Tomaximize the �ux of GZK photons, we need a relativelyhard proton spe
trum, and hen
e a LEC is needed to �tthe data at energies E < 1019 eV. The parti
ular LECshown has the parameter � = 2:7 and the 
uto� energyE
ut = 2 �1019 eV (see Eq. (2)). To maximize the num-ber of super-GZK protons, we assume an extragala
-ti
 proton spe
trum / 1=E with the maximum energyEmax = 1021 eV, and to minimize the photon absorp-tion by the intervening medium, we assume the mini-mum radio ba
kground and BEGMF = 10�11 G. Thisresults in the higher photon 
urve in the �gures. Thelower photon 
urve shows how mu
h the photon �ux de-
reases if we keep the same proton �ux and 
hange theintervening ba
kground from minimum to maximum,i.e., if we use BEGMF = 10�9 G and the maximumradio ba
kground. The 
hange is about an order ofmagnitude.The total �ux shown in Fig. 8a is dominated byprotons and is insensitive to the GZK photon 
ontribu-tion. With this �ux, only one event (a proton event) ispredi
ted above 1020 eV. Also shown in Fig. 8b are theHiRes limits on a possible Fe LEC [9℄ and the boundon the photon fra
tion obtained with the AGASA dataat 1020 eV [51℄.In Fig. 9, we �t the HiRes data with a 
onserva-tive model with a soft extragala
ti
 proton spe
trum,whi
h does not require a LEC. The power-law indexof the required proton spe
trum is �xed by the ob-served UHECR at energies below 1019 eV, where thespe
trum is / 1=E2:7. This model has pra
ti
ally nofreedom in the 
hoi
e of the proton �ux power-law in-dex �, although this 
ould be slightly varied in therange � = 2:4�2.7 by 
hanging the redshift dependen
eof the distribution of sour
es. In Fig. 9, we 
onserva-tively 
hoose � = 2:7 and the smallest 
uto� energy1224
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Fig. 8. Example of a �t to the HiRes data with extragala
ti
 protons, the GZK photons they produ
e, and a LEC atE < 1019 eV. Di�erential spe
tra (a) and the fra
tion in per
entage of the total integrated predi
ted �ux above the energyE of ea
h 
omponent (b). Here, we try to maximize the photon 
omponent and therefore take an extragala
ti
 protonspe
trum / 1=E with the maximum energy Emax = 1021 eV, the minimum radio ba
kground, and BEGMF = 10�11 G forthe higher photon 
urve (the maximum radio ba
kground and BEGMF = 10�9 G for the lower photon 
urve). Also shownin (b) are the HiRes limits on a possible Fe LEC [9℄ and the bound on the photon fra
tion obtained with AGASA data at1020 eV [51℄
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1019 1020 E; eV1021Fig. 9. Example of a �t to the HiRes data with extragala
ti
 protons, the GZK photons they produ
e, and a LEC atE < 1019 eV. Di�erential spe
tra (a) and the fra
tion in per
entage of the integrated total predi
ted �ux above the energyE of ea
h 
omponent (b). Here, we try to minimize the photon 
omponent and therefore take an extragala
ti
 protonspe
trum / 1=E2:7 with the maximum energy Emax = 3 �1020 eV, the maximum radio ba
kground, and BEGMF = 10�9 Gfor the lower photon 
urve (BEGMF = 10�11 G and an intermediate radio �ux for the higher photon 
urve). The total �uxis dominated by nu
leons at all energies and is lower than the HiRes data at high energies. This is about the best �t that
an be done to the HiRes spe
trum with a proton-dominated �uxthat provides a good �t, whi
h is Emax = 3 � 1020 eV.We assume a zero minimal distan
e to the sour
es(larger values do not provide a good �t at high ener-gies), and, to maximize the absorption of photons, themaximum radio ba
kground and BEGMF = 10�9 G for the lower photon 
urve. We also give the result forBEGMF = 10�11 G and an intermediate radio ba
k-ground (the higher photon 
urve) to show how thephoton �ux in
reases with a less absorbing interveningba
kground. The total �ux is insensitive to the GZK1225
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ontribution.The di�eren
e between the lower photon line inFig. 8 and the lower photon line in Fig. 9 (both 
om-puted with the same ba
kground) shows the un
er-tainty due to the UHECR proton �ux (whi
h is alsoone order of magnitude) for models that �t the HiResspe
trum.Also shown in Fig. 9b are the HiRes limits on a pos-sible Fe LEC [9℄ and the bound on the photon fra
tionobtained with AGASA data at 1020 eV [51℄. We see inFig. 9b that in this 
ase, where we try to minimize theGZK photons, these 
ould 
ontribute only (1�2) � 10�4at 1019 eV and (1�2) �10�5 at 1020 eV, of the total inte-grated �ux. These levels of the photon fra
tion are outof rea
h for the present generation of experiments. Atbest, Auger Observatory would dete
t a few GZK pho-tons in several years of observations, while HiRes wouldonly obtain upper limits on the number of photons atall energies.4. DISCUSSION: COMPARISON OF GZKPHOTONS, MINIMUM TOP�DOWNPHOTON PREDICTIONS, ANDEXPERIMENTAL BOUNDSIn this se
tion, we dis
uss the present experimentalbounds on and theoreti
al predi
tions for the UHECRphotons and dis
uss the impli
ations of a possible fu-ture photon dete
tion or future experimental upperlimits on the photon fra
tion.We start by 
omparing the minimal amount of pho-tons predi
ted by top�down models of UHECR withthe expe
ted range of GZK photons dis
ussed in Se
. 3.We show that at high energies 
lose to 1020 eV, themaximum expe
ted �ux of GZK photons is 
omparableto (for the AGASA spe
trum) or mu
h smaller than (forthe HiRes spe
trum) the minimum �ux of photons pre-di
ted by top�down models that �t the AGASA or theHiRes data. Dete
tion of a larger photon �ux than ex-pe
ted for GZK photons at those energies would there-fore point to a top�down model (or to the emission ofa large �ux of photons at the sour
es). The estimateof the minimum photon ratio predi
ted by top�downmodels is also essential when applying the already ex-isting and possible future upper bounds on the fra
tionof photons in UHECR to these models.We re
all that top�down models were introdu
edas an alternative to a

eleration models to explainthe highest-energy 
osmi
 rays, whi
h the latter mod-els have di�
ulty in explaining. The spe
tra of theUHECR produ
ed in top�down models are determinedby the elementary parti
le physi
s of Z-boson de
ays

and of QCD fragmentation, whi
h predi
t photon dom-ination of the spe
trum at high energies.In order to minimize the photon fra
tion predi
tedby top�down models while �tting the UHECR spe
-trum, we ask top�down models to explain only thehighest-energy events, those 
lose to 1020 eV, while in-voking a more 
onventional bottom�up extragala
ti

omponent (whi
h we assume to 
onsist of nu
leons)to dominate the �ux at energies just below. This is anunnatural possibility requiring two totally independentme
hanisms to provide UHECR at 
omparable levels.We 
onsider it only be
ause it provides the minimumamount of top�down photons. We here present �tsto the AGASA and HiRes data following this strategyto minimize the predi
ted photons for three top�downmodels: Z-bursts, topologi
al defe
ts (ne
kla
es), andsuper-heavy dark-matter (SHDM) parti
les.4.1. Z-burstsIn the Z-burst model [52℄, ultra-high-energy neutri-nos 
oming from remote sour
es annihilate at the Z-re-sonan
e with reli
 ba
kground neutrinos. The Z-bo-sons then de
ay, produ
ing se
ondary protons, neutri-nos, and photons. The Z-resonan
e, whi
h a
ts as anew 
uto�, o

urs when the energy of the in
oming �is Eres =M2Z=2 m� = 4 � 1021 eV(eV=m�):So far, Z-burst models have been studied mostly toexplain the AGASA spe
trum (however, see Ref. [53℄).Many problems have been found, whi
h are allevi-ated by assuming the HiRes spe
trum. One of themis that pra
ti
ally no photons should be produ
ed atthe sour
e together with the UHECR neutrinos, oth-erwise too many low-energy photons in the EGRETregion are predi
ted. For example, with sour
es emit-ting equal power in neutrinos and photons, the EGRETbound [45℄ on the di�used GeV 
-ray ba
kground is vio-lated by two orders of magnitude (see Fig. 3 in Ref. [54℄)when the AGASA spe
trum is 
onsidered. Also boundsby the GLUE [55℄ and FORTE [56℄ experiments on theprimary neutrino �ux, as well as the nonobservation ofUHECR events at energies above 2:5 � 1020 eV by theAGASA imply a lower bound � 0:3 eV on the reli
 neu-trino mass [21, 53, 57℄. Be
ause this mass ex
eeds thesquare root of mass-squared di�eren
es inferred fromos
illation physi
s, the bound in fa
t applies to all threeneutrino masses. Together with the upper bound pro-vided by CMB anisotropy and large-s
ale stru
ture ob-servations, this bound leaves only a small interval forneutrino masses around 0.3 eV, if Z-bursts are to ex-1226
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Fig. 10. Example of a �t to the AGASA data with a LEC plus a �ux of protons and photons produ
ed by Z-bursts showingthe highest energies (a) and the EGRET energy region (b). LEC due to protons from astrophysi
al sour
es. Also shown isthe assumed initial neutrino spe
trum (dashed line); only its value at the resonan
e energy is importantplain the existing UHECR AGASA spe
trum. Theseproblems are somewhat alleviated if Z-bursts are toexplain the ultra-GZK events in the HiRes spe
truminstead of the AGASA spe
trum, as 
an be seen inFig. 11 below.The p and 
 
urves in Fig. 10 and Fig. 11 show thepredi
tions of a Z-burst model 
omputed as in Ref. [21℄but with the reli
 neutrino mass m� = 0:4 eV. We as-sume the maximum redshift zmax = 3 for the ultra-high-energy neutrino sour
es (whi
h emit only neutri-nos and have not evolved), the maximum interveningradio ba
kground, and BEGMF = 10�9 G. In our 
al-
ulation, we do not 
onsider the e�e
t of lo
al inhomo-geneities, su
h as the Virgo 
luster [58℄. The assumedspe
trum of ultra-high-energy neutrinos is shown in the�gures. Only the part of this spe
trum 
lose to the res-onan
e energy is relevant. Here, we try to minimize thephoton fra
tion predi
ted by Z-bursts by in
orporatinga low-energy 
omponent of extragala
ti
 nu
leons.In Fig. 10, a LEC parameterized as a power law (asin Eq. (1)) with the index � = 2:8, the 
uto� energyEmax = 1020 eV, and the minimum distan
e to thesour
es of 50 Mp
 has been added to the 
ontributionof the Z-bursts to �t the AGASA data. The �t hasthe minimum �2 = 15 for 15 bins with E < 1020 eV.At higher energies, E > 1020 eV, the �t is not good,it has the minimum �2 = 6:4 for 3 degrees of freedom.The reason is that the predi
ted �ux is too low at theseenergies. However, the �t to the spe
trum above theend-point of the AGASA spe
trum, E > 2:5 � 1020 eV,is good: only 2 (mostly photon) events are predi
ted

(where none were seen).If we try to in
rease the Z-burst �ux by minimizingthe absorption of photons by the ba
kground, the �tis worse at high energies. If we take the lowest radioba
kground and a small EGMF B = 10�12 G, the �t tothe AGASA spe
trum at E > 1020 eV is better, withthe minimum �2 = 4 for 3 degrees of freedom. But5.8 events (mostly photons) are predi
ted above theAGASA end point, whi
h we 
onsider una

eptable.As shown in Fig. 10b, the gamma-ray �ux at lowenergies saturates the EGRET data. Also, as shownFig. 17a below, the predi
ted photon fra
tion saturatesthe upper bound on the photon fra
tion obtained withthe AGASA data at 1020 eV [51℄.In Fig. 11, a LEC parameterized as a power law(see Eq. (1)) with the index � = 2:7, the maximum en-ergy Emax = 1021 eV, and a zero minimum distan
e tothe sour
es has been added to the 
ontribution of theZ-bursts to �t the HiRes data. The spe
trum of thismodel perfe
tly �ts that of HiRes. Only 1.8 events (1proton and 0.8 photon) are predi
ted above the end-point of HiRes, where none were seen.Be
ause the super-GZK nu
leon �ux is here lowerthan with the AGASA spe
trum, the predi
ted gamma-ray �ux at low energies is well under the EGRET data(see Fig. 11b). As 
an be seen in Fig. 17a, the predi
tedphoton fra
tion is just under the upper bound obtainedwith the AGASA data at 1020 eV [51℄.1227
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Fig. 12. Example of a �t to the AGASA spe
trum with a LEC plus se
ondary protons and photons in a TD model, showingthe highest energies (a) and also the EGRET energy range (b). The LEC, as in Eq.(2), is due to nu
leons from astrophysi
alsour
es. The photon-to-nu
leon ratio in the de
ay produ
ts is about 34.2. Topologi
al defe
ts (ne
kla
es)The 
urves p and 
 in Figs. 12 and 13 
orre-spond to se
ondary protons and photons in a par-ti
ular top�down model, in whi
h topologi
al defe
ts(TD), su
h as ne
kla
es, produ
e GUT-s
ale mass par-ti
les, whi
h in turn de
ay into quarks, leptons, et
(see, e.g., Ref. [59℄ for a review). The mass s
ale of theparent parti
les provides the maximum energy of theUHECR, Emax = mX , and therefore these s
enariosavoid the di�
ulty in astrophysi
al obje
ts of a

eler-ating the UHECR to the highest energies observed. Asin Z-burst models, TD s
enarios predi
t, therefore, anew 
uto� given by the parent parti
le mass at ener-gies above 1020 eV. The parent parti
les typi
ally de-


ay into leptons and quarks. The quarks hadronize andsome leptons de
ay, resulting in a large 
as
ade of pho-tons, neutrinos, light leptons, and a smaller amount ofnu
leons.TD models may also have di�
ulties with theEGRET �ux [45, 60℄ on the di�used GeV gamma-rayba
kground. We have taken this possible bound intoa

ount.The TD model in Figs. 12 and 13 assumes a par-ent parti
le mass mX = 2 � 1013 GeV, an EGMF of10�12 G, and the low radio ba
kground predi
ted byProtheroe and Biermann, whi
h is the intermediate ra-dio ba
kground among the three we 
onsider in thispaper. Even if we try to minimize the photon �ux at1228
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Fig. 13. As in Fig. 12 but for the HiRes spe
trumhigh energies, the radio ba
kground and EGMF valueare not the maximal we used in this paper. This is sobe
ause, as we show here, a smaller amount of ultra-high-energy photons yields a worse �t to the AGASAdata. The heavy-parti
le inje
tion rate is assumed tobe � mX t�3, where t is the 
osmi
 time.The QCD spe
trum used in Figs. 12 and 13 (shownin Fig. 11 in Ref. [20℄) 
orresponds to the de
ay of theheavy parti
les into two quarks without supersymme-try [61℄. Originally, this de
ay model predi
ts a ratioof about 10 photons per nu
leon in the de
ay produ
ts(as does Ref. [62℄), while in more re
ent models [63�65℄,this ratio is only 2�3. Therefore, the ratio was broughtto be equal to 3 in Fig. 12 and Fig. 13. Here, we �tthe LEC with the fun
tion in Eq. (2) with � = 2:7 andan exponential energy 
uto� with E
ut = 8 � 1019 eV,in order to in
rease the 
ontribution of the TD modelto the AGASA �ux, whi
h is still too low at high en-ergies. Again, the �t is good at energies E < 1020 eV,with minimum �2 = 14 for 15 degrees of freedom. Butthe �t of the AGASA spe
trum above the GZK energyis bad, with minimum �2 = 7:4 per 3 degrees of free-dom. This is due to the strong redu
tion of the TD �uxabove the GZK energy (due to the GZK e�e
t, be
ausethere are more protons than in Fig. 12), whi
h meansthat in order to have a good �t at energies below theGZK energy, the �ux is too small at higher energies.There are only 3.7 events at E > 1020 eV (of whi
h 2.7are photons), while AGASA observed 11 events. But ifwe take the minimum radio ba
kground (not shown inthe �gures) instead of the intermediate one we use inthe �gures, the �t to the AGASA o

upied bins abovethe GZK energy is good (with the minimum �2 = 2:2per 3 degrees of freedom), but the number of events

predi
ted above the end-point of the AGASA spe
trum(where no events were observed) be
omes 10, whi
h isagain una

eptable.We 
on
lude from Fig. 12 that the representativeTD models we study are barely 
onsistent with theAGASA data. They predi
t either a �ux too lowat super-GZK energies or too many events above thehighest-energy events observed by AGASA. For the TD
urve in Fig. 17a, the model in Fig. 12 was used. Wesee in Fig. 17a that the predi
ted photon ratio is some-what above the upper bound for the photon fra
tionobtained with the AGASA data at 1020 eV [51℄.In Fig. 13, a LEC parameterized as a power law(see Eq. (1)) with the index � = 2:7 and the 
uto�energy Emax = 1021 eV and a zero minimum distan
eto the sour
es, has been added to the 
ontribution ofthe TD model to �t the HiRes data. The spe
trumof this model (with the 
=p ratio equal to 3) �ts theHiRes data well. This model predi
ts 0.4 events abovethe end-point of the HiRes spe
trum. It is 
lear thatthe �t would also be good with a larger 
=p ratio inthe TD de
ay produ
ts, be
ause we 
an redistributethe protons between the LEC and the TD 
ontributionwithout a signi�
ant 
hange in the �t (but the pho-ton fra
tion at the highest energies would be somewhatlarger).As mentioned above, the QCD model used so farin this subse
tion predi
ts the ratio about 10 photonsper nu
leon in the de
ay produ
ts [61℄ (although webrought it arti�
ially to 3); in more re
ent models [63�65℄, this ratio is 
onsiderably smaller. We also in
ludethe results obtained with one of these more re
ent mod-els. The heavy-parti
le de
ay spe
trum used in Fig. 14
orresponds to the de
ay of the heavy parti
les into1229
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Fig. 14. The maximum and minimum GZK photon fra
tions in the integral �ux above the energy E for the TD modeldes
ribed in the text and with the AGASA spe
trum (a) and the HiRes spe
trum (b). The 2006 [71℄ and 2007 [72℄ Augerupper bounds on the photon fra
tion are also shown. Upper bounds are shown by thi
k lines and lower bounds are shownby thin lines for Emax < 1023 eVquark and antiquark pairs with the �gaugino set of su-persymmetri
 parameters� taken from Ref. [64℄. We
hoose this parti
ular de
ay mode be
ause it is one inwhi
h the initial number of photons per nu
leon pro-du
ed is one of the lowest (sin
e we want to estimatethe minimum GZK photon �ux produ
ed). This de
aymodel predi
ts the ratio about 2 or less photons per nu-
leon in the de
ay produ
ts. At low energies, the frag-mentation fun
tions were suppressed following Fig. 2.11in Ref. [66℄. For E=Emax < R0, the suppression fa
torused is R� log10(R=W 2), where R = R0=(E=Emax) andW is the width in de
ades at whi
h the spe
trum issuppressed by the fa
tor 0.1 (there is no suppressionfor E=Emax > R0). From the �gure just mentioned,we 
an �nd the values of the parameters R0 and W .We used R0 = 10�6 and W = 3:5.Figure 14 shows the maximum and minimum pho-ton fra
tions found using the method in Ref. [67℄ forEmax < 1023 eV. In Ref. [67℄, the maximum and min-imum GZK photon fra
tions were found assuming apower-law spe
trum of protons inje
ted by astrophysi-
al sour
es and �tting the AGASA and HiRes UHECRspe
tra for energies E > 4 � 1019 eV. It was also as-sumed that any possible LEC is irrelevant at this en-ergies. We note that the LEC in Fig. 12 satis�es thislatter 
ondition but that in Fig. 13 does not. To pro-du
e Fig. 14, we use the same pro
edure but repla
ethe inje
ted spe
trum by that produ
ed in the heavy-parti
le de
ay. We 
hoose the value of the amplitude ofthe inje
ted spe
trum by maximizing the Poisson like-lihood fun
tion using the UHECR data from 4 �1019 eVup to the last published bin of ea
h spe
trum plus one

extra bin with zero observed events at higher energies.This extra bin and the highest energy empty publishedbins a

ount for the nonobservation of events above thehighest o

upied energy bin in the data of ea
h 
ollab-oration, the end-point energy of ea
h spe
trum (i.e., atE > 2:3 �1020 eV for AGASA [68℄ and E > 1:6 �1020 eVfor HiRes [69℄), although their aperture remains 
on-stant with in
reasing the energy. We then 
omputethe goodness of the �t, or p-value, of the distribu-tion using a Monte-Carlo te
hnique. Only the modelswith the p-value larger than 0.05 are 
onsidered, as inRef. [67℄. The maximum and minimum GZK photon�uxes depend on the intervening radio ba
kground andEGMF B and on the value of Emax = mX=2. The2006 [71℄ and 2007 [72℄ Auger upper bounds for thephoton fra
tion are also shown in Fig. 14. The mod-els with the minimal photon fra
tion for the AGASAspe
trum 
hange with energy. For E < 1:3 � 1020 eV,the minimum photon fra
tion results from 
hoosingEmax = 8 � 1022, the intermediate radio ba
kground,and B = 10�9 G, while for E > 1:3 �1020 eV, the modelwith minimum photon fra
tion has the same Emax butthe maximal radio ba
kground and B = 10�11 G. Themodel with the minimal photon fra
tion for the HiResspe
trum also has Emax = 8 � 1022 and the maximalradio ba
kground but B = 10�9 G.4.3. Super-Heavy Dark Matter (SHDM)In this s
enario, super-heavy metastable parti
lesare produ
ed in the early Universe and remain atpresent. They form part of the dark matter of theUniverse and, in parti
ular, of the dark halo of our1230
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Fig. 15. Example of a �t to the AGASA (a) and HiRes (b) data at high energies with a LEC plus protons and photons de
ayprodu
ts in a SHDM. The parent parti
le mass is 2 � 1012 GeV. The LEC is due to nu
leons from astrophysi
al sour
esGalaxy. These parti
les (with 
olorful names su
h as�
ryptons� or �wimpzillas�) may de
ay [73�75℄ or anni-hilate [76℄ into the observed UHECR. The spe
tra ofthe de
ay or annihilation produ
ts are essentially de-termined by the physi
s of QCD fragmentation, whi
himplies photon domination of the �ux at the highestenergies.The UHECR in these models are produ
ed predom-inantly within the dark halo of our Galaxy. Thus,these models predi
t an ex
ess of UHECR events fromthe Gala
ti
 
enter [77℄. This anisotropy is in 
on�i
twith the data on arrival dire
tions of the SUGAR ex-periment [78℄, unless SHDM are responsible for themajority of UHECR events only at energies above6 � 1019 eV [79℄. Even in this 
ase, annihilating SHDMmodels are disfavored at least at the 99% C.L. by theSUGAR data, while de
aying SHDM models have aprobability of � 10% to be 
onsistent with the SUGARdata [79℄.As seen in Fig. 17a, the model we present is barely
onsistent with the upper bound on the photon fra
tionobtained with the AGASA data at 1020 eV [51℄.The p and 
 
urves in Fig. 15 are the predi
tionsof a supersymmetri
 SHDM model taken from a re
ent
al
ulation in Ref. [65℄, obtained by averaging over allpossible de
ay 
hannels, in
luding de
ays into quarks,squarks, gluons, and gluinos. These predi
tions, whi
hwe use here as an example, are similar to those of pre-vious 
al
ulations [63℄ (see Fig. 17 in Ref. [65℄). Inparti
ular, the ratio of SHDM-produ
ed photons overnu
leons is about 2.Here, we redu
ed the mass of the parent parti
le tomX = 2 � 1012 GeV be
ause, with the 1014 GeV mass

used in Ref. [65℄ to �t the AGASA data, we �nd thattoo many events are predi
ted above the end-point ofthe AGASA spe
trum. To be more pre
ise, the modelin Fig. 15, with mX = 2 � 1012 GeV, predi
ts 3.0 eventsabove the end-point of the AGASA spe
trum, i.e., atE > 2:5 � 1020 eV. The �t has the minimum �2 = 2 forthe 3 o

upied bins at energies E > 1020 eV.FormX = 1014 GeV, as used in Ref. [65℄, the SHDMmodel predi
ts instead 8.5 events above the AGASAend-point. With the HiRes spe
trum, there would notbe any problem in using the higher mX , be
ause only0.16 events are predi
ted with mX = 2 � 1012 GeV and0.8 events are predi
ted with mX = 1014 GeV abovethe HiRes end-point (i.e., at E > 3:2 � 1020 eV).We 
an reverse this argument and set a boundon the SHDM mass by requiring that no more than,say, 3 events be predi
ted above the end-point of theAGASA spe
trum. At the 95% C.L., this limit ismX < 2 � 1021 eV. This should be taken as an order-of-magnitude limit, be
ause AGASA assigned an energyto the events assuming proton primaries and the energyof some of the highest-energy events 
an be higher forphoton primaries [80℄. A way to alleviate this bound,at the expense of redu
ing the goodness of the �t,is to redu
e the 
ontribution of the SHDM model tothe total UHECR spe
trum. For example, one 
ouldallow mX = 1014 GeV by redu
ing the SHDM 
on-tribution by for
e above the AGASA end-point to 3events. In this 
ase, only 7 events would be predi
tedat E > 1020 eV, where AGASA observed 11. The �t hasthe minimum �2 = 6:7 for the 3 o

upied bins at en-ergies E > 1020 eV. Thus, redu
ing the 
ontribution ofthe SHDM �ux to the AGASA �ux to allow larger mX1231
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Fig. 16. The maximum and minimum GZK photon fra
tions in the integral �ux above the energy E for the SHDM modelwith the fragmentation fun
tion in Ref. [64℄ (see Se
. 4.2) using the statisti
al method in Ref. [67℄ and with the AGASAspe
trum (a) and the HiRes spe
trum (b). The 2006 [71℄ and 2007 [72℄ Auger upper bounds on the photon fra
tion arealso shown. Upper bounds are shown by thi
k lines and lower bounds are shown thin linesvalues brings SHDM models 
lose to just extragala
ti
protons with a hard spe
trum / 1=E (with the min-imum �2 = 7:8, see Se
. 3.1) in terms of goodness ofthe �t.The nu
leon and photon spe
tra produ
ed by theSHDM model we use is too hard, and therefore an addi-tional LEC, whi
h we assume to 
onsist of extragala
ti
nu
leons, is needed to �t the data. In Fig. 15a, a LECparameterized as a power law (see Eq. (1)) with theindex � = 2:8, the maximum energy Emax = 1020 eV,and a zero minimum distan
e to the sour
es, has beenadded to the 
ontribution of the SHDM model to �t theAGASA data. In Fig. 15b, the LEC shown, added to�t the HiRes spe
trum, has � = 2:7, Emax = 1021 eV,and an assumed zero minimum distan
e to the sour
es.We note that the SHDM model studied so far, withthe AGASA spe
trum, predi
ts a signi�
ant photonfra
tion, about 10�20%, at energies E > 1019 eV (seeFig. 17a), whi
h are too high for the re
ent Auger limitson the the photon 
omponent of the UHECR.Using the statisti
al method in Ref. [67℄ and theheavy-parti
le de
ay spe
trum used in Fig. 14 (takenfrom Refs. [64, 66℄; see the explanations in the lastparagraph of the previous subse
tion), we �tted theUHECR spe
trum above 4 � 1019 eV just with thespe
trum resulting from the superheavy-parti
le de-
ay, with no absorption or redshift, and obtained themaximum and minimum photon fra
tions of the inte-grated �ux shown in Fig. 16. We assumed that theLEC is negligible at energies 4 � 1019 eV and above. Wenote that the LEC in Fig. 15b, 
hosen above to �t theHiRes spe
trum, violates this assumption (whi
h leads

to lower predi
ted photon levels, be
ause the SHDMmodel dominates only at higher energies). In SHDMmodels, the maximum and minimum photon fra
tionsdepend only on the value of Emax = mX=2 and forea
h energy E, the values of Emax giving the maxi-mum of the minimum photon ratio are di�erent. We
onsidered the range 1020 eV < Emax < 1023 eV.However, the �tting pro
edure shows that only theranges 3:5 � 1020 eV < Emax < 1:4 � 1021 eV and1:2 � 1020 eV < Emax < 7:1 � 1020 eV provide a

ept-able models.We note that when the spe
trum of SHDM is as-sumed to dominate the UHECR spe
trum only at thehighest energies, i.e., 
lose 1020 eV (as is the 
ase forthe model in Fig. 15b), the resulting minimum pho-ton fra
tions are smaller (about 1% at 1019 eV; seeFig. 17b), but if SHDM are assumed to already repro-du
e the UHECR spe
trum at 4�1019 eV and above, theminimum expe
ted photon fra
tions are larger (above10% at 1019 eV; see Fig. 18b).4.4. Photon fra
tionsIn Fig. 17, we 
ompare the range of GZK photonfra
tions we obtained in Se
. 3 with the minimal pho-ton fra
tions predi
ted by the top�down models shownin Figs. 10�13 and 15 and existing experimental upperbounds. Figures 17 show the fra
tion of photons asper
entage of the total predi
ted integrated UHECR�ux above the energy E in ea
h model.In Fig. 17a and b, the AGASA spe
trum and theHiRes spe
trum are respe
tively assumed. The ZB,TD, and SHDM 
urves in Fig. 17 
orrespond to the1232
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E; eVFig. 17. Photon fra
tion in per
entage of the totalpredi
ted integrated UHECR spe
trum above the en-ergy E for the AGASA spe
trum (a) and the HiResspe
trum (b). The hat
hed regions show the range ofGZK photon fra
tions expe
ted if only nu
leons are pro-du
ed at the sour
es (see Se
. 3). The 
urves labeledZB (Z-bursts), TD (topologi
al defe
ts), and SHDM(super-heavy dark-matter model) show examples ofminimum photon fra
tions predi
ted by these models(see Se
. 4). Upper limits: A, from AGASA, Ref. [10℄at (1�3) � 1019 eV, Ref. [51℄ and obtained with theAGASA data at 1020 eV; AY, from the Yakutsk 
ollab-oration 
ombining the data from Yakutsk and AGASA,above 1020 eV [70℄; H, from Haverah Park [18℄. The2006 [71℄ and 2007 [72℄ Auger upper bounds on thephoton fra
tion are also shownZ-burst, topologi
al defe
ts, and SHDM models inFigs. 10�13 and 15. The hat
hed regions show therange of GZK photons between the maximum and min-imum �uxes obtained in Se
. 3. The upper and lowerboundaries of the hat
hed region in Fig. 17a are thephoton 
urve in Fig. 6b and the photon 
urve in Fig. 7b,

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������

��������������
��������������
��������������
��������������
��������������

0:010:1
110

100
Photonfra
tion
,% SHDM GZK PHOTONSIII IIIAuger 2006Auger 2007Auger 2007Auger 2007Topologi
al Defe
ts

a1019 1020 E; eV

1019 1020 E; eV
I GZK PHOTONSII III Topologi
al Defe
tsSHDM Auger 2006Auger 2007 Auger 2007Auger 2007

0:0010:010:11
10100

bPhotonfra
tion
,% AY

AY

Fig. 18. Photon fra
tion in per
entage of the total pre-di
ted integrated UHECR spe
trum above the energyE for the AGASA spe
trum (a) and the HiRes spe
-trum (b). Region I is the wider range of GZK photonfra
tions expe
ted if only nu
leons are produ
ed at thesour
es derived in Ref. [67℄ (see Fig. 7 therein). RegionsII and III are the respe
tive ranges of photon fra
tionsin Fig. 14 (for TD models) and in Fig. 16 (for SHDMmodels) also obtained with the method in Ref. [67℄ (seethe last paragraphs in Se
. 4.2 and 4.3). The 2006 [71℄and 2007 [72℄ Auger upper bounds on the photon fra
-tion as well as the upper bound by the Yakutsk 
ol-laboration 
ombining data from Yakutsk and AGASAabove 1020 eV [70℄ (AY) are also shownrespe
tively. The upper and lower boundaries of thehat
hed region in Fig. 17b are the highest photon 
urvein Fig. 8b and the lowest photon 
urve of Fig. 9b, re-spe
tively. It is worth noting how the GZK photonband depends on the assumed spe
trum: the band forAGASA is above the band for HiRes, being entirelyseparated from it.In Fig. 18, we 
ompare the range of GZK photon6 ÆÝÒÔ, âûï. 6 1233
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tions derived in Ref. [67℄ with nu
leons inje
ted bythe sour
es, with the maximum and minimum photonfra
tions in topologi
al defe
ts (ne
kla
es) and SHDMmodels shown in Figs. 14 and 16. These were ob-tained with the same method of Ref. [67℄ and the heavy-parti
le de
ay model des
ribed in the last paragraphsof the subse
. 4.2 and 4.3.We 
on
lude from Fig. 17 and Fig. 18 that at en-ergies above 3 � 1019 eV, the minimum photon fra
tionpredi
ted by top�down models is either larger or atmost 
omparable to the maximum expe
ted GZK pho-ton ratio, and the 2007 Auger [72℄ and the AGASA�Yakutsk [70℄ upper bounds on the photon fra
tionstrongly 
onstrain top�down models, and SHDM mod-els in parti
ular.The di�eren
es between Figs. 17 and 18 are due tothe di�erent methods and models with whi
h the pho-tons fra
tions were derived. The GZK photon fra
tionsfor the AGASA spe
trum are lower in Fig. 17 than inFig. 18 be
ause of the di�erent �tting pro
edure andthe di�erent 
hoi
e of Emax, whi
h 
an be only as highas 1021 eV in Ref. [67℄, a more 
onservative value, in-stead of 1022 eV, the preferred value for the AGASAspe
trum in Se
. 3.The SHDM photon fra
tions are mu
h higher inFig. 18 than in Fig. 17. The superheavy parti
le frag-mentation fun
tions used to produ
e both �gures aresimilar and the expe
ted di�eren
es in the minimumphoton fra
tion are due to the range of energies atwhi
h the SHDM is assumed to provide the bulk ofUHECR: in Fig. 18, it is above 4 �1019 eV and in Fig. 17,it instead starts at energies 
loser to 1020 eV. But inboth 
ases, the SHDM models studied either saturateor ex
eed the 2007 Auger bounds, in parti
ular, that at1019 eV, and the AGASA�Yakutsk bound at 1020 eV.Thus, the Auger bounds by themselves already ex
ludethe SHDM models 
onsidered here as the dominantme
hanism to produ
e UHECR, ex
ept at energies very
lose to 1020 eV [81℄. Also, the photon fra
tions given inFig. 2 in Ref. [82℄ are reje
ted by the 2007 Auger boundat 1019 eV. There is another type of SHDM models [83℄in whi
h the photon fra
tion 
an be smaller. Thosewith the smallest photon fra
tions tend to 
orrespondto superheavy parti
les with larger mass and the 
on-straint on the events predi
ted above the experimentalend point is important. Some of these models are stillallowed but are very 
lose to the existing photon limits,within a fa
tor of about two [84℄.The topologi
al defe
t models used in Figs. 17 and18 are di�erent, that in Fig. 18 being in line withthe more re
ent estimates of fragmentation fun
tionsin whi
h the photon fra
tion is smaller than in older

models. This is the main reason for the minimalphoton ratios expe
ted in these models to be smallerin Fig. 18 than in Fig. 17. These models are notruled out by the present photon fra
tion bounds, butthe photon fra
tions they predi
t are above 10% at1020 eV. The present AGASA�Yakutsk limit upperbound N
=Ntot < 36% strongly limits these models.Hen
e, either UHECR photons at energies 
lose to1020 eV will be dete
ted or experimental limits will beobtained in the future by Auger. An upper limit 
loseto 10% at those energies would reje
t all top�downmodels as the origin of UHECR.Thus, the photon fra
tion at energies above 1019 eVis a 
ru
ial test for top�down models. The only 
aveatto this 
on
lusion resides in 
onsidering that the evalua-tion of the extragala
ti
 radio ba
kground in [35℄ 
ouldbe wrong by several orders of magnitude, and thereforethis ba
kground 
ould be larger than those in Ref. [35℄by a large fa
tor of 30 to 100 as suggested in Ref. [85℄,although there are no spe
i�
 arguments at present tojustify these large fa
tors.We have shown in this paper that either the dete
-tion of UHECR photons or an improvement of the ex-isting upper limits on the photon �ux is very important,both for top�down as well as for bottom�up me
ha-nisms to explain the UHECR. SHDM and Z-burst mod-els seem to be strongly disfavored by the present exper-imental upper bounds on the photon fra
tion. With as-trophysi
al sour
es, the GZK photon �ux is importantfor understanding the initial proton or neutron spe
-trum emitted at the UHECR sour
es and the distribu-tion of sour
es. UHECR photons may help us to un-derstand the intervening extragala
ti
 magneti
 �eldsand radio ba
kground. We have presented �ts to boththe AGASA and the HiRes UHECR spe
tra with ex-tragala
ti
 nu
leons, the GZK photons they produ
e,and, when needed, an additional low-energy 
ompo-nent at energies below 1019 eV (see Se
. 3). The bandof the expe
ted GZK photon �ux depends 
learly onthe UHECR spe
trum and also on the assumptions andpro
edure used (see Figs. 17 and 18). On
e the parti
u-lar UHECR spe
trum is �xed, the un
ertainties in this�ux due to the extragala
ti
 nu
leon model and due toour ignoran
e of the intervening ba
kground are 
om-parable (see subse
. 2.5). Thus, extra
ting informationon the extragala
ti
 nu
leon �ux from the GZK pho-tons would require independent information on the ex-tragala
ti
 magneti
 �elds and radio ba
kground, andvi
e versa.The dete
tion of UHECR photons would open a newwindow for ultra-high energy astronomy and help es-tablish the UHECR sour
es.1234
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