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We calculate the flux of “GZK photons”, namely, the flux of ultra-high-energy cosmic rays (UHECR) consisting
of photons produced by extragalactic nucleons through the resonant photoproduction of pions, the so called
GZK effect. We show that for primary nucleons, the GZK-photon fraction of the total UHECR flux is between
10~* and 1072 above 10" eV and up to the order of 0.1 above 10?° V. The GZK-photon flux depends on
the assumed UHECR spectrum, the slope of the nucleon flux at the source, and the distribution of sources and
intervening backgrounds. Detection of this photon flux would open the way for UHECR gamma-ray astronomy.
Detection of a larger photon flux would imply the emission of photons at the source or new physics. We compare
the photon fractions expected for GZK photons and the minimal fractions predicted by top—down models. We
find that the photon fraction above 10'? eV is a crucial test for top-down models.

PACS: 96.50.sh, 96.50.sb
1. INTRODUCTION

The cosmic rays with energies beyond the Greisen—
Zatsepin-Kuzmin (GZK) cutoff [1] at 4 - 1017 eV
present a challenging outstanding puzzle in astropar-
ticle physics and cosmology [2, 3]. Nucleons cannot be
confined to our Galaxy for energies above the “ankle”,
i.e., above 10'®% eV. This and the absence of a cor-
relation of arrival directions with the Galactic plane
indicate that if nucleons are the primary particles of
the ultra-high-energy cosmic rays (UHECR), these nu-
cleons should be of extragalactic origin. But nucleons
with energies above 5 - 10!? eV could not reach Earth
from a distance beyond 50 to 100 Mpc [4] because they
scatter on the cosmic microwave background (CMB)
photons with a resonant photoproduction of pions:

py — A" — N,
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where the pions carry away approximately 20 % of the
original nucleon energy. The mean free path for this
reaction is only 6 Mpc. Photons with comparable en-
ergy pair-produce electrons and positrons on the ra-
dio background and, likewise, cannot reach Earth from
beyond 10 to 40 Mpec [5] (although the photon energy-
attenuation length is uncertain due to the uncertainties
in the spectrum of the absorbing radio background).
There are only few known astrophysical sources within
those distances that could produce such energetic par-
ticles, but they are not located along the arrival direc-
tions of the observed cosmic rays.

Intervening sheets of large-scale intense extragalac-
tic magnetic fields (EGMF), with intensities B ~ 0.1-
1-10°% G, could provide sufficient angular deflection
for protons to explain the lack of observed sources in
the directions of arrival of UHECR. However, recent
realistic simulations of the expected large-scale EGMF
show that strong deflections could only occur when par-
ticles cross galaxy clusters. Except in the regions close
to the Virgo, Perseus, and Coma clusters, the obtained
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magnetic fields are not larger than 3 - 107'* G [6] and
the deflections expected are not important (however,
see Ref. [7]).

Whether particles can be emitted with the nec-
essary energies by astrophysical accelerators, such as
active galactic nuclei, jets or extended lobes of ra-
dio galaxies, or even extended object such as colliding
galaxies and clusters of galaxies, is still an open ques-
tion. The size and possible magnetic and electric fields
of these astrophysical sites make it plausible for them
to produce UHECR up to energies of 10%! eV at most.
Larger emission energies would require a reconsidera-
tion of possible acceleration models or sites.

Heavy nuclei are an interesting possibility for
UHECR primaries, because they could be produced
at the sources with larger maximum energies (propor-
tional to their charges) and would more easily be de-
flected by intervening magnetic fields. On the other
hand, both AGASA and HiRes data favor a dominance
of light hadrons, consistent with being all protons, in
the composition of UHECR above 10'? V. However,
we should keep in mind that the inferred composi-
tion is sensitive to the interaction models used. If a
proton-plus-iron composition is assumed, HiRes Stereo
data show a constant or slowly changing composition
of 80 % protons and 20 % iron nuclei between 10'8:0 eV
and 10'°* eV. This is consistent with the change in
composition from heavy to light in the 10'7 eV to
10'® eV range found by HiRes Prototype [8]. HiRes
monocular data show 90 % proton composition between
1076 eV and 10%° eV [9]. Similar results were found
by AGASA, which produced bounds on the iron frac-
tion (again assuming an iron-plus-proton composition)
of 14 (+16,—14) % and 30 (+7,—6) % above 10'-0 eV
and 10'9-25 eV respectively, and the 1 ¢ upper bound
of 66 % above 10'% eV [10].

In fact, a galactic component of the UHECR flux,
which could be important up to energies 10 eV,
should consist of heavy nuclei, given the lack of cor-
relation with the Galactic plane of events at this en-
ergy (outside the Galactic plane, galactic protons would
be deflected by a maximum of 15-20° at this ener-
gies [11]). For nuclei, the dominant energy loss pro-
cess is photodissociation through scattering with the
infrared background below 10?° €V [12] and with the
CMB above 10%° eV, and pair creation on the CMB
in a small energy interval around 102° eV (at energies
for which the typical CMB photon energy in the rest
frame of the nucleus is above the threshold, i.e., above
1 MeV, but below the peak of the giant resonance, 10—
20 MeV) [13]. The typical attenuation length in the
energy range 4 - 101 to 102 eV changes from several

10® Mpc for iron and silicon to a value comparable
to that of nucleons for helium [13, 14]. At energies
above 102° eV, the attenuation length of heavy nu-
clei decreases and becomes less than 10 Mpc at about
3-10%° eV for iron, 2-10%° eV for silicon, and 10?° eV for
carbon (see, e.g., Fig. 1in Ref. [14]). In the realistically
low EGMF in Ref. [6], most of the heavy nuclei with
E > 10%° eV reaching us from more than 10 Mpc away
with energies above those mentioned would disintegrate
into protons with energy (1/A) of the original nucleus
energy, where A is the atomic number (this is 1/56
of the original energy for iron nuclei). We also note
that the same photodissociation processes can destroy
heavy nuclei near their sources if the intensity of the
infrared background near the sources is large enough.
We should not forget that all UHECR above 10'® eV
could be due to extragalactic protons [15].

The GZK cutoff at 4-10'? eV seems not to be present
in the data of the AGASA ground array [2], but it ap-
pears in the data of the HiRes air fluorescence detec-
tor [3]. In any case, there are events above the GZK
cutoff, even in the HiRes data set, and these remain
unexplained because the local Universe (~ 100 Mpc)
is devoid of strong candidate sources in the direction
to which the events point, and also of the large mag-
netic fields that could deflect the incoming particles
significantly. Due to the limited statistics and differ-
ent systematic errors of both experiments, the discrep-
ancy between them is not very significant. However,
the presence or absence of the GZK cutoff remains an
open question. This controversy will be solved conclu-
sively by the Pierre Auger Observatory [16], a hybrid
combination of charged particles detectors and fluores-
cence telescopes, perhaps within the next one or two
years.

The analysis of the muon content in air showers has
been used by AGASA to reject photon dominance in
UHECR above 10! eV [17, 10]. Assuming a compo-
sition of protons plus photons, AGASA quotes upper
limits for the photon ratio of 34 %, 59 %, and 63 % at
1019 eV, 101925 eV, and 10'%% eV respectively at the
95 % confidence level [10]; even above 102 eV, they
find no indication that the events they observe are
mostly photons [17]. Also a reanalysis of horizontal
showers at Haverah Park concluded that photons can-
not constitute more that 50 % of the UHECR above
4-10' eV [18].

The GZK process produces pions. The decay of 7=
yields neutrinos. These “GZK neutrinos” have been ex-
tensively studied since 1969 [19] (see, e.g., [20, 21] and
the references therein), and constitute one of the main
high-energy signals expected in neutrino telescopes,
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such as ICECUBE [22], ANITA [23], and SALSA [24]
or space-based observatories such as EUSO [25] and
OWL [26]. The decay of 7° yields photons, “GZK pho-
tons”, with about 0.1 of the original proton energy,
which have been known to be a subdominant compo-
nent of the UHECR since the work of Wdowczyk et
al. in the early 1970s [27]. In 1990, it was suggested
that if the extragalactic radio background and mag-
netic fields are small (B < 3-107!'! G), GZK photons
could dominate over protons and explain the super-
GZK events [28]. The dependence of the GZK photon
flux on extragalactic magnetic fields was later studied
in Ref. [29]. The argument in Ref. [28] and its depen-
dence on extragalactic magnetic fields was again dis-
cussed [30] in connection with the possible correlation
of the UHECR arrival directions with the BL Lacertae
objects [31]. However, to our knowledge, no complete
study of the expected fluxes of GZK photons was done
so far, including their dependence on the initial pro-
ton fluxes, distribution of proton sources, and UHECR
spectrum, besides intervening backgrounds.

In the near future, when the Pierre Auger Observa-
tory becomes operational, we expect to have the high-
statistic data that may allow studying a subdominant
component of UHECR consisting of photons. The GZK
photons provide a complementary handle to GZK neu-
trinos and other signatures to try to determine the
spectrum and composition of the UHECR. The flux
of GZK photons is necessarily correlated with the flux
of GZK neutrinos, although the former is affected by
the radio background and EGMF values, which do not
affect the latter.

In this paper, we show that if the UHECR are
mostly protons, depending on the UHECR spectrum
assumed, the slope of the proton flux, the distribution
of sources and intervening backgrounds between 10~*
and 1072 of the UHECR above 10" eV and between
1075 and 0.6 of the UHECR above 10%° eV are GZK
photons, the range being much higher for the AGASA
spectrum than for the HiRes spectrum (see Fig. 17 be-
low). Detection of these photons would open the way
for UHECR photon astronomy.

Detection of a larger photon flux than expected for
GZK photons would imply the emission of photons at
the source or new physics. New physics is involved in
top—down models, produced as an alternative to ac-
celeration models to explain the origin of the highest-
energy cosmic rays. All of the top—down models predict
photon dominance at the highest energies. Here, we es-
timate the minimum photon fraction predicted by top—
down models, not only assuming the AGASA spectrum
that these models were originally proposed to explain

but also assuming the HiRes spectrum. We show that
at high energy, close to 102° eV, the maximum expected
flux of GZK photons is comparable to (for the AGASA
spectrum) or much smaller than (for the HiRes spec-
trum) the minimum flux of photons predicted by top—
down models, which fit the AGASA or the HiRes data
(see Fig. 17 below). We try to minimize the photon
ratio predicted by top—down models by assuming that
these models explain only the highest-energy UHECR
(if they do not explain even those events, the models are
irrelevant for UHECR). We show that the photon ratio
at energies close to 1020 eV is a crucial test for top—
down models, because it is always higher than about
0.5, independently of the UHECR spectrum assumed.

We also show that, surprisingly, in a limited energy
range above 102° ¢V, GZK photons could become the
dominant component of the UHECR (assuming that
protons could be accelerated at the source to energies
as large as 1022 eV). This result allows us to fit the
AGASA data with an original flux of only nucleons.
This seems to contradict previous estimates of the GZK
photon flux, in which this flux is always subdominant,
but we must take the assumed initial spectrum and
intervening radio background and magnetic fields into
account (for example, in Ref. [20], an average EGMF of
1077 G is assumed, much larger than the fields found
later in Ref. [6]).

In Sec. 2, we explain our calculations and show the
dependence of the GZK photon flux on the assumed
initial proton flux and intervening background param-
eters. In Sec. 2, we only normalize the fluxes to one
point of the AGASA or HiRes spectrum, but we do not
fit these spectra (which we do in the following section).
In Sec. 3, we estimate the maximum and minimum
GZK photon fractions expected either with the AGASA
spectrum or with the HiRes spectrum. In Sec. 4, we es-
timate the minimum photon fractions predicted by sev-
eral top—down models and compare them with the max-
imum GZK photon fraction found in Sec. 3. We also
include a comparison with experimental upper bounds
on photon fractions.

2. THE GZK PHOTON FLUX

We use the numerical code developed in Ref. [32] to
compute the flux of GZK photons produced by an ho-
mogeneous distribution of sources originally emitting
only protons. It calculates the propagation of protons
and photons using the standard dominant processes,
explained (for example, in Ref. [33]). For protons,
it takes single and multiple pion production, and e*
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pair creation into account. For photons, it includes
the et pair production, inverse Compton scattering,
and double e* pair production processes. For elec-
trons and positrons, it takes Compton scattering, triple
pair production, and synchrotron energy loss on extra
galactic magnetic fields into account. The propagation
of protons and photons is calculated self-consistently.
Namely, secondary (and higher-generation) particles
arising in all reactions are propagated alongside with
the primaries. Ultra-high-energy protons and photons
lose their energy in interactions with the electromag-
netic background, which consists of CMB, radio, in-
frared and optical components, as well as EGMF. Pro-
tons are sensitive essentially to only the CMB, but
all components of the electromagnetic background are
important for photons. We note that the radio back-
ground is not yet well known and that our conclusions
depend strongly on the background assumed. We in-
clude three models for the radio background: the back-
ground based on estimates by Clark et al. [34] and
the two models of Protheroe and Biermann [35], both
predicting larger background than the first. To cal-
culate the infrared/optical background, we used the
same approach as in Ref. [36]. In any event, the in-
frared /optical background is not important for the pro-
duction and absorption of GZK photons at high ener-
gies. This background is important to transport the en-
ergy of secondary photons in the cascade process from
the 0.1-100 TeV energy range to the 0.1-100 GeV en-
ergy range observed by EGRET. The resulting flux in
the EGRET energy range is not sensitive to details of
the infrared/optical background models.

For the EGMF, only the upper bound is estab-
lished observationally, B < 10~ ( Mpc/I.)'/? G [37],
where [, is the reversal scale of the magnetic field in
comoving coordinates. It is believed that the magnetic
fields in clusters can be generated from a primordial
“seed” if it has the comoving magnitude B ~ 1072 G
[6,38]. The evolution of EGMF together with the large-
scale structure of the Universe was recently simulated
by two groups using independent numerical procedures
[7, 6]. Magnetic field strengths significantly larger than
10~1% G were found only within large clusters of galax-
ies. In our simulations, we vary the magnetic field
strength in the range B = 10712-10? @G, assuming
an unstructured field along the propagation path.

We note that we assume protons to be produced at
the source but the results at high energies would be
identical if we took neutrons instead. The interactions
of neutrons and protons with the intervening back-
grounds are identical; when a neutron decays, prac-
tically all of its energy goes to the final proton (while

5 ZKOT®, Bein. 6

the electron and neutrino are produced with energies
10'7 eV or lower).

The resulting GZK photon flux depends on several
astrophysical parameters. These parameterize the ini-
tial proton flux, the distribution of sources, the radio
background, and the EGMF. In this section, to explore
the flux dependence on a given parameter, we fix all
the other unknown parameters to the following values.
For the radio background, we take the lower estimate
in [35], which is intermediate between the other two
we consider. For the EGMF, we take B = 10~ ! G,
which is the average value found in Ref. [6]. For the
source distribution, we take a uniform continuous dis-
tribution of sources with the zero minimum distance
to us (i.e., the minimum distance comparable to the
interaction length). For the maximum energy of the
injected protons, we use E,q, = 1022 eV, which is al-
ready considered a generous upper limit for acceleration
in astrophysical models [39].

As regards the cosmological parameters, we take
the Hubble constant H = 70 km - s~ ' - Mpc™!, the
dark-energy density (in units of the critical density)
Qx = 0.7, and the dark-matter density 2,, = 0.3. We
assume that the sources extend to the maximum red-
shift 2,mq. = 2 (although any 2,4, > 1 gives the same
results for the high energies we consider) and disregard
a possible evolution of the sources with redshift.

2.1. Dependence of the GZK photon flux on
the initial proton spectrum

We parameterize the initial proton flux for any

source with the power-law function

1

Ea
The power-law index o and the maximum energy E,,q.
are considered free parameters. The amplitude f is
fixed by normalizing the final proton flux from all
sources to the observed flux of UHECR, which we take
to be either the AGASA flux or the HiRes flux.

We implicitly assume that the sources are astro-
physical, since these are the only ones that could pro-
duce solely protons (or neutrons) as UHECR primaries.
Astrophysical acceleration mechanisms often result in
a 2 2 [40], but harder spectra o < 1.5 are also possi-
ble, see, e.g., Ref. [41]. The resulting spectrum may
differ from a power-law one; it may even have a peak
at high energies [42]. Active galactic nucleus (AGN)
cores could accelerate protons with induced electric
fields, similarly to what happens in a linear accelerator.
This mechanism would produce an almost monoener-
getic proton flux, with energies as high as 10%° eV or

F(E) = f H(Emax - E) (1)
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higher [43]. Here, we consider the power-law index to
be in the range 1 < a < 2.7.

Figure 1 shows the GZK photon flux for three val-
ues of the power-law index in Eq. (1), a = 1.5, 2, and
2.7. Dotted (solid) lines correspond to the resulting flux
of protons (GZK photons) from all sources. A proton
spectrum o 1/E?7 does not require an extra contribu-
tion to fit the UHECR data, except at very low energies
E < 10'8 eV outside the range we study [44]. For a < 2,
an extra low-energy component (LEC) is required to fit
the UHECR data at E < 10' eV. The LEC may be
a galactic contribution (for example, of iron nuclei, to
explain the lack of correlation of arrival directions with
the galactic plane), which can be parameterized as a
power law with an exponential cutoff as in Eq. (2) be-
low. In this case, the “ankle” is the energy where the
extragalactic protons start to dominate over the LEC.
The LEC could also be due to a population of extra-
galactic lower-energy proton sources. This last contri-
bution can be parameterized again as in Eq. (1), but
with parameters different from those of the extragalac-
tic proton population that dominates above the GZK
energy.

We note that in this section we just normalize the
total flux to a point of the AGASA or HiRes spectrum,
but we do not fit these spectra, so we do not add the
LEC, even if it would be needed. We do fit the UHECR
spectrum in the next section.

As can be seen in Fig. 1, the flux of super-GZK
protons and, consequently, the flux of the GZK pho-
tons they generate depend strongly on the power-law
index of the initial proton flux: they are lower for larger
values of a. In the most conservative case of a proton
flux o< 1/E?7, the GZK photon flux at E = 10'? eV
is as small as 0.03% and increases to a few % at
E = 2-10% eV. This means that even with the fi-
nal statistics of Auger Observatory it might be difficult
to detect the GZK photons in this case. On the other
hand, in the optimistic case of an injection spectrum
o 1/E"® the GZK photons can contribute as much as
1-3% at E = 10'? eV and 50 % or more at E = 10?° eV.

We note that most of the energy produced in the
form of GZK photons cascades down in energy to be-
low the pair-production threshold for photons on the
CMB. For a < 2, the diffuse extragalactic gamma-ray
flux measured by EGRET [45] at GeV energies imposes
a constraint on the GZK photon flux at high energies,
which we have taken into account.

The dependence of the GZK photon flux on the
maximum energy FEp., of the initial proton flux (see
Eq. (1)) is shown in Fig. 2 for Ep., = 102!, 10?2 and
10%* eV. We do not show the case a = 2.7 because

for such a steeply decreasing proton flux, the GZK
photon flux is practically independent of Fy,q,. Fig-
ure 2a shows the case a = 2 and Fig. 2b is the case
a = 1.5. These figures clearly show that the depen-
dence on E,,,; is more significant for smaller values of
the power-law index a. We note that not only the pho-
ton flux but also the final UHECR proton flux above
the GZK cutoff depend strongly on F,,4..

For relatively small values of the maximal energy,
such as E,q, = 102! eV, the GZK photon flux is very
small for any power-law index a (see the lowest curves
in Fig. 2a and Fig. 2b). For larger values of the maximal
energy, such as E,,,, = 1022 eV and E,,q. = 10?3 €V,
the GZK photon flux increases considerably for o < 2.

2.2. Dependence of the GZK photon flux on
the minimal distance to the sources

In the literature, the minimal distance to the
sources is quite often taken to be negligible (i.e., com-
parable to the interaction length). This is one of the
cases we consider as well. But we also take 50 Mpc, as
inferred from the small-scale clustering of events seen
in the AGASA data [46], and 100 Mpc, to show how the
fluxes diminish with this assumption (which proves that
most photons come from smaller distances). Contrary
to AGASA, HiRes does not see a clustering compo-
nent in its own data [47]. The combined dataset shows
that clustering still exists, but it is not as significant
as in the data of AGASA alone [48]. We note that the
nonobservation of clustering in the HiRes stereo data
does not contradict the result of AGASA because of
the 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 of
the sources [50, 49] from the clustering component of
UHECR. The AGASA data alone suggest the source
density 2 - 107> Mpc~3, which makes it plausible that
one source exists within 50 Mpc from us. However, the
HiRes negative result on clustering requires a larger
density of sources and therefore a smaller distance to
the nearest source. Larger values of the EGMF (as
found in Ref. [7]) and/or some fraction of iron in the
UHECR have the effect of reducing the required num-
ber of sources and, consequently, increasing the ex-
pected distance to the nearest one.

Figure 3 shows the dependence of the UHECR pro-
ton and GZK photon fluxes on the assumed minimal
distance to sources for the initial proton flux oc 1/E?
(Fig. 3a) and oc 1/E'5 (Fig. 3b). The highest, inter-
mediate, and lowest fluxes respectively correspond to a
minimal distance of 0 (labeled “cont” for continuous),
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Fig.1. UHECR proton flux (dotted lines) normalized to the AGASA data (a) and HiRes data (b) at 3-10'° eV and GZK
photon flux (solid lines) for three values of the power-law index « of the initial proton flux at the source: o = 1.5, 2.0, and
2.7 (from highest to lowest fluxes at high energy)

50, and 100 Mpc. We note that in all the examples
presented in Fig. 3, the protons dominate the flux (i.e.,
the total flux is practically the proton flux). Only the
highest proton fluxes shown in Fig. 3 (with negligible
minimal distance) fit the HiRes data well. The inter-
mediate and lowest proton fluxes have a sharp cutoff
and do not fit the HiRes data. We clearly see in the
figures that most of the GZK photons with energies
E > 10" eV should come from nearby sources within
100 Mpc (see the impressive reduction in flux if we only
take sources farther than 100 Mpc away).

2.3. Dependence of the GZK photon flux on
the radio background

The main source of energy loss of photons with
E > 10" eV is pair production on the radio back-
ground (at lower energies, pair production on the CMB
is more important). Figure 4 shows GZK photon fluxes
for the three different estimates of the radio back-
ground we consider: the minimal background of Clark
et al. [34] and the two estimates of Protheroe and Bier-
mann [35], both larger than the first one. The injected
proton spectrum is  1/E? in Fig. 4a and « 1/E'5
in Fig. 4b. These figures show that (for the EGMF as-
sumed, B = 107! G as mentioned above) the GZK
photon flux depends only mildly on the radio back-
ground at energies below E < 102 eV, where we find a
factor 2-3 of difference between the highest flux (with
the lowest radio background in Ref. [34]) and the lowest
flux (with the highest background in Ref. [35]). How-
ever, at energies above E > 1020 eV, the differences

increase, reaching one order of magnitude or more.
This behavior is due to the different shapes of the as-
sumed radio spectra. As we see next, larger EGMF,
B > 107!° G, increase the GZK photon absorption con-
siderably at E < 102° eV, but not close to E ~ 102 eV
and above.

2.4. Dependence of the GZK photon flux on
EGMF

The spatial structure, amplitude, and correlation
length of the EGMF outside clusters of galaxies are un-
known. The existing models of the EGMF attempt to
evolve these fields together with the large-scale struc-
ture of the Universe, starting from certain (primor-
dial) seed values. In these models, the EGMF in
the voids are close to the comoving value of the pri-
mordial field, while the EGMF in clusters of galax-
ies and filaments are amplified. Constrained simula-
tions of the “local” Universe (within 100 Mpc from
Earth) [6], in which the magnetic field is normalized
to the values observed within clusters, yield an average
Bpaur = (10711-107!2) G in voids. Figure 5 shows
that for Bpgur < 10710 G, the resulting GZK photon
flux changes very little with B, but it decreases consid-
erably at low energies for Bpgyr 2 1079 G. In Fig. 5,
an initial proton flux oc 1/E? was assumed and sources
were integrated from zero distance. Assuming the min-
imum distance 50 Mpc to the nearest sources (the case
not shown in the figures), we see that the GZK pho-
ton fluxes differ at most by a factor of 3 as the EGMF
magnitude is varied in the range B < 1071° G.
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the initial proton flux oc 1/E? (a) and < 1/E"5 (b)

Figure 5 is the only place in this paper where we
used Brayvr = 1078 G, and this is just to show how
the photon flux is affected by large B fields. For EGMF
~ 1078 G or larger, the photon energy is lost into
synchrotron radiation as soon as the ultra-high-energy
photon pair is produced, even for energies E < 10'? eV,
Therefore, the shape of the spectrum follows the en-
ergy dependence of the photon pair production inter-
action length (which is dominated by the interaction
with the CMB below 10" eV and with the radio back-
ground above this energy). For smaller magnetic field
strengths, the length of synchrotron energy loss in-
creases and, at low energies, several steps of pair pro-

duction and inverse Compton decay occur. For large
enough energies, the synchrotron radiation length is
smaller than the interaction length for all the EGMF
values considered (i.e., even as small as B > 10712 G),
and therefore the photon energy is lost into synchrotron
radiation as soon the photon pair is produced. Hence,
only the photons that do not interact with the radio
background can reach us and the spectra for all values
of the EGMF converge.

Our results in Fig. 5 for Bpaur < 107% G are
similar to those in Fig. 3 in Ref. [29]. In particular,
both figures show that the GZK flux does not depend
strongly on the magnetic field for Bpgyr < 1071 G,

1220



MITD, Tom 133, BhIm. 6, 2008

GZK photons as ultra-high-energy cosmic rays

102 T T T T T T T
0
7
T
>
B
g
e
>
<]
=l
g

-5 1 1 1

10 1019 1020 1021

E, eV

102 T LA R —
0
7
T
2]
B
=
¢
>
[
=l
g
—5 1 1 1
10 1019 1020 1021
E, eV

Fig.4. UHECR proton flux (dotted lines) normalized to the HiRes data at 4 - 10'° eV and GZK photon flux (solid lines)
for the three estimates of radio background considered in this paper. The initial proton spectrum is oc 1/E? (a) and
o 1/E"5 (b)

T
7
T
X
g
¢
z
L
8
A
1077 78 75 50 vil
10 10 10 10
E, eV
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to the HiRes data at 3 - 10'® eV and GZK photon

flux (solid lines) for four values of the average EGMF,

107*%,107%°, 107, and 1078 G (from highest to low-
est fluxes), for a proton flux o< 1/E?

and that there is a suppression of the photon flux at
energies £ < 1019 eV for larger fields (due to pair pro-
duction on the CMB followed by synchrotron energy
loss).

2.5. Summary of the GZK photon flux
dependence on different parameters

Figures 4 and 5 show that given a particular
UHECR proton flux, the uncertainty in the resulting
GZK photon flux due to our ignorance of the inter-

vening backgrounds (minimum-to-maximum estimates
of the radio background and EGMF from 10~ !! G,
which is equivalent to zero, to 10~ G) is approximately
within one order of magnitude.

Figures 1, 2, 3 show much larger changes in the GZK
photon flux when the parameters defining the UHECR
proton flux (the power-law index «, the maximum en-
ergy Fa., and the minimal distance to the sources)
are varied. However, once the particular UHECR spec-
trum is fixed, these uncertainties due to the extragalac-
tic proton model decrease and become comparable with
those due to our ignorance of the intervening back-
ground. In the next section, Figs. 8 and 9 show that a
particular proton-dominated observed flux, the HiRes
spectrum in this case, can be fitted with very different
extragalactic proton fluxes, whose corresponding GZK
photon fluxes differ by about one order of magnitude,
for a given fixed background. In fact, the difference
between the two photon lines in Fig. 8 shows the un-
certainty in the GZK photon flux due to the interven-
ing background (about one order of magnitude), given
a particular extragalactic proton flux, while the differ-
ence between the lower photon line in Fig. 8 and the
lower photon line in Fig. 9 (both computed with the
same background, i.e., the maximum radio background
and EGMF B = 10~° G) shows the uncertainty due
to the UHECR proton flux (which is also one order of
magnitude).

This means that placing an upper limit on the GZK
photon flux, or measuring it, provides complementary
information to that contained in the UHECR proton
flux itself. However, extracting information on the ex-
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tragalactic nucleon flux from the GZK photons would
require having independent information on the extra-
galactic magnetic fields and radio background, and vice
versa.

3. RESULTS: POSSIBLE SCENARIOS WITH
GZK PHOTONS

We show in Sec. 2 that if the UHECR above 109 eV
are mostly protons (or neutrons), depending on the
slope of the proton flux, the distribution of sources and
the intervening backgrounds, between 10~° and 10~2 of
the UHECR above 10'? eV, are photons. Much larger
photon fractions are predicted at 102° eV in some cases.

The largest GZK photon fractions in UHECR occur
for small values of a, large values of E,,,4,, a small min-
imal distance to the sources (which is compatible with
a small frequency of clustering of the events) and small
intervening backgrounds. In the most favorable cases
for a large photon flux, GZK photons could dominate
the UHECR flux in the energy range above 10%° eV. As
we show below, this allows fitting the AGASA data, at
the expense of assuming that the initial protons could
have a hard spectrum o« 1/E and be accelerated to
energies as high as 10?2 eV. In this extreme case, the
AGASA data (as shown in Sec. 3.1 below) can be ex-
plained without any new physics, except what concerns
the mechanism of acceleration of the initial protons.
We also fit the HiRes spectrum (Sec. 3.2 below). With
the HiRes spectrum, the GZK photons are always sub-
dominant and can be neglected for the fit. In both
cases, AGASA or HiRes data, we evaluate the mini-
mum and maximum GZK photon fractions expected
with each spectrum of UHECR.

We make a one-parameter y? fit to the assumed
total spectrum obtained by summing up the contribu-
tions of protons, GZK photons, and a low-energy com-
ponent when needed.

In this section, we parameterize the LEC with

Frec ~ EP eXp(_E/Ecut) (2)

and we fit the amplitude to the lowest-energy bin in
the figures. We choose the parameter § = 2.7-2.8 to fit
the low-energy spectral points, and the parameter E,,;
such that the minimum x? value per degree of freedom
of the fit is smaller than unity.

We use the 18 highest-energy data bins of AGASA
and the 16 highest-energy data bins of HiRes-1 monoc-
ular data. We also separately check the y? for the
AGASA events above the GZK cutoff, i.e., for the 3
highest-energy AGASA data bins, with E > 1020 eV.

We do this to exclude models that do not fit the
highest-energy events well but whose minimum y? con-
sidering all the 18 bins could be good due to the LEC
assumed. Additionally, we check that the number of
events predicted above the end-point of the AGASA
spectrum (the energy above which AGASA has ob-
served no events), i.e., at E > 2.5-10%° eV, is not larger
than 4 (predicting 4 events and observing none has a
very small Poisson probability of 1.8 %). The number
of events we predict above the end-point of the HiRes
spectrum, at E > 3.2-10%0 €V, is always much smaller
than 4.

3.1. GZK photons with the AGASA spectrum

In this subsection, we discuss fits to the AGASA
data with extragalactic protons, their secondary GZK
photons, and a LEC as in Eq. (2) when needed. Unless
we mention otherwise, we here take a zero (i.e., com-
parable with the interaction length) minimum distance
to the sources.

The fits to the AGASA spectrum at high energy
with a proton-dominated flux are very poor. As shown
in Fig. 1, for a < 2.7, a LEC parameterized as in Eq. (2)
and possibly consisting of galactic or extragalactic Fe
and protons, is necessary to fit the data. It is well
known that with extragalactic protons plus a LEC, a
fit of the AGASA data is possible below the GZK cut-
off, at energies 3-10'® eV < E < 10%0 eV. In fact, we
tried power-law indices a = 2.7, 2, 1.5, 1 and we ob-
tained fits with the respective minimum y? = 36, 17.7,
14, 14 for 15 degrees of freedom. The first fit (with
a = 2.7, which does not require a LEC) is bad, but
the others (which do require a LEC) are good. Even
the first fit could be improved to a minimum Y2 = 18
by changing the power index slightly to a = 2.6 and
increasing the number of sources in the early universe
as (14 z)%. But the same proton fluxes fit the AGASA
data at E > 1020 eV very poorly. We found the re-
spective minimum y? = 12, 12, 9.8, 7.8 for 3 degrees of
freedom. The reason for these bad fits is that the pro-
ton flux at super-GZK energies is very small for a > 2,
and is still insufficient for a < 2.

These fits can be improved by adding a large com-
ponent of GZK photons. We tried to maximize the
GZK photon flux by reducing the radio background and
EGMF, and increasing the maximum proton energy in
Eq. (1) up to Bz = 1022 €V,

In Figs. 6 and 7, we show the differential spectra
for each component (i.e., extragalactic p, LEC, and
GZK ~) and the total spectrum, and also the inte-
grated flux fractions of different components in per-
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Fig.7. The same as in Fig. 6 but with the reduced GZK photon flux due to assuming the intermediate (instead of the
lowest) extragalactic radio background. Here, we try to minimize the photon component while still providing a good fit to
the AGASA data

centage of the total predicted flux above the energy E.
The extragalactic protons here have an initial spectrum
x 1/E with the maximum energy F,,,, = 10?2 eV (see
Eq. (1)). The particular LEC shown has the param-
eter f = 2.7 and the cutoff energy E.,;, = 10'° eV
(see Eq. (2)). In both Figs. 6 and 7, the EGMF is
B =10"!! G. The only difference between both figures
is in the radio background: we took the lowest one for
Fig. 6 and the intermediate one for Fig. 7. This is the
only change we can introduce between the maximum

and the minimum GZK photon flux while not reducing
the goodness of fit to the AGASA data to unacceptable
levels.

The fit to the super-GZK AGASA events in Fig. 6a
is now perfect, due to the GZK photons: it has the
minimum y? = 2.6 for 3 degrees of freedom and
there are 11.5 events (6.8 photons and 4.5 protons) at
E > 10%° eV, where AGASA has observed 11. The
spectrum predicts 4 events (2 photons and 2 protons)
at energies above 2.5-10%° eV, where AGASA has seen

1223



G. B. Gelmini, O. E. Kalashev, D. V. Semikoz

MITD, Tom 133, BoIm. 6, 2008

none, which we consider acceptable (the probability is
small, 1.8%). Larger Epq, or lower a values would
lead to predicting even more events where AGASA has
seen none and would therefore no longer fit the AGASA
spectrum well.

The fit to the super-GZK AGASA events in Fig. 7a,
where we try to lower the GZK flux, is not as good
as that in Fig. 6a: it has a minimum > = 5.5 for
3 degrees of freedom and there are 7 events (2.5 pho-
tons and 4.5 protons) at £ > 10%° eV. But this fit is
better than that is Fig. 6a above the end-point of the
AGASA spectrum: it predicts only 2.7 events above
the highest-energy AGASA point, which has the 6.7 %
Poisson probability.

As we see, a good fit to the AGASA data at
E > 10%° ¢V with GZK photons is strongly restricted
by the total number of events on one side and by the
number of events above the end-point of the AGASA
spectrum on the other. Thus, Figs. 6 and 7 provide an
estimate of the maximum and minimum GZK photon
flux that fits the AGASA data.

We see from Fig. 66 that with the maximum GZK
photon flux prediction, the photon ratio increases from
about 7% at 10! eV to more than 50 % above 1020 eV
and that the total differential flux is dominated by GZK
photons at energies between 1 and 7-10%° V. This large
GZK photon flux is possible only under the extreme
conditions chosen here. A larger radio background or a
smaller maximum proton energy quickly diminish the
GZK photon flux, as Fig. 7 demonstrates.

The EGRET bound on the photon energy that cas-
cades down to the GeV energies has been taken into
account. We found that the flux predicted is about
one order of magnitude below the level measured by
EGRET.

The 2-0 AGASA upper bounds on the Fe fraction
in the integrated fluxes, respectively given by 46 % and
44 % above 10'%9 eV and 10'%25 eV [10], are shown
in Fig. 6b and Fig. 7b. The LEC could respect these
bounds (and hence the LEC could consist entirely of
galactic Fe) if we assumed a somewhat softer proton
spectrum than we choose in Figs. 6 and 7, possibly
with a 2 1.5. With our choice, the extragalactic pro-
ton spectrum is a bit too low at energies below the GZK
energy and, consequently, the LEC is too large. The
lower HiRes limit on a possible Fe low-energy compo-
nent [9] entirely rejects a LEC consisting mostly of iron.
In this case, the LEC should consist mostly of extra-
galactic protons with a soft spectrum o 1/E*7 and a
small maximum energy Epa. < 102° eV, which should
come from a different class of UHECR sources (differ-
ent from those that produce the super-GZK UHECR).

Also shown in Fig. 66 and Fig. 7b is the bound on
the photon fraction obtained with the AGASA data at
10%° eV [51], which is saturated by the photon flux in
Fig. 6.

3.2. GZK photons with the HiRes spectrum

To estimate the possible range of photon fractions
compatible with the HiRes spectrum, we here present
two fits to the HiRes data, one maximizing and one
minimizing the GZK photon flux. These fits are pre-
sented in Figs. 8 and 9 respectively.

Figure 8a shows the differential spectra of each com-
ponent (i.e., extragalactic protons, LEC, and GZK pho-
tons), and Fig. 8b shows the total spectrum, and the
integrated flux fractions of different components with
respect to the total predicted flux shown in Fig. 8a. To
maximize the flux of GZK photons, we need a relatively
hard proton spectrum, and hence a LEC is needed to fit
the data at energies E < 10'? €V. The particular LEC
shown has the parameter § = 2.7 and the cutoff energy
Eewt = 210" eV (see Eq. (2)). To maximize the num-
ber of super-GZK protons, we assume an extragalac-
tic proton spectrum o 1/E with the maximum energy
Epar = 102! eV, and to minimize the photon absorp-
tion by the intervening medium, we assume the mini-
mum radio background and Brgarr = 107! G. This
results in the higher photon curve in the figures. The
lower photon curve shows how much the photon flux de-
creases if we keep the same proton flux and change the
intervening background from minimum to maximum,
i.e., if we use Bpaumr = 1072 G and the maximum
radio background. The change is about an order of
magnitude.

The total flux shown in Fig. 8a is dominated by
protons and is insensitive to the GZIK photon contribu-
tion. With this flux, only one event (a proton event) is
predicted above 10%° eV. Also shown in Fig. 8b are the
HiRes limits on a possible Fe LEC [9] and the bound
on the photon fraction obtained with the AGASA data
at 10%° eV [51].

In Fig. 9, we fit the HiRes data with a conserva-
tive model with a soft extragalactic proton spectrum,
which does not require a LEC. The power-law index
of the required proton spectrum is fixed by the ob-
served UHECR at energies below 10! eV, where the
spectrum is oc 1/E*7. This model has practically no
freedom in the choice of the proton flux power-law in-
dex «, although this could be slightly varied in the
range a = 2.4-2.7 by changing the redshift dependence
of the distribution of sources. In Fig. 9, we conserva-
tively choose @ = 2.7 and the smallest cutoff energy
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Fig.8. Example of a fit to the HiRes data with extragalactic protons, the GZK photons they produce, and a LEC at

E < 109 eV. Differential spectra (a) and the fraction in percentage of the total integrated predicted flux above the energy
E of each component (b). Here, we try to maximize the photon component and therefore take an extragalactic proton
spectrum o 1/E with the maximum energy Ep,qr = 102! eV, the minimum radio background, and Bpaumr = 10~ G for
the higher photon curve (the maximum radio background and Brgarr = 1077 G for the lower photon curve). Also shown
in (b) are the HiRes limits on a possible Fe LEC [9] and the bound on the photon fraction obtained with AGASA data at
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Fig.9. Example of a fit to the HiRes data with extragalactic protons, the GZK photons they produce, and a LEC at

E < 109 eV. Differential spectra (a) and the fraction in percentage of the integrated total predicted flux above the energy

E of each component (b). Here, we try to minimize the photon component and therefore take an extragalactic proton

spectrum o 1/E*7 with the maximum energy E,nax = 3-10%° €V, the maximum radio background, and Brgur = 107° G

for the lower photon curve (Bpgar = 107" G and an intermediate radio flux for the higher photon curve). The total flux

is dominated by nucleons at all energies and is lower than the HiRes data at high energies. This is about the best fit that
can be done to the HiRes spectrum with a proton-dominated flux

that provides a good fit, which is E,ee = 3 - 1020 eV,
We assume a zero minimal distance to the sources
(larger values do not provide a good fit at high ener-
gies), and, to maximize the absorption of photons, the
maximum radio background and Brgyr = 107° G

for the lower photon curve. We also give the result for
Brovr = 107" G and an intermediate radio back-
ground (the higher photon curve) to show how the
photon flux increases with a less absorbing intervening
background. The total flux is insensitive to the GZK
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photon contribution.

The difference between the lower photon line in
Fig. 8 and the lower photon line in Fig. 9 (both com-
puted with the same background) shows the uncer-
tainty due to the UHECR proton flux (which is also
one order of magnitude) for models that fit the HiRes
spectrum.

Also shown in Fig. 96 are the HiRes limits on a pos-
sible Fe LEC [9] and the bound on the photon fraction
obtained with AGASA data at 10° eV [51]. We see in
Fig. 9b that in this case, where we try to minimize the
GZK photons, these could contribute only (1-2) - 10~*
at 10!? eV and (1-2)-1075 at 10%° eV, of the total inte-
grated flux. These levels of the photon fraction are out
of reach for the present generation of experiments. At
best, Auger Observatory would detect a few GZK pho-
tons in several years of observations, while HiRes would
only obtain upper limits on the number of photons at
all energies.

4. DISCUSSION: COMPARISON OF GZK
PHOTONS, MINIMUM TOP-DOWN
PHOTON PREDICTIONS, AND
EXPERIMENTAL BOUNDS

In this section, we discuss the present experimental
bounds on and theoretical predictions for the UHECR
photons and discuss the implications of a possible fu-
ture photon detection or future experimental upper
limits on the photon fraction.

We start by comparing the minimal amount of pho-
tons predicted by top—down models of UHECR with
the expected range of GZK photons discussed in Sec. 3.
We show that at high energies close to 1020 eV, the
maximum expected flux of GZK photons is comparable
to (for the AGASA spectrum) or much smaller than (for
the HiRes spectrum) the minimum flux of photons pre-
dicted by top—down models that fit the AGASA or the
HiRes data. Detection of a larger photon flux than ex-
pected for GZK photons at those energies would there-
fore point to a top—down model (or to the emission of
a large flux of photons at the sources). The estimate
of the minimum photon ratio predicted by top—down
models is also essential when applying the already ex-
isting and possible future upper bounds on the fraction
of photons in UHECR to these models.

We recall that top—down models were introduced
as an alternative to acceleration models to explain
the highest-energy cosmic rays, which the latter mod-
els have difficulty in explaining. The spectra of the
UHECR produced in top—down models are determined
by the elementary particle physics of Z-boson decays

and of QCD fragmentation, which predict photon dom-
ination of the spectrum at high energies.

In order to minimize the photon fraction predicted
by top—down models while fitting the UHECR spec-
trum, we ask top—down models to explain only the
highest-energy events, those close to 10%° €V, while in-
voking a more conventional bottom—up extragalactic
component (which we assume to consist of nucleons)
to dominate the flux at energies just below. This is an
unnatural possibility requiring two totally independent
mechanisms to provide UHECR at comparable levels.
We consider it only because it provides the minimum
amount of top—down photons. We here present fits
to the AGASA and HiRes data following this strategy
to minimize the predicted photons for three top—down
models: Z-bursts, topological defects (necklaces), and
super-heavy dark-matter (SHDM) particles.

4.1. Z-bursts

In the Z-burst model [52], ultra-high-energy neutri-
nos coming from remote sources annihilate at the Z-re-
sonance with relic background neutrinos. The Z-bo-
sons then decay, producing secondary protons, neutri-
nos, and photons. The Z-resonance, which acts as a
new cutoff, occurs when the energy of the incoming v
is

Eres = M2/2m, = 4-10*" eV(eV/m,).

So far, Z-burst models have been studied mostly to
explain the AGASA spectrum (however, see Ref. [53]).
Many problems have been found, which are allevi-
ated by assuming the HiRes spectrum. One of them
is that practically no photons should be produced at
the source together with the UHECR neutrinos, oth-
erwise too many low-energy photons in the EGRET
region are predicted. For example, with sources emit-
ting equal power in neutrinos and photons, the EGRET
bound [45] on the diffused GeV y-ray background is vio-
lated by two orders of magnitude (see Fig. 3 in Ref. [54])
when the AGASA spectrum is considered. Also bounds
by the GLUE [55] and FORTE [56] experiments on the
primary neutrino flux, as well as the nonobservation of
UHECR events at energies above 2.5 - 1020 eV by the
AGASA imply a lower bound ~ 0.3 €V on the relic neu-
trino mass [21, 53, 57]. Because this mass exceeds the
square root of mass-squared differences inferred from
oscillation physics, the bound in fact applies to all three
neutrino masses. Together with the upper bound pro-
vided by CMB anisotropy and large-scale structure ob-
servations, this bound leaves only a small interval for
neutrino masses around 0.3 eV, if Z-bursts are to ex-
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Fig.10. Example of a fit to the AGASA data with a LEC plus a flux of protons and photons produced by Z-bursts showing
the highest energies (a) and the EGRET energy region (b). LEC due to protons from astrophysical sources. Also shown is
the assumed initial neutrino spectrum (dashed line); only its value at the resonance energy is important

plain the existing UHECR AGASA spectrum. These
problems are somewhat alleviated if Z-bursts are to
explain the ultra-GZK events in the HiRes spectrum
instead of the AGASA spectrum, as can be seen in
Fig. 11 below.

The p and v curves in Fig. 10 and Fig. 11 show the
predictions of a Z-burst model computed as in Ref. [21]
but with the relic neutrino mass m, = 0.4 eV. We as-
sume the maximum redshift z,,,, = 3 for the ultra-
high-energy neutrino sources (which emit only neutri-
nos and have not evolved), the maximum intervening
radio background, and Brgyr = 1072 G. In our cal-
culation, we do not consider the effect of local inhomo-
geneities, such as the Virgo cluster [58]. The assumed
spectrum of ultra-high-energy neutrinos is shown in the
figures. Only the part of this spectrum close to the res-
onance energy is relevant. Here, we try to minimize the
photon fraction predicted by Z-bursts by incorporating
a low-energy component of extragalactic nucleons.

In Fig. 10, a LEC parameterized as a power law (as
in Eq. (1)) with the index o = 2.8, the cutoff energy
Epar = 102 eV, and the minimum distance to the
sources of 50 Mpc has been added to the contribution
of the Z-bursts to fit the AGASA data. The fit has
the minimum y? = 15 for 15 bins with £ < 10%° eV,
At higher energies, E > 10%0 eV, the fit is not good,
it has the minimum Y2 = 6.4 for 3 degrees of freedom.
The reason is that the predicted flux is too low at these
energies. However, the fit to the spectrum above the
end-point of the AGASA spectrum, E > 2.5 - 1020 eV,
is good: only 2 (mostly photon) events are predicted

(where none were seen).

If we try to increase the Z-burst flux by minimizing
the absorption of photons by the background, the fit
is worse at high energies. If we take the lowest radio
background and a small EGMF B = 10~'2 G, the fit to
the AGASA spectrum at E > 1020 eV is better, with
the minimum y? = 4 for 3 degrees of freedom. But
5.8 events (mostly photons) are predicted above the
AGASA end point, which we consider unacceptable.

Ag shown in Fig. 10b, the gamma-ray flux at low
energies saturates the EGRET data. Also, as shown
Fig. 17a below, the predicted photon fraction saturates
the upper bound on the photon fraction obtained with
the AGASA data at 10?0 eV [51].

In Fig. 11, a LEC parameterized as a power law
(see Eq. (1)) with the index a = 2.7, the maximum en-
ergy Emee = 10%! ¢V, and a zero minimum distance to
the sources has been added to the contribution of the
Z-bursts to fit the HiRes data. The spectrum of this
model perfectly fits that of HiRes. Only 1.8 events (1
proton and 0.8 photon) are predicted above the end-
point, of HiRes, where none were seen.

Because the super-GZK nucleon flux is here lower
than with the AGASA spectrum, the predicted gamma-
ray flux at low energies is well under the EGRET data
(see Fig. 11b). As can be seen in Fig. 17a, the predicted
photon fraction is just under the upper bound obtained
with the AGASA data at 10%° eV [51].
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Fig.12. Example of a fit to the AGASA spectrum with a LEC plus secondary protons and photons in a TD model, showing
the highest energies (a) and also the EGRET energy range (b). The LEC, as in Eq.(2), is due to nucleons from astrophysical
sources. The photon-to-nucleon ratio in the decay products is about 3

4.2. Topological defects (necklaces)

The curves p and v in Figs. 12 and 13 corre-
spond to secondary protons and photons in a par-
ticular top—down model, in which topological defects
(TD), such as necklaces, produce GUT-scale mass par-
ticles, which in turn decay into quarks, leptons, etc
(see, e.g., Ref. [59] for a review). The mass scale of the
parent particles provides the maximum energy of the
UHECR, En.: = mx, and therefore these scenarios
avoid the difficulty in astrophysical objects of acceler-
ating the UHECR to the highest energies observed. As
in Z-burst models, TD scenarios predict, therefore, a
new cutoff given by the parent particle mass at ener-
gies above 1020 eV. The parent particles typically de-

cay into leptons and quarks. The quarks hadronize and
some leptons decay, resulting in a large cascade of pho-
tons, neutrinos, light leptons, and a smaller amount of
nucleons.

TD models may also have difficulties with the
EGRET flux [45, 60] on the diffused GeV gamma-ray
background. We have taken this possible bound into
account.

The TD model in Figs. 12 and 13 assumes a par-
ent particle mass mx = 2 - 10" GeV, an EGMF of
10712 G, and the low radio background predicted by
Protheroe and Biermann, which is the intermediate ra-
dio background among the three we consider in this
paper. Even if we try to minimize the photon flux at

1228



MITD, Tom 133, BhIm. 6, 2008

GZK photons as ultra-high-energy cosmic rays

107 . . .
T
= o
T
-
o‘z o
g
¢
> -
[}
[
ET-J/ o
'~
10*3 1 1 i1
1019 1020 1021 1022
E, eV

104 . . . . : :
EGRET

10° B gty 5T ]
10% F
10

1
107!
1072
10°?

J(EYE? eV-cm st !

1012

1074
108

1016 1018 1020

1014

1010

Fig.13. As in Fig. 12 but for the HiRes spectrum

high energies, the radio background and EGMF value
are not the maximal we used in this paper. This is so
because, as we show here, a smaller amount of ultra-
high-energy photons yields a worse fit to the AGASA
data. The heavy-particle injection rate is assumed to
be ~ mxt~3, where ¢t is the cosmic time.

The QCD spectrum used in Figs. 12 and 13 (shown
in Fig. 11 in Ref. [20]) corresponds to the decay of the
heavy particles into two quarks without supersymme-
try [61]. Originally, this decay model predicts a ratio
of about 10 photons per nucleon in the decay products
(as does Ref. [62]), while in more recent models [63-65],
this ratio is only 2-3. Therefore, the ratio was brought
to be equal to 3 in Fig. 12 and Fig. 13. Here, we fit
the LEC with the function in Eq. (2) with § = 2.7 and
an exponential energy cutoff with E.,; = 8-10'? eV,
in order to increase the contribution of the TD model
to the AGASA flux, which is still too low at high en-
ergies. Again, the fit is good at energies E < 10%° eV,
with minimum Y2 = 14 for 15 degrees of freedom. But
the fit of the AGASA spectrum above the GZK energy
is bad, with minimum y2 = 7.4 per 3 degrees of free-
dom. This is due to the strong reduction of the TD flux
above the GZK energy (due to the GZK effect, because
there are more protons than in Fig. 12), which means
that in order to have a good fit at energies below the
GZK energy, the flux is too small at higher energies.
There are only 3.7 events at E > 10?° eV (of which 2.7
are photons), while AGASA observed 11 events. But if
we take the minimum radio background (not shown in
the figures) instead of the intermediate one we use in
the figures, the fit to the AGASA occupied bins above
the GZK energy is good (with the minimum y? = 2.2
per 3 degrees of freedom), but the number of events

predicted above the end-point of the AGASA spectrum
(where no events were observed) becomes 10, which is
again unacceptable.

We conclude from Fig. 12 that the representative
TD models we study are barely consistent with the
AGASA data. They predict either a flux too low
at super-GZK energies or too many events above the
highest-energy events observed by AGASA. For the TD
curve in Fig. 17q, the model in Fig. 12 was used. We
see in Fig. 17a that the predicted photon ratio is some-
what above the upper bound for the photon fraction
obtained with the AGASA data at 102 eV [51].

In Fig. 13, a LEC parameterized as a power law
(see Eq. (1)) with the index a = 2.7 and the cutoff
energy Eae = 102! eV and a zero minimum distance
to the sources, has been added to the contribution of
the TD model to fit the HiRes data. The spectrum
of this model (with the v/p ratio equal to 3) fits the
HiRes data well. This model predicts 0.4 events above
the end-point of the HiRes spectrum. It is clear that
the fit would also be good with a larger /p ratio in
the TD decay products, because we can redistribute
the protons between the LEC and the TD contribution
without a significant change in the fit (but the pho-
ton fraction at the highest energies would be somewhat
larger).

As mentioned above, the QCD model used so far
in this subsection predicts the ratio about 10 photons
per nucleon in the decay products [61] (although we
brought it artificially to 3); in more recent models [63—
65], this ratio is considerably smaller. We also include
the results obtained with one of these more recent mod-
els. The heavy-particle decay spectrum used in Fig. 14
corresponds to the decay of the heavy particles into
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Fig.14. The maximum and minimum GZK photon fractions in the integral flux above the energy F for the TD model

described in the text and with the AGASA spectrum (a) and the HiRes spectrum (b). The 2006 [71] and 2007 [72] Auger

upper bounds on the photon fraction are also shown. Upper bounds are shown by thick lines and lower bounds are shown
by thin lines for Ea, < 1072 eV

quark and antiquark pairs with the “gaugino set of su-
persymmetric parameters” taken from Ref. [64]. We
choose this particular decay mode because it is one in
which the initial number of photons per nucleon pro-
duced is one of the lowest (since we want to estimate
the minimum GZK photon flux produced). This decay
model predicts the ratio about 2 or less photons per nu-
cleon in the decay products. At low energies, the frag-
mentation functions were suppressed following Fig. 2.11
in Ref. [66]. For E/E,,q.. < Ry, the suppression factor
used is R~ 19810(R/W*) where R = Ro/(E/Epmqz) and
W is the width in decades at which the spectrum is
suppressed by the factor 0.1 (there is no suppression
for E/E 4. > Ro). From the figure just mentioned,
we can find the values of the parameters Ry and W.
We used Ry = 107% and W = 3.5.

Figure 14 shows the maximum and minimum pho-
ton fractions found using the method in Ref. [67] for
Epaz < 102 eV, In Ref. [67], the maximum and min-
imum GZK photon fractions were found assuming a
power-law spectrum of protons injected by astrophysi-
cal sources and fitting the AGASA and HiRes UHECR
spectra for energies E > 4 -10'"? eV. It was also as-
sumed that any possible LEC is irrelevant at this en-
ergies. We note that the LEC in Fig. 12 satisfies this
latter condition but that in Fig. 13 does not. To pro-
duce Fig. 14, we use the same procedure but replace
the injected spectrum by that produced in the heavy-
particle decay. We choose the value of the amplitude of
the injected spectrum by maximizing the Poisson like-
lihood function using the UHECR data from 4-10'% eV
up to the last published bin of each spectrum plus one

extra bin with zero observed events at higher energies.
This extra bin and the highest energy empty published
bins account for the nonobservation of events above the
highest occupied energy bin in the data of each collab-
oration, the end-point energy of each spectrum (i.e., at
E > 2.3-10%° eV for AGASA [68] and E > 1.6-10%0 eV
for HiRes [69]), although their aperture remains con-
stant with increasing the energy. We then compute
the goodness of the fit, or p-value, of the distribu-
tion using a Monte-Carlo technique. Only the models
with the p-value larger than 0.05 are considered, as in
Ref. [67]. The maximum and minimum GZK photon
fluxes depend on the intervening radio background and
EGMF B and on the value of E,q; = mx /2. The
2006 [71] and 2007 [72] Auger upper bounds for the
photon fraction are also shown in Fig. 14. The mod-
els with the minimal photon fraction for the AGASA
spectrum change with energy. For E < 1.3 -10%° eV,
the minimum photon fraction results from choosing
Epar = 8-10%2, the intermediate radio background,
and B = 10~? G, while for E > 1.3-10%" eV, the model
with minimum photon fraction has the same FE,,,, but
the maximal radio background and B = 107! G. The
model with the minimal photon fraction for the HiRes
spectrum also has E,q; = 8 - 10?2 and the maximal
radio background but B = 107° G.

4.3. Super-Heavy Dark Matter (SHDM)

In this scenario, super-heavy metastable particles
are produced in the early Universe and remain at
present. They form part of the dark matter of the
Universe and, in particular, of the dark halo of our
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Galaxy. These particles (with colorful names such as
“cryptons” or “wimprillas”) may decay [73-75] or anni-
hilate [76] into the observed UHECR. The spectra of
the decay or annihilation products are essentially de-
termined by the physics of QCD fragmentation, which
implies photon domination of the flux at the highest
energies.

The UHECR in these models are produced predom-
inantly within the dark halo of our Galaxy. Thus,
these models predict an excess of UHECR events from
the Galactic center [77]. This anisotropy is in conflict
with the data on arrival directions of the SUGAR ex-
periment [78], unless SHDM are responsible for the
majority of UHECR events only at energies above
6-10' eV [79]. Even in this case, annihilating SHDM
models are disfavored at least at the 99 % C.L. by the
SUGAR data, while decaying SHDM models have a
probability of ~ 10 % to be consistent with the SUGAR
data [79].

Ag seen in Fig. 17a, the model we present is barely
consistent with the upper bound on the photon fraction
obtained with the AGASA data at 1020 eV [51].

The p and 7 curves in Fig. 15 are the predictions
of a supersymmetric SHDM model taken from a recent
calculation in Ref. [65], obtained by averaging over all
possible decay channels, including decays into quarks,
squarks, gluons, and gluinos. These predictions, which
we use here as an example, are similar to those of pre-
vious calculations [63] (see Fig. 17 in Ref. [65]). In
particular, the ratio of SHDM-produced photons over
nucleons is about 2.

Here, we reduced the mass of the parent particle to
mx = 2-10'2 GeV because, with the 10'* GeV mass

used in Ref. [65] to fit the AGASA data, we find that
too many events are predicted above the end-point of
the AGASA spectrum. To be more precise, the model
in Fig. 15, with mx = 2-10'? GeV, predicts 3.0 events
above the end-point of the AGASA spectrum, i.e., at
E > 2.5-10%0 eV. The fit has the minimum y? = 2 for
the 3 occupied bins at energies £ > 1020 eV.

For mx = 10'* GeV, as used in Ref. [65], the SHDM
model predicts instead 8.5 events above the AGASA
end-point. With the HiRes spectrum, there would not
be any problem in using the higher mx, because only
0.16 events are predicted with mx = 2-10'? GeV and
0.8 events are predicted with mx = 10'* GeV above
the HiRes end-point (i.e., at £ > 3.2-10%° eV).

We can reverse this argument and set a bound
on the SHDM mass by requiring that no more than,
say, 3 events be predicted above the end-point of the
AGASA spectrum. At the 95% C.L., this limit is
myx < 2-10%' éV. This should be taken as an order-of-
magnitude limit, because AGASA assigned an energy
to the events assuming proton primaries and the energy
of some of the highest-energy events can be higher for
photon primaries [80]. A way to alleviate this bound,
at the expense of reducing the goodness of the fit,
is to reduce the contribution of the SHDM model to
the total UHECR spectrum. For example, one could
allow mx = 10'* GeV by reducing the SHDM con-
tribution by force above the AGASA end-point to 3
events. In this case, only 7 events would be predicted
at E > 10%° eV, where AGASA observed 11. The fit has
the minimum y? = 6.7 for the 3 occupied bins at en-
ergies E > 10%° eV. Thus, reducing the contribution of
the SHDM flux to the AGASA flux to allow larger mx
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Fig.16. The maximum and minimum GZK photon fractions in the integral flux above the energy E for the SHDM model
with the fragmentation function in Ref. [64] (see Sec. 4.2) using the statistical method in Ref. [67] and with the AGASA

spectrum (a) and the HiRes spectrum (b).

The 2006 [71] and 2007 [72] Auger upper bounds on the photon fraction are

also shown. Upper bounds are shown by thick lines and lower bounds are shown thin lines

values brings SHDM models close to just extragalactic
protons with a hard spectrum o« 1/E (with the min-
imum y? = 7.8, see Sec. 3.1) in terms of goodness of
the fit.

The nucleon and photon spectra produced by the
SHDM model we use is too hard, and therefore an addi-
tional LEC, which we assume to consist of extragalactic
nucleons, is needed to fit the data. In Fig. 154, a LEC
parameterized as a power law (see Eq. (1)) with the
index a = 2.8, the maximum energy E,,., = 10%° eV,
and a zero minimum distance to the sources, has been
added to the contribution of the SHDM model to fit the
AGASA data. In Fig. 15b, the LEC shown, added to
fit the HiRes spectrum, has o = 2.7, Epaz = 102! eV,
and an assumed zero minimum distance to the sources.

We note that the SHDM model studied so far, with
the AGASA spectrum, predicts a significant photon
fraction, about 10-20 %, at energies E > 10'° eV (see
Fig. 17a), which are too high for the recent Auger limits
on the the photon component of the UHECR.

Using the statistical method in Ref. [67] and the
heavy-particle decay spectrum used in Fig. 14 (taken
from Refs. [64, 66]; see the explanations in the last
paragraph of the previous subsection), we fitted the
UHECR spectrum above 4 - 10'° eV just with the
spectrum resulting from the superheavy-particle de-
cay, with no absorption or redshift, and obtained the
maximum and minimum photon fractions of the inte-
grated flux shown in Fig. 16. We assumed that the
LEC is negligible at energies 4-10'® eV and above. We
note that the LEC in Fig. 15b, chosen above to fit the
HiRes spectrum, violates this assumption (which leads

to lower predicted photon levels, because the SHDM
model dominates only at higher energies). In SHDM
models, the maximum and minimum photon fractions
depend only on the value of E,,,, = mx/2 and for
each energy F, the values of E,,,, giving the maxi-
mum of the minimum photon ratio are different. We
considered the range 10%° eV < Ena. < 1023 eV,
However, the fitting procedure shows that only the
ranges 3.5 - 102° eV < En. < 1.4 -10%" eV and
1.2-10%° eV < E,0e < 7.1-10%° eV provide accept-
able models.

We note that when the spectrum of SHDM is as-
sumed to dominate the UHECR spectrum only at the
highest energies, i.e., close 102° eV (as is the case for
the model in Fig. 15b), the resulting minimum pho-
ton fractions are smaller (about 1% at 10'° eV; see
Fig. 17b), but if SHDM are assumed to already repro-
duce the UHECR spectrum at 4-10' eV and above, the
minimum expected photon fractions are larger (above
10 % at 10'? €V; see Fig. 18b).

4.4. Photon fractions

In Fig. 17, we compare the range of GZK photon
fractions we obtained in Sec. 3 with the minimal pho-
ton fractions predicted by the top—down models shown
in Figs. 10-13 and 15 and existing experimental upper
bounds. Figures 17 show the fraction of photons as
percentage of the total predicted integrated UHECR
flux above the energy E in each model.

In Fig. 17a and b, the AGASA spectrum and the
HiRes spectrum are respectively assumed. The ZB,
TD, and SHDM curves in Fig. 17 correspond to the

1232



MKIT®, Tom 133, BoIm. 6, 2008 GZK photons as ultra-high-energy cosmic rays

100 100 T : —
T uger
Auger
X 10 1 ]
=) =
.2 S
kst =
£ 10 g 1-/ y
g =
2 C
£ £
~ ~ 0.1 |
a
1L A - 0.01 - -
10" 10%° 10" 10%°
E.eV E, eV
100 ;
100 ¢ T T W
I AY - ‘/ ///e"”’/[/
; I Auger 2007 5 Anger? A ")I,ﬁvJ X
g P 7 S A
Ry 2 1f '//' ////// 1
£ : ks
£ i L7\
2 01 1§ oif \ NN N ]
I [al
0.01 ¢ X i 0.01F \ i
. b : 5
0.001 - . 0.001 . \ :
1019 1020 1019 1020
E, eV E, eV

Fig.17. Photon fraction in percentage of the total
predicted integrated UHECR spectrum above the en-
ergy E for the AGASA spectrum (a) and the HiRes
spectrum (b). The hatched regions show the range of
GZK photon fractions expected if only nucleons are pro-
duced at the sources (see Sec. 3). The curves labeled
ZB (Z-bursts), TD (topological defects), and SHDM
(super-heavy dark-matter model) show examples of
minimum photon fractions predicted by these models
(see Sec. 4). Upper limits: A, from AGASA, Ref. [10]
at (1-3) - 10" eV, Ref. [51] and obtained with the
AGASA data at 10?° eV; AY, from the Yakutsk collab-
oration combining the data from Yakutsk and AGASA,
above 10%° eV [70]; H, from Haverah Park [18]. The

Fig.18. Photon fraction in percentage of the total pre-
dicted integrated UHECR spectrum above the energy
E for the AGASA spectrum (a) and the HiRes spec-
trum (b). Region | is the wider range of GZK photon
fractions expected if only nucleons are produced at the
sources derived in Ref. [67] (see Fig. 7 therein). Regions
Il and Il are the respective ranges of photon fractions
in Fig. 14 (for TD models) and in Fig. 16 (for SHDM
models) also obtained with the method in Ref. [67] (see
the last paragraphs in Sec. 4.2 and 4.3). The 2006 [71]
and 2007 [72] Auger upper bounds on the photon frac-
tion as well as the upper bound by the Yakutsk col-
laboration combining data from Yakutsk and AGASA
above 10%° eV [70] (AY) are also shown

2006 [71] and 2007 [72] Auger upper bounds on the
photon fraction are also shown

respectively. The upper and lower boundaries of the
hatched region in Fig. 17b are the highest photon curve
in Fig. 86 and the lowest photon curve of Fig. 9b, re-
spectively. It is worth noting how the GZK photon
band depends on the assumed spectrum: the band for
AGASA is above the band for HiRes, being entirely
separated from it.

Z-burst, topological defects, and SHDM models in
Figs. 10-13 and 15. The hatched regions show the
range of GZK photons between the maximum and min-
imum fluxes obtained in Sec. 3. The upper and lower
boundaries of the hatched region in Fig. 17a are the
photon curve in Fig. 6b and the photon curve in Fig. 7b, In Fig. 18, we compare the range of GZK photon
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fractions derived in Ref. [67] with nucleons injected by
the sources, with the maximum and minimum photon
fractions in topological defects (necklaces) and SHDM
models shown in Figs. 14 and 16. These were ob-
tained with the same method of Ref. [67] and the heavy-
particle decay model described in the last paragraphs
of the subsec. 4.2 and 4.3.

We conclude from Fig. 17 and Fig. 18 that at en-
ergies above 3 - 10" eV, the minimum photon fraction
predicted by top—down models is either larger or at
most comparable to the maximum expected GZK pho-
ton ratio, and the 2007 Auger [72] and the AGASA-
Yakutsk [70] upper bounds on the photon fraction
strongly constrain top—down models, and SHDM mod-
els in particular.

The differences between Figs. 17 and 18 are due to
the different methods and models with which the pho-
tons fractions were derived. The GZK photon fractions
for the AGASA spectrum are lower in Fig. 17 than in
Fig. 18 because of the different fitting procedure and
the different choice of E,,; 4., which can be only as high
as 102! eV in Ref. [67], a more conservative value, in-
stead of 1022 eV, the preferred value for the AGASA
spectrum in Sec. 3.

The SHDM photon fractions are much higher in
Fig. 18 than in Fig. 17. The superheavy particle frag-
mentation functions used to produce both figures are
similar and the expected differences in the minimum
photon fraction are due to the range of energies at
which the SHDM is assumed to provide the bulk of
UHECR: in Fig. 18, it is above 4 -10'® eV and in Fig. 17,
it instead starts at energies closer to 10%° eV. But in
both cases, the SHDM models studied either saturate
or exceed the 2007 Auger bounds, in particular, that at
10" eV, and the AGASA-Yakutsk bound at 10%° eV.
Thus, the Auger bounds by themselves already exclude
the SHDM models considered here as the dominant
mechanism to produce UHECR, except at energies very
close to 10?° €V [81]. Also, the photon fractions given in
Fig. 2 in Ref. [82] are rejected by the 2007 Auger bound
at 101 eV. There is another type of SHDM models [83]
in which the photon fraction can be smaller. Those
with the smallest photon fractions tend to correspond
to superheavy particles with larger mass and the con-
straint on the events predicted above the experimental
end point is important. Some of these models are still
allowed but are very close to the existing photon limits,
within a factor of about two [84].

The topological defect models used in Figs. 17 and
18 are different, that in Fig. 18 being in line with
the more recent estimates of fragmentation functions
in which the photon fraction is smaller than in older

models.  This is the main reason for the minimal
photon ratios expected in these models to be smaller
in Fig. 18 than in Fig. 17. These models are not
ruled out by the present photon fraction bounds, but
the photon fractions they predict are above 10% at
10%° eV. The present AGASA-Yakutsk limit upper
bound N,/Nip: < 36 % strongly limits these models.
Hence, either UHECR photons at energies close to
10%° eV will be detected or experimental limits will be
obtained in the future by Auger. An upper limit close
to 10% at those energies would reject all top—down
models as the origin of UHECR.

Thus, the photon fraction at energies above 10'? eV
is a crucial test for top—down models. The only caveat
to this conclusion resides in considering that the evalua-
tion of the extragalactic radio background in [35] could
be wrong by several orders of magnitude, and therefore
this background could be larger than those in Ref. [35]
by a large factor of 30 to 100 as suggested in Ref. [85],
although there are no specific arguments at present to
justify these large factors.

We have shown in this paper that either the detec-
tion of UHECR photons or an improvement of the ex-
isting upper limits on the photon flux is very important,
both for top—down as well as for bottom—up mecha-
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 fraction. With as-
trophysical sources, the GZK photon flux is important
for understanding the initial proton or neutron spec-
trum emitted at the UHECR sources and the distribu-
tion of sources. UHECR photons may help us to un-
derstand the intervening extragalactic magnetic fields
and radio background. We have presented fits to both
the AGASA and the HiRes UHECR spectra with ex-
tragalactic nucleons, the GZK photons they produce,
and, when needed, an additional low-energy compo-
nent at energies below 10? eV (see Sec. 3). The band
of the expected GZK photon flux depends clearly on
the UHECR spectrum and also on the assumptions and
procedure used (see Figs. 17 and 18). Once the particu-
lar UHECR spectrum is fixed, the uncertainties in this
flux due to the extragalactic nucleon model and due to
our ignorance of the intervening background are com-
parable (see subsec. 2.5). Thus, extracting information
on the extragalactic nucleon flux from the GZK pho-
tons would require independent information on the ex-
tragalactic magnetic fields and radio background, and
vice versa.

The detection of UHECR photons would open a new
window for ultra-high energy astronomy and help es-
tablish the UHECR sources.
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