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Abstract: Here, we point out that an observation of ultrahigh energy cosmic ray (UHECR) photons,
“GZK photons”, could provide an upper limit on the level of the extragalactic radio background,
depending on the level of UHECR proton primaries (to be determined after a few years of data taking
by the Pierre Auger Observatory upgrade AugerPrime). We also update our 2005 prediction of the
range of GZK photon fluxes expected from proton primaries.
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1. Introduction

The level of the extragalactic radio background (EGRB) has become a point of consid-
erable interest in recent years. The Absolute Radiometer for Cosmology, Astrophysics and
Diffuse Emission (ARCADE-2) balloonborne bolometer detected in 2009 [1] an excess over
the cosmic microwave background radiation (CMB) at high radio frequencies, 3 to 90 GHz,
after subtraction of the CMB and a model of Milky Way emission of more than double
what is expected from known extragalactic point sources. Measurements from the Long
Wavelength Array at 40 to 80 MHz and others [2] agree with the high ARCADE 2 level.

An overview of the state of the subject as of 2018 [3] showed that if the background
seen by ARCADE-2 and other low-frequency experiments is extragalactic, its origin is an
important open question in astrophysics, since its sources would have to be faint and much
more numerous than known galaxies. The sources would need to be nonthermal due to
the spectral index of the background. The detected excess was found to be an isotropic
component with an antenna temperature as function of the frequency with a power law
spectrum of index −2.58, flatter than known radio sources.

Several exotic extragalactic mechanisms have also been studied to explain the excess
such as annihilating axionlike dark matter [4] or dark photons [5], supernova explosion
of Population III stars [6], superconducting cosmic strings [7], radiative decay of relic
neutrinos to sterile neutrinos [8], thermal emission from quark nugget dark matter [9], and
accreting astrophysical black holes [10,11] or primordial black holes [12]. A local origin
of the mentioned background in the Local Bubble, a low-density cavity in the interstellar
medium around the Solar system, has been proposed as an alternative [13].

Understanding if the mentioned radio background is of extragalactic or local origin
is essential to study the expected signature in the 60 to 80 MHz range associated with
the 21 cm spin-flip transition of HI from the epoch of reionization. This is where EDGES
(the Experiment to Detect the Global Epoch of Reionization Signature) [14] has found an
absorption feature in 2018. Even a radio background with intensity 0.01 of the ARCADE-
2 [1] result would have an observable effect at high-redshift 21 cm observations [6,15].
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Here, we explore the possibility of obtaining an upper limit on the EGRB if photons
are detected in ultrahigh energy cosmic rays (UHECRs) given a measured fraction of
proton primaries in UHECRs. The origin of UHECRs, the cosmic rays with energies above
1018 eV, is a longstanding puzzle in astrophysics (for a recent review, see, e.g., [16]). In
particular, the composition (namely, the fraction of primary protons and other nuclei) of
the cosmic rays with energies beyond the Greisen–Zatsepin–Kuzmin (GZK) feature [17,18]
at 4× 1019 eV has still large uncertainties (see e.g., [19,20] and references therein). UHECRs
are only observed through extensive air showers that they produce in the atmosphere,
which makes determining the nature of their primary particles subject to the uncertainties
of hadronic interaction models. The existing measurements have large errors and may
contain unknown systematic effects. At EeV energies, Pierre Auger Observatory (Auger)
and the Telescope Array (TA), find a predominantly light composition with a large fraction
of primary protons. Above 2 EeV, Auger favors a mixed composition with mean mass
steadily growing, while TA data seems to be in tension with this result, favoring a lighter
composition [21]. However, Auger and TA data are compatible within the current statistical
and systematic uncertainties. At energies above the GZK suppression, the total number
of detected events is relatively small; thus, the composition is even more uncertain (see,
e.g., [20,22,23]).

The results of Auger and TA indicate that UHECR primaries consist mostly of protons
and heavier atomic nuclei, but there could be also primary photons. Photons and neutrinos
are produced by interactions of ultrahigh energy charged particles with the background
medium, either at the source site or during the propagation. Both Auger (since 2007 [24])
and TA have searched for UHECR photon primaries and obtained upper limits on their
flux [20,25–27]. UHECR photons would be preferentially produced by proton photoproduc-
tion of pions on the microwave background, in the decay of π0, the process that leads to the
GZK effect. These are “GZK photons” [28–30]. The observed flux suppression at 4× 1019 eV
could also be due to photon disintegration of heavy nuclei or a limit in the maximum parti-
cle energy reached at the sources, in which case many less ultrahigh-energy photons would
be produced (e.g., considering only Fe primaries reduces the level of photons by more
than an order of magnitude, see, e.g., Figure 7 of [27]). The reason is that UHECR nuclei
of atomic number A and energy E disintegrating at the GZK threshold produce protons,
neutrons, and lighter nuclei of energies 'E/A, which generally are below the photo-pion
production threshold. Since in the following, we will be relying on models that predict the
maximum number of photons, we are going to consider only the production due to proton
primaries.

The composition of UHECR primaries will be much better known after AugerPrime [31,32]
(see also [20] and references therein) operates for several years. This upgrade of Auger
focuses on achieving mass–composition sensitivity for each extended air shower measured
by its upgraded surface detector through multihybrid observations. If its planned resolution
is achieved, AugerPrime should be able to distinguish between iron and proton primaries
on an event-by-event basis at 90% C.L. and even separate iron from the CNO group at
better than 50% CL. One of its design goals is to identify within five years of operation a
proton fraction as low as 10% with 5σ statistical significance if such a component exists at
the highest energies. AugerPrime is expected to be completed in 2023 and operate until at
least 2032.

If it is confirmed that protons account for a certain fraction of the UHECRs, the level
of UHECR photons will give an indication of the EGRB level, since these photons are
absorbed in this background. In this paper, we show the upper limits on the EGRB that an
observation of UHECR photons would imply, given a certain fraction of UHECR proton
primaries.

The plan of the paper is the following. In Section 2, we explain how we model the
sources and the propagation of particles. In Section 3, we present a revised version of
our 2005 Figure 17 [28] showing the range of integrated GZK photon fluxes expected
depending on the EGRB assumed. In Section 4, we show our results on the upper bounds
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that an observation of UHECR photons could impose on the EGRB. In Section 5, we briefly
conclude.

2. Diffuse GZK Photon Flux Calculation

To compute the flux of GZK photons produced by a homogeneous distribution of
sources emitting originally only protons, we use a numerical code [33–35], which calculates
the propagation of protons and photons using the kinematic equation approach and the
standard dominant processes (see, e.g., [36]), which include photo-pion production by
nucleons, e+e− pair production by protons, and neutron decay. The electromagnetic
cascade simulation includes e+e− pair production by photons, inverse Compton scattering
as well as two higher order processes, triplet pair production eγb → ee+e−, and double
pair production γγb → e+e−e+e−, where the background radiation photon γb spectrum
is composed of the cosmic microwave background (CMB), radio, and IR/optic radiation.
While the CMB and radio backgrounds strongly affect the GZK-photon flux, the IR/optic
part of background radiation has and effect on the diffuse γ flux at TeV energies.

The calculation of the predicted GZK photon fluxes requires assumptions about the
characteristics of the UHECR sources and backgrounds.

Potential sources that could emit protons and nuclei with energy above 1018 eV
include gamma ray bursts, active galactic nuclei, and starbursts galaxies. We adopt some
simplifying assumptions usually made about sources, namely that the UHECR emission
rate is the same for all sources, that the spectrum and composition is independent of the
redshift of the source, and that the emission rate is well described by a power-law spectrum.
The parameterization of the initial proton flux that we use is

F(E) = f
1

Eα
exp

(
− E

Emax

)
. (1)

The power law index α and maximum energy Emax are considered free parameters. We
only consider α ≥ 0. The value α = 2.7 roughly corresponds to the slope of the UHECR
spectrum. Larger values of α disfavor having protons at higher energies. It is possible
to adopt α = 0 when considering the largest possible GZK photon fluxes (as we do in
Section 4) if only the highest energy portion of cosmic ray spectrum consists of protons (see
Figures 1 and 2).

The dependence of the GZK photon flux on the maximum energy Emax is more
significant as α decreases. Since we are interested in favoring the production of GZK
photons, here, we assume that Emax = 1× 1020 eV, a generous value considering that we
assume a exponential cutoff (as opposed to a step function as we assumed in our earlier
work [28]).

The amplitude f is fixed by requiring that the final proton differential spectrum from
all sources does not exceed the observed UHECR spectrum, FCR, which we assume to be
that measured by TA [37]. To be more specific, we use the χ2 criterion:

χ2
upper/Nbins ≡ ∑

F(Ei)>FCR(Ei)

(F(Ei)− FCR(Ei))
2

σ2
CR(Ei)

≤ 1, where

Nbins ≡ ∑
F(Ei)>FCR(Ei)

1,
(2)

where Ei is the ith bin middle energy, FCR(Ei) is the experimental cosmic flux, and σCR(Ei)
is its error in the ith bin. The sum is over bins for which the predicted spectrum is above the
measured one. We choose the highest value of the amplitude f that satisfies the condition
in Equation (2) (if allowed by the Fermi LAT [38] measurements of secondary gamma
rays and the IceCube and Auger [39] upper bounds on secondary neutrinos, as explained
below).
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The UHECR spectrum has been measured by Auger [40] and TA [41]. A joint analysis
showed that the TA spectrum is higher above the GZK cutoff [42]. We use it in this paper
because it favors the production of GZK photons.
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Figure 1. Example of the photon spectrum (green) produced by the the highest proton spectrum
(magenta) normalized by the criterion in Eq.(2) corresponding to the source model with α = 0,
Emax = 1020 eV, m = 0, zmax = 2 and zmin = 0. In this case all UHECR flux above 40 EeV consists of
protons. The green solid, dashed and dotted UHECR photon lines corresponds to 10% of the Clark
et al. [43] EGRB and the higher and lower models of Protheroe and Biermann [44] respectively. The
radio backgrounds were scaled down by the factor Frad = 0.1 because Fig. 4 shows that this is the
level for which the predicted UHECR photon flux could soon be observed, namely the level of current
Auger upper limits. The isotropic diffuse photon flux measured by Fermi LAT [38] and the IceCube
and Auger [39] upper bounds on all flavour neutrino diffuse flux, shown in ochre, are much higher
than those predicted. This model predicts the highest level of GZK photons.
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n(z) = n0(1 + z)3+m Θ(zmax − z)Θ(z− zmin) , (3)

where m is a real parameter and zmin and zmax are respectively the redshifts of the closest 123

and most distant sources. The source evolution in comoving volume is here parameterized 124

by the index m, so that, excluding the Hubble expansion, the number density of sources is 125

∼ (1+ z)m. In Section 4 we will assume m = 0, which corresponds to non-evolving sources 126

with constant density per comoving volume because as we show below ((see Fig. 2 GZK 127

photons are produced close enough that their predicted flux is insensitive to the source 128

evolution (see Fig. 2). Since we are interested in estimating the maximum level of UHECR 129

sources could produce, we assume zmin = 0, i.e. that the minimum distance to the sources 130

is comparable to the interaction length. And we take zmax = 2, since sources with z > 2 131

have a negligible contribution to the UHECR flux above 1018 eV. 132

UHECR protons could interact with extragalactic magnetic fields (EGMF) during 133

their propagation, but this effect is negligible for fields below 10−11 G (see Fig. 5 of [28]), 134

as found in constrained simulations. Numerical cosmological simulations give various 135

predictions of the EGMF strength [45–50]. Lower limits on EGMFs can be found from 136

combined observations of blazars by Fermi LAT and Cherenkov telescopes, depending on 137

assumptions on source activity and other parameters, they can go up to B > 10−15 G [51– 138

53]. Upper limits at the 10−9 G level come from a variety of CMB observations (see Table 1 139

of [54]). More stringent upper limits of 10−10 G come from UHECR correlations with 140

Perseus-Pisces supercluster [55] and even 5× 10−11 G from non-observation of small-scale 141

baryonic density fluctuations [54]. Here we assume that EGMF are smaller than 10−11G in 142

the voids and neglect their influence on GZK photons. 143

Figure 1. Example of the photon spectrum (green) produced by the the highest proton spectrum
(magenta) normalized by the criterion in Equation (2) corresponding to the source model with α = 0,
Emax = 1020 eV, m = 0, zmax = 2, and zmin = 0. In this case, all UHECR flux above 40 EeV consists of
protons. The green solid, dashed, and dotted UHECR photon lines correspond to 10% of the Clark et
al. [43] EGRB and the higher and lower models of Protheroe and Biermann [44], respectively. The
radio backgrounds were scaled down by the factor Frad = 0.1 because Figure 3 shows that this is
the level for which the predicted UHECR photon flux could soon be observed, namely the level of
current Auger upper limits. The isotropic diffuse photon flux measured by Fermi LAT [38] and the
IceCube and Auger [39] upper bounds on all flavour neutrino diffuse flux, shown in ochre, are much
higher than those predicted. This model predicts the highest level of GZK photons.
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Figure 2. Highest primary proton spectrum allowed by the criterion in Equation (2) (solid lines), and
secondary photon (dashed lines) and all flavor neutrino (doted lines) spectra produced in the model
of Figure 1, but for different values power law index α (α = 0, 1, and 2 in magenta, green, and sky
blue, respectively). The lower radio background model of [44] is used, multiplied by Frad = 0.1 (as in
Figure 1). The isotropic diffuse photon flux measured by Fermi LAT [38], shown in ochre, almost
constrains the α = 2 model as much as the limit in Equation (2) and is much above the predicted flux
for the other two. The upper bounds on all flavor neutrino diffuse flux by IceCube and Auger [39],
shown in ochre, do not constrain any of the models. The figure shows that the model of Figure 1
predicts the highest level of GZK photons.
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Figure 3. Bands of predicted UHECR photon fluxes assuming only proton primaries (whose maxi-
mum is at the level of the TA UHECR spectrum [37]) for source parameters 0 < α < 2.8, −3 < m < 3
and Emax = 1020 eV and the injection spectrum in Equation (1). The bands in pink, sky blue, and gray
assume respectively the lower radio background model of Protheroe and Biermann [44] multiplied
by the factors Frad = 1, Frad = 0.1 and Frad = 0. Also shown are past and present experimental upper
limits by Auger [26,27], TA [45,46], KASCADE Grande [47], and EAS-MSU [48].

The evolution of the density of the sources can be parameterized as

n(z) = n0(1 + z)3+m Θ(zmax − z)Θ(z− zmin) , (3)

where m is a real parameter and zmin and zmax are respectively the redshifts of the closest
and most distant sources. The source evolution in comoving volume is here parameterized
by the index m, so that, excluding the Hubble expansion, the number density of sources is
∼ (1 + z)m. In Section 4, we will assume that m = 0, which corresponds to nonevolving
sources with constant density per comoving volume because as we show below (see
Figure 4), GZK photons are produced closely enough such that their predicted flux is
insensitive to the source evolution (see Figure 4). Since we are interested in estimating the
maximum level of UHECR sources could produce, we assume that zmin = 0, i.e., that the
minimum distance to the sources is comparable to the interaction length. We take zmax = 2,
since sources with z > 2 have a negligible contribution to the UHECR flux above 1018 eV.

UHECR protons could interact with extragalactic magnetic fields (EGMF) during their
propagation, but this effect is negligible for fields below 10−11 G (see Figure 5 of [28]),
as found in constrained simulations. Numerical cosmological simulations give various
predictions of the EGMF strength [49–54]. Lower limits on EGMFs can be found from
combined observations of blazars by Fermi LAT and Cherenkov telescopes; depending on
assumptions on source activity and other parameters, they can go up to B > 10−15 G [55–57].
Upper limits at the 10−9 G level come from a variety of CMB observations (see Table 1
of [58]). More stringent upper limits of 10−10 G come from UHECR correlations with the
Perseus-Pisces supercluster [59] and even 5× 10−11 G from nonobservation of small-scale
baryonic density fluctuations [58]. Here, we assume that EGMF are smaller than 10−11G in
the voids and neglect their influence on GZK photons.

Photons with energies Eγ > TeV pair produce electrons and positrons on background
photons, mostly CMB photons except at Eγ > 1019 eV, initiating a cascade, which stops
when the photons in it have Eγ 'MeV to TeV. The flux of this extragalactic gamma ray
background has been measured by Fermi-LAT [38] and is shown in Figure 1 (ochre points
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with their error bars). The main extragalactic point sources contribution to the Fermi data at
high energies are blazars. The contribution of unresolved blasars to the diffuse gamma-ray
background dominates at high energies [60,61]. The Fermi collaboration determined that
at least 86% of the EGRB comes from unresolved blazars [62], which strongly constrains
UHECR models that predict high levels of GeV to TeV gamma rays, such as those with
large positive values of the evolution index m.
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Figure 4. Highest primary proton spectrum allowed by the criterion in Equation (2) (solid lines), and
corresponding photon (dashed lines) and all flavor neutrino (doted lines) spectra produced in the
source model of Figure 1, but for different values of the source evolution parameter m (m = −3, 0,
and 3 in magenta, green, and sky blue, respectively). The lower radio background model of [44] is
used, multiplied by Frad = 0.1 (as in Figure 1). The isotropic diffuse photon flux measured by Fermi
LAT [38] and the upper bounds on all flavor neutrino diffuse flux by IceCube and Auger [39], shown
in ochre, do not constrain the primary proton flux. The figure shows that the predicted GZK photon
spectrum is the same for all three evolution models.

The main source of energy loss of photons with Eγ > 1019 eV is pair production on
the radio background and the uncertainty in this background translates into uncertainty
in the photon energy-attenuation length. As in our previous work [28–30], we consider
three models for the EGRB: the background based on estimates by Clark et al. [43] and the
two models of Protheroe and Biermann [44], both leading to a larger absorption of GZK
photons than the first. The lowest model of Protheroe and Biermann has a level of about
0.1 of the ARCADE-2 [1] measurement.

Figure 1 shows examples of the GZK photon spectra (green lines) with a source model
α = 0, Emax = 1× 1020 eV, zmax = 2, zmin = 0, and evolution index m = 0 for three EGRB
models with radio background scaled by a factor Frad = 0.1. The proton spectrum shown
in magenta is the highest compatible with the condition in Equation (2). It provides a good
fit to the TA spectrum above the GZK cutoff. Thus, it predicts a UHECR composition of
only protons above the GZK cutoff.

The primary proton spectrum amplitude f for all models considered in this paper is
determined as the largest allowed by the most constraining of three conditions (except in
Section 4). One is the requirement in Equation (2) on the proton flux to avoid overproducing
cosmic rays (for which we take the TA spectrum [37]) and conditions to avoid overproduc-
ing diffuse γ and ν fluxes. Another condition is based on the Fermi-LAT measurements
of photons in the GeV to TeV energy range. Since at least 86% of these photons should
come from unresolved BL Lac sources [62], we impose that the predicted integrated gamma
ray flux above 50 GeV in the Fermi-LAT energy range should not exceed 0.14 times the
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Fermi-LAT integrated spectrum above 50 GeV. The last condition on f is that the differential
flux of secondary neutrinos of all types should not exceed the upper limits of IceCube and
Auger [39]. For the models shown in Figures 1, 2 and 4, the last two conditions are never
the most constraining.

The source model presented in Figure 1 is used in Section 4 as the most optimistic
case in term of producing the highest levels of GZK photons, as proved in Figures 2 and 4.
In Figure 4, the source model is the same as in Figure 1, but for different values of the
source evolution parameter m, m = −3, 0, and 3. Figure 4 shows that the value of m has a
negligible effect on GZK photon flux. Models with large enough positive values of m may
in principle overproduce a diffuse γ flux in the sub-TeV energy range or a diffuse neutrino
flux. The m = 3 scenario is almost equally constrained by the Fermi-LAT limit. The model
with m = 0 is clearly safe with respect to diffuse γ and ν constraints while producing the
same large GZK flux; therefore, we use it as baseline.

In Figure 2, we illustrate the dependence of the predicted GZK flux on the power law
index α. The source model in this figure is the same as in Figure 1 except for the values of
α. Figure 2 clearly shows that increasing α suppresses the GZK photon flux substantially,
which dictates our use of α = 0 in Section 4. The isotropic diffuse photon flux measured by
Fermi-LAT [38] almost constrains the α =2 model as much as the limit in Equation (2) and
is far above the predicted flux for α = 0 and α =1.

The three EGRB models mentioned above result in the three different secondary
photon spectra above 1018 eV shown in Figure 1. The green solid, dashed, and dotted
UHECR photon lines correspond to 10% of the Clark et al. [43] model, 10% of the higher
models, and 10% of the lower models of Protheroe and Biermann [44], respectively. The
radio backgrounds were scaled down by 10%, i.e., by the factor Frad = 0.1, because Figure 3
shows that this is the radio background level for which the predicted UHECR photon flux
could soon be observed, namely for which this predicted flux is at the level of current
UHECR photon experimental upper limits.

3. Expected Range of the GZK Photon Flux

In this section, we update our 2005 results presented in Figure 17 [28] for the expected
range of integrated GZK photon fluxes. In 2005, only extreme source models could predict
fluxes at the level of the experimental UHECR photon upper limits. These limits have
become much better now [26,27,45,46], as can be seen in Figure 3.

Figure 3 shows the band of UHECR photon predicted fluxes assuming only proton
primaries (whose maximum is at the level of the TA UHECR spectrum [37]) for a range
of source parameters assuming the injection spectrum in Equation (1): 0 < α < 2.8,
−3 < m < 3 and, as throughout in this paper, Emax = 1× 1020 eV. The three bands in pink,
sky blue, and gray assume respectively the lower radio background model of Protheroe
and Biermann [44] (Frad = 1), 10% of it (i.e., the model mutiplied by the factor Frad = 0.1),
and no radio background (i.e., Frad = 0).

The figure shows that the radio background level of 10% of the lower 1996 Protheroe
and Biermann model leads to predicted photon fluxes at the level of the current photon
upper limits. This EGRB level, 10% of the lower 1996 Protheroe and Biermann prediction,
corresponds to 1% of the ARCADE-2 level [1] (a level predicted in some recent models [6,15]).

4. EGRB Upper Limit Expected from UHECR Photon Observation

The limits on UHECR photons have improved so much over the years, as shown in
Figure 3, that reasonable although optimistic production models yield fluxes that could be
detected in the near future. As mentioned in the introduction, much better measurements
of the proton fraction of UHECR primaries is expected to be obtained after about five years
of operation of AugerPrime.

Here, we compute the flux of UECR photons neglecting the production of photons
by primaries other than protons, which is not correct for proton fractions close and below
0.1. We assume a reasonable but optimistic model that favors the production of photons,
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the model of Figure 1, except for the amplitude f of the proton injection spectrum. With
the maximum possible value of f this model fits well the UHECR spectrum above 40
EeV, with 100% proton primaries. Then, for each primary proton fraction, an observation
of the UHECR photon flux would provide an upper limit on the EGRB, since a larger
radio background would have suppressed the photon level to be below that observed.
Namely if the radio background would be larger than the limit we find, even the maximum
production model would lead to no signal.

For our optimistic production model we use the injection spectrum in Equation (1)
with parameters α = 0 and Emax = 1020 eV, and the evolution parameters m = 0, zmax = 2,
zmin = 0. This is the model of Figure 1. As discussed in Section 1, this choice leads to the
largest GZK photon fluxes, and fits well the UHECR TA spectrum above 40EeV. Thus, in
this model 100% of the UHECR consists of protons.

As it is clear from Figure 3, the most restrictive present limits on the GZK photon flux
can be found in the energy range 18.5 < log(E/eV) < 19.3 (the exact energy depends on
the value of Frad).

Let us assume that in the future the UHE photon flux is detected at the level η ≤ 1
times the current limit at the most restrictive point. To obtain the minimal fraction of
UHECR protons needed to generate enough GZK photons if η = 1, we divide each present
integrated photon flux limit by the predicted photon flux, computed assuming a 100%
UHECR proton primary composition above 4× 1019 eV and a particular level of the radio
background. Then, we find the minimum value of this ratio among all the present limits.
This minimum ratio determines the minimum fraction of protons in the UHECRs above
4× 1019 eV required to produce the photon signal. Clearly, since we consider only photon
production from primary protons, for other values of η the required minimal proton fraction
scales linearly with η. The constraints obtained in this way for different values of the EGRB
scale factor Frad are shown in Figure 5. Since we are assuming that the fraction of proton
primaries will be measured by AugerPrime, we reverse the constraints and show limits
on Frad.
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Figure 5. Upper limit on the EGRB, given as a factor Frad times the lower radio background prediction
of Protheroe and Biermann [44], which could be achieved if a GZK photon flux is detected at a
level η = 0.1 (magenta), η = 0.3 (green), and η = 1 (blue) of the present Auger UHECR photon
limits [26,27], shown as function of the proton fraction in UHECRs (to be determined in the future by
AugerPrime). The limits for other η values can be easily obtained since they scale linearly with η.
The production of photons from primaries other than protons is neglected here (which would not be
consistent with small proton fractions, close and below 0.1). The source model parameters assumed
are α = 0, Emax = 1020 eV, m = 0, zmax = 2, zmin = 0. Frad = 10 corresponds to the ARCADE-2
measurement [1]. Notice that for a particular value of Frad, the corresponding proton fraction for
a particular η is the minimum proton fraction compatible with the photon observation at the level
indicated by η.
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In Figure 5 the upper limits on the EGRB are shown as function of the UHECR proton
fraction above 4× 1019 eV to be determined by AugerPrime, in terms of the factor Frad by
which the lower radio background prediction of Protheroe and Biermann [44] should be
multiplied, assuming an observation of UHECR photons at the level of the present limits
or smaller by a factor η. Only lines for η = 0.1 (magenta), η = 0.3 (green), and η = 1
(blue) are shown; however, the lines scale linearly with the fraction η, so the line for any
other η value can be easily obtained. Notice that Frad = 10 corresponds to the ARCADE-2
measurement [1].

As a final comment, let us mention that potentially a lower limit on the EGRB could
be established if the UHECR proton primary content is proved to be high enough and
GZK photons are not observed. Deriving this limit would require to take into account
the observed spectrum and directional information of the proton primaries. This type of
analysis is beyond the scope of this paper.

5. Conclusions

In this paper, we studied the possibility of deriving an upper limit on the diffuse
extragalactic radio background from a possible future detection of the GZK photon flux.
Our main result is summarized in Figure 5. Assuming the photon flux observed is at a level
of the factor η times the current upper limits on UHECR photons, and given a particular
proton fraction in the UHECRs above 40 EeV, one can establish an upper limit on the diffuse
radio background. For example, for a photon flux three times lower than the present limits,
i.e., with η = 0.3, and a proton fraction 0.5 (which is consistent with current TA data), one
can exclude a radio background above the lower radio background prediction of Protheroe
and Biermann [44].
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