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The origin of ultrahigh energy cosmic rays (UHECR) is still unknown. However, great progress has been
achieved in past years due to the good quality and large statistics in experimental data collected by the
current observatories. The data of the Pierre Auger Observatory show that the composition of UHECRs
becomes progressively lighter starting from 1017 eV up to ∼1018.3 eV and then, beyond that energy, it
becomes increasingly heavier. These analyses are subject to important systematic uncertainties due to the
use of hadronic interaction models that extrapolate lower energy accelerator data to the highest energies.
Although proton models of UHECRs are disfavored by these results, they cannot be completely ruled out. It
is well known that the energy spectra of gamma rays and neutrinos, produced during propagation of these
very energetic particles through the intergalactic medium, are a useful tool to constrain the spectrum
models. In particular, it has recently been shown that the neutrino upper limits obtained by IceCube
challenge the proton models at 95% C.L. In this work we study the constraints imposed by the extragalactic
gamma-ray background, measured by Fermi-LAT, on proton models of UHECRs. In particular, we make
use of the extragalactic gamma-ray background flux, integrated from 50 GeV to 2 TeV, that originates in
point sources, which has recently been obtained by the Fermi-LAT Collaboration, in combination with the
neutrino upper limits, to constrain the emission of UHECRs at high redshifts (z > 1), in the context of the
proton models.
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I. INTRODUCTION

Despite the big experimental effort that has been
made in past years, the origin of the ultrahigh energy
cosmic rays (UHECRs), i.e., with energies larger than
1018 eV, is still unknown. The Pierre Auger [1] and
Telescope Array [2] observatories are currently taking
data in this energy range. The Southern Hemisphere
Pierre Auger Observatory, in the province of Mendoza,
Argentina, is the largest cosmic-ray observatory in the
world. The Telescope Array observatory, placed in Utah,
USA, is the largest in the Northern Hemisphere. The
UHECR energy spectrum presents two main features:
the ankle, found at an energy of ∼1018.7 eV, which
consists of a hardening of the flux, and a suppression at
1019.6–1019.7 eV [3,4]. Note that, even though the
spectra observed by the Pierre Auger and Telescope
Array observatories present some differences, these two
features are observed in both measurements.
UHECRs generate atmospheric air showers when they

interact with the molecules of the atmosphere. These air
showers can be observed by using ground detectors and/or
fluorescence telescopes. The ground detectors detect the
secondary particles, produced during the shower develop-
ment, that reach the ground, whereas the fluorescence

telescopes detect the fluorescent light emitted by the
interaction of the secondary charged particles with the
molecules of the atmosphere. The Pierre Auger and
Telescope Array observatories have both types of detectors,
and a subsample of the events is observed by both detector
types. The arrival direction, the energy, and the composi-
tion of the primary UHECR have to be inferred from the air
shower observations. In particular, the composition is
obtained by comparing observables sensitive to the primary
mass with simulations of the atmospheric air showers. This
is subject to large systematic uncertainties because the
hadronic interactions at the highest energies are unknown.
There are models that extrapolate the lower energy accel-
erator data to the highest energies. Some of these models
have been recently updated with the Large Hadron Collider
data. As a consequence, the differences among the pre-
dictions of the different models decreased but did not
disappear.
One of the parameters most sensitive to primary mass is

the atmospheric depth of the shower maximum, Xmax. This
parameter can be reconstructed with the data taken by
fluorescence telescopes. The composition analyses based
on Xmax observed by Auger, done by using the updated
hadronic interaction models, show a decrease of the
primary mass from 1017 eV up to ∼1018.3 eV and then,
beyond that energy, the mass becomes increasingly heavy
[5,6]. On the other hand, the Xmax data obtained by the*supanitsky@iafe.uba.ar
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Telescope Array is consistent with protons [7,8]. However,
it has been recently shown that the composition data
observed by the two experiments are consistent [9]. It is
worth mentioning that the statistics of the Telescope Array
are smaller than the ones corresponding to Auger.
The interpretation of the UHECR spectrum depends

strongly on the mass composition. If protons are the
dominant component, the ankle is originated by pair
production in the interaction of the protons with the low
energy photons of the extragalactic background light (EBL)
and cosmic microwave background (CMB), during propa-
gation through the intergalactic medium. The suppression
observed at the highest energies can originate by the
photopion production of protons interacting with the
CMB photons, by the intrinsic cutoff in energy of the
sources, or by a combination of both effects. The proton
model (known as the dip model) of the UHECR spectrum
has been extensively studied in the literature (see
Refs. [10–16]).
On the other hand, if the UHECR spectrum is composed

of heavy nuclei besides protons, the ankle can be inter-
preted as the transition between the galactic and extra-
galactic cosmic rays (see Ref. [17] for a review). However,
this possibility is disfavored by the Auger data [18]; large
scale anisotropy studies show that the extragalactic com-
ponent should continue below the ankle. Recently, a new
light extragalactic component that dominates the flux
below the ankle, originating in different sources than the
ones responsible for the flux at the highest energies, has
been proposed [19]. This low energy component could also
originate in the photodisintegration of nuclei with the
photon fields in the vicinity of the acceleration region or
the source [20,21]. In these scenarios the suppression is due
to the photodisintegration process undergone by the nuclei
when they interact with photons of the EBL and CMB, to
an intrinsic spectral cutoff in the injected spectrum, or to a
combination of both effects.
Besides composition information, the observation of

secondary gamma rays and neutrinos, generated in the
interactions undergone by the cosmic rays during propa-
gation through the Universe, can constrain the different
models of the UHECR spectrum. In particular, a smaller
number of gamma rays and neutrinos is predicted in
scenarios with larger fractions of heavy nuclei at the
highest energies. In Ref. [22] the dip model has been
rejected at 95% C.L. by using the upper limit on the
neutrino spectrum obtained by the IceCube experiment
[23]. In that work the source evolution was assumed to be
the one corresponding to the star formation rate times
ð1þ zÞm, where z is the redshift and m is a parameter fixed
by fitting Telescope Array data. However, it is also shown
that models with no emission at z > 1 cannot be rejected
with present neutrino data.
Extragalactic gamma-ray background (EGB) observa-

tions impose quite restrictive constraints on models of the

UHECR spectrum [24–31]. The EGB has recently been
measured, from 100 MeV to 820 GeV, by Fermi-LAT [32].
Part of the EGB originates in gamma-ray point sources. The
gamma rays generated by the propagation of UHECRs can
contribute to a diffuse component. By using the 2FHL
catalog [33] of 360 point sources (mostly blazars) detected
by Fermi-LAT, it has been shown that 86þ16

−14% of the
integrated EGB spectrum from 50 GeV to 2 TeVoriginates
in point sources [34]. By using this result, in Ref. [35] it is
found that only a group of nearby sources, contributing in
the energy range below the ankle, can be responsible for the
light component observed in that energy range. Also, in
Ref. [36], a more restrictive upper limit to the energy
density of the electromagnetic cascades, that are developed
in the intergalactic medium, is found by using this new
result.
In this work we study the impact of this new estimation

on proton models of UHECRs. Instead of using the upper
limit to the energy density found in Ref. [36], we calculate
an upper limit to the integrated gamma-ray flux, in the
energy range from 50 GeV to 2 TeV, that does not originate
in point sources. This upper limit is used to study the
constraints that this new result imposes on proton models of
the UHECR spectrum, assuming a source evolution with an
extra free parameter with respect to the one used in
Ref. [22], which governs the injection of UHECRs at
z > 1. We also compare the results obtained by using the
gamma-ray information with the ones obtained by using
the neutrino upper limit.

II. FIT OF THE UHECR SPECTRUM

The Telescope Array measurement is considered to fit
the UHECR flux, assuming a pure proton component. This
is because, as mentioned above, the Telescope Array data
are compatible with a proton composition at the highest
energies. Following Refs. [22,37], the fits are performed for
energies above 1018.2 eV.
It is assumed that the sources are uniformly distributed in

the Universe and that the injected spectrum follows a power
law with an exponential cutoff,

ϕðE; zÞ ¼ CSðzÞE−α expð−E=EcutÞ; ð1Þ
where C is a normalization constant, α is the spectral
index, Ecut is the cutoff energy, and SðzÞ parametrize the
source density and luminosity evolution of the injection
with redshift z. The evolution function SðzÞ is not
known; it depends on the types of sources responsible
for the acceleration of the cosmic rays, which are still
unknown. The most common options found in the
literature correspond to the evolution of the star for-
mation rate (SFR), the gamma-ray bursts (GRB), and
the active galactic nuclei (AGN) (see, for instance,
Refs. [22,31,38]). In this work a broken power law
of (1þ z) is assumed,
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SðzÞ ¼
8<
:

ð1þ zÞm z ≤ 1

2m−nð1þ zÞn z > 1 & z ≤ 6

0 z > 6

; ð2Þ

where m and n are free parameters. The break point at
z ¼ 1 is motivated by the SFR, GRB, and some special
cases of AGN evolution functions [38]. Note that just
the parameter m is important for the fit of the spectrum
because the contribution of the sources at z > 1 is
negligible for E ≥ 1018.2 eV. The evolution correspond-
ing to z > 1 is important for the generation of gamma
rays and neutrinos.
The energy spectrum of UHECR at Earth is calculated by

using the program TransportCR [39], which has been
developed to solve numerically the transport equations
that govern the propagation of the cosmic rays in the
intergalactic medium. One of the advantages of this
approach is the decrease of the computational time com-
pared with the one corresponding to the methods based on
the Monte Carlo technique. This makes it very useful for
fitting the cosmic-ray energy spectrum. Besides nuclei, the
TransportCR code propagates gamma rays and neutrinos
produced in the interactions of them with the photon
backgrounds. The photopion production is based on the
SOPHIA code [40] and there are several models of the EBL
available.
Models with fixed cutoff energy are considered. It is

possible to fit also Ecut as it is done in Ref. [22], but the
computational time increases considerably. Note that the
processing time is larger in the case considered in this
work because of the calculation of the propagation of
gamma rays and neutrinos. For a given cutoff energy,
the proton flux at Earth is calculated for a discrete grid
of the parameters α, m, and n. As mentioned before, the
fit of the spectrum depends on the parameters α and m
in the energy range under consideration; then the
parameter n just modifies the flux of secondary particles
without affecting the fit. That is why only some
particular values of n are considered. The spectrum
for any value of energy, α, and m is interpolated by
using a trilinear interpolation algorithm for fixed values
of n.
The fit of the Telescope Array spectrum is performed by

minimizing the chi-square, which is given by

χ2 ¼
XN
i¼1

ðJð ~Ei; α; m; CÞ − JiÞ2
σ2i

þ
�
δE
σE

�
2

; ð3Þ

where JðE; α; m; CÞ is the interpolated spectrum;
~Ei ¼ ð1þ δEÞEi, with Ei the energy of the ith data
point and δE is a systematic shift in the energy scale
(see Refs. [22,37]); Ji is the flux measured correspond-
ing to the ith bin; and σ2i is the uncertainty in the
determination of the flux, also for the ith bin. The last

term in χ2 takes into account the systematic uncertainty
on the determination of the energy, where σE ¼ 0.2 (see
Ref. [22]). Following Ref. [22], C and δE are considered
nuisance parameters and so the profile likelihood tech-
nique [41] is used to get rid of them. In this technique
the nuisance parameters are replaced by their maximum
likelihood estimators. Therefore, only m and α are the
parameters of interest.
The EBL is still quite uncertain, principally because a

direct measurement is subject to several foregrounds [42].
However, there are different models, available in the
literature, for the spectrum as a function of the photon
energy and redshift. In Ref. [37] it was shown that the fit of
the cosmic-ray energy spectrum, assuming a pure proton
composition, depends on the EBL model considered.
Moreover, the gamma-ray and neutrino spectra also depend
on the EBL model assumed (see Refs. [36] and [43] for
gamma rays and neutrinos, respectively). In this work we
consider the EBL model of Ref. [44], which is commonly
used to model the UHECR flux and also, following
Ref. [36], the one of Ref. [45].
The top panel of Fig. 1 shows the fit of the Telescope

Array energy spectrum considering the EBL model of
Ref. [44], no cosmic-ray emission above z ¼ 1, i.e.,
n → −∞, and Ecut ¼ 1021 eV. The Telescope Array spec-
trum is taken from [37] and corresponds to the spectrum
obtained by the surface detectors.1 The energy scale of the
proton spectrum has been shifted according to the value δE
obtained. The best fit is obtained for α ¼ 2.16, m ¼ 6.78,
and δE ¼ −0.096. Note that these results are compatible
with the ones obtained in Ref. [37] even though they do
not use the penalty term in the χ2. The bottom panel of
Fig. 1 shows the proton, gamma-ray, and neutrino spectra
corresponding to the best fit. Also in this case, the energy
scale of the proton spectrum has been shifted according to
the value δE obtained. The plot also shows the upper limit
on the neutrino flux obtained by IceCube at 90% C.L.
[23]. The data points at low energies correspond to the
spectrum of the EGB observed by Fermi-LAT [32]. Note
that the best fit is compatible with the neutrino upper limit
and also with the EGB. It is worth mentioning that the
Telescope Array energy spectrum is extended to energies
below 1018.2 eV with the combined spectrum taken from
Ref. [4]. It can also be seen that the fit overshoots the data
points below 1018.2 eV. This low energy contribution can
be suppressed due to the diffusion of the particles in the
intergalactic magnetic field [46] or by the presence of a
low energy cutoff in the injection spectrum (see Ref. [22]
for details).

1Instead of the combined spectrum, reported in Ref. [4], the
one obtained by the surface detectors, reported and fitted in
Ref. [37], is considered for the fit because the error bars at low
energies can be extracted from the plot in that paper, which is not
the case for the plot in Ref. [4].
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As mentioned in the introduction, the EGB measurement
has important implications on proton models of the
UHECR spectrum. By using the results obtained in
Ref. [34], an upper limit on the integrated flux correspond-
ing to the component of the EGB spectrum that does not
originate in point sources is obtained,

IUL
γ ¼ 9.354 × 10−10 cm−2 s−1 sr−1; ð4Þ

at 90% C.L. Here the energy range considered for the
integral goes from 50 GeV up to 2 TeV. The method
developed by Feldman and Cousins [47] is used to obtain
the upper limit (see the Appendix A for the details of the
calculation).
For each pair α and m considered to fit the Telescope

Array data, after applying the profile likelihood method to
the parameters C and δE as described above, the integral of
the gamma-ray energy spectrum is calculated and the
region in the α −m plane, defined by

Z
2 TeV

50 GeV
dEJγðE; α; mÞ ≤ IUL

γ ; ð5Þ

is determined.
The top panel of Fig. 2 shows the best fit and the regions

of 68.27%, 95.45%, and 99.73% C.L. of the fit to the
cosmic-ray spectrum as shown in Fig. 1. Also shown is the
allowed region from the gamma-ray constraint of Eq. (5).
Also, the allowed region corresponding to the upper limit
on the neutrino flux, JUL

ν ðEÞ, obtained by IceCube (see the
bottom panel of Fig. 1) is shown. It is given by the
condition JνðE;m; nÞ ≤ JUL

ν ðEÞ. Note that the allowed
regions corresponding to the gamma-ray and neutrino
observations are obtained from the upper limits at
90% C.L. It can be seen from the plot that, while the best
fit is compatible with the neutrino data, it is in tension with
the upper limit obtained from the nonpoint sources
component of the EGB. Moreover, the best fit is also in
tension with the upper limit obtained at 99% C.L. (see
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FIG. 2. Top panel: Best fit and confidence regions for n → −∞.
The allowed regions corresponding to gamma-ray and neutrino
observations are below the dashed and dotted curves, respec-
tively. Bottom panel: Best fit and confidence regions for n ¼ 1.5.
The allowed regions corresponding to gamma-ray and neutrino
observations are below the larger dashed and dotted curves and
above the smaller ones in the bottom left corner, respectively. The
EBL model of Ref. [44] is considered and Ecut ¼ 1021 eV.
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FIG. 1. Top panel: Best fit of the Telescope Array energy
spectrum for the EBL model of Ref. [44], no emission above
z ¼ 1 (n → −∞), and for Ecut ¼ 1021 eV. The shadowed areas
correspond to 68.27% and 95.45% C.L. regions. Bottom panel:
Proton, gamma-ray, and neutrino spectra corresponding to the
best fit of the Telescope Array data. The filled circles correspond
to the EGB obtained by Fermi-LAT and the shadowed area
corresponds to the rejection region at 90% C.L. for the upper limit
on the neutrino flux obtained by IceCube.
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Appendix B). In this case the upper limit obtained from
gamma-ray data is more restrictive than the one coming
from the neutrino data. The bottom panel of the figure
shows the result obtained in the same conditions as the ones
corresponding to the top panel but for n ¼ 1.5. It can be
seen that the best fit and the allowed regions are, as
expected, unaltered, but in this case even the region
corresponding to 99.73% C.L. is in tension with the
gamma-ray upper limit. Any value of the parameter n
larger than 1.5 has associated a larger production of
secondary gamma rays and neutrinos. Therefore, the region
corresponding to 99.73% C.L. of the fit is also in tension
with at least the gamma-ray upper limit for any value of n
larger than 1.5.
From Fig. 2 it can be seen that for the case in which the

UHECRs are generated in the redshift range from z ¼ 0 to
z ¼ 1, the gamma-ray upper limit imposes more restrictive
conditions than the ones corresponding to the neutrino
upper limit. However, when the sources produce UHECRs
beyond z ¼ 1, the restrictions obtained from gamma-ray
and neutrino observations are complementary, i.e., by using
both the neutrino and gamma-ray upper limits, it is possible
to enlarge the rejection region. The loss of restrictive power
of the gamma-ray upper limit is due to the fact that the
attenuation of gamma rays, owing to pair production with
the EBL photons, that originate in z > 1 is larger than the
one corresponding to the gamma rays originated in z ≤ 1.
This can be seen from Fig. 3, where the contributions from
z ∈ ½0; 1� and z ∈ ½1; 6� to the total spectra are shown. The
case considered corresponds to α ¼ 2.35, m ¼ 4, and
n ¼ 1.5, which is a point inside the 99.73% C.L. region
of the fit for n ¼ 1.5. This point is also in the rejection
region obtained from the gamma-ray data but in the allowed
region obtained from the neutrino data. In fact while the
neutrino flux increases by a factor of ∼5.5 at 109 GeV,

when the component corresponding to z ∈ ½1; 6� is added,
the integral of the gamma-ray spectrum increases in a factor
of ∼2.2.
Figure 4 shows the best fit and the associated gamma-ray

and neutrino spectra for the EBL model of Ref. [45], for no
UHECR emission above z ¼ 1, and for Ecut ¼ 1021 eV.
The best fit is obtained for α ¼ 2.17, m ¼ 6.65, and
δE ¼ −0.10. Although the best fit parameters are different
from the ones obtained for the other EBL model considered
before, the differences between Figs. 4 and 1 are small.
The top panel in Fig. 5 shows the best fit parameters and

the regions of 68.27%, 95.45%, and 99.73% C.L. for the fit
of Fig. 4. Also shown are the allowed regions inferred from
the gamma-ray and neutrino upper limits. Also in this case,
the best fit is compatible with the neutrino upper limit but it
is in tension with the gamma-ray upper limit at both 90%
and 99% C.L. (see Appendix B). Comparing with the top
panel of Fig. 2, it can be seen that, in this case, the upper
limits coming from gamma-ray and neutrino data are less
restrictive. This is because the spectra of these secondary
particles, predicted by using the second EBL model
considered, are smaller in almost the entire energy range
relevant for each type of particle.
The bottom panel of Fig. 5 shows the confidence regions

of the fit and the allowed regions inferred from the gamma-
ray and neutrino upper limits for n ¼ 2.3. In this case the

log(E/GeV)
0 2 4 6 8 10 12

])
-1

 s
r

-1
 s

-2
 J

(E
)/

[G
eV

 c
m

2
lo

g(
E

13−

12−

11−

10−

9−

8−

7−

6−

Protons
 raysγ

ν

Fermi-LAT (EGB)
Telescope Array

IceCube

1

2 1

2

1

2

 = 2.35α
m = 4
n = 1.5

FIG. 3. Proton, gamma-ray, and neutrino spectra for α ¼ 2.35,
m ¼ 4, and n ¼ 1.5. The curves labeled 1 correspond to sources
at z ∈ ½0; 1� and the ones labeled 2 correspond to sources at
z ∈ ½1; 6�. Also shown are the total spectra obtained by adding the
components 1 and 2.

log(E/GeV)
9 9.5 10 10.5 11 11.5

])
-1

 s
r

-1
 s

-2
 c

m
2

 J
(E

)/
[G

eV
3

lo
g(

E

0.5

1

1.5

2

2.5

3

3.5
Telescope Array

Best Fit

log(E/GeV)
0 2 4 6 8 10 12

])
-1

 s
r

-1
 s

-2
 J

(E
)/

[G
eV

 c
m

2
lo

g(
E

13−

12−

11−

10−

9−

8−

7−

6−

Protons
 raysγ

ν

Fermi-LAT (EGB)
Telescope Array

IceCube

FIG. 4. Same as Fig. 1 but for the EBL model of Ref. [45].
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99.73% C.L. region of the fit is in tension with the neutrino
upper limit and marginally with the gamma-ray upper limit.
Also in this case the gamma-ray upper limit loses restrictive
power due to the attenuation in the EBL, in such a way that
the neutrino upper limit is more efficient to reject all models
whose points fall in the 99.73% C.L. region of the fit.
Although Ecut ¼ 1021 eV is compatible with the

Telescope Array data [22], the best fit value obtained in
Ref. [22] is Ecut ¼ 1019.7 eV with δE ¼ −0.35. Therefore,
the same analysis done for Ecut ¼ 1021 eV is performed for
this new value of the cutoff energy. Figure 6 shows the
results obtained by using the EBL model of Ref. [44] and
for no UHECR emission beyond z ¼ 1. The best fit
parameters obtained in this case are α ¼ 1.39, m ¼ 8.34,
and δE ¼ −0.31. The values obtained in Ref. [22] are
α ¼ 1.52,m ¼ 7.7, and δE ¼ −0.35, which are close to the
ones obtained in this work. In any case, the differences can
be explained by the different EBL models and propagation

codes used for the two calculations. Comparing the bottom
panel of Fig. 6 with the ones corresponding to Figs. 1 and 4,
it can be seen that for Ecut ¼ 1019.7 eV the production of
gamma rays and neutrinos is smaller than for the case of
Ecut ¼ 1021 eV. This is due to the fact that Ecut ¼
1019.7 eV is very close to the threshold energy of photopion
production undergone by protons interacting with the CMB
photons. Therefore, this channel for the generation of these
secondary particles is quite suppressed.
The top panel of Fig. 7 shows the best fit parameters and

the regions of 68.27%, 95.45%, and 99.73% C.L. for the fit
of Fig. 6. Also shown are the allowed regions inferred from
the gamma-ray and neutrino upper limits. In this case, the
best fit is compatible with the neutrino upper limit and it is
marginally compatible with the gamma-ray upper limits. As
expected, in this case the gamma-ray and neutrino upper
limits are less restrictive than for Ecut ¼ 1021 eV. It is worth
mentioning that the constraints imposed by the neutrino
upper limit are less affected than the ones corresponding to
the gamma rays, by the decrease of the cutoff energy. This
is due to the fact that, as can be seen from the bottom panel
of Fig. 6, the neutrino energy distribution becomes nar-
rower than for the Ecut ¼ 1021 eV case and then the
neutrino flux at the peak does not decrease considerably.
The bottom panel of Fig. 7 shows the results corresponding
to n ¼ 1.5 in which it can be seen that, for this value, the
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FIG. 6. Same as Fig. 1 but for Ecut ¼ 1019.7 eV.
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the bottom left corner. The EBL model of Ref. [45] is considered
and Ecut ¼ 1021 eV.
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region of 99.73% C.L. is in tension with the neutrino upper
limit. In this case the neutrino upper limit is more restrictive
than the one corresponding to the gamma-ray observations.
Also for Ecut ¼ 1019.7 eV a similar behavior is obtained

when the EBL model of Ref. [45] is considered. In this
case, the best fit parameters are α ¼ 1.38, m ¼ 8.41, and
δE ¼ −0.31. For no UHECR emission above z ¼ 1 the best
fit parameters fall in the allowed regions inferred from the
gamma-ray and neutrino upper limits and the 99.73% C.L.
region of the fit is in tension with the neutrino upper limit
for n ≳ 1.6.

III. CONCLUSIONS

In this work we have studied the constraints imposed by
the results recently obtained by the Fermi-LAT
Collaboration about the EGB origin, on proton models
of UHECRs. For that purpose, we have first calculated an
upper limit to the component of the integrated EGB

flux, from 50 GeV to 2 TeV, that does not originate in
point sources. The obtained value at 90% C.L. is IUL

γ ¼
9.354 × 10−10 cm−2 s−1 sr−1.
We have assumed that the UHECR emission as a

function of redshift z follows a broken power law in
(1þ z), with a breaking point at z ¼ 1 and an end point
at z ¼ 6. We have found, by fitting the Telescope Array
data, a very fast increase of the UHECR emission for
z ∈ ½0; 1�, such that the index of the power law takes the
values m ¼ 6.65–8.34, depending on the cutoff energy and
EBL model considered. This result is consistent with
previous work. We have also found that for Ecut ¼
1021 eV the best fit, corresponding to the case in which
there is no UHECR emission beyond z ¼ 1, is rejected at
99% C.L. by using the inferred upper limit from gamma-
ray observations. However, part of the 68.27% C.L. region
of the fit is in the allowed region inferred from that upper
limit. For Ecut ¼ 1019.7 eV the best fit is in the allowed
regions obtained from the upper limits inferred from
gamma-ray and neutrino observations.
When the UHECR emission beyond z ¼ 1 is

included, the gamma-ray information becomes less
restrictive. This is due to the larger attenuation of the
gamma-ray flux originated at z > 1 in the energy
interval considered for the integration. The process
responsible for this attenuation is pair production on
the EBL. In this case, the gamma-ray and neutrino
observations become complementary. By using both
types of observations we have found that the index
of the evolution function for z ∈ ½1; 6� should be smaller
than n ¼ 1.5–2.3 in order not to be in tension with the
99.73% C.L. region of the fit. Therefore, only proton
models of the UHECRs with a much slower redshift
evolution in the interval z ∈ ½1; 6�, compared with the
one corresponding to z ∈ ½0; 1�, are still compatible with
the neutrino and gamma-ray upper limits. A more
precise determination of the different EGB components
or a more restrictive neutrino upper limit is required to
reject, at a given significance level, all proton models of
UHECRs by using these types of analyses, which are
independent of composition measurements.
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α
0.8 1 1.2 1.4 1.6 1.8 2

m

5

6

7

8

9

10

11

68.27% CL

95.45% CL

99.73% CL

Best Fit

 limitγ
 limitν

∞ -→n

α
0.8 1 1.2 1.4 1.6 1.8 2

m

5

6

7

8

9

10

11

68.27% CL

95.45% CL

99.73% CL

Best Fit

 limitγ
 limitν

n = 1.5

FIG. 7. Top panel: Best fit and confidence regions for
n → −∞. The allowed regions corresponding to gamma-ray
and neutrino observations are below the larger dashed and dotted
curves and above the smaller ones in the bottom left corner,
respectively. Bottom panel: Best fit and confidence regions for
n ¼ 1.5. The allowed region from the gamma-ray upper limit is
below the large dashed curve and above the small dashed curve in
the bottom left corner. The allowed region from the neutrino upper
limit is below the dotted curve. The EBL model of Ref. [44] is
considered and Ecut ¼ 1019.7 eV.
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APPENDIX A: UPPER LIMIT ON THE
INTEGRATED EGB FLUX THAT DOES NOT

ORIGINATE IN POINT SOURCES

In this appendix the calculation of the upper limit on the
EGB flux component that does not originate in point
sources, integrated from 50 GeV to 2 TeV, is presented.
In Ref. [34] it is shown that the integrated EGB flux,
corresponding to the energy range from 50 GeV to
2 TeV and originated in point sources, is IPSγ ¼
2.07þ0.40

−0.34 × 10−9 cm−2 s−1 sr−1. The total integrated EGB
flux corresponding to the same energy range is calculated
in Ref. [49] and it is given by IEGBγ ¼ ð2.4� 0.3Þ×
10−9 cm−2 s−1 sr−1. Because IPSγ has asymmetric errors,
the method developed in Ref. [50] is used to find an
approximated likelihood for the estimators ÎEGBγ and ÎPSγ ,
which is given by

lnLðÎEGBγ ; ÎPSγ Þ ¼ −
1

2

�
ÎEGBγ − ĪEGBγ

σEGB

�2

−
1

2

�
ÎPSγ − ĪPSγ
σPSðÎPSγ Þ

�2

; ðA1Þ

where ĪEGBγ ¼ 2.4 × 10−9 cm−2 s−1 sr−1, σEGB ¼ 0.3×
10−9 cm−2 s−1 sr−1, and ĪPSγ ¼ 2.07 × 10−9 cm−2 s−1 sr−1.
Here,

σPSðÎPSγ Þ ¼ 2σþσ−
σþ þ σ−

þ σþ − σ−
σþ þ σ−

ðĪPSγ − ÎPSγ Þ; ðA2Þ

where σþ ¼ 0.40 × 10−9 cm−2 s−1 sr−1 and
σ− ¼ 0.34 × 10−9 cm−2 s−1 sr−1. The integrated EGB flux
that does not originate in point sources is obtained by
subtracting the contribution of the point sources to the total
one, i.e., INPS

γ ¼ IEGBγ − IPSγ . Therefore, by introducing

0/INPS
γI
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FIG. 8. − lnðL=LmaxÞ as a function of ÎNPS
γ =I0, with

I0 ¼ 1 × 10−9 cm−2 s−1 sr−1. The solid line corresponds to the
profile likelihood and the dotted-dashed line to its Gaussian
approximation.
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90% C.L. (solid lines) and 99% C.L. (dotted-dashed lines) for
a Gaussian distribution with unknown mean and standard
distribution equal to 1.
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ÎEGBγ ¼ ÎPSγ þ ÎNPS
γ in Eq. (A1) and applying the profile

likelihood method [41] to get rid of the nuisance parameter
ÎPSγ , an approximated likelihood function for ÎNPS

γ is
obtained. As expected, the minimum of − lnLðÎNPS

γ Þ is
attained at 0.33 × 10−9 cm−2 s−1 sr−1. Figure 8 shows
− lnðL=LmaxÞ as a function of ÎNPS

γ =I0, where Lmax is
the value of the likelihood at the maximum and
I0 ¼ 1 × 10−9 cm−2 s−1 sr−1. As can be seen from that
figure the likelihood obtained is quite symmetric; this is
due to the fact that the difference between σþ and σ− is not
too big and that the likelihood corresponding to the point
sources is combined with the one corresponding to the total
EGB integrated flux, which is symmetric. In order to
simplify the calculations a Gaussian approximation is
developed where the mean value is given by ~Iγ ¼ 0.33 ×
10−9 cm−2 s−1 sr−1 and ~σ ¼ 0.36 × 10−9 cm−2 s−1 sr−1.
The Gaussian approximation of the profile likelihood is
also shown in the figure, it differs by less than 8% in the
two sigma region. In any case, it is chosen such that the
Gaussian approximation is always smaller than the profile
likelihood, which means that the upper limits obtained
below are conservative.
The Feldman and Cousins [47] method is applied in order

to decide whether an upper limit or an interval containing the
true value of INPS

γ , corresponding to a given C.L., is
obtained. By considering the following variable,

x̄ ¼ INPS
γ

~σ
; ðA3Þ

the problem is reduced to one corresponding to a Gaussian
distribution with unknown mean, μ̄, and standard deviation
equal to 1. Figure 9 shows the confidence belts for 90%
and 99% C.L.
In this case,

x̄ ¼
~Iγ
~σ
¼ 0.93: ðA4Þ

From Fig. 9 it can be seen that, for this value, an upper limit
is obtained for both 90% and 99% C.L. The results are

IUL
γ ¼

�
9.345 × 10−10 cm−2 s−1 sr−1 90% C:L:

1.258 × 10−9 cm−2 s−1 sr−1 99% C:L:
ðA5Þ

APPENDIX B: REJECTION REGIONS
INFERRED FROM THE GAMMA-RAY

UPPER LIMIT AT 99% C.L.

Figure 10 shows the rejection regions obtained from the
upper limit on the integrated EGB flux, corresponding to
the energy range from 50 GeV to 2 TeV, that do not
originate in point sources at 90 and 99% C.L. (see
Appendix A). The cases considered correspond to Ecut ¼
1021 eV and no UHECR emission beyond z ¼ 1. From the
plot it can be seen that for both EBL models considered, the
best fit of the UHECR flux is rejected at 99% C.L. Also
shown are the rejection regions inferred from the neutrino
upper limit.
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