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Cosmogenic neutrinos are created when ultra-high-energy cosmic rays (UHECRs) interact with
extragalactic photon backgrounds. In general, the expected flux of these cosmogenic neutrinos
depends on multiple parameters, describing the sources and propagation of UHECRs. In our
recent paper [1], we show that a ‘sweet spot‘ occurs at a neutrino energy of Ey ~ 1 EeV. At
that energy the flux mainly depends on two parameters, the source evolution and the fraction
of protons in UHECRs at Earth for E, 2 30 EeV. Therefore, with current upper limits on the
cosmogenic neutrino flux at E\, ~ 1 EeV and assuming a certain source class, a constraint on the
composition of UHECRs can be obtained. This constraint is independent of hadronic interaction
models and indicates that the combination of a large proton fraction and a strong source evolution
is disfavored. Upcoming neutrino experiments will be able to constrain the fraction of protons in

UHECRs even further, and for any realistic model for the evolution of UHECR sources.
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1. Introduction

With the detection of an astrophysical neutrino flux by IceCube [2] a new window to the
Universe has opened. One possible origin of astrophysical neutrinos detected at Earth is from
interactions of cosmic rays with ambient photon fields, so-called cosmogenic neutrinos. However,
it is not likely that the neutrinos that have been detected by IceCube so far are cosmogenic [3].
At higher energies (10 PeV < E, < 100 EeV) both IceCube and the Pierre Auger Collaboration
(Auger) provide stringent limits on the expected astrophysical neutrino flux [4, 5]. The cosmogenic
contribution to the neutrino flux can be constrained by these limits.

As this cosmogenic neutrino flux is produced by ultra-high-energy cosmic rays (UHECRs)
traveling through space, it can be used to indirectly investigate properties of the sources of UHE-
CRs. The expected cosmogenic neutrino flux depends, in general, on a range of different properties
of these sources and of the space in between the sources and Earth. The main ingredients needed
to compute the cosmogenic neutrino flux are: the maximal energy of cosmic rays at their sources
(Emax), the spectral index of the energy spectrum for cosmic-ray emission from their sources (o),
the abundance of each nuclear species emitted as UHECRs from their sources, the luminosity,
distribution and evolution with redshift (z) of the sources of UHECRs and the presence of extra-
galactic photon backgrounds (cosmic microwave background (CMB) and extragalactic background
light (EBL)) and extragalactic magnetic fields in the space in between the sources and our Galaxy.

Another way to constrain the properties of UHECR sources is by looking at UHECR measure-
ments directly. Both the Pierre Auger (Auger) and the Telescope Array (TA) collaborations have
provided excellent results on the spectrum [6, 7] and the depth of the shower maximum (Xp,x)
of UHECRs [8, 9]. These will improve in the near future with the planned upgrades of both ex-
periments [10, 11]. The interpretation of the measurements of X;,,x in terms of a composition of
cosmic rays is, however, not straightforward as it depends on hadronic interaction models which
describe the interactions happening in the atmosphere during a cosmic-ray air shower. It would,
therefore, be advantageous to get a probe of the composition of UHECRs that does not depend on
these hadronic interaction models. In Ref. [1] we show that the cosmogenic neutrino flux can be
used for this purpose.

In, e.g., Refs. [12, 13, 14, 15, 16] the UHECR spectrum and composition (assuming specific
hadronic interaction modes) are fitted and corresponding cosmogenic neutrino fluxes are obtained
under the assumptions of a continuous distribution of identical sources and rigidity-dependent max-
imum energies. In most cases these combined fits find as a best fit a relatively hard spectral index
(o < 1.3), a composition dominated by nuclei with a charge Z > 6 and a relatively low maximum
rigidity (Rmax = Emax/Z < 7 EV). Due to this intermediate to heavy composition and the low Rpax
these best-fit scenarios do not have any protons at the highest energies (E 2 30 EeV). Because
there are no protons at the highest energies, the expected cosmogenic neutrino flux in these sce-
narios is so low that they are hardly detectable even with planned neutrino detectors as ARA [17],
ARIANNA [18] and GRAND [19].

However, that there are no protons at the highest energies in these scenarios is purely a con-
sequence of the assumptions of a continuous distribution of identical sources. This assumption
is obviously not what is actually happening in nature. In reality no two sources are identical, let
alone all sources in the Universe. Still, this is a reasonable assumption for obtaining indications
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for the average values of &, Ry.x and the composition at the sources that dominate the UHECR
spectrum and composition at Earth, but it is not enough to obtain a reliable prediction for the ex-
pected cosmogenic neutrino flux. If, for example, there are sources which can accelerate cosmic
rays to energies much higher than the average Rp.x, but only give a subdominant contribution to
the total UHECR spectrum, we would obtain a certain fraction of protons at Earth at the highest
energies and, therefore, also significantly more cosmogenic neutrinos. Having such an additional
proton component at the highest energies would only have a minor effect on the expected UHECR
spectrum and composition, but would make a big difference in the expected cosmogenic neutrino
flux. In fact, Ref. [16] has shown that, for the specific model discussed there, an additional proton
component even improves the fit to the UHECR spectrum and composition.

2. Parameter dependencies of cosmogenic neutrino fluxes

In Ref. [1] we show that the expected cosmogenic neutrino flux at Ey, ~ 1 EeV for such an
additional proton component is relatively stable. It only depends strongly on f, the fraction of
protons in UHECRs at Earth at Ey = 10'3 EeV, and the evolution of the UHECR sources with
redshift (parametrized as a function of the source evolution parameter m). The contribution to
the cosmogenic neutrino flux from heavier nuclei can be safely neglected as long as f 2 0.01 as
protons produce many more neutrinos during their propagation (see e.g. Refs. [20, 3]). Therefore,
the current limits on (future measurements of) the neutrino flux at £, ~ 1 EeV can be used to
constrain (determine) which combinations of f and m are viable.

For this purpose we have parametrized the source evolution (SE), a combination of the evolu-
tions of both the source number density and luminosity, as

(1+2)™ form<0
SE(z) =< (1+z)™ form>0andz<1.5, (2.1)
2.5m form>0andz>1.5

extending up to a redshift of zy.x = 4.0. The contribution to the neutrino flux from sources with
Z > Zmax 1S expected to be negligible as there the source evolution with redshift for all typical
UHECR source classes is decreasing rapidly.

Besides f and m the expected cosmogenic neutrino flux also depends on o, Rpyax and the
choice of EBL and EGMF models. For the EBL we use the model by Franceschini et al. [21].
However, for neutrino energies of E, = 0.1 EeV the CMB is the dominant photon field for neutrino
production (see e.g. Ref. [22]). As we are here mainly interested in the cosmogenic neutrino flux
at Ey ~ 1 EeV the choice of EBL model is irrelevant for our purposes.

Concerning the effects from EGMFs, according to Ref. [23] the expected cosmogenic neu-
trino flux can increase by a factor of a few at £, ~ 1 EeV, and even by four orders of magnitude
at E, =~ 10 EeV, for the scenarios tested there. However, in all cases shown in Ref. [23] the cos-
mogenic neutrino flux in the range 0.1 < E, < 1 EeV is several orders of magnitude larger than
the cosmogenic neutrino flux at £y ~ 10 EeV. Therefore, the relevant energy range for detection
of a cosmogenic neutrino flux, for the two cases discussed in that reference, is 0.1 < E, < 1 EeV,
where the difference between the two curves is much less than at E, ~ 10 EeV. Additionally, from
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Ref. [23], it is not clear if the changes to the expected cosmogenic neutrino flux happened due
to magnetic-field effects, due to the source distribution or due to the change in fit parameters of
composition, spectral index and maximum rigidity. Between the two curves shown in Fig. 1 of
Ref. [23] not only is the EGMF switched on and off but also all these other parameters changed.
These additional changes will also have contributed to the differences seen in Fig. 1 of that paper.
Furthermore, the EGMF considered in Ref. [23] is stronger than most other recent realistic EGMF
models in the literature. The effects of the EGMF on the expected neutrino flux shown in Ref. [23]
should, therefore, be interpreted as a limiting maximal case. In the scenarios discussed here we
neglect any effects of the EGMF. Our predictions of the cosmogenic neutrino flux can, therefore,
be considered as lower bounds with the maximum a factor of a few higher in the relevant energy
ranges.

We treat the dependency of the cosmogenic neutrino flux on @ and Ry by computing and
showing the results for specific realistic ranges of these two parameters. For o we adopt 1.0 <
o < 3.0 as full range and for Ry.x we choose 1.6 < log(Emax/EeV) < 5.0. This range of maxi-
mum rigidities is relatively high compared with the low values for Ry.x found in recent combined
UHECR spectrum and composition fits [12, 14, 15]. However, the Ry.x used here is only for a
subdominant additional proton component, not an average for all sources that contribute to the
UHECR flux. If Rpax < 10 EV for this additional proton component the proton fraction at the
highest energies would rapidly go to zero, which would result in something very similar to the
best-fit scenarios in Refs. [12, 14, 15]. It is, however, not unreasonable to expect that at least some
of the UHECRs that reach Earth are produced in sources with Ry > 10'® EV due to the large
variance in intrinsic properties of possible UHECR accelerators across members of the same type
of sources.

Besides the full ranges 1.0 < o < 3.0 and 1.6 < log(Emax/EeV) < 5.0 we also give the results
for more restrictive parameter ranges of 1.5 < o < 3.0 and 2.0 < log(Enax/EeV) < 5.0 and for
an even more restrictive parameter range for o of 2.0 < o < 3.0. This gives an indication of how
the results depend on both the spectral index and the maximum energy, and shows what happens
specifically for spectral indices that agree with expectations from Fermi acceleration processes.
More detailed investigations of the effects of each of the parameters on the expected spectrum of
cosmogenic neutrinos can, for example, be found in Refs. [20, 24, 13].

To compute the expected cosmogenic neutrino fluxes we use the publicly available simulation
framework CRPropa 3 [25]. We run one-dimensional proton simulations with the CMB and EBL
as photon backgrounds and including all relevant interactions; photomeson production, pair pro-
duction, nuclear decay and adiabatic energy losses due to the expansion of the Universe. At the
sources the cosmic rays are assumed to have an injection spectrum of

dN o E
iE o< E~ " exp <_Emax) . 2.2)

The sources of the additional proton component are simulated as identical sources distributed ac-
cording to the evolution with redshift given in Eq. 2.1. The resulting proton spectrum at Earth is
then normalized to the Auger spectrum [6] at Eg = 10'23 EeV to obtain the f = 1.0 case, and the
cosmogenic neutrino spectrum is normalized accordingly. To obtain scenarios for f < 1.0 both the
cosmic-ray and neutrino spectra are straightforwardly shifted by a factor of f. The neutrino flux is
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additionally divided by 3 to get the single-flavor cosmogenic neutrino (v + V) spectra assuming a
(Ve 1 Vy i vy) = (1:1:1) flavor ratio.

Examples for proton fluxes that are obtained is this way are given in Fig. 1 left, with corre-
sponding cosmogenic neutrino fluxes given in Fig. 1 right. Both the red solid line (with o = 1.0,
Emax = 10° EeV and m = 5.0) and the dark-blue dashed-dotted line (with & = 2.5, Emax = 10" EeV
and m = 5.0) have a proton fraction of f = 0.2 at Ey. They are meant as examples of pushed models
that do still agree with cosmic-ray measurements and neutrino limits. These two models also have
some additional merit. A proton component similar to the dark-blue line could explain the ankle in
the UHECR spectrum, while a proton flux similar to the red line might explain the trend towards
a lighter composition at the highest energies as observed in Ref. [26]. These two models give the
upper range of the shaded area of Fig. 4 left of Ref. [27] as well as the upper range of the purple
shaded area of Fig. 12 left of Ref. [18].

The light-blue dashed line (with o = 2.5, Epnax = 102 EeV and m = 3.4) is a more regular
realization of an additional proton component. It has a proton fraction of f = 0.1 at Ey and a
source evolution close to the star formation rate. This model is the same as the dotted purple line
in Fig. 12 left of Ref. [18]. In that figure the potential of ARIANNA is shown for detecting these
models.
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Figure 1: Left Examples of cosmic-ray spectra for additional proton components that can be added to the
full cosmic-ray spectra. The models are normalized to the Auger flux [6] (black circles) at Ey = 10195 EeV
and then multiplied by f to get a specific proton fraction at that energy. The red solid line (with & = 1.0,
Emax = 103 EeV and m = 5.0) and the dark-blue dashed-dotted line (with &t = 2.5, Emax = 10'® EeV and m =
5.0) both have a proton fraction of f = 0.2 at Ey. The light-blue dashed line (with ot = 2.5, Epax = 10? EeV
and m = 3.4) has a proton fraction of f = 0.1 at Ey. For comparison the UHECR spectrum measured by
TA [7] (brown squares) is shown as well. Right Expected single-flavor cosmogenic neutrino (v + V) fluxes
(assuming a (Ve : vy : v¢) = (1 : 1: 1) flavor ratio) corresponding to the cosmic-ray spectra in the left figure.
To compare the IceCube 6-yr HESE data [28] and the Auger [29] and IceCube [4] differential 90% C.L.
upper limits for single-flavor neutrinos and half-energy-decade fluxes are shown as well.

3. Results for the proton fraction and source-evolution parameter

As shown in Ref. [1], a ’sweet spot’ for determining f occurs at a neutrino energy of E, ~
1 EeV as there the effect of o, Enax and the EBL on the expected cosmogenic neutrino flux is
minimal. So, focusing on this neutrino energy, we can compute all the combinations of f and m
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that give one specific cosmogenic flux level. This will give an indication for which values of f
and m can be expected if a neutrino flux of that level is measured, or which combinations of f
and m can be excluded by a neutrino limit at that level. We focus here on a neutrino flux level of
1078 GeV em™2 s~ ! sr~! at E, = 1 EeV as that corresponds roughly to the current sensitivity of
IceCube and Auger. The results for lower flux levels, corresponding to levels that might be reached
by ARA, ARIANNA and GRAND in the near future, are given in Ref. [1]. Fig. 2 gives the results
for a flux level of 1078 GeV cm™2 s~! sr=! at E,, = 1 EeV for the three different parameter ranges
given in Sec. 2. See also Fig. 7 in Ref. [5] where constraints on f and m are given using the current
Auger limits for oo = 2.5 and Ey,x = 600 EeV, and Ref. [30] where older constraints on f are given
for two specific source-evolution scenarios.
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Figure 2: Observable fraction of protons f at ultra-high energies as a function of the source evolution

parameter, m. A single-flavor flux level of 1078 GeV cm™2 s~! sr~! at a neutrino energy of E, = 1 EeV,

corresponding roughly to the current sensitivity of IceCube and Auger is assumed. Three shaded areas are
shown for different source parameters, from more restrictive (darker) to less restrictive (lighter).

4. Conclusions

Measurements of the cosmogenic neutrino flux at a neutrino energy of E, = 1 EeV can be
used to determine the combination of the proton fraction in UHECRs and the evolution of the
UHECR sources with redshift. In the same way, limits on the neutrino flux at that energy can
be used to constrain the combination of those parameters. In Ref. [1] we suggest ways to break
the degeneracy between these parameters, namely by choosing a specific source type as prior, or
by combining the cosmogenic neutrino measurements with measurements of the proton fraction
by UHECR experiments. Fig. 2 shows the results for a flux level of 1078 GeV ecm™2 s~! sr!.
Currently Auger and IceCube put their limits at roughly this flux level. The top right part of
Fig. 2 is, therefore, already constrained by current limits, so the combination of a strong source
evolution and a large proton fraction is already ruled out. More specifically, f < 0.11 form = 7.1,

which corresponds roughly to the source evolution of high-luminosity active galactic nuclei (HL
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AGNs) [31]. Therefore, if HL. AGNs are the sources of UHECRsS, there should be < 11% protons
at a cosmic-ray energy of Eg = 10'° EeV.
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