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Ultrahigh-energy cosmic rays (UHECRs), with energy > 10'® eV, propagate over cosmological
distances, rendering them susceptible to interactions with the cosmic photon backgrounds that
produce secondary particles, viz., neutrinos and gamma-rays. The sources, as well as the mass
composition of UHECRs, can be constrained by probing these cosmogenic fluxes that extend to
energies exceeding ~ 10'% eV. The neutrinos, being weakly interacting, travel unhindered and
undeflected by extragalactic or Galactic magnetic fields. We fit the observed UHECR spectrum
as measured by the Pierre Auger Observatory (PAO) by simulating the propagation of UHECRs
of various mass compositions at injection, from different source distributions. We also calcu-
late the cosmogenic neutrino spectrum for the same UHECR parameters, fitting the PAO data.
The neutrino spectrum varies depending on the UHECR mass composition and source properties.
Although the currently operating detectors do not reach the necessary sensitivity for observing
cosmogenic neutrinos in all cases, a few parameter sets producing relatively high fluxes are al-
ready constrained by the flux upper limit imposed by 9-yrs of IceCube data. We also explore
possibilities to constrain the UHECR abundance fraction of light nuclei at injection by identi-
fying the fluxes of individual neutrino flavors in future detectors. Although the contribution of
neutron beta decay to the cosmogenic neutrino spectrum is insignificant, it shifts the ratio of the
fluxes of individual flavors obtained at earth from their constant values; thus serving as a discrim-
inator between different mass composition models. The interactions leading to the production of
neutrinos also leave their imprint on the observed UHECR spectrum. This can further explain the

origin of cutoff in the UHECR spectrum at the highest energies.
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1. Introduction

Several candidate source classes have been proposed that are capable of accelerating particles
to energies beyond 10'8 eV [1, 2], such as, FR-I and FR-II radio galaxies [3, 4, 5], tidal disrup-
tion events [6, 7], young neutron stars [8, 9, 10], gamma ray bursts [11, 12, 13, 3], low-luminosity
GRBs [13, 14], hypernovae [15, 16], active galactic nuclei [17, 3, 18], etc. For energies above 39
EeV, the Pierre Auger Observatory (PAO) found an association of intermediate-scale anisotropies
in UHECR arrival directions with the active galactic nuclei (AGNSs) and starburst galaxies (SBGs)
[19]. A better fit is obtained for the starburst model, disfavoring isotropy at 4.00 statistical signif-
icance. Nevertheless, a direct correlation of any UHECR event with an astrophysical source is yet
to be found. UHECRs being charged particles are deflected by Galactic and extragalactic magnetic
fields, making it difficult to identify their sources. Knowledge of the mass composition at injection
is important to understand the nature and properties of these extreme-energy cosmic accelerators.

UHECR events are detected by the PAO in Argentina and the Telescope Array (TA) experiment
in the United States from the extensive air showers they induce in the Earth’s atmosphere [20, 21].
The atmospheric depth X,.x at which the number of secondary particles reaches its maximum can
provide insight into the mass composition of the parent UHECR. But the reconstruction of Xp,ax
for a UHECR with given energy involves uncertainties due to hadronic interaction models, which
are not well known at these extreme energies [2]. The recently measured values of X, and its
fluctuations o(Xmax) by the PAO suggests a progressively heavier composition with increasing
energy above 10'33 eV [22]. Thus the long prevalent assumption that UHECRs are pure protons
is not viable anymore. Similar conclusions are also drawn from studies of maximum possible
cosmogenic photon and neutrino fluxes for a pure proton composition [23].

UHECRs interact with the cosmic microwave background (CMB) and extragalactic back-
ground light (EBL), while propagating from their sources to the Earth, producing secondary neu-
trinos and photons. The main energy loss processes for UHECR protons are Bethe-Heitler pair
production and photopion production. Neutrinos are produced from the decays of charged pions,
nt = ut+ vy — e’ +ve+Vy + vy, and from the neutron beta decay, n — p+e~ + V.. If we
consider only the charged pion decay the neutrinos are produced with an initial flavor ratio of
Ve :Vy:Vy=1:2:0. The ratio, after propagation over astrophysical distances, is expected to be
approximately 1: 1: 1 when neutrino oscillation is taken into account [24]. The neutron beta decay,
as well as, photodisintegration in case the UHECRs are nuclei (Z > 1), causes the flavor ratio to
deviate from this value. Photodisintegration is the dominant energy loss process for UHECR nu-
clei, whereby nuclei are irradiated by photons of energies up to ~ 30 MeV in their rest frame. The
flavor ratios of the cosmogenic neutrino fluxes can therefore probe mass composition of UHECRs.

Secondary photons, created by UHECR interactions with the background radiation, can initi-
ate electromagnetic cascades; producing electrons, positrons and gamma photons. The neutrinos,
being weakly interacting on the other hand, are only subjected to energy loss due to the adiabatic
expansion of the universe; but being chargeless, they point back directly to their sources. These
properties make neutrinos an important astrophysical messenger of UHECR acceleration sites. Ice-
Cube has detected neutrinos with energies up to a few PeV, and their 9-year data provides a flux
upper limit at energies up to 100 EeV [25]. The PAO also provides flux upper limits above 100 PeV.
The produced flux of neutrinos increases with an increase in proton fraction at injection. For heav-
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ier elements, the resonant interaction of UHECR nuclei with the CMB photons is pushed to higher
energies, and for iron (°Fe) this can go beyond the observed spectrum. For proton-dominated
models, the expected neutrino flux peaks at ~ 10'® eV. Interactions on the EBL photons can pro-
duce a second peak at lower energies, near to 10'® eV. The actual shape of the spectrum and the
energies at which the flux peaks, depend on UHECR source parameters and composition. We have
explored the case of light nuclei at injection comprising of hydrogen ('H) and helium (*He), using
the Monte Carlo simulation tool CRPropa 3 [26]. We vary the abundance fraction at injection to
find suitable fits to the UHECR spectrum and calculate the resulting cosmogenic neutrino fluxes.
We present results from our investigation to probe the UHECR mass composition at injection by
future measurement of neutrino fluxes of individual flavors.

2. Simulation setup

We use CRPropa 3, a Monte Carlo simulation code to propagate the UHECRs from the source
to Earth [27]. We inject particles from the sources according to a spectrum given by,

AN 1 (E <ZR.w)

E —
— =AY K =
dE 0; <E0> exp ( — ) (E > ZR.w)

where K; is the abundance fraction of the i—th nuclei at injection, E is the energy of the injected

2.1

ZRcu

particle, Ag is an arbitrary normalization flux, ¢ is the spectral index, Z is the charge of the primary
cosmic ray and Rey = Ecut/Z is the cutoff rigidity. We assume the sources inject particles between
Enin = 0.1 EeV to Enax = 1000 EeV. We consider three cases of injection spectral index (&),
viz., 2.2, 2.4, 2.6, and vary the abundance fraction of H & He from 0 to 100% in steps of 0.1%
restricted by the condition Ky + Kyge = 100%. We assume the sources evolve according to a power
law in redshift (1 + z)”, where zmax is varied through 2, 3, 4 and m through 0, 1, 2, 3. The cut-
off rigidity Ry is varied from 50 to 100 EV. We add all interaction processes implemented in
CRPropa 3, namely, photopion production, Bethe-Heitler interaction, photodisintegration, nuclear
decay and energy losses due to expansion of the universe. We consider both CMB and EBL as the
background photons for all photohadronic processes. The Dominguéz er al. EBL model is used
for the simulations. Neutrinos are also propagated and stored on reaching the observer. Since the
energy loss of UHECRs is very small in the galactic and extragalactic magnetic fields, we do not
consider them. For propagation of electromagnetic particles, a uniform extragalactic magnetic field
of strength 0.1 nG is considered in DINT.

3. UHECR and cosmogenic neutrino fluxes

We find the best-fit cases corresponding to each value of & considered in the study, based
on a simple )2 formalism [27]. In Fig. 1, we show the UHECR spectrum on the left and the
corresponding cosmogenic neutrino flux on the right. The ¥ analysis was done using the data
points in the unshaded energy range only. The required helium to proton fraction Kye /Ky decreases
with increase in o. All @ = 2.6 cases correspond to pure proton cases and are thus disfavored.
However, the m = 0 cases for o = 2.6 cases yield better fits than that for m > 0. On the contrary,
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Figure 1: Fits to the PAO UHECR spectra (left) and the corresponding expected cosmogenic neutrino
spectra of all flavors (right) for o« = 2.2, 2.4, and 2.6 from the top to bottom panels. Also shown (right) are
the flux upper limits and sensitivities of the current and future neutrino detectors. Figure adapted from [27].

the fit improves with an increase in m value for o = 2.2 and 2.4. The m = 3 cases are disfavored
for oo = 2.4, owing to proton domination in the best-fit composition. The best-fit cases are found
to produce neutrino spectrum within the flux upper limit imposed by the IceCube and PAO. The
sensitivity curves for future neutrino detectors like GRAND [28, 29] and POEMMA [30] indicate
that they would be able to constrain the composition models within a few years of observation. See
[27] for a detailed analysis.

We have also fitted the PAO spectrum using heavy nuclei at injection (N, Si and Fe in addition
to H and He) as shown in Fig. 2. In all cases, the contribution of Fe in the final fit to the PAO
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Figure 2: Fits to the PAO UHECR spectra using heavy nuclei mass composition for the parameter values
m = 0 (top left), m = —3 (top right) and m = —6 (bottom left); as well as the expected neutrino spectra
(bottom right) for these fits. Figure adapted from [27].

spectrum is negligible. Furthermore, these fits require very hard injection spectrum (o < 2) and
negative or no evolution of the UHECR sources (m < 0). The resulting neutrino spectra for these
cases are also shown in Fig. 2, which are at much lower levels to be detected by any of the current
or planned neutrino detectors.

The neutrinos travel distances long enough to undergo flavor conversion from vy to vg with

a probability given by Py = Y 7_ i\" - |Uqil”, where o0, B = e, i, 7T an is the Pontecorvo-
bability given by Pos = Y1 |Us,|* - |Uay|”, wh d U is the P

Maki-Nakagawa-Sakata (PMNS) mixing matrix between the neutrino flavor and mass eigenstates.
We use the current best-fit values of the mixing angles (for the normal mass hierarchy): sin® 8, =
0.297, sin’ 6,3 = 0.425, sin’ 013 = 0.0215 and the CP-violating phase 6 = 1.387 [31]. The proba-
bility matrix is given by

P Py P 0.56 0.24 0.20
Pue Puy Pz | =~ | .. 038038 3.1)
P Py Py e 042

which is the same for neutrinos and antineutrinos with Pyg = Pgo. The value of the CP-violating
phase & can be probed with precise knowledge of the mixing angles and cosmogenic fluxes. The
neutrino fluxes of different flavors on the Earth after oscillation is given by

Dy, 17, = Poa(P), + DY) + Pua (D), + P}, ) + Pra (D), + DY)
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Figure 3: The expected ratio of neutrino fluxes of different flavors, in case of H+He composition, for the
best fit cases corresponding to o = 2.2, 2.4 and 2.6, respectively from the left to right. Figure adapted from
[27].

where @, are the fluxes generated by the CRPropa code. The neutrino events observed by IceCube
are detected from the deep-inelastic neutrino-nucleon scattering. The main signatures to distinguish
neutrino events in IceCube are “track-like" events arising from muons produced in charged-current
(CC) interactions of v, and “shower-like" events generated in neutral-current (NC) interactions of
all neutrino flavors, as well as CC interactions for V. and v;. In addition to these, high energy v; can
produce the “double-bang” and other event signatures [32, 33, 34, 35]. The ratios of cosmogenic
fluxes of different flavors can be written as

CDV +V,
Fa/f = —— (3.2)
o/ (I)Vﬁ+\_/[3
For typical 1:2: 0 initial flavor ratios, the expected ratio on the Earth is just ratio of the probabilities

given as b op
eo + no
Ta/p = m 3.3)
In Fig. 3, the ratios r/,, rz/, and r,/; obtained at the Earth in case of H+He composition are
shown for oo = 2.2, 2.4 and 2.6, from the left to right panels. It can be seen that the ratios are
constant below 10%° eV up to a certain energy determined by the abundance fraction Ky, /Ky at the
injection. For higher values of a, the Ky./Ky values are lower and the departure occurs at lower
values of the neutrino energy. The region with constant ratio has values near to that expected from
equation (3.3) for initial pion-decay flavor ratios 1 : 2 : 0. A shift from these values at the lower
energies is due to neutron beta decays, which is an indicator of the He/p ratio of the UHECR flux

at the injection.

4. Conclusions

Detection of cosmogenic neutrinos will illuminate the particle acceleration process inside the
candidate source classes. However, the UHECR sources can also produce neutrinos at these high
energies. So the extrapolated sensitivity of IceCube is truly an upper limit, and a demarcation be-
tween astrophysical and cosmogenic neutrinos will be crucial in the future to study their spectrum.
Information can be deduced from the observed spectrum, the flavor composition and possible cor-
relation of neutrino events with UHECRs [36, 37], as well as, with candidate source catalogs. The
ankle at E ~ 5 x 10'® eV and the cutoff beyond E ~ 6 x 10! eV are the most prominent features
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in the observed spectrum. For light nuclei (H+He) at injection, the hardening of the spectrum near
the ankle can be interpreted as due to a changing composition or ete™ pair production on cosmic
background photons (CMB and EBL). Whereas, for heavier nuclei dominating at the highest en-
ergies, the ankle is due to a transition between two or more different population of sources. The
cutoff at the highest energies can be interpreted as increased photopion production on the CMB,
called GZK phenomenon or due to maximum acceleration energy at the sources.

For heavier elements, only the particles originating from redshifts z < 0.5 are able to reach
earth at the highest energies. Also, a negative redshift evolution is seen to be preferred in the latter
case to achieve a better fit to the observed UHECR spectrum. The combined effect of these two
factors constrains most UHECR to travel distances lesser than the py interaction length. In addition,
the energy loss through photodisintegration dominates over that through photopion production for
nuclei (Z > 1). Thus the secondary cosmogenic fluxes are reduced due to fewer pion production,
beyond the sensitivity of the proposed future detectors. This also implies that the observed spectrum
steepens as a result of limited acceleration energy at the sources. Please see [27, 38] for a detailed
discussion. On the contrary, GZK cutoff requires primary UHECR energy to be at least comparable
to that for photopion production on CMB. Thus, in case of light nuclei at injection, the steepening
is due to increased energy loss of primaries and copious production of charged and neutral pions,
thereby increasing the cosmogenic neutrino flux. Hence a future detetion of cosmogenic neutrinos
as well as the identification of their flavors at these energies can constrain the mass composition
and give a plausible explanation of the spectral features. Future detectors like GRAND [28, 29],
POEMMA [30] will have much higher sensitivities and may unveil these mysteries.
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