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Abstract

The search for neutrinos with energies greater than 10" eV is being actively pursued. Although normalization of
the dominant neutrino flux is highly uncertain, a floor level is guaranteed by the interactions of extragalactic
cosmic rays with milky Way gas. We estimate that this floor level gives an energy flux of EZ¢, ~

107133 GeV cm~2 sr~! s~! at 10'® eV, where uncertainties arise from the modeling of the gas distribution and the
experimental determination of the mass composition of ultra-high-energy cosmic rays on Earth. Based on a
minimal model of cosmic-ray production to explain the mass-discriminated energy spectra observed on Earth
above 5 x 10" eV, we also present generic estimates of the neutrino fluxes expected from extragalactic production
that generally exceed the aforementioned guaranteed floor. The prospects for detecting neutrinos above 10'® eV
remain challenging, however, unless proton acceleration to the highest energies is at play in a subdominant
population of cosmic-ray sources or new physical phenomena are at work.

Unified Astronomy Thesaurus concepts: Astrophysical processes (104); Cosmic rays (329); Non-thermal radiation

sources (1119)

1. Introduction

The energy spectrum of cosmic rays has long been observed
to extend beyond 10*° eV since the first evidence for a primary
particle with such an energy (Linsley 1963). Charged particles
are thus accelerated to such ultrahigh energies (UHEs) in
powerful astrophysical objects, the identification of which is
still actively pursued. As a result of their interactions in the
environment of the sources or en route to Earth, neutrinos are
produced with an energy corresponding to a fraction of the
energy of cosmic rays. Detection of these cosmogenic
neutrinos at energies above 10'” eV is a major challenge for
astroparticle observatories.

UHE neutrino fluxes guaranteed by the interactions of cosmic
rays propagating to Earth with the background photon fields
permeating the Universe, most notably the cosmic microwave
background, have long been considered in the literature (e.g., Hill
& Schramm 1985; Protheroe & Johnson 1996; Lee 1998;
Waxman & Bahcall 1999; Engel et al. 2001; Ahlers et al. 2010;
Kampert & Sarkar 2011; Abdul Halim et al. 2023; Petrucci et al.
2023). However, their precise knowledge relies on assumptions
that can change the expectations by orders of magnitude. The
main production channel is the decay of 7 mesons. The hadrons
that cause the creation of these mesons may be primary proton
cosmic rays, or secondary ones mainly produced by the
photodisintegration of nuclei interacting inelastically with a
cosmic background photon. Since the nucleons produced in a
photodisintegration inherit the energy of the fragmented nucleus
divided by its atomic number, the neutrinos ultimately produced
from primary heavy nuclei are of lower energies than those from
lighter ones or from proton primaries. The neutrino flux,
therefore, depends primarily on the cosmic-ray mass composi-
tion, which remains poorly constrained above about 5 x 10" eV.
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Other important dependencies come from the maximum
acceleration energy of the cosmic rays at the sources, the shape
of the energy spectrum of the accelerated particles, and the
cosmological evolution of the sources. As a consequence of the
various progresses made over time to constrain these quantities,
flux predictions at 10'® eV went from fairly high values, namely
energy fluxes up to E%¢,~ 107" GeVem 2sr's™!, obtained
for a vanilla pure-proton composition to much lower ones,
namely E2¢V ~ 1072 GeVem?sr ' s, in the framework of a
mixed composition model much more in line with the various
constraints inferred from the data collected at the Pierre Auger
Observatory (Aab et al. 2014a, 2014b; Tkachenko et al. 2023)
and in other experiments (Watson 2022).

UHE neutrinos are also expected from interactions of cosmic
rays in their source environments. Such interactions have
proved to be a key input for shaping the energy spectra of
particles ejected from the sources (Globus et al. 2015; Unger
et al. 2015; Biehl et al. 2018a; Fang & Murase 2018;
Supanitsky et al. 2018). The counterpart in neutrino energy
fluxes of such numerous interactions can be larger by several
orders of magnitude than E*¢,~ 10" '>GeVem 2sr's™ ' at
10'"®eV and even flirts with the current sensitivities of the
IceCube and Pierre Auger observatories (Biehl et al. 2018b;
Boncioli et al. 2019; Condorelli et al. 2023; Muzio &
Farrar 2023). It suffers, however, from additional uncertainties
to those already mentioned, such as the content in gas and
photon fields of the source environments and the confinement
time of the particles.

Last but not least, cosmogenic neutrinos are also produced in
the interstellar matter of the Galactic disk irradiated by UHE
cosmic rays, in the same way as those of lower energy recently
reported in Abbasi et al. (2023) produced by Galactic cosmic
rays. The flux expected from these interactions has received
much less attention in the literature at UHEs. In this paper,
therefore, we aim to estimate the contribution of UHE cosmic-
ray interactions in the Galaxy to the cosmogenic neutrino
fluxes above 10'7 eV, extending the results presented in Joshi
et al. (2014). In contrast to the contributions mentioned above,
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Figure 1. Mass-discriminated energy flux spectra of UHE cosmic rays inferred

from data of the Pierre Auger Observatory (Bellido 2018; Abreu et al. 2021;
Tkachenko et al. 2023).
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the calculation of this flux does not resort to modeling
assumptions that make the estimate spread over orders of
magnitude. It suffers only from uncertainties in the mass
composition observed on Earth and in the gas density in the
Galaxy. The estimate can therefore be considered as a
guaranteed floor of cosmogenic neutrinos.

The paper is organized as follows. In Section 2, we describe
the mass-discriminated energy spectra of cosmic rays on Earth,
a survey of modelings of the interstellar gas density in the disk
of the Milky Way, and the modelings of the neutrino
production through the interactions of interest. The resulting
neutrino flux is calculated in Section 3; particular care is given
to the estimation of the related systematics uncertainties.
Neutrino fluxes produced outside the Galaxy from interactions
in source environments and propagation effects are estimated in
Section 4, assuming the cosmic-ray spectra to be shaped by the
source environments. Finally, the significance of the results is
discussed in Section 5.

2. UHE Neutrino Production in the Milky Way
2.1. UHE Cosmic-Ray Benchmarks

UHE cosmic rays are detected through indirect observations,
using the extensive air showers they cause in the atmosphere.
Under these conditions, only a statistical analysis can be used
to determine the mass-dependent energy spectrum ¢E) of each
nuclear component, by combining the all-particle energy
spectrum with the energy-dependent abundances of elements.
To estimate ¢,(E), we use the energy sgectrum of the Pierre
Auger Observatory reported above 10'"eV in Abreu et al.
(2021), weighted by the fraction of elements separated in four
mass groups (protons p, helium He, carbon-nitrogen-oxygen
CNO, iron Fe) reported in Bellido (2018) and Tkachenko et al.
(2023). This observatory is currently providing the largest
cumulative exposure with a single detector type, avoiding the
need to combine measurements, which inevitably introduces
additional systematic effects.

The mass-discriminated energy flux spectra of UHE cosmic
rays are shown in Figure 1, where a linear interpolation (in
decimal logarithm) is applied to smooth the fluxes at the bin
center values. Two hadronic interaction generators are used to
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model the development of the showers and to infer subsequently
the mass composition, namely EPOS-LHC (Pierog et al. 2015)
and Sibyll2.3c (Riehn et al. 2017). They lead to energy-
dependent shifts in the spectra as well as the systematic
uncertainties in the shower observables sensitive to mass
composition. As a result, the current knowledge of the mass-
discriminated energy spectra is limited to the color-coded bands.
Despite the uncertainties, the main features captured by these
measurements can be summarized as follows. A component of
Fe nuclei is observed to fall off steeply above 10'” eV, along the
lines of the long-standing scenario for the upper end of Galactic
cosmic rays characterized by a rigidity-dependent maximum
acceleration energy (Peters 1961). On the other hand, the falloff
of the components of protons, helium, and CNO-group nuclei at
the highest energies, with a hint of recovery of Fe nuclei, is well
reproduced by nuclear components that drop off at the same
magnetic rigidity in extragalactic sources featuring a hard
spectral index (Aloisio et al. 2014; Taylor et al. 2015; Aab et al.
2017). Such hard values for the spectral index could reflect the
role of interactions in the source environments for shaping the
ejected spectra, on the condition that the index of protons ejected
from the sources is softer (Globus et al. 2015; Unger et al. 2015;
Biehl et al. 2018a; Fang & Murase 2018; Supanitsky et al.
2018). It was indeed shown that such a requirement is consistent
with the data by considering the proton spectrum in the energy
range across the ankle feature as an additional constraint (Luce
et al. 2022). Furthermore, in the energy range between 10'7 eV
and ~4 x 107 eV (~1 x 10"%eV) [~5 x 10'8eV], another
phenomenon is needed for producing the observed abundances
of protons (helium) [CNO group]. Whether these elements are
fueled by a Galactic event or an extragalactic one, we note that
the “beam” of interest for the estimation of the neutrino flux
produced in the Milky Way above 10'” eV is that of cosmic rays
with energies larger than ~A x 10'%eV, with A the atomic
number of the particles. Hence, the origin of nuclei between 10"
and 10'®eV is not critical for estimating the neutrino fluxes
sought, and we shall follow the assumption that all particles
illuminate the Galaxy uniformly, as do those of extragalactic
origin.

2.2. Gas Targets

Most of the mass in the interstellar medium in the Galaxy
(a few x 10° M) is distributed predominantly in the disk and
is made by hydrogen (~90%) and helium (~10%) in a gaseous
state. A comprehensive description of the data available to
reconstruct the spatial distribution of the gas can be found in,
e.g., Ferriere (2001); only the main features necessary to the
neutrino flux calculation are reiterated here. The component in
atomic form HI, which is probed using the line at 21 cm
observed in emission or absorption, represents a large fraction
of the mass. Its density is inferred to be constant in the distance
range from 4 to ~10 kpc from the Galactic center and to
decrease steadily at larger distances. In the vertical direction in
Galactic latitude, it falls exponentially with a scale length of
~250 or ~130 pc, depending on whether the component is
warm or cold. Almost equally abundant, the distribution of
hydrogen in molecular form H, is less well-known. It is
observed in the ultraviolet region via electronic transitions and
indirectly inferred from the observations at radio wavelengths
of the '’C'°0 molecule, which is excited by collisions
with H,. The surveys of the 21 cm line are thus supple-
mented by the integrated intensity of the '*C'®O lines. This
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Figure 2. Neutrino yield per cosmic-ray interaction for different primaries and
incoming energies.

intensity is almost linearly related to the column density of
H, with a proportionality factor being taken as 2 X
10 cm 2 (Kkm s~ ")~ ! (Bolatto et al. 2013). The distribution
of the helium contribution, accounting for around 10%, is
assumed to follow closely the hydrogen one.

Following the same strategy as in Bérat et al. (2022), we use
two models of the spatial distribution of the gas and consider
the differences in the final neutrino emission as contributing to
the systematic uncertainties of (bfal (E, n). The first model,
developed by Lipari & Vernetto (2018) and dubbed model A
hereafter, does not strive to correctly describe minute features;
it aims at capturing the large-scale properties of the gas based
on an axially and up-down-symmetric distribution with a scale
height increasing as a function of the radial distance from the
Galactic center. The second model, developed by Jéhannesson
et al. (2018) and dubbed model B, additionally incorporates
spiral arms and accounts for the warping of the disk.

2.3. UHE Cosmic-Ray-Gas Interactions

The gas density rises to ~1 cm > in some regions of the
disk of the Milky Way. Such densities induce a low rate of
cosmic-ray—gas interactions that lead to the production of
mesons including charged pions, which eventually produce
neutrinos in their decay by-products. The inelastic cross section
for a cosmic-ray element i with energy E’ and a gas element j at
rest, 0;;(E"), is extracted using cosmic-ray event generators such
as EPOS-LHC or Sibyll2.3 emulated in the Cosmic Ray Monte
Carlo (CRMC) package (Ulrich et al. 2021). It ranges typically
in the hundreds of millibarns, reaching thousands for the
heaviest collisions.

Correspondingly, the inclusive spectrum of neutrinos
dNj /dE(E’, E), which corresponds to the mean number of
neutrinos in the energy range [E, E + dE] produced in a single
interaction, is obtained through the follow-up provided by
CRMC of secondary particle decays that are expected to result
in neutrinos. For the various primaries and three cosmic-ray
energies, 108 eV (dotted), 10'"”eV (dashed) and 10%°eV
(solid), the neutrino yields are displayed in Figure 2. The
expected increase in yield with incident cosmic-ray energy is
observed for a fixed neutrino energy E < E’. On the other
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Neutrino flux ¢, above 10'7 eV from CR-gas interactions - Model A
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Figure 3. Neutrino flux in Galactic coordinates (Hammer projection) expected
from cosmic-ray—gas interactions in the Milky Way, integrated above 10'7 eV.
Model A is used for the gas distribution in the Galactic disk.
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hand, it is also noted that the yield substantially depends on the
cosmic-ray mass for a fixed cosmic-ray energy. Since only one
nucleon typically participates in each interaction, this behavior
is predicted by the energy present in each nucleus, which is
diminished by the atomic number A when compared to the
overall energy of the nucleus. As a result, neutrino fluxes are
produced in greater quantities by lightest primaries at higher
energy.

Neutrinos of each flavor are not produced equally through
the decay of the charged mesons. However, given the
Pontecorvo—Maki—Nakagawa—Sakata matrix, it is reasonable
to expect complete mixing of flavors from oscillations over
propagation distances of the order of kiloparsecs, and thus an
equal flux for each flavor on Earth.

3. Floor of UHE Neutrino Fluxes

The diffuse neutrino flux (per steradian) at energy E
produced from cosmic-ray—gas interactions in the Galaxy can
be estimated in the thin-target regime by integrating the
position-dependent emission rate per unit volume and unit
energy along the line of sight s,

8 (E, n) = % fo ds q¥(E. xo + sn). )

Here x, is the position of the solar system in the Galaxy and
n=n({, b) is a unit vector on the sphere pointing to the
longitude ¢ and latitude b, in Galactic coordinates. The 1/4x
factor models the isotropic emission from anywhere in the
Galaxy owing to the isotropic irradiation of the gas by
extragalactic UHE cosmic rays. The neutrino emission stems
from the creation and decay of unstable mesons and subsequent
leptons in the inelastic interactions of cosmic rays with the
different interstellar gas elements j with density n;(x),

AN}
(E', E).
dE

G = xS [ o EaE)
i.j

©))

The integration is carried out over all cosmic-ray energies
E’ > E that allow for generating neutrinos with energy E. The
47 factor results from the integration of the cosmic-ray flux,
considered isotropic, over solid angle.

The neutrino flux integrated above 10'7 eV is shown as a
function of the incoming direction in Figures 3 and 4 for the
two models of gas distribution in the Galactic disk. In each
case, the benchmark mass composition of cosmic rays is that
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Figure 4. Same as Figure 3, but using model B for the gas distribution in the
Galactic disk.

inferred from the EPOS-LHC hadronic interaction generator.
As expected, the flux is concentrated a few degrees around the
Galactic plane, amounting to =~10x 10 “km Zyr 'sr
once averaged out over |b|<5° in the case of model A
(~4 x 1072 km 2 yrf1 st in the case of model B). The
pattern is brighter in the innermost region of the disk for both
models. The energy flux averaged over full sky is shown in
Figure 5 as a function of energy. The energy dependence is
shaped by that of the cosmic-ray flux, inheriting from its main
features but shifted about a decade earlier. The bands
correspond to the systematic uncertainties arising from those
in the mass-discriminated energy spectra. These uncertainties
are sourced by the systematics in determining the abundance of
elements discussed in Section 2.1 and those in determining the
all-particle energy spectrum. To cope with these effects,
realizations of the mass-discriminated energy spectra are
constructed as follows. The hadronic interaction generator is
selected randomly, and the abundance of elements is picked up
within the corresponding systematics. The energy spectra for
each element require, in addition to these abundances, a
realization of the all-particle energy spectrum within its own
systematics. Denoting as a vector the set of measurements in
each energy bin, ¢ = {¢1, ¢2, ..., ¢y}, the ¢, (¢p_) vector is
defined as the set of values that satisfy

1 +ocd

J@2mN detoy J;’+

! f(z; do exp(—%éqﬁTa’gléqb) =C., 3

J@2mNdeta,

with C, =0.84 (C_=0.16). The notation §¢p stands for a
random fluctuation around the set of observed values, while the
covariance matrix oy is taken from Abreu et al. (2021). To
solve Equation (3) for the unknown ¢,(¢_), we build the
probability distribution function of ¢ by whitening the
covariance matrix in the same way as in Bérat et al. (2022).
By repeating a large number of times the procedure, the two-
sided 16% quantiles defining ¢, and ¢_, and ultimately those
of the mass-discriminated energy spectra, are finally estimated.
Once propagated, these uncertainties impact by about one order
of magnitude the neutrino flux.

We thus find that the single-flavor neutrino energy flux
sought amounts to ~10""3 GeVem ?sr's ' at 10" eV. Note
that the results presented in this section well match previous
works of Joshi et al. (2014) when considering the mixed
composition model of Gaisser et al. (2013) up to 10'8eV.
Although guaranteed as a floor of neutrino flux, we discuss

$exp (—%6¢Ta;16¢) —c,.
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Figure 5. Energy flux of neutrinos expected from cosmic-ray interactions in the
disk of the Milky Way for two models of the dust distribution.

next other cosmogenic fluxes that may dominate and be
revealed earlier.

4. Extragalactic Neutrino Production

To compare the guaranteed floor of neutrino fluxes obtained
in Section 3 with other model-dependent expectations, we now
turn to the neutrino production in the extragalactic space and in
the environments of the sources of UHE cosmic rays.

4.1. Production En Route

The UHE neutrino flux that results from cosmic-ray
interactions with the photon baths in the Universe can be
estimated by integrating the generation rate per energy unit and
per comoving volume unit of each species, g(E), over look-
back time, the role of which is played by redshift:

xgalE :L
2 (E) y

> [[dzdE’

dnAy(E(l + Z)7 E/v Z)e*OV(EsZ)
dE '

dt
d_z ‘ S(Z)QA(E/)

“

where O,(E, z) is the neutrino opacity of the Universe at early
times (Berezinsky 1992; Gondolo et al. 1993). Here S(z) stands
for the redshift evolution of the production of cosmic rays
assumed in the following to scale with that of the star formation
rate, 1,,(E, E’) is the fraction of particles with energy E’ and
mass number A that produce neutrinos with energy E, and
the relationship between cosmic time and redshift follows
from the concordance model used in cosmology, (dt/dz)~! =
—Hy(1 + 2)3/Qn(1 + 2)* + ., with Hy=70kms ™' Mpc™!
the Hubble constant at present time, €2,,~ 0.3 the density of
matter (baryonic and dark matter), and Q4 ~0.7 the dark
energy density. We use the SimProp package (Aloisio et al.
2012), software dedicated to UHE cosmic-ray propagation, to
estimate dn,, (E, E’, z)/dE. The generation rate g4(E) required
at the escape from the source environments to fuel the
extragalactic counterpart of the energy flux spectra is taken
from Luce et al. (2022). The hardness of the emissivity of He,
CNO, Si, and Fe nuclei is necessary to reproduce the little
mixture between elements observed in Figure 1 above 10'° eV.
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Figure 6. Energy flux of neutrinos expected from UHECR interactions in
LIRGs (blue band) and from propagation in the extragalactic space (blue line).
The gray band brackets various expectations from specific source models from
Biehl et al. (2018b), Boncioli et al. (2019), Zhang & Murase (2019), Condorelli
et al. (2023), and Muzio & Farrar (2023) (the hatched area is an extrapolation
of the results).

By contrast, the spectral index describing the proton emissivity
can get much softer values. This is along the lines of a copious
production of nucleons of energy E/A subsequent to the
spallation of nuclei with mass number A before escaping the
source environments.

The resulting energy flux is shown as the solid blue line in
Figure 6, labeled as E?¢**"(E). As anticipated in the
Introduction, Equ"é“l (E) peaks to a value smaller than

107'°GeV em s ! below 107 eV and rapidly falls off
at higher energles down to 107"2GeVem s 'sr! at
10'"®eV. That E?¢**(E) is significantly below the range
anticipated at UHEs in the early literature is primarily a
consequence of the intermediate to heavy mass composition of
cosmic rays.

4.2. Production in the Source Environments

Ultimately, the generation rates g4(E) result from those
injected by UHE cosmic-ray sources, Q4(E), and processed
through propagation effects in source environments and/or
hosting galaxies,

_ / n daar(E, E)

ACEDY I, aEouEn =t 5)
where 1,,/(E, E') is the fraction of particles escaping the
environments with energy E and mass number A from parent
particles with energies E’ > E and mass numbers A’ > A. We
consider sources accelerating nuclei of charge Z and mass
number A with a generation rate per energy unit and comoving
volume unit conveniently parameterized as

-1 (1 if £ <
E de >
Ou(E) = QOA( Eo) {exp(l — E/EZ.) otherwise,
(6)

with Qs the mass-dependent reference injection rates,
EZ = ZEqn. the maximum energy for each species, and E,
an arbitrary pivot energy being taken as E,= 10"%eV.
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As a generic source environment, we choose in the following
luminous infrared galaxies (LIRGs). These galaxies, quite
abundant, host candidates of accelerators of UHE cosmic rays:
active galactic nuclei, as well as regions of high star formation
rates that could be the origin of higher rates of gamma-ray
bursts, relativistic supernovae, or young neutron stars. The
considered photon fields in LIRGs are two blackbodies, one
peaking in the optical range (3.3 x 10~ ' eV) owing to starlight
and another one in infrared (3 x 107 eV) owing to ultraviolet
reprocessing by the dusts (Peretti et al. 2019). The typical
photon density is >10° eV cm > for either optical or infrared
energy ranges, while the total infrared luminosity is
~10" ergs~'. The gas density is supposed to scale with that
of the photon bath according to the Kennicutt & Evans (2012)
relation. In parallel, a magnetic field of 1 uG filling a sphere of
R ~ 250 pc radius in the inner zone of the LIRGs is modeled as
a Kolmogorov turbulence with a coherence length /., = 1 pc,
as motivated by the typical scale at which the turbulence is
expected to be injected in the nucleus of starburst galaxies (see,
e.g., Peretti et al. 2019).

For given generation rates per energy unit Q4(E), the
emissivities Equ(E) are calculated by means of simulations of
test particles assuming a leaky-box model, as in Condorelli et al.
(2023): particles escape LIRGs if their interaction probability is
smaller than their escape one; otherwise, they loose energy and
all their by-products are accounted for in the following step of the
simulation. The escape time is considered to be the minimum
between the advection tune modeled as g, = R/vy with the
wind sg)eed vw=500kms™ ! and the diffusion one, modeled as
tp = R°/D(E) with D(E) the dlfqulOIl coefficient. The latter reads
as D(E) ~ crf %(E) 12,1/3, with ¢ the speed of light, ;. the
particle Larmor radius, and ¢ the spectral slope of the turbulence,
which for a Kolmogorov cascade reads as ¢ =5/3. Following
Subedi (2017), we additionally consider the transition in the
diffusion regime taking place when ry (E,) ~ l.on, at which point
the diffusion coefficient switches to D(E) = D, (r.(E)/l.on)?,
with D, the value of the coefficient computed at the energy E,
such that ry (E,) = l.on. A last transition occurs at high energy to
guarantee that the diffusion time never goes below the free-
escape time.

For the customary five representative mass elements
A=1{1, 4, 16, 28, 56} and En,x = 1034 eV, we find that the
emissivities derived in Luce et al. (2022) can be reproduced for
reference generation rates scaling as Qp = {0, 0.020,
0.800, 0.179, 0.001} in units of 6 x 10* ergMpc > yr ' and
~=1.5. The absence of injected protons is constrained by the
energy scale of the corresponding component on Earth
(Figure 1) observed to be equal to the energy per nucleon of
the other components. This favors protons being fragments of
primary nuclei, as already established in Aab et al. (2017). The
fractions of Si and Fe nuclei, on the other hand, suffer from
large and highly correlated uncertainties, as the plausible
recovery of Fe at the highest energies is not yet established
with existing data. Besides, we note that the value inferred for v
can be accommodated with magnetic reconnection acceleration
mechanisms but not with first-order Fermi shock acceleration,
in which case a benchmark is v= 2. However, additional in-
source interactions for specific models of accelerators could be
at play to contribute to shaping the hardness of the spectra. In
addition, little-known effects such as rigidity-dependent escape
from magnetic fields within clusters of galaxies over mega-
parsec scales (Donnert et al. 2018) or self-confinement of UHE
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cosmic rays through resonant streaming instabilities (Blasi &
Amato 2019; Cermenati et al. 2023; Schroer et al. 2023) could
also play a role. In the following, we therefore explore the
dispersion of predictions for the neutrino fluxes by bracketing
the range of -y between 1.5 and 2.

The neutrino flux that results from UHE cosmic rays
interacting in LIRGs can be estimated by integrating the
generation rate g,(E) over redshift:

PrRP(E) = ﬁ f dz ‘ Z—i ‘ S(2)q,(E(1 + 2))e” D (T)

The generation rate g, for neutrinos is derived a posteriori from
the generation rate g4 of cosmic rays by matching the expected
UHECR spectrum on Earth and by propagating the obtained
normalization to the injected spectra. Results are shown as the
blue band in Figure 6. The higher expected fluxes result from
the harder values of 7, as a result of the increased rate of
interactions of cosmic rays of higher energy. A hardening is
observed around 4 x 10'7 eV: the fluxes are primarily shaped
by UHECR-gas interactions below this energy, while they are
governed by UHECR-photon interactions above. The fluxes
expected from interactions during propagation in the extra-
galactic space are dominant by a factor of a few between ~10'”
and ~10'®eV. The expected neutrino fluxes are mildly
dependent on the uncertainties of the IR density in LIRG
environments that are of the order of 1% (Kornecki et al. 2020).

Our estimate can be compared with those obtained in several
studies that consider reproducing the mass-discriminated spectra
above 5 x 10'® eV in Figure 1, shown collectively as the gray
band labeled as E zqﬁ;“odels in Figure 6. In Muzio & Farrar (2023),
starburst galaxy environments are shown to lead to a rapid
decrease of the energy flux in the range above ~10'®’eV,
energy at which F%¢,~ 108 GeV cm 2 sr ' s~ '. Similar results
are obtained for in-source interactions in tidal disruption
events (Biehl et al. 2018b) or low-luminosity gamma-ray
bursts (Boncioli et al. 2019): the energy flux, peaking just below
E’¢,~10"%GeVem 2sr's™! at ~10'%eV, falls off abruptly
down to E’¢,~10""2GeVem Zsr's™! at ~10"%eV. The
largest expectations are those from Zhang & Murase (2019)
studying the case of engine-driven supernovae and from
Condorelli et al. (2023) focusing on starburst galaxies. The
increase in value at ~10'8 eV can, however, be attributed to an
assumed lighter mass composition of cosmic rays at UHEs than
in other studies in the former case, or to an increased density of
targets so as to reproduce the emission rates g4(E) from a single
Osi(E) generation rate in the latter one. Note that in all cases
we extrapolated the reported expectations below E%¢, =~
107" GeVem 2sr's™! through the hatched band.

5. Discussion

In this paper, we have presented an end-to-end calculation of
the cosmogenic neutrino flux expected from UHE cosmic-ray
interactions with the gas in the Milky Way. The main
uncertainties stem from the modeling of the gas distribution
and from the experimental determination of the mass
composition of UHE cosmic rays on Earth. The result is
independent, on the other hand, of the various mechanisms
governing the production and interaction of cosmic rays; for
this reason it can be considered as a floor of cosmogenic
neutrino fluxes above 10'7 eV. We have also presented generic
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Figure 7. Energy flux of neutrinos (single flavor) expected from cosmic-ray
interactions in the Milky Way compared to those from the minimal model of
cosmic rays escaping from LIRGs or from various source environments that fit
with the minimal model explaining the Auger data above 10'®7 eV (“Min.
model scenarios”). Upper limits from Auger, IceCube, and ANITA are reported
on top. Also shown are energy flux expectations from a nonminimal model of
cosmic rays with protons at UHEs (“Min. model + protons”), a superheavy
dark matter scenario (“Dark matter”), and a phase transition one (“Cosmic
strings”).

estimates of cosmogenic neutrino flux expected from extra-
galactic production, based on a minimal model of cosmic-ray
production to explain the mass-discriminated energy spectra
observed on Earth above 5 x 10'®eV. These estimates are
generally larger than the guaranteed floor aforementioned, in
agreement with other estimates derived for more specific
environments in the literature.

Our results are summarized in Figure 7. Upper limits
currently obtained with the Pierre Auger Observatory (Niech-
ciol et al. 2023), the IceCube Observatory (Aartsen et al. 2018),
and ANITA (Gorham et al. 2019) are shown as the various red
regions. Above 10'7 eV, prospects for neutrino detection based
on the minimal model of UHE cosmic-ray production are
maximized. However, above 10'® eV, they appear to be rather
dim, if not impossible, even for an increase of exposure by one
or two orders of magnitude with eventual future detectors. This
contrasts with the expectations reported in the early literature
mentioned in the Introduction or with more recent models
based on a mass composition of cosmic rays dominated by
protons at UHEs (e.g., Fang et al. 2014; Fang & Metzger 2017;
Decoene et al. 2020).
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The detection of UHE neutrinos with current exposures or
future ones with observatories such as IceCube-Gen2 (Aartsen
et al. 2021), ARIANNA (Anker et al. 2019), GRAND (Alvarez-
Muiiiz et al. 2020), POEMMA (Anchordoqui et al. 2020), or
GCOS (Alves Batista 2023) may therefore be instrumental in
uncovering new phenomena. Three examples of neutrino energy
fluxes unexpected from the contemporary minimal model of
UHE cosmic rays are shown in Figure 7; we briefly describe
each of them to conclude this paper.

Nonminimal models of UHE cosmic rays postulate the
interplay between two source populations, one of them
accelerating a subdominant population of protons up to, or
even above, 10°° eV. Uncovering such a subdominant popula-
tion, which is still underconstrained with the current sensitivity
of the Pierre Auger Observatory, is one major goal of the
upgraded version of the observatory (e.g., Anastasi 2023;
Bérat 2023; Suomijérvi 2023). Even a small fraction of protons
translates into a significant increase of the neutrino flux, which
can offer prospects for future detection (Rodrigues et al. 2021;
Abdul Halim et al. 2023; Muzio et al. 2023). As an example,
we show as the solid line the maximum neutrino energy flux
realizable for proton sources evolving as the star formation rate,
while remaining compatible with constraints on a putative
proton subcomponent at UHEs (Muzio et al. 2023).

Dark matter particles could be superheavy, provided that
their lifetime is much longer than the age of the Universe (e.g.,
Kachelriess et al. 2018; Alcantara et al. 2019; Ishiwata et al.
2020; Guépin et al. 2021; Bérat et al. 2022; Abreu et al. 2023;
Das et al. 2023). Neutrinos from dark matter decay are
expected to emerge from the cascade of the decaying dark
matter candidate. As an example of extension of the standard
model of particle physics that includes a superheavy and
metastable dark matter particle, we use the model of Dudas
et al. (2020) as a benchmark. The neutrino energy flux
emerging from the decay of the particle is shown as the dotted
line for a mass of the particle My = 10*° eV and a mixing angle
between active and sterile neutrinos that governs the lifetime of
the particle § = 10~'% both values are indeed viable given all
known constraints on neutrino and photon flux upper limits at
UHEs and on the effective number of neutrinos inferred from
cosmological observations (Abdul Halim et al. 2024).

Finally, several extensions of the standard model of particle
physics predict phase transitions in the early Universe that may
be revealed through the detection of stochastic gravitational
waves resulting from bubble collisions (e.g., Ellis et al.
2019, 2020) or neutrinos at UHEs in the case of topological
defects left after the transition (e.g., Vilenkin & Shellard 2000).
We show as the dashed—dotted line the expectations from the
decay of cosmic-string cusps that would allow for exploring
cosmic-string tensions Gy as low as 10~2° (Berezinsky et al.
2011), while the current bound obtained from upper limits on
gravitational-wave background energy density derived from the
O3 data of the Advanced LIGO and Advanced Virgo detectors
is G <4 x 107" (Abbott et al. 2021).

These three examples of neutrino energy fluxes show the
potential of UHE neutrino detection to uncover the existence of
either a completely new physical phenomenon or particle
acceleration mechanisms heretofore never seen or imagined.
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