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We explore inferences on ultrahigh energy cosmic ray (UHECR) source environments — constrained
by the spectrum and composition of UHECRs and non-observation of extremely high energy neu-
trinos — and their implications for the observed high energy astrophysical neutrino spectrum. We
find acceleration mechanisms producing power-law CR spectra o< E~2 are compatible with UHECR
data, if CRs at high rigidities are in the quasi-ballistic diffusion regime as they escape their source
environment. Both gas-dominated and photon-dominated source environments are able to account
for UHECR observations, however photon-dominated sources give a better fit. Additionally, gas-
dominated sources are in tension with current neutrino constraints. Accurate measurement of
the neutrino flux at ~ 10 PeV will provide crucial information on the viability of gas-dominated
sources, as well as whether diffusive shock acceleration is consistent with UHECR observations.
We also show that UHECR sources are able to give a good fit to the high energy portion of the
astrophysical neutrino spectrum, above ~ PeV. This common origin of UHECRs and high energy
astrophysical neutrinos is natural if air shower data is interpreted with the SIBYLL2.3C hadronic
interaction model, which gives the best-fit to UHECRs and astrophysical neutrinos in the same part

of parameter space, but not for EPOS-LHC.

I. INTRODUCTION

Discovering the origin of ultrahigh energy cosmic rays
(UHECRs), E > 10'® eV (1 EeV), has been a longstand-
ing challenge due to their incredibly low flux, their un-
certain composition, and their deflection in both Galac-
tic and extragalactic magnetic fields [1]. However high
energy and UHE neutrinos, which do not suffer mag-
netic deflections or significant energy losses, are natural
signals of interactions of UHECRs (and their secondary
CRs) with photon fields and gas during their propagation
from the accelerator to Earth. The potential of neutri-
nos to provide multimessenger observations to help dis-
cover UHECR origins has been underscored by the recent
coincident observations of a high energy neutrino (IC-
170922A) with the flaring blazar TXS 05064056 [2] and
another with the tidal disruption event TDE AT2019dsg
[3].

In this paper, we build on the approach of Unger,
Farrar, and Anchordoqui (UFA 2015, [4]) and its elab-
oration in [5], to investigate constraints on UHECR
sources which can be inferred from the latest multimes-
senger data, using a realistic but flexible UHECR source
model with minimal reliance on any specific astrophysi-
cal scenario. UFA15 proposed such a model for UHECR
sources, taking into account photohadronic interactions
of UHECRs propagating through the source environment
after acceleration (potentially delayed in their escape due
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to diffusion in a turbulent magnetic field) and before ex-
tragalactic propagation. This model provides a natural
explanation for the observed UHECR, spectrum and its
composition, and enabled multimessenger constraints on
UHECR sources to be investigated in [5]. We consider
here the effects of gas in the environment surrounding
the source and the ability of UHECR, sources to explain
the highest energy astrophysical neutrinos.! Like [4, 5],
our description is agnostic to the acceleration process or
specific astrophysical source type.
We focus here on the following questions:

(a) How is the original “UFA15” picture impacted by
the presence of gas in the surroundings of the ac-
celerator, in addition to — or instead of — a photon
field?

(b) Is the diffusive shock acceleration prediction for
the power-law index of the spectrum of UHECRs
emerging from their accelerator consistent with
multimessenger data?

(c¢) Can the highest energy neutrinos so far detected be
produced by interactions of UHECRs with photons
and/or gas in their source environment, given the

"

Earlier studies have also considered that UHECRs and astro-
physical neutrinos may have a common origin. Qualitative fits
to the astrophysical neutrino spectrum consistent with UHECR
observations in the context of photodisintegration models are
given in [6-8] while for specific astrophysical scenarios see [9-14].
Other studies have explored neutrino backgrounds at higher en-
ergies consistent with UHECR data [15-18] and have set upper-
bounds on the flux of neutrinos produced by UHECRs [19].
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Predictions of the UHECR source model producing the best description of the astrophysical neutrino flux for

SiBYLL2.3C. Left: The CR predictions for spectrum (top) and composition (bottom) compared to shifted Auger observa-
tions [20-23], as detailed in Section III. The red and blue solid lines show the (Xmax) and o(Xmax) predictions of SIBYLL2.3C
for pure proton and iron models. Right: The neutrino and gamma-ray predictions for this model (solid and dashed lines,
respectively). The total neutrino flux due to UHECRs (“UHECR v’s”, solid magenta) is broken down by origin: UHECR
interactions during extragalactic propagation (“Propagation v’s”, dotted dark magenta), UHECR photohadronic and hadronic
interactions in the source (“Source v’s”, dot-dashed and dashed dark magenta, respectively). Neutrinos originating from a
source other than UHECRs (“Non-UHECR v’s”, dot-dot-dashed dark magenta) are also shown. The observed and inferred
values of the extragalactic gamma-ray flux [24], astrophysical neutrino fluxes [25, 26], flux measurements from the Glashow
event [27], and upper-bounds on the EHE cosmic neutrino flux from IceCube [27, 28] (black) and Auger [29] (grey) are shown.

Data points are as detailed in the text.

strongly constrained UHECR spectrum and com-
position?

This paper is organized as follows. In Section II we
review the model of UFA15 and detail the elaborations
made for this study. Section III gives an overview of the
relevant multimessenger data and the constraints we have
adopted. Finally, in Section IV we report our findings,
including the degree to which gas- and photon-dominated
source environments can be distinguished and the abil-
ity of UHECR sources to explain the high energy as-
trophysical neutrino flux. For the reader’s orientation,
Fig. 1 shows the UHECR model giving the best-fit to the
astrophysical neutrino flux, among those giving a good
fit to UHECR spectrum and composition data using the
SIBYLL2.3C hadronic interaction model, as discussed be-
low.

II. MODEL
A. Overview

To perform this analysis we extend the UFA15 frame-
work by adding interactions with gas in the source envi-
ronment (as described in Section IIB), as well as mak-

ing a variety of technical improvements to the analysis
in [4]. Based on the results of [5], we adopt a source
evolution following the star-formation rate (SFR, [30])
and take a single-mass injection of CRs into the source
environment.? We approximate the gas to be pure hy-
drogen since other components make up less than 10%
by number. We also introduce an alternate treatment of
the energy dependence of the escape time, based on the
behavior of diffusion coefficients and reflecting the finite
size of sources. Details of our treatment of systematic
uncertainties are given in Section III.

A CR nucleus of energy E, mass A, and charge Z has
interactions with photons and gas at a rate 7. YE,A)
and 7, 1(E, A) when propagating in the source environ-

2 Source evolutions which are stronger at high redshift generally
result in a larger neutrino flux at Earth, but the quality of the fit
to UHECR observations degrades and requires an extremely hard
CR spectrum escaping the source [5, 31]. Source evolutions with
lower source densities at high redshift produce smaller neutrino
fluxes at Earth and also give a worse fit to UHECR data when
considering photodisintegration models, so are not explored in
this study. However, UHECR data alone does not strongly con-
strain the source evolution. A more complex injection composi-
tion was found not to be needed [5], so for simplicity we adopt
single-mass injection.



ment. These rates are specified by their cross sections,
the photon spectral density distribution, and the gas den-
sity. Thus we can fully characterize UHECR interactions
with photons and gas in a given source environment by
knowing the parameters specifying the photon spectrum,
and 7, and 7, for a reference nucleus and energy. Follow-
ing [4], we adopt 10 EeV 5°Fe as this reference.

Only the total number of interactions prior to escape
matters in the processing of nuclei injected by the acceler-
ator, so only the ratio of the interaction and escape times
is relevant for fixing the composition and energy spectra
of CRs emerging from the source environment, given the
injected composition and spectrum.® We denote these
ratios for the reference nucleus by the model parameters
Tese = 7288 /7iet = (NIef) | the ratio of the escape and total
interaction times, and ry, = 72 /7If = (N2ef) /(NEef),
the ratio of the hadronic and photohadronic interaction
times.

In previous work [4, 5], the escape time was taken to
be a power law in rigidity, R = E/Z, so that 7o =
T (R/ Ryef) % with dese a free parameter of the model
limited to be within [—1,—1/3], covering the expected
range from Kolmogorov to Bohm diffusion. Here we
adopt a more detailed parameterization (described in
Section ITC) based on simulations of CR propagation in
turbulent magnetic fields, e.g. [32]: Tese(R) = GDLi(QR) +L
This implies faster escape at high rigidities by capturing
the quasi-ballistic regime.

The interplay between the energy dependence of the
interaction time, 7y (E), and the rigidity dependence of
the escape time from the environment, 7esc(R), governs
the energy dependence of the number of interactions be-
fore escape, as was noted in equation (4) of [4]. There,
the focus was on how the high-pass filter mechanism cre-
ates the ankle in the UHECR spectrum and produces
the observed light extragalactic UHECRs below the an-
kle. As noted in [4], this mechanism leads to a harden-
ing of the escaping CR spectrum. Thus the Auger com-
bined fit to the spectrum and composition [31] favoring
an ~ E~! or harder spectrum escaping the source, does
not necessarily mean that the accelerator produces such
a hard spectrum. In principle, the fundamental spectrum
from the accelerator could be much softer, e.g., ~ E~2 as
predicted by diffusive shock acceleration, with the low-
energy component of any given A being more depleted
through interactions because of their longer residence
time in the environment — thus hardening the escaping
spectrum for each composition.*

3 The overall normalization of the energy spectrum is set by the
product of the UHECR luminosity per source and the number
density of UHECR sources. However, this is unrelated to the
interaction and escape times within the source environment and
so can be fit independently to obtain the best-fit.

4 An alternative mechanism to harden the accelerated spectrum is
through magnetic suppression of the spectrum at low-ridigities
due to the horizon induced by the extragalactic magnetic field
[33, 34].

In this work we find that UHECR data is compati-
ble with an accelerator spectrum E~2, if the peak of
that spectrum falls in the quasi-ballistic regime where
the rapid change of escape time with energy leads to
a strong hardening of the escaping flux. This requires
source conditions such that high rigidity CRs are able to
enter the quasi-ballistic diffusion regime. In this case,
diffusive shock acceleration remains a possible mecha-
nism for UHECR acceleration. As we shall show below,
the viability of this scenario can be tested with accurate
measurement of the neutrino flux at ~ 10 PeV.

A description of how our model’s parameters can be re-
lated to astrophysical quantities will be given in a forth-
coming paper.

B. Incorporation of hadronic interactions in the
source environment

Photohadronic interactions in the source environment
are accounted for as described in Appendix B and Ap-
pendix C of [4], with the adjustment of the definition
of the total interaction time to include hadronic interac-
tions, so that

Toe (B, A) = 771(B, A) + 771 (B, A) (1)

is the total interaction time for a CR of mass A and
energy I/, where 7, is its hadronic interaction time and
T, is its photohadronic interaction time.

The photohadronic interaction time is the total inter-
action time due to both photopion (PP) and photodis-
integration (PD) interactions with the ambient photon
field,

TW_I(EvA):TF?Pl(E7A)+T1;]§(E7A)' (2)

The relation between the interaction times for each of
these interaction channels and the ambient photon field
are given below.

Throughout the present work we consider either a pure
or generalized black-body photon spectral density distri-
bution® of the form

n(e) = nofeB(e) 3)

5 In [5], we considered both black-body and broken power-law
parametrizations of the photon spectral density distribution in
the source environment and found that both gave comparable
fits to the UHECR data. Black-body spectra, though, produced
fewer extremely high energy cosmic neutrinos, allowing more
conservative constraints to be set. The qualitative conclusions
are expected to be similar for black-body and broken power-law
parametrizations [4, 35].
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FIG. 2. The escape (solid lines), photohadronic interaction (dashed lines), and hadronic interaction (dashed-dotted lines)
lengths for different nuclear masses (colors) in the UHECR source model best reproducing the astrophysical neutrino flux for
S1BYLL2.3C (left) and EPOS-LHC (right). Hadronic interaction times were calculated under the respective hadronic interaction
models. In particular while the interaction times are similar, the escape times in the two panels differ significantly at high
energies, reflecting significantly different best-fit values of 7si,e = L/Ac. The corresponding fits are pictured in Figs. 1 and 6,

respectively.

where ng is the photon density in units of Igg =

1?25)(33 ) (kT)3, the black-body photon number density,
and fpp is the spectral density distribution of a black-

body (BB) photon field with temperature T given by

8 g?

fe(e) = G em — 1 )

The generalized black-body spectral density (3) corre-
sponds to the spectral density of a grey-body for ng < 1.
With this definition, the physical number density of the
photon spectral density distribution n(e) is given by
Ny = ’I'LQIBB.

The interaction time for each of the photohadronic in-
teraction channels, ¢ = PD or PP, is given by

0o 2ve
ﬁwamzf/ @%i/ deon i) (5)
2 Jo Y7e7 Jo

o) 2ve
:nog/ dngB(E)/ de'e’oayi(€") (6)
0

v Jo
= nOT];]%,i(E’ A,T) (7)

where 04+, is the photonuclear cross section for pho-
tohadronic interaction channel ¢ (provided by CRPrROPA
[36] based on TALYS and SOPHIA to appropriately han-
dle the different photon energy regimes), -y is the Lorentz

factor, and g ; is the interaction time for a black-body
distribution with temperature 7T'.

In order to account for hadronic interactions we must
assume a hadronic interaction model (HIM), as hadronic
interactions within the source environment occur at sim-
ilar center-of-mass energies as in extensive air showers
initiated by UHECRs on Earth. Once we have assumed
a particular HIM, labeled m, the hadronic interaction
time is determined by the density of gas n4 in the source
environment and the pA cross section oy'(E, A), for a
collision between a proton at rest and CR of energy F in
that model:

T;l(E,A) = nga;n(E, A)ec. (8)

Particle production in these interactions also depends
upon the assumed HIM. Using CRMC v1.6.0 [37], we
built interaction matrices for the EPOS-LHC [38] and
SIBYLL2.3¢C [39] HIMs.® Simulating the collision between
a CR of nucleus A and energy E; with a proton at rest,
sAm

we generated an interaction matrix I

by tabulating

6 Throughout this work, the HIM assumed for calculation of inter-
actions in the source environment always matched the HIM used
to interpret air shower observations.



all the secondaries of type s (e.g. v, m, v, A’) and en-
ergy E; predicted by HIM m. Pions and neutrons were
treated as stable for this purpose,” in order to treat these
particles in a consistent way with those produced in pho-
tohadronic interactions (as described in [4]), and all other
particles were decayed before being tabulated. The final
interaction matrices give the average number of secon-
daries of energy E; produced in a collision. With the
interaction matrices in hand, one can easily compute the
total number of secondaries s produced in logarithmic
interval [lg F;,1g E; + dlg E;) by a flux of CRs as

dN* B AN |dlg E,
= Z If‘ ymfg(A7Ej)fint(Aij)7 :
digE; — =" A E, |d1g E;
9)

where f, = (1+ 7,/ 7'7)_1 is the fraction of interactions
which are hadronic, and finy = (1 + Tint /7'050)71 is the
fraction of CRs which interact. In the above formula, we
have neglected reinteraction of secondary CRs for sim-
plicity and clarity, but in our full calculation reinterac-
tions are accounted for.

It is important to note that hadronic interactions al-
ways dominate at low enough energies such that the y-CR
center-of mass-energy is too low to photopion produce or
excite the Giant Dipole Resonance. This is reflected in
the energy dependence of the interaction times, as Fig.
2 shows. Thus even in photon-dominated environments
(meaning environments where UHECRs primarily inter-
act photohadronically), astrophysical neutrinos may still
be the product of hadronic interactions with gas, given
a sufficient gas density and number of interactions. On
the other hand, CRs in gas-dominated sources primarily
interact hadronically at both high and low energies.

C. CR diffusion and escape from the source
environment

In previous analyses [4] and [5], the rigidity dependence
of the diffusion coefficient was modeled as a single power
law in rigidity: D(R) oc R™%s and 7eg. o R%sc. This is
a good approximation for CRs that are in the diffusive
regime for all the relevant rigidities. For a more realistic
treatment we use a fit to the diffusion simulation of [32]
with the functional form suggested in [41] (leading to
very similar numerical results as found therein):

7 Here we assume the energy loss time due to synchrotron radiation
exceeds either the decay time of the @ — p — v chain or the
escape time of pions and muons. See e.g. [40] for a discussion
of cooling-damped sources. In particular, our results here are
robust to cooling as will be shown in a forthcoming paper.

() +3 ()5 (7)
Raig 2 \ Raifr 3 \ Raier

(10)

EV
Ac is the coherence length of the magnetic field, B is its
RMS field strength, and Rg;g is the characteristic rigid-
ity scale of diffusion, defined by 27rp(Raig) = A.. For
convenience, we define the dimensionless diffusion coeffi-
cient, d(R) = (R/Raix)" + L (R/Rai) + 2 (R/Rairr)’,
so that D(R) = 2=d(R).

CRs of rigidity R that enter the diffusion regime have

2

6D(R)"
the source may not be large enou(gl)l for all CRs to enter
the diffusion regime before escaping the source, especially
those at high rigidities with large Larmor radii. The
source’s physical size L then imprints a minimum escape
time of L/c. To account for this effect we adopt the
following parametrization for the escape time, which has
been verified against simulation data shown in [32]:

where r1,(R) = 1.1 kpc (%) (£%) is the Larmor radius,

an escape time given by Tese = However, in reality

_ L
~ 6D(R) ¢’

Tesc(R) (11)

This treatment imposes that the escape time be at least
as large as the crossing time.

The escape time for a nucleus of rigidity R can then
be calculated in terms of the escape time of the reference
nucleus as

_L* L
ref 6D(R) + c
esc L2

Tesc(R) = 7
6D(Ryer) +2
1

w L
ref d(R) e +
esc L
ARy e T 1
TTsize +1
£ d(R)
= Tésecm’ (12)
d(Rref)

where R = 10/26 EV ~ 0.38 EV is the rigidity of the
reference nucleus, 72 is its escape time, and we have
introduced the model parameter rgi,e = L/A..

We find that in order for a soft E~2 acceleration spec-
trum to be adequately hardened to account for UHECR
data, high rigidity CRs must be in the 7esc ~ E~2 regime.
This implies that 7gj, > 1 in order for conventional ac-
celeration mechanisms to explain UHECR observations.

IIT. DATA & METHODOLOGY

Our model is fit to the UHECR spectrum and compo-
sition data of Auger [20-23, 42-44], applying a +0.8-bin
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FIG. 3. N/, the number of standard deviations improvement of the global UHECR best-fit relative to the local UHECR best-fit,

ref ref

as a function of model parameters resc = Tt /Tt and rg, = 7, /72" for SIBYLL2.3C (left) and EPOS-LHC (right). Contours
mark 99% CL exclusion regions based on UHECR data (white contour and dotted region), non-observation of neutrinos above
10" eV (grey contour and hatched region), and upper-bounds on the extragalactic gamma-ray flux (cyan contour and hatched
region). The global best-fit points (N, = 0) correspond to x?/ndf’s of 58.5/58 and 106.2/58 for SiBYLL2.3C and EPOS-LHC,

respectively.

shift of the Auger energy scale (+20%, slightly larger
than the quoted systematic uncertainty of 14% [45]). We
also shift (X ax) by —10 g/cm? on average, following the
energy dependence quoted in [43]. These shifts were de-
termined via a preliminary study by scanning over the en-
ergy and (Xyax) shifts and fixing their values to the com-
bination which enabled the best-fit to the data. To as-
sess the goodness-of-fit we compute a combined x2 to the
spectrum data and (Xpax) and o (Xmax) data mapped
into (In A) and V(In A) using the parametrization of [42],

Nspec

Neomp
(Jmi = Ji)* |~ (InA)pm,; — (InA4);)?
=3 — 2 T > 02] :
i Jii j (In A),j
N,
=P InA),,: —V(nA))?
+ Z (V(In )m2,J V(n A),) ’ (13)
J OV(in A),j

where Ngpec and Neomp are the number of data points
in the spectrum and composition, respectively, x,, ; de-
notes the model prediction of quantity = (flux J, mean
logarithmic mass (In A) or its variance V) at energy bin
i, and errors include both systematic and statistical er-
rors for the spectrum [20-22] and statistical errors for
the mean and variance on In A [23, 42-44]. For spectral
energy bins above the highest-energy data point, we fol-
low [46] by adding an additional 2n; to the x?, where
n; is the expected number of observed events predicted
by the model in energy bin i given the exposure of the
data set. Our final figure of merit is x2 = x> +2; ni,

where ¢ runs over energy bins above the highest-energy
data point in the spectrum.
We follow the PDG [47, 48] defining the number of

sigma from the best-fit as N, = S™ /X2 10 — XZin:
where S = /x2;,/Naot is the scale factor introduced
in [48] to enlarge the uncertainties to account for a
XZin/Naot > 1, X2 401 is the x? for a given model, x2;,
is the x? of the best-fit model (under the assumption of
that HIM), and Ngof is the number of degrees of free-
dom. We adopt the condition N/ < 2.58, corresponding
to 99% CL, when placing constraints based on UHECR
data.

We also place constraints using bounds on extremely
high energy (EHE) neutrinos (E, > 10159 eV) from Ice-
Cube [28], updated to reflect the newly observed Glashow
event [27]. Models which predict NEEE > 4.74 are ex-
cluded at the 99% CL, since IceCube has observed no
neutrinos at these energies and this energy range is ex-
pected to be background free [49]. We allow fits that are
within 2.58¢ of the best-fit to CRs to stray from the local
best-fit parameters, as long as they respect NFHE < 4,74,
so as to determine if any choice of parameters is compat-
ible with both sets of data. This process can introduce
apparent sampling artifacts into the results, e.g. along
the grey contour in Fig. 3b.

Finally, we consider the ability of current extragalac-
tic gammarray data to constrain our model’s parame-
ters. For this we consider the extragalactic gamma-ray
background (EGB) measured by the Fermi-Large Area
Telescope (LAT) [24]. In order to place conservative
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and rg, = 75" /7" for SIBYLL2.3C (left) and EPOS-LHC (right). Contours mark 99% CL exclusion regions based on UHECR
data (white contour and dotted region) and non-observation of neutrinos above 10'*° eV (grey contour and hatched region).

bounds we adopt the published EGB spectrum under
the assumption of LAT’s Galactic foreground model B,
the foreground model which attributes the least Galactic
emission to the measured gamma-ray flux. We consider
a model to be excluded if its predicted gamma-ray flux
exceeds the EGB model B measurement by more than
the error bar in any energy bin. In plots we also give
an estimate of the truly diffuse gamma-ray background
(TDGRB) - as described in Section 2 of [5] — and the
flux measured in the highest energy bin of the isotropic
gamma-rray background (IGRB) model B by LAT [24].
As is shown in Fig. 3a, gamma-ray data is weakly con-
straining, only ruling out models also excluded by bounds
on EHE neutrinos. Thus we set aside the gamma-ray
constraints for the rest of our analysis.

IV. RESULTS
A. Implications of gas in the source environment

To a good approximation hadronic interactions par-
tially disintegrating a nucleus preserve the energy-per-
nucleon of the primary CR. This feature allows CR in-
teractions with gas to realize the mechanism explored in
[4], and expanded upon in [5], for explaining the observed
UHECR spectrum and composition. Fits in Fig. 3 show
that both gas- and photon-dominated environments can
give an adequate accounting of UHECR data. This figure
shows how the quality of fit to UHECR data changes with
Tesc, controlling the average number of interactions CRs
undergo before escape, and 74, controlling whether the
source environment is gas-dominated (small values) or

photon-dominated (large values). Contours in this figure
show the regions excluded by CR (white dotted region),
EHE neutrino (grey hatched region), and gamma-ray
(cyan hatched region) data. Figure 3a shows that while
SIBYLL2.3C is able to describe the UHECR data even
for gas-dominated sources, it prefers photon-dominated
sources. EPOS-LHC, though, prefers sources where
photon interactions are more comparable to gas inter-
actions, as can be seen in Fig. 3b. We also note that,
in all cases, small values of r.sc provide a poor fit to
UHECR data since the injected UHECR spectrum must
undergo a sufficient number of photodissociation inter-
actions in order to account for the composition observed
at Earth, in particular the position of the protonic com-
ponent. Otherwise the composition of injected UHECRs
must be fine tuned.

An interesting feature of gas-dominated source envi-
ronments is that they are able to achieve a good fit to
Auger observations even for spectral indices as soft as
Yinj ~ —2, as is predicted for diffusive shock accelera-
tion; see Fig. 4, which shows the best-fit accelerator
spectral index for CRs. This is due to the fact that the
hadronic interaction time depends very weakly on energy
(see Fig. 2), so that it is well approximated by a single
power law 7, ~ E€ with ¢ ~ 0. Following the analysis of
[4] (see Section 2), this implies that quasi-ballistic-regime
CRs (i.e. Tese ~ E72) interacting dominantly with gas,
can produce a spectrum escaping the source environment
with hard spectral index esc = —1 even when the in-
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FIG. 5. Reduced x2 of UHECR model predictions of the astrophysical neutrino flux as a function of model parameters
Tese = Toor /el and 1g, = 757 /72 for SiBYLL2.3C (left) and EPOS-LHC (right). Contours mark best-fitting region to CR
data (dashed white contour) and 99% CL exclusion regions based on UHECR data (solid white contour and dotted region) and
non-observation of neutrinos above 10*%? eV (grey contour and hatched region).

jected spectral index is vip; ~ —2 to —3.% This clearly
demonstrates that processing of the CR spectrum by the
source environment can substantially modify the escap-
ing spectral index to be as hard as is required by the
Auger spectrum [31], without relying on exotic accelera-
tion mechanisms.

Since a soft injected spectral index requires hadronic
interactions to dominate to get a good fit to UHECR
data, a substantial flux of neutrinos is produced. This
creates a potential tension with the IceCube bound on
EHE neutrinos, as shown in Fig. 4. The viability of a
soft injected spectral index will be decisively tested by
accurate measurement of the neutrino flux at ~ 10 PeV.
It is also worth noting that in the gas-dominated regime,
where such soft spectral indices can be achieved, EPOS-
LHC suffers from tension with both EHE neutrinos and
the poor quality of fit it produces to UHECR data.

B. High energy astrophysical neutrino flux

The astrophysical neutrino flux has been studied using
several different IceCube data sets [25, 26, 50, 51] with

8 This mechanism can also be achieved by photohadronic interac-
tions, since at high energies 7, ~ E° as well. But in order for the
peak of the CR spectrum to be in this regime the photon field
needs a very high temperature and CRs require a large number
of interactions on average. These two requirements cause the de-
scription of the UHECR spectrum and composition to degrade,
as well as producing an excess of EHE neutrinos which violates
the IceCube bounds.

some tension in the various derived neutrino spectra [51].
We compare the neutrino flux predicted by our UHECR
model to the differential flux measurement presented in
the Glashow event paper [27] and to the IceCube Cas-
cades data set [25], because this data set has the least
tension with other IceCube measurements of the astro-
physical neutrino flux [25, 51]. However, we stress that
until the neutrino spectrum is better determined the re-
sults of our analysis must be taken as provisional.

There is no reason to assume that all astrophysical
neutrinos are of UHECR origin. Therefore we allow for
a component of neutrinos originating from some other
source. This non-UHECR, component is parametrized
by a single power law with an exponential cutoff: ¢, =
buo(E/FEo) e B/ Pmaxy  where Ey = 10 eV. Given an
UHECR model prediction of the neutrino flux, the nor-
malization, spectral index, and cutoff energy of the non-
UHECR neutrinos are tuned so that the total neutrino
flux gives the best-fit to the IceCube data.

We measure our model’s description of the astrophys-
ical neutrino flux using a x? to the data points,

b))
X2 — Z (¢m,z ¢z) )

14)
2 (
T,i

i

For energy bins with upper-bounds, we follow the same
procedure as for X%}R discussed in Section III, adding an
additional 2n; to the x2. Our final figure of merit is x2 =
X2 +2 >, Mi, where 7 runs over energy bins with upper-
bounds. We calculate the figure of merit including the
Glashow event data point and the portion of the IceCube
Cascades data set within the sensitive energy range, from



16 TeV to 2.6 PeV, as determined by IceCube [25].

Fig. 5 shows the ability of UHECR models to ac-
curately describe the astrophysical neutrino flux. The
best-fitting source environments are photon-dominated
with (Nint) ~ 100 — 1000 interactions on average for the
reference nucleus. Remarkably, for SIBYLL2.3C this re-
gion also corresponds to the region best-fitting UHECR
data. By contrast these regions are disconnected for
EPOS-LHC, making a common origin possible but less
natural than for SIiBYLL2.3C. Given that the region
best-fitting the astrophysical neutrino flux corresponds
to photon-dominated sources, uncertainties in the mod-
eling of hadronic interactions in the source environment
are not relevant to this result.

We note that at low values of res. very few interactions
occur before escape so that UHECRs do not produce a
substantial neutrino flux. In this case the goodness-of-fit
to the astrophysical neutrino flux approaches a constant
value because the spectrum is dominated by the non-
UHECR component of neutrinos.

The predicted neutrino fluxes with the smallest x2 al-
lowed by multimessenger data are shown in Figs. 1 and 6
for S1BYLL2.3C and EPOS-LHC, respectively.® The pa-
rameters for each of these models can be found in Table I.
These predictions make clear that UHECR sources may
be responsible for the astrophysical neutrino flux at high
energies, most importantly producing a sufficient flux to
account for the observed Glashow event without conflict-
ing with the bounds on EHE neutrinos. The best-fitting
neutrino predictions have a characteristic dip in the neu-
trino spectrum at ~ 500 TeV. This is very similar to
the Hypothesis E model investigated by IceCube in [25],
which was shown to be favored over a single power-law
spectrum by more than lo.

The parameters in Table I show that this description
of the astrophysical neutrino flux requires a hard accel-
eration index 7inj 2 —1 and hot photon field T ~ 9000
K (corresponding to a peak photon energy of ~ 1 eV),
independent of the HIM. In particular, the fit assuming
EPOS-LHC additionally relies on a large ratio of source
size-to-magnetic coherence length, 7. = L/A. ~ 10°, so
that CRs at the highest energies enter the quasi-ballistic
diffusion regime. Such a large separation of scales may
not be possible for real astrophysical sources, so this re-
quirement could be viewed as an additional strain on
EPOS-LHC in the case of a common origin scenario.

9 We note that our model results in a photohadronically-produced
neutrino spectrum in the source environment with lower peak en-
ergy than some other models, e.g. [17], because we account for
CR interactions with the source environment’s hot (relative to
the CMB) photon field. Neutrinos produced during extragalactic
UHECR propagation also have a lower peak energy than other
models due to the lower average energy-per-nucleon of escap-
ing protons imprinted by interactions in the source environment.
These protons primarily produce neutrinos by interacting with
the cosmic optical background (COB) which has a peak energy
of ~1eV.

Parameter Sibyll2.3c EPOS-LHC
“Yinj —1.16 —0.68
log;o(Rmax/V) 18.59 18.47
log( Tesc 2.65 2.65
logy 7gy 4.35 4.45
log,o(Raigt/V) 17.79 18.14
loglo Tsize 0.98 4.93
T/K 8987 9000
Ainj 33.5 28.0
fgal 0.82 0.79
’Ygal _346 —360
log(E5ay’ /eV) 19.00 18.94
Agal 26.6 30.5
b0 [1071°/(GeV cm? s s1)] 1.98 1.98
Yo —2.06 —2.06
logo(Emax,v/€V) 13.89 13.89

TABLE I. Parameters corresponding to the models presented
in Figs. 1 and 6 for SIBYLL2.3C and EPOS-LHC, respectively.
Rmax is the maximum rigidity of the injected CR spectrum,
where the spectrum is cutoff exponentially; Ainj is the mass
number of the CRs injected into the source environment (non-
integers represent the average mass due to a mixture of two
consecutive mass numbers); fgal is the fraction of the observed
flux at 10'7-%® eV which is Galactic; Veal is the spectral index,
E7sa1 of the Galactic spectrum; ES%E° is the maximum en-
ergy of Galactic iron, where the Galactic component is cut-
off exponentially (this parameter sets the maximum rigidity
of the Galactic component); Aga is the mass number of the
Galactic component (this component is also approximated as
having a single mass). All other parameters are defined in the
text.

If the common origin scenario could be validated, mul-
timessenger observations would be difficult to reconcile
with the source properties required by EPOS-LHC. By
contrast, the fit assuming SIBYLL2.3C requires only a ra-
tio of source size-to-magnetic coherence length of ~ 10.
Such a moderate ratio of scales could be accommodated
by realistic astrophysical sources and allows SIBYLL2.3C
to comfortably explain both UHECR data and astrophys-
ical neutrinos. This HIM-dependence of astrophysical pa-
rameters is indirect and occurs due to differences in the
inferred-composition at Earth. Future work will more
systematically investigate the HIM-dependence of astro-
physical parameters to determine the robustness of these
differences.

V. SUMMARY

The main findings of this work can be summarized as
follows:

(i) Both photon- and gas-dominated source environ-
ments can explain UHECR observations, but gas-
dominated environments do so less precisely and
are in tension with EHE neutrino constraints (see
Fig. 3).

(ii) Gas-dominated environments can sufficiently
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FIG. 6. Predictions of the UHECR source model producing the best description of the astrophysical neutrino flux for EPOS-
LHC. Left: Same as in Fig. 1, except the red and blue solid lines show the (Xmax) and o(Xmax) predictions of EPOS-LHC
for pure proton and iron models. Right: Same as in Fig. 1.

harden CR spectra to fit UHECR data with a
soft accelerator spectral index, as in diffusive
shock acceleration, if high-rigidity CRs enter the
quasi-ballistic diffusion regime before escaping the
source environment (see Fig. 4 and Section IV A).

These results directly address the questions presented
in Section I. In particular, result (i) directly addresses
question (a); results (i) and (iii) address question (b);
and, result (iv) addresses question (c).
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(iv) UHECR sources may account for high energy as-
trophysical neutrinos, above ~ 1 PeV. If so, it will
be possible constrain hadronic interaction models
(see Fig. 5, Figs. 1 and 6, and Section IV B).
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Appendix A: Single-component astrophysical
neutrino flux

Figs. 7 and 8 show the best-fitting astrophysical neu-
trino flux produced by UHECR sources alone (i.e. not
including a non-UHECR component of neutrinos as was
explored in Section IV B). In particular, these fits cannot
reproduce the low-energy part of the astrophysical neu-
trino flux observed by IceCube. This makes clear that
UHECR sources alone cannot explain the entire flux of
astrophysical neutrinos while also accurately reproducing
the UHECR spectrum and composition and remaining
consistent with bounds on EHE neutrinos.

Appendix B: Softest spectral index 7in; < —2
compatible with multimessenger data

Fig. 9 shows the predictions of the UHECR model
with the softest accelerator spectral index 7iny S —2
compatible with multimessenger data. This fit assumes
the SiByLL2.3¢ HIM. (No corresponding fit is presented
for EPOS-LHC as such soft spectral indices are entirely
ruled out by UHECR and EHE neutrino constraints.)
Table II gives the parameters for this particular fit which

has spectral index 7in; = —2.1, similar to the spectral in-
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dex predicted by diffusive shock acceleration. To achieve
this fit a source size-to-magnetic coherence length ratio
of ~ 3000 is required so that CRs at the highest rigidities
enter the pseudo-ballistic regime, allowing for a sufficient
hardening of the spectrum.

The right panel of Fig. 9 shows that a soft spectral
index 7inj ~ —2 can account for the general level of flux
observed in astrophysical neutrinos at all energies, but
not the shape. The observed astrophysical neutrino flux
has an inferred spectral index of v ~ —2.5 using a single
power-law spectrum. However since the spectral index
of neutrinos is inherited from the spectral index of the
accelerated CRs, this is too soft to be compatible with
multimessenger data.
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Parameter Sibyll2.3c
Yinj —2.1
log,o(Rmax/V) 18.8
logyg Tesc 2.75
log o Tg~ 0.45
logyo(Raiet/V) 16.97
log; g Tsize 3.51
T/K 200
Ainj 30.1
Jeal 0.82
Ygal —3.42
log,(E&hy¢/eV) 18.88
Agal 26.3

TABLE II. Parameters corresponding to the model in Fig.
9, having the softest spectral index vinj S —2 of the accelera-

tor compatible with multimessenger data. See the caption of
Table I for parameter definitions.
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FIG. 7. Predictions of the UHECR source model producing the best description of the astrophysical neutrino flux, when
omitting a non-UHECR neutrino component; otherwise as in Fig. 1.
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FIG. 8. As in Fig. 7 but for EPOS-LHC.
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FIG. 9. Predictions of the UHECR source model with the softest accelerator spectral index ~in;

14

T
¢ EGBA

=+ IceCube Cascades 2020
i ¥ EGBB 4+ IceCube Glashow 2021
106 iﬁilll_ TDGRB —— IceCube v, 2019 4
LT J HEbin IGRB
Sgem,
an
- LY
1077 T - S~ ~ ;i
AN
N[
\
h
\
\
1078 \
——- UHECR y's
—— UHECR v's
10-9 L Propagation v's
—-— Source Photohadronic v's \\
-=--- Source Hadronic v's \ 7N,
- -+ Non-UHECR v's \\ i Ay
-10 1 1 1 1 1 \ i L- A 1
108 10° 10 10" 10 10" 10" 10" 10 107 10'® 10"
E/leV

~

< —2 compatible with

multimessenger data. This fit assumes SIBYLL2.3C. A non-UHECR component of astrophysical neutrinos has been omitted.
Left: Same as in Fig. 1. Right: Same as in Fig. 1.



	Probing the environments surrounding ultrahigh energy cosmic ray accelerators,and their implications for astrophysical neutrinos
	Abstract
	Introduction
	Model
	Overview
	Incorporation of hadronic interactions in the source environment
	CR diffusion and escape from the source environment

	Data & Methodology
	Results
	Implications of gas in the source environment
	High energy astrophysical neutrino flux

	Summary
	Acknowledgments
	References
	Single-component astrophysical neutrino flux
	Softest spectral index inj -2 compatible with multimessenger data


