PHYSICAL REVIEW D 105, 023022 (2022)

Probing the environments surrounding ultrahigh energy cosmic ray
accelerators and their implications for astrophysical neutrinos
Marco Stein Muzio®,"” Glennys R. Farrar®,"" and Michael Unger =

'Center for Cosmology and Particle Physics, Department of Physics, New York University,
726 Broadway, New York 10003, New York, USA
*Institut fiir Astroteilchenphysik, Karlsruher Institut fiir Technologie, Karlsruhe 76344, Germany

® (Received 13 August 2021; revised 23 November 2021; accepted 12 December 2021; published 20 January 2022)

We explore inferences on ultrahigh energy cosmic ray (UHECR) source environments—constrained by
the spectrum and composition of UHECRs and nonobservation of extremely high energy neutrinos—and
their implications for the observed high energy astrophysical neutrino spectrum. We find acceleration
mechanisms producing power-law cosmic ray (CR) spectra o« E~2 are compatible with UHECR data, if
CRs at high rigidities are in the quasiballistic 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 UHECRSs 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.

DOI: 10.1103/PhysRevD.105.023022

I. INTRODUCTION

Discovering the origin of ultrahigh energy cosmic rays
(UHECRs), E = 10'® eV (1 EeV), has been a longstanding
challenge due to their incredibly low flux, their uncertain
composition, and their deflection in both Galactic and
extragalactic magnetic fields [1]. However high energy and
UHE neutrinos, which do not suffer magnetic 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 neutrinos to provide multimessenger
observations to help discover UHECR origins has been
underscored by the recent coincident observations of a high
energy neutrino (IC-170922A) with the flaring blazar TXS
0506 + 056 [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 elaboration in
[5], to investigate constraints on UHECR sources which
can be inferred from the latest multimessenger data, using a
realistic but flexible UHECR source model with minimal
reliance on any specific astrophysical scenario. UFA15
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proposed such a model for UHECR sources, taking into
account photohadronic interactions of UHECRs propagat-
ing through the source environment after acceleration
(potentially delayed in their escape due to diffusion in a
turbulent magnetic field) and before extragalactic propa-
gation. 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 astrophysi-
cal 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 accelerator,
in addition to—or instead of—a photon field?

'Earlier studies have also considered that UHECRs and
astrophysical 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 Refs. [6—8] while for specific astrophysical
scenarios see Refs. [9-14]. Other studies have explored neutrino
backgrounds at higher energies consistent with UHECR data
[15-18] and have set upper-bounds on the flux of neutrinos
produced by UHECRs [19].

© 2022 American Physical Society
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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 observations [20-23], as detailed in Sec. III.
The red and blue solid lines show the (X ,..) and 6(X ) 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] (gray) are shown. Data points are as detailed in the text.

(b) Is the diffusive shock acceleration prediction for the
power-law index of the spectrum of UHECRs emerg-
ing from their accelerator consistent with multimes-
senger 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 strongly
constrained UHECR spectrum and composition?

This paper is organized as follows. In Sec. 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 Sec. IV we report our findings, including the
degree to which gas- and photon-dominated source envi-
ronments can be distinguished and the ability of UHECR
sources to explain the high energy astrophysical 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 below.

II. MODEL

A. Overview

To perform this analysis we extend the UFA1S5 frame-
work by adding interactions with gas in the source

environment (as described in Sec. II B), as well as making
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 hydrogen 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
Sec. III.

A CR nucleus of energy E, mass A, and charge Z has
interactions with photons and gas at a rate 7, '(E, A) and
rgl(E,A) when propagating in the source environment.
These rates are specified by their cross sections, the photon

“Source evolutions which are stronger at high redshift gen-
erally 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 constrain the source evolution. A more complex
injection composition was found not to be needed [5], so for
simplicity we adopt single-mass injection.
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spectral density distribution, and the gas density. 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. Following [4], we adopt
10 EeV *Fe as this reference.

Only the total number of interactions prior to escape
matters in the processing of nuclei injected by the accel-
erator, 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.3 We denote these ratios
for the reference nucleus by the model parameters

Fese = Tk /7E = (N™T), the ratio of the escape and total
interaction times, and r,, = 7" /70 = (NF) /(N'F), the
ratio of the hadronic and photohadromc interaction times.

In previous work [4,5], the escape time was taken to
be a power law in rigidity, R=E/Z, so that 7., =
T (R/ Ryt )% with Ju 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
Sec. IIC) based on simulations of CR propagation in
L + L
6D(R) ' ¢
This implies faster escape at high rigidities by capturing the
quasiballistic regime.

The interplay between the energy dependence of the
interaction time, 7;,(E), and the rigidity dependence of
the escape time from the environment, 7. (R), governs the
energy dependence of the number of interactions before
escape, as was noted in Eq. (4) of [4]. There, the focus was
on how the high-pass filter mechanism creates the ankle in
the UHECR spectrum and produces the observed light
extragalactic UHECRs below the ankle. As noted in [4],
this mechanism leads to a hardening of the escaping CR
spectrum. Thus the Auger combined 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 accel-
eration, 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.4

turbulent magnetic fields, e.g., [32]: 7e(R) =

3The 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.

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

In this work, we find that UHECR data is compatible
with an accelerator spectrum E~2, if the peak of that
spectrum falls in the quasiballistic 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 quasiballistic diffusion regime. In this case, diffusive
shock acceleration remains a possible mechanism 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
related to astrophysical quantities will be given in a
forthcoming paper.

B. Incorporation of hadronic interactions
in the source environment

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

Gl(E.A) = 17\ (E.A) + 77 (E.A) (1)
is the total interaction time for a CR of mass A and energy
E, where 7, is its hadronic interaction time and 7, is its
photohadronic interaction time.

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

14

7 (E.A) = T (E.A) + b (E. A). (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 distribu-
tion of the form

n(e) = nofpp(e) (3)

where ny is the photon density in units of Ipg =
1?”4) (kT)3, the black-body photon number density, and
Jfpp 1s the spectral density distribution of a black-body

(BB) photon field with temperature 7' given by

°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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fBB(g) = (hC)3 Cﬁ— 1 .

(4)

The generalized black-body spectral density (3) corresponds
to the spectral density of a gray-body for ny < 1. With this
definition, the physical number density of the photon spectral
density distribution n(e) is given by n, = nylgg.

The interaction time for each of the photohadronic
interaction channels, i = PD or PP, is given by

c ) nle 2ye
7 (E.A) =3 / ) / de'e'0,i(¢) )

Y€ Jo
c [« fggle) /27E
=ng— d de'e (€ 6
ny ZA £ }/282 0 &€ GAy,l(g) ( )
= noth (E.A.T) (7)

where 6,,; is the photonuclear cross section for photo-
hadronic interaction channel i (provided by CRPROPA [36]
based on TALYS and SOPHIA to appropriately handle the
different photon energy regimes), y is the Lorentz factor,
and 7pp; is the interaction time for a black-body distribu-
tion with temperature 7.

In order to account for hadronic interactions we must
assume a hadronic interaction model (HIM), as hadronic
interactions within the source environment occur at similar
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 deter-
mined by the density of gas n, in the source environment
and the pA cross section o' (E, A), for a collision between a
proton at rest and CR of energy E in that model:

7, (E,A) = nyol(E,A)c. (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 SIBYLL2.3C
[39] HIMs.® Simulating the collision between a CR of
nucleus A and energy E; with a proton at rest, we generated
an interaction matrix / ff'm by tabulating all the secondaries
of type s (e.g., v, 7, 7, and A’) and energy E; predicted by
HIM m. Pions and neutrons were treated as stable for this
purpose,7 in order to treat these particles in a consistent way
with those produced in photohadronic interactions (as

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

Here we assume the energy loss time due to synchrotron
radiation exceeds either the decay time of the # — y — v chain or
the escape time of pions and muons. See, e.g., Ref. [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.

described in [4]), and all other particles were decayed
before being tabulated. The final interaction matrices give
the average number of secondaries 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 [Ig E;,1g E; + d1g E;) by a flux of
CRs as

dnA
digE;

dN®
digE;

digE;
digE;

DI (AE) fin(AE))

jiA

©)

where f, = (1+7,/7,)7" is the fraction of interactions
which are hadronic, and fiy = (1 4 7jp/7ese)” is the
fraction of CRs which interact. In the above formula, we
have neglected reinteraction of secondary CRs for simplic-
ity and clarity, but in our full calculation reinteractions are
accounted for.

It is important to note that hadronic interactions always
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 envi-
ronments where UHECRs primarily interact photohadroni-
cally), 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 hadroni-
cally at both high and low energies.

C. CR diffusion and escape from the
source environment

In previous analyses [4,5], the rigidity dependence of the
diffusion coefficient was modeled as a single power law in
rigidity: D(R) ox R« and 7., o R%«<. 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):

cA,. R \13 1 R 2/ R \?
D(R) =— = = . (10
(R) 67 [(Rdiff> 2 (Rdiff) +3 <Rdiff> } (10)

where r, (R) = 1.1 kpc(42) (&) is the Larmor radius, 4. is
the coherence length of the magnetic field, B is its RMS
field strength, and R g;; is the characteristic rigidity scale of
diffusion, defined by 27zr; (Rgy) = A.. For convenience,
we define the dimensionless diffusion coefficient,
d(R) = (R/Rgr)"® + 3 (R/Rgitr) + 3 (R/Rgigr)*, so that
vl(.

D(R) = Z=d(R).

CRs of rigidity R that enter the diffusion regime have an
LZ

= SD(RY However, in reality the

escape time given by 7.
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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 SIBYLL2.3C (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 rg,. = L/A.. The corresponding fits are pictured in Figs. 1 and 6, respectively.

source may not be large enough 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]:
L L

Tesc(R> =t

6D(R) ¢ (1)

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

—_— (12)
d(Rref

where R, = 10/26 EV ~0.38 EV is the rigidity of the
reference nucleus, 7% is its escape time, and we have
introduced the model parameter rg,, = L/A,.

We find that in order for a soft E=? acceleration spectrum
to be adequately hardened to account for UHECR data,
high rigidity CRs must be in the 7., ~ E~> regime. This
implies that r;,. > 1 in order for conventional acceleration
mechanisms to explain UHECR observations.

III. DATA AND METHODOLOGY

Our model is fit to the UHECR spectrum and
composition data of Auger [20-23,42-44], applying a
+0.8-bin shift of the Auger energy scale (+20%, slightly
larger than the quoted systematic uncertainty of
14% [45]). We also shift (X, by —10 g/cm?> on
average, following the energy dependence quoted in
[43]. These shifts were determined via a preliminary study
by scanning over the energy and (X,,,,) shifts and fixing
their values to the combination which enabled the best-fit to
the data. To assess the goodness-of-fit we compute a
combined y? to the spectrum data and (X,,) and
6(Xmax) data mapped into (InA) and V(InA) using the
parametrization of [42],

NS eC NCOm
2 _ - (‘]m,i _Ji)2 r’(<1nA>m,j_ <1HA>]-)2
= 3 + 2
f 0J.i ] OlnA).j

. & (V(InA),, ; = V(InA);)?

2 b
7 OV(inA).j

(13)
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where N,e. and N, are the number of data points in the
spectrum and composition, respectively, x,,; denotes the
model prediction of quantity x (flux J, mean logarithmic
mass (InA) or its variance V) at energy bin i, and errors
include both systematic and statistical errors 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 follow [46] by adding an
additional 2n; to the y?, where n, is the expected number of
observed events predicted by the model in energy bin i
given the exposure of the dataset. Our final figure of merit
is yér = x*> + 2, n;, where i 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, = S71\/y2 1 — 1%, Where

S = \/x2.,/Naor is the scale factor introduced in [48] to
enlarge the uncertainties to account for a y2. /Ny, > 1,
X2 odel 18 the x? for a given model, 2, is the y* of the best-
fit model (under the assumption of that HIM), and N 4 is
the number of degrees of freedom. We adopt the condition
N’ < 2.58, corresponding to 99% confidence level (CL),
when placing constraints based on UHECR data.

We also place constraints using bounds on extremely
high energy (EHE) neutrinos (E, > 10" eV) from
IceCube [28], updated to reflect the newly observed
Glashow event [27]. Models which predict NFHE > 4,74
are excluded at the 99% CL, since IceCube has observed no

more interactions
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neutrinos at these energies and this energy range is
expected 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
NEHE < 474, 50 as to determine if any choice of param-
eters is compatible with both sets of data. This process can
introduce apparent sampling artifacts into the results, e.g.,
along the gray contour in Fig. 3(b).

Finally, we consider the ability of current extragalactic
gamma-ray data to constrain our model’s parameters. For
this we consider the extragalactic gamma-ray background
(EGB) measured by the Fermi-Large Area Telescope
(LAT) [24]. In order to place conservative 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 Sec. 2 of [5]—and the flux measured in the highest
energy bin of the isotropic gamma-ray background
(IGRB) model B by LAT [24]. As is shown in Fig. 3(a),
gamma-ray data is weakly constraining, 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.

more interactions

N/, the number of standard deviations improvement of the global UHECR best-fit relative to the local UHECR best-fit, as a

function of model parameters re,. = 70 /7 and r,, = 7' /7" for s1BYLL2.3C (left) and EPOS-LHC (right). Contours mark 99% CL

int

exclusion regions based on UHECR data (white contour and dotted region), nonobservation of neutrinos above 10" eV (gray 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 y?/ndf’s of 58.5/58 and 106.2/58 for SIBYLL2.3C and EPOS-LHC, respectively.
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contour and dotted region) and nonobservation of neutrinos above 1

IV. RESULTS

A. Implications of gas in the source environment

To a good approximation hadronic interactions partially
disintegrating a nucleus preserve the energy-per-nucleon of
the primary CR. This feature allows CR interactions 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 r., controlling
the average number of interactions CRs undergo before
escape, and r,,, controlling whether the source environ-
ment 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 (gray
hatched region), and gamma-ray (cyan hatched region)
data. Figure 3(a) 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 com-
parable to gas interactions, as can be seen in Fig. 3(b). We
also note that, in all cases, small values of r,,. provide a
poor fit to UHECR data since the injected UHECR
spectrum must undergo a sufficient number of photodisso-
ciation interactions in order to account for the composition
observed at Earth, in particular the position of the
protonic component. Otherwise the composition of injected
UHECRs must be fine tuned.

An interesting feature of gas-dominated source environ-
ments is that they are able to achieve a good fit to Auger

esc mt

= T;ef/ rﬁef for siBYLL2.3C (left) and EPOS-LHC (right). Contours mark 99% CL exclusion regions based on UHECR data (white

0'59 eV (gray contour and hatched region).

observations even for spectral indices as soft as yj,; ~ —2, as
is predicted for diffusive shock acceleration; 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 Sec. II), this
implies that quasiballistic-regime CRs (i.e., 7o ~ E72)
interacting dominantly with gas, can produce a spectrum
escaping the source environment with hard spectral index

esc = —1 even when the injected spectral index is yjy; ~ —2
to —3.% This clearly demonstrates that processing of the CR
spectrum by the source environment can substantially
modify the escaping spectral index to be as hard as is
required by the Auger spectrum [31], without relying on
exotic acceleration 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 neu-
trinos, as shown in Fig. 4. The viability of a soft injected
spectral index will be decisively tested by accurate meas-
urement of the neutrino flux at ~10 PeV. It is also worth

®This mechanism can also be achieved by photohadronic
interactions, 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 description of the UHECR spectrum and composition to
degrade, as well as producing an excess of EHE neutrinos which
violates the IceCube bounds.
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Reduced y2 of UHECR model predictions of the astrophysical neutrino flux as a function of model parameters 7., = 7., /77
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and r,, = Tgef / T;Ef 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 nonobservation of neutrinos above

1039 eV (gray contour and hatched region).

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 datasets [25,26,50,51] with 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 Cascades
dataset [25], because this dataset has the least tension with
other IceCube measurements of the astrophysical neutrino
flux [25,51]. However, we stress that until the neutrino
spectrum is better determined the results 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: ¢, =
¢,0(E/Ep)ve E/Emss 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 astrophysical
neutrino flux using a y? to the data points,

2 Z <¢m,i - ¢1) ) (14)

X = 2
i

i

For energy bins with upper-bounds, we follow the same
procedure as for yZp discussed in Sec. III, adding an
additional 2n; to the y2. Our final figure of merit is
22 =x*>+2>,n;, where i 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 dataset within the sensitive energy range, from
16 TeV to 2.6 PeV, as determined by IceCube [25].

Figure 5 shows the ability of UHECR models to
accurately describe the astrophysical neutrino flux. The
best-fitting source environments are photon-dominated with
(Nine) ~ 100-1000 interactions on average for the reference
nucleus. Remarkably, for SIBYLL2.3C this region also cor-
responds 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
siBYLL2.3C. Given that the region best-fitting the astro-
physical neutrino flux corresponds to photon-dominated
sources, uncertainties in the modeling of hadronic inter-
actions in the source environment are not relevant to this
result.

We note that at low values of r.,. 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
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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:
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because the spectrum is dominated by the non-UHECR
component of neutrinos.

The predicted neutrino fluxes with the smallest y?2
allowed by multimessenger data are shown in Figs. 1
and 6 for sIBYLL23C and EPOS-LHC, respectively.” The
parameters for each of these models can be found in Table 1.
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 conflicting
with the bounds on EHE neutrinos. The best-fitting
neutrino predictions have a characteristic dip in the
neutrino 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 y;,; 2 —1 and hot photon field 7'~ 9000 K
(corresponding to a peak photon energy of ~1 eV),

We note that our model results in a neutrino spectrum which is
photohadronically-produced in the source environment and has a
lower peak energy 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
escaping protons imprinted by interactions in the source envi-
ronment. These protons primarily produce neutrinos by interact-
ing with the cosmic optical background (COB) which has a peak
energy of ~1 eV.

TABLE 1. Parameters corresponding to the models presented in
Figs. 1 and 6 for SIBYLL2.3C and EPOS-LHC, respectively. R, is
the maximum rigidity of the injected CR spectrum, where the
spectrum is cutoff exponentially; Ajy; is the mass number of the
CRs injected into the source environment (nonintegers represent
the average mass due to a mixture of two consecutive mass
numbers); fo is the fraction of the observed flux at 10'7° eV

which is Galactic; Yeal is the spectral index, E”=, of the Galactic

IFe . . ..
spectrum; ES2.E is the maximum energy of Galactic iron, where

the Galactic component is cutoff exponentially (this parameter
sets the maximum rigidity of the Galactic component); A, 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.

Parameter SIBYLL2.3C EPOS-LHC
Yinj —1.16 —0.68
10g10(Rmax/ V) 18.59 18.47
logl()rcsc 265 265
logyorg, 435 4.45
log o (Rgise/ V) 17.79 18.14
lOglOrsize 0.98 493
T/K 8987 9000
Ay 33.5 28.0
Seal 0.82 0.79
}/gal —346 —360
logo(ESm/eV) 19.00 18.94
Agal 26.6 30.5
¢ [1079/(GeV ecm? s )] 1.98 1.98
Y -2.06 —2.06
log g (Emax/€V) 13.89 13.89
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independent of the HIM. In particular, the fit assuming
EPOS-LHC additionally relies on a large ratio of source size-
to-magnetic coherence length, rg,. = L/A. ~ 10°, so that
CRs at the highest energies enter the quasiballistic diffusion
regime. Such a large separation of scales may not be
possible for real astrophysical sources, so this requirement
could be viewed as an additional strain on EPOS-LHC in the
case of a common origin scenario. If the common origin
scenario could be validated, multimessenger observations
would be difficult to reconcile with the source properties
required by EPOS-LHC. By contrast, the fit assuming
SIBYLL2.3C requires only a ratio 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 astrophysical neutrinos. This HIM-dependence
of astrophysical parameters is indirect and occurs due to
differences in the inferred-composition at Earth. Future
work will more systematically investigate the HIM-
dependence of astrophysical parameters to determine the

(iii)

(iv)

high-rigidity CRs enter the quasiballistic diffusion
regime before escaping the source environment (see
Fig. 4 and Sec. IVA).

Neutrinos will probe whether UHECR interactions
in the source environment are predominantly had-
ronic or photohadronic, and provide information on
the spectral index of the accelerator (see Figs. 3
and 4 and Sec. IVA).

UHECR sources may account for high energy
astrophysical neutrinos, above ~1 PeV. If so, it will
be possible constrain hadronic interaction models
(see Figs. 1, 5, and 6, and Sec. IV B).

These results directly address the questions presented in
Sec. 1. In particular, result (i) directly addresses question
(a); results (ii) and (iii) address question (b); and, result
(iv) addresses question (c).
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APPENDIX A: SINGLE-COMPONENT

ASTROPHYSICAL NEUTRINO FLUX

Figures 7 and 8 show the best-fitting astrophysical
neutrino flux produced by UHECR sources alone (i.e.,
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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.

023022-10



PROBING THE ENVIRONMENTS SURROUNDING ULTRAHIGH ... PHYS. REV. D 105, 023022 (2022)

—————— 1<A<2 -~ T<A<19 - 40<A<56 : : : : : : : : : :
3<A<6 - 20<A<39 - Galactic § EGBA = IceCube Cascades 2020
R le38 . : i EGBB H  IceCube Glashow 2021
5 §  Auger 2019, E+20%, (Xma) — 11 g/lem? avg. 107° iﬁilll TDGRB —— TceCube v, 2019 E
— { !
\: L0 — Phndf=2.12 Il;===. -+ HE bin IGRB
(\‘. . L §=;!
= ~ h
& P 7 Ej
> 0.5 2107 E -~
< 5 Fo ~, B
B p AN
@ 0.0 5 \
> \
[} \
S 1078 F \
et \
R _ gk 1.
q @ B - —- UHECRY7Y
£ 800F g —— UHECR {
E)/o 40 10-° L U U's
= P S U L SL Y C R S Propagation 's
E 700 >§,E —-—  Source Photohadronic v's .
~ © 20 -=-=-- Source Hadronic v's \ \
< \ .t \ .
1 1 1 10-10 1 1 1 1 1 a 1 L T I
10'8 10" 1020 10'8 10" 1020 108 10° 10 10" 102 108 10" 10 10'® 107 10" 10"
E/eV E/eV E/eV
FIG. 8. As in Fig. 7 but for EPOS-LHC.
not including a non-UHECR component of neutrinos as APPENDIX B: SOFTEST SPECTRAL INDEX
was explored in Sec. IV B). In particular, these fits cannot Yinj S —2 COMPATIBLE WITH
reproduce the low-energy part of the astrophysical neutrino MULTIMESSENGER DATA

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.

Fig. 9 shows the predictions of the UHECR model with
the softest accelerator spectral index y;,; < —2 compatible
with multimessenger data. This fit assumes the SIBYLL2.3C
HIM. (No corresponding fit is presented for EPOS-LHC as
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FIG.9. Predictions of the UHECR source model with the softest accelerator spectral index yj,; < —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.
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such soft spectral indices are entirely ruled out by UHECR
and EHE neutrino constraints.) Table II gives the param-
eters for this particular fit which has spectral index
Yinj = —2.1, similar to the spectral index 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
quasiballistic regime, allowing for a sufficient hardening of
the spectrum.

The right panel of Fig. 9 shows that a soft spectral index
Yinj ~ —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 y~ —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 multimessen-
ger data.

TABLE II. Parameters corresponding to the model in Fig. 9,
having the softest spectral index y;,; < —2 of the accelerator
compatible with multimessenger data. See the caption of Table I
for parameter definitions.

Parameter SIBYLL2.3C
Yinj -2.1
logIO(Rmax/V) 18.8
logloresc 2.75
10g10”gy 0.45
log o (Rgite/ V) 16.97
log o7 size 3.51
T/K 200
Ay 30.1
feal 0.82
}/gal -3.42
log o (EE¢ /eV) 18.88
Agal 26.3
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