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We argue that the excess of sub-PeV/PeV neutrinos recently reported by IceCube could plausibly
originate through pion-production processes in the same sources responsible for cosmic rays (CRs) with
energy above the second knee around 10'® eV. The pion-production efficiency for escaping CRs that
produce PeV neutrinos is required to be Z0.1 in such sources. On the basis of current data, we identify
semirelativistic hypernova remnants as possible sources that satisfy the requirements. By virtue of their fast
ejecta, such objects can accelerate protons to EeV energies, which, in turn, can interact with the dense
surrounding medium during propagation in their host galaxies to produce sufficient high-energy neutrinos
via proton-proton (pp) collisions. Their accompanying gamma-ray flux can remain below the diffuse
isotropic gamma-ray background observed by the Fermi Large Area Telescope. In order to test this scenario
and discriminate from alternatives, the density of target protons/nuclei and the residence time of CRs in the
interacting region are crucial uncertainties that need to be clarified. As long as the neutrinos and EeV CRs
originate from the same source class, detection of 210 PeV neutrinos may be expected within 5-10 years’
operation of IceCube. Together with further observations in the PeV range, the neutrinos can help in

revealing the currently unknown sources of EeV CRs.
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I. INTRODUCTION

Observations of high-energy neutrinos have important
implications for understanding the origin of PeV-EeV
cosmic rays (CRs), because the collisions of hadronic
CRs with background nuclei or photons produce, among
other particles, charged mesons whose decay products
include neutrinos: (z* — e*v,0,v,, 7~ = €7 v,0,0,). Two
PeV neutrinos were detected by the IceCube neutrino
detector during the combined IC-79/IC-86 data period [1].
More recently, follow-up analysis by the IceCube
Collaboration uncovered 26 additional sub-PeV neutrinos
[2]. They show that these 28 events in total, ranging from
60 TeV to 2 PeV, comrespond to a 4.30 excess over
reasonable expectations for the background of 10.6'373 from
atmospheric neutrinos and muons, corresponding to a single-
flavor neutrino flux of (1.2+0.4)x 1078 GeVem 257 sr!
at PeV.

Nondetection of higher energy events implies a cutoff or
a break above 2 PeV for a hard spectrum with power-law
index of s, = 2. Alternatively, it is also compatible with
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a slightly softer but unbroken power-law spectrum with
index s, = 2.2-2.3 [2,4,5].

The sky distribution of the 28 events is consistent with
isotropy [2], implying an extragalactic origin, although a
fraction of them could come from Galactic sources [3].
Several possible scenarios for the extragalactic origin of
these neutrinos have been discussed, including that they are
“cosmogenic,” arising in py collisions between CRs and
cosmic background photons or that they are generated
within CR sources, either in py or pp collisions between
CRs and ambient radiation fields or gas, respectively [4-8].
A cosmogenic origin for the IceCube events is excluded
because the predicted PeV flux is well below the observed
one [8]. py or pp collisions inside sources are more
promising for generating sufficient flux. Each daughter
neutrino typically takes 3% and 5% of the parent proton’s
energy in these two processes, respectively [9]. Thus, to
produce a 1 PeV neutrino, we require a source located at
redshift z to accelerate protons to % (40-60) 1= PeV. This
is only an order of magnitude lower than the energy of the
“second knee” (4-8 x 10'7 eV), where the CRs spectral
index steepens from —3.1 to —3.3. About 1 to 2 orders of
magnitude higher, the spectral index flattens from —3.3 to
—2.7 at the “ankle” (<10'° eV). Either of these two spectral
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features may correspond to the transition energy above
which extragalactic CRs dominate over Galactic CRs
[10,11]. This motivates us to discuss a possible link between
sources of these neutrinos and the sources of CRs with
energies above the second knee, hereafter simply ultrahigh-
energy CRs (UHECRsS) in this paper. Note that certain kinds
of extragalactic accelerators of protons up to ~100 PeV may
be sufficient to explain the current observations. However,
our interest here is whether a link could exist between the
newly detected neutrinos and UHECRsS, since then these
neutrinos could shed some light on the still mysterious
sources of UHECRs. We note that the reported flux is quite
close to the so-called Waxman-Bahcall bound [12], a
benchmark value for the extragalactic neutrino flux based
on the UHECR flux, subject to some assumptions [13].
Alternative constraints on the extragalactic neutrino flux
come from observations of the isotropic background
of multi-GeV gamma rays, which is at the level of
1077 GeVem™2s~!sr!. It provides a robust upper limit
since the gamma rays that are unavoidably coproduced must
not overwhelm this flux. If the PeV neutrinos and UHECRs
indeed originate from the same sources, the neutrino
spectrum should extend to Z10 PeV without any abrupt
cutoff. This would not conflict with the current IceCube
observations if the neutrino spectrum is softer than E~>2,
Note that the source proton spectrum may not necessarily be
soft as the neutrino spectrum, since in some specific
scenarios, higher-energy protons can have lower production
efficiencies of secondary pions, and for py processes, the
neutrino spectrum also depends on the ambient photon
spectrum. Given the likely pion-production origin of the
reported neutrinos, an approximate value for the required
flux of parent protons @, that escape the source can be given
by e2®, = { f,(e2®,) [7.12,14], where ¢, and ¢, are the
energies of the neutrino and proton, respectively, and f, is
the pion-production efficiency via pp or py collisions of the
escaping CRs. Thus, sources of UHECRs that also account
for the sub-PeV/PeV neutrinos need to provide a proton flux
of e2®, =6(el®,)f;' =7x1078f;! GeVem 257! sr!
in the 10-100 PeV energy range. This flux corresponds
to a local proton energy production rate of

: cg, \7! _ 5
W,o= <47z[-zlo> a(e3®,) = 10" £ ergMpe ™ yr!,
(D

where c is the speed of light, H, is the Hubble constant,
£, =3 is a factor that accounts for the contribution from
high-redshift sources [12], and a ~ 10-100 is a factor
coming from normalization of the proton spectrum [e.g.,
for power-law index of s, = 2, @ = In(&, ;nax /€ min) 1. Note
that accelerated protons contribute to the observed CRs only
if they can escape from the sources, while pion-production
process at the source would remove energy from accelerated
protons. Thus, the energy production rate of the CRs that
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escape the source can be given by WCR,O = Wp.o(l -
EfPV) with & = fUHE/ fPeV . where fUHE is the pion-
production efficiency of the escaping UHECRs. For com-
parison, the required local CR energy production rate is
~10%3 ergMpc—3yr~! if the transition from Galactic
to extragalactic CRs occurs at the second knee and
~10*3erg Mpc— yr~! if the transition occurs at the ankle
for s, = 2 [11]. Given the proton energy production rate for
a certain class of source, the pion-production efficiency
needs to be in a certain range in order to simultaneously
account for the observed neutrino flux, which, in turn, can
constrain the potential sources.

The rest of this paper is outlined as follows. First we
provide a brief overview of various candidate sources of
UHECRs and discuss their potential as PeV neutrino
sources in Sec. II. Then we focus on semirelativistic
hypernovae in star-forming galaxies as a possible source
class that can simultaneously account for the newly dis-
covered sub-PeV/PeV neutrinos and UHECRs in Sec. IIL
In Sec. IV, we conclude with a discussion of further aspects
concerning the proposed scenario.

II. POSSIBLE LINK BETWEEN PEV
NEUTRINOS AND UHECRS

Considering some selected types of sources that are
known to meet the Hillas criterion [15] for acceleration of
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FIG. 1 (color online). The local proton energy production rate
V.pro versus f,, the pion-production efficiency of escaping CRs
that produce PeV neutrinos. The black solid line represents the
relation between W, ; and f, required to reproduce the observed
neutrino flux, with the gray band corresponding to its 1o con-
fidence interval. The upper and lower dashed curves represent the
local energy production rate Wcg ( of escaping CRs required to
account for the observed UHECRSs if the Galactic-extragalactic
transition occurs at the second knee and at the ankle, respectively,
for the case & = 1. The dotted curves correspond to the case & = 0.
Here, @ = 10 is assumed for the normalization factor of the proton
spectrum [note o = In(E o/ Emin) for sp = 2]. Larger/smaller
values of alpha will shift all curves in the plot upwards/downwards
by the same factor. See text for discussion on the regions
corresponding to different potential UHECR source candidates.
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UHECRs, we indicate in Fig. 1 the typical regions that they
may occupy on the plane of quo, the local proton energy
production rate, versus f,, the pion-production efficiency
of CRs that produce PeV neutrinos. The black solid line
represents the relation between Wp.O and f, required to
reproduce the observed neutrino flux, with the gray band
corresponding to its 1o confidence interval. The upper and
lower dashed curves represent the local energy production
rate WCR,O of escaping CRs required to account for the
observed UHECRs if the Galactic-extragalactic transition
occurs at the second knee and at the ankle, respectively, for
the case £ = 1. The dotted curves correspond to the case
& = 0. Different values of & will result in different sets of
the two curves. Valid sources of UHECRs are expected to
be located above the lower curves. If, in addition, the
efficiency of escape of accelerated CRs from the source is
high, they should lie below the upper curves. Note that
a = 10 has been adopted here. A larger a will shift all the
curves upward by the same factor.

If the observed sub-PeV/PeV neutrinos originate from
the sources of UHECRS, the relevant region in the figure
should overlap with the gray band. This implies that for
Galactic-extragalactic transition at the second knee, the
pion-production efficiency for escaping CRs must be ~0.1,
whereas if the transition is at the ankle, the efficiency must
be even higher, i.e., 20.5.

In plotting the various regions in Fig. 1, we have
assumed only representative values for each type of source,
without indicating the entire parameter space covered by
that source class. For all sources, we take a common range
of values 7, = 0.01-1 for the fraction of available energy
that is channeled into escaping CR protons.

Jets of active galactic nuclei (AGN) have long been con-
sidered one of the most promising candidates for the sources
of UHECRs as well as neutrinos [16,17]. Here we consider
only powerful objects with kinetic power ~10%* ergs™!
and source density ~107> Mpc™ [10,18], which gives
Woaan ~ 11,107 ergMpc—2 yr~!. The pion-production
efficiency depends on the location of CR acceleration and
neutrino production. In the inner jet regions corresponding to
the typical emission zones in blazars within ~10-100
Schwarzschild radii of the central black hole, the large photon
density implies a high value, 0.1 < f, <1 [17,19] (note,
also, Ref. [20]). In the outer jet regions such as the hot spots or
radio lobes at kpc-Mpc scales with much less ambient
radiation, accordingly lower values are expected, f, ~
10731072 [16,21]. These sites are, respectively, denoted
“AGN inner jets/cores” and “AGN outer jets” in Fig. 1.

Gamma-ray bursts (GRBs) have also been widely dis-
cussed as favorable sources of UHECRs [22]. Adopting an
isotropic-equivalent kinetic energy per GRB of 10°* erg
and a local GRB rate ~1 Gpc~?yr~' [23], we have
Wo.cre~1,10% ergMpc—3yr~!. If CR acceleration occurs
in the innermost regions of internal shocks with high
photon density, the pion-production efficiency could be
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ashighas 0.1 < f, < 1[24], as indicated in Fig. 1 as “GRB
internal shocks.

ER]

Note, however, that the location of
internal shocks can span a large range of radii depending
on the behavior of the central engine, and if it occurs in the
outermost regions closer to the external shock, much
smaller values of f, are also possible.

Clusters of galaxies, in particular, the accretion shocks
surrounding them, have also been proposed as possible
UHECR sources [25]. Although it may be challenging to
achieve maximum energies of ~10%° eV, acceleration up to
ZEeV may be quite feasible [26]. Furthermore, radio
galaxies, i.e., AGN with jets, are sometimes found in the
central regions of clusters, which can also provide
UHECRSs inside clusters. Such UHECRs can produce
high-energy neutrinos via pp collisions with the gas
constituting the intracluster medium (ICM) [27]. If we
consider massive clusters with M ~ 10"°M, their space
density is ~107° Mpc™ and their expected accretion
luminosity is ~10% ergs™, so we arrive at Wy gs~
1n,10%> ergMpc— yr!, comparable to that of AGN.
Assuming an average density of 107 ¢cm™ for the ICM
gas and a residence time 1-10 Gyr of high-energy protons
inside the cluster, we estimate a pion-production efficiency
of ~0.01-0.1 outlined in Fig. 1 as “clusters of galaxies.”

Supernova remnants (SNRs) have been widely discussed
as promising accelerators of CR protons (see Ref. [28] for a
review and references therein). However, standard treat-
ments of shock acceleration in SNRs with ejecta velocities
< 10° cms™! reveal that it is difficult to reach maximum
energy 240((1 + z)/2) PeV, not to mention UHE protons
with energy > EeV [29] (but see Ref. [30] for discussions
on acceleration during the very early stage of SNRs and
Ref. [31] on SNRs expanding into their progenitor winds).
However, a subset of very energetic supernovae called
semirelativistic hypernova (SR hypernova) has ejecta with
much faster velocities 20.1¢ with ¢ the speed of light,
expanding into their progenitors’ stellar winds [32].
Assuming a CR-amplified magnetic field with a strength
close to equipartition, SR hypernovae satisfy the Hillas
condition [15] for acceleration of >10'® eV protons and
have, thus, been proposed as sources of UHECRs above the
second knee [33] or even up to the highest CR energies
when considering the fastest part of the ejecta and heavy
nuclei acceleration [34]. SR hypernovae are usually found
associated with low-luminosity GRBs. Although their
event rate of ~500 Gpc—>yr~!' is lower than ordinary
supernovae, the total kinetic energies released per event
is larger, ~(3 —5) x 10° erg [32], providing a proton
production rate Wouyn ~ 1,10 ergMpc™ yr~!. Below
we estimate that the pion-production efficiency for PeV
neutrinos due to pp collisions between CRs escaping
from SR hypernova remnants and the ambient inter-
stellar medium (ISM) of their host galaxies is
~0.1, although this is subject to uncertainties concerning
the magnetic field and density of the host ISM. Thus,
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SR-hypernova remnants could be good candidates for the
sources of the neutrinos detected by IceCube, as marked in
Fig. 1. Since Fig. 1 only describes a necessary condition for
the link between IceCube neutrinos and UHECRS, in the
following sections we investigate in more detail whether
a self-consistent model can be constructed that ascribes
the newly discovered sub-PeV/PeV neutrinos to SR-
hypernovae remnants, provided that they are also respon-
sible for UHECRs above the second knee. Since both
Auger and HiRes indicate a rather light composition of
UHECRSs around the second knee [35], we assume that the
source composition of CRs below ~1 EeV is predomi-
nantly protons and do not consider the effect of heavier
nuclei in this paper.

We point out that the marked regions in Fig. 1 for each
source contain large uncertainties. More precise values of
WO,CR and f, depend on the details of the models.
Nonetheless, we can obtain a general idea about the
plausibility of candidate sources. As shown, if a certain
type of source can only account for UHECRs above the
ankle, an extremely high pion-production efficiency (i.e.,
f==1) is needed to achieve sufficient PeV neutrino flux.
On the other hand, if the pion-production efficiency is too
low (e.g., < 0.01), reproducing the observed neutrino flux
requires a high proton production rate, which, in turn,
implies a low efficiency of CR escape from the sources to
be consistent with the observed UHECR flux. We also note
that Fig. 1 only gives constraints on some candidates from
the viewpoint of the energy budget. These sources do not
necessarily represent the common origins of these neutrinos
and UHECRs even if they satisfy these energetics con-
straints. Note also that some of these sources may already
be constrained by other means. For instance, as indicated in
Ref. [6], if the GRB internal shock model is responsible for
the PeV neutrinos, IceCube should probably have already
discovered a neutrino-GRB association both in time and
space during its previous 40- and 59-string search [36].
Gamma ray upper limits for some nearby, massive galaxy
clusters imply a low energy density of CRs at GeV-TeV
energies in their ICM [37], which constrain their contri-
butions to the diffuse neutrino background at energies
somewhat lower than those of the IceCube neutrinos. In
simplest AGN models, py collisions would lead to too
many events at ZPeV energies, which is not favored by the
current observation, unless an extremely high magnetic
field exists in the interaction region [5].

In the SR-hypernova remnant model, the concomitantly
produced isotropic gamma-ray flux may pose a potential
problem. Generally speaking, if the diffuse neutrino flux is
produced at the level of 1078 GeVem™2s~!sr™! via pp
collisions, the accompanying gamma rays may overwhelm
the 0.1-100 GeV diffuse isotropic gamma-ray background
observed by Fermi/LAT [38] unless the source proton
spectrum is sufficiently hard. As indicated in Ref. [7], 5, 2
2.2 may already be in conflict with the gamma-ray
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background at low energies. Although a hard spectrum
of 5, =2 is employed in our calculation, we note that
besides the proposed SR-hypernovae remnants, ordinary
SNRs are expected to provide additional low-energy
gamma-ray flux without contributing to sub-PeV/PeV
neutrinos. Thus, we must beware that the total diffuse
gamma-ray flux generated by SR-hypernova remnants
and SNRs do not exceed the observed value.

III. NEUTRINO EMISSION FROM
SEMIRELATIVISTIC HYPERNOVA REMNANTS

Accelerated protons from SR-hypernova remnants will
interact with the ISM before escaping from their host
galaxies and produce neutrinos, gamma rays, and electrons/
positrons. The energy loss time of CR protons in the ISM
via pp collisions is

7,,(€,) = [k6,,(e,)nc]™

=6x10" yr Orp

(e, = 60 PeV)]~! no o\~
100 mb } <1 cm‘3> ’
2

where « = 0.17 is the inelasticity, c,, is the cross
section, and n is the number density of ISM protons.
The pp-collision efficiency can be estimated by f, =
min(1, tes./7,,) With .. as the escape time scale.
Generally, there are two ways for CRs to escape from a
galaxy. One, diffusive escape, is energy dependent, and the
other, advective escape via a galactic wind, is energy
independent. The associated escape time scales can be
estimated by 14 = h?/4D and t,q, = h/V,,, respectively.
Here, D = D(E/E,)’ is the diffusion coefficient where D
and E, are normalization factors, and 6 = 0-1 depending
on the spectrum of interstellar magnetic turbulence. 4 is
usually taken as the scale height of the galaxy’s gaseous
disk, and V, is the velocity of the galactic wind in which
the CRs are advected. The diffuse gamma-ray emission
from the Galactic plane implies f, ~ 1% for TeV protons
[39], so we may expect that f, for 10 PeV protons is < 1%
in our Galaxy. However, since the SR-hypernova rate
should generally trace the cosmic star formation rate
(SFR), which is known to increase dramatically with z
from z = 0 up to at least z ~ 1-2 [40], the properties of
galaxies at z ~ 1-2 (hereafter “high-redshift” galaxies) are
likely to be more important for determining the total diffuse
neutrino flux. As our template systems, we consider high-
redshift galaxies of two types: normal star-forming galaxies
(NSGs) and starburst galaxies (SBGs).

High-redshift galaxies display different properties from
nearby ones. High-redshift NSGs generally do not reveal
well-developed disk structure and show more extended
morphologies with typical scale height &~ 1 kpc for
massive systems [41,42]. They also have much higher
mass fractions of molecular gas [41] with typical column
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density £ ~ 0.1 gcm™2, implying volumetric average ISM
densities of n~X/2h~ 10 cm™3. High-redshift SBGs
typically have scale height 4 ~ 500 pc and average gas
density n ~ 250 cm™ [43]. As for diffusion coefficients,
recent studies on CR propagation and anisotropy in our
Galaxy suggest Dy ~ 10%® cm?s™! at 3 GeV and § = 0.3
[44]. Since little is known about the diffusion coefficient in
high-z galaxies, we adopt the same values of D, and ¢ as
inferred in our Galaxy for high-redshift NSGs. We assume
a lower diffusion coefficient Dy ~ 10>’ cm?s™! for high-
redshift SBGs, because the magnetic fields in nearby SBGs
such as M82 and NGC253 are observed to be ~100 times
stronger than in our Galaxy, and the diffusion coefficient is
expected to scale with the CR’s Larmor radius (x €,/B)
[45]. Regarding advective escape, the velocity of the
Galactic nuclear wind is ~300 kms™' [46,47], while
optical and x-ray observations show the velocity of
the outflow in MS82 are ~500-600 kms~! [48] and
1400-2200 kms™! [49], respectively. Since galactic winds
are probably driven by supernova explosions [50] whose
rate is higher in high-redshift galaxies, we may expect their
winds to be faster and take V,, = 500 and 1500 kms~' as
the reference values for NSGs and SBGs, respectively.
Then we obtain

ho\2 D 1/ e \-03
N =5x10% 0 P .
aiff = > X YT <1 kpc) <1028 cm? s‘l) (60 PeV

3)

N =2x10° yr L Y _1, @)
adv 1 kpc/ \500 kms™!

for NSGs, and

ho\2 D 1/ e 03
B = 10° - L :
diff o <0.5 kpc) <1027 cm? s‘l) <60 PeV>

S

B =310 yo " Vi 76
adv — Y'\0.5 kpe ) \ 1500 kms1)

for SBGs. The escape time scale can be approximated by
fese = Min (,qy, taifr ), and we may expect a break occurring

h 33
1kpc
v, \33 Dy -33 B p )33
(500kms-1> (1028cm25-1 and e,, = 1.6 PeV{ i
33 D -33
(1 soovlgn g_.) (1 e - §_1> for NSGs and SBGs, respec-

tively. We then find that the pp-collision efficiencies for
production of 1 PeV neutrinos in NSGs and SBGs are,
respectively,

. _ ~ N _
In fo. when fy4, = tgg, lLe., Ep,b_300GeV<

N =M/, =001 and fB==5/B =04 (7)
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The single-flavor neutrino flux at 1 PeV is then £2®, =
¢fsef2 4 (1= fsp)fRlepPcr ~ 1078 GeVem s~ s,
which is comparable to the observed neutrino flux. Here,
fsg ~ 10%—-20% [51] is the fraction of the SFR contributed
by SBGs. If we assume that SR hypernovae account for
CRs above ~5 x 10'7 eV, they should provide a CR flux of
e2®cg =7 x 1077 GeVem s~ sr! at this energy [52],
and the required local CR energy production rate Wy, is then
~10% erg Mpc~ yr~!. Assuming that each SR hypernova
releases Eppy =5 x 103 erg of kinetic energy [32],
a fraction n, = 10% of which goes into CRs, we find
the required local event rate is about 600 Gpc™3 yr~!,
consistent with the observed value [53].

The fluxes of secondary neutrinos and gamma rays
produced by one SR hypernova ¢, and ¢, (in units
of eV™") are calculated with the following analytical
approximation [9]:

dN; & . d
ne == [T (L) S ®

de; e K D €,

where i could be y or v. In the above equation, F; is the
spectrum of the secondary y or v in a single collision.
We assume that the accelerated proton spectrum is
J, = C,e,% exp(—€,/€, max ), Where C,, is a normalization
coefficient fixed by [ epd pde, = n,E; un. Here we neglect
the contribution of secondary electrons/positrons and
primary electrons via inverse Compton scattering and
bremsstrahlung radiation, because these are only important
at <100 MeV [54]. To calculate the diffuse flux of
neutrinos and gamma rays, we need to integrate the con-
tribution from galaxies throughout the whole universe, i.e.,

dNOb 1 Zmax CdZ
P.(e°0) = i ISER 4.1(1 ob
1(81 ) d&'?b Ar 0 P(Z) HN l[( +Z)ez ]H(Z) ’
)

where p(z) = poS(z) represents the star-formation history
with py being the local SFR and S(z) describing its
evolution with redshift. The total SFR in the local universe
is found to be py ~0.01M, yr~' Mpc— and assumed to
evolve as [40] S(z) « (1+42z)** for z <1, (1+2)° for
1<z<4, and (1+z)77 for z > 4. Here we assume the
fraction of SFR from SBGs is fsg = 20% at any cosmic
epoch. The factor I'?ER represents the ratio between the SR-
hypernova rate and SFR (in units of Mg!). Its value is
normalized by requiring the local CR energy production
rate of SR hypernovae to match the observed CR flux above
the second knee. H(z) = Hyy/Qy (1 +2)° +Q, is the
Hubble parameter, and we adopt Hy, = 71 kms~! Mpc~!,
Q, =0.27, and Q, = 0.73. While neutrinos can reach
the Earth without interaction, very high-energy (VHE,
>100 GeV) gamma rays can be absorbed by e® pair
production on the intergalactic radiation field, initiating
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cascade processes and depositing energy into < 100 GeV
photons. As long as the cascade is well developed, the VHE
gamma rays injected at z will form a nearly universal
spectrum which only depends on the total energy injected
and the injection redshift z [55]. We integrate over
redshift to sum up the contributions of cascades initiated at
different z.

Figure 2(a) presents our calculated diffuse neutrino and
gamma-ray fluxes. The red dashed and dash-dotted curves
represent the neutrino flux from NSGs and SBGs, respec-
tively. At low energies, energy-independent advective
escape dominates over energy-dependent diffusive escape,
so the spectrum of neutrinos roughly follows the s = —2
accelerated proton spectrum. As the energy increases, the
neutrino spectrum breaks because diffusive escape be-
comes faster than advective escape. Because #g4 o €703,

T T T T
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FIG. 2 (color online).  Spectra of v, and gamma rays produced
by SR-hypernova remnants in star-forming galaxies. Panel (a) the
red dashed curve and dash-dotted curve represent the one-flavor
neutrino flux from starburst galaxies and normal star-forming
galaxies, respectively, and the red solid curve is their sum.
Neutrino oscillations imply that v, :v, :v, = 1:1:1 at the detec-
tor. The blue dashed and dotted curves represent the gamma-ray
fluxes from pion decay (accounting for intergalactic absorption)
and the cascaded gamma-ray flux, respectively, while the blue
solid curve is the sum of the two components. Data points are
taken from Ref. [38]. The shaded rectangle shows the IceCube
flux [2]. Panel (b) same as the upper one but with Dy =
10”7 cm®s™! used for normal star-forming galaxies and
fsg = 10%. See text for more discussion.
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the spectral index above the break increases by about 0.3.
But the increase of the pp cross section at higher energies
[9] compensates this somewhat, making the final spectral
slope close to —2.2. Note that in this case, the UHECRs are
mostly produced by SR hypernovae in NSGs while the PeV
neutrinos mainly arise from SR hypernovae in SBGs. This
is because most SR hypernovae occur in NSGs while the
pp-collision efficiency is much higher in SBGs.

Given the uncertainties in D at high redshift, we also
consider an alternative case in which D, in high-redshift
NSGs is 10 times smaller than in our Galaxy. There is
observational evidence for stronger magnetic fields in such
galaxies [56], so a smaller diffusion coefficient is plausible.
With D, = 10?7 cm? s~! and assuming fsg = 10%, we find
that £ = 0.1 for production of PeV neutrinos, in which case
both PeV neutrinos and UHECRs are produced predomi-
nantly by hypernovae in NSGs, as shown in of Fig. 2(b).

If the observed sub-PeV/PeV neutrinos originate from the
sources of UHECRs, their spectrum should extend to
210 PeV without an abrupt cutoff. In our model, the
spectrum becomes softer at <10 PeV, since the energy of
the corresponding parent proton is <0.6(14%) EeV, ap-
proaching our assumed maximum energy of 1EeV. This
softening would not occur if £, ,,, could be higher. Unless
the propagation mode of CRs changes from diffusive to
rectilinear above ~EeV and leads to a lower pion-production
efficiency, our model predicts a flux of a few times
107 GeVem2s~!sr~! around 10 PeV, as long as we
assume the observed neutrinos and CRs above the second
knee share a common origin. This flux is consistent with the
present nondetection of neutrinos above several PeV but is
likely to be detectable in the future. Given that the all-flavor
exposure of IceCube is ~10'> cm? srs at 10 PeV [4] for 662
days, we may expect that such a flux of 210 PeV neutrinos
would be detected in <5-10 yr operation.

IV. DISCUSSION

Including the cascade component, the total diffuse
gamma ray flux at <100 GeV is ~(7-8)x
1078 GeVem2s!sr! in both cases, as shown with the
solid blue curves in Fig. 2. Note that putative additional
losses due to absorption of VHE photons by the radiation
fields inside their host galaxies [57] and by synchrotron
losses of the e® pairs in the host galaxy magnetic fields
would lower the predicted cascade flux. The resulting flux
is <50% of the flux observed by LAT. Also, note that
although normal SNRs should not contribute to the
2100 TeV neutrino flux, they can accelerate protons to
PeV and produce < 100 TeV gamma rays contributing to
the diffuse gamma-ray background. Compared to normal
supernovae, the local event rate of SR hypernovae is ~1%
while their explosion energy is dozens of times larger, so
the integral energy production rate of supernovae may be
a few times larger than that of SR hypernovae. But the rate
of SR hypernovae relative to supernovae might be higher
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at high redshifts, as SR hypernovae may be engine driven
like long GRBs, which seem to occur preferentially in low-
metallicity galaxies [58] (see however [59]). This would
suggest a relatively smaller contribution of normal SNRs at
higher z. Nevertheless, as a rough estimate, we may expect
that normal SNRs could produce a gamma-ray flux
comparable to (or even less than) that of SR-hypernova
remnants, and in the former case, the total gamma-ray flux
at 10-100 GeV could reach the level of the observed one,
providing a possible explanation for the apparent hardening
in the spectrum of the diffusive isotropic gamma-ray
background at > 10 GeV. On the other hand, we should
also bear in mind that if the normal SNRs’ energy budget
turns out to be higher than that of SR hypernovae even at
high redshifts, the total generated diffusive gamma-ray flux
would be a serious problem for this model.

As mentioned above, the spectral index of the high-energy
neutrino flux depends on the spectral indices of the injected
protons and that of interstellar magnetic turbulence, i.e., s, =
s, + 6 — 0.1 where —0.1 describes from the increase of the
pp cross section at high energy. Since the current measure-
ment of the neutrino spectrum is far from accurate, if further
observations show a different spectral shape, the values of s,
or ¢ must be adjusted correspondingly. The most restrictive
constraint on these two parameters comes from the concomi-
tantly produced < 100 GeV gamma-ray flux in the pion-
production process: this should not exceed the isotropic
gamma-ray background observed by Fermi/LAT. Adopting
either a larger s, or a larger § would lead to a higher low-
energy gamma-ray flux (see the Appendix for a detailed
calculation). If future observations reveal a much softer
neutrino spectrum, our model faces difficulties without
invoking some untypical parameters or further refinements,
e.g., introducing a break in the source spectrum.

If SR hypernovae are responsible not only for CRs above
the second knee but also for those at the highest energies,
one may ask whether any of the neutrino events that have
already been observed by IceCube can be associated with
individual sources within the Greisen-Zatsepin-Kuzmin
horizon of 100 Mpc [60]. According to our adopted
evolution function S(z) and assuming an isotropic sky
distribution for such sources, only about 0.3 out of the total
of 28 events can be expected to come from within 100 Mpc.
In case such nearby sources happened to coincide with the
direction of maximum effective area for IceCube, then they
may be responsible for about one of the 28 events.

The local SFR density 1is estimated to be
~0.01M o Mpc=3 yr~!, and employing the relation between
SFR and infrared luminosity of a galaxy SFR[M, yr~!] =
1.7 x 1079LR[Lo] [61], we find that a galaxy’s
CR Iluminosity accommodated by hypernovae is
Ler~10%ergs™ (W /10" SergMpe3yr") (L /10'°Ly,).
Given the infrared luminosity of our Galaxy is ~10'°L
and assuming a pp-collision efficiency of 1073, we
estimate the total Galactic neutrino luminosity at
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100TeV—-1 PeV is <10° ergs™'. Note that our Galaxy
might be too metal rich to host semirelativistic hypernovae
(or long GRBs) for the last several billion years [58], so the
real value could be smaller. Even if all these neutrinos are
produced in the Galactic center and radiate isotropically, it
would result in <1 event detection during 662 days of
operation within a 8° circular region around the Galactic
center [62] and would not cause a strong anisotropy that
violates the observations [2].

To summarize, we studied whether the newly detected
sub-PeV/PeV neutrinos can originate from the same
sources as those responsible for CRs with energies above
the second knee. We discussed the conditions necessary for
such a link between the observed PeV neutrinos and EeV
CRs, and took SR-hypernova remnants in star-forming
galaxies as an example of a self-consistent model that can
provide the neutrino-UHECR link. Comparing the predic-
tions of different models, the generated neutrino spectrum
may vary somewhat from model to model, and even within
the same model depending on the uncertain parameters.
Thus, based on the spectral information alone, SR-
hypernova remnants can be neither confirmed nor refuted
as the true sources of the observed neutrinos. However, as
long as the link between the observed neutrinos and EeV
CRs exists, we may generally expect detection of 210 PeV
neutrinos in the near future. If such a link could be
recognized, the detected neutrino flux and spectral shape
should proffer information on the pion-production process at
the sources. We shall then know that the real sources,
whatever their identity, have a similar pion-production
efficiency as that claimed for SR-hypernova remnants here,
given that they also explain the UHECRs above the second
knee. This provides us a chance to study the environment of
the sources. Future observations with greater statistics over
the current neutrino energy range or detection at higher
energies can give further constraints and help to uncover the
true identity of the currently mysterious sources of EeV CRs.
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APPENDIX: LOW-ENERGY GAMMA-RAY FLUX

In the pp-collision process, neutrinos and neutral

pions 7° are produced as well as charged pions z%t,
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with branching ratios ~1/3. z° decays into two gamma rays
and each takes ~10% of the energy of the parent proton.
An approximate relation between the gamma-ray and
neutrino flux from the same parent protons can be

PHYSICAL REVIEW D 89, 083004 (2014)

On the other hand, the relation between the neutrino flux at
two different energies is

€3¢v(€u,2) = [ ﬂ(eu,Z)/fzr(gv,l)](81/,2/81/,1)2_385471/(81/,1)'

written as (A2)
Thus, the gamma-ray flux at low energy, e.g., 10 GeV, can

81%¢7(€r =2¢,) =260, (¢,). (AD) " e related to the neutrino flux at 1 PeV as

h -1 VW -1 DO - o
‘9}%(1)7|10 GeV — L5 <05 kpC) (1500 km S_l) <1027 sz S_1> (2 X 107)5 0.3(2 X 105) 2812/(I)D|1 PeV>» (A3)
for tdiff < tadv < Tpp? and
h -2 n -1 D .
£§(D7|10 GeV — 2.4 <0 3 kpC) (250 Cm—3> <1027 cr(1)12 S—1> (2 X 107)5_0-3 (2 X 105)“ 281%(1)1/|1 PeV> (A4)

for t4ir < 7,, < f4ay- The factor 2 x 107 is the ratio between the energies of parent protons of 1 PeV neutrinos and 10 GeV
photons, while the factor 2 x 10° comes from substituting the value of the proton maximum energy 60% PeV into the
expression for the diffusion coefficient D(e,) = Dy(e,/3 GeV)’. Here we have already taken z =1 for simplicity.
Assuming the cascade of VHE gamma rays during propagation will double the GeV gamma-ray flux, we need

e®,(10 GeV) < 1077GeVem s~ st ie,,

h Vw DO -1
53As +7.3A6 <052 + 1 : AS
s SO tle Ko.s kpc> <1500 kms—1> (1027 cm? s-l) ] (&)
for tdiff < tadv < Tpp’ and
h 2 n DO -1
53As +7.3A6 <032 + 1 : A6
St s022+le Ko.s kpc> <250 cm—3> <1027 e’ s—1> ] (A6)

for 14 < 7)), < f,qy, Tespectively, where As = s —2 and
Ad = 6 — 0.3. 14 here is the diffusion escape time for the
parent proton of a PeV neutrino. 74 < 7,4, 1S usually true if
typically expected values of Dy, V,,, h, n are employed.
Note that as we adjust the value of s and 6§, these parameters
also need to be changed in order to meet Egs. (A5) and
(A6). If future observations reveal a much softer neutrino
spectrum, the changes in these parameters could be

significant and some extreme values might be required.
On the other hand, significant changes in these parameters
could lead to 7,4, < 4. In this case, the pion-production
efficiency would hardly depend on the energy and directly
implies As < 0.13. This would contradict the observed
neutrino spectrum, and, hence, our model would require
further modifications, such as introducing a break in the
source spectrum.
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