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The origin of the cosmic neutrino signal measured by IceCube is still unknown. A general
correlation between the sources of high-energy y-ray sources with IceCube neutrinos is expected
since hadronic interactions are the crucial precursors of both messengers at such high energies.
Blazars dominate the extragalactic y-ray sky. However, neutrinos originating from inside the blazar
jets cannot account for more than ~ 30% of the diffuse flux. We study ultrahigh-energy cosmic-ray
contribution to the diffuse flux through photopion interactions on cosmic background photons.
The extragalactic background light, consisting of IR/UV/optical photons require a proton energy
threshold of Etfl’” ~ 10'7 eV for pion production. The latter can yield PeV neutrinos. We analyze
the total contribution from resolved and unresolved blazars by using a luminosity-dependent
density evolution of blazars. The latest Fermi-LAT 4LAC catalog sheds light on the redshift
distribution of the diffuse neutrino flux for resolved y-ray blazars.
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1. Introduction

The IceCube neutrino observatory in Antarctica has established the existence of a diffuse flux
of astrophysical neutrinos (from ~ 10 TeV to a few PeV) [1]. The isotropic nature of the flux

indicates the candidate sources to be of extragalactic origin. A single power-law can explain the
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be produced in both leptonic and hadronic processes, neutrinos are an exclusive probe of hadronic
interactions. IceCube real-time alert program selects high-energy muon neutrino events (> 100
TeV) for rapid detection of electromagnetic counterparts arriving from the same direction [4]. The
IceCube-170922A alert led to the 30~ association of a flaring y-ray blazar TXS 0506+056 in spatial
and temporal coincidence with a ~ 0.3 PeV muon track [5, 6]. Some less significant candidate
events with blazar-neutrino spatial coincidence have also been identified thereafter [7, 8]. Blazars

observed all-flavor spectrum with a best-fit spectral index of 2.89 [2, 3]. While y-rays can

are radio-loud AGNs with their relativistic jets pointed towards the observer. The emission region
contains a tangled magnetic field and a relativistic plasma of electrons and cosmic rays. Electrons
undergo radiative processes inside the jet, such as synchrotron, inverse-Compton (IC) scattering,
etc. The seed photons for the IC process can be the synchrotron photons or external photons from
the broad-line region, accretion disk, or dusty torus.

Cosmic rays accelerated in the jet are not cooled efficiently and can escape the source. However,
they can also undergo pion production interactions inside the jet emission region with photons from
synchrotron or IC spectrum, producing high-energy neutrinos [9—12]. An analysis by IceCube
Collaboration with Fermi 2LLAC catalog has found that such contribution can be maximum ~30%
of the diffuse flux [13]. In this work, we find out the neutrino flux from blazars due to interactions of
cosmic rays above 10 PeV with the cosmic background photons. Interaction with the UV/optical/IR
photons will result in most neutrino events lying between a few PeV to tens of PeV [14]. The analysis
with 8-yr Fermi-LAT 4LAC blazars gives us the fraction of diffuse neutrino flux as a function of
redshift. We extend the study using a luminosity-dependent density evolution to find the cumulative
flux from all resolved and unresolved blazars. An angular correlation of these neutrino events with
the blazar population is difficult to obtain since cosmic rays are deflected from the source direction
by the extragalactic magnetic field (EGMF).

2. Results

We denote the integrated y-ray flux between 100 MeV and 100 GeV reported in the 4LAC
catalog by the quantity Fjgp. The corresponding K-corrected y-ray luminosity values are Ljgo =
47rdiF 100(1 +z)r‘2, where z is the redshift of the source, d, is the luminosity distance, and I" is
the slope of the observed y-ray spectrum. The y-ray luminosity in the comoving frame (primed

quantities) is Doppler boosted, Loy = (62 /Fﬁ)L;OO for FSRQs, and Loy = 62L;00 for BL Lacs.

Here 6., and I', are the doppler factor and bulk Lorentz factor of the emitting plasma. The baryonic

’

100°
the observed y-ray flux Fjqg originates from only leptonic processes inside the source. We consider

loading factor n connects the cosmic-ray power with the y-ray luminosity L}, = nL],,. We assume
only protons with E > 10 PeV are injected as cosmic rays. The cosmic-ray luminosity outside the
jet (AGN frame) transforms as L, =T’ 3L;) Hence, in the observer frame, the scaling between L,

and Lo turns outtobe L, = FgL;, = anLiOO = e L100, Where we assume 6, ~ I, for jet opening
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Figure 1: The distribution of blazars in luminosity-redshift space according to the luminosity function
deduced in [20, 21]. The dashed line separates the region into resolved and unresolved sources in Fermi-LAT
survey. Figure adapted from Ref. [22]

angles 6 ~ 1/T", and neg =1/ I"2 is the effective baryonic loading. The cosmic rays propagate and
undergo pvy interactions with EBL and CMB photons to produce e*, y-rays, and neutrinos. The
secondary e* and y-rays initiate electromagnetic (EM) cascades down to GeV energies contributing
to the IGRB flux measured by Fermi-LAT [15]. The neutrinos contribute to the isotropic diffuse
neutrino background at PeV energies. Cosmic rays injected from the blazars are propagated using
the CRPropa 3 simulation code to obtain the neutrino, y-ray and cosmic ray flux at Earth [16]. We
consider an injection spectrum of the shape dN/dE oc E~?r and include all energy loss processes.
The propagation of secondary EM particles, initiating the electromagnetic cascade, is solved using
the DINT code [17, 18] and Gilmore et al. [19] EBL model.

Cosmic rays are injected from 10 PeV up to a maximum energy E, max. The fraction of injected
cosmic-ray energy (&), from a redshift z, carried away by cascade photons (&,) and secondary
neutrinos (&,) are given by f, (z) and f, (z), respectively.

81/ 1 E),max
fo= 2= g [ T et e e, M
E & 10 TeV
8 1 E ,max
Ep & Jiomev

The value of &, is fixed at all redshifts. These quantities signify the energy loss fraction of protons
in various secondary channels. Cosmic magnetic fields can deflect the parent cosmic rays, smeared
over a solid angle €, thus resulting in a diffuse secondary flux. The normalization to the neutrino
(and similarly, photon) luminosity is thus obtained as L°bb Ly = funettL1oo. Summing over all
sources at all redshifts and different directions, the cumulative diffuse neutrino spectrum at Earth is

F©' = Z Ly [ergem ™2 s~ ! sr7!] 3)

where dp, is the luminosity distance corresponding to redshift z. The summation i runs over the

number of blazars in the sample space. We consider a conservative upper limit Q = 4s, which gives
the minimum flux possible in this scenario.
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Figure 2: Left: The neutrino and IGRB flux from Fermi-detected blazars for neg = 10.0, and Ep max = 1
EeV. Right: Fractional contribution to the neutrino flux from each redshift bin, relative to the individual flux
from BL Lacs and FSRQs. Figure adapted from [22].

The luminosity function (LF) of blazars is modeled as a double power-law multiplied by the
photon index evolution. We use the parametrization by [20, 21] to evaluate the distribution of BL.
Lac objects and FSRQs, including unresolved sources. At z =0, the number of sources N per
comoving volume V., emitted luminosity Loy between 0.1 — 100 GeV, and slope of y-ray flux I" is

dN A Lo\ (L
X[( 100) +( 100

d(L , :O7F = =
(L100,2 ) dL1godVedl'  1n(10)Ljgo L. L.

v21-1
) ] g, Lio) )

The redshift evolution is incorporated by the factor e(z, Ligp), such that the luminosity dependent
density evolution (LDDE) is represented as

D(Lip0,2,I") =P®(L100,z2=0,T") X e(z,Lio) )

The values of all parameters are obtained from the Refs. [20, 21]. We integrate Eqn. 5 over
suitable ranges of luminosity, spectral index, and redshift. A total of 9172 blazars are obtained by
integrating over the entire parameter range. The representative distribution of blazars in the £ —z
space is shown in Fig. 1. The dashed line corresponds to a flux of ¢, = 1.25 x 1072 erg cm™2 57!
and I" = 2, roughly separating the region into resolved and unresolved sources above and below,
respectively. This threshold flux is chosen to match the 4L AC statistics of ~ 2800 observed blazars.
For a detailed method of obtaining the distribution, please see Ref. [22].

The Fermi-LAT 4LAC catalog contains 655 FSRQs and 1067 BL Lacs. We first calculate the
v-ray and neutrino flux from these resolved sources. The sources inject protons between 10 PeV — 1
EeV, and o), = 2.6. We consider the value of baryonic loading factor neg = 10. The analysis excludes
381 BL Lac objects lacking redshift information. The sources are binned in a two-dimensional (¢,
z) grid, where € = log;o(L1oo/erg s~!). We take the step sizes A¢ = 0.5 over the range 43.5 to 52.0,
and Az = 0.1 over the range 0.0 to 6.0 that covers the entire 4L AC catalog. The mean values ¢, and
zm for a given bin are used to obtain the secondary neutrino and y-ray flux according to Eqn. 3. The
number of sources w in a grid provides the weight factor to the normalization of secondary fluxes.
The resulting y-ray and neutrino fluxes are shown in the left panel of Fig. 2. The neutrino spectrum
peaks at an energy E, = 6 PeV. Our calculated flux is an order of magnitude lower than the IceCube
upper limit at this energy. The right panel of Fig. 2 shows the fraction of neutrino luminosity
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Figure 3: Left: The neutrino and IGRB flux, including the unresolved blazars, for the maximum values of
e corresponding to £, max = 1, 10, and 100 EeV. Right: The observed cosmic-ray spectrum at Earth for
the maximum values of neg corresponding to E, max = 1, 10, and 100 EeV, such that the UHECR flux is not
violated. Figure adapted from Ref. [22].

coming from each redshift bin, individually for BL Lacs and FSRQs. The flux contribution from
BL Lacs is approximately constant up to z =1 and then falls off sharply for higher z. Whereas the
emission from FSRQs shows a peak near a redshift value of z = 1.

The secondary fluxes obtained from the LDDE are shown in the left panel of Fig. 3. The number
of blazars w in each of the (¢, z) grid is calculated for the same values of Af and Az used in the
preceding case. The dotted, dashed, and solid curves indicate the fluxes for the maximum allowed
values of 7. corresponding to each value of E,, .x. The UHECR flux measured by the Pierre
Auger Observatory (PAO) [23] puts an upper bound of ¢ = 11.1, 5.8, and 4.4, for E, nax = 1, 10,
and 100 EeV respectively(cf. Fig. 3). We see that cosmic ray interactions can explain a little more
than 10% of the IceCube flux upper limit at ~6 PeV. An increase in the value of E, max to 10 EeV
increases the cascade photon flux and saturates the IGRB background at TeV energies. To maintain
the constraints put by IGRB measurements, the baryonic loading factor 7 must be decreased for
Epmax 2 10'? eV. However, that in turn further decreases the neutrino flux at a few PeV energies.
The neutrino flux obtained from an individual source, F, o neg <17/ 65, for a given value of Lo
and Ej, max. We make the simplifying assumption 6, ~ I', for the special case of 8 ~ 1/I', for all
blazars.

3. Discussions and Conclusions

We constrain the diffuse flux of PeV-EeV neutrinos originating from cosmic-ray interactions
on EBL and CMB with E}, 2« up to 1-100 EeV. Here, more luminous sources contribute more to
neutrino and IGRB backgrounds. We assume that cosmic rays efficiently escape the system. We do
not account for the sub-PeV neutrinos, which are expected to be dominated by neutrinos produced
inside the high-energy sources. A strict L,, /Lo correlation may not hold invariably for all sources.
The “blazar sequence” predicts that BL Lacs with synchrotron and IC peak at higher energies are
fainter in photon flux [24, 25]. The low-luminosity counterparts can be more hadronically powered
(higher neg) since the predicted SED peak energies are higher. The 4LAC catalog provides the
redshift information for all the resolved FSRQs and most BL Lac objects. The deduced luminosity



PeV neutrinos from blazars Saikat Das

function of BL Lacs indicates that nearly ~ 65% are yet to be identified. A majority of these are
low-luminosity (L, < 10* erg s7!) counterparts. By including the unresolved sources, the neutrino
flux increases by a factor of two at a few PeV. The values of E, nmax considered in the study resembles
the typical values obtained in the lepto-hadronic/hadronic modeling of blazar SEDs [26]. We see
that beyond maximum acceleration energy of ~ 10 EeV, the IGRB flux is saturated at TeV energies,
thus requiring a lower baryon load, which reduces the neutrino flux at a few PeV. Depending on
the normalization and the total number of blazars obtained in more updated luminosity-dependent
density evolution functions [see, eg., 27], the estimates obtained here can change moderately.
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