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Neutrino production in jetted AGN is linked to hadronic pesses such as photomeson produc-
tion. The same interaction predicts also high-energy pigtaostly via neutral pion decay.
While neutrinos escape the source unattenuated, the healfgmproduced high-energy photons
and pairs initiate pair cascades in most cases which rahiist their energy to lower frequencies
where photons can escape the emission region. Realistiomagmission models of AGN jets
take into account competing energy losses of injectediaated particles as well as all leptonic
processes (owing to primary and secondary electrons).riiijssmear out any intrinsic correla-
tion between emerging photon and neutrino fluxes. This weplorts on an investigation about
the degree of observable photon-neutrino flux and lumipasitrelations that is expected from
hadronic AGN jet emission models. For this purpose the exglageutrino spectra from a number
of hadronically modeled broadband spectral energy digiohs (SEDs) of powerful blazars is
calculated and compared to the photon fluxes at various érezjes by means of a correlation
analysis. The results have implications for the searcheptioton sources that are associated to
the TeV-PeV neutrino events reported by neutrino obseriesto
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1. Introduction

Energetics arguments consider jetted active galactien(&GN) as prime candidate sources
of the ultra-high energy cosmic rays. If these sources hdasemely relativistic nucleons, then
hadronic interactions in their dense radiative environtmidead inevitably to the production of
energetic neutrinos through the decay of the (hadronicalhoto-produced charged mesons. It
comes therefore to no surprise that blazars (where the abfuse line-of-sight alignment of their
jets leads to strong beaming enhanced emission) have begosaed as likely cosmic high-energy
neutrino sources, and in particular as candidate countsrpéthe high-energy neutrino events
recently discovered by the IceCube experiment [1].

The kinematics of hadronic interactions in general, anchot@meson production here in par-
ticular, predicts a robust relation between the total peeduphoton-to-neutrino power of roughly
1:1 [7]. Hence, the expected neutrino source and/or diffuses fromy-ray bright candidate
sources are regularly estimated by employing this relatidowever, such procedure is able to
provide upper limits at most since competing nucleon enéogges, such as proton synchrotron
radiation, can potentially shift large portions of the maut power into the photon sector (e.qg.,
[12]). Moreover, the compact blazar emission regions lpicproof optically thick for the ex-
tremely high photon energies produced in photomeson ictieres. Consequently, the hadroni-
cally produced photon power is re-distributed over a widergy regime and can only escape the
emission region in large portions when entering the lowedpanergy range. Several bands in the
y-ray [11], X-ray [6] and radio band [5] have been used in th& par such neutrino flux estimates.
This procedure assumes implicitely that the respectiveggrisands are suitable indicators for the
hadronically produced photon flux; proof is still lackinghd present work attempts to improve
on this situation by searching for the level of flux and lunsiityp relations among several currently
observationally accessible photon and correspondingineutands in the framework of a current
hadronic model [10, 2], with focus on brightray blazars (flat-spectrum radio quasars: FSRQs;
low- and intermediate-peaked BL Lac objects: LBLs and IBLS)

2. Themodel, the sample and its composite model SEDs

A semi-analytical stationary hadronic blazar model waslusg2] to carry out a comparative
leptonic versus hadronic modeling of a sample of 12 brightri~& AT blazars. Here the equi-
librium proton distribution has been calculated takingiatcount the injection of a power-law
distribution of proton Lorentz factorg,, and losses due to photomeson production, synchrotron
radiation and escape. The high-energetic final state patmf hadronic photon-nucleon inter-
actions initiate pair cascades that proceed in the syrmcmatominated domain. Losses due to
synchrotron radiation of charged pions and muons priordd ttecay in the magnetized (with field
strengthB) emission region have been neglected. This restricts themer space that can be
explored with this model to those that comply wily, < a few 10°G andug > Usyn Whereusyn
is the energy density of the (jet frame) electron synchrotamiation field andig is the magnetic
field energy density. The selection of the snapshot blaz&sSEorrected for photon absorption in
the extragalactic background light (EBL) using the modg#¢ffof the considered sample resulting
from this modeling are presented in Fig. 1, along with theeisted muon neutrino spectra (cor-
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rected for neutrino oscillations). For this modeling ortig jet synchrotron radiation field served as
target for particle-photon interactions and cascadingldFtrengths in the rangg= 10...100G
and proton spectra extending up o~ 1032 were used to find suitable model representations
of the quasi-simultaneous broadband photon data. Therjetins particle dominated in all cases
despite such high field strengths. The SOPHIA Monte Carled8ilhas then been used for the
calculations of the neutrino spectra at source.

Briefly, the sample members were selected according to tlmviag minimum criteria: ex-
istence of simultaneous broadband coverage with at ledisafR, X-ray andy-ray data, known
source redshift, information on variability and superloatimotion (to derive constraints on mod-
eling parameters), and on accretion disk and BLR luminasityase of FSRQs. This leads to a
sample of particular bright well-known LAT-blazars: 6 FS®@ LBLs and 2 IBLs are chosen as
representatives. As a consequence a prior towards larf@g0MeV photon fluxes but no prior on
the neutrino fluxes exists in this sample. The sample coveeslshiftz range up ta = 1 if the
most distant sample source, PKS 0528+134 with2.06, were discarded, and with some source
accumulations at~ 0.1,0.3 and 09.

The broadband SEDs of the modeled blazars typically showbtwad humps of non-thermal
continuum emission with the low-energy (LE) hump peakindhie optical (FSRQs) to UV fre-
guency range, and explained by electron synchrotron fadiatHard X-ray photons are either
synchrotron photons produced in the HE tail of the primagecebns (preferably for IBLS), or are
produced via SSC, proton synchrotron radiation and/oracesemission (preferably for FSRQs,
LBLs). The high-energy (HE) hump shows its characteriséakpenergy at- 100MeV in case of
FSRQs, and shifting towards 1GeV in the case of BL Lacs. In all sample sources proton syn-
chrotron radiation dominates at their HE peak thereby pagn important role for the production
of y-rays. Unlike in leptonic models a cascade feature hardengitay spectrum beyond its peak,
and, in the case of the present sample, dominates the phatissien from FSRQs and BL Lacs
at> 100 GeV and> 1 TeV, respectively. Owing to large magnetic field strengtiescontribution
from Synchrotron-Self Compton (SSC) emission is typicaftyall in hadronic AGN models. Still,
in selected cases and in a small X-ray range SSC may comtritbshaping the SED.

Pair cascading is a characteristic feature of hadronic A@isgon models, usually negligibly
small or non-existent in corresponding leptonic models.tke present sample sources the overall
contribution from cascade emission to the HE hump in thegmtelsadronic model SEDs appears
on average larger for BL Lacs than for FSRQs. Its extend mdHE regime at source is governed
by theyy-pair production opacity,, in the emission region. Fig. 2 shows a typical example of the
corresponding photon escape probability for the presenpkasources. Here, efolding (jet-frame)
energieE’(1,, = 1) lie typically at TeVs, leading to photons with 1TeV-D (whereD ~ 10— 30
in the present sample is the bulk Doppler factor) to escapetttission region. However, in all the
source SEDs considered here photon absorption in the EBiesaan earlier cutoff of this cascade
component towards high energies.

Comparing the overall HE photon and neutrino power in the pmusite SEDs as shown in
Fig. 1 the impact of the strong proton synchrotron comporierihe hadronic model SEDs is
apparent: Photon-to-neutrino power ratios (at source fjaarghly found to lie in the 10-100 range
for FSRQs, and 1-10 range for BL Lacs here. This also indcatairly high degree of scatter to
be expected in the correlation analysis. The neutrino SEB®egresent sample show their power
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peak typically in the L — 1 EeV energy range.
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Figure 1: Composite photon (violet curves) and { 1) neutrino (blue solid curve) broadband spectra of
3C 273 (upper left), 3C 279 (upper right), 3C454.3 (middf§ /8L Lacertae (middle right), OJ 287 (lower
left) and W Comae (lower right). The photon SED consists e¢bn synchrotron (dotted curve) and proton
synchrotron radiation (dashed curve), SSC (dashed-dettebhccretion disk radiation (dashed-triple-dotted
curve). The solid line refers to the sum of those and includesascading component. The SEDs has been
corrected for absorption in the EBL using the model of [4]dRlata points indicate the quasi-simultaneous
data set while black data points are non-simultaneous\aiadiéata.

In order to evaluate whether rank order is neverthelesstaiagd (high photon powers indi-
cating high neutrino powers) a dedicated (rank order) taticm analysis is performed.

3. Correlation study

It has frequently been demonstrated in the past that ctinglaource intrinsic powers such
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Figure 2: Escape probability for photons from the emission region®iRR PKS 1510-089 as a function of
(jet frame) energy.

as luminosities instead of fluxes introduces a redshift thieessto the common redshift-dependence
of the luminosities (e.g., [9]). This is particular prommtdor samples that cover a wide distance
range. On the other hand, intrinsic luminosity correlagican only be recovered in flux-flux dia-
grams when linear in its intrinsic quantities, and may bédtiserwise [3, 9]. Any artificial restric-
tion of the dynamical flux/luminosity range in case of obs¢innal data by, e.g., finite instrument
sensitivities, may also cause a serious overestimatioheostrength of a correlation (e.g., [9]).
Finally, selection biases may cause misleading correlaisults. In the present work a correlation
analysis is performed between neutrino number and photorbarguantities of the model SEDs
In this sense biases that might be caused by instrumenttioris and observational uncertainties
do not play a major role. If any, only the selection procedumderlying the present sample may
potentially impact.

A search for photon flux - neutrino flux correlations is pemfiedd using the Spearman rank
order correlation coefficients and Kendall’st (for the methology see, e.g., [9] & references
therein). Several photon and neutrino energy ranges assdssad for this purpose (with view on
applicability to presently available instruments): oatit/BVRI-bands, 0.3-10 keV, 15-150 keV,
0.1-100 GeV, 1-100 GeV and 0.1-10 TeV ranges in the photoraflorand> 0.01 PeV,> 1 PeV
and > 10 PeV in the neutrino domain. The inclusion of optical anda)}-bands in this analysis
may test the importance of those parts of the target photlthdiethe neutrino emission.

Tab. 1 lists the results of this correlation analysis basethe 12 sample sources using photon
and neutrino number fluxes. No convincing flux correlatiofoisnd between any optical and any
neutrino bands. Essentially the same holds true for X-rayreutrino bands, with the exception of
a possible mild signal when consideringl0 PeV neutrino fluxes which, however, vanishes when
energy fluxes are used, indicating its likely spurious origHence, the results of the flux-flux
correlation analysis therefore do either not support & tigkar correlation between neutrino and
photon luminosities in the considered energy bands, ocateia high degree of scatter that hides
any such correlation.

In case of luminosities a partial correlation analysis gsie Spearman rank order correlation
coefficientrgis used to account for the common redshift-dependence adithiaosities. In general
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Photon band | neutrino ener-| rg chance T chance
gies prob. prob.
U-band > 10 TeV 0.38 0.217 0.30 0.170
B-band > 10 TeV 0.31 0.319 0.24 0.273
V-band > 10 TeV 0.30 0.342 0.21 0.337
R-band > 10 TeV 0.24 0.443 0.18 0.411
I-band > 10 TeV 0.21 0.513 0.15 0.493
U-band > 10 PeV 0.43 0.159 0.33 0.131
B-band > 10 PeV 0.36 0.245 0.27 0.217
V-band > 10 PeV 0.35 0.265 0.24 0.273
R-band > 10 PeV 0.31 0.331 0.21 0.337
I-band > 10 PeV 0.26 0.417 0.18 0.411
0.3-10 keV > 10 TeV 0.50 0.101 0.36 0.100
15-150 keV > 10 TeV 0.43 0.159 0.27 0.217
0.3-10 keV > 10 PeV 0.54 0.067 0.39 0.075
15-150 keV > 10 PeV 0.53 0.075 0.36 0.100
> 100 MeV > 10 TeV 0.22 0.484 0.15 0.493
>1GeV > 10 TeV -0.14 0.665 -0.03 0.891
> 100 MeV > 10 PeV 0.43 0.167 0.30 0.170
>1GeV > 10 PeV 0.021 0.948 0.06 0.784
> 100 GeV > 10 TeV -0.07 0.832 0.05 0.815
> 100 GeV > 10 PeV 0.11 0.750 0.20 0.392

Table 1: Correlation coefficients (Spearman ramgkKendall'st) between photon and neutrino fluxes of the
sample.

the partial correlation describes the relationship beiwe® variables when the third variable is
held constant. Since the present hadronic model does nainysexternal target photon fields
for particle-photon interactions, the neutrino and photamber quantities are beamed by the
same factor from the jet to the galaxy frame for all energydsanThiscommon beaming factor
dependencef the luminosities in this case may cause a bias to the etioal analysis, which is
also tested in this work.

In Tab. 2 the results of the partial correlation analysisMeen luminosities at various energy
bands taking into account their common redshift-depenelane reported. Comparing these results
with a corresponding analysis that ignores any such raedéifendence shows that a strong com-
mon redshift-dependence is indeed present in the sampleéhéother hand, applying the same
procedure to test the strength of the common beaming faefmreience on any photon luminosity-
neutrino luminosity relation reveals no strong effectsisThay be due to the very narrow range of
Doppler factors used in the sample SEDs. No convincing tadioa is found between any of the
optical with any of the neutrino bands. The strength of thehiunp is in principle connected to
neutrino production via the effective photomeson produrcprobability. The non-detection of a
significant correlation signal likely indicates a large igof scatter in this relation for the present
sample. A statistically weak signal is apparent when catireg the hard X-ray with any of the
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Photon band | correlation coefficient | chance probability
U-band 0.468 0.151
B-band 0.486 0.134
V-band 0.464 0.155
R-band 0.468 0.151
I-band 0.334 0.325
0.3-10 keV 0.360 0.285
15-150 keV 0.674 0.021
> 100 MeV 0.922 6-10°°
>1GeV 0.732 8-10°3
> 100 GeV 0.406 0.223

Table 2: Spearman rank partial correlation coefficient betweengrhand neutrino¥ 1 PeV) luminosities
of the sample.

neutrino bands. Note that in the present sample SEDs theXheag band is associated either with
the LE or HE hump. When correlating the soft X-ray band witly ahthe neutrino bands this
weak signal vanishes. This may indicate that the impact efsynchrotron jet emission on the
neutrino luminosity is again associated with large scatiéhin the present sample that prevents a
significant correlation.

Correlating several bands of the HE hump with the neutrimoitiosity reveals a convincing
correlation for the> 100MeV photon regime (and in a somewhat reduced strength foGeV).
This band encompasses the peak of the HE component in aluthels source SEDs, and is in all
cases dominated by proton synchrotron radiation with artiadel cascade contribution. Because
the same protons that give rise to proton synchrotron liadiatre also responsible for neutrino
production in AGN jets, to some extent a connection betweaetop synchrotron dominated pho-
ton and neutrino emission is present. Noting in additionvilei-known photon-neutrino relation
between photon cascade and neutrino power results in aallgvieoton-neutrino correlation signal
as noted above.

Moving up in photon energy, no tight correlation is foundvbetn the VHE £ 100GeV)-
and neutrino luminosity. The impact of photon absorptiothim EBL at<VHES may contribute
to explaining this finding. In all source SEDs in the preseahgle is the efolding cutoff en-
ergy for EBL-absorption at lower energies than the corredpw efolding energy for internal
absorption/re-processing. Hence, some portion, depgratirsource redshift, of the photon lumi-
nosity is absorbed during propagation to Earth, while th&nreo luminosity remains unchanged
in flavor sum. The situation improves only slightly when adesing photon luminosities at source
(i.e., EBL de-absorbed): a convincing correlation betwienvVHE photon and the neutrino bands
could still not be found, likely due to large scatter. Thiskesithe VHE band here unsuitable for
utilizing the photon-neutrino connection of hadronic matgions.

Note that the results of the here presented correlatiory stredin generagtrongly dependent
on the hadronic AGN emission model considered.
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