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ABSTRACT

The IceCube Collaboration has announced the discovery of a neutrino flux in excess of the atmospheric background. Owing to the
steeply falling atmospheric background spectrum, events at PeV energies most likely have an extraterrestrial origin. We present the
multiwavelength properties of the six radio-brightest blazars that are positionally coincident with these events using contemporaneous
data of the TANAMI blazar sample, including high-resolution images and spectral energy distributions. Assuming the X-ray to y-ray
emission originates in the photoproduction of pions by accelerated protons, the integrated predicted neutrino luminosity of these

sources is high enough to explain the two detected PeV events.

Key words. neutrinos — galaxies: active — quasars: general

1. Introduction

The detection of neutrinos at PeV energies in excess of the at-
mospheric background reported by the IceCube Collaboration
(Aartsen et al. 2013; IceCube Collaboration 2013) has prompted
a quest to identify their extraterrestrial sources. The two events
with PeV energies (event 20, dubbed “Ernie” and event 14,
“Bert”, hereafter E20 and E14), detected between May 2010
and May 2012!, have angular uncertainties of 10°7 and 1372,
respectively.

A Galactic center origin has been considered (Razzaque
2013), but a single source has been excluded by Adridn-
Martinez et al. (2014). Pevatrons in the Galactic center region,

* Tables 1-3 are available in electronic form at
http://www.aanda.org
! A third neutrino at 2 PeV (event 35, dubbed “Big Bird”) has recently
been reported for the third year of data (Aartsen et al. 2014).
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such as young supernova remnants, produce neutrinos at well
below 1 PeV (Aharonian & Atoyan 1996). The overall distri-
bution of all 28 IceCube events is consistent with an isotropic
source population, and therefore extragalactic sources are the
prime suspects. Neutrino emission has been theoretically pre-
dicted from the cores of active galactic nuclei (AGN; Stecker
2013), AGN jets (Mannheim 1995), or gamma-ray bursts
(Waxman & Bahcall 1997). Prevailing models for gamma-ray
bursts have recently been excluded as neutrino sources (Abbasi
et al. 2012), and revised models predict much lower neutrino
fluxes than the observed excess (Winter 2013). Among the mod-
els for a diffuse, isotropic neutrino flux at PeV energies, only
the predicted flux of ~1078 GeVem™s~! sr™! from AGN jets
matches the observed excess flux well (Learned & Mannheim
2000), although it does not explain the absence of Glashow-
resonance events and the possible gap between 400 GeV
and 1 PeV. AGN jets carry a fraction of the total gravitational
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energy released during the accretion of matter onto supermas-
sive black holes. If observed at a small angle to the line of sight,
the emission becomes relativistically boosted, so the source is
classified as a blazar. Their low-energy, non-thermal radiation
stems from synchrotron emission. The emission at high energies
is explained by hadronic or leptonic models. In hadronic mod-
els protons are accelerated and interact with low-energy photons
(e.g., accretion disk) to produce pions (pion photoproduction,
Mannheim & Biermann 1989). The pion decays and ensuing cas-
cades generate neutrinos and y rays. Since the observed spectral
energy distributions (SEDs) of AGN result from the superposi-
tion of many emission zones within the jets, the distinction be-
tween hadronic and leptonic emission processes is obscured by
the large number of adjustable parameters. Unambiguous evi-
dence of hadronic processes could be provided by neutrino ob-
servations.

In this Letter we address the question of whether the PeV
neutrinos detected by IceCube could originate in blazars by cal-
culating the expected neutrino fluence. In Sect. 2, we describe
multiwavelength data on the six candidate sources. In Sect. 3 we
present Very Long Baseline Interferometry (VLBI) images and
SEDs and discuss their expected neutrino emission.

2. Observational data

Tracking Active Galactic Nuclei with Austral Milliarcsecond
Interferometry (TANAMI?; Ojha et al. 2010) is a multiwave-
length program that monitors extragalactic jets of the Southern
Sky (6 < -=30°). The sample includes the brightest radio-
and y-ray (GeV) blazars. VLBI observations were conducted
with the Australian Long Baseline Array (LBA) in combina-
tion with telescopes in South Africa, Chile, Antarctica, and New
Zealand at 8.4 GHz and 22.3 GHz. The DiFX correlator at Curtin
University in Perth, Western Australia (Deller et al. 2007, 2011)
was used to correlate the data. Subsequent calibration, hybrid
imaging, and image analysis were performed following Ojha
et al. (2010). TANAMI radio observations are supported by flux-
density measurements with the Australia Telescope Compact
Array (ATCA; Stevens et al. 2012) and the Ceduna 30 m tele-
scope (McCulloch et al. 2005).

X-ray data taken during the IceCube period are from the
TANAMI program and the public archives of Swift (Gehrels
et al. 2004) and XMM-Newton (Striider et al. 2001) and were

2 http://pulsar.sternwarte.uni-erlangen.de/tanami/
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Fig. 1. VLBI images at 8.4 GHz (natural weighting
for insets of 0235-618 and 0308—611 and all other
images; tapered to 10% at 100 MA for main panels
of 0235-618 and 0308—-611). Restoring beams are
shown in the bottom left corners. The color scale
covers the range between the mean noise level and
the maximum flux density (1759-396, see Table 2
for image parameters). Contour lines start at 30,
and increase logarithmically by factors of 2. The ar-
ray is given in the bottom right corner: PA: Parkes,
AT: ATCA, MP: Mopra, HO: Hobart, CD: Ceduna,
HH: Hartebeesthoek, TC: TIGO, TI: Tidbinbilla
(70 m), TD: Tidbinbilla (34 m), WW:Warkworth
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supplemented with non-simultaneous archival data. Swift/XRT
and XMM-Newton/pn data were reduced with standard methods,
using the most recent software packages (HEASOFT6.15.1%,
SAS1.2*) and calibration databases. Spectra were grouped to a
minimum signal-to-noise ratio of 3 for the Swift/XRT data and 5
for the XMM-Newton/pn data. Spectral fitting was performed
with 181S1.6.2 (Houck & Denicola 2000) using Cash statistics
(Cash 1979), except for the XMM-Newton data, where the higher
count rates allow using y?-statistics. We fitted the 0.5-10 keV
energy band with an absorbed power-law model, which yielded
good results in all cases. None of the sources showed evi-
dence of intrinsic X-ray absorption in excess of the Galactic
value (Kalberla et al. 2005). X-ray data were deabsorbed using
abundances from Wilms et al. (2000) and cross sections from
Verner et al. (1996). Swift/lUVOT and XMM-Newton/OM data
were extracted following standard methods. Optical, infrared,
and ultraviolet data were dereddened using the same absorbing
columns (Nowak et al. 2012, and references therein). We in-
cluded spectral data for these six sources from the Fermi/LAT
(Atwood et al. 2009) second source catalog (Nolan et al.
2012, 2FGL), which covered the time period 2008 August to
2010 August. We also calculated spectra for the 2010 May
to 2012 May IceCube integration period using the reprocessed
Pass 7 data (v9r32p5) and the P7TREP_SOURCE_V15 instru-
mental response functions (IRF; Ackermann et al. 2012) and
a region of interest (ROI) of 7°. Non-simultaneous data from
the Swift/BAT 70-month catalog (Baumgartner et al. 2013, hard
X-rays), Planck (Planck Collaboration VII 2011, microwave),
Wide-Field Infrared Survey Explorer (WISE; Wright et al.
2010), and Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006) (infrared) are also included. An INTEGRAL (Winkler
et al. 2003) spectrum has been obtained for 1653-329 for
all available data since 2003 using the HEAVENS online tool
(Walter et al. 2010).

3. Results
3.1. TANAMI sources in the two PeV-neutrino fields

Six TANAMI sources are located in the 1o positional uncer-
tainty region for the two PeV events (Table 1). The three blazars
PKS B0235-618 (in the following referred to as 0235-618),

3 http://heasarc.nasa.gov/lheasoft/
4 http://xmm.esac.esa.int/sas/
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Fig. 2. Broadband SEDs for the six TANAMI blazars. Filled data points are from the IceCube integration period (May 2010-May 2012), open cir-
cles are archival data outside the time period. Gray shows the absorbed (X-ray) and reddened (optical/UV) spectra. The data have been parametrized
with logarithmic parabolas (dashed red lines) modified by extinction and absorption, as well as by an additional blackbody component where nec-

essary (solid black lines).

PKS B0302-623 (0302-623), and  PKSB0308-611
(0308—611) are located in the E20 field. In the E14 field
we find the three blazars Swift J1656.3-3302 (1653-329),
PMNJ1717-3342  (1714-336) and PMNJ1802-3940
(1759-396). Of the twelve brightest y-ray sources (in the
two fields) from the 2FGL catalog, only these six named sources
have correlated VLBI flux densities at 8.4 GHz above 400 mJy.
All other sources are considerably fainter with typically 30 mJy
to 160 mly at 1.4 GHz and on kpc scales (Condon et al. 1998).
The source 0235-618 is formally also consistent with IceCube
event 7 (34.3 TeV), while 1653-329 and 1714-336 are also
within the error circles of events 2 (117 TeV) and 25 (33.5 TeV).
The source 1759-396 agrees with the positions of events 2
(117 TeV), 15 (57.5 TeV), and 25 (33.5 TeV).

3.2. VLBl images

The TANAMI VLBI jets of 0235-618, 0308-611, and
1759-396 are one-sided, indicating relativistic boosting at small
angles to the line of sight (see Fig. 1). The northwest direction
of the 0308611 jet does not agree with the position angle indi-
cated by the VLBI Space Observatory Program (VSOP) image
of Dodson et al. (2008), which might be due to jet curvature
or the limited (u, v)-coverage of VSOP. The source 0302-623,
which appeared point-like in Ojha et al. (2004), shows a highly
peculiar morphology with a compact core and a strong halo-
like emission region around the core. The east-west extension
agrees with Dodson et al. (2008). We find a high brightness
temperature’® of several times 10'' K in four objects, which is
typical of y-ray-emitting blazars (Linford et al. 2012). We find
that 1714—336 is substantially scatter broadened. The image of
1653-329 is from one single scan in 2008 February, outside the
IceCube integration period and does not have the same quality
as other TANAMI images.

3.3. Broadband spectra

For all six sources, we find characteristic double-humped blazar
SEDs (Fig. 2). The source 1653—329 has an unusually dominant
high-energy hump and is bright at hard X-rays (Masetti et al.

5 We derived brightness temperatures following Kovalev et al. (2005)
from Gaussian model fits to the visibility data.

2008; Baumgartner et al. 2013), while only upper limits are
placed on the 14-195 keV flux by Swift/BAT for the other
sources, based on the 30 level of background variations in
the survey maps. The high-energy peak frequencies lie be-
tween 10%° Hz and 10?> Hz. 1653—329 and 1714-336, and pos-
sibly 1759-396 show an additional component between 10'* Hz
and 10" Hz, which could be explained by a thermal accretion
disk.

4. Discussion
4.1. Possible other AGN sources of the lceCube events

The six TANAMI blazars are the brightest radio and +y-ray
emitting AGN in the two IceCube PeV event fields. The two
moderately bright extragalactic radio sources PKS 1657-261
and PKS1741-312 (270 mlJy and 470 mlJy compact flux
density at 8.4 GHz and 8.6 GHz, respectively) with com-
pact jets (Ojha et al. 2004; Petrov et al. 2005; Condon
et al. 1998) have not shown substantial y-ray emission in the
2FGL period. The same is true of several hard X-ray de-
tected blazars and radio galaxies (Baumgartner et al. 2013).
Four blazars are slightly outside the uncertainty region of E14:
NRAO 530, PKS 1622-29, PKS 1622-253, and PKS 1830-211
at 1520, 1628, 17°3, and 13°5 distance to the coordinates at 13°2
error radius.

4.2. Expected neutrino rate from pion photoproduction

Proton acceleration occurs in blazar jets moving with bulk
Lorentz factor I'. In pion photoproduction the neutrino flux is
related to the bolometric high-energy electromagnetic flux. We
consider the illustrative case of isospin symmetry (equal num-
bers of n*, 77, and 7°). We obtain the neutrino flux for the three
neutrinos among the four light final-state leptons in charged pion
decays F, = 2/3-3/4-F, = 1/2 - F,, and the y-ray flux
after accounting for the conversion of electrons and positrons
into y rays by cascading, F\, = 1/3 - F, +1/4-2/3 - F, =
1/2-F and therefore F, = F,. Monte-Carlo simulations confirm
this simple estimate (Miicke et al. 2000). Neutrino oscillations
establish full-flavor mixing across extragalactic distance scales,
and therefore Fy,,, = Fy, /3 = Fy,, /3. Electromagnetic cascades
emerge at X-ray and y-ray energies, and we approximate the
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non-thermal bolometric photon flux F, by the integrated flux
between 1 keV and 5 GeV. The broadband spectra were fit with
two logarithmic parabolas (Massaro et al. 2004), as well as a
blackbody component, X-ray absorption and optical extinction.
This fit was then integrated in the given energy range. All but one
of the blazars in our sample belong to the FSRQ class, showing
strong emission lines due to photo-ionizing UV light from an ac-
cretion disk that could provide target photons. The exception is
1714-336, which has been classified as a BL Lac object (Véron-
Cetty & Véron 2006) but shows a particularly strong big blue
bump in the UV and is possibly a misclassified quasar. In the jet’s
comoving frame (marked with primed quantities), the UV pho-
tons from the disk are redshifted (¢’ = ¢/I) if they originate at
the base of the jet, or blueshifted if they come from the outer
parts of the disk or are scattered photons. Photoproduction of pi-
ons starts above the threshold energy E|,3,th =2(¢'/30eV)~! PeV.

The neutrinos carry away ~5% of the proton energy, implying
a neutrino energy of E, ~ 0.1'(¢'/30 eV)~! PeV in the ob-
server’s frame. For generic values € = 30 eV and I' = 10,
the neutrino spectrum covers the energy range from 100 TeV
to 10 PeV. Details of the spectrum, however, are subject to
model assumptions and beyond the scope of this paper. IceCube
would have measured the following number of electron neutrino
events N, (E,) = Aex(E,)(F,,/E,)At. Adopting E, = 1 PeV as
the neutrino-production peak energy, an exposure time of At =
662 days, and an effective area of Az = 10° cm? for contained
PeV events, we obtain the values listed in Table 3. The numbers
would be lower for a realistic spectrum of the emitted neutrinos
or if some fraction of the emission were of a leptonic, proton-
synchrotron, or Bethe-Heitler origin. The steepness of the blazar
y-ray luminosity function (Singal et al. 2012), implies that in
a large field, the neutrino fluence will have significant contri-
butions from the brightest sources in the field, as well as from
fainter, unresolved sources.

5. Conclusions

The six candidate sources from the TANAMI sample are the
radio-brightest blazars in the neutrino error fields. Assuming
that the high-energy emission stems from pion photoproduc-
tion due to accelerated protons, the maximum expected num-
ber of electron neutrino events from the six blazars in 662 days
is 1.9 + 0.4. This is surprisingly close to the actual number of
observed events, given the additional neutrinos expected from
a large number of remote, faint blazars not included in the
TANAMI sample. The most promising candidate sources are the
three TANAMI blazars in the E14 field, with the highest pre-
dicted neutrino rates and the prevalence of blue bumps. The de-
tection statistics of neutrinos at these low fluxes is expected to
be Poisson-distributed. For N = 1, the 1o single-sided lower and
upper limits are 0.173 and 3.300, respectively. With a predicted
neutrino fluence of 0.39/1.55 events for the E20/E14 field, we
are well inside the Poisson uncertainty ranges. The six TANAMI
sources alone are already capable of producing the observed PeV
neutrino flux.
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Table 1. TANAMI sources compatible with the two IceCube PeV

events.
Source RA[°] Dec[°] b4 Class. 0 [°]
0235-618  39.2218"  —61.6043* 0.47° FSRQ* 5.61
0302-623  45.9610° —62.1904¢ 1.35*  FSRQ“ 5.98
0308-611  47.4838¢ -60.9775¢ 1.48*  FSRQ“ 7.39
1653-329  254.0699®° -33.0369° 2.40" FSRQ" - 1118
1714-336  259.4001¢ —33.7024¢ ? BL Lac/ 7.87
1759-396  270.6778° —-39.6689¢ 1.329  FSRQY 12.50

Notes. Columns: (1) IAU B1950 name; (2) right ascension; (3) dec-
lination; (4) redshift; (5) optical classification; (6) angular distance to
IceCube event coordinates. @ Healey et al. (2008), ® Cutri et al. (2003),
© Lambert & Gontier (2009), Y Immer et al. (2011), © Fomalont
et al. (2003), ) Véron-Cetty & Véron (2006), ¥ Massaro et al. (2009),
M Masetti et al. (2008).

Table 2. Details of interferometric observations and image parameters.

Source V Speak” s’ Swoa” T Beam*
0235-618 84 032 0.08 038 1.6 0.51x2.28,5.8
(0.35) (0.06) (0.37) (4.85 x7.70, -54.9)
0302-623 84 083 029 138 19 1.05x1.47,-2.8

223 045 0.12 069 1.2 1.59 x 2.28, 87.6

0308-611 84 0.68 0.09 077 20 1.20x1.64,38.8
(0.73) (0.05) (0.77) (3.89 x4.49, -80.9)
223 050 013 054 03 1.53x1.82,-759
1653-329 84 028 026 034 0.1  3.38x4.33,86.8
223 -4 017 b
1714-336 84 0.74 036 1.27 0.02° 3.26 x3.98, 87.8
1759-396 8.4 1.63 0.18 2.01 3.1 0.64x2.70,12.2
223 112 0.18 1.19 02 1.47x4.32,78.4

Notes. Columns: (1) IAU B1950 source name; (2) observing frequency
in GHz; (3) peak flux density in Jy/beam; (4) image noise level in
mly/beam; (5) total flux density in Jy (uncertainties are <10% and
<20% at 8.4 GHz and 22.3 GHz); (6) minimum core brightness temper-
ature in 10" K and (7) restoring beam (size, position angle) in mas® and
degree. @ Values in brackets denote the application of a Gaussian taper
to the visibility data of 10% at a baseline length of 100 MA. ¥ One base-
line experiment, flux density only accurate to ~50%. ¢z = 0 assumed,
affected by interstellar scattering broadening.

Table 3. Integrated electromagnetic energy flux from 1 keV to 5 GeV
and expected electron neutrino events at 1 PeV in 662 days of IceCube
data for the six candidate blazars.

Source F,(ergem™s™')  Events

0235-618  (1.0%93)x 1071 0.19*3%
0302-623  (3.4%97)x 1071 0.06:33!
0308-611  (7.5%5) x 1071 0.14*5%3
1653-329  (4.5%93)x 10710 0.86*319
1714-336 (24703)x 10710 0.46*319
1759-396  (1.2:03)x 10710 0.23*9:
Total 19+04

Notes. Errors are statistical only.
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