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Active Galactic Nuclei (AGN) are believed to be one of the main source candidates for the high-
energy (TeV-PeV) cosmic neutrino flux recently discovered by the IceCube neutrino observatory.
Nevertheless, several correlation studies between AGN and the cosmic neutrinos detected by IceCube
show no significance. Therefore, in this article we consider a specific sub-class of AGN for which an
increased neutrino production is expected. This sub-class contains AGN for which their high-energy
jet is pointing toward Earth. Furthermore, we impose the condition that the jet is obscured by gas
or dust surrounding the AGN.

A method is presented to determine the total column density of the obscuring medium, which
is probed by determining the relative X-ray attenuation with respect to the radio flux as obtained
from the AGN spectrum. The total column density allows us to probe the interaction of the jet with
the surrounding matter which leads to additional neutrino production. Finally, starting from two
different source catalogs, this method is applied to specify a sample of low redshift radio galaxies
for which an increased neutrino production is expected.
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I. INTRODUCTION

The Ultra-High-Energy Cosmic Ray (UHECR) spec-
trum has been mapped out by the Pierre Auger Observa-
tory [1] and the Telescope Array [2] collaborations. Nev-
ertheless, the origin of these particles is still unknown. In
case of a cosmic accelerator, the produced UHECRs can
interact with ambient photons in the acceleration region
producing high-energy neutrinos [3–14]. Since neutri-
nos are weakly interacting particles and have no charge,
they are able to travel large distances through the uni-
verse without being deflected by the (inter)galactic mag-
netic fields. Therefore, if detected, these neutrinos point
back to their production site, giving direct evidence for
hadronic acceleration at their source.

The field of neutrino astronomy obtained a boost with
the detection of the high-energy astrophysical neutrino
flux by the IceCube neutrino observatory [15, 16]. Nev-
ertheless, even though several point-source searches were
performed by the IceCube collaboration, no sources have
been detected so-far [17–19]. Different source candidates
such as Gamma Ray Bursts (GRBs), Active Galactic Nu-
clei (AGN), star-forming galaxies, and supernova rem-
nants (SNRs) have been investigated in detail by the Ice-
Cube collaboration, putting stringent limits on neutrino
production models at these sites [17, 18]. Furthermore,
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no clear anisotropy in the neutrino arrival directions has
been observed [19].

One way to explain these results is to consider differ-
ent neutrino production models in combination with a
relatively high source density, leading to a more diffuse
emission over the full sky. In this article we consider a
different option by suggesting an up to now unexplored
source class. We propose a sub-class of AGN as possible
high-energy neutrino emitters. These sources are defined
as obscured AGN with their high-energy jet pointing in
the direction of Earth [20]. For this specific sub-set of
AGN, the jet will be blocked by surrounding dust or gas
giving rise to additional neutrino production through the
jet-matter interaction in case a hadronic component is
accelerated [21]. It should be noted that not only the
hadronic component inside the jet is blocked, but also
the resulting gamma-ray flux. Hence the considered ob-
jects in this article compose a so-called hidden source
population for GeV to TeV gamma-rays. Such a pop-
ulation is currently favored by IceCube and Fermi data
interpreted in a multi-messenger approach [22].

We present a method to determine the total column
density of the jet-obscuring matter, which allows us to es-
timate the additional neutrino production. The method
is based on the X-ray attenuation as determined from the
AGN spectrum. The X-ray attenuation typically reaches
over a few orders of magnitude, which, as will be shown
in section IV, indicates that the obscuring dust or gas
is located at parsec scales from the central engine. A
possible explanation for such a component can be given
by an orientation of the disc or dust torus covering the
AGN jet, which has been considered in several AGN mod-



2

els [23, 24, 26–29].
As a first application of the developed method, we in-

vestigate two different galaxy catalogs to specify possible
obscured flat spectrum radio AGN. The first catalog con-
sists of a sample of galaxies with strong radio emission
located in the close universe, from now on referred to as
the Nijmegen catalog [30]. The second catalog consists
of a sub-sample of the Fermi 2LAC catalog [31], contain-
ing mainly Flat Spectrum Radio Quasars (FSRQ) and
BL Lac objects. First a red-shift selection is made to
obtain an unbiased set of objects. Subsequently, to as-
sure the high-energy jet is pointing toward us, a selec-
tion on the radio spectral index is made. Finally, we ap-
ply the method outlined in section IV to specify possible
obscured flat spectrum radio AGN. In case a hadronic
component is accelerated inside the high-energy AGN-
jet, these objects are expected to give rise to an increased
neutrino production compared to non-obscured AGN.

II. AGN AS POSSIBLE HIGH-ENERGY
NEUTRINO SOURCES

Active Galactic Nuclei (AGN) are considered to be
the compact core of a galaxy with an extremely mas-
sive black hole in its center. Within the unified AGN
model [32], the AGN consists of a sub-parsec scale disc
of hot matter falling into the Black Hole, the so-called
accretion disc. Further out, at parsec scales, the AGN is
composed of a dusty torus surrounding the central Black
Hole. Perpendicular to the plane of the accretion disc,
many AGN show an outflow of highly relativistic parti-
cles which can extend up to several hundreds of parsecs or
even kilo-parsec scales, the AGN-jet. It should be noted
that where the accretion disc is generally considered per-
pendicular to the AGN-jet, several models exist where
the dust torus can be tilted with respect to the accretion
disc [23, 24, 26–29].

The separate AGN components have been derived from
the observed highly non-thermal AGN Spectral Energy
Distributions (SEDs). The spectra are typically charac-
terized by a two ‘bump’ structure, where the first bump
is believed to originate from the synchrotron emission of
highly relativistic leptons in the AGN-jet. This emission
is typically observed at frequencies in the radio band.
The second bump can be shifted up to X-ray or even
γ-ray energies. This bump originates from either low en-
ergy photons which are up-scattered to higher energies
through the inverse Compton process or thermal emis-
sion from the hotter parts of the accretion disc. Another
very interesting scenario would be the production of γ-
rays through pion decay, directly indicating a hadronic
component at these sources. Nevertheless, even though
several models suggest the presence of some hadronic
component, other models are able to explain the AGN
spectra through electromagnetic interactions solely [33–
36].

Detailed studies of the AGN spectra allow to estimate

several properties of the AGN such as their magnetic
field, which is expected to be of the order of several Tesla
up to parsec scales. Through the Hillas criterium, this
immediately makes AGN one of the candidate sources
for the origin of UHECRs, and hence high-energy cosmic
neutrinos [37].

Source Investigation

The IceCube collaboration has investigated AGN as
possible sources of high-energy neutrino emission. The
latest results can be found in [17, 18]. However, so-far no
strong evidence for neutrino emission from AGN has been
observed. The IceCube results presented in [17] are based
on four years of IceCube data. A stacking analysis is per-
formed on astrophysical objects for which a strong neu-
trino emission is expected through the photo-hadronic
(pγ) neutrino production channel. The main feature of
the selected objects is that they are very bright objects
in the sky, with emission at high energies in the elec-
tromagnetic spectrum. Different types of astrophysical
objects are investigated in this paper such as Local Star-
burst Galaxies, SNRs associated with molecular clouds,
and AGN. In this search, no evidence for high-energy
neutrino emission was obtained. A separate analysis has
been developed in [18], which is based on a Blazar popu-
lation emitting over a broad range of the electromagnetic
spectrum. Two different situations have been considered
in that analysis, the first search considered neutrino emis-
sion during Blazar flares at random positions in the sky,
and a second search has been performed looking for coin-
cidences with γ-rays detected by Fermi-LAT [38]. Again
no significant neutrino emission from these source classes
has been observed. Furthermore, the IceCube collabora-
tion has put very stringent upper-limits on the neutrino
production in GRBs [39].

The natural question that arises is, what type of as-
trophysical objects are emitting the high-energy neutri-
nos detected by IceCube? Where many searches so-far
considered objects which show strong emission at high
energies in the electromagnetic spectrum, we propose in
this article a source class for which this component is
suppressed relative to the low-energy emission. The pro-
posed cause for such a damping of the high-energy elec-
tromagnetic emission would be the attenuation due to
surrounding gas or dust. Consequently, if a hadronic
component is accelerated in the AGN-jet, this compo-
nent will also be damped by the surrounding dust or gas.
It follows that we expect a suppression in the output of
UHECRs, where the jet-matter interaction will directly
lead to additional high-energy neutrino production. Due
to this additional neutrino production, the probability for
a neutrino detector like IceCube to detect such a source
increases, whereas the UHECR flux at Earth is expected
to decrease.
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III. NEUTRINO PRODUCTION IN AGN

The neutrino production mechanism in the high-energy
jet of an AGN or GRB is expected to be similar in case
a hadronic component is accelerated in their high-energy
environment [5, 14]. In this situation, the high-energy
hadronic component will interact with the ambient pho-
ton flux. In case of a pure proton composition accelerated
at the source, the largest interaction cross-section is given
by the production of the ∆-resonance which gives rise to
high-energy neutrinos through pion decay,

p+ γ → ∆+ → n+ π+ → n+ e+ + νe + νµ + ν̄µ. (1)

It should be noted that the neutron produced in Eq. 1
has a relatively long lifetime, and at PeV energies is
able to travel approximately 10 pc, escaping the contain-
ment region of protons before it decays into a proton and
an electron accompanied by an anti-electron neutrino.
Since the proton which originates from the neutron de-
cay is outside of the containment region, it will be able
to travel into outer space and might be responsible for
the UHECR-flux measured at Earth [6, 13]. The anti-
electron neutrino produced in the neutron decay has a
much lower energy compared to the neutrinos produced
by the decay of the π+, and in case of a falling proton in-
jection spectrum this component contributes negligibly
to the overall high-energy neutrino spectrum. Several
detailed models have been developed calculating the pγ
neutrino emission, where typically 5-20% of the protons
interact with the ambient photon flux [40]. In case com-
posite nuclei are accelerated at the source, photodesinte-
gration will take place by the ambient photon flux. As the
energy to which a nucleus will be accelerated scales with
its charge, the energy per nucleon is lowered by roughly
a factor of two and the neutrino spectrum due to the pγ
interaction channel is shifted to lower energies.

In addition to the pγ induced neutrino flux we con-
sider in this article a second contribution to the neutrino
flux. This is through a jet obscuration by nearby mat-
ter, where the jet-matter interaction will lead to meson
production which decay produces high-energy neutrinos.
This production channel has been investigated using the
PYTHIA 6.4 event generator [41]. A proton beam with a
falling E−2 energy spectrum between 0.2 PeV and 10 PeV
has been simulated to interact head-on with photons of
10 keV energy in 20% of the cases and with stationary
protons in the remaining 80% of the cases, thus reflecting
a full “beam dump” scenario. The total angle-integrated
all flavor spectra are shown in Fig. 1. It is seen that
next to the neutrino production through the pγ interac-
tion channel (black dashed line), we expect a significant
increase in neutrino production due to the proton-proton
(pp) interaction channel (blue solid line). In addition to
an increase of the peak flux, the neutrinos produced in
the pp interaction channel extend to lower energies com-
pared to the pγ interaction channel.

It follows that indeed a significant increase in the pro-
duced neutrino flux is expected through the jet-matter

FIG. 1: All flavor neutrino spectra for proton-proton (pp)
(blue solid line) and proton-gamma (pγ) (black dashed line)
collisions. In total 105 events were simulated following an
E−2 power-law spectrum between 0.2 PeV and 10 PeV. Of
the generated events, 20000 (20%) were forced to interact
through the pγ interaction channel, and 80000 (80%) were
forced to interact through the pp interaction channel.

interaction in case the high-energy AGN jet is obscured
by nearby dust or gas. The assumption that 20% of the
protons take part in pγ interactions in the jet is gener-
ally believed to be an upper limit, where different proton
energy loss processes such as synchrotron emission are
neglected for the moment [40]. Furthermore, it should
be noted that secondary baryons produced in the pγ and
pp interactions will also interact with the surrounding
dust. Including these processes in the spectrum calcula-
tion needs a more detailed dust or gas model, which goes
beyond the scope of this paper and will be considered in
a follow-up study.

The increase of the neutrino flux for these objects will
depend strongly on the fraction of protons which interact
with the surrounding dust or gas. In addition it should
be noted that in first approximation the neutrino produc-
tion due to the jet-matter interaction and through the pγ
interaction are independent. To estimate the fraction of
protons interacting in the dust, we discuss in the fol-
lowing section a method to determine the total column
density of the obscuring dust or gas. Subsequently in
section V, we use the developed method to specify a set
of possible obscured flat spectrum radio AGN.

Along with the production of additional high-energy
neutrinos during the beam-dump process, in the obscured
AGN scenario one also expects additional gamma-rays
produced through neutral pion decay. In the unobscured
AGN scenario, this process is lead by the counterpart of
Eq. 1, pγ → ∆+ → p+π0. Nevertheless, as will be shown
in the following section, the typical thickness for a dust
or gas cloud to have a significant increase in neutrino pro-
duction through the pp interaction channel equals several
proton interaction lengths. At the considered energies,
the proton interaction length is of the same order as the
gamma-ray interaction length. Consequently, not only
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the protons will be absorbed by the dust or gas, but also
the produced gamma rays. Therefore, even though some
gamma rays might escape for deep interacting protons,
in general we expect the gamma-ray flux to be highly
suppressed for the objects considered in this article.

IV. NEUTRINO PRODUCTION IN OBSCURED
FLAT SPECTRUM RADIO AGN

A. Jet-Matter interaction

In this section we discuss the jet-matter interaction in
more detail. A method is presented to determine the
total amount of dust or gas from X-ray observations of
the AGN. This allows us to determine the fraction of the
high-energy hadronic component in the jet that will inter-
act with the dust leading to additional neutrino produc-
tion. A first application of this method will be presented
in the following section to specify a set of obscured flat
spectrum radio AGN.

The neutrino production due to the jet-matter interac-
tion, (p−N), scales with the relative amount of protons
that will interact with the gas or dust,

Iintp

I0p
= 1− e−Xtot/λp−N , (2)

where Xtot is the total column depth of the dust in which
the jet-matter interaction occurs, N denotes the dust
constituent, and λp−N is the proton interaction depth
defined by the integrated density over the path length
for which the number of protons drops with a factor e−1.
If Xtot = 4λp−N , roughly 98% of the protons interact,
which gives rise to an effective beam dump process. The
total column depth of the dust, Xtot, can be obtained
through the X-ray attenuation. This is obtained by de-
termining the X-ray intensity as measured at Earth, IobsX ,
relative to a base value I0X in case there is no dust ob-
scuration,

IobsX

I0X
= e−Xtot/λX . (3)

The determination of the base value, I0X , will be treated
in the following section. Furthermore, we need to deter-
mine the X-ray attenuation depth in the dust, λX , as
well as the proton interaction depth, λp−N .

Since at the energies in which we are interested no ac-
celerator data is available for proton-matter collisions, we
base ourselves on the proton-air interaction depth deter-
mined by the Pierre Auger collaboration [42]. This mea-
surement gives a proton-air interaction depth of λp−air =
56 g cm−2 for a mean proton energy of E = 1018.24 eV.

In view of the availability of measurements, we con-
sider in this article an X-ray energy of 1.24 keV. To de-
termine the X-ray attenuation depth, we use data from

the XCOM photon cross-section database [43]. In prin-
ciple the X-ray energy observed at Earth will be differ-
ent from the one at the source because of cosmological
redshift effects. However, as will be shown in the fol-
lowing section, we will limit our sample to low redshifts
(z < 0.17) so that this effect will be small and can there-
fore be ignored.

For 1.24 keV X-rays the main attenuation process in
neutral dust is due to photo-electric absorption. How-
ever, in case of dust being illuminated by the high lu-
minosity AGN-jet, the dust will be ionized and conse-
quently heated through the Compton scattering process.
Hence, for highly ionized dust the main attenuation will
be due to Compton scattering, which occurs with a much
smaller cross-section compared to photo-electric absorp-
tion. Therefore, to determine the X-ray attenuation
depth, we need to consider the amount of ionization for a
dust cloud located at a distance r from the AGN core [44].
This can be estimated by the ionization parameter UX
for an ionizing X-ray continuum. Typical values for this
parameter range between UX = 10−3 for a partly ion-
ized dust cloud, up to UX > 0.1 when the cloud is highly
ionized. The ionization parameter is defined by [45],

UX =

E2∫
E1

LE/E

4πr2c nN
dE, (4)

where E1 and E2 denote the energy limits of the ioniz-
ing continuum for the dust constituent, N , with nucleon
number density nN . The speed of light, c, is introduced
to make U dimensionless, and LE denotes the monochro-
matic luminosity per unit of energy. The U parameter
can be interpreted as the total number of ionizing pho-
tons per time unit which illuminates the dust or gas, di-
vided by the gas particle number density, which gives an
indication for the level of recombination. As an example,
we consider the U parameter as obtained from Quasar
broad-line clouds [45]. In this situation it can be shown
that the number of ionized hydrogen atoms compared to
neutral hydrogen scales like,

NH+

NH
' 105.3U. (5)

The exact dust or gas composition close to an AGN is
unknown, but likely contains elements ranging from Hy-
drogen to Iron giving energy limits equal to E1 ≈ 0.1 keV,
E2 ≈ 10 keV. Ignoring the weak energy dependence of LE
in this region, we can use Eq. 4 to determine the distance
r between the AGN-core and the dust for which the dust
will be highly ionized (UX > 0.1),

r =

(
loge(E2/E1)LE

4πcnNU2
X

)1/2

. (6)

The nucleon number density can be linked to the thick-
ness of the dust cloud d and the total column density
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Xtot by,

nN =
XtotNav

d < Amol >
, (7)

where Nav is Avogadro’s constant and < Amol > the
average molecular weight. Using the given relations, we
show in Fig. 2 the main X-ray attenuation process given
the distance r between the AGN-core and the dust and
the thickness of the dust cloud d. To illustrate the ef-
fect, in Fig. 2 we consider a gas composition equal to
that found in our atmosphere. Taking an atmospheric
dust composition gives a convenient average over the ex-
pected dust or gas constituents ranging from Hydrogen
to Iron in the environment of an AGN. Furthermore, for
an atmospheric dust composition the proton interaction
depth is known from the proton-air interaction depth de-
termined by the Pierre Auger collaboration [42].

To produce Fig. 2 we need the X-ray attenuation at
1.24 keV for both Compton scattering as well as the
photo-electric absorption. These values are obtained

from XCOM [43], and given by, λComptonX = 65 g cm−2,
and λPEX = 5 · 10−4 g cm−2. The non-shaded region
is given by the condition that the largest distance be-
tween the dust and the AGN can not be smaller than the
thickness of the dust cloud itself, r < d. The (dashed)
blue line indicates the distance at which a dust column
equal to Xtot = 150 g cm−2, which would give rise to
an X-ray attenuation of 90% due to Compton scatter-
ing, becomes highly ionized (Ux > 0.1). The (full) red
line indicates the distance at which a dust column equal
to Xtot = 1.2 · 10−3 g cm−2, which would give rise to
an X-ray attenuation of 90% due to the photo-electric
absorption, becomes highly ionized.

Due to the high magnetic field in AGN environments
(O(104 Gauss)), cosmic-ray acceleration to ultra-high
energies E > 1018 eV, can take place at (sub-)parsec
scales [32, 37]. From Fig. 2 it follows that for clouds
close to a source the attenuation has to be due to Comp-
ton scattering. Such nearby, parsec scale, dust configu-
rations have been considered in several studies [24]. For
a similar attenuation due to photoelectric absorption, a
very thin, (sub)-parsec scale, dust or gas cloud located at
kpc to Mpc distances would be needed, which implies an
unlikely situation. Therefore, in this article we consider
X-ray attenuation due to highly ionized parsec scale dust
or gas clouds and in the following we use for the X-ray

attenuation depth, λX = λComptonX .
Since the dust is expected to be fully ionized on par-

sec scales, one concern might be the stability of the dust
configuration. Next to Compton heating, the dust might
also be swept up by the relativistic jet or travel perpen-
dicular to our line of sight, leaving the jet after a short
time span. For example, dust clouds in Keplerian motion
have been observed leading to strong X-ray variability on
short time scales [25]. Besides short lived configurations,
in [24] also more stable dust configurations over longer
time scales are discussed. One interesting observation is
that several studies have been performed to search for

Photo-electric
Absorption

Compton 
scattering

FIG. 2: The main X-ray attenuation mechanisms as function
of the distance r from the AGN core to the dust cloud, and
the thickness d of the cloud. The (dashed) blue line indicates
where a dust column equal to Xtot = 150 g cm−2, leading
to a 90% X-ray attenuation due to the Compton scattering
process, would be highly ionized. The (full) red line indicates
where a dust column equal to Xtot = 1.2 ·10−3 g cm−2, corre-
sponding to a 90% X-ray attenuation due to the photo-electric
absorption, would be highly ionized.

neutrino emission during flaring states where the X-ray
or gamma-ray emission is strong, where in our model we
expect the neutrino emission to be strongest during pe-
riods where the emission is weak in case the observed
X-ray or gamma-ray attenuation is due to dust.

So-far we considered a dust composition equal to the
elements found in our atmosphere. The actual dust com-
position close to an AGN is badly known, but is expected
to differ from the elements found in our atmosphere [46].
It follows that we induce an uncertainty for both the X-
ray attenuation as well as the proton interaction depth.
To estimate the importance of this uncertainty, both
quantities are determined considering different types of
dust within the range between a pure Hydrogen and a
pure Iron dust composition. Along with Hydrogen and
Iron and the main atmospheric constituents Nitrogen and
Oxygen, we also consider Silicon and Carbon which have
been observed during infrared studies of AGN dust [46].
The X-ray attenuation depths due to Compton scatter-
ing are obtained from the XCOM photon cross-section
database. The proton-matter interaction depth is only
known for air, but can be estimated for the different dust
constituents. The proton interaction depth is linked to
the proton-dust cross-section by, λp−N = (ρNσp−N )−1,
where the amount of particles per unit mass is given
by, ρN [g−1], hence ρN ∝ A−1, where A equals the
average atomic mass number of the dust constituents.
The proton-matter cross-section scales with the size of
the nucleus given by σp−N ∝ A2/3. It follows that the
proton interaction depth can be estimated to scale with
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Dust composition λp−N (g cm−2) λX (g cm−2) λp−N/λX

H(A=1) 23 14 1.6

C(A=12) 53 55 1.0

N(A=14) 56 62 0.9

O(A=16) 59 80 0.7

Si(A=28) 71 55 1.3

Fe(A=56) 89 84 1.1

TABLE I: The proton interaction depth λp−N and the X-ray
attenuation depth λX for different dust compositions. The
ratio between the proton interaction depth and the X-ray at-
tenuation depth is also given.

atomic mass number as λp−N = C(g cm−2)A1/3. The
scaling factor C will be based on the proton-air interac-
tion length obtained by the Pierre Auger collaboration
and is found to be C = 23 g cm−2.

In Table I, the obtained values are shown. Also the ra-
tio between the proton interaction depth and the X-ray
attenuation depth is given. Taking an Nitrogen-Oxygen
mixture as found for our atmosphere gives a ratio be-
tween the proton interaction depth and the X-ray atten-
uation depth due to Compton scattering in the range
between (λp−air/λX) = 0.7− 0.9. The largest difference
in ratio is with dust consisting out of pure Hydrogen,
(λp−H/λX) = 1.6 and the spread in values is small.

V. OBSCURED FLAT SPECTRUM RADIO AGN
CANDIDATE SELECTION

In this section we specify a set of nearby obscured
flat spectrum radio AGN. Under the assumption that
the X-ray attenuation found for these objects is due
to dust obscuration we investigate the additional high-
energy neutrino production which is expected through
the jet-matter interaction. The starting point of this in-
vestigation is based on two different galaxy catalogs, the
Nijmegen catalog [30], and the Fermi-2LAC catalog [31].
First a red-shift selection is applied to assure an unbi-
ased set of objects as outlined hereafter. Subsequently,
a selection on the radio spectral index will be made to
select a sample of flat spectrum radio AGN. In the fol-
lowing, as a first application of the method derived in
the previous section, we select a set of objects based on
their relative X-ray obscuration for which we determine
the proton fraction which is expected to interact with the
dust or gas surrounding the AGN. All data used in this
section are retrieved from the NASA/IPAC Extragalactic
Database (NED) [47].

A. The Catalogs

The starting point of this analysis is based on two
source catalogs. The first catalog, the Nijmegen cata-
log [30], contains 575 radio-galaxies and covers 88% of

the sky. The radio sources in this catalog have been sepa-
rated into four different categories: Starforming Galaxies,
Jets and Lobes, Unresolved Point Sources, and Unknown
Morphology. The radio-flux measurements used to con-
struct this catalog were taken from The NRAO VLA
Sky Survey (NVSS) [48] observing at 1.4 GHz, and The
Sydney University Molonglo Sky Survey (SUMSS) [49]
observing at 843 MHz. NVSS covers the Northern sky
above a declination of −40◦, while, SUMSS covers the
Southern sky below a declination of −30◦. Both cata-
logs neglect galaxies within a galactic latitude of |b| <
10◦. The galaxy population was constructed to contain
a volume-limited sample of strong radio sources which
could be responsible for the UHECRs measured at Earth.
The objects in this survey are located within several hun-
dreds of Mpc, which means they are inside the close
universe z < 0.1. Furthermore, an initial selection on
the radio flux at 1.4 GHz (> 231 mJy) and 843 MHz
(> 289 mJy) was made.

For the analysis presented in this paper we focus on the
Starforming-Galaxy and Unresolved Point Source cate-
gories. The Jets and Lobes category, as well as the Un-
known Morphology category by definition indicate ob-
jects of which the jet does not point in our direction, and
are therefore excluded. An example is shown in Fig. 3(a)
which shows an object from the unresolved point-source
category. The circular radio-morphology indicates a pos-
sible jet pointing toward us. In Fig. 3(b) we observe one
of the objects in the jets and lobes category, which has a
clear non-circular radio morphology indicating a jet not
pointing toward us.

The second source sample is based on The Second Cat-
alog of Active Galactic Nuclei Detected by the Fermi
Large Area Telescope (2LAC) [31], which is formed
by 1017 γ-ray sources. The 2LAC catalog is divided
in the following categories: Active Galactic Nuclei,
Active Galaxies of Uncertain type, BL Lacertae ob-
jects, Flat-Spectrum Radio Quasars, Radio Galaxies,
Steep-Spectrum Radio Quasars, Starburst Galaxies and
Unidentified sources. The 2LAC sample includes objects
with a galactic latitude |b| > 10◦, and with a redshift
z < 3.1. From the 2LAC sample only objects with red-
shift information in NED were selected.

B. Composing an unbiased set of objects

After cross-correlating the objects in both catalogs, an
initial sample of 735 unique galaxies remains. The main
goal of our selection is to specify a set of potentially ob-
scured flat spectrum radio AGN. We will specify these
objects based on the relative X-ray attenuation with re-
spect to the emission at lower (radio) frequencies. To
assure that the X-ray attenuation is due to a possible
dust component and not due to attenuation by the in-
tergalactic medium, redshift effects, or a possible selec-
tion effect, we determine in this section the red-shift for
which an unbiased set of objects is detected in the X-ray
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(a)The radio morphology of NGC 0262. A clear
circular morphology is visible indicating that a

possible jet is pointing toward us. This object falls
into the Unresolved Point Source category of the

Nijmegen catalog [30].

(b)The radio morphology of B2 0647+28. A clear jet
structure is visible, indicating a non-Blazar object.

This object falls into the Jets and Lobes category of
the Nijmegen catalog [30].

FIG. 3: The radio morphology for NGC 0262 and B2
0647+24. Data is obtained from NVSS [48]. Plots taken
from [30].

band. This selection will be performed for the objects in
the 2LAC catalog, which contains objects with a redshift
z < 3.1, whereas the Nijmegen catalog is already limited
to the close universe z < 0.1.

In case of a uniform source density and a generic lumi-
nosity we expect the number of sources with a measured
flux Fm above a threshold value F0, to scale like,

N(Fm > F0) ∝ (F0)−3/2. (8)

Fig. 4 shows the number of sources with a flux Fm > F0.
The flux is determined for the 1.24 keV X-ray band
corresponding to a frequency of 3.02×1017 Hz. The
measurements are obtained from [47]. Indeed, one ob-
serves the expected power-law behavior between −5.5 ≤
log10(F0/Jy) ≤ −4.6. At smaller threshold values the
distribution flattens indicating a deficit of sources. To

FIG. 4: The number of sources N(Fm > F0), with a flux Fm
larger than F0 at ν = 3.02×1017 Hz corresponding to the 1.24
keV X-ray band. The full (red) line shows the fit with a slope
equal to −1.36±0.06 compatible to -3/2 within two standard
deviations as expected for an unbiased set of objects.

FIG. 5: The redshift distribution of the sources with an ob-
served flux larger than log10(Fm/Jy) ≥ −5.5.

determine the redshift for which an unbiased set of ob-
jects is expected, we plot the redshift distribution of the
sources with a measured flux larger than log10(Fm/Jy) ≥
−5.5 in Fig. 5. To assure an unbiased set of objects, in
the following we select all objects (without imposing any
condition on their flux) with a redshift smaller than the
median of this distribution (z < 0.17), after which 209
objects remain.
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C. Flat spectrum radio AGN selection

A Blazar is defined as an AGN with its relativistic jet
pointing toward us. For such an object typically strong,
variable, emission up to high frequencies is expected.
Nevertheless, in case the central engine is blocked by sur-
rounding matter, the high-energy electromagnetic emis-
sion will be suppressed. Therefore, we base our selection
on the observed radio spectrum. A typical signature for
an AGN with its jet pointing toward us is the relativistic
boosting of the synchrotron emission to high frequen-
cies. Experimentally this is probed by the radio spectral
index, αR, at frequencies of a few GHz, for which the
measured flux is expected to follow a power law given by
Fν = CναR Jy [32]. Objects with a frequency spectral in-
dex αR > −0.5, are typically classified as Flat Spectrum
Radio Quasars, or BL Lac objects [32].

After applying the redshift selection we remain with
209 objects. For these objects we apply a flux-fit within
the frequency range ν = 0.843 − 5 GHz on the available
data found in NED [47]. The typical uncertainty on the
obtained data points lies between 1-20%. Therefore, in
case no information about the uncertainty of the mea-
surement is given by NED, a rather conservative value
of 20% is assumed. Since in general a high-power AGN
is expected to have variable emission over different time
scales, the obtained fit might be affected by data taken at
different periods in time. To obtain consistent results, we
perform an initial fit after which we iteratively exclude
data points which deviate more than 4σ from the fit, and
we re-fit the remaining data.

Fig. 6 shows two examples of the fit performance,
where ARP 220 is accepted, and NGC 7674 fails to pass
the radio spectral index selection. After the removal of
objects with a lack of data, we select sources with a radio
spectral index αR + σαR

> −0.5. A distribution of the
obtained spectral indices is shown in Fig. 7. It follows
that a large number of galaxies fail to pass our selection,
and hence are excluded from our analysis. After this se-
lection, we end up with a set of 98 nearby sources which
can be classified as flat spectrum radio AGN.

D. Source classes

In case of AGN obscuration by surrounding dust or
gas, emission at low (radio) frequencies is expected to be
unattenuated, whereas emission at higher frequencies in
the X-ray and γ-ray bands will be attenuated. There-
fore, to determine the amount of obscuring matter, we
will focus on the measured X-ray luminosity relative to
the radio luminosity. This will be done considering the
monochromatic luminosity at 1.4 GHz for the radio band
and at 3.02×1017 Hz corresponding to the 1.24 keV X-ray
band. To X-ray measurements for which no error is given
in [47] an error of 17% is attributed, equal to the average
error found in the 1.24 keV X-ray band. These bands
have been selected on basis of the abundance of mea-

(a)The flux-fit for ARP 220. The radio spectral index
is given by αR = −0.2415 ± 0.01662, indicating a

possible AGN-jet is pointing toward us.

(b)The flux-fit for NGC 7674. The radio spectral
index is given by αR = −0.8801 ± 0.05799. The steep
radio spectrum indicates that very likely there is no

jet directed toward us.

FIG. 6: The flux-fit for ARP 220 (a) and NGC 7674 (b).

FIG. 7: Distribution of the frequency spectral index αR+σαR .

surements at these frequencies. Nevertheless, for most
objects in the Southern sky there are no measurements at
ν = 1.4 GHz since the data for these objects are obtained
from the SUMSS survey which operates at ν = 843 MHz.
For these objects, the flux value at ν = 1.4 GHz is ob-
tained from the radio-flux fit presented previously.

After removal of objects with a lack of data at 1.24 keV,
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a sample of 62 flat spectrum radio AGN remains, of which
49 are located in the Northern sky and 13 are located in
the Southern sky. The 62 remaining flat spectrum radio
AGN can be sub-divided in roughly three categories: Flat
Spectrum Radio Quasars (FSRQs) (14 objects), Ultra
Luminous Infrared Galaxies (ULIRGs) (3 objects), and
BLLac objects (45 objects). These objects are given in
Appendix A.

FIG. 8: The observed radio luminosity as function of the
observed X-ray luminosity for the FSRQ and ULIRG objects.
The full (red) line gives the fit to this distribution with slope
value β = 0.73 ± 0.04

FIG. 9: The observed radio luminosity as function of the
observed X-ray luminosity for the BLLac objects. No clear
correlation between the radio luminosity and the X-ray lumi-
nosity is present.

Most of the objects remaining from the Nijmegen cat-
alog can be classified as Flat Spectrum Radio Quasars.
The SED of these objects is determined by a typical two-
bump structure, where the first bump is given by syn-
chrotron emission from the high-energy AGN-jet. The
second bump is shifted to higher frequencies. The emis-
sion in the X-ray band for this source class is linked to
the emission from the hotter parts of the accretion disc.
For this source class a clear relation between the radio
luminosity LR and the X-ray luminosity LX is given by

a power law relation LR = LβX , with the power β ranging
between β = 0.6−0.7 [50, 51]. In Fig. 8, we plot the radio
luminosity against the X-ray luminosity for the FSRQ as
well as the ULIRG objects in our selection. From the

power law fit we obtain β = 0.73±0.04, which clearly re-
flects the expected behavior. Since we are searching for
X-ray attenuation due to surrounding matter, we have
to correct for this relation and in the following we will
consider the intensity ratio IF−U = L0.73

X /LR for these
object classes. One special object is 3C273, which is very
bright in both radio as well as X-ray. There are strong
indications that the X-ray emission for this object is dom-
inated by the jet and not due to the accretion disc [52].
It follows that the radio luminosity correction should not
be made for this object. Due to its very bright X-ray
emission, the object is by definition not of interest for
our selection and will therefore not be considered.

The ULIRG objects are very interesting on their own.
Next to the standard two-bump spectrum, these objects
have a very bright emission in the infrared-UV range of
the spectrum. These objects (ARP 220, NGC 3628, NGC
3690), with ARP 220 as the most prominent ULIRG, are
interacting galaxies for which a large amount of dust is
observed, indicated by the very bright infrared-UV emis-
sion. Besides the infrared-UV peak, the radio emission as
well as the emission in the X-ray and gamma-ray bands
for our selected objects show similar behavior as found
for the FSRQ objects. NGC 3628 is a well known ob-
ject, which has been studied in detail. The X-ray mea-
surements given in [47] for this object are within errors
compatible with background, which makes the data not
suitable for our analysis. It should be noted however,
that since the X-ray measurements for this object are
compatible with background a very strong dust compo-
nent is expected to block the high-energy emission which
makes this object very interesting to study on its own.
The ULIRG object class, and especially ARP 220, is still
under detailed investigation [53, 54], where indications
have been found that an AGN is present in, at least some
of these objects [54]. Even though it is not determined
whether or not there is an AGN located inside ARP 220
and NGC 3690, we decided to keep them in our selec-
tion based on the fact that strong (flat spectrum) radio
emission has been observed which is most likely due to
synchrotron emission. Hence particle acceleration takes
place at these sources. This in combination with the very
strong dust component, makes them very interesting can-
didates for high-energy neutrino production through the
proton-matter interaction channel.

BLLac objects are distinguished from FSRQs by a fea-
tureless flat to rising spectrum up to very high frequen-
cies. The emission from these objects is believed to be

jet-dominated, for which the relation LR = LβX is less
clear [50, 51]. This is also observed in Fig. 9, where we
plot the radio luminosity LR as a function of the X-ray
luminosity LX for the remaining BLLac objects. Even
though in [50] a correction factor linked to the relativistic
boosting is given, from Fig. 9 no clear correlation between
the radio and X-ray emission is observed. Therefore, con-
trary to the FSRQ and ULIRG objects, in the following
we will base our selection on the X-ray emission with-
out correcting relative to the radio luminosity for BLLac
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objects.

E. Source candidate investigation

FIG. 10: The corrected X-ray intensity ratio IF−U =
L0.73
X /LR as a function of redshift for the FSRQ and ULIRG

objects. The base value I0F−U defined by the 25% strongest
X-ray sources is given by the dashed (green) line. The 25%
weakest X-ray sources are located below the full (red) line.

FIG. 11: The X-ray intensity IB = LX as a function of red-
shift for the BLLac objects. The base value I0B defined by the
25% strongest X-ray sources is given by the dashed (green)
line. The 25% weakest X-ray sources are located below the
full (red) line.

The amount of protons interacting with the dust or
gas will depend on the total column density Xtot. In
section IV a method was developed to determine this
column density based on the observed X-ray intensity
IobsX relative to a base value I0X for non-obscured AGN.
Furthermore, it was shown that the X-ray attenuation
for surrounding matter on (sub-)parsec scales will be
due to Compton scattering for which the attenuation

length λComptonX is given in Table I for different dust con-
stituents.

This leaves us with determining a base value I0X . In
the determination of this base value we separate our sam-
ple, based on the relation between the radio luminosity

and the X-ray luminosity as discussed above. Hence, we
consider FSRQs and ULIRGs on one side and BLLac ob-
jects on the other side. For the first category we consider
the corrected intensity ratio, IF−U = L0.73

X /LR, where
for the BLLac objects we simply consider the X-ray lu-
minosity IB = LX .

To investigate the possibility of additional neutrino
production we assume that the observed spread in (rel-
ative) X-ray intensity is fully attributed to surrounding
dust. Under this assumption, the base value for I0 is now
determined by the 25% strongest X-ray objects which are
considered to be unobscured. The obtained base values
are given by the intensity ratio I0F−U = 2.3 · 10−11 indi-
cated by the dashed (green) line in Fig. 10 for the FSRQ
and ULIRG sample, and the intensity I0B = 9.7 · 1019

indicated by the dashed (green) line in Fig. 11 for the
BLLac sample.

Having defined our base value I0X we are able to calcu-
late the fraction of protons which is expected to interact
with the dust or gas from the measured X-ray intensity
IobsX . Following the derivation in section IV, and combin-
ing Eq. 2 and Eq. 3 we find,

Iintp

I0p
= 1−

(
IobsX

I0X

)λX/λp−N

. (9)

In Table II, we show the fraction of protons which is
expected to interact for the 25% weakest X-ray objects
(located below the full lines in Fig. 10 and Fig. 11) for the
different source categories. This fraction is given for dif-
ferent dust constituents following the estimated proton-
dust interaction depth given in Table I.

We observe that in case the observed X-ray attenuation
is fully due to surrounding dust, we indeed expect to
have a strong increase in neutrino production from these
objects, which makes them very interesting to investigate
as possible cosmic neutrino sources.

VI. SUMMARY

In this article we discuss a new sub-class of possible
high-energy neutrino sources. This sub-class is composed
of AGN with their high-energy jet pointing toward Earth,
which is obscured by dust or gas surrounding the central
engine. We refer to these objects as obscured flat spec-
trum radio AGN. In case a hadronic component is accel-
erated inside the high-energy AGN-jet, the jet-matter in-
teraction will lead to additional neutrino production. We
argue that this production channel is independent of the
photo-hadronic neutrino production given by a hadronic
component in the high-energy jet interacting with the
ambient photon flux. Furthermore, it is shown that in
a full beam-dump scenario which occurs for surrounding
matter with a column density equal to several proton in-
teraction depths, the neutrino production increases up to
an order of magnitude.

One specific property of this sub-class is that the
neutrino emission mainly occurs through the jet-matter
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Object name (NED ID) H C N O Si Fe

Class: FSRQ

2MASXJ05581173+5328180 0.79 0.93 0.94 0.97 0.87 0.91

CGCG186-048 0.71 0.88 0.90 0.94 0.79 0.85

MRK0668 0.92 0.99 0.99 1.00 0.96 0.98

Class: ULIRG

ARP220 0.79 0.93 0.94 0.97 0.86 0.91

Class: BLLac

3C371 0.84 0.95 0.96 0.98 0.90 0.94

B21811+31 0.81 0.94 0.95 0.98 0.88 0.92

SBS0812+578 0.87 0.97 0.98 0.99 0.93 0.96

GB6J1542+6129 0.82 0.95 0.96 0.98 0.89 0.93

RGBJ1534+372 0.86 0.97 0.97 0.99 0.92 0.95

SBS1200+608 0.89 0.98 0.98 0.99 0.94 0.97

PKS1349-439 0.85 0.96 0.97 0.98 0.91 0.95

4C+04.77 0.97 1.00 1.00 1.00 0.99 1.00

1H1720+117 0.89 0.98 0.98 0.99 0.94 0.97

APLibrae 0.90 0.98 0.99 0.99 0.95 0.97

PKS1717+177 0.83 0.95 0.96 0.98 0.89 0.93

TABLE II: The fraction of protons which is expected to interact for the 25% weakest X-ray objects (indicated by the full (red)
lines in Fig. 10 and Fig. 11) for the different source categories. This fraction is given for different dust constituents following
the estimated proton-dust interaction depth given in Table I.

interaction. It follows that due to the damping of
the hadronic component in the jet, we expect an anti-
correlation between the cosmic neutrinos and ultra-high-
energy cosmic rays detected at Earth. Next to the
hadronic component, also the high-energy X-ray and
gamma-ray emission is expected to be attenuated for this
source class.

A method has been constructed to select possible ob-
scured flat spectrum radio AGN by determining the col-
umn density of the surrounding matter. The method is
based on the attenuation of emission at small wavelengths
in the X-ray band, where emission at long wavelengths
in the radio band is expected to pass through the dust
or gas unattenuated.

As a first application of the devised method, two dif-
ferent source catalogs are investigated to specify a set
of possible obscured flat spectrum radio AGN. The first
catalog, the Nijmegen-catalog, contains a volume limited
sample of strong radio galaxies. The second catalog that
is investigated is the Fermi-2LAC catalog. Starting point
of the selection procedure is a red-shift cut to assure an
unbiased set of objects. Subsequently, the radio spectral
index of the remaining objects was determined to assure
the high-energy AGN jet was pointing toward us. Af-
ter these initial cuts three different source classes can be
identified, Flat Spectrum Radio Quasars (FSRQs), Ultra
Luminous Infra-Red Galaxies (ULIRGs) on one side and
BLLac objects on the other side. Our sample was split
between the FSRQ and ULIRG objects, and the BLLac

objects based on their different relation between radio
luminosity and X-ray luminosity.

Finally, we investigate the possibility for these objects
to have an increased neutrino production. Under the
assumption that the observed X-ray attenuation is due to
surrounding dust or gas, we find that for the 25% weakest
X-ray sources, 50-100% of the surviving hadrons in the jet
are expected to interact with the surrounding dust or gas.
This would give rise to a significant increase in neutrino
production, which makes these objects very interesting
to investigate as possible sources for the detected high-
energy cosmic neutrino flux.
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Appendix A: Flat spectrum radio AGN

The shown values are: declination (dec), right ascension (ra), redshift (z), frequency spectral index (αR + σαR
)

between 843 MHz and 5 GHz, the radio flux fν(Jy) at 1.4×109 [Hz] (radio) and the X-ray flux at 3.02×1017(Jy) [Hz]
(X-ray) for the 62 selected flat spectrum radio AGN.

Object name (NED ID) dec ra z×102 αR + σαR fradio
ν [Jy] fX−ray

ν [Jy]

1ES1215+303 30.12 184.47 13.00 -0.06 0.45 8.25e-06

NGC5506 -3.21 213.31 0.62 -0.44 0.34 6.15e-07

PKS2155-304 -30.23 329.72 11.60 -0.08 0.44 2.18e-05

3C371 69.82 271.71 5.10 0.08 2.26 8.79e-07

B21811+31 31.74 273.40 11.70 0.05 0.19 1.96e-07

RBS0958 20.24 169.28 13.92 0.98 0.10 1.11e-05

NGC1275 41.51 49.95 1.76 0.51 14.60 8.65e-05

SBS0812+578 57.65 124.09 5.39 -0.36 0.10 5.02e-07

Mkn180 70.16 174.11 4.53 -0.20 0.23 1.16e-05

PKS0447-439 -43.84 72.35 10.70 0.42 0.16 3.54e-06

PMNJ0152+0146 1.79 28.17 8.00 -0.05 0.06 1.28e-06

1H0323+022 2.42 51.56 14.70 1.04 0.07 3.99e-06

NGC2110 -7.46 88.05 0.78 -0.40 0.30 3.97e-07

NGC1052 -8.26 40.27 0.50 0.86 0.59 3.78e-08

GB6J1542+6129 61.50 235.74 11.70 0.31 0.10 1.71e-07

TXS2320+343 34.60 350.68 9.80 -0.09 0.10 3.61e-07

GB6J1053+4930 49.50 163.43 14.04 0.69 0.06 2.72e-07

3C273 2.05 187.28 15.83 0.04 42.61 1.88e-05

1H0323+342 34.18 51.17 6.10 -0.37 0.59 1.03e-06

B32247+381 38.41 342.52 11.87 0.72 0.10 8.11e-07

NGC4278 29.28 185.03 0.21 -0.19 0.40 1.97e-07

TXS1148+592 58.99 177.85 11.80 -0.09 0.18 2.67e-07

OQ530 54.39 214.94 15.26 0.26 0.87 3.54e-07

ARP220 23.50 233.74 1.81 -0.22 0.32 1.30e-08

Mkn421 38.21 166.11 3.00 -0.01 0.66 0.000

NGC3690 58.56 172.13 1.04 -0.49 0.71 1.37e-07

RGBJ1534+372 37.27 233.70 14.28 0.25 0.02 7.55e-08

1ES1440+122 12.01 220.70 16.31 0.24 0.06 2.59e-06

BLLacertae 42.28 330.68 6.86 -0.04 0.39 6.38e-07

SBS1200+608 60.52 180.76 6.56 -0.10 0.17 2.49e-07

2MASXJ05581173+5328180 53.47 89.55 3.50 -0.38 0.40 2.65e-08

WComae 28.23 185.38 10.20 -0.40 0.68 4.30e-07

ON246 25.30 187.56 13.50 0.34 0.27 7.35e-07

1H1914-194 -19.36 289.44 13.70 -0.06 0.48 1.28e-06

PKS1349-439 -44.21 208.24 5.00 0.10 0.44 7.94e-07

S31741+19 19.59 265.99 8.40 -0.40 0.55 1.40e-06

PKS2005-489 -48.83 302.36 7.10 -0.08 1.26 1.63e-05

1ES0806+524 52.32 122.45 13.80 0.01 0.18 2.73e-06

PKS1424+240 23.80 216.75 16.00 -0.27 0.43 1.18e-06
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Object name (NED ID) dec ra z×102 αR + σαR fradio
ν [Jy] fX−ray

ν [Jy]

4C+04.77 4.67 331.07 2.70 -0.27 0.40 2.54e-07

RXJ1136.5+6737 67.62 174.13 13.42 0.05 0.04 4.88e-06

NGC0262 31.96 12.20 1.50 0.77 0.29 4.08e-08

H1426+428 42.67 217.14 12.91 -0.13 0.03 1.08e-05

TXS1055+567 56.47 164.66 14.33 0.03 0.22 1.04e-06

Mkn501 39.76 253.47 3.37 -0.12 1.48 2.05e-05

1H1720+117 11.87 261.27 1.80 0.74 0.12 3.80e-06

RBS0970 42.20 170.20 12.40 0.25 0.02 2.58e-06

NGC6521 62.61 268.95 2.75 -0.24 0.29 2.58e-07

IZw187 50.22 262.08 5.54 -0.25 0.20 6.75e-06

UGC03927 59.68 114.38 4.05 -0.24 0.55 2.86e-07

IC4374 -27.02 211.87 2.18 -0.11 0.65 5.06e-06

NGC3628 13.59 170.07 0.28 -0.30 0.34 1.74e-09

1ES1959+650 65.15 300.00 4.70 -0.004 0.24 1.26e-05

PMNJ0847-2337 -23.62 131.76 6.07 0.08 0.14 8.48e-07

APLibrae -24.37 229.42 4.90 -0.02 2.10 3.88e-07

MG1J010908+1816 18.27 17.28 14.50 0.60 0.09 1.49e-06

H2356-309 -30.63 359.78 16.54 -0.33 0.06 1.61e-05

CGCG186-048 35.02 176.84 6.31 -0.08 0.56 1.46e-07

PKS1717+177 17.75 259.80 13.70 -0.03 0.57 1.18e-07

MRK0668 28.45 211.75 7.66 0.86 0.72 1.27e-08

SBS1646+499 49.83 251.90 4.75 -0.01 0.18 2.88e-07

PKS1440-389 -39.14 220.99 6.55 0.07 0.11 3.16e-06


