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IceCube is a cubic-kilometer Cherenkov telescope operating at the South Pole. In 2013 IceCube
discovered high-energy astrophysical neutrinos and has more recently found compelling evidence
for a flaring blazar being a source of high-energy neutrinos. However, as blazars can only be
responsible for a small fraction of the observed neutrino flux, the sources responsible for the
majority of the detected neutrinos remain unknown. In this work, we explore the possibility that
the observed neutrino flux is produced in the cores of Active Galactic Nuclei (AGN). Various
models have predicted neutrino emission from the accretion disks of AGN. According to these
models, the neutrino luminosity would not depend strongly on either the orientation or other
parameters of the relativistic jet. Both jetted and non-jetted AGN could contribute to the neutrino
flux. We perform a stacking analysis to test for correlation between various sub-populations of
AGN and high-energy neutrinos using a decade of IceCube data. We select AGN based on their
radio emission, infrared color properties, and X-ray flux using the NVSS, AIIWISE, ROSAT
and XMMSL2 catalogs. We use the accretion disk luminosity, estimated from the observed soft
X-ray flux, to weight the contribution of selected galaxies to the neutrino signal.
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1. Introduction

IceCube is a cubic-kilometer Cherenkov telescope operating at the South Pole, detecting neu-
trinos of all flavors with energies from tens of GeV to several PeV [1]. In 2013 IceCube dis-
covered high-energy astrophysical neutrinos [2] and has more recently found compelling evidence
for a blazar being a source of high-energy neutrinos [3, 4]. However, the sources responsible for
the emission of the majority of the detected neutrinos are still unknown. Active Galactic Nuclei
(AGN) are considered promising potential sites for high-energy neutrino production as they are the
most powerful emitters of radiation in the known Universe. They can accelerate protons up to the
observed maximum energies of ~ 10?° — 10?! eV and are surrounded by high-intensity radiation
fields where photo-nuclear reactions with subsequent neutrino production can occur. The most
popular scenario for neutrino production is in relativistic jets, as these jets dominate the gamma-
ray sky. However, it has been shown that gamma-ray blazars can only be responsible for a small
fraction of the observed neutrino flux [5]. Alternatively, sites of hadronic acceleration must avoid
over-producing detectable gamma-ray emission, and in this contest obscured sources are favoured
[6]. High-energy neutrino emission from the cores of AGN would satisfy this constraint with both
the pp [7] and p7y [8, 9] scenarios.

In this work we explore the possibility that the high-energy neutrinos are produced in the
accretion disk that surrounds the super-massive black hole (SMBH) at the heart of an AGN. A
maximum likelihood stacking analysis is presented to search for a cumulative signal from multiple
sources, selected based on their radio emission, infrared (IR) color properties and X-ray flux.

2. Theoretical models

In this paper, two models for neutrino production in AGN cores will be tested:

1. Neutrinos from AGN with Shakura-Sunyaev accretion disk
AGN generally have a geometrically thin, optically thick disk, as described by the Shakura-
Sunyaev model [10]. The disk is hot and emits thermal radiation producing a prominent
feature in the observed AGN spectra at ~ 10 eV, usually referred as the “big blue bump”.
Protons accelerated in the vicinity of the SMBH horizon can interact with the "blue bump”
photons via the py — nm™ reaction, generating high-energy neutrinos.

2. Neutrinos from LLAGN with RIAF
Low Luminosity AGN (LLAGN) do not have standard disks, since their spectra show no
“blue bump” [11]. Instead, they are expected to have Radiative Inefficient Acceleration
Flows (RIAFs) which are formed when the mass accretion rate into the SMBH is relatively
small. In the turbulent plasma of the RIAFs, cosmic ray protons may be accelerated via
stochastic processes or by magnetic reconnection [12]. These protons then interact with other
nucleons (pp interactions) and photons (p7 interactions) in the flow, generating neutrinos.

In both cases, we can assume that the neutrino luminosity is proportional to the accretion disk
luminosity in UV, since at this wavelength the accretion disk emission has its peak. However, a
tight relation between UV and X-ray luminosity has been observed in AGN, indicating a connection
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between the primary radiation from the disk and the X-ray emission from the hot-electrons corona
[13, 14]. Therefore, the measured soft X-ray flux will serve as an estimate for the expected neutrino
flux.

3. Source selection

To test the two AGN core models, we want to select a large, clean sample of radio galaxies
with X-ray flux info, that is free from blazar contamination. Three samples are created through the
cross-correlation of X-ray, radio and infrared catalogues: radio—selected AGN, IR—selected AGN
and LLAGN. The correlation among catalogues consists in a positional match performed using the
extcat code!.

The primary X-rays catalogues used for cross—matching are the ROSAT All-sky Survey (2RXS;
[15]) and the second release of the XMM-Newton Slew Survey (XMMSL2?). However, rather
than directly using these two catalogues, we use the ones modified by [16]. They provide 106,573
and 17,665 X-ray sources from the 2RXS and XMMSL2 surveys respectively, which have been
matched with AIIWISE IR counterparts [17], covering ~ 95% of the extragalactic sky (|b| > 15°).
The radio— and IR—selected AGN samples are compiled by cross-matching the X-ray catalogues
with the NRAO VLA Sky Survey (NVSS; [18]) radio catalogue and the AIIWISE catalogue re-
spectively. In the end, all three catalogues are cross-matched with the 3LAC Fermi-LAT catalogue
[19] to remove blazars from the final samples. In this analysis we focus only on radio galaxies,
for which we expect the emission to come mainly from the accretion disk. Table 1 shows the three
AGN samples created for this work, the original catalogues from where they are derived and the
weighting scheme used in the analysis.

Radio-selected AGN  IR-selected AGN LLAGN
NVSS + ALLWISE +
Matched catalogues PRXS + XMMSL2  2RXS + XMMSL?2 ALLWISE + 2RXS
Nr. of selected sources 13,927 52,835 25,648
Weight X-ray flux X-ray flux X-ray flux x Seyfertness

Table 1: Properties of the AGN samples created for the analysis. The surveys used for the cross-
match to derive each sample, the final number of selected sources and their weight are listed.

3.1 Radio—selected AGN

We correlate the NVSS and 2RXS catalogues, keeping all sources whose radio and X-ray
positions differ by less than 60 arcsec. This selection criterion matches 14,760 NVSS sources with
12,851 2RXS sources. 6% of X-ray objects have more than one radio counterpart, and for this
case the closer NVSS source to the X-ray counterpart is chosen. The X-ray sources with a radio
counterpart are then cross-matched with the 3LAC catalogue in order to remove blazars, using the

Thttps://github.com/MatteoGiomi/extcats
Zhttps://www.cosmos.esa.int/web/xmm-newton/xmmsl2-ug
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95% source position error of the gamma-ray sources as search-radius. The gamma-ray BL Lacs,
FSRQs and blazars of uncertain type obtained from the cross-match are thus removed from our
sample.

We repeat the same procedure using the XMMSL?2 catalogue: we first cross-match it with the
NVSS sources using a search-radius of 60 arcsec and then we remove the 3LAC blazars. Before
combining the NVSS/2RXS and NVSS/XMMSL?2 samples, we remove duplicated X-ray sources
(i.e. XMMSL2 sources already included in 2RXS) and convert the X-ray fluxes to the common
0.5-2 keV energy range. The final radio—selected AGN sample contains 13,927 sources with an
estimated contamination of only ~ 5% and an efficiency of ~ 94%, covering ~ 56% of the sky.

3.2 IR—selected AGN

Another way to select AGN is to use the IR color-color diagrams, as different classes of objects
appear in different regions according to the shape of their spectral energy distribution. We start from
the 2RXS and XMMSL2 catalogues provided in [16] and we use the distribution of the AIWISE
counterparts to select only AGN, using the color-color diagrams from [17]. In addition, since some
of the sources in the 2RXS catalogue have counterparts in the VERONCAT [20] catalogue, and are
thus classified as AGN, BL Lac or quasars, we overlap our catalogue with these classified sources
and apply cuts to isolate the AGN sources. After removing the 3LAC blazars, we are left with
52,835 sources.

3.3 LLAGN

To build this catalogue, we start from the 2RXS sources with AIIWISE counterparts. We
remove the 3LAC blazars and apply the same cuts as in section 3.2. Using the VERONCAT clas-
sification, it is possible to separate the bright AGN from the Seyfert galaxies in the W1-W2 space,
where W1 and W2 are the 3.4 um and 4.6 um luminosity respectively (see Figure 1a). Based on
these distributions, a “Seyfertness” probability distribution function (PDF) is defined as:

P(S)

Seyfertness = —————,
Y P(S)+P(B)

(3.1
where P(S) and P(B) are the probability of being a Seyfert or a bright galaxy respectively. Figure
1b shows the Seyfertness PDF as function of W1-W2. Using this function, we assign to each
source a Seyfertenss PDF between O and 1. In the final sample we only include sources with
Seyfertness > 0.5, since at this value we have the best trade-off between efficiency (77%) and
contamination (21%) of the selection. The final LLAGN sample contains 25,648 sources covering
~ 95% of the extragalactic sky, which will be weighted by their X-ray flux and Seyfertness.

4. Analysis

A stacking analysis is performed using 10 years of IceCube data [21]. The analysis uses an
unbinned maximum likelihood ratio test, which gives the significance of an excess of neutrinos
above background expectations for a given direction [22]. Both a signal and a background PDF
enter into the likelihood function (equation 2 in [22]). The background PDF is constructed directly
from data under the assumption that the dataset is background-dominated, while the signal PDF
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Figure 1: Seyfertness PDF definition. The left panel (1a) shows the distributions of the 2RXS
sources classified as Seyfert or bright AGN in the VERONCAT as a function of the W1-W2 color-
magnitude. The right panel (1b) is the Seyfertness PDF function derived from Figure 1a; the
dashed-red line shows the cut used for the creation of the LLAGN sample.

is calculated from Monte Carlo simulations. Each individual AGN enters into the signal PDF
weighted with the expected relative contribution of the sources, given by their accretion disk flux
measured on Earth (see Table 1).

For each direction in the sky, the likelihood function is maximized with respect to the number
of signal events n; and the power-law index of the neutrino spectrum, y. The ratio of the log-
likelihood ratio of the best fit hypothesis to the null hypothesis (rn; = 0) forms the test statistic. The
final significance is estimated by applying the same analysis to a large set of scrambled datasets
(trials), wherein the right ascensions of the events are randomized but all other event properties are
kept fixed. The performance of the method is expressed in terms of discovery potential, defined as
the flux required for 50% of the trials with simulated signal to yield a p-value < 5.73 x 10~ (50).

5. Results and perspectives

Here, we present preliminary discovery potential estimations for the radio-selected AGN sam-
ple. An E~7 power law spectrum with y = 2 is assumed for each source. In Figure 2, the discovery
potential is shown as a function of the number of the stacked sources for each sub-set of the radio-
selected AGN sample. Each sub-set contains only the X-ray brightest sources. In the left panel,
the integrated neutrino energy flux (blue line) and the integrated X-ray flux (orange line) are shown
as a function of the number of stacked sources. The ratio of the two curves is shown in the right
panel: it represents the expected neutrino flux per source. Comparing these two plots, it can be
noticed that while the discovery potential gets worse as more total flux is required, the same value
gets smaller if normalized by the X-ray flux. Therefore, adding sources improves the discovery
potential as expected from a stacking analysis. The dashed-line indicates that for the last two sub-
samples the values have been extrapolated. In fact, a larger number of trials is required to derive
the discovery potential for a number ¢(10°) of stacked sources. Full results will be shown in a
future publication.
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Figure 2: Discovery potential for the radio-selected AGN sample as function of the number of
X-ray brightest stacked sources. The left panel shows the integrated energy flux of neutrinos (in
blue) and the corresponding integrated X-ray flux (in orange) of the stacked sources. The ratio of
the two curves is shown in the right panel, giving the discovery potential per source. The dashed-
line indicates that the flux values have been extrapolated for the last two sub-catalogues of stacked
sources.

In order to know how many neutrinos are expected from the radio-selected AGN sample, we
need to take into account also those sources not included in our selection. For this purpose, the
total X-ray flux expected from all AGN has been estimated using the X-ray luminosity function
(luminosity-dependent density evolution model; [23, 24, 25]). Figure 3 shows the cumulative num-
ber of AGN as function of the X-ray flux in the 0.5-2 keV energy range. The expected number
of sources derived from the luminosity functions (solid lines) is compared to the number of AGN
in the three samples used in this analysis. All samples are scaled by their sky coverage, and the
LLAGN sample is also scaled by the efficiency of the selection. The total X-ray flux is given by
the area below the three theoretical curves: for the radio-selected and IR-selected AGN samples
the model from [23] is used (left panel of Figure 3), while the LLAGN sample is better described
by the model of [25] (right panel of Figure 3). We can then use the total X-ray flux to derive the
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Figure 3: Source count distributions in normalized integral form for sources in the 0.5 —2 keV
band. Three models (solid lines) derived from X-ray luminosity functions are compared with the
sources (points) from the three samples created for this analysis. A cosmological framework with
Hy=70kms™! Mpc’l, Qum = 0.3 and Qp = 0.7 is assumed.
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fraction of the diffuse neutrino flux, defined as the ratio between the integrated neutrino flux nor-
malized over the total flux seen by IceCube, and the X-ray flux of the stacked sources normalized
to the total X-ray flux expected at Earth from all the high luminosity AGN. This value is shown in
Figure 4 as a function of the integrated X-ray flux of the stacked sources. It tells us what fraction
of the diffuse neutrino flux the AGN would have to produce, in order for a discovery to be made. If
the fraction is smaller than 1 (i.e. the blue curve in Figure 4 goes below the gray line), we would be
capable of a discovery. For the normalization of the neutrino flux we use the astrophysical muon
neutrino flux from [26] with ¥ = 2, which is the same spectral index used for the neutrino spectrum
in the analysis.
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Figure 4: Fraction of diffuse neutrino flux required for a 56 discovery at different integrated X-ray
flux values (blue line). The corresponding number of stacked sources is plotted below (orange
line). The gray line at 1 shows the IceCube diffuse neutrino flux for y =2 [26].

In Figure 5 the IceCube diffuse flux for ¥ = 2 (black horizontal line) is compared to the ex-
pected flux from the radio-selected AGN population, for 13,927 and 1,000 stacked sources (light
blue lines). They lay above the solid black line, therefore the neutrinos expected from these AGN
are not going to saturate the diffuse neutrino flux seen by IceCube. However, we expect the sen-
sitivity of the analysis to be ~ 3 times better than the discovery potential, being thus able to go
beyond the diffuse limit. We also expect to have lower limits using a softer neutrino spectrum,
which is a better description of the IceCube diffuse flux. After running the analysis with the other
two samples and with more Y values, and unblinding it, the results of the search with corresponding
fluxes will be published.
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