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Search for neutrinos from hard X-ray AGN

1. Introduction

IceCube has detected astrophysical neutrinos in the TeV-PeV range that show an isotropic
angular distribution, and their dominant origin remains unidentified [1]. This points to extragalactic
sources as a possible origin of the very-high-energy (VHE) neutrinos. Active Galactic Nuclei (AGN)
is one such promising candidate source of VHE neutrinos. These are amongst the brightest objects
in the universe owing to their high intrinsic luminosity. According to the unified model of AGN
[2], these sources have a central supermassive black hole surrounded by an accretion disk and are
sometimes accompanied by relativistic jets. Blazars are the AGN with the orientation of the jet
lying close to our line of sight. AGN are powerful engines and capable of accelerating particles to
very high energies. When the cosmic rays which are accelerated in the AGN environment interact
with the ambient photon or matter field, they produce charged and neutral pions. The charged and
neutral pions eventually decay to produce neutrinos and gamma rays, respectively, with comparable
energies [3, 4]. Since gamma-ray emission at GeV-TeV energies has been observed from AGN,
these are also likely emitters of VHE neutrinos.

An IceCube study from 2016 searched for neutrino point sources from the second Fermi-LAT
AGN catalog (2LAC) [5, 6]. No significant excess was observed but upper limits were obtained for
a contribution to the diffuse flux of cosmic neutrinos from blazars. However, a neutrino detected
by IceCube on September 22, 2017, was found to be in temporal and spatial coincidence with a
blazar, TXS 0506+056, that was in a flaring state [7]. This was the first evidence of a correlation
between any astrophysical source and a high-energy neutrino. An examination of archival IceCube
data found excess neutrinos from the direction of the same blazar between September 2014 and
March 2015, when the blazar was not in a flaring state [8]. Another study conducted with 10 years
of IceCube data, searched for point-like sources of neutrinos and found an excess of neutrinos from
a Seyfert II galaxy, NGC 1068, at a significance level of 2.9¢- [9]. This provides further evidence
in favor of AGN as possible neutrino sources.

There are various models that explain the production mechanism of high-energy neutrinos from
AGN. Purely leptonic models can reproduce the spectral energy distribution (SED) of blazars with-
out neutrino production, while purely hadronic models may fail to reproduce the SED completely
(see Fig.1). According to some hybrid (leptohadronic) models, the TeV-PeV gamma rays produced
alongside neutrinos can interact with the ambient photons in AGN and cascade down to hard X-rays
(high energy X-rays > 10 keV) or MeV gamma rays [10—12]. This creates a scenario where we can
no longer observe the TeV-PeV gamma rays but possibly find signatures of hard X-rays and MeV
gamma rays. Hard X-rays could therefore be an important probe into the emission of neutrinos
through hadronic processes.

2. The catalog of hard X-ray sources

We select the sources for our analysis from the hard X-ray AGN detected by Burst Alert
Telescope (BAT) onboard the Niel Gehrels Swift gamma-ray burst observatory [14]. The Swift-
BAT 70-Month hard X-ray Survey is the collection of objects observed by the BAT hard X-ray
detector for a period of 70 months [15]. There are 1171 sources detected in the > 10 keV band
which are associated with 1210 counterparts. The counterparts were identified by an archival search



Search for neutrinos from hard X-ray AGN

b eV keV MeV GeV TeV PeV
-9 t t t t t t
Leptonic Photons
Hadronic == Muon Neutrinos
T Gev_y
& =10 o
£
o
<
(0]
o -1
2
P4
o
o~
L
o
S -12
o
;Ja\r/‘J;;’r‘())éitl(:;t\or
-13-4 : : : :
10 15 20 25 30

log,o(Frequency/Hertz)

Figure 1: Spectral energy flux from TXS 0506+056 with different model fits. A simple hadronic model (in
blue) used to fit the high energy peak overestimates the observed X-ray flux. In this analysis, the focus is on
sources selected in the 14 — 195 keV range (figure from [13]).

for point sources (within ~15 arcmin of BAT source position) in X-ray observations of Swift-XRT,
Chandra, XMM-Newton, Suzaku and ASCA. If no counterpart was found, then a 10 ks follow-up
observation was carried out by Swift-XRT using the BAT source coordinate. If the sources still
did not have an observation, from either the archives or Swift-XRT, then NED and SIMBAD were
checked to find a likely counterpart.

The BAT AGN Spectroscopic Survey!, or the BASS catalog Data Release-1, is a selection
of AGN sources from the 70-month BAT catalog [16]. It has 838 AGN sources, mostly nearby,
90% of them with a redshift below 0.2. Multi-wavelength physical properties of the sources have
been determined by the analysis of the X-ray data along with the study of their available optical
spectroscopic data [17].

The Swift-BAT survey presents a very uniform coverage of the sky. The BASS catalog is the
most complete all-sky catalog of hard X-ray sources observed in the range of 14 — 195 keV and
includes soft X-ray spectra in the range of 0.3 — 10 keV that are used to derive spectral parameters
such as the column density. For two sources in the BASS catalog, there are no column density
values since they do not have a soft X-ray observation in the 0.3 — 10 keV range carried out by
Swift-XRT, XMM-Newton-EPIC/PN, or Chandra-ACIS. These sources are SWIFT J1119.5+5132
and SWIFT J1313.6+3650A and they have not been included in our sample. Hence, we have 836
sources in our sample. A skymap of the BASS sources used in the study is shown in Fig.2. 105
of the sources in the catalog are classified as blazars and 731 as non-blazar AGN. Of the blazars,
26 are BL Lac objects, AGN whose optical spectrum is featureless, or with absorption lines that
originate from the host galaxy and with weak and narrow emission lines; 53 are Flat Spectrum
Radio Quasars (FSRQ), AGN with optical spectrum showing broad emission lines; and 26 blazars
are of unidentified type.

thttps://www.bass-survey.com/
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Figure 2: Skymap in equatorial coordinates showing the BASS sources and their intrinsic flux in the hard
X-ray band of energy 14 — 195 keV. The dashed black line shows the Galactic plane (figure from [18]).

2.1 Possible overlap with other studies

AGN as a source class has been explored in an IceCube study that searched for neutrino emission
from gamma-ray sources in the Fermi 2LAC catalog and has found no significant correlation [5].
Several hard X-ray sources in the BASS catalog also exhibit gamma-ray emission (see Fig.3). We
have evaluated the possible overlap with this previous IceCube study.

A search was made for Fermi sources in the 4FGL catalog [19] located within a 0.2° circular
region of interest (ROI) around the BASS sources. Since most of the gamma-ray sources in 4FGL
have a lower angular uncertainty than 0.2°, it is a conservative choice. 84 or 10% of the BASS
sources have a 4FGL source within the ROI and 61 or 7% of the BASS sources are consistent with
a 4FGL position considering its angular uncertainty. Most of the high-luminosity sources (most
often blazars) are found in both catalogs. We conclude that the number of sources common with

previous studies is not predominant. Thus, this work introduces a novel and unexplored class of
neutrino source candidates.

3. Analysis outline

3.1 IceCube dataset

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South
Pole [20] between depths of 1450 m and 2450 m, completed in 2010. It contains 5160 digital
optical modules (DOM) that detect Cherenkov radiation emitted by charged particles produced in
the interactions of neutrinos in the surrounding ice or the nearby bedrock. This radiation is then
used in the reconstruction of the direction, energy, and flavor of the neutrinos.

The diffuse flux of VHE neutrinos observed by IceCube includes neutrino-interaction events
with different topologies such as cascades and tracks [21]. The tracks, ascribed to v, and anti-v,,,
have typical angular resolutions of < 1°. The main source of background for the cosmic neutrino flux

consists of atmospheric muons and atmospheric neutrinos, both produced in cosmic-ray interactions
in the Earth’s atmosphere [22, 23].
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Figure 3: The figure shows the hard X-ray luminosity of the different classes of AGN in the BASS catalog
as a function of their redshift. The color represents the intrinsic flux of the sources in the energy range of
14 — 195 keV. AGN sources with likely counterparts in the Fermi-LAT 4FGL catalog are circled in gray
(figure from [18]).

For this analysis, the IceCube dataset used is the gamma-ray follow-up (GFU) sample [24]. It
solely contains muon neutrino tracks with an all-sky coverage that have been reprocessed offline for
better sensitivity. 7.5 years of the GFU sample from the complete 86-string IceCube configuration
between 2011-2018 have been used.

3.2 Likelihood approach

The analysis involves a stacked search for point sources using a time-integrated unbinned
maximum-likelihood method [25, 26]. The likelihood function is given by:

N
SOy = [ ] (581G o By + (1= 52) Bi(E En) . (M
AN N

8 and B represent the source and background probability density functions, respectively. Here,
it is assumed that there is n; number of signal neutrinos that follow a power-law spectrum E7. The
likelihood is evaluated using data events with reconstructed direction and energy given by X; and
E;, respectively, and o7 is the reconstructed directional uncertainty of each event. There is a total
of N neutrino events.

For a stacking analysis, the source PDF is a collective contribution from all the sources
combined into one term. Each source term carries two kinds of weights; w*, a theoretical weight
depending on observed physical properties of the sources, and R¥ (8, y), a detector weight which
is proportional to the effective area of the IceCube detector for a source at a declination § with a
spectral index y. The stacked-source PDF for M sources is given by:

S KR (8y,y) - SK(Ri Xk, 01, Eiyy)
Sl wkRk 5k, y)

2

8i,Stacked =
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Then, the likelihood £ is maximized resulting in the best-fit values of the parameters, ng = i
and y = 9. These values are used to calculate a Test Statistic (T8) value according to the equation:

L(ng =0)
L(ns =g, y=7) '

T8 = -2 sgn(iiy) log ( 3)
The larger the value of the T8, the less compatible is the data with a background-only hypothesis.
The background-only distribution of TS is evaluated by randomizing the coordinates of the
data. Only the right ascension, RA, of neutrino events are scrambled to preserve the declination
distribution of the events. Each scrambling process is a trial. To test the performance of the
analysis, pseudo signals generated from Monte Carlo simulations following a power-law spectrum
are injected into the data in the position of the BASS sources.

We plan to test different hypotheses with our analysis. Currently, we have only considered the
hypothesis outlined below, and we present the other hypotheses in the outlook of the proceedings.
Hypothesis I: In this part, we use all the 836 AGN from the BASS DR-1 catalog to perform the
analysis. Weighting Scheme:

1. Flux weights: This is proportional to the intrinsic flux in the hard X-ray range of 14 — 195
keV of the AGN sources. This is selective towards the sources with higher flux in this energy
range.

2. Equal weights: This is an unbiased weight that treats all sources in the catalog the same.

4. Current status: Sensitivity and Discovery Potential

The sensitivity and the So- discovery potential are computed to give a sense of the power of the
analysis performed. The sensitivity is defined as the flux required so that 90% of injected signal
trials have a value of TS higher than in 50% of the background-only trials. The 5o discovery
potential is the flux required so that 50% of the time this flux will produce a result inconsistent
with the background-only hypothesis at a significance of 5o-. Fig.4 and Fig.5 show the preliminary
estimates for the sensitivity and the So discovery potential under Hypothesis 1.

5. Outlook

In future work, we will perform parts II and III of the analysis as described below.

Hypothesis II: We will search for a correlation between the luminosity of the sources and their
neutrino emission by performing analyses on two of the following sub-classes of AGN in the catalog:
Blazars, the AGN with high luminosity, and non-blazars, the AGN with relatively lower luminosity.
The categorization follows the classification presented in the Swift-BAT catalog. In this analysis,
only Flux weights will be applied and the results from each of the categories will be compared.

Hypothesis III: X-rays are an important tracer of AGN properties such as the neutral hydrogen
column density (Ng) which is a measure of the obscuring material along the line of sight. Obscuring
matter can act as a target for the high-energy photons such as hard X-rays, partially attenuating and
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Figure 4: Plots showing the stacked flux at the normalization energy 1 TeV (left) and the number of signal
neutrinos (right) as a function of the spectral index with the sensitivity and the 50 discovery potential
estimates, with Flux weights.
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Figure 5: Plots showing the stacked flux at the normalization energy 1 TeV (left) and the number of signal
neutrinos (right) as a function of the spectral index with the sensitivity and the 50 discovery potential
estimates, with Equal weights.

scattering these via Compton scattering and photoelectric absorption, and also affect the hadronic
production of neutrinos. We will search for a correlation between the obscuring matter and the
neutrino emission by dividing the sources in the catalog into three categories following the clas-
sification given in [17]. Unobscured sources are the sources with a column density, Ny < 10?2
cm~2; Obscured sources are the sources with a column density, 1022 cm™2 < Ny < 10** cm™2; and
Compton-thick sources are the sources with a column density, Ny > 10** cm™2. Results from the
analysis of each of these categories will be compared. In this approach only Flux weights will be
applied.

From our analysis, we will either report the detection of a source and the associated neutrino
flux or attain upper limits that constrain the contribution of AGN as a source class towards the
diffuse flux of neutrinos observed by IceCube.
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