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Recently, the IceCube collaboration reported first evidence for the astrophysical neutrinos. Observation corre-
sponds to the total astrophysical neutrino flux of the order of 3-107% GeV-cm™2.s7! Yin a PeV energy
range [1]. Active galactic nuclei (AGN) are natural candidate sources for such neutrinos. To model the neu-
trino creation in AGNs, we study photopion production processes on the radiation field of the Shakura—Sunyaev

accretion discs in the black hole vicinity. We show that this model can explain the detected neutrino flux and
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at the same time avoids the existing constraints from the gamma-ray and cosmic-ray observations.
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1. INTRODUCTION

Detection of astrophysical neutrinos by the IceCube
collaboration [1] has opened a new era in the high-ener-
gy astrophysics. The reported excess of neutrinos at
energies F > 30 TeV can be described by a power law
1/E* with « = 2.3 £ 0.3, and corresponds to the flux
3-1078 GeV -em 2 .51 . sr! for the sum of three
flavors, possibly with a cutoff at 3 PeV [1]. This ob-
servation has a high significance of 5.7 ¢ and calls for
theoretical modeling and explanation.

There are three main production mechanisms of
high-energy neutrinos. First, galactic cosmic rays pro-
duce neutrinos in the proton—proton (proton—nucleus)
collisions in the interstellar gas in the disc of our Milky
Way Galaxy. Such neutrinos would have energies from
sub-GeV to PeV, but can come only from directions
close to the Galactic plane. Interestingly, the three-
year IceCube data do show some excess in the direc-
tion of the Galactic plane with a 2% chance probabi-
lity [1], possibly exhibiting small-scale anisotropy near
the Galactic center. Both signatures can be explained
by the neutrino production in the galactic cosmic ray
interactions with the interstellar gas. It was shown in
Ref. [2] that at most 0.1 of the observed neutrino events
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in IceCube can be described by cosmic-ray interactions
with matter inside the Milky Way assuming a local den-
sity of gas. However, the expected signal is dominated
by the flux from spiral arms and/or the Galactic Bar,
where supernova explosion rates, magnetic fields, and
the density of the interstellar gas are all much higher
than in the vicinity of the Sun [3]. Moreover, the neu-
trino flux detected by the IceCube is consistent [3] with
the power-law extrapolation of the £ > 100 GeV diffuse
gamma-ray flux from the Galactic Ridge, as observed
by the Fermi telescope, which suggests common ori-
gin. As result, the contribution of the Galaxy to the
neutrino flux can be much higher than 10 %.

Second, ultra-high energy cosmic rays (UHECR)
interact with intergalactic radiation and produce sec-
ondary EeV neutrinos in pion decays. The latter are
called cosmogenic neutrinos and have been extensively
studied theoretically since 1969 [4] (see, e.g., [5, 6]
and the references therein). The expected flux of cos-
mogenic neutrinos is somewhat model dependent, but
even optimistic estimates are at least two orders of
magnitude below the IceCube signal at PeV energies.
Hence, cosmogenic neutrinos are irrelevant in this en-
ergy range.

Finally, high-energy neutrinos in a wide range of
energies, from TeV to 10 PeV, can be produced in a
variety of astrophysical sources in decays of charged
pions created in the proton—photon or proton—proton
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collisions in situ. Various kinds of astrophysical sources
of high-energy neutrinos were considered prior to the
IceCube observation, including active galactic nuclei
(AGN) [7-12], gamma-ray birsts [13], star burst ga-
laxies [14].

After the IceCube observation, the interest in the
problem has grown substantially. In a number of re-
cent works [15-20], an attempt was made to explain
the IceCube events by various astrophysical sources of
high-energy neutrinos.

In this paper, we develop the model originally pro-
posed in Ref. [8], where neutrinos arise in interactions
of high-energy cosmic rays accelerated in AGNs with
photons from the big blue bump. Compared to the pre-
vious papers developing this concept, we attempt to ex-
plain the IceCube observation using photopion produc-
tion by cosmic rays on the anisotropic radiation field
produced by the realistic Shakura—Sunyaev model of
accretion discs [21].

This paper is organized as follows. In Sec. 2, we
present theoretical details of our calculation, also re-
viewing the observational knowledge about black hole
accretion discs and their radiation fields. In Sec. 3, we
confront our numerical calculations with the IceCube
result and put constraints on the properties of such
prospective neutrino sources.

2. NEUTRINOS FROM AGNs WITH
SHAKURA-SUNYAEV ACCRETION DISCS

AGN are long-sought potential sites for high-energy
neutrino production. They can accelerate protons up to
highest energies and are surrounded by high-intensity
radiation fields where photo-nuclear reactions with sub-
sequent neutrino emission can occur. At the heart of an
AGN resides a super-massive black hole surrounded by
the accretion disc. The accretion disc is hot and is emit-
ting thermal radiation which gives a prominent feature
in the observed AGN spectra usually referred to as the
“Big Blue Bump”. Accelerated particles move along
two jets perpendicular to the accretion disc, crossing
this radiation field.

In what follows, we use the following model for neu-
trino production. We assume that proton accelera-
tion occurs directly near the black hole horizon (see,
e.g., Refs. [22, 23]). High-energy neutrinos appear in
charged pion decays created in py — nn™ and ny —
— pm~ reactions in collisions with “blue bump” pho-
tons. As a first step, we recall the observational phe-
nomenology of accretion discs and estimate the optical
depth for these photopion production reactions.
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2.1. Accretion disc phenomenology

The effective temperature of the optically thick ma-
terial on the scale of the gravitational radius is given

by [21]
) (k)"

where M is the mass of a black hole and 7 is the effi-
ciency of converting the gravitational potential energy
into electromagnetic radiation, L = nM , at a given
accretion rate M. The eddington luminosity Lggq is

defined as
) erg-s L.

The temperature has a power-law profile with the
radial coordinate on the disc, T o r=#. In theory [21],
B = 3/4. Observationally, the slope is consistent with
the thin disc theory, f = 0.611‘82%;, but would also al-
low a shallower temperature profile that would reduce
the differences between the microlensing and flux size
estimates [24].

Within uncertainties and with an accuracy suffi-
cient for our purposes, the observed disc sizes at the
radiation frequency F, = 5 eV can be fitted by the
relation [25]

) )

which is about two orders of magnitude larger than the
gravitational radius. This estimate is somewhat larger
than the expectation from the thin disc theory. The
photon density around the disc can be approximated
by the relation

M
1080,

L
1 LEdd

Ty =30 eV ( (1)

Lpgq = 1.26-10%
Edd (108M®
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R 0" cm (108]\/[@
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where E. is a typical photon energy. On average, spec-

tral energy distributions (SED) of AGNs are peaked at

the energy E. = 10 €V (see, e. g., Ref. [26] for a review).
The optical depth to photomeson production can

be estimated as 7 = on, R, where 0 &= 5- 10728 cm? is

the cross section at the A-resonance. This gives

Ty

irrespective of the black hole mass. There are tight
correlations between monochromatic and bolometric
luminosities of AGNs, e.g., ALx(5100 A) ~ 0.1Lyy
(see [27, 28]). An estimate for Lg;s. is given by ALy.
For a typical bolometric luminosity, we can assume
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Lyoi = 0.1Lgqaq (see, e.g., Ref. [29, 30]).
7 ~ 10 would be a typical value for the optical depth
to photomeson production after the traveling distance
comparable to the accretion disc size.

Therefore,

2.2. Radiation fields and reaction rates

In the laboratory frame, the rate of reactions with
the photon background is given by the standard expres-
sion

R= [ @pn)(1- cos)aa), (2)

where n(p) is the photon density in the laboratory
frame, o (@) is the cross section of the relevant reaction
in the rest frame of the primary particle as a function
of the energy of the incident photon @ = yp(1 — cosf),
and v is the gamma-factor of the primary particle in
the laboratory frame.

For the black-body radiation with a temperature T,
we have

2 1
2m)3 exp(p/T) —1°

nr(p) = ( (3)

We assume that the disc segment at a radius r emits
black-body radiation with a local temperature T'(r),

T(r)

where Tp is given by Eq. (1)

F(r) = (%9)3/4 (1 - %)1/4. (5)

Here, ry = 2kM is Schwarzschild gravitational radius,

= TO F(T)v (4)

and [21]

M

_ 13
rg =3-10 10°07, cm

and r;, is the radius of the disc inner edge. The con-
tribution of such a segment to the photon density at a
point z along the disc axis is

d(n — ng)rdr
n(p)=———5—n r 6
(p) (7’2 + 22) T(pa )7 ( )
where ng is the unit vector in the direction from r to
z. Its contribution to the reaction rate in Eq. (2) can
be expressed as

1 —cos@ / dp p? o(@) (7)
4m3(r2 + 22) | exp(p/T(r)) —

R(z,r,v) =

’T/Mg
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Fig.1. Optical depth as a function of the proton energy
for several values of T (in V)

where cosf = z/v/r? + 22. Finally,

oo

R(z,v) = QW/rdrR(z,r, 7)- (])

Tin

The disc inner edge r;, is related to the radiation

efficiency as
o0

n:%/rdrF‘l(r).

Tin
In what follows, we use n = 0.1, which is a usual as-
sumption in the existing literature.
The optical depth with respect to this reaction for
protons accelerated near the black hole horizon and
moving along the jet axis from zy to infinity is given by

v) = /oodz R(z,7).

The resulting function 7(E) for photomeson production
is shown in Fig. 1 for several values of ToY) and zo = Tq.
To produce neutrinos with the energy E, ~ 10'° eV
efficiently, we need the optical depth with respect to
this reaction to be larger than unity for protons with
E ~ 10'7 eV. This requirement translates into
To > 10 eV (see Fig. 1).

3. THE OBSERVED SPECTRUM

In this paper, we do not study the processes of par-
ticle acceleration but simply assume that protons are

1) We note that the average background photon energy is
roughly 0.17p.
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Fig.2. Secondary neutrino (red line) and gamma-ray (magenta line) fluxes from protons (blue line) with the 1/E? power-
law injection spectrum and Eyu.. = 100 PeV for the disc temperature To = 15 eV, the black hole mass 108 M, and the

luminosity evolution of sources (1 + 2).

Red points with errorbars represent the IceCube astrophysical neutrino flux from

Ref. [1]. The atmospheric neutrino flux is taken from Ref. [34], the Fermi diffuse gamma-ray flux is from Ref. [35], and the
proton flux is from Ref. [36]. (Color online see arXiv:1410.8124)

accelerated by electric fields in a close vicinity of the
black hole horizon (see, e.g., Ref. [22] for relevant mo-
dels). For definiteness, we assume that the spectrum of
accelerated protons at z = zo has the power-law form

(9)

their momenta are directed along the disc axis, and
electric fields and acceleration proceses are negligible
at larger z. In what follows, we choose @ = 2 and
20 = 27’9.

The calculation of the observable neutrino spectrum
is performed in two steps. First, we simulate propaga-
tion of protons through the radiation field at z > zg
and calculate the resulting spectrum of nucleons and
of products of their interaction. To be conservative, we
assume that the magnetic field is negligible and there-
fore both protons and neutrons with energies below the
pion production threshold may freely escape the source.
This allows calculating the maximal possible contribu-
tion of the process to the observed spectrum of cosmic
rays. As regards the secondary electron—photon cas-
cade calculation, to obtain its upper bound, we always

jacc(E) = E—a7 E< Emaacy
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assume that the cascade freely escapes the source re-
gion and show below that even in this extreme case,
the predicted contribution of this process to the diffuse
photon background is far below the present observa-
tional upper limits.

We model interactions using the Monte Carlo ap-
proach. In particular, during the ¢th iteration at a po-
sition z = z;, the traveled optical depth 7; is sampled
using the equation

7; = —logé&.

Here and below, ¢ is a uniformly distributed random
variable, 0 < & < 1. The next interaction point z;; is
calculated by solving the equation

Zit1
R(z,v;) dz = 14, (10)

Zi

where v; is the current gamma factor of the nucleon
and R(z,~;) is the interaction rate given by Eq. (8).
The background photon momentum is sampled in each
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Fig.3. Secondary neutrino and gamma-ray fluxes from protons with the 1/E? power-law spectrum and Epq. = 30 PeV for
To = 120 eV and the luminosity evolution of sources proportional to (1 + z)®. Experimental data are the same as in Fig. 2.
(Color online see arXiv:1410.8124)

interaction point z; in the following way. First, the
disc segment r; emitting the photon is sampled using
Eq. (8):

i

ER(:7) = 2 / rdr R(zi,m7),

Tin

(11)

and then the photon energy p; is sampled using Eq. (7):

7
0

where cosf; = z;/\/z7 +r?. Finally, the SOPHIA
event generator [31] is used to sample the recoiling nu-
cleon energy 7;+1 as well as secondary particles and
their momenta. The iterations continue while Eq. (10)
has a solution. The absence of solutions means that the
nucleon freely escapes the AGN site. As a result, we
obtain the spectrum of nucleons, neutrinos, photons,
and electrons leaving the interaction region.

In the second step, we integrate over the distribu-
tion of sources taking their possible abundance evo-
lution and cosmological propagation effects into ac-

dpp* o (@)
exp(p/T(r;)) =1’

1 — cosb;
473 (r? + 22)

(R(z,1,y) = (12)
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count?). The last effect mostly reduces to red shift, neu-
tron decay, and electron—photon cascade development
led by interactions with the cosmic microwave back-
ground and intergalactic infrared background. This
procedure is performed with the use of the numeri-
cal code developed in Ref. [32]. The code simulates
interactions of nucleons, photons, and stable leptons
with intergalactic photon backgrounds. For nucleons,
it takes photopion production, ete -pair production,
and neutron decay into account. The secondary parti-
cles produced in these interactions are also traced in the
code. The electron—photon cascade is mostly driven by
the chain of inverse Compton scattering of electrons on
background photons and et e~ -pair production by pho-
tons. We also take neutrino mixing into account using
the mixing angles in the tribimaximal approximation,
which is sufficient with the current limited statistics.
The resulting spectrum has a flavor ratio of approxi-
mately (1:1:1).

Finally, we normalize the simulated spectra using
the IceCube data. Namely, using 22 events with the
deposited energy above 42 TeV, published in Ref. [1],

2) We do not average over Tp and Emaz.
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Fig.4. Dependence of the neutrino flux on maximum proton energy En.. for E~% power-law injection spectrum, the disc

temperature To = 60 eV and the luminosity evolution of sources o (1 4 2)*. Red points with errorbars show the IceCube

astrophysical neutrino flux after 3 years of exposure, taken from Ref. [1]. The atmospheric neutrino flux, Ref. [34], is shown
by black points with errorbars. (Color online see arXiv:1410.8124)

and the exposure dependence on energy from Ref. [33],
we maximize the Poisson probability of observing the
above events under the condition that a given theoret-
ical model is true.

In the energy bin 0.4-1 PeV, the IceCube does not
have any events in the present data. According to
Ref. [1], a gap larger than this one appears in 43 % of
realizations of the best-fit continuous spectra. There-
fore, we can safely assume that the real neutrino spec-
trum is described by a smooth power law. On the other
hand, different energy regions may correspond to differ-
ent populations of sources, and therefore the spectrum
may have features. For example, a peak at E, ~ 2 PeV
might be real. Presently both possibilities should be
considered, and we follow this line of thought in pre-
senting the results.

In Fig. 2, we present the secondary neutrino flux
(shown in red) from protons accelerated to E,q. =
= 100 PeV and absorbed in the disc radiation field
with the temperature Ty = 15 €V (the black hole mass
108 M, and luminosity evolution of sources (1 + 2)3 is
assumed). We see that the resulting neutrino spectrum

is rather narrow®), and therefore the population of ob-
jects with such a low temperature may explain narrow
bumps in the spectrum.

Figure 3 corresponds to Ty = 120 eV and Epq, =
= 30 PeV. In this, case all high-energy part of the Ice-
Cube neutrino flux at £ > 100 TeV can be explained
assuming that the absence of events in the energy bin
0.5-1 PeV is due to a statistical fluctuation. One would
have to explain low-energy data E < 100 TeV with
other type of sources still, if such data will appear, be-
cause our model has a low-energy cutoff at 100 TeV due
to the energy threshold for photopion production.

The calculated secondary photon flux in all cases is
significantly below the diffuse y-background measured
by Fermi. The measured [36] proton flux at energies
E = 1-100 EeV is dominated by Galactic sources (see,
e.g., Ref. [37]). Therefore, the contribution of extra-
galactic sources to the observed proton flux should be

3) We have studied the models with monochromatic injection
spectra of accelerated protons as well. The resulting neutrino
spectra are somewhat narrower, compared to a power law injec-
tion, but are not monochromatic.

619
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Fig.5. Dependence of the neutrino flux on the disc temperature Ty for E,,... = 100 PeV. The remaining parameters and
experimental data are the same as in Fig. 4. (Color online see arXiv:1410.8124)

subdominant. Our results do not contradict this obser-
vation either.

The model dependence of the resulting neutrino
flux is shown in Figs. 4, 5. In Fig. 4, the dependence
on the maximum energy of accelerated protons is pre-
sented for Ty = 60 eV. Models with the maximum en-
ergies Enae = 30 PeV, Epqe = 100 PeV, and Epq, =
= 300 PeV are shown with red, green, and blue lines.
In Fig. 5, we present the dependence of the neutrino
flux on the disc temperature for F,,,, = 100 PeV. Disc
temperatures Tg = 15 eV, Ty = 30 eV, Ty = 60 eV, and
Ty = 120 €V are respectively shown with red, green,
blue, and pink lines. The spectrum of neutrinos for
To 15 eV is peaked at 1-3 PeV and may be re-
sponsible for the high-energy part of the IceCube data.
The case of the high temperature T = 120 eV can
explain the IceCube data for the whole energy range
E > 100 TeV.

4. DISCUSSION

We have made an attempt to explain the extragalac-
tic neutrino signal recently announced by the IceCube
collaboration [1]. As the prospective class of neutrino
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sources, we have chosen AGNs. To model neutrino cre-
ation, we study photopion production processes on the
radiation field of the Shakura—Sunyaev accretion discs
in the black hole vicinity. To our knowledge, our work
is the first where a realistic anisotropic radiation field
of the accretion disc is considered for these purposes.

Important parameters describing the model are the
maximum energy of accelerated protons and the disc
temperature. We have studied the parameter space of
the model and compared the predicted neutrino fluxes
with the IceCube measurement. Along the way we
took into account the constraints set by the diffuse
gamma-ray background measurements by the Fermi ob-
servatory [35] and by the proton flux measurements by
KASCADE and KASCADe-Grande experiments [36].
We have shown that the model presented in this paper
can naturally explain the neutrino spectrum observed
by the IceCube. The model can be falsified (and bet-
ter constrained) by studying the correlation signal be-
tween neutrino arrival directions and varios subclasses
of AGNs. Such study will became feasible in the nearest
future, as more data are accumulated. Current strong
directional bounds on the possible neutrino sources are
given, e. g., in Ref. [38, 39].
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