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We propose that TeV-PeV neutrinos, recently detected byc#@ube, can be produced by neu-
trons interacting with the matter of the accretion disksuabblack holes in active galaxies.

Neutrons are extracted from nuclei which are disintegratgdts of active galaxies. The neu-

trino spectra, expected from the whole population of thevagalaxies, are confronted with the

observations. We propose that neutrinos produced in s@tago can explain the extra-galactic
neutrino background recently measured by the IceCubeinewtetector, provided that 5% frac-

tion of galaxies is AGN and a few percent of neutrons reactatoeetion disk.
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Neutrinos from active galaxies

1. Introduction

Recently a few tens of neutrino events have been detected by the Ica€uibeo telescope
in the TeV-PeV energy rangf] [fll, 2]. It has been proposed that tieegenos are produced within
active galaxies at cosmological distances (see for reipyj [3, 4]. Wanfehe general scenario,
proposed in[[B], that protons accelerated in the jet interact with thetamtiisk radiation. How-
ever, we consider more complicated scenario in which neutrinos areqadthy neutrons colliding
with the accretion disk matter. We note that a significant part of the matter wbaerhtas onto the
super-massive black hole (SMHB) in the AGN nucleus has to be compasadiiclei. This mat-
ter is likely to be more abundant in heavy nuclei, in respect to primordial matigaining~25%
of helium, due to the efficient star formation occurring in the central partseoparent galaxies.
These nuclei are expected to be accelerated to relativistic energies artbanmection regions in
the jet and/or at the jet boundary layer. The nuclei disintegrate in collisitthghe accretion disk
radiation producing relativistic neutrons which, since neutral, can easdytlie way to the dense
matter in the accretion disk. Note that the neutrons from the disintegration afitiei have en-
ergies more than an order of magnitude lower than the neutrons producellisions of protons
with photons due to the lower threshold on the first process. Therefeutrons from nuclei can
easily produce multi-TeV neutrinos in consistency with the lceCube olitmmgasee details in

[AD-

2. Nuclei inthejet

We consider the processes in the inner part of the active galaxy in wisclrgeexpected to be
launched by a rotating black hole or from the inner part of the accretid{[difg, [9]. In fact, both
processes mentioned above can play an important role. Thereforet tanjbe composed of a
faster moving core region and slowly moving sheath or a cocoon formecdebyalier surrounding
the jet or by the outer layers of the jet expelled from the accretion disk, eedtretion disk wind.
We consider two regions as responsible for the acceleration of particles jat/cocoon system,
i.e. the re-connection regions in the jet and the transition region betweert gnadj¢he cocoon.
We assume that an essential part of the jet power can be transferredrédativistic nuclei in the
inner part of the jet. As a result of the disintegration of nuclei in collisions thighdisk radiation,
relativistic neutrons are extracted. In fact, neutrons can take a signifieat of the energy of the
accelerated nuclei, betweer8 ! (in the case of the presence of only primordial Helium, assuming
the primordial He abundance of0.25 [10], and up te-2~ (if accelerated hadrons are dominated
by heavy nuclei).

We assume that nuclei can be accelerated in re-connection regionk, avlioriented in the
general direction towards the accretion disk in the SMBH rest frame. Emeirgies are large
enough that the disintegration process is efficient. Acceleration of pariitlne re-connection
regions is expected to be responsible for the acceleration of particleliivigtic jets of blazars
(LT, @2, [1B,[Ip[T5[ 16, L7]. We apply a simple model for the accelergtiocess in the re-
connection region. Its length, e, scales with the distance from the base of the[jdt [18]. The
distance along the jeR, is given in units of the inner radius of the jé;,, according tor =
R/Rin. Then,Lecis linked to the SMBH masg,ec = ERinr ~ 10M&_1Mgr cm, whereR;, = 3Rs ~
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9 x 10*Mg cm is the inner radius of the jeRs is the Schwarzschild radius of the black hole,
Mgy = 10°Mg M, is the mass of the black hole in the Solar masges; 0.1&_; is the scaling
factor of the re-connection region assumed to be comparable to the gendanextend of the jet
which is~0.1r for the opening angle of the order«0.1 rad.

The mean free path for the disintegration of the Helium nuclei (expected thebenost
abundant between the nuclei) in the radiation field of the accretion didf9s= (npho}l) 1 ~
9.4 x 10Mr2 /T2, cm, wherengn ~ 5.3 x 10%T2, /r? ph. cm 3 is the density of the diluted, by the
factorr, black body radiation with the temperature at the inner disk ragius: 3 x 10°T45 K,
ofle ~ 2 x 1027 cn?? is the cross section for the disintegration process of He nuclei at its maxi-
mum (see Appendix A ifJ19]). In order to provide an efficient disintégraof nucIei,Aé*eishould
be shorter than the size of the re-connection region. In contrary, heliahei have to be acceler-
ated to large enough energies in order to suffer efficient disintegrafiom.electric field strength
within the re-connection region is parametrised Yy = NcB ~ 3 x 10°n_1Bor # V ecm™1,
where the magnetic field strength along the jet is describeB byB;,r # (with g = 1 for the
toroidal component an@® = 2 for the longitudinal component), the magnetic field at the base
of the jet isBj, = 100B; G, n = 0.1n_1 is the efficiency of the re-connection process, and
is the velocity of light. The maximum Lorentz factors of the nuclei can be estimiateal,
EMN&X = ViecLrecZHe = 3 x 1017 _1&_1MoBoZper 1P eV. whereZye = 2e is the charge of He nu-
clei andeis the elementary charge.

The He nuclei are efficiently disintegrated when the soft radiation fromatioeetion disk
reaches energies aboﬁﬁﬁ] ~20 MeV in their reference frame (e.g. see Appendix A7]).[This
condition is met for the energies of the nuclei of the ordeiEjf" = %C;Q;E)E#‘% ~ 200 gy,
whereApe = 4 is the mass number of He nuclei,c? is the proton rest energy, ang is the
Boltzmann constant. Note that neutrons from the disintegration of the nuelexgected to
have Lorentz factors similar to those of the parent nuclei. We assume tlreat afpneutrons,
liberated from nuclei, impinges onto the accretion disk. Neutrons with thentofactors above
Yo > EHmé” (Anemy), can travel characteristic distances of the orde¢,af ctnyh > 8 10 cm. We
conclude that in most cases the neutrons extracted from the nuclei, mowiagitothe accretion

disk, can reach the disk surface before decaying.

Essential role in the collimation of a jet plays the surrounding matter and/or the fram
the accretion disk. Therefore, jets are expected to have regionsd@aes) filled with plasma
moving with various velocities. The jet likely have a faster inner section, peivby the black
hole or the inner disk, and a slower outer section anchored in the moretdgistas of the disk.
The border between these two parts of the jet has been proposed ittepgowed conditions for the
acceleration of particles. In fact, the acceleration of particles at thedaoytvetween relativistic
jet and its cocoon was discusséd][P0, P1,[22, 23]. Nuclei accelerageth mechanism should
spend significant time within the cocoon of the jet in which their distribution is dio$sotropic.
Therefore, they can preferably interact with the nearby accretionrddition. As a result, the
nuclei can lose nucleons in the photo-disintegration process. Neutorgropagate towards the
accretion disk and interact with the disk matter.

The simulation of the particle acceleration procgs$ [20] shows that inafaleconditions
considered acceleration process can be very rapid. The acceldeatipn in the observer’s frame,
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due to the particle advection along the jet flow, carLhg ~ dor., wherer, ~ 6 x 106;4468(‘31 cm

is the Larmor radius of the nuclei and the parametgcan be as small as10. We are interested
in situations in which the accelerated nuclei are efficiently disintegratedn, Tthe acceleration
length of nucleiLacc~ 6 x 10Pao)eBg ~ 1.8 x 100%a,T4srPB,* cm, should be at least equal
(or shorter) than the mean free path for their disintegration, provideaithitis distance scale the
nuclei reach energy above the threshold for disintegration. The camditig. < )\('j*ees, is fulfilled
for the distance from the base of the jet> 0.02a,T;B,?, for the case of the dominant toroidal
structure of the magnetic field in the jet, i2= 1 anda, ~ 10.

We estimate the maximum Lorentz factors of nuclei, accelerated at a specifinagis L,
from the base of the jet, in the jet boundary layer by comparing their ctesistec acceleration
length,Lace, with the distance scale along the jete 10Mgr cm, 13~ 1.5 x 10'MgBor1=F / ao.
Assuminga, ~ 10, this maximum Lorentz factor ig;&* ~ 1.5 x 10°MgB; for B = 1 and X~
1.5 x 10°MgBy/r for B = 2. The mechanism of particle acceleration at the jet boundary described
above is expected to produce relativistic particles with a flat power lavtrspe®@d, 21 [2P[ 33].

3. Neutronsin the accretion disk

A part of neutrons is directed towards the accretion disk. These nsutieore large enough
Lorentz factors to reach the accretion disk before decaying. Neutravesthe power law spec-
trum consistent with the spectrum of the accelerated nuclei. We assumedtatctietion disks
around SMBHSs in radio loud active galaxies are well described by th&ugasgunyaev disk
model [2}]. The surface mass density in the inner part of such a geoailgtticin type disk
is, Z(r) = 4.6a i 1r¥2(1—r1/2)~1 gcm?, (see Eq. 2.9 in[24]), whereis the distance from
the black hole expressed in units of the inner radius of the accretionrgisk,3rs = 6GMBH/02,
mis the accretion rate in units of the Eddington accretion rmatis, the viscosity coefficients is
the gravitational constant. The above formula is valid for distances, 50 am)?/2im!®/2%, where
m= Mgn/Ms. The density of matter in the disk is low since the thicknessf the disk around
the super-massive black hole is quite large (see Eq. 2[8]in Z4])x 3.2 x 10°rm(1—r~1/2) cm.
For the parametersy = 0.1 andm= 10°, the half thickness of the disk i~ 9.4 x 10*2 cm. Den-
sity of the matter in the disk is a few orders of magnitudes lower than the denditg &arth’s
atmosphere. Therefore, pions and muons with considered energisg ai@o neutrinos before
interacting with the matter.

We calculate the all flavor neutrino spectra produced in the above déstessnario for the
SMBHs with different masses. As an example, we assume that nuclei egketed with the
power law spectrum and an exponential cut-off. Neutrons are extrércian these nuclei with a
similar spectrum. It is of the formN, /dE, O E;, ® exp(—En/ET®). The power taken by neutrons
can be obtained by relating it to the accretion luminosity of the SMBH. This acorkiminosity
can be again related to the Eddington luminosity of the SMBH, assuming the cagoableed-
shift averaged accretion efficiendyacc = XLedq = 1.3 x 10°®x_1Mg erg s, whereLgqq is the
Eddington luminosity, and the efficiency of the accretion procegs-s0.1x_;. In the case of the
radio-loud AGN this value has been estimated to be in the ran(@e01-0.1)[2f]. It is assumed
that approximately a half of the energy released by accretion is irradietedthe accretion disk
surface,Lp = 0.5Lacc, and a half of the accretion energy is transferred to theljet: 0.5Lacc
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Figure 1. Neutrino (all flavor) spectra produced by neutrons in cifis with the matter of the optically
thick (and geometrically thin) Shakura-Sunyaev type aamedlisk for different masses of the supermassive
black holeMgy = 10'° M, (dot-dot-dashed), 8 10° M, (dotted), 18 M, (dot-dashed), & 10® M, (solid)
and 16 M, (dashed) (on the left). The neutrons have a power law spactith spectral index equal to
d = 2 and an exponential cut-off. The neutron spectrum is caledlassuming that the jet takes a half of
the gravitational energy of the accreting matter. The blaalk accretes the matter with the efficiency equal
to x = 0.1 of the Eddington accretion rate. 10% of the jet power issf@med to relativistic He nuclei. The
neutrino spectra for different spectral indexes of newgra@gual tod = 1 (dashed curve), 1.5 (solid), 2.0
(dot-dashed), and 2.5 (dotted), are shown in the middledigline SMBH mass is fixed on 104, and the
other parameters are as defined above. The spectra forediffeificiency of the accretion procegs= 0.1
(dot-dashed curve), 0.03 (dashed), and 0.01 (solid), anersbn the right figure.

Assuming the Shakura-Sunyaev disk model, we estimate the characteristicaempef the ra-

1/4 ya
diation emitted from the inner disk offip = <ﬁDosa> ~ 5.5 x 104ﬁ K. In order to estimate

the characteristic maximum energies of neutrdj83, as a function of the SMBH mass, we set
the upper limit on the magnetic field strength at the base of the jet by assuminehet power

is mainly curried out in the form of the Poynting flux, ~ w2 c(B2 /8m)2. This relation allows to
estimate the magnetic field 0By, ~ 1.3 x 10°(x_1/Mg)¥? G. Introducing this value of the mag-
netic field strength to the formula for the maximum energies to which nuclei candsderated in
the jet and applying the assumed scaling values for other parameterstinvateshe character-
istic maximum energies of neutrons A" = 2 x 10°(x_1Mg)Y/2 GeV. We fixed the parameter
describing the distribution of the magnetic field in the jet®a- 1. Then, the maximum energies
of the nuclei are independent on the distance from the SMBH. A parteohéutrons, extracted
from the nuclei, move towards the accretion disk and interact with the mattgugrng neutrinos

in hadronic collisions. As an example, we show the dependence of theénesjprectra on the
SMBH mass (see Fig. 1 on the left), on the spectral index of the spectrannctdi (see Fig. 1 in
the middle), and different efficiency of the accretion process (seelFig. the right). Note that
the spectra of particles with indexes as lowdas 1 are expected in the case of the re-connection
process P]. The spectra shown in the first two figures on Fig. 1, are calculatethioSMBH
accreting the matter at the rate pt= 10% of the Eddington accretion rate and assuming that the
nuclei take 10% of the jet power.



Neutrinos from active galaxies

4. Extragalactic neutrino background

In order to determine the contribution of the neutrinos, produced in thetmetidisks around
SMBHSs, to the Extragalactic Neutrino Background ENB, we integrate thginespectra over the
luminosity function of the spheroids around SMBHs in active galaxies. Tm#losity function is
related to the masses of SMBHs. We integrate this formula over the part ofiikierske up to the
redshiftzhax = 2. The diffuse neutrino flux is then given by,

c Zmax dz dN(L,2z) dNy(Ey(1+2))
= L 4.1
v 4rrHo/o [(1+z)3Qm+QA}1/2/d dLdv dE,dt ’ 4.1)

wheredN(L, z)/dLdz= (dN(L,z)/dLdV)(dV /dz) is the spheroid luminosity,, function,zis the
redshift, andv is the volume. The spheroid luminosity is related to the SMBH mass through the
formula,

M
Iog% = 1.13|ogL£ —4.11-0.316z-+ 1.4log(1+2), (4.2)
©

[O)
)

taken from [2B]. The luminosity function is expressed as a Schechtetidar{27],

dN(L,2)  Po(2) (L ‘1~°7exp(_£)
dtdv L, \L, e

(4.3)

where the functiongy(z) = 3.5 x 10 3exp—(z/1.7)+4’] Mpc~2 is given by Eq. 12 in[[26] and
L.(2) = 1.4 x 10t110°4#178°4 | is given by Eq. (A6) in[[Z6]. In our calculations, we apply
Qm =0.3,Qx = 0.7, andHp = 70 km s Mpc—L. For the specific luminosity of spheroid galaxy,
we derive the mass of the SMBH and determine the accretion luminosity. Tlagabectic neutrino
background is calculated after integrating over the population of the SMEtén the active
galaxies. The results are compared on Fig. 2, with the all-flavor ENB texghby the IceCubd 28],
assuming different spectral indexes of the accelerated nuclei (onfthard different values of
the accretion efficiency onto the SMBHs (Fig. 2 on the right). The besirigeion of the ENB
is obtained for the spectral index equaldo= 2.2 and rather large accretion efficiengy= 0.1.
The level of calculated ENB is consistent with the observations providedhbhanormalization
factor of the spectrum of nuclei is equal Aq ~2x10°6. The factorAy is the product of a few
coefficients, i.e. the accretion power of the SMBH (in units of the Eddingtanriasity) expressed
by x, a factor describing the part of energy of nuclei taken by neutrorbgirange-8-1 to ~2-1),
the part of the accretion power transferred to the jet (assum¥ the efficiency of acceleration
of nuclei (usually assumed 10%), the parameter describing a part d/A@8HS which are active
within galaxies, and the parameter describing a part of neutrons which tfleaaccretion disk. The
last two factors are the most uncertain. For the values of the other derfficnentioned above,
the product of these two last parameters should be of the ord€@&f 3.2) x 103, Therefore,
the model can explain the observations of the ENB provided that® &) 6.4)% of the neutrons
reach the accretion disk surface and 5% of SMBHSs are in the active phas

We have also investigated the effect of much lower accretion efficiencyatfer onto the
SMBHSs by showing the neutrino spectra fpe= 0.03 and different spectral indexes of the neutrons
(Fig. 2 on the right). It is clear that the lower accretion efficiency mightlbe eonsistent with
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Figure 2: Extragalactic (all flavor) Neutrino Background (ENB) preed by neutrons in collisions with
the matter of the optically thick accretion disks aroundcklaoles in the Universe up to the redshift of
Zmax = 2. The ENB, calculated for the power law spectrum of neutreitis the exponential cut-off &["®
and spectral index equal b= 2.2 (thick dashed curve), and 2. and 2.4 (thin dashed cung&shawn on
the left figure. The normalization factor of the spectra is@doAy ~ 2 x 107, 3x 1077, and 2x 1075,
respectively for the spectral indexes mentioned above.speetrum of neutrons extends betwgf¥' and
ymaX The efficiency of the accretion process onto the SMBHs iglfixe x = 0.1. The population of the
super-massive black holes in the Universe is modeled asibeddn Sect. 4. The dependence of the ENB
on the efficiency of the accretion process, fo&= 0.1 andd = 2.2 (dashed curve),.03 andd = 2 (dotted,
An ~ 107°%), 0.03 andd = 2.2 (dot-dashedAy ~ 6 x 1079), is shown on the right figure. The reported
spectrum of (all flavor) neutrino background is shown by thieserror bars and its power law model by the
thick solid line [2].

the observations provided that the spectral index of accelerated maiclearly flatter than the
previously considered value 2.2 (taking into account large error lhétie aeutrino spectral points).

The neutrinos produced in terms of such a model are expected to be only baktiyed in the
direction perpendicular to the accretion disk. Therefore, differerstyyb observed active galaxies,
i.e. blazars, radio galaxies, or even Seyfert galaxies with evidencgessofcould contribute to
the ENB. Due to this feature of unbeamed neutrino emission, only the clo§&dss Anight be
expected to produce observable neutrino event rates in the IceCubeofate In order to check
this, we calculate expected neutrino event rates from the nearby aetaeygM 87, under the
hypothesis that it is typical contributor to the ENB, i.e. assuming for it theaaenormalization
factor Ay = 2 x 107° derived from the modeling of the ENB. For the active galaxy M87, which
is at the distance of 16.4 Mp¢ [29] and harbors a SMBH with the m&ss10° M, [BJ], the
expected neutrino event rate in the IceCube telescope is estimated.@w yr-1. We used the
effective area of the IceCube neutrino detector reportefl in [31]. dsetitalculations we assumed
the spectral index of nuclei equal to 2, i.e. marginally consistent with the Imgdef the ENB
(see Fig. 2). Note however, that M 87 is under-luminous active galaxythdtlestimated accretion
ratem~ 1.6 x 10—3[@]. The accretion process in M87 may not be correctly described dy th
considered in this paper Shakura-Sunyaev disk model. Thereforaethigno event rate should
be considered as the upper limit. We conclude that the perspectives foletitéication of the
neutrino events with the specific active galaxies are not very promisingnrstef the considered
model.
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