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Resumen / Los núcleos de galaxias activas, como NGC 1068, pueden ser fuentes de neutrinos de alta energía 
y son opacos a los rayos gamma de alta energía. Los parámetros que caracterizan las regiones de aceleración que 
conducen a la producción de neutrinos no están claros. En este trabajo presentamos un modelo de producción de 
neutrinos en chorros que emergen de agujeros negros de masa estelar que están embebidos en el disco de acreción 
de núcleos galácticos activos. Los resultados obtenidos son consistentes con el flujo electromagnético observado 
en bandas de diferentes longitudes de ondas. Analizamos las consecuencias de la variación de parámetros como el 
campo magnético de la región de producción de neutrinos, su tamaño y la influencia del entorno circundante.

Abstract / The cores of active galaxies, such as NGC 1068, can be sources of high-energy neutrinos, and 
are opaque to high-energy gamma rays. The parameters that characterize the acceleration regions leading to 
neutrino production are not clear. In this work we present a model of neutrino production in jets emerging from 
stellar-mass black holes that are embedded in the accretion disk of active galactic nuclei. The results obtained 
are consistent with the electromagnetic flux observed in different wavebands. We analyze the consequences of 
varying parameters such as the magnetic field of the neutrino production region, its size, and the influence of the 
surrounding environment.
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1. Introduction
The IceCube collaboration reported neutrino observa­
tions from NGC 1068 (Aartsen et al. 2020), a Seyfert 
galaxy located at 12.7 Mpc from Earth. The mechanism 
that explains the origin of these neutrinos is unclear. 
This source has been observed in different wavelenghts. 
The inner regions were observed by ALMA in the near­
infrared to radio (Garcfa-Burillo et al. 2019). There are 
also radio observations of the outer regions (~ 100 pc) 
(Sajina et al. 2011). Furthermore, gamma rays can be 
observed up to energies of 100 GeV (Ajello et al. 2017; 
Acciari et al. 2019; Abdollahi et al. 2020). Many efforts 
have been made to understand the nonthermal emission 
from radio-quiet active galactic nuclei (AGN), such as 
hot coronae models (Murase et al. 2020; Eichmann et al. 
2022), hot accretion flows (Gutiérrez et al. 2021) and ac­
cretion shocks (Inoue et al. 2020), among others. The 
problem arises from the connection between the produc­
tion of neutrinos and gamma rays, since the processes 
that lead to the production of neutrinos must not have 
an associated gamma ray counterpart that violates the 
available observational data.

In this work, we show preliminary results of a jet 
model emerging from stellar-mass black holes (sBH) em­
bedded in AGN accretion disks (see Fig.l). We apply 
this model following the idea proposed by Tagawa et al. 
(2023), which consists on taking sBHs as sources of the 
emission detected in AGNs, and here we use steady­
state transport equations to describe the populations 
electrons and protons accelerated by inner shocks in the

Fig. 1. Schematic view of the sBH prototype adopted in our 
model. We show the point of injection Zj and the opening 
angle of the jet 9j.

jets of sBHs. This approach allows for a neutrino pro­
duction scenario and strong suppression of the associ­
ated gamma rays.

2. Model
In order to model the emission produced in a jet emerg­
ing from a sBH, we consider an homogeneous region 
within it. The characteristic size of the emission region 
is A^j ~ ^j 5j, where Zj is the distance at which we place 
the injection zone and 6^ is the opening angle of the jet.

The volume of the region is taken as in Denton & 
Tamborra (2018):

AV = 4tt (1 — cos#j) z2 ctv Fj, (1)
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Table 1. Input and derived parameters.

Parameters Description si s2 s3

Lj (erg s-1) jet luminosity 2 x 1042 2 x 1042 2 x 1042
r Lorentz factor 8 4 4

acceleration efficiency 0.001 0.01 0.01
Qrel ratio ÇLq + Lp^ jL^ 0.07 0.1 0.2
a ratio Lp/Le 10 1 3
ÉB magnetic field energy fraction 0.1 0.05 0.3
Az (cm) emission size 7.8 x 108 1.9 x 108 1.9 x 108
B (G) magnetic field 1.6 x 105 2.5 x 106 1.9 x 10T
^p,coid (cm ) density of cold protons 1.9 x 1014 1.2 x 1016 1.2 x 1016
a injection index 2.6 2.2 2.2

where the variability timescale of the jet is tv = 10 3 s.
The luminosity of the jet is taken as Lj = t]j m c2 « 

2 x 1042 erg s1, which corresponds to a super-Eddington 
accretion rate of m = 3 x 10 4 Mx yr 1 (7/j/O.l) 4, 
where 777 = 0.1 represents the efficiency with which the 
jet engine converts energy into kinetic energy (Tagawa 
et ah, 2023). Assuming that each sBH accretes for 
~ 4 Myr per AGN phase and the accretion rate is con­
stant, the mass of an sBH increases to m ~ 103 Mq. 
The fraction of the jet luminosity that is transferee! to 
electrons and protons is Lp + Le = çrei Lj, where the 
relation between the luminosity of protons and electrons 
depends on the parameter a as Lp = ciLe.

The cold proton density in the jet can be obtained 
as (Tagawa et al. 2023):

- (^ 1
p ( d2 J 4 tt T? z? mp c3 ’ ' '

where the first factor in the right hand side of the equa­
tion is the isotropic luminosity (Denton & Tamborra, 
2018). ' ' '

On the other hand, the magnetic field is obtained as 
(Tagawa et al. 2023):

si = V^Bej, (3) 

where ej = 2.7 np mp c2 is the internal energy density 
of the shocked jet, and eg is the fraction of postshock 
energy carried by protons and electrons.

In order to calculate the distribution of primary pro­
tons and electrons, we solve the steady-state transport 
equation
i™! + ^ - Q.M. (4)

1 esc

where 6¿ = dE^dt = —E,t”^ denote the energy losses 
of the particles and the injection of primary particles can 
be expressed like

Qi(ET) = Kt E”“ e^®1^™-^. (5)

The constant K^ is fixed by normalization on the 
total power injected in electrons and protons

4tt AV dE^Q^E^. (6)

Notice that, rather than assuming the primary par­
ticle distributions follow a power law in energy, as in

Tagawa et al. (2023), we consider an injection that fol­
lows a power law in energy, as described in Eq. (4), and 
then solve Eq. (5).

In order to obtain the maximum energy Emax<¿, we 
balance the cooling rates due to radiative processes plus 
the escape rate with the particle acceleration rate.

Neutrinos are produced when protons collide with 
cold protons in the jet or when they interact with pho­
tons produced via synchrotron of electrons. These in­
teractions produce charged pions that produce neutrinos 
and muons. We follow Kelner et al. (2006) and Hummer 
et al. (2010) to calculate pions produced from proton­
proton (7777) and proton-gamma (777) interactions respec­
tively. Muons also decay to neutrinos. We follow Lipari 
et al. (2007) to calculate the neutrino fluxes. On the 
other hand, neutral pions decay to produce gamma rays. 
We follow Kelner et al. (2006) and expressions therein 
to obtain the gamma ray fluxes by 7777 interactions, and 
refer to Kelner & Aharonian (2008) to calculate those 
originated by 777 interactions. We consider internal ab­
sorption effects that are due to electron synchrotron and 
IC radiation, and we account for it by multiplying the 
emission by a factor (1 — exp(—t77))/t77, where t77 is 
the optical depth of the process.

3. Results and discussion
We consider three sets of parameters, named si, s2 and 
s3, for which we vary the jet luminosity, the lorentz 
factor, the magnetic field, the cold proton target, the 
size of the zone and the injection index, as shown in 
Table 1. '

In Fig. 2 we show the cooling rates of primary par­
ticles as a function of the energy for the models si, s2 
and s3. In the case of electrons, due to the high mag­
netic field, the synchrotron cooling dominates for all the 
sets of parameters, but IC is significant as well. In the 
case of protons, proton-proton (pp) interactions are im­
portant for lower energies, whereas synchrotron and py 
dominates the cooling rates for sets s2 and s3 at higher 
energies, and py dominates in the case of si. Bohm dif­
fusion was taken for the three sets. In Fig. 3 we show 
the resulting proton and electron distributions for the 
models si, s2 and s3.

In Fig. 4 we show the resulting electromagnatic 
emission for the three parameter sets. The emission is
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Fig. 2. Top panels: Proton cooling rates for the models si 
panels: same as above but for electrons.

(left panel), s2 (middle panel) and s3 (right panel). Bottom

dominated by the synchrotron of electrons and IC for 
the three cases, due to the intensity of the magnetic 
field. It can be seen that for all the cases, the gamma­
ray flux suffers a strong suppresion at energies greater 
than ~ 1 GeV for model si, and ~ 0.1 GeV for models 
s2 and s3.

In Fig. 5 we show the resulting neutrinos fluxes 
and compare it with the uncertainties on the spec­
trum measured by Aartsen et al. (2020). The contri­
bution to the neutrino flux is dominated by p^ inter­
actions for the high energy regime in the three models, 
whereas pp interactions dominates the emission for en­
ergies < 104GeV for si and < 103GeV for s2 and s3. 
These contributions can explain the data of the neu­
trino flux detected by IceCube for NGC 1068 (Aartsen 
et al. 2020), when we consider the set of parameters s3. 
On the other hand, s2 barely reaches the neutrino flux 
detected for 104GeV, while the set si does not produce 
enough neutrinos to reach the data.

4. Conclusion
We develop a model that allows to obtain a single ob­
ject neutrino and photon flux produced by jets embed­
ded in AGNs. In particular, we model neutrinos and 
gamma-rays emissivities for NGC 1068. The neutrino 
flux originated due to p^ interactions could reach the 
observed flux reported by Aartsen et al. (2020), when 
we consider the set of parameters s3. Future neutrino 
telescopes such as the next IceCube generation 2 (IC 
Gen2) (van Santen, 2017) and KM3NeT (Aiello et ah, 
2019) will provide further constrains to the model pa­
rameters. On the other hand, the main contribution to 
the electromagnetic flux is due to synchrotron of elec­

trons and IC. In the gamma-ray band, p^ an pp could be 
significant if internal absortion is not considered. The 
internal absorption is due to these electrons and supress 
all the flux for energies greater than ~ 1 GeV for model 
si, and ~ 0.1 GeV for models s2 and s3.
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Fig. 3. Left panel: Electron distributions as a function of the energy, adopting the parameters in table 1 for the models 
si, s2 and s3. Right panel: same as left panel but for protons

Fig. 4. Left panel: Photon fluxes as a function of the energy for the model si. Curves with different colors correspond 
with different processes as indicated in the legend, as well as the total emission. Dashed lines correspond to the emission 
with no absorption. Middle panel: same as left panel but for the model s2. Right panel: same as left panel but for the 
model s3.

Fig. 5. Neutrino fluxes as a function of the energy for the models si, s2 and s3. The blue shaded region represents la- 
uncertainty on the spectrum measured by Aartsen et al. (2020).
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