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ABSTRACT

Context. Multimessenger observations of the Seyfert-starburst composite galaxies NGC 1068 and NGC 7469 indicate a characteristic
feature in the radio band (the so-called millimeter bump) as well as indication of high-energy neutrinos by the active galactic nucleus
(AGN) corona. Moreover, the starburst ring of these sources is bright in the radio, and hence a potential source of y-rays and neutrinos.
Aims. We aim to explain the nonthermal features of these two sources with our homogeneous steady-state Seyfert-starburst composite
model, which we refined in this work. Hereby, we account for stochastic diffuse acceleration and energy losses within the corona and
yy-pair attenuation of the escaping y-rays.

Methods. Since the nonthermal features of these Seyfert sources make a minor contribution in the electromagnetic spectrum, we are
left with just a few data points that can be attributed to the starburst ring or the AGN corona. Hence, a proper inclusion of the prior
information on the physical parameters is needed and subsequently used in the context of a Markov chain Monte Carlo approach to
avoid overfitting.

Results. Based on this Bayesian parameter study, we show that the nonthermal features of NGC 1068 can be explained well. Still a
more detailed treatment of the spatial inhomogeneities in the central region of the AGN could further improve the fit results. This
manifests itself even more clearly in the case of NGC 7469, where the millimeter bump needs to emerge from a coronal size of
R. > 100 R (with the Schwarzschild radius R;), whereas (tera-electronvolt—peta-electronvolt)-neutrino emission requires R, < 10 R;.
Conclusions. Similar to what has previously been shown in other wave bands, our analysis highlights that the spatial extension of
the so-called AGN corona depends on the considered energy of the messenger. Hence, it seems that there is not a unique edge of the
corona and substantial progress in the understanding of these phenomena is expected if future analysis is to account for these spatial

inhomogeneities.

Key words. neutrinos — radiation mechanisms: non-thermal — galaxies: Seyfert — galaxies: starburst

1. Introduction

Multimessenger astrophysics has significantly enlarged our
understanding of the Universe. Starting with the detection
of high-energy charged particles and photons across various
wavelengths, an important messenger has been added about a
decade ago with the observation of high-energy cosmic neutri-
nos (Aartsen et al. 2013).

High-energy neutrino production is typically associated with
gamma-ray emission; therefore, the known diffuse gamma-ray
background sets an upper limit on potential gamma-ray trans-
parent neutrino sources. Based on this constraint, it has been
shown (e.g., Murase et al. 2016) that a significant population
of so-called “hidden” neutrino sources, which are opaque to
giga-electronvolt—tera-electronvolt gamma rays, is necessary. A
promising scenario to achieve this gamma-ray opaqueness is the
presence of a bright UV/X-ray photon field close to the neutrino
source to absorb giga-electronvolt—tera-electronvolt gamma rays
through electron-positron pair production. For an active galactic
nucleus (AGN), such a photon target is typically present very
close (about some tens of Schwarzschild radii) to its central

* Corresponding author: eiche@tp4.rub.de

supermassive black hole in the so-called AGN corona, where X-
ray photons result from Comptonization of photons emitted by
the accretion disk.

Thus, high-energy neutrino sources are not necessarily y-
ray bright. But nevertheless, the IceCube Collaboration found,
with a global significance of 4.20-, a high-energy neutrino sig-
nal at tera-electronvolt energies from the direction of NGC 1068
(IceCube Collaboration 2022) based on a dedicated catalog
of 110 astronomical objects that are bright in the Fermi-
LAT energy band. Consequently, NGC 1068 is bright at giga-
electronvolt gamma-rays, but tera-electronvolt gamma-rays are
absent (Acciari et al. 2019). NGC 1068 is one of the closest
Seyfert 2 galaxies, which is a radio-quiet type of AGN, and
furthermore it hosts a circumnuclear starburst ring. Hence, the
actual origin of the observed giga-electronvolt gamma-rays is
unclear and a proper understanding of the high-energy signal
needs to account for the broadband emission of the different
kinds of messengers. To date, different groups (e.g., Inoue et al.
2020; Murase et al. 2020; Kheirandish et al. 2021; Fiorillo et al.
2024b) have proposed a model for the AGN corona to address
those high-energy neutrinos. The first theoretical model that
included all nonthermal emission features of NGC 1068 has
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been provided by Eichmann et al. (2022), hereafter referred to
as E+22 model. Therein, a spatially homogeneous, steady-state
AGN corona and a circumnuclear starburst region are considered
that are independent of each other and fueled with cosmic rays
(CRs) from individual acceleration sites. It has been shown that
the observational features can be nicely explained if both emis-
sion sites are taken into account. A rather large CR pressure of
210% of the thermal gas pressure is needed in the AGN corona,
such as was recently found by Mutie et al. (2025). Moreover, the
resulting spectral behavior of the nonthermal protons has been
much softer than expected from stochastic diffusive acceleration.

Most recently Sommani et al. (2025) found two IceCube
real-time track alerts, out of just ~30 per year from the direction
of NGC 7469, and estimated a chance coincidence probability
of 0.08% (referring to a 3.2¢ significance of a detection). The
spectral dependence of the neutrino flux is unclear due to the
limited number of neutrinos and their energy uncertainty. Still,
it seems that those neutrinos are emitted at significantly higher
energies than in the case of NGC 1068. Moreover, NGC 7469
does not show any significant gamma-ray counterpart — even
at giga-electronvolt or sub-giga-electronvolt energies. But as
NGC 1068, NGC 7469 is also a Seyfert-starburst composite
galaxy, where the circumnuclear starburst ring is responsible for
most of the radio emission. However, its central AGN is classi-
fied as Seyfert 1 (or sometimes also 1.5) indicating no (or less)
attenuation of the central electromagnetic emission by the dusty
torus. Thus, in the case of NGC 7469 too the AGN corona consti-
tutes the most likely origin of the potential high-energy neutrino
signal. The question is whether those can be explained under
consideration of the constraints given from its broadband elec-
tromagnetic emission.

In this work, we update the E+22 model and use a Bayesian
approach to analyze the parameter space to explain the non-
thermal multimessenger emission of NGC 1068 and NGC 7469.
The paper is structured as follows: in Sect. 2, we introduce the
updated Seyfert-starburst composite model, and in Sect. 3 we
explain the methods used for the comparison with the observa-
tional data of NGC 1068 and NGC 7469. In Sect. 4 we show the
results, before we conclude and discuss them in Sect. 5.

2. Seyfert-starburst composite model

Seyfert-starburst composite galaxies are characterized by an
AGN core and a surrounding starburst environment, which can
both contribute significantly to the observed nonthermal emis-
sion features. Therefore, a holistic explanation of their phenom-
ena needs to account for both environments. Due to the large
spatial scale separation, the AGN corona (on about milliparsec
scales or less) and the kiloparsec-scale starburst ring can be con-
sidered as a first approximation as independent of each other.
Moreover, we assumed a constant strength of the magnetic field
(that is uniform on small scales and randomly orientated on sig-
nificantly larger ones), as well as a thermal gas with a constant
density, ng,, and temperature, Tgyas, in the two environments.
With respect to the nonthermal emission signatures, the most
relevant thermal photon targets are the UV photons from the
accretion disk and the X-rays of the AGN corona, as well as
the infrared (IR) emission from the re-scattered starlight by dust
grains in the starburst ring (see Sect. 3 for more details). In both
cases, it was assumed that these thermal fields are isotropic and
stationary, even though the coronal X-ray emission often shows
variability on hour and sub-hour scales. Ignoring this variability
yields some inaccuracy on the coronal photon target that will be
discussed further in Sect. 5.
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Furthermore, the nonthermal particle population (and its
resulting nonthermal emission features) was for mathematical
convenience assumed to be spatially homogeneous and in a
steady state.

These basic assumptions have already been used in the E+22
model, but in addition we account for the following:

(A1) In the AGN corona, the particle acceleration by stochastic
acceleration (SA) occurs in the same environment as the
energy losses that produce the nonthermal emission fea-
tures.

In addition to a first generation of e* from hadronic
processes, we included secondaries generated from lep-
tonic radiation processes — mainly synchrotron and inverse
Compton (IC).

For the AGN corona, yy-pair attenuation can also occur
outside of the corona (by the anisotropic, external X-ray
photons that radially leave the corona), and in addition
an increased y-ray opaqueness is possible for a shrunken
y-ray production site that does not align with the X-ray
source.

To determine the momentum distribution of the relativistic elec-
trons (i = e), positrons (i = e*), and protons (i = p), we
used the diffusion-advection equation in momentum (p) space
and assume an assigned magnetic turbulence with a power spec-
trum of W(k) « k™ and a strength of 7! = 8« f W(k)dk/B?,
adopting Kolmogorov turbulence (¥ = 5/3) in the following.
Furthermore, we incorporated the impact of continuous momen-
tum losses ({p) < 0) by interactions with, for example, ambi-
ent gas and photon targets, as well as catastrophic losses on a
momentum-dependent timescale, #.s.(p), such as by escape from
the physical system'. When the turbulent magnetic field is small
compared to the regular magnetic field (p~' < 1), the steady-
state transport equation for the differential CR particle density,
ni(p) = 4n p? {f(p)), in this region becomes

(A2)

(A3)

0 2 0 n;
ol 203 (5] W
9 ni_ fap(p) for i=p
*ap SO ) ‘{qe<p>+q§:d<p> for ize’ @

where D(p) o« p* is the momentum diffusion coefficient, describ-
ing the interaction rate with the magnetic turbulence. Thus, the
coronal condition (A1) is represented by both lines (1 + 2) of the
previous equation. However, the first term (1) can be neglected
for the starburst environment where SA is typically subdominant
as particles are more likely accelerated by supernova remnants
(SNRs) via diffusive shock acceleration (DSA), which can be
treated in a mathematically convenient way by a primary source
rate, ¢;(p). Therefore, we used the same transport equation with
a two-zone approach as in the E+22 model for the starburst ring.
Hence, we adopted

q0.i (p/po)’ exp(—p/p;) for the starburst,

3
qo,i O(p/pinj,i — 1) for the AGN corona, )

qi(p) = {

' All details on the energy losses, the escape, and the acceleration

timescales can be found in E+22. Note that the diffusive behavior in the
nonrelativistic particle regime changes, as (i) the diffusion coefficients
reduces due to lower particle velocities, and (ii) different resonances
with the magnetic turbulence occur, leading typically to longer escape
times compared to relativistic particles at comparable energies. Hence,
particle escape is insignificant and the nonrelativistic particles will pre-
dominantly suffer from continuous momentum losses if acceleration is
not at work.
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where either already accelerated particles up to a maximal
momentum, p;, are injected into the starburst environment, or
super-thermal particles enter the coronal environment with a dis-
tinct momentum, piy;;, specified by the velocity of the turbu-
lent modes that subsequently accelerate these particles within
the environment. Hereby, we adopted physical parameters in the
vicinity of the SNRs that are similar to what is found in the
whole starburst environment, so that p; was determined by the
equilibrium of the characteristic acceleration and loss timescale
in the starburst ring. In the case of the AGN corona, we assumed
that a resonant interaction with the magnetosonic-type turbu-
lence is only possible for suprathermal particles whose veloc-
ity is comparable to the velocity of the fast magnetosonic mode
— which is about the Alvfén speed, va, for low a plasma beta
or magnetically dominated plasma. This condition sets the low-
energy cutoff of the momentum diffusion coefficient, and there-
fore, pinji = p(va).
The normalization, gop, of the CR proton injection rate was
determined as follows:
(i) For the AGN corona, we adopted that a certain fraction, fis,
of the thermal gas pressure is transferred to CRs, i.e.,

¢ [dpny(p) p/3
kg Ngas Tgas

gas — s

where Ty = mpc2 /(6r.kg) denotes the virial temperature2
of the protons and kg is the Boltzmann constant. Here, the
coronal region is constrained to a radius of R, = r.R;,
where R, = 2GM/c? denotes the Schwarzschild radius of
the supermassive black hole with mass M.

For the starburst ring, a fraction, fsn, of the total SN energy
is transferred to CRs, so that

Vieo [ dp gp(p)

—1 >
EsnToy

(i)

fon =

where a typical total SN energy of Esy = 10°! erg, as well
as a SN rate of Veilleux et al. (2005), TE;I(NGC 1068) =
0.51yr™!, and Laineetal. (2006), TEIEI(NGC 7469) =
0.33yr~!, respectively, is used. Moreover, the volumes

of the starburst ring of the considered sources are
Vieo (NGC 1068) = 3.47 kpc® for an adopted outer radius

of Ry, = 1.5kpe and Vg (NGC7469) = 1.57 kpc® using
RS . = 1kpc, respectively.

Based on these proton normalizations, we adopted a quasi-

neutral accelerator above a characteristic minimal velocity®:

In the case of the starburst ring, we applied fp ‘:p dpgp(p) =

(o]

J;) :edp qe(p) above the average kinetic energy of the shock
front of about 10keV, which is well motivated by simulations
(Caprioli et al. 2014) and observations (Morlino & Caprioli
2012). For the AGN corona, where acceleration is explicitly
taken into account by the transport Equation ((1)+ (2)), this
assumption yields f[::p dpny(p) = fp:e dp n.(p). Note that the

2 Note that the AGN corona resides in the deep gravitational poten-
tial of the black hole, where dissipative processes heat the plasma until
its thermal energy is comparable to its gravitational binding energy, as
expected from the virial theorem. Hence, the virial temperature sets
the characteristic temperature of the ions (protons), which dominate the
gravitational energy budget.

3 Due to their different rest masses, electrons and protons attain differ-
ent minimum injection momenta, which enables them to participate in
the acceleration process to normalize the primary CR electrons.

final fit results indicate that the primary electron population plays
only an insignificant role (see Fig. 1) in the nonthermal emission
features, so that other assumptions on its normalization can also
be applied without affecting our results.

In addition, the mostly dominating leptonic source term
qiﬂd(p) refers to the injection rate of secondary electrons, e~, and
positrons, e*, which is treated more accurately than in the E+22
model according to (A2). These secondaries can emerge either
from hadronic processes directly or, for the AGN corona, from
yy-pair attenuation. In the latter case, the y-ray emission can also
result from leptonic processes, such as IC scattering, leading to
a nonlinear dependency in the transport equation. To break this
nonlinearity, we employed an iterative approach, whereby lep-
tonic y-rays as well as the resulting pairs from yy-pair atten-
uation were calculated for each generation of the secondaries
until the additional contribution became negligible. Finally, the
hadronic contribution as well as the different leptonic contribu-
tions were summed up, yielding the total source rate, qzi‘d(p).

The general solution of the steady-state momentum diffusion
Equation ((1) +(2)) has been provided by Walter & Eichmann
(2025). This leads to a significantly harder momentum distri-
bution in the AGN corona than for the case of the simplified
Eq. (2) that has been used in E+22. Using the best-fit parameters
(see Sect. 4.1 for more details), the left panel in Fig. 1 illustrates
these hard spectra for the CR protons (red line), whereas pri-
mary CR electrons do not reach such energies due to dominant
Coulomb losses at low energies. Therefore, secondary electrons
(solid blue line), which emerge predominantly from hadronic
interaction processes, constitute the distribution function at high
energies. Here, we do not account for SA, which is typically
inefficient due to strong synchrotron and IC cooling. For the star-
burst ring (right panel in Fig. 1), DSA is expected to yield sig-
nificantly softer injection spectra than SA, which becomes even
softer within the starburst ring in the case of CR electrons due to
synchrotron and IC cooling. Also in this environment the high-
energy electrons emerge — for the considered best-fit scenario —
predominantly from hadronic interaction processes.

Based on the resulting CR distribution function, n;(p), we
can determine the resulting nonthermal photon and neutrino flux
for the individual emission sites, such as in E+22. But in addi-
tion to the internal attenuation by the isotropic X-ray photon tar-
get within the AGN corona, we also accounted for the external
attenuation (A3) as follows.

As shown in E+22 (and references therein), the internal
attenuation can be associated with an attenuation factor, fint =
Vet (t)/ Vgeo, Which is given by the ratio of the effective volume,

ﬂ'Rg’ L+ 2t + 1)exp(—27) -1
272 ’

“

over the geometrical volume, Vg, = 47R? /3, yielding fint oc 77!
for an optical depth of 7 > 1. Note that this relation only holds
for a homogeneous spherical symmetric system with constant
emission and absorption coefficients.

However, this is no longer the case for the external atten-
uation, where the emission coefficient vanishes since gamma-
rays are only produced inside of the AGN corona. Therefore,
the external attenuation factor is provided by f5' = exp(-7),
where the optical depth, 7, accounts for the radially decreasing
target photon density. The differential external X-ray target pho-
ton number, dNx, per frequency, dv, volume, dV, and solid angle,

dQ = 2xdu, at a distance, x, from the center of the corona is
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Fig. 1. Best-fit model predictions of the CR electron (blue) and proton (red) distribution within the AGN corona (left) and the starburst-ring (right)

p [eV/c]
of NGC 1068.
given by
n(y, x, p) = ! dNx du’| L, (RC)2 dy’
X W B = o vavdw dul” 22 R2ehy \x ) |aul”

&)

where p denotes the cosine of the interaction angle at a certain
distance, x, from the center of the system and y’ is at x = O the
cosine of the angle between the line of sight and the position on
the surface of the corona, where the interacting X-ray escapes
the system. The calculation of the Jacobian determinant yields
the physically relevant solution*

o ()[4 - 2u)+ 2
RMT 2
C(E) I e

Hereby, we set the photon target to be isotropic within the
corona, i.e., no dependence on y’, and photons are leaving the
surface isotropically, so that ng" depends on the cosine of the
interaction angle, u (between the X-ray and the gamma-ray), at
a distance of x > R.. Using this photon target, the external opti-
cal depth due to yy-pair attenuation for a gamma-ray with an

energy, E,, is given by (Breit & Wheeler 1934; Heitler 1954)

du’
du

(6)

1 00
Ty (E)) =21 f du(1-w fd dx f dv n (v, x, 1) Ty (Ey, v, 1), (T)
-1 Rc Vth

with the pair production threshold frequency

ZmSC4

- . 8
nE,(1 - ) ®

Vth

the cross section

Oy (Eyr vy pt) = 3% (1-8) [(3 ~4*)In (%ﬁ) -28(2 —,82)} ,
)

4 Note that the other mathematical solution, where the second term is
subtracted, is not relevant for the considered scenario of photons that
are isotropically leaving the coronal surface.
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and the dimensionless center-of-momentum velocity

E " 2m2ct
BBy vp) = Vi E,(1 - 1)

Moreover, we also address a scenario in which the gamma-ray
emission region is completely confined within the corona at a
radius of (1 — r¢,)R., such that there is an outer shell contain-
ing only X-ray emitting coronal plasma, similar to what has pre-
viously been discussed by Inoue et al. (2020). In this case, the
attenuation is also given by f3! = exp(—7) due to the adopted
absence of gamma-ray sources within the outer spherical shell
between (1 — rg)R. and R., where rg, < 1 denotes the thick-
ness of this shell in units of R.. But in contrast to the previous
case of external attenuation, the target-photon distribution is still
isotropic and constant within this shell, leading to a much higher
absorption probability.

The spectral energy flux of the messenger type, m € {y, v},
for a homogeneous source with a constant emission coefficient,
€n, and an absorption coeflicient, «,,, at a distance, d, is given by
(e.g., Gould 1979)

(10)

E,
F(Ey) = — en(Ep) Ver(Ep),

11
45 d? (b
with the effective emission volume

Veff(Em) = fd3r exp (_am(Em) Irs - r|) s (12)

where rg represents an arbitrary position on the surface of the
emission volume (see E+22 for more details on ¢, and «,,).
Since the considered sources are at a distance of <100 Mpc and
E, < 10TeV, the y-attenuation by the extragalactic background
light is negligible.

3. Methods

In the following, we apply our model to explain the nonther-
mal observational data from NGC 1068 and NGC 7469. How-
ever, the nonthermal phenomena that can be attributed to their
starburst ring or the AGN corona only emerge at the radio’- and

5> Note that at radio/mm wavelengths, the emission can be a combina-
tion of thermal and nonthermal radiation.
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gamma-ray (only for NGC 1068) band as well as at about tera-
electronvolt—peta-electronvolt energies for the neutrinos. Hence,
this lack of fit data demands a consideration of prior information
on the model parameters to avoid overfitting. For the majority
of parameters, a truncated normal distribution (mostly in log-
space) was applied, where minimal or maximal values represent
limits that result either from fundamental physical constraints or
observational certainty. The standard deviation, o, describes the
adopted confidence on the expectation, y. Only for r, there is no
expectation (but a clear minimal and maximal value), so that a
uniform distribution is used (see Table 1).

To describe the y-ray flux from NGC 1068 and NGC 7469,
we need to account for the coronal target photon field, which
can be estimated from the characteristic X-ray flux at these ener-
gies. In the case of NGC 7469, the impact of the torus attenu-
ation is assumed to be negligible and the spectral distribution
from Mehdipour et al. (2018) with a coronal X-ray luminosity
(between 2 and 10keV) of Ly = 1.7 x 10¥ erg/s is used to
model the intrinsic target field. Hereby, Chandra-HETGS, HST-
COS, and Swift-UVOT data from 2015 were fitted, yielding an
X-ray flux that is just slightly larger than the results from previ-
ous epochs.

However, for the Seyfert 2 galaxy NGC 1068 a more detailed
modeling of the impact of the torus is necessary to obtain
the intrinsic coronal target photon field. NuSTAR and XMM-
Newton monitoring campaigns (Marinucci et al. 2016) yield
an intrinsic luminosity of Ly = 7fZ x 10® erg/s between
(2-10)keV, which is used in the following. Consequently, the
black hole mass of NGC 1068 was estimated to be Mgy =
1.7 x 10" M, (e.g., GRAVITY Collaboration 2020), which leads
to an Eddington luminosity of Lggg = 2.1 x 10% ergs~'. More-
over, the empirical relation of Hopkins et al. (2007) was used
to determine Ly, based on Ly. Finally, the resulting Edding-
ton ratio, Agqa = Lpol/Lgad, Was used to model the spectral
behavior of the X-ray corona field by a power law, with a pho-
ton index of I'y ~ 2 + 0.167 log(Agqq) (see Trakhtenbrot et al.
2017) and an exponential cutoff at (Ricci et al. 2018) Ex oy =
[-741og(Aggq) + 1.5 X 10?1 keV. Moreover, the parametrized
model by Ho (2008) was used between 2eV and 2keV for the
thermal UV photon spectrum from the disk.

In addition to these coronal X-ray fields, the AGNs present
extended diffuse emission produced on significantly larger
scales, whose physical origin remains ambiguous. This extended
emission can be dominant within the radio and IR bands
(depending on the angular resolution of the observations). Here
we stay agnostic to this extended component and use the
approach from Mutie et al. (2025) where, in addition to the non-
thermal coronal contribution, three components from the vicinity
of the AGN are taken into account:

(i) An extended synchrotron contribution by diffuse CR elec-
trons, which may be related to the jet, and which emits a
spectrum according to

v sy
Soy(V) = Agy (—) . 13)
Yo
(i) Free—free radiation by the ionized gas, which extends
beyond the spatial scales of the X-ray corona, and whose
optical thin spectrum is given by

Se(v) = Ag (V—VO) . (14)

(iii) Thermal emission from the dust particles within the unre-
solved core (i.e., at a radial distance <1 pc and <100 pc

from the core of NGC 1068 and NGC 7469, respectively)
that can be modeled as a modified-blackbody spectrum
yielding

2
Sq(v) = Aq (V—VO) (1 - exp[=(v/v, 1), (15)

where v;, ~ 800 GHz is the frequency at which the dust becomes
optically thick and B4 ~ 1.5-2 is related to the dust opacity law.
In general, the diffuse synchrotron component (i) is dominant at
low frequencies, then free—free becomes more relevant, and at
high frequencies (submillimeter to FIR regime) the dust domi-
nates. In some sources — including NGC 1068 and NGC 7469 —
the spectral energy distribution (SED) shows an additional bump
around millimeter wavelengths that is associated with emission
from the compact corona. For NGC 1068, Mutie et al. (2025)
showed that component (i) has a negligible impact on the expla-
nation of this millimeter bump. Therefore, only free—free and
thermal dust emission is taken into account. For NGC 7469 a
similar MCMC analysis was performed (del Palacio et al., in
preparation), yielding an extended synchrotron contribution that
becomes relevant at frequencies of <100 GHz, so this component
was also taken into account. All details on the adopted parame-
ters for these fixed contributions from the vicinity of the AGN
are given in Table 2.

Taking into consideration these fixed components, we fit the
extended and compact radio emission, as well as the y-ray and
neutrino data (in case of NGC 7469 only y-ray upper limits are
available) from these two Seyfert-starburst-composite galaxies
(see Tables 3 and 4). Hereby, the standard sampler for Markov
chain Monte Carlo EMCEE (Foreman-Mackey et al. 2013) was
used, where for a given set of model parameters (6) under con-
sideration of the previously mentioned radio and high-energy
data (D), the posterior probability density function P(6|D) o
exp[—,\/2(8) /2]11(6) was computed. Here, I1(6) denotes the pri-
ors adopted for each parameter (see Table 1 for more details),
and the likelihood depends on y*(6) = Y;(Fi(6)—Fp.)?*/(AFp,)?,
where F;(0) refers to the predicted flux (11) and Fp; and AFp;
denote the observed flux and its uncertainty, respectively, for a
certain messenger at a certain energy (i). Note, that the rela-
tive uncertainty, AFp;/Fp,;, of some of the ALMA data (cor)
is multiple orders of magnitude smaller than what is given at
high energies, so that the likelihood would become completely
dominated by these data points. In order to avoid such behav-
ior and to address the additional uncertainty that results from
the limited spatial resolution as well as the limited accuracy
of our model prediction, we use in the following a minimal
uncertainty of AFp; > 0.15 Fp; unless otherwise stated. In the
case of NGC 7469, the nonthermal flux prediction of the star-
burst ring does not depend significantly on the coronal con-
tribution, if we assume that the high-energy neutrinos need to
emerge from the AGN corona. Hence, we performed two inde-
pendent MCMC fits for these two environments of NGC 7469
due to computational efficiency. The fixed extended AGN emis-
sion of NGC 7469 can become dominant at 1.4 GHz, if free-free
absorption is negligible at these frequencies. However, the free-
free optical depth, 7¢(1.4 GHz), strongly depends on the details
of the gas distribution within this extended region. Therefore,
the given flux at this frequency rather serves as an upper limit
for the flux contribution of the starburst ring. Hence, we arti-
ficially increased the relative inferior data uncertainty of the
low resolution flux at 1.4 GHz to 100% in the likelihood of
the MCMC.
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Table 1. Prior distributions I1(6) used for model parameters 6 of starburst ring (str) and AGN corona (cor).

Parameter (6) Env.  Prior parameters Note

In(n;!) cor  p=1In(0.1), 0 = In(10), In(7;") < In(0.9) turbulence strength®
In(fias) cor  u=1In(0.1), o = In(100), In(fgas) < In(1) gas-to-CR pressure ratio”
In(Bg) cor u=1n(0.5), o =1In(10), In(0.05) < In(Bg) < In(5) plasma beta®

In(wr) cor u=1n(0.5), o =1In(10), In(0.05) < In(wr) < In(5) optical Thomson depthd)
Te cor r.€[1,1000] coronal radius

ln(ns‘l) str u =1In(0.1), o = In(10), ln(ns‘l) < In(0.9) turbulence strength®
In(fsn) str 4 =1n(0.1), o = In(100), In(fsn) < In(0.5) SN-to-CR energy ratio®

In(Bs/1 nG) str
In(rg,/1 cm™3)  str
N str

u = In(100), o = In(3), In(10) < In(Bs/1 uG) < In(1000)
1 =1In(500), o = In(5), In(50) < In(ngss/1 cm™3) < In(5000)
u=-2250c=05-15>s>-25

av. magnetic field strength/)
av. gas density?
source rate spectral index”

Notes. More details on the motivation for the parameter expectation can be found here: ¥ e.g., Fiorillo et al. (2024a) for the AGN corona and Beck
(2012) for the starburst. In principle also larger u values can be expected, that however, leads to inconsistency with the adopted quasilinear approx-
imation in Eq. ((1) +(2)). ? Petrosian & Liu (2004). © Jiang et al. (2019, 2014); Miller & Stone (2000). ¥ Ricci et al. (2018); Merloni & Fabian
(2001). 9 E.g., Haggerty & Caprioli (2020), where the normalized CR pressure quickly converges toward about 10%. Additional uncertainty results
from the adopted typical SN energy of 10°! erg. /) E.g., Thompson et al. (2006). 9 E.g., Hsieh et al. (2011); Garcia-Burillo et al. (2014); Izumi et al.
(2015). " Based on the nonlinear DSA scenario and source-to-source variations inferred in cosmic-ray population studies (e.g., Blasi & Amato

2012; Yuan et al. 2011; Strong et al. 2007).

Table 2. Fixed radio parameters for NGC 1068 and NGC 7469.

Parameter NGC 1068 NGC 7469
vo [GHz] 100 100
Agy [yl - 0.50
gy - -1.33
Ag [Jy] 10.47 1.34
af -0.1 -0.1
Aq [Iy] 0.022 1.585
vr, [GHz] 800 820
Ba 2 1.78

3.1. New data acquisition

Most of the data that is used in the MCMC fit has already
been published as indicated in Tables 3 and 4. But in the case
of NGC 1068 we reinvestigated the large-scale radio emission
from the starburst ring. Due to the nonvanishing radio contri-
bution by the jet of NGC 1068, which is not taken into account
in this work, we need to ensure that the chosen spatial scales
of the large-scale radio data exclude the jet contribution. There-
fore, we used the publicly available map from the FIRST sur-
vey (White et al. 1997) at 1.43 GHz, which provides a total flux
from the whole ~25” aperture of 4.41 + 0.01Jy. Guided by
a higher-resolution map at 4.8 GHz, we identified the jet con-
tribution, and consequently removed the flux coming from an
ellipse of ~13” x 9”, leading to 1.43 GHz flux by the starburst
ring of 0.3 = 0.1 Jy. Hereby, we used a conservative estimate on
the uncertainty that includes the uncertainty of the chosen size.
Hence, about 7% of the total flux at 1.43 GHz emerges from the
starburst ring, which is about a factor of three less than what
has been used in E+22 but in good agreement with a previous
analysis by Mutie (2019). Using the large-scale spectral behav-
ior from Wynn-Williams et al. (1985) with S, o v®, where
a, = —0.8 (—=1) between 20 and 6 cm (between 6 and 2 cm), we
estimated the flux at 5 GHz and 15 GHz — see Table 3. Hereby,
we adopted a spectral uncertainty of Aa, = 0.05.
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In the case of NGC 7469, there is no significant jet contribu-
tion, so that all components of the large-scale radio emission are
considered in our model. Using the VLA L-Band A-array data
from Project ID: 23A-324 obtained through the NRAO archive,
we obtain a total flux at 1.5GHz of 0.18 + 0.00054 Jy from
an aperture of ~1.43” x 0.82”. The flux was estimated using a
single-component Gaussian on the source, with the uncertainty
of the flux estimated using the root mean square noise.

At higher energies, we used ~15.5years of Fermi-LAT
(Atwood et al. 2009) data® (from 4 August 2008 to 1 Jan-
uvary 2024) between 100MeV and 1TeV. We selected a
region of interest (ROI) of 15° centered on the optical
position of NGC 7469 and Pass 8 SOURCE class events
(evclass = 128). A zenith angle cut of 90° was applied. The anal-
ysis was performed using the PSR3 SOURCE V3 instrument
response functions (Bruel et al. 2018), together with the most
recent Galactic (gl1l_iem_v07) and isotropic diffuse emission
(1s0_P8R3_SOURCE_V3_v1) models, and the Fermi-LAT 4FGL
DR4 source catalog (Abdollahi et al. 2020). The LAT data were
reduced with FERMIPY (Wood et al. 2017), following the stan-
dard analysis procedure. This included optimizing the ROI, free-
ing and fitting the normalizations of sources within 2° of the
target, and performing a global likelihood fit. We subsequently
added a trial point source at the position of the Seyfert galaxy
and repeated the likelihood analysis. To assess the presence of
y-ray emission from NGC 7469 over the full 15.5-yr Fermi-
LAT dataset, we generated test statistic (T'S) maps and evalu-
ated the TS value at the source position. We obtained a TS value
consistent with zero, indicating that NGC 7469 is not detected
by Fermi-LAT. This result is consistent with the absence of the
source in the FGL catalogs, and rules out even a marginal detec-
tion. Hereby, the sed() method of FERMIPY was applied to
determine 95% CL spectral upper limits — see Table 4.

4. Results

In general we noticed that the coronal radio prediction is strongly
constraint by the given millimeter data, despite the additional

® https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/
LATDataQuery.cgi
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Table 3. Fit data for NGC 1068.

Env. Energy [eV] Flux [eV s~ cm™2]
str® 0.6 x 107 (7+2)x 1073
str“; 2.1 % 10*2 (10 + 3) x 10*2
str® 6.2 x 10~ (10+£3)x 10
cor? 0.78 x 10™*  (0.153 +0.001) x 1072
cor? 0.80x 10™*  (0.153 £0.001) x 1072
cor? 0.82x 10~*  (0.155 +0.001) x 102
cor? 0.91 x 10™*  (0.165 +0.001) x 1072
cor? 0.92x 107*  (0.174 £0.001) x 1072
cor? 0.95x 10 (0.172 + 0.001) x 102
cor? 3.890x10™*  (0.645 +0.035) x 1072
cor? 4.14x 1074 (0.637 £0.031) x 102
cor? 997 x10™*  (1.59 +0.09) x 1072
cor? 10.6 x 107 (1.58 £0.01) x 1072
cor? 143x 10 (3.47 +0.06) x 1072
cor? 14.8 x 107 (3.10 £ 0.02) x 1072
S ol
cor .0 x 91 +0.12) x
cor?? 28.5x 1074 8.6+ 1.1)x 1072
cor? 28.8x107%  (7.40 +0.74) x 1072
cor?) 292x 104 (7.27 +0.84) x 1072
str+cor®  0.18 x 10° 0.85+0.18
str+cor”®  0.56 x 10° 0.81 £0.10
str+cor® 1.7 x 10° 0.61f8:8§
str+cor®  5.5x10° 0.30%0.%8
str+cor® 17 x 10° 0.42f8:ﬁ‘
str+cor® 0.5 x 10! <0.18
str+cor® 1.7 x 101 <0.39
str+cor? 1.8 x 10'! <0.69
str+cor”? 5.6 x 10'! <0.17
str+cor? 18 x 10! <0.07
str+cor? 56 x 10" <0.18
str+cor® 1.4x 10" 96fg(5)
str+cor® 3.1 x 102 383‘2‘
str+cor® 14 x 10'? 6*8

Notes. Due to angular resolution limitations, in some cases the con-
tributions from the starburst ring (str) and the AGN corona (cor)
are disentangled. The messenger type of the data and associated ref-
erences are as follows: @ y: New data — see Sect. 3.1 for details.
by Mutie et al. (2025). © y: Using a custom time coverage of
J0242.6-0000 (NGC 1068) between 2008 and 2020 in the energy range
100 MeV-300 GeV taken from E+22. More details on the analysis can
be found in Kun et al. (2022) and Kun et al. (2023). ¥ y: Acciari et al.
(2019). @ v: Using three characteristic energies within the 68% confi-
dence interval as reported by IceCube Collaboration (2022).

extended diffuse component that is fixed from the given data at a
few tens of gigahertz. However, this still leaves a huge variety of
scenarios for the corresponding high-energy neutrino flux (trans-
parent bright red lines in the right plot of Figs. 2 and 3), which all
face some issues, as is discussed in more detail in the following.

4.1. NGC 1068

As is shown in Fig. 2, the updated Seyfert-starburst composite
model is still able to explain the nonthermal observational data of
NGC 1068. As found in E+22, the giga-electronvolt y-rays orig-

Table 4. Fit data for NGC 7469.

Env. Energy [eV]  Flux [eVs™' cm™]
str+cor®  0.6x 107 (1.68 +0.07) x 1073
str+cor? 2.0 x 107 (2.1+£02)x1073
str+cor?  35x107° (263 +0.03) x 1073
str+cor”? 93 %107 (246 +0.07) x 1073
str+cor® 42 x 1073 (5.0+£0.5)x 1073
str+cor® 46 x 107 (5.9+0.5)x 1073
cor? 2x 1073 (0.84 +0.08) x 1073
cor® 4%107° (079 +0.08) x 10~
cor® 6x 107 (0.65 + 0.06) x 1073
cor® 14x107°  (0.69 +0.07) x 1073
cor® 37%x 105 (1.8+0.2)x 1073
cor? 41.7 %107 (1.8+0.2) x 1073
cor® 424%10°5  (17+02)x 1073
cor® 46 x 1072 (1.9+0.4)x 1073
cor” 89 x 1073 (5.0+£0.5) %1073
cor® 95%x 105 (5.0 0.5)x 1073
cor® 195 x 1073 (37 £20)x 1073
cor? 198% 1075 (42+7)x 1073
cor® 200 x 1073 (41 £20)x 1073
str+cor? 0.2 x 10° <0.02
str+cor”? 0.6 x 10° <0.02
str+cor? 1.8 x 10° <0.03
str+cor?  5.6x10° <0.06
str+cor?  17.8 x 10° <0.04
str+cor?  56.2 x 10° <0.13
str+cor? 178 x 10° <0.39
str+cor? 562 x 10° <1.75
str+cor?  1.61 x 10™ 24 +1.4)

Notes. Due to angular resolution limitations, in some cases the con-
tributions from the starburst ring (str) and the AGN corona (cor) are
disentangled. The messenger type of the data and associated references
are as follows: ® y: New data — see Sect. 3.1 for details. ® y: Taken
from Clemens et al. (2008). © y: mm data retrieved from the ALMA
archive (https://almascience.nrao.edu/aq/). ¢ y: New data —
see Sect. 3.1 for details. © v: Based on the average energy of the two
neutrinos in the 90% confidence energy interval with an 68% confidence
flux range of (0.007, 1.58)eV cm™2s~! from Abbasi et al. (2025).

inate from the starburst-ring, whereas with decreasing energy
an increasing percentage of the observed sub-giga-electronvolt
y-rays result from the AGN corona. We noticed that the first
Fermi-LAT data point’ has a significant impact on the resulting
solution, but at these energies the adopted spatial homogeneity
also has a strong impact on the yy-pair attenuation as indicated
by the dotted black line (that illustrates the result for a shield
thickness of 5%). For most scenarios, the predicted neutrino flux
is about a factor of two too small (but still partially within the
uncertainty band) compared to the IceCube data. The overall
spectral behavior between 1.4 and 14 TeV agrees quite well in
many cases. Adopting an high-energy emission that is also sur-
rounded by an isotropic X-ray target would enable an increased
y-ray and neutrino emissivity, leading to a better agreement with
the IceCube data. Due to the comparably large uncertainties of
the IceCube data, the neutrino flux predictions within the 1o
band of the best fit vary widely, whereas the millimeter flux

7 From private communication with Emma Kun — more details can be
found in Table 3.
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Fig. 2. Best-fit model prediction (and 100 alternative scenarios within 1o~ of the best-fit in transparent colored lines) of the photon (y) and neutrino
(v) SED of NGC 1068. The gray markers indicate characteristic neutrino flux values within the observed 68% confidence band that are used in the

MCMC.

predictions hardly change. Therefore, we also investigated the
case with an increased uncertainty of the millimeter data — by
using a minimal uncertainty of >30% — which reduces the need
to obtain a coronal synchrotron bump at 100 GHz, so that a bump
at slightly higher frequencies is sufficient. This enables higher
values of wr — which shifts the characteristic synchrotron self-
absorption frequency toward higher frequencies as systemati-
cally shown by del Palacio et al. (2025). Consequently, the target
gas density needed for the neutrino production increases linearly
and sufficiently small values of B ensure that the necessary CR
proton energy for the high-energy neutrino production can still
be reached. This leads to a perfect agreement with the IceCube
data, as shown in Fig. B.1.

As shown by the posterior distributions (see Fig. A.1), all
of the model parameters are close to the prior expectation. For
the coronal radius, we obtain a rather distinct range of log(r.) =
1.54+0.06, which is in perfect agreement with the previous find-
ings from Mutie et al. (2025).

4.2. NGC 7469

For the high-energy emission of NGC 7469, we first veri-
fied the basic result from Salvatore et al. (2025), showing that
even a neutrino flux of (32 + 16)eVs~'cm™ at 161 TeV —
based on using two associated neutrinos in 4 years of data (see
Sommani et al. 2025) — can be explained by the AGN corona
without overshooting the y-ray upper limits (see Fig. B.2). Here,
a small coronal radius of the order of a few Schwarzschild radii
(Rs) is needed. However, the millimeter data also introduce the
need for a coronal contribution in the radio band, which is sub-
sequently taken into account. The resulting best-fit scenario (see
Fig. 3) indicates that this millimeter bump can be produced by
the corona if it extends on scales of >100R,. But in that case
there is no significant neutrino emission at some tens or hun-
dreds of tera-electronvolts. So, a spatial homogeneous corona
can either explain the millimeter bump or the observed hints for
tera-electronvolt neutrinos, but not both. Note that even in the
case of a minimal uncertainty of >30% the resulting best-fit sce-
nario does not explain the current hints of high-energy neutrino
emission due to the y-ray constraints.

With respect to the starburst ring, our model can explain the
large-scale radio emission and yields a giga-electronvolt y-ray
flux that is just about a factor of two below the current upper
limits®. The associated posterior distributions (see Fig. A.2) indi-
cate a spectral index of s = —1.75 £ 0.17, which is significantly

8 In total the resulting sub-giga-electronvolt y-ray flux is for most sce-
narios even less than a factor of two.
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harder than the canonical expectation from standard DSA. Such
a hardening may, in principle, arise in the high-energy part of the
spectrum. For instance, nonlinear DSA predicts concave spec-
tra that become increasingly hard at high energies due to shock
modification by cosmic-ray pressure (Caprioli et al. 2010). Sim-
ilarly, time-dependent effects related to the evolution of the rem-
nant and the injection history can lead to additional hardening
under specific assumptions, such as a constant injection number
fraction (Drury 2011)°. Since the injected leptons are predom-
inantly of hadronic origin, and therefore trace the high-energy
proton population, such effects could provide a plausible expla-
nation for the inferred hard spectrum, even though our simplified
source term does not explicitly capture these spectral details.

Further, a slightly higher magnetic field strength as expected
of By > 10737 G is needed to explain the large-scale radio data
by synchrotron radiation from predominantly primary electrons.
This results from the constrain on the maximal IC y-ray emis-
sion, which yields an upper limit on the nonthermal electron
density, and hence only leaves the magnetic field strength (apart
from the spectral index of the CRs) to steer the primary syn-
chrotron flux close to the data. All of the other parameters are in
good agreement with the prior expectation.

5. Conclusions and discussion

In this work, we update the steady-state Seyfert-starburst com-
posite model of E+22 with a more detailed treatment of its AGN
corona:

(1) The interplay between SA and energy losses produces a sig-
nificant hardening of the resulting nonthermal proton distri-
bution.

Inclusion of the nonlinear secondary e* contribution, i.e.,
from leptonic radiation processes, which only becomes rel-
evant, however, below a few hundred mega-electronvolts.
Inclusion of the yy-pair attenuation of the escaping y-rays
as well as a potential shielding scenario (where the X-ray
corona is extended beyond the spatial scales of the y-ray
production site) has a strong impact on the resulting sub-
giga-electronvolt y-ray prediction if the radius of the X-ray
corona is <100 R;.

Here, we assume a fixed magnetic turbulence spectrum and that
the nonthermal particles extract only a negligible fraction of the
turbulent energy, so that the turbulent cascade remains essen-
tially unaffected. According to Lemoine et al. (2024) damp-

(ii)

(iii)

° In the more physically motivated case of self-regulated injection,
these corrections largely cancel out, yielding a spectrum close to the
standard DSA prediction.
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Fig. 3. Best-fit model predictions (and 100 alternative scenarios within 1o of the best-fit in transparent colored lines) of the photon (y) and neutrino
(v) SED of NGC 7469. The shaded blue and red bands at low energies refer to the uncertainty of the adopted extended gas distribution and its
opacity with respect to free-free absorption. The gray markers indicate the characteristic neutrino flux value of the average energy (weighted with
the signalness from Sommani et al. 2025) of the two neutrinos within the confidence band that is used in the MCMC.

ing is inefficient for (va/c)? 'Eun/Ep, < 1, where Eun/Ep,
denotes the ratio of the total nonthermal particle energy den-
sity over the magnetic energy density. We verified that this con-
dition is fulfilled for the given best-fit scenarios of NGC 1068
and NGC 7469. Note that if the turbulent cascade is not suffi-
ciently powered externally the stochastic particle acceleration
will become nonlinear and the resulting nonthermal particle
energy spectrum will soften significantly at high energies, as
has been shown by Lemoine et al. (2024), Lemoine & Rieger
(2025).

We subsequently used an MCMC method to study the
parameter space of the Seyfert-starburst composite galaxies
NGC 1068 and NGC 7469. As in E+22, but with a more mod-
erate CR pressure of about 0.1 Py, we are able to explain the
multimessenger data of NGC 1068. However, a minor deficit
(of about a factor of two) in the high-energy neutrino flux is
obtained, if we explain the observed millimeter bump accu-
rately. Since the likelihood is typically dominated by the radio
data, we obtain in that case a uniform coronal radius of about
35Rs, which is in perfect agreement with the previous findings
from Mutie et al. (2025). With respect to the neutrino deficit,
it needs to be taken into account that the neutrino flux mea-
surement adopts a power law with a best-fit spectral index of
—3.2 + 0.2. Using a different spectral behavior with a higher
peak flux could decrease the observed flux above 1TeV, as has
been shown in Desai et al. (2025). Moreover, we took the coro-
nal radio emission to emerge from the same spatial region such
as the high-energy y-ray and neutrino emission. But in principle,
the confinement of charged particles depends on their Larmor
radius; hence, the coronal radius for those particles that emit in
the radio band could be much larger than the coronal radius at
vy-ray energies. The MCMC results indicate that such a differen-
tiation, whereby the radio corona is significantly larger than the
vy-ray corona, would improve the fit to the data.

In the case of NGC 7469, the MCMC fits clearly indicate the
need for a spatially inhomogeneous AGN corona: The millime-
ter bump needs to emerge from a coronal size of R, > 100 R;,
whereas neutrino emission at energies >100 TeV requires R, <
10 R; if there is no shielding outer photon target. A homoge-
neous corona with a fixed size at all energies can explain the
features either at high energies or in the radio band, but not both.
This discrepancy is generally known from other wave bands; for
example, the sizes of the coronae inferred from X-rays are about
R. < 10R; (Fabian et al. 2015), whereas the size of the millime-
ter emitter inferred via modeling of the SED yields sizes that are

often larger, R, ~ (60-250) R; (del Palacio et al. 2025). We also
note that the size discrepancy is too large to be explained just by
time variability, with even the most extreme case of millimeter
variability reported in Shablovinskaya et al. (2024) correspond-
ing only to a change in size of about a factor of two.

Moreover, the predicted best-fit giga-electronvolt y-ray flux
of the starburst ring is just about a factor of two smaller than
the current upper limits. In addition, a potentially dominant
y-ray contribution could emerge at sub-giga-electronvolt ener-
gies, where future observations will be able to draw further
constraints.
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Appendix A: Posterior distributions

The Fig. A.1 show the posterior distribution of the analyzed
parameter space of the starburst ring (first five parameter on
the x-axis) and the AGN corona (second five parameters on the
x-axis) of NGC 1068. The associated MCMC fit includes both
environments, as they cannot be disentangled at high energies.
The plot displays the results from 10000 x 30 iterations, whereof
the first 1500 of each of the 30 walkers are due to correlation
effects excluded, and only every 5th outcome is used.

In contrast to the previous case the MCMC fit of NGC 7469
has been performed for the AGN corona and the starburst ring
separately, as there are currently only upper limits in the y-ray
band available. Therefore, the main contributions from those
two environments can be nicely distinguished, if the high-energy
neutrino hints emerge predominantly from the corona. Since the
AGN corona model cannot explain the associated date, we only
present the parameter analysis of the starburst ring (see Fig. A.2).
Here, 15000 x 100 iterations have been performed, whereof only
every fifth of the final 14000 x 100 iterations is used. In all
MCMC runs we have verified that the calculations have con-
verged.

Appendix B: Additional results

For comparison, we relax the observational constrain by the
mm data in the likelihood by introducing a minimal relative
uncertainty of 30%. This yields a perfect agreement with the
high-energy neutrino data, as shown in Fig. B.1. The most strik-
ing difference in the associated fit parameters with respect to the
ones from Fig. A.1, is a reduced coronal radius of about 28 R
and an increased optical Thomson depth of 2. Hence, the produc-
tion of high-energy neutrinos in a more compact, denser region
within the X-ray corona could lead to a significant improvement
of the fit.

For NGC 7469 we also tested to fit only the high-energy
emission by the AGN corona. Here, we used only the upper lim-
its on the gamma-ray flux as well as the neutrino flux indications
at 161 TeV using the IceCube analysis given in Abbasi et al.
(2025) (left plot in Fig. B.2) and the two-neutrino estimate from
Sommani et al. (2025) (right plot in Fig. B.2), respectively. It
is shown that that a perfect agreement with the hints for neu-
trino emission is possible, even in the case of the higher flux
expectation from Sommani et al. (2025). But for this purpose
the high-energy emission needs to emerge from an extremely
compact coronal region of <« 10 R;. Note that due to the lack of
observational constraints at high energies, the MCMC is strongly
guided by the prior information leading to a huge number of
predictions within the lo-regime of the best-fit scenario that,
however, do not properly explain the observational hints for neu-
trino emission. Therefore, we decided to display only a few of
those predictions with a posterior probability that deviates only
marginally (i.e., < 1o) from the best-fit.
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Fig. A.1. The posterior distribution of the fit parameters for NGC 1068. The blue lines indicate the best-fit parameter values and the magenta curve
illustrates the adopted prior distribution.

A208, page 12 of 14



Eichmann, B., et al.: A&A, 713, A208 (2026)

log(fsn)

log(Bs/1G)

l0g(ngas/lcm=3)

)

log(n,

-__-____-____':rl.__

s log(fsn) log(Bs/1G) log(ngas/lcm=3) log(ns1)

Fig. A.2. The posterior distribution of the fit parameters for the starburst ring of NGC 7469. The blue lines indicate the best-fit parameter values
and the magenta curve illustrates the adopted prior distribution.
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Fig. B.1. The best-fit model prediction (and 100 alternative scenarios within 1o of the best-fit in transparent colored lines of the photon (y) and
neutrino (v) SED of NGC 1068 assuming a minimal data uncertainty of 30 %. The gray markers indicate characteristic neutrino flux values within

the observed 68% confidence band that are used in the MCMC.
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Fig. B.2. The best-fit model predictions (and 100 alternative predictions with only a marginally different posterior probability in transparent colored
lines) of the coronal photon (7y) and neutrino (v) SED of NGC 7469 at high energies considering only the y-ray upper limits and the neutrino
expectation from Abbasi et al. (2025) (left) and Sommani et al. (2025) (right), respectively. For the latter case (right), the 90% confidence interval

(gray band) is converted to a 68% confidence value (gray marker) at the weighted average energy of 161 TeV, which yields (32 + 16) eV cm

for 4 years of data and two associated muon neutrinos.
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