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Abstract

The blazar TXS 0506+056 has been the first astrophysical source associated with high-energy astrophysical
neutrinos, and it has emerged as the second-most-prominent hotspot in the neutrino sky over ten years of
observations. Although neutrino production in blazars has traditionally been attributed to processes in the
powerful relativistic jet, the observation of a significant neutrino flux from NGC 1068 – presumably coming from
the Active Galactic Nucleus (AGN) corona – suggests that neutrinos can also be produced in the cores of AGN.
This raises the question whether neutrino production in TXS 0506+056 is also associated with the core region.
We study this scenario, focusing on the hypothesis that this blazar is a masquerading BL Lac, a high-excitation
quasar with hidden broad emission lines and a standard accretion disk. We show that magnetic reconnection is
an acceleration process necessary to reach tens of PeV proton energies, and we use observationally motivated
estimates of the X-ray luminosity of the coronal region to predict the emission of secondaries and compare
them to the observed multi-wavelength and neutrino spectra of the source. We find that the coronal neutrino
emission from TXS 0506+056 is too low to describe the IceCube observed neutrinos from this AGN, which in
turn suggests that the blazar jet remains the preferred location for neutrino production.

Keywords: High energy astrophysics (739); Active galactic nuclei (16); Neutrino astronomy (1100); Non-thermal
radiation sources (1119); Plasma astrophysics (1261)

1. INTRODUCTION

The discovery of a diffuse astrophysical neutrino flux in
the 10 TeV-10 PeV range by IceCube marked a milestone
in multi-messenger physics (IceCube Collaboration 2013;
Aartsen et al. 2013). Identifying the sources contributing to
this flux remains a fundamental open question. The primary
challenge lies in the fact that most detected neutrinos cannot
be traced back to specific point sources with certainty, while
a diverse range of astrophysical objects has the potential to
serve as neutrino emitters.

Searching for spatial and temporal correlations among the
astrophysical neutrinos and catalogs of known sources, ei-
ther steady or transient, has led to the identification of a few
candidate sources. The first among them has been the Ice-
Cube detection in 2017 of an astrophysical neutrino with an
energy of approximately 290 TeV in spatial and temporal
coincidence with an electromagnetic flare from the blazar
TXS 0506+056 (IceCube Collaboration et al. 2018a). Blazars
are active galactic nuclei (AGN), namely galaxies exhibiting
powerful multi-wavelength emission powered by accretion
onto a central supermassive black hole (see, e.g., Marconi et al.
2004a; Ghisellini 2013; Padovani et al. 2017), with a pow-
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erful jet pointing towards the Earth. At the time of neutrino
detection, TXS 0506+056 was undergoing a six-month-long
flare in its gamma-ray emission, coming from the jet region of
the blazar. This coincident detection can be modeled assum-
ing that neutrinos are produced in the blazar jet (e.g. Ansoldi
et al. 2018; Keivani et al. 2018; Liu et al. 2019; Gao et al.
2019; Cerruti et al. 2019). A search through the archival
IceCube data revealed a neutrino excess from the direction
of the blazar in the 2014/2015 time frame, which, however,
was not accompanied by an electromagnetic flare (IceCube
Collaboration et al. 2018b). This makes an interpretation of
the 2014/2015 flare quite challenging, since neutrino emission
should be accompanied by a gamma-ray flux which, even if
reprocessed to lower energies, should still show up in some
part of the electromagnetic spectrum (e.g. Murase et al. 2018;
Reimer et al. 2019; Rodrigues et al. 2019; Petropoulou et al.
2020). Finally, an analysis of 10-year IceCube observations of
muon neutrinos has revealed that TXS 0506+056 is spatially
coincident with the second brightest hotspot in the neutrino
sky, suggesting that this blazar may also be a steady emitter
of neutrinos up to PeV energies. All this observational evi-
dence has been almost always interpreted in terms of neutrino
production in the powerful blazar jet.

Meanwhile, a different paradigm for neutrino emission from
AGN has been suggested by the observation of a neutrino ex-
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cess at energies of a few TeV from the direction of the Seyfert
galaxy NGC 1068 in the 10-year IceCube measurements (Aart-
sen et al. 2020; Abbasi et al. 2022). As this detection was
not accompanied by corresponding TeV gamma-ray emission,
with strong upper limits placed by the MAGIC telescope (Ac-
ciari et al. 2019), it was suggestive of a gamma-ray opaque
neutrino production region (Murase 2022) that is likely very
close to the central black hole. A natural candidate emerges
as the corona of the AGN, responsible for the non-thermal
X-rays observed from a vast majority of non-jetted AGN.
While the shape and properties of the corona can vary widely
across models (see e.g. Cackett et al. 2021, and references
therein), it usually has a typical size of a few up to several
tens of Schwarzschild radii, and contains a dense X-ray field
originating from Comptonization of optical/UV disk photons
by energetic electrons (e.g., Haardt & Maraschi 1991; Mer-
loni & Fabian 2001; Wilkins & Gallo 2015). The X-ray field
can act both as an absorber of gamma-rays, providing the
required gamma-ray opacity, and as a target for proton-photon
collisions, in which neutrinos are produced (e.g., Berezinskii
& Ginzburg 1981). The corona is thus a natural neutrino
production site provided that a mechanism to accelerate pro-
tons to very high energies is available. Various scenarios for
proton energization have been proposed, including diffusive
shock acceleration (Inoue et al. 2020), stochastic gyroreso-
nant acceleration (Murase et al. 2020), non-resonant accelera-
tion in strongly magnetized turbulence (Fiorillo et al. 2024a;
Lemoine & Rieger 2024), magnetized reconnection (Fior-
illo et al. 2024b; Karavola et al. 2024), as well as a two-
step scenario with pre-acceleration from reconnection and
re-acceleration in turbulence (Mbarek et al. 2024).

These recent developments have demonstrated that non-
jetted AGN may be efficient emitters of neutrinos. This natu-
rally raises the question of the respective contributions of the
corona and the jet to the neutrino signal expected from blazars.
TXS 0506+056, undoubtedly, stands out as an ideal source
for addressing this question. Kimura & Toma (2020) con-
cluded that the neutrino luminosity from a hot accretion flow
in TXS 0506+056 should be smaller than about 1044 erg/s for
a magnetically arrested disk (MAD) with sub-Eddington ac-
cretion. However, recently, Khatee Zathul et al. (2024); Yang
et al. (2024) proposed that multi-messenger observations of
TXS 0506+056 might be interpreted by neutrino production
in the core region of the AGN, namely a compact region close
to the black hole, such as the corona or the inner accretion
flow, rather than the blazar jet as previously assumed. Yang
et al. (2024), using a modeling similar to Kimura & Toma
(2020), concludes that the 10-years-averaged neutrino signal
from TXS 0506+056might indeed be produced in the hot ac-
cretion flow, and that even the 2014/15 neutrino flare might be
explained if temporary super-Eddington accretion is assumed.
A core neutrino production would have consequences not only
on the specific question of the TXS 0506+056 neutrinos, but
more broadly on the blazar contribution to the diffuse neutrino
sky compared to non-jetted AGN.

In this work, we re-examine the corona hypothesis for neu-
trino production in TXS 0506+056. We use observational

properties of the blazar to infer its accretion-driven X-ray lu-
minosity. Within the context of the scenario of Fiorillo et al.
(2024b) (hereby denoted F24), in which non-thermal parti-
cles are energized within a magnetic reconnection layer close
to the central black hole, we construct a model for coronal
neutrino production consistent with the energetics and the
X-ray luminosity in the corona. By comparing to the poten-
tial emission from a jet (blazar), we then critically assess the
possibility that the observed neutrinos from TXS 0506+056
come from the corona.

2. CORONAL MODEL OF NEUTRINO EMISSION

We summarize the main properties of the coronal region
and the mechanism by which non-thermal particles may be
accelerated and interact within it. The corona is assumed
to be a compact region located close to the central super-
massive black hole, with dimensions up to a few tens of
gravitational radii rg = GM/c2, where G is gravitational
constant, c is the speed of light, and M is the mass of
the central supermassive black hole. For TXS 0506+056,
we use M ≃ 3 × 108 M⊙ (Padovani et al. 2019), so
rg ≃ 4.4 × 1013 cm. The corona itself is permeated by
a dense X-ray field, generated by Comptonization of low-
energy photons – either from the accretion disk or internal to
the corona – from energetic leptons (Sunyaev & Truemper
1979; Sunyaev & Titarchuk 1980; Haardt & Maraschi 1991,
1993) or from the bulk motion of turbulent plasma (Grošelj
et al. 2024) or bulk motion of plasmoids in reconnection lay-
ers (Beloborodov 2017; Sironi & Beloborodov 2020; Sridhar
et al. 2021; Sridhar et al. 2023). The X-ray field also plays
a key role in non-thermal dynamics, since it acts as a target
for pγ and γγ interactions, rendering the corona opaque to
high-energy gamma rays and an efficient converter of proton
energy into neutrinos and electromagnetic radiation. The opti-
cal thickness of the corona to said processes depends crucially
on the size of the corona and especially on the mechanism by
which non-thermal particles are accelerated.

For most of this work, we will consider the scenario pro-
posed in F24, in which the corona is identified with a magne-
tized reconnection layer and protons are accelerated fast by
the reconnection electric field. This scenario allows for neu-
trino production up to PeV energies, as required to explain the
TXS 0506+056 neutrino observations. In Sec. 5 we will also
discuss how slower forms of acceleration, due to scattering
by magnetized turbulence in the accretion flow, are expected
to produce much less energetic neutrinos.

Within the corona, a population of leptons must be estab-
lished with a moderate optical thickness τT ≃ 0.5, as sug-
gested by the shape of the X-ray spectrum produced after
Comptonization (Wilkins & Gallo 2015; Petrucci et al. 2020;
Tripathi & Dewangan 2022) as well as from radiative particle-
in-cell (PIC) simulations of reconnection coupled with Monte
Carlo radiative transfer calculations (Sridhar et al. 2021; Srid-
har et al. 2023). The number density of pairs in a corona with
size R can be then inferred by the typical Thomson optical
depth, ne ≃ τT /(σTR) ≃ 1010τT,−0.3 R

−1

13.8 cm−3, where
we introduce the notation qx = q/10x (in cgs units). On
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released in the form of radiation below the MeV energy scale,
as well as in the production of a large number of pairs that
ultimately cool within the reconnection layer.

3. OBSERVATIONAL EVIDENCE FOR THE CORONAL
X-RAY LUMINOSITY

Direct observation of the coronal X-ray emission in blazars
is challenging because of the highly beamed X-ray emission
from the relativistic jet. In this section, we put together differ-
ent pieces of information to infer an approximate value of the
coronal luminosity in TXS 0506+056.

TXS 0506+056 is a masquerading BL Lac, namely a high-
excitation active galaxy whose thermal accretion-related emis-
sion is hidden by the jet’s non-thermal emission (Giommi et al.
2013; Padovani et al. 2019). The bolometric accretion disk lu-
minosity, which cannot be directly measured in these blazars,
can be estimated using empirical relationships between the
accretion-driven bolometric luminosity, Lbol and the lumi-
nosities of specific emission lines (see e.g. Punsly & Zhang
2011, and references therein). Applying a relation involving
the luminosities of the O II and O III lines, Padovani et al.
(2019) estimated the bolometric (thermal) luminosity to be
Lbol ∼ 1.7 ·1045 erg s−1. Furthermore, Padovani et al. (2019)
used an empirical relationship between the black hole mass
and the absolute optical magnitude of the host galaxy’s bulge
(McLure & Dunlop 2002) to derive M ≃ 3 · 108M⊙, which
translates to an Eddington luminosity LEdd ≃ 4 ·1046 erg s−1.
Therefore, the accretion-driven luminosity of TXS 0506+056
has an Eddington ratio Lbol/LEdd ≃ 0.04, suggestive of the
presence of an optically thick and geometrically thin disk.
Half of the bolometric luminosity may be taken as a proxy of
the accretion disk luminosity, motivated by the spectral energy
distributions (SEDs) of typical quasars (Padovani et al. 2019).
Alternatively, whenever narrow emission lines are available,
the disk luminosity can be inferred assuming a typical cov-
ering fraction of the BLR (namely the ratio of BLR to disk
luminosity) of 10%. For TXS 0506+056 the logarithmic mean
of the two methods yields Ldisk ≈ 3 · 1044 erg s−1 (Padovani
et al. 2019; Rodrigues et al. 2024). Finally, the high signal-to-
noise ratio optical spectrum obtained by Paiano et al. (2018)
resembles that of a typical Seyfert 2 galaxy in terms of emis-
sion line ratios.

Quantifying the relation between the UV disk luminosity
and the X-ray non-thermal emission from the corona in non-
jetted AGN has been an active topic of research. Several
empirical relations have been derived between the monochro-
matic UV and X-ray luminosities, or the bolometric luminos-
ity and the 2-10 keV X-ray luminosity, or the optical-to-X-ray
spectral index αox and the Eddington ratio for bright AGN and
changing-look quasars (e.g., Lusso et al. 2010, 2011; Arcodia
et al. 2019; Ruan et al. 2019).

We estimate the X-ray luminosity of the corona in
TXS 0506+056 using two methods. First, we estimate the
3000 Å luminosity using Eq. (10) from Runnoe et al. (2012),
LUV ≈ 2.5 · 1044 erg s−1. Then, using Eq. (12) from Ar-
codia et al. (2019) we estimate the 2 keV X-ray luminos-
ity, L2 keV ≈ 6.4 · 1043 erg s−1. Assuming that the corona

spectrum is a power law, dnX/dEX ∝ E−2

X , we can derive
the 2-10 keV X-ray luminosity, L2−10 keV ≈ 1044 erg s−1,
and the broadband (0.1-100 keV) X-ray luminosity, LX ≈

4.4 · 1044 erg s−1. Alternatively, we may use the empirical re-
lation for the 2-10 keV X-ray luminosity obtained by Runnoe
et al. (2012) for a sample of radio-loud AGN (see Eq. (14)
therein), which yields L2−10 keV ≈ 8.2 · 1042 erg s−1 and
LX ≈ 3.5 · 1043 erg s−1. The estimates quoted above, which
do not account for the statistical uncertainties of the empirical
relations, differ approximately by a factor of 10.

Our inferred X-ray luminosity is much lower than the ob-
served one from TXS 0506+056. More specifically, Swift-
XRT observations prior and after the 2017 flare have shown
that the 0.3-10 keV X-ray luminosity varies from approxi-
mately 3.8 · 1044 erg s−1 to 3 · 1045 erg s−1, and the photon
index of the spectrum varies from 1.3 to 2.7 (Petropoulou
et al. 2020; Acciari et al. 2022). Furthermore, NuSTAR ob-
servations performed during 2018–2019 show that the hard
(3-78 keV) X-ray luminosity is ∼ (1.5 − 3) · 1045 erg s −1.
Although the most likely origin for the variable X-ray emis-
sion in TXS 0506+056 is the jet, recent studies have adopted
the hard (15-55 keV) X-ray luminosity as a proxy for coronal
emission (Khatee Zathul et al. 2024; Yang et al. 2024), thus
overestimating its emission. Motivated by the discussion in
this section, we conclude that the steady X-ray coronal lu-
minosity ranges instead between LX = 4 × 1043 erg/s and
LX = 4× 1044 erg/s.

4. MULTI-MESSENGER EMISSION FROM
TXS 0506+056

In this section we obtain the neutrino and electromagnetic
coronal emission assuming the reconnection scenario outlined
in Sec. 2. Numerical calculations of the multi-messenger
emission are performed with the code AM

3 (Klinger et al.
2024).

We consider the downstream region of the reconnection
layer as the neutrino production site. The coronal X-ray field
is modeled as a power law with photon index 2 between
0.1 and 100 keV and broadband X-ray luminosity LX . A
magnetospheric reconnection layer can be thought of as a
thin rectangular sheet of typical dimension L and thickness
βrecL. Because the code is tailored for spherically symmetric
emitting regions, we follow the discussion in Appendix B of
F24 and choose a radius R corresponding to a sphere with the
same volume as the slab.

A fraction ηX = 0.5 ηX,−0.3 of the Poynting energy flux
through the reconnection layer cβrecB

2/4π, is transformed
into an X-ray energy flux escaping from the corona LX/4πR2.
Then, the magnetic field strength can be expressed as

B =

(

LX

ηXcβrecR2

)1/2

≃ 1.3L
1/2
X,43η

−1/2
X,−0.3β

−1/2
rec,−1

R−1

13.8 kG.

(1)
Here we normalize the radius R in units of R13.8 =
R/1.5rg. The magnetic energy density is then related to
the X-ray photon energy density as uB = uX/(6βrecηX) ≈
3uXβ−1

rec,−1
η−1

X,−0.3. The corresponding magnetization pa-



CORONAL NEUTRINOS FROM TXS 0506+056 5

Parameter TXS (LL) TXS (HL) TXS (EL)

LX [1043 erg/s] 4 40 2× 10
3

Lp [1043 erg/s] 0.8 80 4× 10
3

B [kG] 2.6 8.1 57.3

ηp 0.1 1 1

Table 1. Astrophysical parameters for TXS 0506+056, in the three

scenarios discussed in the text. For all cases, we use a coronal size

R ≃ 1.4rg = 6.4× 10
13 cm, corresponding to L = 5rg .

rameter for the lepton pairs σe = B2/(4πnemec
2) is in the

range 10−100 for the inferred values of LX and ne (assuming
a corona with τT = 0.5).

The power in relativistic protons injected into the corona is
also a fraction of the Poynting luminosity, and can be written
as

Lp =
ηp
ηX

LX ≃ LX
ηp,−0.3

ηX,−0.3
. (2)

The differential energy distribution of relativistic protons is
modeled by a broken power law, as described in Sec. 2,

dnp

dEpdt
= q0min

[

(

Ep

Ep,br

)−1

,

(

Ep

Ep,br

)−s
]

, (3)

where q0 is a normalization constant that is determined by

equating
∫

dEpEp
dnp

dEpdt
to Lp. The power law extends to a

maximal energy Ep,rad, which is determined by the balance
of the proton acceleration and cooling rates (see Fig. 1). The
acceleration timescale that we introduced in Sec. 2 can be
expressed in terms of LX as

tacc ≃ 8.5× 10−7
Ep

1 GeV

(

ηX,−0.3

βrec,−1LX,43

)1/2

R13.8 s.(4)

The energy loss timescales due to proton synchrotron radiation
and photohadronic interactions are also related to the X-ray
corona emission (for details see Karavola et al. 2024).

Using these relations, we obtain the values summarized in
Table 1 for the main parameters used in the simulations of the
radiative emission from the corona. We consider two scenarios
that are meant to bracket a conservative and an optimistic
scenario for multi-messenger steady coronal production: a
low-luminosity (LL) case, in which we assume the lowest
X-ray luminosity inferred in Sec. 3 and a proton luminosity
fraction ηp = 0.1, as extracted from PIC simulations; and a
high-luminosity (HL) case, in which we assume the highest
X-ray luminosity inferred in Sec. 3, as well as ηp = 1, ten
times higher than what is suggested from PIC simulations
and already in tension with the constraints from the corona
energetics, which would require ηp + ηX < 1.

In addition, we consider a third scenario, which is meant
to test specifically the hypothesis that the 2014/15 neutrino
flare might have a coronal origin. In order to do this, we

assume that the corona might have been flaring with an X-ray
luminosity much higher than the fiducial values inferred in
Sec. 3. Therefore, to obtain the most optimistic scenario for
coronal neutrino production, we choose LX so as to saturate
the 2014/15 upper limits on the X-ray from MAXI at a photon
energy of 10 keV (Petropoulou et al. 2020), and in addition
we choose ηp = 1. For this reason, we refer to this case as an
extreme luminosity (EL) scenario.

In all three cases, for the proton injection spectrum we
consider a high-guide-field (HGF) case, in which s = 3, and
we choose σp = 107 (Ep,br ≃ 9.4 PeV). This ensures that
neutrinos can be produced up to PeV energies, as observed by
IceCube. Neutrino production at PeV can also be obtained by
assuming a low-guide-field (LGF) scenario, in which s = 2,
and we choose σp = 105; results for this alternative case are
very similar to the HGF one and we show them in Appendix B.
These two cases, which are consistent with a pair-dominated
corona (σp ≫ σe), are meant to show the impact of σp, one of
the main unconstrained parameters of our model; see Karavola
et al. (2024) for a systematic discussion on the effects of σp

on the neutrino spectra.
In Fig. 2 we show the neutrino and electromagnetic emis-

sion from the putative corona of TXS 0506+056 for the three
scenarios. For comparison, we also show the measurement
of the blazar spectral energy distribution (SED) over multiple
epochs of emission, extracted from Petropoulou et al. (2020),
and during the 2017 flare (Keivani et al. 2018).In this way,
we can directly understand how the coronal emission com-
pares to the blazar one both during flaring and non-flaring
states. We also show in red the neutrino flux reported by
IceCube as inferred from the 10-year neutrino point source
analysis (Abbasi et al. 2022). The neutrino flux required to
explain the single neutrino event observed in 2017 depends
on the assumed time frame for neutrino emission. We show
the upper limits displayed in Fig. 4 of IceCube Collaboration
et al. (2018a) assuming 0.5 yr and 7.5 yr exposure. Finally,
in the third panel, we show the available observations for the
2014/15 epoch, including the neutrino spectrum inferred by
IceCube for this period.

In the LL scenario, the neutrino signal from the corona is
far below the 2017 flux upper limit, and the neutrino signal
averaged over ten years. The SED is composed of the X-ray
corona spectrum, injected between 100 eV and 100 keV, and
of the cascade spectrum, which has a cutoff at about 1 MeV
due to pair annihilation. Across the entire electromagnetic
spectrum, the SED of the corona is far below the jet’s emis-
sion.

In the HL scenario, which is the most optimistic one for
steady neutrino production – and in fact assumes ηp = 1
which is already disfavored by PIC simulations – we find that
the neutrino signal still cannot reach the 10-year average Ice-
Cube flux. However, in this case, the coronal X-ray emission
is comparable with the jet emission in epochs of low jet ac-
tivity (epoch 1 and 3). This offers an additional observational
opportunity to differentiate between a blazar and a coronal
origin for the IceCube neutrinos, since the predicted X-ray
emission from the two regions has very different spectrum.
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dense X-ray external photon fields have also been discussed in
the context of the 2014/15 neutrino excess of TXS 0506+056,
(Reimer et al. 2019; Petropoulou et al. 2020) and other likely
associations of neutrino alerts with blazars (Petropoulou et al.
2020). However, even considering an extreme X-ray luminos-
ity which saturates the available upper bounds, and an extreme
proton luminosity already disfavored by PIC simulations, the
neutrino flux cannot match the reported excess. Furthermore,
for such an extreme X-ray luminosity, one would have ex-
pected a significantly brighter optical-ultraviolet luminosity
as well, potentially leading to tensions with the available mea-
surements in this lower frequency range. We do not explore
this question in greater detail, since even such an extreme
assumption is unable to match the IceCube neutrino signal.
Note that the description of the 2014/15 flare is challenging
for the blazar scenario as well (Murase et al. 2018; Reimer
et al. 2019; Rodrigues et al. 2019; Petropoulou et al. 2020).

The discrepancy with previous works (Khatee Zathul et al.
2024; Yang et al. 2024) primarily comes from the stringent ob-
servational constraints on the coronal X-ray luminosity. While
Khatee Zathul et al. (2024) explicitly addresses the corona as
neutrino production site, Yang et al. (2024) refers instead to
the accretion flow in the inner regions close to the supermas-
sive black hole. However, the qualitative features of the model
are essentially very similar. Yang et al. (2024) assumes an
acceleration timescale comparable with the gyroradius of the
proton (divided by c); while this is not associated with a spe-
cific acceleration mechanism, such a rapid energization cannot
happen via stochastic acceleration in turbulence, and must
instead be powered by magnetic reconnection. Therefore, our
generic constraints on the X-ray and the proton luminosity ap-
ply. In particular, the proton luminosity assumed in Yang et al.
(2024), of the order of Lp ∼ 1046 erg/s, is about two orders
of magnitude higher than Lp in our HL scenario, and is there-
fore difficult to reconcile with the expected near-equipartition
between X-rays and protons within a reconnection layer. In
addition, if the accretion flow is responsible for neutrino pro-
duction, then super-Eddington accretion may raise additional
tension with acceleration of protons at large energies, since
the increased density may turn the plasma collisional and
hinder efficient acceleration. However, it is difficult to sub-
stantiate these statements without a concrete estimate of the
acceleration rate, which depends on the assumed mechanism.
Our arguments, based on energetics, are independent of these
choices.

The jet and coronal emissions may exhibit different time
variabilities. Coronal emission, driven by a reconnection layer,
is expected to exhibit intermittency on timescales of tens of
minutes to a few hours, as the layer is destroyed and reformed
over a free-fall time. In contrast, the blazar emission shows
variability due to time-variable energy dissipation in the jet,
which might be linked to a similar dissipation in the corona.
Without a model for the energy dissipation mechanism, we
cannot directly relate the time structures of the two signals,
making energetics the most reliable argument against coronal
emission.

Our arguments are based on the single blazar
TXS 0506+056, but their implications extend to the rel-
ative contribution of blazars and non-jetted AGN to the
astrophysical neutrino flux. A complementary approach could
involve a population-wide study of the expected number of
high-energy neutrino associations with blazars and non-jetted
AGN. This would rely on luminosity functions, redshift
evolution, and assumptions about the populations, making it
sensitive to specific production scenarios and uncertainties in
population properties. Therefore, we leave this question for
future work.

In general, our results reinforce the hypothesis that the
neutrino emission of TXS 0506+056 has jet rather than coro-
nal origin. In the case of the 2014/15 flare, neither the jet
nor the coronal model is able to explain the large expected
neutrino signal consistently with the stringent X-ray upper
bounds. Although we performed a detailed analysis of the
radiative emission, we emphasize that the arguments for this
conclusion are at their core very simple, relying on the un-
availability of an energy budget in the corona sufficient to
explain the large neutrino flux and neutrino energies observed
from TXS 0506+056.

6. SUMMARY AND CONCLUSIONS

In light of recent observations of neutrinos from AGN cores,
such as NGC 1068, we have studied if the neutrino emission
from the AGN blazar TXS 0506+056 may also come from the
core only - focusing on corona models. We have demonstrated
that stochastic acceleration renders insufficient proton ener-
gies, while magnetic reconnection can be used as a plausible
acceleration scenario in the corona. Based on the hypothesis
that TXS 0506+056 is a masquerading BL Lac, we have care-
fully assessed the coronal X-ray luminosity, and identified
plausible benchmark scenarios.

Our results clearly demonstrate that the coronal neutrino
emission from TXS 0506+056 cannot produce a neutrino
flux high enough to produce the observed neutrino emission,
neither for the 2017 gamma-ray-flare associated event, nor the
2014-15 neutrino flare. A direct comparison with AGN blazar
models, where the model parameters are strongly constrained
by the multi-wavelength spectrum, illustrates that the neutrino
emission from the jet can be plausibly higher.

While our result provides strong indication that the
TXS 0506+056 neutrinos do not come from the corona, they
are also no direct evidence for emission from the jet. However,
given the history of the discovery associated with a gamma-
ray flare, the AGN blazar hypothesis seems to persist as the
most plausible scenario. Our finding has profound conse-
quences: presenting one strong counter-example rules out the
hypothesis that all observed AGN neutrinos must come from
the corona – and that the jet paradigm is still alive!
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APPENDIX

A. STOCHASTIC ACCELERATION DRIVEN BY
TURBULENCE

If the corona is relatively large (R ∼ 10− 100 rg), we can
envision it as a more or less spherical environment permeated
with X-rays and optical-ultraviolet (OUV) photons from the
accretion disk. Because of the relatively large radius, the
typical compactness of the corona for MeV photons is not
necessarily very large, which suggests that the corona may
not be strongly pair-dominated. Thus, for simplicity, we may
assume that the number density of protons np is equal to the
lepton number density ne; since the Thomson opacity of the
corona is τT ≃ 0.5 we have

np = ne ≃ 1.7× 1010
rg
R

cm−3. (A1)

As in Fiorillo et al. (2024a), we assume a magntization σ,
defined as the ratio between the magnetic and the rest-mass
energy density, of order unity

σ =
B2

4π(neme + npmp)c2
, (A2)

which leads to an estimated magnetic field

B ≃ 1.8× 104
(σrg

R

)1/2

G. (A3)

We should generally distinguish between the total magnetic
field and its turbulent component, but we are mainly inter-
ested in order-of-magnitude estimates, which suffice to show
the challenges that a stochastic model would encounter in
explaining the neutrino observations. Therefore, we neglect
this distinction in what follows. If acceleration proceeds via
stochastic energization in the stationary turbulence within the
corona, then its typical timescale (Comisso & Sironi 2019;
Fiorillo et al. 2024a) is tacc = 10ℓ/cσ, where ℓ is the coher-
ence length of the turbulence, which in order of magnitude
we may take to be comparable with the radius ℓ ∼ R. Notice
that this acceleration timescale is much longer than the one
considered in Yang et al. (2024), which is more representative
of the reconnection scenario we discuss extensively in the
main text. Thus, within the corona, it is extremely challenging
to find a scenario in which protons can be consistently accel-
erated up to energies of the order of 10 PeV, which would be
needed to explain the neutrinos observed by IceCube in the
100 TeV-1 PeV range.

To assess this more conclusively, we obtain the cooling
timescale for protons with energy Ep and compare it with the
acceleration timescale. The cooling timescale depends very
sensitively on the photon field within the corona: here we

consider an AGN photon field parameterized as in Marconi
et al. (2004b), which depends on a single parameter, which
can be taken to be the X-ray luminosity LX within the 2 −
10 keV band. We consider both the LL and HL scenario
here, using the same values of LX as in the main text. For
both cases, we determine the cooling timescale assuming a
benchmark value for R = 50rg, and we compare it with
the acceleration timescale in Fig. 3; the choice of a relatively
large corona is made to reduce as much as possible the cooling
losses. We obtain the timescales using the numerical code
AM

3 (Klinger et al. 2024); we have verified that using the
analytical expressions in Fiorillo et al. (2024a) leads to the
same results.

Even in the LL case, where the losses due to proton-photon
collisions are as small as possible, proton synchrotron is rapid
enough to limit proton acceleration to about Ep . 1 PeV.
Thus, neutrinos could not be produced with energies above
about 20 TeV, in clear contradiction with the signal measured
by IceCube (see Fig. 5 of Abbasi et al. (2022)), which reaches
up to a few PeV. For the HL case, the maximal energy is even
lower, due to the rapid photohadronic cooling. We conclude
that the observed energy range for the IceCube neutrinos is
impossible to explain within a model of stochastic accelera-
tion.

B. LOW-GUIDE-FIELD SCENARIO

In this section, we show for completeness in Fig. 4 how the
results in the main text when an injection scenario with low
guide field is considered. In this case, protons are injected
with a σp = 105, corresponding to a break energy of about
100 TeV, and have a power-law index s = 2 at higher energies.

The differences in the produced particles is minimal, and
is mainly visible in the neutrino spectrum. In the LGF sce-
nario, the photohadronic bump of high-energy neutrinos is
broadened, as a consequence of the protons having a flat en-
ergy injection spectrum. The form of the neutrino spectrum
is also distorted close to the peak, mostly due to the cooling
of the secondary pions and muons. However, all of these
differences have a minor effect in the development of the ra-
diative cascade, since the amount of energy injected in the
form of high-energy photons and pairs is very similar, and
their subsequent reprocessing to lower energies is insensitive
to the details of the proton injection spectrum.

C. COMPONENTS OF THE RADIATIVE CASCADE

The simulations of this work are performed using the numer-
ical code AM3 (Klinger et al. 2024), which can separately track
the population of particles stemming from each of the physical
processes considered. Fig. 5 shows an in-depth overview of
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Figure 5. Multi-messenger emission in all three scenarios (LL, HL, EL) considered in the main text. We decompose the emission into its

components, including the primary X-rays injected in the simulation and the components of the radiative cascade discussed in the text.
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