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Abstract. A ubiquitous feature of accreting black hole systems is their hard X-ray
emission which is thought to be produced through Comptonization of soft photons by
pairs in the vicinity of the black hole. The origin and composition of this hot plasma
source, known as the corona, is a matter open for debate. In this contribution we in-
vestigate the role of relativistic protons accelerated in black-hole magnetospheric current
sheets in the pair enrichment of AGN coronae. We find cases where photohadronic inter-
actions between protons and photons in the magnetospheric region can produce enough
secondary pairs to create coronae with Thomson optical depths, τT ∼ 0.10 − 10. More
importantly we find a significant dependence of the secondary pair density on the Ed-
dington ratio, defined here as the ratio of the intrinsic X-ray luminosity to the Eddington
luminosity of the source. We also present the predicted high-energy neutrino spectrum
and discuss our results in light of the recent IceCube observations of TeV neutrinos from
NGC 1068.

1 Introduction
Active Galactic Nuclei (AGN) are the most powerful persistent sources of electromagnetic radiation in
the Universe. They are powered by an accreting supermassive black hole that lies in their center. A
typical radiation spectrum of an AGN (without jets) is presented in the right panel of Fig. 1, where
one can identify a power-law continuum extending from keV to hundreds of keV in energy (see dashed
blue line). The physical origin of the non-thermal X-ray emission has been a matter of debate for many
decades [1]. The prevailing paradigm is that a population of hot electrons, which forms the so-called
corona, Compton scatters soft (optical) photons from the accretion disk to X-ray energies (e.g. [2, 3]).
Because energy losses due to inverse Compton scattering are typically fast, there should be a mechanism
at place to continuously energize the electrons

Magnetic reconnection taking place in the vicinity of the black hole (see also sketch in Fig. 1) has been
long proposed as a candidate process for maintaining the high temperature of electrons in the corona,
also in the case of stellar mass accreting black holes (e.g. [4, 5]). Recently, [6] pointed out that if current
sheets form in luminous enough accreting systems (providing high energy density of seed photons), inverse
Compton cooling could keep the electron population at low temperatures (kTe ≪ 100 keV). Hard X-rays
could still be produced by plasmoid-chain Comptonization, as this “cold” electron population is found
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Figure 1: Left panel: AGN sketch showing the central massive black hole surrounded by an accretion disk.
Perpendicularly to the disk a relativistic jet can be formed. A spherical corona can be shown close to the
central object. The numbers in the sketch refer to: (1) magnetospheric current sheet, (2) circumnuclear
medium, (3) turbulent accretion disk, and (4) jet. Right panel: Typical AGN electromagnetic spectrum
broken down to its various components [14].

in plasmoids formed in current sheets, moving with mildly relativistic speeds. Interestingly, radiative
particle-in-cell (PIC) simulations have shown that the bulk motions can mimic a quasi-thermal electron
distribution with an effective temperature close to 100 keV [7, 8], while a large fraction (ηX ∼ 0.7) of the
dissipated magnetic energy is converted into X-ray radiation. In this context, the magnetic field strength
in the coronal region can be inferred by the observed X-ray flux.

The coronal region of AGN has also been proposed as a candidate site for cosmic-ray acceleration and
neutrino production (e.g., [9]). Recently, the IceCube Collaboration has presented compelling evidence
for high-energy neutrino emission from NGC 1068 [10], a prototypical Seyfert galaxy at a distance of
≃ 10.1 Mpc, which is also a known GeV γ-ray source [11]. The neutrino emission from NGC 1068 has
a soft spectrum dNν/dEν ∝ E−s

ν with s ∼ 3, extending from ∼ 1.5 − 15 TeV. The integrated all-flavor
neutrino luminosity is Lν ≃ 1042 erg/s, about 300 times lower than the estimated bolometric X-ray
luminosity of the source, LX ∼ 1044.5 erg/s [11]. An equally bright TeV γ-ray emission is not observed,
suggesting that the neutrino production site should be opaque to γγ pair production. Model-independent
studies conclude that hadronic processes in the coronal region of NGC 1068 are the most likely source of
neutrinos [12].

Recently, [13] showed that a large-scale magnetic reconnection layer, of the order of a few gravitational
radii, forming in the black-hole magnetospheric region (see sketch in Fig. 1) may be responsible for proton
acceleration to tens of TeV energies. Protons interacting with coronal X-ray photons via photohadronic
collisions produce TeV neutrinos, while the accompanying TeV γ rays are attenuated and cascade to
lower energies, sustaining the population of electron–positron pairs that makes the corona moderately
Compton thick. In this contribution we present first results from a parametric study of the neutrino
emission and pair density expected from the coronal region of AGN in the presence of magnetospheric
current sheets.

2 Model and Methods
In our model the X-ray emission of the corona is powered by magnetic dissipation at a large-scale magnetic
reconnection layer (with typical size R of a few gravitational radii). Motivated by theory and simulations
[6, 7], we express the bolometric X-ray luminosity of the corona LX as

LX = ηXSPoyntA = ηX
c

4π
ErecBA (1)

where ηX ∼ 0.5 is the fraction of the magnetic energy transferred to the X-ray photon field, SPoynt is the
Poynting energy flux, A is the surface of the corona boundary (taken to be 2πR2), B and Erec = βrecB
are respectively the magnetic field and electric field strengths in the upstream region of the layer, with
βrec = 0.1βrec,−1 being the reconnection speed in units of the speed of light c. Then, the magnetic field
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can be written as

B =

(
LX

ηXcβrecR2

) 1
2

. (2)

We assume that X-ray photons are produced via Comptonization of low-energy seed photons by pairs
that are already present in the corona, but we do not attempt to model in detail the spectral formation
of the X-ray coronal emission. We adopt an observationally motivated X-ray photon spectrum, namely
a power law with photon index sX ∼ 2 extending from 0.1 keV to 100 keV,

nX(ϵ) = nX,0ϵ
−sX , 100 eV ≤ ϵ ≤ 100 keV. (3)

where nX(ϵ) is the differential number density of photons in the corona. The X-ray spectra of AGN
suggest that the optical depth for Comptonization is moderate (i.e., τT ∼ 0.1–10, [3, 15, 16]) . We
can therefore estimate the cold pair density that is needed to produce the assumed X-ray spectrum,
ne = τT /(σTR), where σT ≃ 6.65 · 10−25 cm2 is the Thomson cross section. The magnetization of the
pair plasma is then computed as

σe =
B2

4πnemec2
=

σTLX

4πηXβrecτTRmec3
=

ℓX
ηXβrecτT

(4)

where ℓX is the X-ray compactness of the corona. Motivated by PIC simulation results of relativistic
magnetic reconnection (σe ≫ 1) we expect that any protons, if present in the upstream region of the layer,
will be injected to the acceleration process, and energize at a rate dEp/dt = eβrecBc, where Ep = mpγpc

2

and γp is the proton Lorentz factor. The non-thermal proton number density distribution in the corona
is described by a broken power law with the change of the slope happening at the proton magnetization
value, σp = B2/(4πnpmpc

2),

np(γp) = np,0

{
σ
−sp+1
p γ−1

p , 1 ≤ γp ≤ σp

γ
−sp
p , σp < γp ≤ γmax.

(5)

γmax is either determined by the confinement criterion, i.e. γmax = (eBβrecR)/(mpc
2) or by the radiative

cooling rate balancing the acceleration rate. The post-break power-law slope sp is taken to be 3 or 2
(the selection and effect of these values will be discussed in section 3). We consider that a fraction ηp of
the available magnetic energy density is transferred to non-thermal protons, up = ηpuB . From the latter
relation we can derive the normalization constant np,0. Finally, we can express the power injected into
non-thermal protons as Lp = upV c/R, or

Lp =
1

3

ηp
ηX

LX

βrec
≃ 0.67LX ηp,−1ηX,−0.3βrec,−1 (6)

Parameter Symbol (unit) Value range
Black hole mass Mbh(M⊙) 105 − 109

Bolometric X-ray luminosity LX (erg s−1) 1040 − 1044

Proton plasma magnetization σp 103 − 107

Proton post-break slope sp 2 or 3
Size of reconnection layer R (rg) 3
Reconnection rate βrec 0.1
X-ray photon index sX 2
X-ray to magnetic energy density ratio ηX 0.5
Non-thermal proton to magnetic energy density ratio ηp 0.1

Table 1: Model parameters. The top three are the key parameters that we vary.

3 Results
To compute the neutrino and secondary pair density, we use the leptohadronic numerical code ATHEνA [17].
The code solves a system of coupled integro-differential equations describing five particle species (pairs,
protons, photons, neutrinos, neutrons) in a magnetized spherical corona. The range of values we use in
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Figure 2: Left panel: Energy distribution for injected protons (transparent solid lines) and steady state
protons (bold solid lines). Right panel: Energy distribution of neutrinos of all flavors (dashed lines).
The color bar refers to the proton magnetization value, which determines the peak of injected proton
energy distribution (see Eq. 5). The inset plot shows the best-ft power-law neutrino spectrum (with
its 1σ deviation) obtained by IceCube for NGC 1068 [18, 19] and model spectra computed for different
parameters. Other parameters used: LX = 6 · 1042 erg s−1 and Mbh = 106.7M⊙.

Figure 3: Stacked bar chart showing the energy density frac-
tion of particle species i in the corona (see legend) for the same
cases shown in Fig. 2. For σp = 107 the proton contribution
to the total energy density is ∼ 2% and therefore not visible
in this representation.

Figure 4: Total pair number density (left panel) and fraction of the neutrino luminosity over the corona
X-ray luminosity (right panel) as a function of the Eddington ratio, LX/LEdd, for σp = 107.
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our parametric scan are shown in Table 1. The non-thermal proton luminosity is derived from Eq. 6
(Lp = 1039.5− 1043 erg s−1), and the magnetic field strength is computed using Eq. 2 (B = 104− 106 G).

In Fig. 2 we show results for varying σp at fixed LX = 6 · 1042 erg s−1, and Mbh = 106.7M⊙. The
energy distributions of injected protons1 (fade solid lines) and steady state (bold solid lines) protons are
shown on the left panel. We notice that as σp increases, the fraction of energy lost by the proton popu-
lation also increases. When the the peak of the proton distribution reaches ∼ 1014 eV, photopion energy
losses on coronal X-rays becomes efficient, thus softening the post-break proton spectrum. Furthermore,
for high σp values, more energy is available for creation of secondary populations through proton-photon
interactions, resulting in more luminous neutrino emission (see right panel). Meanwhile, as σp increases
the neutrino spectrum becomes less power-law like and more log-parabolic. Fig. 3 displays, in the form
of a stacked bar chart, the fraction of (bolometric) energy density carried by the proton, photon, neutron
and neutrino populations at steady state for the same cases shown in Fig. 2. For σp = 103 protons that
carry most of the energy of the population do not cool efficiently. As a result, they carry the largest
amount of energy in the corona (dark purple). However, as σp increases more energy is transferred by
photohadronic interactions primarily to neutrons and secondly to neutrinos, resulting from the cooling
of the injected proton population, with a saturation being reached at σp ∼ 106.

Fig. 4 shows the results of our parametric study. We display the total cold secondary pair number
density (left) and the fraction of the bolometric neutrino luminosity (Lν) over the bolometric X-ray
corona luminosity (LX) as a function of the Eddington2 ratio LX/LEdd (right). We vary LX while
keeping a fixed black hole mass of M = 107M⊙ (green symbols), or we vary the black hole mass for a
fixed LX = 1043 erg s−1 (colored symbols). In all cases, we used σp = 107, sp=3, and sX=2. We find
that for LX/LEdd ≳ 10−2 the cold secondary pairs have high enough density to produce, in principle, a
corona with optical depth τT ∈ [0.1, 10]; this range is consistent with that inferred by the X-ray spectra
of AGN (and X-ray binaries) [20, 21, 16]. Dashed lines in the left panel show our analytical prediction
for the cold (secondary) pair number density,

n±(σp, LX ,Mbh) ∝
{

L2
X/M3

bh, LX ≪ LEdd

LX/M2
bh, LX ≫ LEdd

(7)

which describes very well the numerical trends. The dependence on the mass comes through the coronal
radius, which is taken to be a multiple of the gravitational radius. To derive the scaling relation, we
assumed that photons of hadronic origin (produced indirectly via Bethe-Heitler pair production and
photomeson production processes) with energies above MeV are attenuated (due to γγ pair production),
leading to the creation of relativistic pairs, which cool down rapidly due to synchrotron losses, contributing
to the pool of cold (secondary) pairs. In the low-Eddington ratio regime, the corona is optically thin
to photohadronic interactions (non-calorimetric), hence Lν ∝ LpLX ∝ L2

X . In the high-Eddington ratio
regime we expect the protons to be calorimetric, thereby Lν ∝ Lp ∝ LX . The transition is found to
occur at LX/LEdd ∼ 10−2 for the chosen value of σp.

4 Conclusions
We outlined a model for high-energy neutrino production in AGN coronae invoking proton acceleration in
a macroscopic reconnection layer in the black-hole magnetosphere. We performed a numerical parametric
scan by varying three key parameters of the model, the mass of the black hole, the X-ray luminosity of
the corona, and the proton plasma magnetization. We found that the Eddington ratio of the accreting
system turns out to be a key parameter in determining the impact of proton-photon interactions in the
corona. For systems with Eddington ratios ≳ 0.01 the corona is opaque to proton-photon interactions,
leading to a significant density of cold secondary pairs. Our results have implications about the origin of
pairs in coronae of AGN and stellar mass accreting systems, as well as for contribution of AGN coronae
to the diffuse neutrino flux.

1This is the distribution of protons injected by the phase of active acceleration into the neutrino production region where
protons cool primarily due to photo-hadronic interactions. For more details, see [13].

2The Eddington luminosity of an accreting central object of mass Mbh is defined as LEdd ≃ 1.26 ·1038Mbh/M⊙ erg s−1.
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