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Hidden Cores of Active Galactic Nuclei as the Origin of Medium-Energy Neutrinos:
Critical Tests with the MeV Gamma-Ray Connection
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Mysteries about the origin of high-energy cosmic neutrinos have deepened by the recent IceCube
measurement of a large diffuse flux in the 10-100 TeV range. Based on the standard disk-corona picture of
active galactic nuclei (AGN), we present a phenomenological model enabling us to systematically calculate
the spectral sequence of multimessenger emission from the AGN coronae. We show that protons in the
coronal plasma can be stochastically accelerated up to PeV energies by plasma turbulence, and find that the
model explains the large diffuse flux of medium-energy neutrinos if the cosmic rays carry only a few
percent of the thermal energy. We find that the Bethe-Heitler process plays a crucial role in connecting these
neutrinos and cascaded MeV gamma rays, and point out that the gamma-ray flux can even be enhanced by
the reacceleration of secondary pairs. Critical tests of the model are given by its prediction that a significant
fraction of the MeV gamma-ray background correlates with ~10 TeV neutrinos, and nearby Seyfert
galaxies including NGC 1068 are promising targets for IceCube, KM3Net, IceCube-Gen2, and future MeV

gamma-ray telescopes.
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The origin of cosmic neutrinos observed in IceCube is a
major enigma [1,2], and the latest data of high- and
medium-energy starting events and shower events [3-5]
are more puzzling. The atmospheric background of
high-energy electron neutrinos is lower than that of muon
neutrinos, allowing us to analyze the data below 100 TeV
[6,7]. The extragalactic neutrino background (ENB) at
these energies has shown a larger flux with a softer
spectrum, compared to the Z100 TeV data [8,9]. The
comparison with the extragalactic gamma-ray background
(EGB) measured by Fermi indicates that the 10-100 TeV
ENB originates from hidden sources preventing the escape
of GeV-TeV gamma rays [10].

Active galactic nuclei (AGN) are major contributors to
the energetics of high-energy cosmic radiations [11]; radio
quiet (RQ) AGN are dominant in the extragalactic x-ray sky
[12—16], and jetted AGN that are typically radio loud (RL)
dominantly explain the EGB [17-19]. AGN may also
explain the MeV gamma-ray background whose origin
has been under debate (e.g., Refs. [20-22]).

High-energy neutrino production in the vicinity of
supermassive black holes (SMBHs) were discussed early
on [23-26], in particular to explain x-ray emission by
cosmic-ray (CR) induced cascades assuming the existence
of high Mach number accretion shocks at the inner edge of
the disk [26-29]. However, cutoff features evident in the
x-ray spectra of Seyfert galaxies and the absence of
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electron-positron annihilation lines ruled out the simple
cascade scenario for the x-ray origin (e.g., Refs. [30,31]). In
the standard disk-corona scenario, the observed x rays are
attributed to thermal Comptonization of disk photons
[32-36], and electrons are presumably heated in the coronal
region [37,38]. There has been significant progress in our
understanding of accretion disks with the identification of
the magnetorotational instability (MRI) [39,40], which can
result in the formation of a corona above the disk as a direct
consequence of the accretion dynamics and magnetic
dissipation (e.g., Refs. [41-47]).

Accompanied turbulence and magnetic reconnections
are important for particle acceleration [48]. The roles of
nonthermal particles have been studied in the context of
radiatively inefficient accretion flows (RIAFs) [49,50], in
which the plasma is often collisionless because Coulomb
collisions are negligible for protons (e.g., Refs. [51-56]).
Recent studies based on numerical simulations of the MRI
[57,58] support the idea that high-energy ions may be
accelerated in the presence of the magnetohydrodynamic
(MHD) turbulence.

The vicinity of SMBHs is often optically thick to GeV—
TeV gamma rays, so that CR acceleration [59] cannot be
directly probed by these photons, but high-energy neutrinos
can be used as a unique probe of the physics of AGN cores.
In this work, we present a new concrete model for these
high-energy emissions (see Fig. 1). Spectral energy
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FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (~10-100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.

We use a notation with Q, = O x 10* in CGS units.

Phenomenological prescription of AGN disk coronae.—
We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.

The “blue” bump, which has been seen in many AGN, is
attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratiO, j’Edd = Lbol/LEdd’ where Lbol and LEdd ~
1.26 x 10% ergs™!(M /107 My) are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of 7, ~ 10° K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(I'y) and the cutoff energy (ex ) can also be estimated
from Aggq [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity Ly and L, [66] [where
one typically sees Ly ~ (0.01 —0.1)L,], by which the
disk-corona SEDs can be modeled as a function of Ly and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given Ly, using M ~ 2.0 x
107 Mg(Lx/1.16 x 10* ergs=1)%74 [67]. The resulting
disk-corona SED templates in our model are shown in
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FIG. 2. Disk-corona SEDs used in this work, for Ly = 10%2,
103, 10*, 10%, and 10* ergs™! (from bottom to top). See text
for details.

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.

Next we estimate the nucleon density n, and coronal
magnetic field strength B. Let us consider a corona with
the radius R = RRy and the scale height H, where R is
the normalized coronal radius and Rg = 2GM/c? is the
Schwarzschild radius. Then the nucleon density is
expressed by n, ~7r/(o7H), where 77 is the Thomson
optical depth that is typically ~0.1-1. The standard
accretion theory [69,70] gives the coronal scale height
H~(Cy/Vg)RRs=RRs/\/3, where C, = | [kgT ,/m, =
¢/V6R is the sound velocity, and Vg = +/GM/R =
¢/V/2R is the Keplerian velocity. For an optically thin
corona, the electron temperature is estimated by
T, ~ excu/(2kp), and 77 is empirically determined from
'y and kT, [31]. We expect that thermal protons are at
the virial temperature T, = GMm,/(3RRskg) = m,c*/
(6Rkg), implying that the corona may be characterized by
two temperatures, i.e., T, > T, [71,72]. Finally, the magnetic
field is given by B = /8zn kT ,/p with plasma beta ().

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
Ly, parameters characterizing the corona (R, f, a) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that f in the
coronae can be as low as 0.1-10 (e.g., Refs. [41,46]). We
assume f < 1-3 and o = 0.1 for the viscosity parameter
[63], and adopt R = 30.

Stochastic proton acceleration in coronae.—Standard
AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process
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(e.g., Refs. [75-78]). Here we describe key points in the
calculations of CR spectra (see Supplemental Material [68]
or an accompanying paper [79] for technical details).
The stochastic acceleration time is given by f,. .~
n(c/Va)*(H/c)(e,/eBH)*, where V, is the Alfvén
velocity and 7 is the inverse of the turbulence strength
[80,81]. We consider g ~3/2 —5/3, which is not incon-
sistent with the recent simulations [58], together with
n~10. The stochastic acceleration process is typically
slower than the first order Fermi acceleration, which
competes with cooling and escape processes. We find that
for luminous AGN the Bethe-Heitler pair production
(py — pete™) is the most important cooling process
because of copious disk photons, which determines the
proton maximum energy. For our model parameters, the CR
spectrum has a cutoff at £, ~ 0.1-1 PeV, leading to a cutoff
ate, ~ 5-50 TeV in the neutrino spectrum. Note that all the
loss timescales can uniquely be evaluated within our disk-
corona model, and this result is only sensitive to # and ¢ for
a given set of coronal parameters. Although the resulting
CR spectra (that are known to be hard) are numerically
obtained in this work, we stress that spectra of py neutrinos
are independently predicted to be hard, because the photo-
meson production occurs only for protons whose
energies exceed the pion production threshold [10,79].
The CR pressure to explain the neutrino data turns out to
be ~(1 —10)% of the thermal pressure, by which the
normalization of CRs is set.

For coronae considered here, the infall and dissipa-
tion times are fg; ~2.5 x 10° sa”}(R/30)*?R; 35 and
taiss = 1.7 x 10° s (R/30)3?Rg 358"/, respectively. The
Coulomb relaxation timescales for protons [e.g., ¢ p.~
4 x 105S(R/30)RS,13.5 (TT/O.S)_I (kBTe/O.lMeV)3/2] are
longer than t4; (especially for f < 1), so turbulent accel-
eration may operate for protons rather than electrons (and
acceleration by small-scale magnetic reconnections may
occur [82,83]). This justifies our assumption on CR
acceleration (cf. Refs. [79,84-86] for RIAFs).

Connection between 10-100 TeV neutrinos and MeV
gamma rays.—Accelerated CR protons interact with
matter and radiation modeled in the previous section,
producing secondary particles. We compute neutrino
and gamma-ray spectra as a function of Ly, by utiliz-
ing the code to solve kinetic equations with electromag-
netic cascades taken into account [87,88]. Secondary
injections by the Bethe-Heitler and py processes are
approximately treated as e2(dNE"/de,)l,, _ (. Jmy)e,
taes (dNcr/de,)  [89-91], 83<dN£y/d€e>|g,,:o.055p ~

(1/3)83(dN5y/d5u)|eU:0.05£,, R (1/8)15;5%(6”\’@/61517)’
and &;(dN}"/de,)|, o.1., ~ (1/2)t5)€;(dNcr/de,). The
cascade photon spectra are broad, being determined by
the energy reprocessing via two-photon annihilation, syn-
chrotron radiation, and inverse Compton emission.

~
~

The EGB and ENB are numerically calculated via the
line-of-sight integral with the convolution of the x-ray
luminosity function given by Ref. [16] (see also
Supplemental Material [68], which includes Refs. [92—
99]). Note that the luminosity density of AGN evolves as
redshift z, with a peak around z ~ 1-2, and our prescription
enables us to simultaneously predict the x-ray background,
EGB and ENB. The results are shown in Fig. 3, and our AGN
corona model can explain the ENB at ~30 TeV energies
with a steep spectrum at higher energies (due to different
proton maximum energies), possibly simultaneously with
the MeV EGB. We find that the required CR pressure (Pcg)
is only ~1% of the thermal pressure (Py,), so the energetics
requirement is not demanding in our AGN corona model
(see Supplemental Material [68]).

Remarkably, we find that high-energy neutrinos are
produced by both pp and py interactions. The disk-corona
model indicates 77 % n,67RRg/ V/3 ~0.1-1, leading to the
effective pp optical depth

fpp ~ esc/tpp ~ np(Kppapp)R(c/Vfall)
~2(17/0.5)az}(R/30)'2, (1)

where 6, ~4 x 1072° cm? is the pp cross section, &, ~
0.5 is the proton inelasticity, and Vi, = aV is the infall
velocity. Coronal x rays provide target photons for the
photomeson production, whose effective optical depth
[10,104] for 77 <1 is

fpy ~ esc/tp;' ~ npygpyR(c/Vfall)nX(€p/gpy—X)Fx_l
npyLX,44(8p/épy—X)rX_l

~2 ,
a_1(R/30) l/2Rs,13.5 (ex/1 keV)
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FIG. 3. EGB and ENB spectra in our AGN corona model. The

data are taken from Swift BAT [15] (green), Nagoya balloon [100]
(blue), SMM [101] (purple), COMPTEL [102] (gray), Fermi
LAT [103] (orange), and IceCube shower events (black) [5]
(consistent with the global fit [4]). Solid thick (thin) curves are for
p=1and ¢ =5/3 (f =3 and g = 3/2 with the reacceleration
contribution), respectively.
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where 77, #2/(1+Ty), 6, ~07x107 cm* s
the attenuation py cross section, &, ~ 0.3 GeV,
&,-x = 0.5m,c?8,/ex ~0.14 PeV(ex/1 keV)™!,  and
ny ~ Ly/(2nR?cey) is used. The total meson production
optical depth is given by fy.es = fp, + f,p» Which always
exceeds unity in our model. Note that the spectrum of py
neutrinos should be hard at low energies, because only
sufficiently high-energy protons can produce pions via py
interactions with x-ray photons.

Note that ~10-100 TeV neutrinos originate from
~0.2-2 PeV CRs. Unlike in previous studies explaining
the IceCube data [105,106], here in fact the disk photons
are not much relevant for the photomeson production
because its threshold energy is &, 3.4 PeV(egin/
10 eV)~!. Rather, CR protons responsible for the
medium-energy neutrinos should efficiently interact via
the Bethe-Heitler process because the characteristic energy
is EBH—disk ~ O.5mp625‘BH/8diSk ~0.47 PeV(E‘disk/lo eV)_l,
where &gy ~ 10(2m,c?) ~ 10 MeV [89-91]. With the
disk photon density ngig ~ Lgis/(27R?cegig.) for 77 <1,
the effective Bethe-Heitler optical depth (with
&g ~ 0.8 x 10730 cm?) is

fu ® NgiskbpuR(c/ Vi)
~40L gigi 453071 (R/30)71 2R3} 5 5(10 eV/egige),  (3)

which is much larger than f,,. The dominance of the
Bethe-Heitler cooling is a direct consequence of the
observed disk-corona SEDs. The 10-100 TeV neutrino
flux is suppressed by ~fes//fBm predicting the tight
relationship with the MeV gamma-ray flux.

Analytically, the medium-energy ENB flux is given by

2K
E2D,~1077 GeVem 25 'sr! (—1 f K) R, (%)

% 15 f mes Ser1Lxpx ( 4)
16 3.,.-1)°
L+ fu~+ fmes/ \2% 10% ergMpc™ yr

which is indeed consistent with the numerical results shown
in Fig. 3. Here K =1 and K =2 for py and pp inter-
actions, respectively, &, ~ 3 due to the redshift evolution of
the AGN luminosity density [107,108], R, is the con-
version factor from bolometric to differential luminosities,
and &qg is the CR loading parameter defined against the
x-ray luminosity, where Pcr/Py ~0.01 corresponds to
&cr ~ 0.1 in our model. The ENB and EGB are dominated
by AGN with Ly ~ 10%*ergs™" [16], for which the effective
local number density is py ~ 5 x 10°Mpc=2 [108].

The pp, py and Bethe-Heitler processes all initiate
cascades, whose emission appears in the MeV range.
Thanks to the dominance of the Bethe-Heitler process,
AGN responsible for the medium-energy ENB should
contribute a large fraction 210-30% of the MeV EGB.

When turbulent acceleration operates, the reacceleration
of secondary pairs populated by cascades [109] can
naturally enhance the gamma-ray flux. The critical energy
of the pairs, €, , is determined by the balance between the
acceleration time ,.. and the electron cooling time 7. ..
(see Supplemental Material [68] and Refs. [109,110]). We
find that the condition for the reacceleration is rather
sensitive to B and t,.. For example, with =3 and
g = 1.5, the reaccelerated pairs can upscatter X-ray
photons up to ~(g,q/m.c*)ex 3.4 MeV (e, q/
30 MeV)?(ex/1 keV), which may lead to the MeV
gamma-ray tail. This possibility is demonstrated in
Fig. 3, and the effective number fraction of reaccelerated
pairs is constrained as <0.1%.

Multimessenger tests.—QOur corona model robustly pre-
dicts ~0.1-10 MeV gamma-ray emission in either a
synchrotron or an inverse Compton cascade scenario,
without any primary electron acceleration (see Fig. 4). A
large flux of 10—100 TeV neutrinos should be accompanied
by the injection of Bethe-Heitler pairs in the 100-300 GeV
range (see Supplemental Material [68] for details) and form
a fast cooling &,2 spectrum down to MeV energies in the
steady state. In the simple inverse Compton cascade
scenario, the cascade spectrum is extended up to a break
energy at ~1-10 MeV, above which gamma rays are
suppressed by yy — ete”. In reality, both synchrotron
and inverse Compton processes can be important. The
characteristic energy of synchrotron emission from Bethe-
Heitler pairs is €57 ~ 1 MeV Bys(e,/0.5 PeV)? [91].
Because disk photons lie in the ~1-10 eV range, the
Klein-Nishina effect is important for the Bethe-Heitler
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FIG. 4. Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN, NGC 1068. The ten-year IceCube data
[111] and the Fermi gamma-ray data [112] are shown. For
eASTROGAM [113] and AMEGO [114] sensitivities, the obser-
vation time of 10° s is assumed. Solid thick (thin) curves are for
n= 10 and PCR/Pth =0.7% (1’[ =70 and PCR/Plh = 30%),
respectively. For comparison, a neutrino flux in the starburst
scenario of Murase and Waxman [108] is overlaid.
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energy density is smaller than ~10B%/(8z), i..,
B2 170 G LG 454(R/30)7'R5}5 5.

The detectability of nearby Seyferts such as NGC 1068
and ESO 138-G001 is crucial for testing the model. MeV
gamma-ray detection is promising with future telescopes
like eASTROGAM [113], GRAMS [115], and AMEGO
[114], e.g., AMEGO’s differential sensitivity suggests that
point sources with Ly ~ 10* ergs™! are detectable up to
d ~70-150 Mpc. At least a few of the brightest sources will
be detected, and detections or nondetections of the MeV
gamma-ray counterparts will support or falsify our corona
model as the origin of ~30 TeV neutrinos. Interestingly, as
demonstrated in Fig. 4, our corona model can explain the
~30 excess neutrino flux from NGC 1068 [111]. It also
predicts that the x-ray brightest Seyferts (that are more in the
southern sky) can be detected as neutrino point sources by
IceCube-Gen2 and KM3Net (see also Supplemental
Material [68], which includes Refs. [116-118]).

Summary and discussion.—We presented a new AGN
corona model that can explain the medium-energy neutrino
data. The observed disk-corona SEDs and known empirical
relations enabled us to estimate model parameters, with
which we solved particle transport equations and consis-
tently computed subsequent electromagnetic cascades. Our
coronal emission model provides clear, testable predictions
relying on the neutrino—gamma-ray relationship that are
largely independent of CR spectra. In particular, the
dominance of the Bethe-Heitler pair production process
is a direct consequence of the observed SEDs, leading to a
natural connection with MeV gamma rays. Nearby Seyferts
such as NGC 1068 and ESO 138-G001 will be promising
targets for future MeV gamma-ray telescopes such as
eASTROGAM and AMEGO. A good fraction of the MeV
EGB may come from RQ AGN especially with secondary
reacceleration, in which gamma-ray anisotropy searches
should also be powerful [119]. Neutrino multiplet [108]
and stacking searches with x-ray bright AGN are also
promising, as encouraged by the latest neutrino source
searches [111].

The proposed tests are crucial for unveiling nonthermal
phenomena in the vicinity of SMBHs. In Seyferts and
quasars, the plasma density is so high that a vacuum polar
gap is diminished and GeV-TeV gamma rays are
blocked. MeV gamma rays and neutrinos can escape and
serve as a smoking gun of hidden CR acceleration that
cannot be probed by x rays and lower-energy photons. Our
results also strengthen the importance of further theoretical
studies of disk-corona systems. Simulations on turbulent
acceleration in coronae and particle-in-cell computations of
magnetic reconnections are encouraged to understand the
CR acceleration in such systems. Global MHD simulations
will also be relevant to examine other speculative postulates
such as accretion shocks [26,27,120,121] or colliding blobs
[122], and to reveal the origin of low-frequency emission
[123,124].
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Note added.—Recently, we became aware of Ref. [125].
We thank Yoshiyuki Inoue for prior discussions. Both
works are independent and complementary, but there are
notable differences. First, we consistently calculated cos-
mic-ray and secondary neutrino and gamma-ray spectra
based on the standard picture of magnetized coronae, rather
than by hypothesized ““free-fall" accretion shocks. The
former picture is supported by recent simulations of
the magnetorotational instability. Second, we focused on
the mysterious origin of 10-100 TeV neutrinos (see
Ref. [10] for general arguments), for which the Bethe-
Heitler suppression is relevant. The pileup and steep tail in
cosmic-ray spectra due to their cooling are also considered.
Third, we computed electromagnetic cascades, which is
essential to test the scenario for IceCube neutrinos. Our
model does not need the assumption on primary electrons.
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SUPPLEMENTAL MATERIAL
Disk-corona spectra and properties of coronae

Here we describe details on the modeling of disk-corona
spectral energy distributions (SEDs) that are constructed
from observational data and empirical relationships.

For a disk component, we use the averaged SEDs in
Ref. [1], which are given as a function of the Eddington
ratio, /\Edd = Lbol/LEdd7 where Lbol and LEdd are bolo-
metric and Eddington luminosities, respectively. The
disk spectrum is expected to have a cutoff at egisk,cut ~
2.8k pTaisk, where Tyige = 0.49(GM M [72rnosp R%)M* is
the maximum effective temperature of the disk near the
central supermassive black hole (SMBH) (e.g., Ref. [2]).
Here, M is the SMBH mass, M is the mass accretion
rate, Rs = 2GM/c? is the Schwarzschild radius, and osp
is the Stefan-Boltzmann constant. For a standard disk,
one may use M =~ Lbol/(nradCQ) = /\EddLEdd/(nradcz)
with a radiative efficiency of 7, = 0.1 [3]. Although
the SEDs in Ref. [1] extend to low energies, we only con-
sider disk photons with eq;sc > 2 eV because infrared
photons would come from a dust torus. The ultraviolet
and X-ray data are interpolated with an exponential cut-
off taken into account, which gives conservative estimates
on target photon densities for cosmic-ray interactions.

The coronal spectrum can be modeled by a power law
with an exponential cutoff. The photon index, 'y, is
correlated with Agqq as I'x =& 0.167 x log(Agaa) + 2.0
(see Eq. 2 of Ref. [4]), and the cutoff energy is given
by ex,cut ~ [—74log(Agda) + 1.5 x 10%] keV [5]. The x-
ray luminosity Lx can be converted into Ly, following
Ref. [6], by which the disk-corona SEDs are constructed
as a function of Lx and M.

To evaluate the cumulative neutrino and gamma-ray
intensities from all active galactic nuclei (AGN) along
the line-of-sight, we convolute the x-ray luminosity func-
tion with neutrino and gamma-ray spectra calculated
as a function of Lx. In this work, instead of using
the SMBH mass function, we assume the typical SMBH
mass estimated by M ~ 2.0 x 107 Mgy (Lx/1.16 x
10%3 erg s71)9%76 [7]. The resulting SMBH mass M and
disk luminosity Lqisk(~ 0.5Lpe1) are given in Table S1.

TABLE S1. Physical quantities deduced in our model (for
R = 30) as a function of Lx. Units are [erg s™'] for Lx
and Lgisk, [Mo] for M, and [cm73] for np. Note that 6. =
kpT./(mec®) is the normalized electron temperature.

log Lx log Laisk  log M T'x 75 " log ny
42.0 43.0 6.51 1.72 0.27 0.59 10.73
43.0 44.2 7.25 1.80 0.23 0.52 9.93
44.0 45.4 8.00 1.88 0.20 0.46 9.13
45.0 46.6 8.75 1.96 0.16 0.41 8.33
46.0 47.9 9.49 2.06 0.12 0.36 7.53

The x-ray cutoff energy is also used to estimate the
coronal electron temperature T, =~ €x cut/(2kp). Ref. [5]
gave 7p A 10216-Tx)/1.06(k .7 /keV) ™3 in a slab ge-
ometry, by which the Thomson optical depth 7 is deter-
mined. For a given SMBH mass, the coronal radius R is
parameterized by the normalized coronal radius R (that
is set to 30 in this work). Then the nucleon density n,
is determined by 7 and R. In Table S1, we summarize
I'x, kTe, 77 and n,, which are obtained in the model.

Timescales for thermal particles

To accelerate particles through stochastic acceleration
in turbulence, the Coulomb relaxation timescales at their
injection energy should be longer than the dissipation
timescale. We discuss these plasma timescales in this
subsection. The infall timescale is expected to be similar
to that of the advection dominated accretion flow [8, 9]:

RRs
OtVK ’

tfall ~ (Sl)
where « is the viscous parameter in the accretion
flow [10], R is the normalized coronal radius, and Rg
is the Schwarzschild radius. Assuming that the coronal
dissipation is related to some magnetic process like re-
connections, the dissipation timescale is expressed as
H RRs |8
tdiss = —— =~ o (82)
Va Vi V2
which can be short especially for low 5. The relaxation
timescales for electrons and protons are [11, 12]

4702
t ee N 747 S3
c, nporcln A (83)
3/2 2
; - 4ﬁ9p/ My (S4)
Corp nporclnA \'m. )

T (O, + 0.)%/? My
tope \/; nporcln A \me )’ (85)

where 0; = kpT;/(m;c?) (i = p or e), InA ~ 20 is
the Coulomb logarithm, and we may consider a proton-
electron plasma [5]. We plot these timescales as a func-
tion of Lx in Fig. S1 for 5 = 1 and @« = 0.1. We
see that among the five timescales tc . and tc,p, are
the shortest and longest, respectively. This means that
electrons are easily thermalized while nonthermal pro-
tons are naturally expected and could be accelerated
through stochastic acceleration. In order to form a two-
temperature corona that is often discussed in the litera-
ture (e.g., Refs. [13, 14]), the dissipation timescale should
be shorter than the proton-electron relaxation time. Be-
cause tgiss S to,pe is satisfied for the range of our inter-
est, one may expect the two-temperature corona to be
formed. Note that electrons in coronae would be heated
by magnetic fields from the disk to explain Lx and k7.
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FIG. S1. Infall, dissipation, and Coulomb relaxation

timescales as a function of Lx. This shows that the plasma is
collisionless for protons, whereas it is collisional for electrons.

Timescales for high-energy protons

Nonthermal proton spectra are determined by the bal-
ance among particle acceleration, cooling, and escape
processes. We consider stochastic acceleration by tur-
bulence, and take account of infall and diffusion as es-
cape processes. We also treat inelastic pp collisions, pho-
tomeson production, Bethe-Heitler pair production, and
synchrotron radiation as relevant cooling processes.

It is well known that stochastic acceleration is modeled
as a diffusion phenomenon in momentum or energy space
(e.g., Refs. [15-19]). Assuming gyro-resonant scattering
through turbulence with a power spectrum of Py o< k79,
the acceleration time is written as [20-23]

2
c H /g, \27¢
tacc ~T1 (VjA) ? (GBH) ’ (86)

where 7= = 8 [ dk P,/B? is the turbulence strength
parameter, V4 = B/\/4mmy,n, is the Alfvén velocity,
and R is the effective size of the coronal region. The
infall time is given by Eq. (S1). Using the same scatter-
ing process for the stochastic acceleration, the diffusive
escape time is estimated to be [16, 20, 23]

"H (eBH\> ¢
taig ~ U (6 ) ) (S7)
nc Ep

where 7’ is a prefactor, which we set to ' = 9 [16] within
uncertainties of our model with H < R. The cooling rate
by pp inelastic collisions is given by
-1
lpp & NpKpp0ppC, (S8)
where 0y, and kp, ~ 0.5 are the cross section and inelas-
ticity for pp interactions, as implemented in Refs. [24, 25].

The photomeson production energy loss rate is calculated
by

1 ¢ /Oo = 2dn’Y (S )

t R — d?,yam/iméy/ deye *—— 9
g e, =) dey]

where v, = &,/(m,c?) is the proton Lorentz factor,

Eth ~ 145 MeV is the threshold energy for the photome-
son production, £, is the photon energy in the proton
rest frame, o,, and kp, are the cross section and in-
elasticity, respectively, and the normalization is given by
[ deyey(dny /dey) =~ (14+77)(Laisk+Lx ) /(2w R?c), where
V = (4n/3)r3 = 2r(RRs)*H is the volume of the coronal
region and 7 /¢ is used for the photon and neutrino escape
time. We utilize the fitting formula based on GEANT4
for o, and kpy, which are used in Ref. [26]. The Bethe-
Heitler energy loss rate (t55;) is written in the same form
of Eq. (S9) by replacing the cross section and inelastic-
ity with opy and kppg, respectively, where we use the
fitting formula given in Refs. [27] and [28]. Finally, the
synchrotron timescale for protons is given by

by~ $10
PR 200 B2, (510)

We plot the times scales in Fig. S2 with a parameter
set of R =30, 8 =1, a = 0.1, n = 10, and ¢ = 5/3.
We can see that particle acceleration is limited by inter-
actions with photons except for Lx = 10*2 erg s~!. In
the lowest-luminosity case, the photomeson production,
the Bethe-Heitler process, the pp reaction, and the diffu-
sive escape rates are comparable to the acceleration rate
around 10 GeV. In the other cases, the Bethe-Heitler
process hinders the acceleration and the maximum en-
ergy is reduced to ~ 10° —10% GeV due to larger photon
number densities of more luminous Seyferts.

Spectra of nonthermal protons

It is well known that the second order Fermi accel-
eration can be described by the Fokker-Planck equation
(e.g., Refs. [15, 16, 23]). To obtain spectra of nonther-
mal cosmic-ray (CR) protons, using the standard Chang-
Cooper method [29, 30], we solve the following equation,

oF, 1 0 oF, &5 Fo
5 == %D 5" F—Fp | =+ Fpinis
ot € 85p 851) tp—cool Lesc

(S11)
where F, is the CR distribution function, D., = €7 /tace
-1 _ -1
p—cool tpp +
is the total cooling rate, t..L = t;alll —&-t;i}f

is the diffusion coefficient in energy space, t

—1,4=1 41
tm +tBH +tp,syn
is the CR escape rate (for the coronal region), and Fp, in;
is the injection function that is given by

in'L
flix?)(;(gp — Eing)s
47r(€inj/c) 4

p,inj —

(s12)
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FIG. S2. Comparison of timescales for high-energy protons in the cases with Lx = 10*? (left), 10** (middle), and 10*6 erg s~*

(right).

where €iyj is the injection energy and fiy; is the injection
fraction at einj. When the normalization is set by the
diffuse neutrino flux, we only need Pcr/Pin ~ 0.1 — 1%.
Importantly, this CR energy fraction is only ~ 1—10% of
the turbulent energy, which is energetically reasonable.
The values of ein; and fin; do not affect the resulting
spectral shape as long as €j,; < €p,¢1. Note that we do not
have to specify both of €,j and finj, because finj is larger
as €ipj is higher. For eiyj < €p < €p.c1, it is known that the
stochastic acceleration mechanism predicts a very hard
spectrum, dNgr/dep, o €79 (e.g., Refs. [15, 16, 23]). All
details are presented in our accompanying paper [31].
We plot e,L., = 4n(ep/)F,V(tet + ¢ o) in
Fig. S3. In Table S2, we tabulate the critical energy
for CR protons, €, .1, at which the stochastic accelera-
tion balances with energy and escape loss processes. For
lower values of Ly, the critical energy is higher owing to
their lower loss rates. We consider two cases, ¢ = 5/3
and ¢ = 3/2, which give similar CR proton spectra. For
Lx > 10%3 erg s7!, owing to inefficient escape, the accel-
erated protons pile up around €, ~ €, 1, which creates
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FIG. S3. CR proton differential luminosities for Lx = 10*2,
10*%, 10*, 10*°, and 10*® erg s (from bottom to top).

a hardening feature around ¢, ~ 0.l¢, ¢ and a strong
cutoff above €, ~ 2, 1. Note that the resulting spectra
of py neutrinos are rather insensitive to such hard CR
spectra, because they cannot be harder than the neu-
trino spectrum from pion decay [32]. The energy density
of CRs is typically lower than that of the thermal protons:
Por/ Py is of the order of 1072 for all the cases that al-
low us to explain the diffuse neutrino flux (see Table S2),
where PCR = f d8p(dTLCR/d€p)€p/3 and Pth = ’I”kaBTp.
These CRs do not affect the dynamical structure [12].

Timescales for high-energy pairs

Even if primary electrons are not accelerated through
the turbulence due to their efficient Coulomb losses, suf-
ficiently high-energy electron-positron pairs that are in-

TABLE S2. Physical quantities related to nonthermal par-
ticles for a given Lx. The CR pressures accounting for the
10-100 TeV ENB flux are also shown. The reacceleration of
pairs is irrelevant in one case with 8 = 1 and ¢ = 5/3, whereas
it can occur in the other case with 8 = 3 and ¢ = 3/2.

no secondary reacceleration

log Lx log tran B Pcr/Pin Ep,cl €e,cl

ergs )| ) kG| %] [TeV]  [MeV]
42.0 4.87 3.4 0.32 300 <5
43.0 5.61 1.3 0.70 220 <5
44.0 6.36 0.53 1.3 140 <5
45.0 7.11 0.21 2.2 100 <5
46.0 7.85 0.085 3.6 70 <5

allowed secondary reacceleration

log Lx log tean B Pcr/Pin Ep,cl €e,cl

[erg 5] [s] [kG] (7] [TeV]  [MeV]
42.0 4.87 1.9 0.25 450 27
43.0 5.61 0.77 0.48 320 25
44.0 6.36 0.31 0.76 230 20
45.0 7.11 0.12 1.2 160 13
46.0 7.85 0.049 1.6 110 8
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FIG. S4. Comparison of timescales for high-energy electrons
and 10%° erg s™! (right).

jected via hadronic processes and populated through elec-
tromagnetic cascades can be accelerated to higher en-
ergies without suffering from Coulomb losses, as stud-
ied in the literature of gamma-ray bursts [21]. In the
meantime, such high-energy pairs also cool down by syn-
chrotron radiation and inverse Compton emission. In
Seyferts, the energy of the dominant target photons
for inverse Compton scatterings is around 1-10 eV, im-
plying that the Klein-Nishina effect is unimportant at
€e < 100 — 300 GeV. If the secondary pairs can be ac-
celerated by the turbulence, the acceleration and cooling
processes are balanced at the critical energy, €. ¢, and
this effect is relevant if €. is higher than the energy
of the thermal protons. The timescale of the turbulent
reacceleration is given by Eq. (S6) above the thermal
energy of protons, kT, ~ 5.2 (R/30)"" MeV. Below
this energy, the turbulent power spectrum should become
steeper due to kinetic effects [33], and the reacceleration
time is considerably longer than that by Eq. (S6).
The electron synchrotron cooling timescale is

6mmec
te,syn ~ O'TBQ’)/e’ (813)
where 7, = e./(mec?) is the electron Lorentz factor.

Then, the electron inverse Compton cooling time in the
Thomson limit is estimated to be

3mec

T — S14
4UTU7’Ye’ ( )

tic ~

where U, is the target photon energy density. Note that
the Klein-Nishina effect is accurately taken into account
in the calculations of cascaded photon spectra [24, 25, 31].

We plot timescales for high-energy pairs in Fig. S4,
where thin (thick) lines are for the case with reaccelera-
tion allowed (forbidden), respectively. In the case of no
secondary reacceleration, we have e, o1 < 5 MeV, which
is the critical energy is lower than the thermal energy of
protons. The waves are expected to be dissipated at the
relevant scales, and the stochastic acceleration of pairs
is unlikely in all the range of Lyx. In the other case
allowing reacceleration, electrons and positrons injected
via hadronic cascades can be maintained with energies

£ [GeV]

£ [GeV]

and positrons in the cases with Lx = 10** (left), 10** (middle),

around ~ 10 —30 MeV, depending on Lx (see Table S2),
and the reaccelerated pairs can naturally enhance the
MeV gamma-ray emission. To see the effect of the reac-
celeration, we take the approximate approach, in which
we calculate electromagnetic cascades assuming that the
pairs do not cool down below the critical energy that
is determined by the balance between the acceleration
time and cooling time. For Lx = 10*2 erg s~!, the syn-
chrotron cooling is more likely to be important, while for
Lx > 10*3 erg s71, the inverse Compton cooling is domi-
nant. The critical electron energy, €. .1, at which the cool-
ing and reacceleration balance with each other is lower
for a higher value of Lx due to the more efficient inverse
Compton cooling. Only when the critical energy is higher
than the thermal proton temperature, the secondary
reacceleration can occur. As shown in the main text, the
effective number fraction of the reaccelerated pairs is con-
strained to be less than ~ 0.1% not to overshoot the MeV
extragalactic gamma-ray background (EGB). This can
be consistent with a prediction of stochastic acceleration
(see, e.g., Ref. [16]). If pairs above €¢ reacc ~ & few MeV
can be reaccelerated, the number of pairs in the steady
state is reduced by ~ te_cool (e reace)/tran (€.8., ~ 0.05%
for Lx = 10*® erg s~!) compared to the total number
of injected pairs during tg,);. The reacceleration is more
difficult in luminous AGN due to small values of ¢i¢.

Extragalactic neutrino background

The extragalactic neutrino background (ENB) flux
(mean neutrino intensity) is calculated by (e.g., Ref. [41])

c Zmax 1
o, = 7/ dz
4mHo \/(1+z)39m+QA

dpx , L (Lx)
L v
x /d X g B,

(S15)

where dpx /dLx is the x-ray luminosity function of AGN
per comoving volume per luminosity, L (Lx) is the neu-
trino luminosity per energy, and zmax iS the maximum
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FIG. S5. A possible unified picture of the EGB and ENB; in
which the MeV-TeV EGB and TeV-PeV ENB are simultane-
ously explained by AGN cores and jetted AGN. The data are
taken from Swift BAT [34] (green), Nagoya balloon [35] (blue),
SMM [36] (purple), COMPTEL [37] (gray), Fermi LAT [38]
(orange), and IceCube for shower (black) [39] and upgoing
muon track (blue shaded) [40] events.

value of redshift z. Also, Hy is the local Hubble con-
stant, whereas €2,, = 0.3 and (24 = 0.7 are cosmological
parameters. The differential neutrino luminosity, includ-
ing spectral information, is calculated as a function of
the x-ray luminosity, following our model described in
this work. The x-ray luminosity function of AGN can
be described by a smoothly connected double power-law
model, and we use Eq. (14) and Table 4 of Ref. [42].
The luminosity function evolves as redshift, for which
Egs. (16)—(19) and Table 4 of Ref. [42] are adopted. It is
known that the x-ray luminosity density peaks around a
redshift of z ~ 1 —2 with a fast evolution. With the typ-
ical redshift evolution of x-ray AGN, the dimensionless
parameter &,, which represents the redshift evolution of
the sources, gives &, ~ 3 [43, 44].

The results for the ENB flux from AGN coronae are
shown in Fig. 3 in the main text. We consider the sum of
all three neutrino flavors. Note that these AGN are dom-
inated by radio quiet (RQ) AGN that are mostly Seyfert
galaxies with a standard accretion disk. On the other
hand, some AGN are radio loud (RL), which are charac-
terized by the radio loudness and attributed to jet activi-
ties. AGN jets are known to be powerful CR accelerators,
and blazars and their misaligned counterparts — radio
galaxies — account for the dominant fraction of the EGB
in the 0.1-100 GeV range (e.g., Refs. [45-47]). Although
the blazar contribution is likely to be subdominant in the
neutrino sky [43], RL AGN are among the most promis-
ing candidates as the sources of ultrahigh-energy cosmic
rays (UHECRs). The CRs escaping from the jets can be
confined in magnetized environments such as galaxy clus-
ters and groups, generating high-energy neutrinos and
gamma rays [48, 49]. It is suggested that the jetted

AGN embedded in clusters and groups give a “grand uni-
fied” explanation for UHECRs, sub-PeV neutrinos, and
the nonblazar component of the EGB [43, 50]. Fig. S5
demonstrates that total contributions from AGN coro-
nae, jetted AGN, and cosmogenic emission can explain
the EGB from MeV to TeV energies as well as the ENB
from TeV to PeV energies. The EGB from blazars [47]
and radio galaxies [46], and the ENB from galaxy clusters
and groups with jetted AGN [50] are shown in Fig. S5.
The latest IceCube data suggest a soft spectrum below
100 TeV with a large ENB flux [39], whereas the higher-
energy data above 100 TeV can be described by a harder
spectrum with s ~ 2.2 — 2.3 [40]. Although the current
IceCube data do not exclude the single component sce-
nario, they intriguingly hint at a structure in the neutrino
spectrum [39], which is compatible with two- or multi-
component models [51, 52]. Indeed, the x-ray luminosity
density of AGN is comparable to the CR luminosity of
jetted AGN, which are ~ 3 x 10% erg Mpc™® yr=' [53],
and it is reasonable that the AGN coronae and the jetted
AGN embedded in gaseous environments give compara-
ble contributions to the ENB flux with different spectral
indices. In addition, it was shown that the 10-100 TeV
neutrino data can be explained only by hidden CR accel-
erators [32], for which our AGN corona model provides a
viable explanation and has reasonable energetics consis-
tent with both theory and observations.

Detectability of the most promising sources

Our AGN corona model has a prediction for the re-
lationship among the neutrino luminosity, soft-gamma-
ray luminosity, and x-ray luminosity. AGN with higher
“intrinsic” luminosities are better as the sources of high-
energy neutrinos, and our model can be uniquely tested
by future MeV gamma-ray satellites as well as neutrino
experiments such as IceCube-Gen2 and KM3Net. In
Fig. S6, we show the case for Ly = 10* erg s~! at
d = 40 Mpc (cf. ESO 138-G001). As one can see, the
Bethe-Heitler process is crucial, and cascade gamma rays
appear in the MeV range via electromagnetic cascades.

Stacking and cross correlation studies are also pow-
erful, for which the x-ray catalogues, e.g., one from the
Swift BAT AGN Spectroscopic Survey (BASS), should be
useful [54]. Among Seyfert galaxies listed in BASS, based
on the brightest x-ray objects in the 2-10 keV band, we
find that the seven brightest targets are Circinus Galaxy,
ESO 138-G001, NGC 7582, Cen A, NGC 1068, NGC
424, and CGCG 164-019. In particular, NGC 1068 and
CGCG 164-019 are the brightest for upgoing muon neu-
trino observations by IceCube and IceCube-Gen2. On
the other hand, the other Seyferts should be more inter-
esting targets for KM3Net because they are located in
the southern sky. Note that the merging galaxy NGC
6240 is also an interesting object, but the x-ray emission
may not come from the AGN corona.
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FIG. S6. Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN in our corona model. For eAS-
TROGAM [55] and AMEGO [56] sensitivities, the observa-
tion time of 10° s is assumed. The IceCube eight-year sensi-
tivity [57] and the 5 times better case (cf. Refs. [58, 59]) are
shown (assuming a declination angle of 6 = 30°). Solid thick
(thin) curves are for 8 =1 and ¢ =5/3 (8 =3 and ¢ = 3/2
with the effective number fraction of reacceleration 0.05%),
respectively. The CR pressures are given in Table S2.
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