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Soft gamma rays from low accreting supermassive
black holes and connection to energetic neutrinos

Shigeo S. Kimura® 2% Kohta Murase3#>© & Péter Mészéros® 34>

The Universe is filled with a diffuse background of MeV gamma-rays and PeV neutrinos,
whose origins are unknown. Here, we propose a scenario that can account for both back-
grounds simultaneously. Low-luminosity active galactic nuclei have hot accretion flows where
thermal electrons naturally emit soft gamma rays via Comptonization of their synchrotron
photons. Protons there can be accelerated via turbulence or reconnection, producing high-
energy neutrinos via hadronic interactions. We demonstrate that our model can reproduce
the gamma-ray and neutrino data. Combined with a contribution by hot coronae in luminous
active galactic nuclei, these accretion flows can explain the keV - MeV photon and TeV - PeV
neutrino backgrounds. This scenario can account for the MeV background without non-
thermal electrons, suggesting a higher transition energy from the thermal to nonthermal
Universe than expected. Our model is consistent with X-ray data of nearby objects, and
testable by future MeV gamma-ray and high-energy neutrino detectors.
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he Universe is filled with high-energy radiation including

X-rays!, MeV-TeV gamma-rays>3, and TeV-PeV

neutrinos?. It is widely believed that the cosmic X-ray
background (CXB) is predominantly produced by radio-quiet
active galactic nuclei (AGN) and star-forming galaxies>®, and
that radio-loud AGN including blazars and star-forming galaxies
provide the bulk of the GeV-TeV gamma-ray backgrounds’-8.
However, the origins of the soft gamma-ray and high-energy
neutrino backgrounds remain unknown®10. Type-Ta supernovae
emit MeV gamma-rays through nuclear decay line emission!!>12,
However, the event rate estimated by recent observations revealed
that the expected signal is below the measured background!3:14,
Kilonovae, transients powered by r-process nuclei ejected by
neutron star mergers, also emit MeV gamma-rays through
nuclear decay line emission, but the predicted flux is not enough
to explain the datal®. Radio-loud AGN!® including blazars!” are
possible candidate sources, where nonthermal electrons acceler-
ated in their jets emit MeV gamma-rays. However, recent
population studies using Swift Burst Alert Telescope (BAT) data
suggest that they can contribute to only a part of the measured
MeV background!8-20. Alternatively, Refs.21:?2 suggested that
nonthermal electrons accelerated in the coronae of radio-quiet
AGN can account for the MeV gamma-ray background. How-
ever, the existence of nonthermal electrons is in question, because
electrons are rapidly thermalized by Coulomb collisions in typical
coronae. On the other hand, proton acceleration by magnetic
reconnection and plasma turbulence may occur due to their
slower Coulomb relaxation, from which hadronic gamma-rays
are unavoidable through proton-induced electromagnetic cas-
cades inside the magnetized coronae?3. In this case, radio-quiet
AGN can explain at least ~ 20% of the observed MeV gamma-ray
background, if AGN coronae account for the neutrino data in the
10-100 TeV range.

Here, we propose a scenario that naturally explains the soft
gamma-ray background in the MeV range without relying on
nonthermal mechanisms. Hot accretion flows, or radiatively
inefficient accretion flows (RIAFs)2425, are widely expected in
low-luminosity AGN (LLAGN), where the feature of an optically
thick accretion disk, namely the big-blue bump, is not seen in
their optical/UV spectra®®. Synchrotron radiation from hot
thermal electrons explains the observed infrared and radio
emission, and the associated soft gamma-rays from Comp-
tonization naturally make a significant contribution to the
gamma-ray background up to ~3 MeV. In addition, protons in
RIAFs may be accelerated and efficiently emit neutrinos via
hadronic interactions?’, which implies that our RIAF model can
account for the MeV gamma-ray and neutrino backgrounds
simultaneously. A combination of nonthermal protons and
thermal electrons in RIAFs is naturally expected. Protons are
collisionless in the sense that the relaxation timescale is longer
than the dissipation timescale, whereas electrons are rapidly
thermalized within the dissipation timescale via synchrotron-self
absorption and Coulomb collisions?8.

Results

Guaranteed soft gamma rays from RIAFs. First, we describe the
properties of the thermal plasma in RIAFs (see subsection
Emission from thermal electrons in RIAFs in Methods and Ref. 2°
for technical details). Thermal electrons in RIAFs emit broadband
photons through synchrotron radiation, bremsstrahlung, and
inverse Compton scattering. For the parameter set shown in
Table 1, values of the magnetic field, B, the Thomson optical
depth, 77 =n,0R (n, is number density, or is Thomson cross
section, and R is the size of accreting plasma), and the normalized
electron temperature, ©, = kzT./(m.c%) (m, is electron mass, k is

Boltzmann constant, and c is speed of light), are tabulated in
Table 2. RIAFs are optically thick to synchrotron self-absorption
at  the synchrotron  characteristic  energy, &g, 4 ~
3hpeB®§ /(4mm,c), where h, is Planck constant and e is the ele-
mentary charge. The absorption energy above which RIAFs
become optically thin is determined by equating the synchrotron
emissivity to the blackbody radiation: &g, ,, ~ 3xMhpeB®§ /
(4mm,c) =~ 7.0x 1073(B/0.18 kG)(©,/1.5)*(x,;/10%) eV,  where
Xp = ssyn,ablssyn,ch ~103 represents the correction from Esyn,ch O
Egyn.ab- See Ref. 30 for the values and the method to estimate x,,.
The synchrotron luminosity from an optically thick source is
given by

3
L~ 4ssyn,aka Te

m e
M _\Y(R\Y(_B (O, 7(X_M)3
10°M,/ \10/ \0.18kG/ \1.5) \10°/ "’

where M is the mass of the supermassive black hole (SMBH),
R = R/Rg, and Ry = 2GM/¢? is the Schwarzschild radius. The
thermal electrons up-scatter the synchrotron photons, and the
resulting spectrum can be approximated by a power-law form,
gL o g %,
Alc =40, + 160231 If ajc <1, the Comptonization dominates
over other cooling processes, which is satisfied for #1322 x 107> as
seen in Table 2. In this case, the luminosity of the Comptonized
photons is

m°R? ~2.3x 10* erg s7!

where o = —In7/In Al and

3k,
L~ Ly, (—> o @, @
esyn,ab

Owing to the strong ®, dependence, our model predicts RIAF
electron temperatures which lie in a narrow range ®,~1— 3,
unavoidably leading to a peak in the MeV range for 72> 2x 107,
The normalization is determined by the balance with the

Table 1 Model parameters in our reference model.

a p
01 7.0

MIMo]  Kpoyx  Kx/Ha
1x108 15 6.0

R Mrad,sd
10 01

Ncr q Ntur
4x10~% 166 15

a is the viscous parameter, § is the plasma beta, R is the normalized radius of the RIAF, #,aq 4 is
the radiation efficiency for a standard disk, M is the mass of the SMBH, ky/x is the correction
factor from the X-ray to bolometric luminosities, kx,, is the correction factor from Ha to X-ray
luminosities, #cg is the CR production efficiency, g is the power-law index of the turbulence
power spectrum, and #y,, is the turbulence parameter.

Table 2 Resulting quantities for various m in our models.

logm B logz;y O, ac loge,, logly, Pcr/Pn
[kG1 [MeVl [ergs 1 [%]
—333 0.038 -238 318 106 557 38.00 2.05
—-2.88 0.064 -193 262 092 519 38.90 1.89
—-243 0m —-1.48 2.01 0.79 4.06 39.81 1.60
—-198 0.18 —-1.02 146 0.63 328 40.72 118
-152 030 —-0.57 104 042 206 41.62 0.78

mis the normalized mass accretion rate, B is the magnetic field, 77 is the Thomson optical depth,
O, is the normalized electron temperature, a|c is the spectral index of Comptonized photons, ¢,
is the cutoff energy of photons by yy interactions, Ly, is the Ha luminosity, Pcg /Py, is the ratio of
CR pressure to thermal one.
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Fig. 1 Broadband photon spectra from thermal electrons in RIAFs. We use
the parameter set for model A (reference model) with M =108M, and
various m. The solid, long-dashed, short-dashed, dotted, and dotted-dashed
lines are for rh = 0.03, 1.1x 1072, 3.7x 1073, 1.3x 1072, 4.6x 1074,
respectively. The photons of energies below the vertical dotted line are
mainly emitted by the synchrotron process, while the photons above the
energy are produced by the Comptonization process.

Coulomb heating:

Lic ~ (1 — ay0)Lp = 1.4x 10%erg s7!
M i\ Meadsa) £ @ \2 (1 — e ®)

(108 MQ) <0.01) ( 0.1 )(0.1) ( 0.33 )
where 1 is the normalized accretion rate, #,q.q is radiation
efficiency for a standard disk, and « is the viscous parameter (See
subsection Emission from thermal electrons in RIAFs in Methods
for the Coulomb heating rate and definition of some parameters).

The broadband photon spectra from thermal electrons are
shown in Fig. 1 for various values of #1. The synchrotron emission
produces a peak at 0.001-0.01 eV depending on 71, and the
Comptonization of the synchrotron photons creates higher-
energy photons up to 1-10 MeV. Cases with higher s have
harder spectra because of their higher Thomson optical depths
(see also Refs.3233), making their spectral peaks in the MeV
range. These features are quantitatively consistent with the
analytic estimates in Equations (1) and (3).

Our model is consistent with observations of nearby LLAGN.
Ref. 3% reported a softening feature in the hard X-ray band in
NGC 3998, from which they claimed that the electron
temperature is ~30-40keV. Our RIAF model can reproduce
the softening feature in the NuSTAR band, as well as the Swift
BAT data shown in Fig. 2, despite a higher electron temperature.
Ref. 34 also provided the X-ray spectrum for NGC 4579, which
has a higher 71 and does not show any softening feature. Our
model also produces a hard power-law spectrum consistent with
the NuSTAR data (see Fig. 2). In our RIAF model, the resulting
spectra for NGC 3998 and NGC 4579 are relatively hard, and well
below the longer wavelength data (radio, infrared/optical/
ultraviolet, and soft X-rays). These should be attributed to other
emission components, such as compact jets or outer accretion
disks3>. Indeed, radio jets are observed in both objects3¢37.

The Event Horizon Telescope Collaboration (EHT) reported a
horizon-scale image of the SMBH in M8738. Its brightness
temperature is ~5 x 10° K (equivalent to @, ~ 0.8), while the real
temperature should be ®,~3-10, because the image is beam-
smeared and the RIAF is likely optically thin at the observed
frequency. Our model predicts ®,~3.5 with the parameters
appropriate for M87 (M = 6.3x 10°M,, 1 = 6.1x 10~*), which
matches the expected temperature. The electron temperature in
RIAFs also affects the interpretation of the photon ring observed
by EHT3%3° The emission region of the photon ring is
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Fig. 2 Spectra for various particles from nearby LLAGN. The data by
XMM-Newton & NuSTAR (orange regions; with a systematic error of 10%),
Swift BAT (pink regions with 90% confidence levels), and Fermi LAT
(downward arrows; upper limits with 95% confidence levels) are obtained
from Ref.34, Ref.12, and Ref. 40, respectively. a Spectra for photons from
thermal electrons (dashed lines), nonthermal protons (dotted-dashed),
total neutrinos (thick-solid), py neutrinos (thin-solid), and photons by
electromagnetic cascades (thick dotted) for NGC 3998. We use
M=81x108Mg"3, m = 2.1x 1073, and D, = 14.1 Mpc. The thin-dotted line
is the sensitivity curve of e-ASTROGAM with 1-yr integration4!. b Same as
(@), but for NGC 4579. We use M =7.2x10’"Mg!%", i = 8.0x 1073, and
D, =16.4 Mpc. The NuSTAR data is not smoothly connected to the BAT
data, and given the huge statistical error bars in the BAT data, we ignore the
BAT data.

determined by the electron temperature and magnetization,
which should be clarified through the future multi-wavelength
modeling of nearby LLAGN.

Nonthermal particles in RIAFs. Protons in RIAFs are acceler-
ated by magnetohydrodynamic (MHD) turbulence and/or mag-
netic reconnection generated by the magnetorotational instability
(MRI). Here, we focus on the stochastic proton acceleration
mechanism, in which nonthermal particles randomly gain or lose
their energy via interactions with turbulent MHD waves. The
accelerated protons, or cosmic-rays (CRs), produce neutrinos and
gamma-rays via hadronuclear and photohadronic interactions
with thermal protons and photons inside the RIAFs. Neutrinos
freely escape from the system, whereas the gamma-rays create
electron/positron pairs via yy — ete~, which initiates proton-
induced electromagnetic cascades. Figure 2 shows the resulting
proton, neutrino, and proton-induced cascade gamma-ray spectra
for NGC 3998 and NGC4579. The proton spectrum is hard
because of the stochastic acceleration and has a cutoff around
10-100 PeV due to photohadronic interactions. The neutrinos are
mainly produced by pp interactions for e, <10°— 100 GeV,
where ¢, is the neutrino energy, while py interactions are more
efficient around the cutoff energy (See subsection Nonthermal
particles in RIAFs in Methods for details). The resulting cascade
gamma-ray spectrum is flat for ¢, <¢,,, where ¢, is the gamma-
ray energy and ¢, is the energy above which gamma-rays are
efficiently attenuated. The gamma-ray flux decreases rapidly
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Fig. 3 Gamma-ray and all-flavor neutrino background intensities. Data
points are provided by Swift BAT'> (brown-circle; 1-6 errors for systematic
and statistical errors), SMM"€ (brown-triangle; definition of errors are not
available), Nagoya-baloon'” (purple-star; definition of errors are not
available), COMPTEL? (purple-square; 2-¢ error bars for the linear sum of
the systematic and statistical errors), Fermi LAT3 (black-plus; 1-¢ errors
with systematic and statistical uncertainties), and IceCube#"8 (lightgrey
and magenta regions; 68% confidence levels). The red, blue, and green
lines indicate background intensities for photons by thermal electrons,
neutrinos by CR protons, and gamma-rays by proton-induced
electromagnetic cascades, respectively. The thick, thin-dotted, and thin-
solid lines are contributions from RIAFs in LLAGN (this work), coronae in
luminous AGN23, and sum of these, respectively. Thick-dashed and thick-
dotted lines are drawn with the luminosity functions of Ref. 4> and Ref. 53,
respectively, and the regions between the two lines are filled with the
corresponding colors. The yellow vertical bands represent the energy bands
where LLAGN provide the dominant contribution. The Fermi data should be
reproduced by another source class, such as radio-loud AGN7/52/114,

above the energy. This feature is commonly seen in photon
spectra from well-developed electromagnetic cascades*>. The
cascade gamma-ray spectra are well below the upper limit from
the Fermi Large Area Telescope (LAT)%0 and the design sensi-
tivity of future MeV satellites*!-44.

Cosmic gamma-ray and neutrino backgrounds. We calculate
the gamma-ray and neutrino background intensities from the
RIAFs in LLAGN (see subsection Cumulative background
intensities in Methods for details). Fig. 3 shows the resulting
gamma-ray and neutrino intensities from LLAGN. In our RIAF
model, the Comptonized emission from the thermal electrons
naturally accounts for the soft gamma-ray background in the
0.3-3 MeV range, below which canonical AGN coronae explain
the X-ray background. Furthermore, nonthermal protons in
RIAFs can simultaneously reproduce the IceCube data above ~0.3
PeV, below which hot coronae in luminous AGN can account for
the neutrino data in the 10-100 TeV range. Hence, our synthe-
sized AGN core scenario provides an attractive unified explana-
tion for a wide energy range of the cosmic keV-MeV photon and
TeV-PeV neutrino backgrounds, as demonstrated in Fig. 3.
Notably, AGN accretion flows can do this using a reasonable set
of plasma parameters of the nonthermal proton component:
B ~1-10, #yr ~ 10-20, and Pcg/Py, ~0.0123 (see Table 2). This
value of Pcg/Py, is reasonable in the sense that the CR energy
density is lower than the magnetic field energy density. Also, the
parameters related to nonthermal proton production, such as #y,,
and Pcr/Py,, are expected to be similar in both AGN coronae and
RIAFs, because they share the same CR acceleration and

turbulence generation mechanisms. In this sense, the parameters
of the nonthermal particles in our RIAF model are effectively
calibrated by the 10-100 TeV neutrino data and the AGN corona
model.

As shown in panel (a) of Fig. 4, it is the relatively more
luminous LLAGN that mainly contribute to the MeV intensity. In
particular, LLAGN with Ly, ~ Lo provide the dominant
contribution, where L. is the Ha luminosity for m = g,
where i1, is the critical mass accretion rate above which RIAFs
no longer exist (See subsection Emission from thermal electrons
in RIAFs in Methods for the value of ;). Thus, we can
analytically estimate the gamma-ray background intensity to be?3

s—1
2D o~ € Ly
Ey®, ~ - 8aps (L ) &L,

crit

~3%x107°GeVstecm™2sr7! (L) (SVLSV ) (mcrit) 0
0.6) \#L,, ) \0.03 ;

crit

4)

where Hy ~ 70 km s~! Mpc—3 is the Hubble constant, L+, p+, and
s, are the break luminosity, break density, and power-law index
for the luminosity function® (see subsection Cumulative back-
ground intensities in Methods), respectively, and &, is the redshift
evolution factor of the luminosity density. This is consistent with
our numerical results and the observed MeV background from
COMPTEL. We stress that the resulting MeV gamma-ray
intensity does not depend strongly on the parameters related to
the RIAF, such as a, B, M, m,, nor on the electron heating
prescription, as long as we can use the luminosity function and
bolometric correlation. This is because LLAGN of ri1 ~ #h
provide the dominant contribution, and the energy budget of
such LLAGN does not strongly depend on the value of 1.

On the other hand, the relatively faint LLAGN mainly
contribute to the neutrino background (see panel (b) of Fig. 4).
The high-energy gamma-rays accompanying the neutrinos are
considerably attenuated inside RIAFs (see Table 2 for values of
the break energy due to yy —efe™, ¢,)), making the GeV
gamma-ray intensity well below the Fermi data. Thus, LLAGN
can be regarded as gamma-ray hidden neutrino sources*°.

Our RIAF model provides a ~5-10% contribution to the
cosmic soft X-ray (0.5-8 keV) background, which is dominated
by canonical AGN and star-forming galaxies®*’. In observations
of distant LLAGN, fainter ones are likely to be classified as star-
forming galaxies, while relatively luminous ones will be indis-
tinguishable from the faint end of canonical AGN. Thus, it is
difficult to determine the contribution by LLAGN accurately.
Here, we make a rough estimate of the LLAGN contribution. The
luminous objects of Lx > 3.2 x 10*2erg s~! provides 63% of the
CXB flux. Our LLAGN should have X-ray luminosities below this
range, and thus, 37% contribution can be regarded as an upper
limit for the LLAGN contribution. Ref.2¢ reported that 43% of
nearby galaxies have signatures of AGN activity. Then, the
LLAGN contribution can be as high as 0.43 x 0.37 ~0.16. Our
model predicts a lower LLAGN contribution than our rough
estimate. Future X-ray and optical spectroscopic surveys with
better sensitivities are necessary to unravel the X-ray contribution
from LLAGN.

Tests by future observations. High-energy multimessenger
observations are essential for identifying the origin of the gamma-
ray and neutrino backgrounds. We have estimated the detect-
ability of neutrinos from RIAFs (see subsection Neutrino
detectability from nearby LLAGN in Methods for details). The
expected number of through-going muon track events from
nearby LLAGN, V, is shown in Fig. 5. Current facilities are not
sufficient to detect the signal, even using stacking techniques.
However, stacking ~10 LLAGN will enable the planned
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Fig. 4 Contributions by relatively luminous and faint LLAGN. a Diffuse soft gamma-ray intensities from relatively luminous (dotted) and faint (dashed)
LLAGN. The solid line shows the sum of these. Data points are provided by Swift BAT"> (brown-circle; 1-¢ errors for systematic and statistical errors),
SMMT™ (brown-triangle; definition of errors are not available), Nagoya-baloon™’ (purple-star; definition of errors are not available), COMPTELZ2 (purple-
square; 2-o error bars for the linear sum of the systematic and statistical errors). b Same as (a) but for diffuse neutrino intensities. Data are provided by

IceCube#"8 (lightgrey and magenta regions; 68% confidence levels).
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Fig. 5 The expected number of neutrino events with current and future
detectors. We plot the expected number of through-going muon track
events above a given muon energy for a 10-yr operation with IceCube (thin-
blue) and IceCube-Gen2-like detector (thick-red). The solid lines are for the
case that stacks the ten brightest LLAGN, and the dashed lines are for the
brightest LLAGN, NGC 4565. The dotted-dashed lines show the expected
number of the atmospheric background for the case that stacks the ten
LLAGN. The dotted horizontal line indicates /\/ﬂ =1 for comparison.
Stacking more LLAGN does not help improving the detectability because
the background also increases with the number of the stacked LLAGNZ29,

IceCube-Gen?2 facility to detect a few neutrino events by means of
its larger effective area. Its better angular resolution will reduce
the atmospheric background, making individual source detections
possible.

Future MeV satellites, such as e-ASTROGAM?!, the All-sky
Medium Energy Gamma-ray Observatory (AMEGO)*8, and
Gamma-Ray and AntiMatter Survey (GRAMS)*3, will be able
to measure the electron temperature in RIAFs by detecting a clear
cutoff feature (see Fig. 2), which will shed light on the electron
heating mechanisms in the collisionless plasma. In addition,
anisotropy tests for the MeV gamma-ray background are
promising*4. Our RIAF model predicts a smaller anisotropy than
those from Seyfert and blazar models owing to the higher source
number density of LLAGN.

Possible effects of another acceleration mechanism. If protons
are accelerated by another mechanism, such as magnetic recon-
nection, the resulting proton spectrum is usually described by a
power-law form. In the upper panel of Fig. 6, we plot the diffuse
neutrino and gamma-ray intensities for power-law injection
models with the parameter sets tabulated in Table 3 (see sub-
section Power-law injection models for CRs in Methods).
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Fig. 6 All-flavor neutrino and gamma-ray background intensities for
power-law injection models and models for 10-100 TeV neutrinos. Data
are provided by Fermi LAT3 (black-plus; 1-¢ errors with systematic and
statistical uncertainties), and IceCube* '8 (lightgrey and magenta regions;
68% confidence levels). a Power-law injection models that can account for
the PeV neutrino data. The blue and green lines are for models B (sipj =1)
and C (si,j=2) in Table 3, respectively. The solid and dotted-dashed lines
indicate the neutrino spectra, and the dashed and dotted lines represent the
gamma-ray spectra by proton-induced electromagnetic cascades. b Models
for 10-100 TeV neutrinos. The thick-blue and thin-green lines are for
neutrinos and proton-induced cascade gamma-rays, respectively. The
dashed, dotted, dotted-dashed lines are for models D, E, F in Table 3,
respectively.

The power-law injection models can also account for the PeV
neutrino data with Pcp/Pg, ~ 0.01 for model B and Pcg/Py, ~ 0.1
for model C. A higher Pcr/Py, is demanded for a higher s,
which may lead some feedback to the MHD turbulence (see
discussion in the next subsection). The cascade gamma-ray
emissions are well below the Fermi data owing to the low yy break
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Table 3 Parameters for models for PeV neutrinos (A, B, C)
and 10-100 TeV neutrinos (D, E, F).

Parameters 7cr[10-3] Ttur Sinj Nacc[104]
Model A 0.40 15 - -
(reference)

Model B 0.40 - 1.0 2.0
Model C 2.0 - 2.0 0.50
Model D 3.0 50 - -

Model E 2.0 - 1.0 70
Model F 10 - 2.0 15

ncr is the CR production efficiency, ny, is the turbulent strength, s;y is the spectral index of CR
injection term, and 5, is the acceleration efficiency parameter.

energy in the RIAFs. Note that the resulting diffuse MeV gamma-
ray intensities for models B and C are the same as that for model
A, because the thermal electrons in the RIAFs are identical.

Medium-energy neutrinos in the 10-100 TeV range. For the
sake of completeness, we also investigate the possibility of whe-
ther our model can reproduce the 10-100 TeV neutrino back-
ground. The observed intensity of the 10-100 TeV neutrinos is
higher than that of the 100 GeV gamma-rays. Hence, the emis-
sion region of origin of the 10-100 TeV neutrinos is expected to
be opaque to GeV-TeV gamma-rays?0.

The lower panel of Fig. 6 depicts the diffuse gamma-ray and
neutrino intensities for models D (stochastic acceleration), E
(power-law injection with s;,;=1), and F (power-law injection
with s;,; = 2), whose parameters are tabulated in Table 3. Since
the thermal component is identical to that for model A, we only
show the nonthermal components.

The neutrino intensity is normalized so that it matches the
observed 10-100 TeV neutrinos, which requires higher values of
ficr and #yyy OF #aee. The gamma-ray intensity from proton-
induced cascades is also higher than that of PeV neutrinos, but
still considerably lower than the Fermi data. Therefore, our
LLAGN model could in principle be the source of the mysterious
10-100 TeV neutrinos, although the contribution from Seyferts
and quasars is typically more important in view of the energetics.

The resulting pressure ratio of the CRs to the thermal
component is about 10% for models D and E and 50% for
model F. These are much higher than those for models for PeV
neutrinos. Nevertheless, even with such a high value of Pcr/Py,,
the global dynamical structure of RIAFs are very similar as long
as CRs are confined inside the flow as shown in Ref. 4°. However,
such a high value of Pcgp/Py, is at odds with the picture of
turbulent acceleration, and the feedback from CRs to MHD
turbulence may be significant. In Ref. 2%, we estimated the point-
source detectability of the neutrinos from nearby LLAGN using
the method in Ref. °0 with the parameter sets similar to those for
models D, E, and F. The diffuse neutrino spectra for the models in
Ref. 22 are almost identical to those for models D, E, and F. Ref. %
showed that the TeV-PeV neutrinos and MeV gamma-rays are
detectable with the planned neutrino and gamma-ray experi-
ments, IceCube-Gen2 and AMEGO/e-ASTROGAM/GRAMS,
respectively.

Discussion

The present work differs from earlier works in a number of
respects, as described below. Ref.23 calculated neutrino and
gamma-ray emission from hot coronae surrounding the accretion
disks in luminous AGN, i.e., Seyfert galaxies and quasars. The
stochastic proton acceleration was considered, and proton-
induced electromagnetic cascades are fully taken into account.

It was shown that the high-energy emission from coronae can
account for the X-ray and 10-100 TeV neutrino backgrounds that
require gamma-ray hidden sources. Note that the structure of the
systems considered in the present work and Ref. 23 are different.
The present work considers the RIAFs in LLAGN, where CRs can
be accelerated in the bulk of the accretion flows. A broadband of
target photons are provided by the thermal electrons inside the
RIAFs. Ref. 23 used the disk-corona paradigm in luminous AGN,
where protons are accelerated at the hot corona above the geo-
metrically thin, optically thick standard disk. The disks provide
thermal UV photons, while the coronae supplies X-rays by
upscattering the UV photons. Strictly speaking, the prescription
of the nonthermal particle injection for our RIAF model is also
different from that in Ref.?3. In the RIAF model, we use a con-
stant ncr parameter, ie., the fraction of CR luminosity to the
accretion luminosity is independent of 7iz. On the other hand, in
the AGN corona model, we considered that 7, ;; is proportional
to Ly, where 5cr depends on Ly and . The injection process of
nonthermal CR acceleration remains an open problem, so we
examined effects of both prescriptions. We find that our RIAF
and the AGN corona models can reproduce 0.1-1 PeV and
10-100 TeV neutrino datas, respectively, with either of the pre-
scriptions, with a similar value of Pcg/Py, ~ 0.01. Our conclusions
are nearly independent of these prescriptions about the injection.
Ref. 27 calculated the neutrino background from RIAFs, con-
sidering stochastic particle acceleration by MHD turbulence. It
considered neither gamma-ray emission nor neutrino point-
source detectability, but studied the neutrino background for
either 10-100 TeV or 0.1-1 PeV components. Ref. 2 focused on
neutrino and gamma-ray emissions from nearby LLAGN with
RIAFs, and discussed the neutrino and gamma-ray detectabilities
in future experiments. In addition to the stochastic acceleration
model, the power-law injection models were discussed. Ref.>!
considered gamma-ray and neutrino emission from magnetically
arrested disks (MADs) in radio galaxies, motivated by Fermi
detection of nearby radio galaxies. They assume an efficient
acceleration close to the theoretical limit, which could be possible
by magnetic reconnections. The maximum energy of the accel-
erated particles is much higher than in the other papers on
luminous AGN and LLAGN, leading to efficient GeV gamma-ray
production by the proton synchrotron process.

The Ha luminosity function has uncertainties. Ref. >2 proposed
a lower value of Ha luminositzl function. Then, an analytic esti-
mate using Eq. (4) gives E;®, ~7x1077 GeVs'cm ?sr!,
which is an order of magnitude lower than the MeV gamma-ray
data as shown in Fig. 3. Even with the lower value of the
luminosity function, the PeV neutrino data may be reproduced if
we use 7/cg ~ 0.02, which leads to a high CR energy density, Pcg/
Py, ~ 0.5. However, such a situation is at odds with the assump-
tion that the turbulence energy is the source of the CRs. The
uncertainty in the luminosity function should be palliated by
future surveys using a line-sensitive optical instrument or sensi-
tive X-ray satellites, such as Subaru Prime Focus Spectrograph®3
or extended Roentgen Survey with an Imaging Telescope Array
(eROSITA)>* and Focusing On Relativistic universe and Cosmic
Evolution (FORCE)>>.

The eTe™ pair production processes are inefficient in RIAFs.
The most efficient process is the two-photon (yy) interaction. The
optical depth for MeV photons to the ete~ pair production is
estimated to be 7, ~n0, R~ 1.4x 107? Lic 4,R1,5,  where
0y, ~ 0.207 is the cross section for two-photon interactions, 1, ~
Lic/(4nR*m,c®) ~ 3.2x 107 Lic o Ry s cm™ is the target photon
density at MeV energies, and we use convention of Qx = Q/ 10X
in cgs unit. Equating the eTe™ pair production rate and
advective escape rate, the number density of the electron-positron
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pairs is estimated to be’! n, ~n7,(c/Vy)~ 4x10°
L oR22act em™3, which is a few orders of magnitude smaller

than the electron density given by Eq. (6). Electron-electron (ee)
and electron-proton (ep) interactions can also produce ete~
pairs, whose timescales are roughly approximated to be
tep s ~ lees ™ 1/(np(xgm0Tc), where ., is the fine structure
constant. Then, the ratio of the ete™ pair production timescale to
the infall timescale is estimated to be
ton/tee s ~ 4x107*a"%m_,, and thus, ee and ep interactions
cannot provide sufficient amount of pairs. Photon-proton (yp)
and photon-electron (ye) interactions also produce pairs, but the
cross sections for these processes at ¢, ~3-4 MeV are similar to
those for ee and ep interactions, which leads to pair production
rates similar to those by ee and ep interactions. Photons with a
higher energy have larger yp and ye cross sections, but the
number density of such photons is too small to produce the pairs
efficiently. Therefore, the RIAF plasma is unlikely to reach the
pair equilibrium, in which the density of the electron-positron
pairs is much lower than the proton density. Ref. > demonstrated
this conclusion by detailed calculations.

While this work demonstrates that LLAGN can significantly
contribute to the higher-energy part of IceCube neutrinos, con-
trary to the guaranteed MeV gamma-ray emission, their non-
thermal contribution might in principle be much smaller if the
CR acceleration in the RIAF disks is more inefficient than in the
coronae of radio-quiet AGN. This may be the case if the CR
acceleration occurs predominantly in a low-f plasma, because
B ~3-30 in a RIAF disk is higher than 8 <1 in AGN coronae. In
this case, we would need other models that can explain the
neutrino background in the PeV range”.

In conclusion, we proposed RIAFs in LLAGN as a promising
origin for the soft gamma-ray background. We constructed a one-
zone model that can reproduce the observed X-ray features of
LLAGN, and demonstrated that LLAGN can also simultaneously
account for the high-energy neutrino background. In the RIAFs,
electrons are thermalized and emit soft gamma rays through
Comptonization. The protons there are naturally accelerated by
reconnection or turbulence due to their longer thermalization
timescale, and produce high-energy neutrinos efficiently. The
accompanying gamma-rays are significantly attenuated by two-
photon interactions, resulting in a gamma-ray intensity well
below the Fermi data. Since hot coronae in luminous AGN can
produce 10-100 TeV neutrinos through the same mechanism??,
accretion flows in AGN can account for a wide range of high-
energy photon (keV-MeV) and neutrino (TeV-PeV) back-
grounds. This scenario does not require any nonthermal electron
population to account for the MeV background, which implies
that the transition energy from the thermal to nonthermal Uni-
verse is higher than previously expected.

Methods

Emission from thermal electrons in RIAFs. Here, we describe the properties of
thermal plasma in RIAFs?4%8 in detail. Hereafter, we use the notation of Qx= Q/
10X in cgs unit unless otherwise noted. We consider an accreting plasma of size R
around a supermassive black hole (SMBH) of mass M with an accretion rate M. We
use the normalized radius and mass accretion rate, R = R/Rg and #t = Mc? /Ly,
where Ry is the Schwarzschild radius and Lgqq is the Eddington luminosity. Plasma
quantities in RIAFs are described by two parameters, the viscosity parameter, a,
and the pressure ratio of gas to magnetic field, . Based on recent numerical
simulations (e.g., Refs. °°-%4), the radial velocity, number density, proton thermal
temperature, magnetic field, Thomson optical depth, and Alfvén velocity in the
RIAF are analytically approximated to be

1/2

Ve~ aVy/2~34x10° R a_ cms™?, (5)

M

noA~—— o~ 46x 108 R eI M i, em ™, 6
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8nn kT
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where Vi = 1/GM/R is the Keplerian velocity and H = R/2 is the scale height.
Observations of X-ray binaries and AGN demand a ~ 0.1-19°, while the global
MHD simulations result in a ~ 0.01-0.1 and f ~ 3-30°1:%°, Hence, we set a = 0.1
and B =7.0 as their reference values.

Thermal electrons in RIAFs emit broadband photons through synchrotron
radiation, bremsstrahlung, and inverse Compton scattering. The electron
temperature is determined so that the resulting photon luminosity is equal to the
bolometric luminosity estimated by #1. Assuming that thermal electrons are heated
by Coulomb collisions with protons, the bolometric luminosity is estimated to be
Liol & Hyad saMeritLpaa 1/ fi13e)s Where #raq.ea ~ 0.1 is the radiation efficiency for

the standard disk, and #i1_;, ~ 0.03(a/0.1)* is the critical mass accretion rate above
which RIAFs no longer exist3. We calculate the photon spectra by synchrotron
radiation, bremsstrahlung, and inverse Compton scattering by thermal electrons
with the steady-state and one-zone approximations. The synchrotron and
bremsstrahlung spectra are calculated by the method given in Appendix of Ref. %7,
where we use the fitting formulae for the emissivity of these processes and
Eddington approximation to take into account the effects of the radiative transfer.
For the inverse Compton scattering spectrum, we utilize the corrected delta-
function method given in Ref. %7. In this method, the distribution of the scattered
photon energy is approximated to be a delta function, but the mean energy of the
scattered photon is calculated using the exact kernel. This method approximately
takes into account the electron recoil effect for e, > kgT.. The error of the method is
about 50%. This is sufficiently accurate for our purpose, considering significant
uncertainty in the MeV gamma-ray data. Given the uncertainty, our calculation
results are consistent with those by the Monte Carlo simulations®. The spectral
decline due to the cutoff in this method is somewhat stronger than that in the exact
method, implying that our results on the MeV fluxes are regarded as conservative.
In this work, we assume that the Coulomb heating is the dominant electron heating
mechanism, and L o 7 is used. This treatment is qualitatively different from
the previous work?’, where L, ; o 71 is assumed. Such a treatment may be more
appropriate if the electrons are directly heated by the plasma dissipation
process®®-72, Nevertheless, these details will not change our conclusions that
LLAGN are bright in soft MeV gamma-rays. Also, the electron heating prescription

do not strongly affect the critical mass accretion rate above which RIAFs no longer
exist28:30,73,74,

Nonthermal particles in RIAFs. Here, we describe the details of the stochastic
acceleration model, where protons are accelerated by MRI turbulence®*7>. To
obtain the CR spectrum, we solve the transport equation for CR protons, which is a
diffusion equation in the momentum space’%:

3.7-'1,_1 P . oF,
ot &0, ¢,
» %p

& Fp
T F | i Fo an

& .
€
P asp Leool

where 7, is the momentum distribution function for protons

(dN/de, = anp’ F »/¢), D, is the diffusion coefficient that mimics the stochastic
P

particle acceleration, f..o is the cooling time for protons, f is the escape time,

F pinj = F 00(¢, — &) is the injection function, and &,,y; is the initial energy of
the particles injected to the stochastic acceleration process. We assume that the
particles are injected to the stochastic acceleration process by fast acceleration
processes such as magnetic reconnections, which are induced by MRI7-7%, We
consider a delta-function injection term with &, ;,; much higher than the thermal
proton energy, which may mimic the injection by the reconnection. The value of
£p,inj has no influence on the resulting spectrum as long as &, iy; is much lower than
the cutoff energy. We consider resonant scatterings between MHD waves and CR
particles, where CR particles interact with the turbulent eddy of their gyration

radius, r, = ¢,/(eB). Then, diffusion coefficient in energy space can be written as

~ () (12)

€

" g H

where 77y, = B%/(871fP;dk) is the turbulence parameter (Py is the turbulence power
spectrum), g is the power-law index of Pj, and we set the scale height, H, to the
injection scale of the MHD turbulence. We assume a Kolmogorov turbulence,
q=>5/3. The acceleration time is given by t,.. ~ ef, /Dfp ~ i Bal(H/ ole,/

(eBH )]1/ 3, Hear 18 lower for a stronger turbulence, and a low value of #,, results in a
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higher maximum energy of the CR protons. Since RIAFs are expected to be tur-
bulent due to MRI8%81, the value of #;,, should be small. The turbulent strength is
also related to the value of a, as stronger turbulence leads to a higher «. Our fiducial
value of #y,; ~ 15 is reasonable in the sense that 77, is close to a~ 1. The amount of
CRs is determined so that L, ds = HcpMiLlgyq is satisfied, where L, =

Foos &,dN,/de, is the dlfferentlal proton luminosity?3, #cx is the CR production
efficiency, and fol = tooh 4+
escape processes.

We solve the transport equation until the steady-state is reached using the
Chang-Cooper method32#3. As the proton cooling mechanism, we consider the
proton synchrotron, Bethe-Heitler (p +y — p + e* + e~), photomeson
(p+y—p+m), and pp inelastic collision (p + p — p + p + 7) processes, The
timescale of the pp inelastic collisions is given as tp’Pl N 11,05, Ky €, Where 0y, and K,
are the cross section and inelasticity of pp interactions®4. The photomeson
production and Bethe-Heitler cooling timescales are estimated to be

dsy
i [, [,
27 ©oiEy ,/(2y,) g v

where y, = ¢,/ (mpcz), g, is the photon energy in the proton rest frame, and 0; and «;
are the cross section and inelasticity for the process (i = py for photomeson
production®’ and i = BH for Bethe-Heitler process®®87). The cooling time by the
proton synchrotron is ¢, s ~ 671m"c3 /(UTBZSP). The total cooling rate is then
given by t_}, = Lo !+ Loy Dt tpn tp o~ Regarding the escape process, we only
consider the advectlve escape, i.e., infall to the SMBH. We write the escape
timescale as fesc = togy = R/Vz. We consider that the CR component has the same
bulk velocity as that for the thermal component owing to efficient interactions
through the turbulent magnetic field. The diffusive escape may be inefficient
because the high-energy protons tend to move in the azimuthal direction, which is
the direction of the background magnetic field in differentially rotating accretion
flows®%73, See also Refs. 2327 for technical details of the calculation methods for the
cooling and escape timescales.

In Fig. 7, we plot the acceleration and loss rates of CRs for model A (reference
model) for NGC 4579, whose parameters are shown in Table 1 and caption. The
dominant loss process is the advective escape for ¢, <1 x 108 GeV. Although the
acceleration time is longer than the advective escape time for &, 2 2 x 10° GeV, the
CR proton spectrum continues to a higher-energy because the weak ¢, dependence
of the advective escape leads to a very gradual cutoff in the proton spectrum?7-88,
At g, ~1x107 GeV, the photomeson production becomes more efficient than the
acceleration, which makes a sharp cutoff owing to a strong ¢, dependence (see
Fig. 2).

The CRs produce pions via both pp and py interactions, and pions decay to
gamma-rays, electron/positron pairs, and neutrinos (70 — 2y; 7* — e* + 3v).
These neutrinos are believed to explain IceCube neutrinos$-21, We calculate
neutrino spectra by pp collisions using the formalism given by Ref. °2. For the
neutrinos by py interactions, we use a semi-analytic prescription given in Refs. 9394
(see, e.g., Ref. 8 for numerical results). Since the effect of meson cooling is
negligible in the RIAFs, neutrino flavor ratio is v:v,:v, = 1:2:0 at the source, which
becomes ~ 1:1:1 on Earth after the flavor mixing. As shown in Fig. 2, neutrinos are
mainly produced by the pp collisions for ¢, $4 x 10° GeV, and the photomeson

is the total energy loss rate including cooling and

(13)
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Fig. 7 Acceleration and energy loss rates as a function of the proton
energy for NGC 4579. The thick-solid, thick-long-dashed, thick-dotted,
thick-short-dashed, and thick-dotted-dashed lines are energy loss rates by
photomeson production, Bethe-Heitler, synchrotron, pp inelastic collision,
and infall processes, respectively. The thin-dotted line indicates the
acceleration rate. We use M =7.2x10’Mg, and m = 8.0x 107> with a
parameter set for model A (reference model: see Table 1).

production is effective above the energy. The Bethe-Heitler and proton synchrotron
processes are subdominant in the range we investigated. For higher s cases, the
photomeson production is more efficient, and hence, the peak energy of the proton
spectrum is lower. In our model, the neutrino background is dominated by
relatively faint LLAGN, and their target photon spectra are not hard. Then, the
multi-pion production channel is subdominant, and our approximation provides
reasonably accurate results.

The hadronic interactions also produce gamma-rays and electron/positron
pairs. The gamma-rays are absorbed by two-photon annihilation, and create
electron/positron pairs. These pairs also emit gamma-rays, and electromagnetic
cascades are initiated. We calculate the cascade emission by solving the kinetic
equations of electron/positron pairs and photons®>%:

one, @ [(P + P, +Pg+P )n ] —aom e g (g
(o) syn ff Cou | "¢, €, g
ot e, e esc e
on, n,  n,
Y — Y __ ZAC) o () 4 s (syn) 4 sinj 15
5 : +a 0 +a (15)

Yy Cyesc

where n, is the differential number density (i =e or y), r‘t<""> is the particle source
term from the process xx (xx =IC (inverse Compton scattermg) yy (efe™ pair
production by yy interactions), syn (synchrotron), or ff (bremsstrahlung)), n‘ i is
the injection term from the hadronic interaction, and P, is the energy loss rate for
the electrons from the process yy (yy =IC (inverse Compton scattering), syn
(synchrotron), ff (bremsstrahlung), or Cou (Coulomb collision)). See also Refs.
for technical details. We approximately treat the pair injection processes by the
Bethe-Heitler process and photomeson production as in Refs. 2329

In our RIAF models, secondary pairs do not contribute to the the high-energy
gamma-ray background, even for the case that the secondary pairs are re-energized
by MHD turbulence. The secondary pairs suffer from a strong cooling by the
synchrotron emission, whose timescale is estimated to be f, ., = 6mm?c /(a;B%,).
When their energy becomes sufficiently low, they may be re-energized by MHD
turbulence, as suggested by Ref. 23. The energization timescale is the same with the
proton acceleration timescale: £, ... & .81 >(H/c)[e, /(eBH)]* 4. Equating these
two timescales, we obtain the critical energy at which the secondary pairs piles up:

95,96

1

6mmActpE\ T
Eecrit <;ﬁA> (eBH)3 q >~ 4. 2R5/16 5/8 1/8

L m:g/s —1/8_ —3/4
G-THrImrB

nlur 15 Mev:

(16)
where we use g = 5/3 for the last equation. The turbulence power below the mean
thermal proton energy, 3kT, ~ 35R™ MeV, is significantly reduced due to
dissipation by plasma kinetic effects, and the turbulent re-energization is not
expected when & it < 3kgTp. In our model A (fiducial parameters), we cannot
expect re-energization of secondary pairs even for the case with Ly, = L,;,.. For a
further lower ri case, re-energization may occur. In such a case, we can ignore the
inverse Compton component by the secondary pairs owing to its lower photon
energy density (B? o #it, Ly, o #ir®). Then, the synchrotron peak energy for the re-
energized pairs are estimated to be

3hpsg.criIEB ~ 07( Ee crit

2
£ on B,eV.
YT dmm3cs 100MeV) 2

(17)
Hence, we conclude that the re-energized pairs cannot contribute to the MeV
gamma-ray background for all the 71 range in our model. Also, primary electrons
are not expected to be produced efficiently in RIAFs, because of their rapid
thermalization in the range of our interest?3. Thus, they do not contribute to the
MeV gamma-ray background.

Cumulative background intensities. Here we describe the method to obtain the
background intensities. Since the Ha luminosity functions include much fainter
sources than the X-ray luminosity functions, we use the luminosity function for
type-1 Seyfert galaxies provided by Ref. 4°:

dp/dLyg, ~ (p, /L)/[(Lizg/L,)" + (Lizy/L.)"], where p- = 12 x 10-Mpc3

L« =3.7 x 10%2erg s71, 5, = 2.05, and s, = 5.12 (the values of L+ and p+ are cor-
rected using Hubble constant of Hy =70 km s~!Mpc~!). Type-1 Seyfert galaxies
exhibit broad emission lines that are unique to AGN. We extrapolate this lumin-
osity function to L, = 10% ergs™!, below which the Palomar survey finds a hint
of a break?®. The survey also indicates a correlation between X-ray luminosity, Ly,
and Ly, for LLAGN. The ratio, kx/ma = Lx/Li, ranges 5 S kx/me S 7 in the
luminosity range of our interest for type-1 AGN. We use xx/u, = 6.0 for
simplicity?S, but the difference from the cases with xx/ps =5 0r kx/p, =7 is less
than a factor of 1.2.

Observationally, the X-ray luminosity at the 2-10 keV band can be converted to
the bolometric luminosity using the bolometric correction factor, yo1x = Lool/
Ly~ 15 for LLAGN®7-100, Using the two correction factor, poyx and kx;iq We can
convert 11 to Ly, if we fix a SMBH mass, M. Ref. 19 provided a sample of LLAGN,
and the mean and median values of log (M/M,, ) are 8.0 and 8.1, respectively. Also,
the X-ray luminosity density is dominated by AGN with M ~ 108 — 3 x 108M, if
the Eddington ratio function is independent of the SMBH mass®”>102103, Thus, we
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set M = 103My, as a reference value. With this prescription, the critical He
luminosity above which RIAFs no longer exist is estimated to be

Leyit = Myad saMerieLrda/ (6x ppaa%nor/x) = 4.2x 10*" ergs™'. Finally, we integrate the
gamma-ray and neutrino fluxes over the range of L, <Ly, <L, which
corresponds to 4.6x 107* < 7i1< 0.03 for & = 0.1. The background intensity is
written as!04

: 1 : d
R [ w—"
™o (1+2°Q, +Q, Ha

where we use the cosmological parameters of (),,, = 0.3 and Q4 = 0.7. Since dimmer
AGN tend to have weaker redshift evolution based on the X-ray, gamma-ray, and
radio luminosity functions!0310%106, no redshift evolution of the Ha luminosity
function is used. With this treatment, LLAGN at z < 0.5 contribute about a half of
the diffuse intensity, objects at 0.5 <z <2 provide the other half, and the
contribution from z>2 is negligible. We consider the gamma-ray attenuation by
the extragalactic background light, and include the exponential suppression with
the optical depth given in Ref. 197. The two-photon pair annihilation initiates
intergalactic electromagnetic cascades!%8, but it has little influence on the GeV
gamma-ray intensity because TeV gamma-rays cannot escape from the RIAFs due
to two-photon annihilation inside the RIAFs (see Table 2 for the value of ¢,,, the yy
break energy above which two-photon annihilation attenuates the gamma-rays
inside the RIAFs).

Ref. 45 also provided the luminosity function for type-2 AGN that exhibit only a
narrow emission line feature, but we find that their contributions to the MeV
gamma-ray and PeV neutrino backgrounds are negligible because of two reasons.
One is the value of x4 Type-2 AGN have k)1, ~ 129, and neutrino and gamma-
ray luminosity scales with L,, oc i1 oc Ly o &y /Ha- The other is the shape of the
luminosity function. The break luminosity for type-2 AGN is lower than the critical
luminosity, L+ = 2.8 x 1040erg s~! < L, resulting in a lower MeV gamma-ray
intensity. The slope in the low-luminosity range is lower than 2, s, = 1.77, which
makes the contribution by relatively faint LLAGN smaller, leading to a lower PeV
neutrino intensity. In addition, type-2 objects may be contaminated by non-AGN
objects, the fraction of which is still uncertain. Therefore, we focus on contribution
by type-1 AGN in this study.

Note that the Ha luminosity function does not match the X-ray luminosity
function with a constant kxm,. The conversion factor depends on the luminosity,
and there is some degree of uncertainty in the conversion factor (see Ref.2). The
Ha luminosity function by Ref. > matches the observed X-ray luminosity function
at a high luminosity range, while it underestimates the number density for
Lx < 10%2erg s~1. This range is the most relevant to the MeV gamma-ray and PeV
neutrino backgrounds, and the luminosity function by Ref. > gives a higher
number density at the range. From this reason, we use one by Ref. 4° as a reference
case. Future optical spectroscopic and hard X-ray surveys are necessary to reduce
this uncertainty.

EiLg, (18)

Neutrino detectability from nearby LLAGN. The number of through-going muon
track events is calculated by°%-109

o0 , N Ae oC
N,GE,) = /t dE/, AT det / dE,$,0cc exp(—T,y),
“
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where E, is the incoming neutrino energy, E, is the muon energy, ¢, =

AtLg / (4nd2E,) is the neutrino fluence from a LLAGN for a time interval of At,
N, is the Avogadro Number, occ is the charged-current cross section, 7,y is the
optical depth for the neutrino scattering in the Earth, and &, + 8,E, represents the
energy loss rate of muons. We use At=10 yr and the list of LLAGN given by
Ref. 101 (see Ref.?? for the brightest 10 LLAGN in the list). This method can
reproduce the effective area by Ref. 110, For IceCube-Gen2, we use a 1023 times
bigger A, than that for IceCube!!l. The main background of the astrophysical
neutrino is atmospheric background, whose intensity depends on the declination.

We appropriately take into account both conventional and prompt atmospheric
muon neutrinos as well as the attenuation in the Earth®.

Power-law injection models for CRs. The CR spectrum inside the RIAFs can be
obtained by solving the transport equation with a power-law injection term:

d £P . Ne
~—(-—=2N, )=N,  ——2,
dsp < Leool £,,> K t

esc

~Sinj
€ £
\ . P P
NEP_’inj =N, p exp| — : s
pcut p.cut

where &, ¢, is the cutoff energy for the injected protons and N, is the normalization
factor. The injection is normalized such that [¢,N, ;de, = ficptitLpgq is satisfied.

(20)

1)

€peinj
We estimate ¢, ,,, by equating the infall timescale to the acceleration timescale,
tace- We set toce = Haccl1/C, Where 1, is the acceleration efficiency parameter. The
value of 7, is quite uncertain, but #,..>>1 is expected in the RIAFs because

Hacc ~ 1 is achieved only for relativistic shocks or relativistic reconnections (i.e.,
magnetic energy density is higher than the rest mass energy). Here, we tune it so
that our RIAF models can explain IceCube neutrino data. Equation (20) has an
analytic solution:

_ Leool « N /
Nep = ? A dspNsLjnj exp<7g(£p? Ep))v (22)
P
ey de
ey, = [, 65
Je tesc &p

The cooling and loss processes are the same with the stochastic acceleration model.
See Ref. 2 for details.

Data availability
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