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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=

!!!
3

p
, whereCs !

!!!!!!!!!!!!!!!!!!!
kBTp=mp

p
!

c=
!!!!!!!
6R

p
is the sound velocity, and VK !

!!!!!!!!!!!!!!
GM=R

p
!

c=
!!!!!!!
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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Figure 7
Composite SEDs for radio-quiet AGNs binned by Eddington ratio. The SEDs are normalized at 1 µm.
(Adapted from L.C. Ho, in preparation.)

nuclei (Ho 1999b, 2002a; Ho et al. 2000) and a substantial fraction of Seyfert nuclei (Ho & Peng
2001). Defining radio-loudness based on the relative strength of the radio and X-ray emission,
RX ! !L! (5 GHz)/LX, Terashima & Wilson (2003b) also find that LINERs tend to be radio-
loud, here taken to be RX > 10"4.5. Moreover, the degree of radio-loudness scales inversely with
Lbol/LEdd (Ho 2002a; Terashima & Wilson 2003b; Wang, Luo & Ho 2004; Greene, Ho & Ulvestad
2006; Panessa et al. 2007; Sikora, Stawarz & Lasota 2007; L.C. Ho, in preparation; see Figure 10b).

In a parallel development, studies of the low-luminosity, often LINER-like nuclei of FR I radio
galaxies also support the notion that they lack a UV bump. M84 (Bower et al. 2000) and M87
(Sabra et al. 2003) are two familiar examples, but it has been well documented that FR I nuclei
tend to exhibit flat "ox (Donato, Sambruna & Gliozzi 2004; Balmaverde, Capetti & Grandi 2006;
Gliozzi et al. 2008) and steep slopes in the optical (Chiaberge, Capetti & Celotti 1999; Verdoes
Kleijn et al. 2002) and optical-UV (Chiaberge et al. 2002).

Finally, I note that the UV spectral slope can be indirectly constrained from considering the
strength of the He II #4686 line. Although this line is clearly detected in Pictor A (Carswell et al.
1984, Filippenko 1985), its weakness in NGC 1052 prompted Péquignot (1984) to deduce that
the ionizing spectrum must show a sharp cutoff above the He+ ionization limit (54.4 eV). In this
respect, NGC 1052 is quite representative of LINERs in general. He II #4686 was not detected
convincingly in a single case among a sample of 159 LINERs in the entire Palomar survey (Ho,
Filippenko & Sargent 1997a). Starlight contamination surely contributes partly to this, but the line
has also eluded detection in HST spectra (e.g., Ho, Filippenko & Sargent 1996; Nicholson et al.
1998; Barth et al. 2001b; Sabra et al. 2003; Sarzi et al. 2005; Shields et al. 2007), which indicates
that it is truly intrinsically very weak. To a first approximation, the ratio of He II #4686 to H$

reflects the relative intensity of the ionizing continuum between 1 and 4 Ryd. For an ionizing
spectrum f! # !" , case B recombination predicts He II #4686/H$ = 1.99 $ 4" (Penston &
Fosbury 1978). The current observational limits of He II #4686/H$ ! 0.1 thus imply " ! " 2,
qualitatively consistent with the evidence from the SED studies.

Maoz (2007) has offered an alternative viewpoint to the one presented above. Using a sample
of 13 LINERs with variable UV nuclei, he argues that their SEDs do not differ appreciably from
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High-energy particles in hot accretion flows 167

Figure 3. Colormaps in the meridional plane for run A. Left: density on the ! = 0 plane. Center: magnetic energy density, B2/(8" ), on the ! = 0 plane. Right:
Azimuthally averaged V! , !V!"L, on the R # ! plane. The white lines are iso-contours of !V!"L.

Vbul, ! as the background velocity for analyses of the test-particle
simulations in Section 3.2.

Fig. 4 plots the colormaps of the density (upper) and the magnetic
energy (lower) on the equatorial plane. The magnetic fields are
frozen in the differentially rotating fluid elements that fall to the
BH. This creates the spiral structure as seen in the figure. We can
also see that the fluctuation of the density is much smaller than
that of the magnetic field energy density. This implies that the fast
modes are a sub-dominant component in the MRI turbulence.

To clarify the importance of the modes of the MHD waves (fast,
slow, and Alfven), we evaluate the Pearson correlation coefficients
between the fluctuations of the density, #$(R, %,!) = $ # !$"L,
and the magnetic energy, #B2(R, %, !) = B2 # !B2"L. According
to the linear MHD wave theory, the fast mode has a positive
correlation, the slow mode has a negative correlation, and the Alfven
mode has no correlation. We evaluate the correlation coefficients
as a function of R and % , and average over them with weights
associated with the area in the meridional plane. The resulting
coefficients indicate that the density and magnetic energy are weakly
anticorrelated: the value of the coefficient is #0.22 in the disc
region (|cos % ! 0.45|) for run A. The lower resolution runs have
higher coefficients, i.e. the anticorrelations are weaker, but no run
has a positive correlation. Therefore, the fast modes do not play
an important role in this system. This result is natural in the sub-
Alfvenic and sub-sonic turbulence.

Finally, we discuss the azimuthal power spectra of the turbulence
(cf. Sorathia et al. 2012; Suzuki & Inutsuka 2014; see Parkin &
Bicknell 2013 for three-dimensional power spectra). We take the
Fourier transformation in the azimuthal direction,

Xm = 1$
2"

!
X exp(#im!)d!, (13)

where m = k!R (k! is the wavenumber in the ! direction). Then,
we take the average of the power spectrum over the disc region:

Pm =
"

|Xm|2RdRd%"
RdRd%

, (14)

where the integration region is set to be 0.1Rc % R % 0.6Rc and
|cos % | % 0.45. We plot the power spectra, mPm, for the magnetic

Figure 4. Colormaps in the equatorial plane for run A. The upper and lower
panels show the density and the magnetic energy density, respectively.
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light [19]. We adopted the shearing box boundary condition
established by MHD simulations [20].
For the initial condition, a drifting Maxwellian velocity

distribution function was assumed in the local rotating
frame with angular velocity!0!r0". The drift velocity in the
y direction vy!x" was given by vy!x" # r!!r" ! r!0!r0"!
!q!0!r0"x, and the radial velocity vx and the vertical
velocity vz were both zero. In order to save CPU time, we
set up the pair plasma, but the linear behavior of the MRI in
the pair plasma was the same as that of ion-electron
plasmas [19]. A nonrelativistic isotropic plasma pressure
with a high plasma ! # 8"!p$ $ p!"=B2

0 # 1536 was
assumed, where the electron and positron gas pressures
were related to the thermal velocities vt% by
p% # !3=2"m%nv2t%. The initial magnetic field was ori-
ented purely vertical to the accretion disk, i.e.,
~B # !0; 0; B0". The ratio of the cyclotron frequency to
the disk angular velocity was fixed at !c%=!0 # %10,
where !c% # e%B0=m%c. The grid size " was set to
23=2!vt%=!p%", where !p% #

!!!!!!!!!!!!!!!!!!!!!
8"ne2=m%

p
is the pair

plasma frequency. The Alfvén velocity is defined as
VA # B=

!!!!!!!!!!!!!!!
8"m%n

p
, so that the plasma ! is equal to

3v2t%=V
2
A. The parameters used were !VA=!0"=" # 25,

!vt%=!c%"=" # 56.4, VA=c # 6.25 ! 10!3. Nx, Ny, and
Nz are the grid sizes in the x, y, and z directions,
respectively, and we assumed Nx # Nz # Nz # 300 in

this Letter. Lx # Ly # Lz # !Nx""=# # 1.91 is the physi-
cal size normalized by # # 2"VA=!0. The number of
particles per cell was set to Np=cell # 40.
Figure 1 shows the time evolution of the magnetic field

lines (greenish lines) and the structure of the high-density
regions (sandwiched by the reddish curved planes). Color
contours in the background at Y # 1.91 and X # 1.91
show the angular velocity vy in the local rotating frame. In
the early stage at Torbit # !0t=2" # 0.31 in Fig. 1(a), the
magnetic field lines are parallel to the z axis, and the
Keplerian motion or differential motion of vy can be seen as
the color contour at Y # 1.91, where the reddish (bluish)
region corresponds to a positive (negative) toroidal veloc-
ity. As time passes, the vertical magnetic fields start to get
distorted due to the MRI, and they are stretched out in the
toroidal direction because of the Keplerian motion at
Torbit # 6.89 in Fig. 1(b). This stretching motion can
amplify the magnetic field and form two inward- and
outward-flowing streams with a high plasma density and
strong electric current called the channel flow. The reddish
regions sandwiched by two surfaces in Fig. 1(c) show the
high-density channel flow with $ " h$i$ 2%$ where h$i
and %$ are the average density and standard deviation of
density distribution in the simulation domain, respectively.
The amplification of the magnetic field stretched by the

Keplerian motion may be balanced by the magnetic field

FIG. 1 (color online). Time evolution of the magnetorotational instability. Panels (a) and (b) show the magnetic field lines (greenish
lines) and angular velocities in the background at Y # y=# # 1.91 and X # x=# # 1.91 (color contour), and panels (c)–(e) depict the
high-density regions as reddish curved planes. Panels (b) and (c) are at the same time stage. Panel (f): The energy spectra during the MRI
at Torbit # 0.31, 6.89, 7.18, 8.84, and 14.28. The dashed line is a Maxwellian fitting for Torbit # 7.18.
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respectively, and we assumed Nx # Nz # Nz # 300 in

this Letter. Lx # Ly # Lz # !Nx""=# # 1.91 is the physi-
cal size normalized by # # 2"VA=!0. The number of
particles per cell was set to Np=cell # 40.
Figure 1 shows the time evolution of the magnetic field

lines (greenish lines) and the structure of the high-density
regions (sandwiched by the reddish curved planes). Color
contours in the background at Y # 1.91 and X # 1.91
show the angular velocity vy in the local rotating frame. In
the early stage at Torbit # !0t=2" # 0.31 in Fig. 1(a), the
magnetic field lines are parallel to the z axis, and the
Keplerian motion or differential motion of vy can be seen as
the color contour at Y # 1.91, where the reddish (bluish)
region corresponds to a positive (negative) toroidal veloc-
ity. As time passes, the vertical magnetic fields start to get
distorted due to the MRI, and they are stretched out in the
toroidal direction because of the Keplerian motion at
Torbit # 6.89 in Fig. 1(b). This stretching motion can
amplify the magnetic field and form two inward- and
outward-flowing streams with a high plasma density and
strong electric current called the channel flow. The reddish
regions sandwiched by two surfaces in Fig. 1(c) show the
high-density channel flow with $ " h$i$ 2%$ where h$i
and %$ are the average density and standard deviation of
density distribution in the simulation domain, respectively.
The amplification of the magnetic field stretched by the

Keplerian motion may be balanced by the magnetic field

FIG. 1 (color online). Time evolution of the magnetorotational instability. Panels (a) and (b) show the magnetic field lines (greenish
lines) and angular velocities in the background at Y # y=# # 1.91 and X # x=# # 1.91 (color contour), and panels (c)–(e) depict the
high-density regions as reddish curved planes. Panels (b) and (c) are at the same time stage. Panel (f): The energy spectra during the MRI
at Torbit # 0.31, 6.89, 7.18, 8.84, and 14.28. The dashed line is a Maxwellian fitting for Torbit # 7.18.
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Magnetic reconnection and MHD turbulence accelerates CRs
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Although the Lorentz contraction may also affect the length
scale that CRs travel, we ignore its effect for simplicity.

We note that the boundary condition for CRs described
above is different from that for the MHD simulations. The latter
use the Galilean transformation, since the !uid velocity is non-
relativistic, �( � 1 1. We cannot use the Galilean transfor-
mation as the boundary condition for CRs because the velocity
of CRs after the Galilean transformation could exceed the
speed of light, a � � 8 _ � 8 �v v L c L c1.5 1.5y y x xK K .

We set the time step as ( )% � % %t t tmin ,gyro cell , where
( )% �t C E ceBpgyro safe ,0 max and % � %t C x ccell safe . Note that

the velocities of CRs are always almost the speed of light
because we focus on the ultrarelativistic particles. We use the
maximum value of the magnetic "eld in the box Bmax to
estimate %tgyro, and set �C 0.01safe .

3.2. Results

We show the results of the simulations and discuss the
evolution of the distribution function. The parameter sets are
tabulated in Table 2. The letters A, B, and C represent the
different times T of snapshot data, and we use the numbers 1, 2,
and 3 to distinguish between the initial energy �gyro. Group X
will be discussed in Section 4.2. We use � �N 2 32768p

15 CR
particles and calculate their orbits until half of CRs escape from
the system, the times of which are tabulated in Table 2 in units
of the initial gyro-period, Q�t r c2gyro,0 gyro,0 . For all the
models, the CRs randomly gain or lose their energies through
interactions with turbulent "elds, and diffuse in both the
con"guration and momentum spaces.

3.2.1. Lab Frame, Box Frame, and Shear Frame

There are three frames for evaluating the positions and
momenta of CRs. One is the rest frame of the initial box where
the CRs are initially located (lab frame), another is the rest
frame of a box where each CR is located at the evaluation time
(box frame), and the other is the rest frame of the MHD !uid
element in the mean !ow (i.e., the unperturbed !ow) in each
box (shear frame).

Figure 3 shows the evolution of the energy of a CR in the
shear frame (thick solid line) and the box frame (dashed line).
When we measure the energy in the box frame, the CR energy
jumps due to the Lorentz transformation. In Figure 3, we can

see two jumps of energy at _t t240 gyro,0 and _t t243 gyro,0,
which coincide with the CR’s crossing the box boundary
(shown by the dotted lines) in the x direction. The CR position
is represented by the thin solid line. On the other hand, the
energy measured in the shear frame does not have such jumps
but smoothly evolves with time. Since the box boundaries are
not special surfaces in nature, we use the shear frame for
discussing the evolution of CR energy unless otherwise noted.
As mentioned above, we "nd that CRs randomly gain or lose

a small amount of energy through their interaction with
turbulent "elds. A small fraction of CRs continuously gain
(lose) energies, so that they can reach several times higher
(lower) energies than their initial energies. Figure 4 shows the
long-term evolution of the energies of such CRs in the shear
frame. The most energetic CR at �t t400 gyro,0 has about six
times higher energy than the average value. This gradual
change of particle energy implies that there is no “hot spot,”
where CRs gain energy ef"ciently, in the MRI turbulence. Note
that the average energy, shown as the dotted line in Figure 4, is
gradually increasing. This is consistent with the quasi-linear
theory of stochastic acceleration (e.g., Stawarz &
Petrosian 2008).

Table 2
Model Parameters and Physical Quantities

Model T �gyro Cesc H0 tend
a Eta Dx

b Dy
b Dz

b q D0
c A

A1 T20 rot 4 2 q3.4 108 416 50 2.3 17 1.6 2.38 q �1.59 10 4 0.30
A2 T20 rot 1 2 q8.5 107 5628 200 2.4 24 1.6 1.91 q �3.17 10 5 0.25
A3 T20 rot 8 2 q6.8 108 94 40 2.0 16 2.0 2.79 q �5.38 10 4 0.25
B1 T15 rot 4 2 q3.5 108 447 50 2.2 19 1.5 2.38 q �1.50 10 4 0.31
C1 T25 rot 4 2 q3.7 108 438 50 2.2 17 1.6 2.46 q �1.45 10 4 0.28

X1 T20 rot 4 d q3.4 108 d 200 3.1 19 2.0 0.969 q �5.83 10 5 0.54
X2 T20 rot 1 d q8.5 107 d 200 2.5 20 1.5 1.31 q �2.88 10 5 0.46
X3 T20 rot 8 d q6.8 108 d 200 3.5 21 3.0 0.654 q �6.44 10 5 0.58

Notes.
a In unit of tgyro,0.
b In unit of DBohm.
c In unit of Dp.

Figure 3. Evolution of the energy of a CR in the shear frame (thick solid line)
and the box frame (dashed line) for model A1. The thin solid and dotted lines
show the position x of the CR and the box boundary, respectively. The particle
energy jumps in the box frame, while it smoothly changes in the shear frame.
These jumps coincide with the CR’s crossing the box boundaries in the x
direction.
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Figure 3. Colormaps in the meridional plane for run A. Left: density on the ! = 0 plane. Center: magnetic energy density, B2/(8" ), on the ! = 0 plane. Right:
Azimuthally averaged V! , !V!"L, on the R # ! plane. The white lines are iso-contours of !V!"L.

Vbul, ! as the background velocity for analyses of the test-particle
simulations in Section 3.2.

Fig. 4 plots the colormaps of the density (upper) and the magnetic
energy (lower) on the equatorial plane. The magnetic fields are
frozen in the differentially rotating fluid elements that fall to the
BH. This creates the spiral structure as seen in the figure. We can
also see that the fluctuation of the density is much smaller than
that of the magnetic field energy density. This implies that the fast
modes are a sub-dominant component in the MRI turbulence.

To clarify the importance of the modes of the MHD waves (fast,
slow, and Alfven), we evaluate the Pearson correlation coefficients
between the fluctuations of the density, #$(R, %,!) = $ # !$"L,
and the magnetic energy, #B2(R, %, !) = B2 # !B2"L. According
to the linear MHD wave theory, the fast mode has a positive
correlation, the slow mode has a negative correlation, and the Alfven
mode has no correlation. We evaluate the correlation coefficients
as a function of R and % , and average over them with weights
associated with the area in the meridional plane. The resulting
coefficients indicate that the density and magnetic energy are weakly
anticorrelated: the value of the coefficient is #0.22 in the disc
region (|cos % ! 0.45|) for run A. The lower resolution runs have
higher coefficients, i.e. the anticorrelations are weaker, but no run
has a positive correlation. Therefore, the fast modes do not play
an important role in this system. This result is natural in the sub-
Alfvenic and sub-sonic turbulence.

Finally, we discuss the azimuthal power spectra of the turbulence
(cf. Sorathia et al. 2012; Suzuki & Inutsuka 2014; see Parkin &
Bicknell 2013 for three-dimensional power spectra). We take the
Fourier transformation in the azimuthal direction,

Xm = 1$
2"

!
X exp(#im!)d!, (13)

where m = k!R (k! is the wavenumber in the ! direction). Then,
we take the average of the power spectrum over the disc region:

Pm =
"

|Xm|2RdRd%"
RdRd%

, (14)

where the integration region is set to be 0.1Rc % R % 0.6Rc and
|cos % | % 0.45. We plot the power spectra, mPm, for the magnetic

Figure 4. Colormaps in the equatorial plane for run A. The upper and lower
panels show the density and the magnetic energy density, respectively.
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magnetic !eld. The peak of the pdf for the particles at injection is
at a lower value of ! !J Jz p z, ,rms than in 2D, and in general there are
weaker ! !J Jz p z, ,rms wings for both the pdf of all particles and the
pdf of particles experiencing injection. This can be attributed to
the lower levels of intermittency that characterize 3D magnetized
turbulence with respect to its 2D counterpart (e.g., Biskamp 2003).
Nevertheless, about 80% of the particles are injected in regions
with ! ! .J J2z p z, ,rms. On the other hand, only approximately 11%
of the entire population of particles (at the representative time
ct/l!=!2.5) reside at ! ! .J J2z p z, ,rms. Therefore, also in 3D, special
locations of high electric current density are associated with
particle injection.

The spatial locations with ! ! .J J2z z,rms are associated with
current ribbons that are predominantly elongated along the
mean magnetic !eld B0. In Figure 12, we show the morphology
of these regions for two representative planes perpendicular to
B0 (taken at ct/l!=!2.5). These regions are sheet-like structures
with a variety of length scales. We can see that the majority of
the particles undergoing injection, whose location is shown by
the red circles, resides at these current sheets. A large fraction
of these current sheets are active reconnection layers,
fragmenting into plasmoids. A typical example of such
reconnecting current sheets is shown in Figure 13. We can

see four "ux ropes (3D plasmoids) that are formed within the
current sheet (and elongated in the direction of the mean
magnetic !eld), which is the typical signature of fast plasmoid-
mediated reconnection. We will see in the next subsection that
current sheets undergoing fast reconnection are important for
having ef!cient particle injection, as they are capable to
“process” a signi!cant fraction of particles (from the thermal
pool) during their lifetime in the turbulent plasma.

Figure 11. Relation between particle injection and electric current density from
the 3D simulation with !0!=!10, "Brms0/B0!=!1, and L/de0!=!820. Top panel:
time evolution of the Lorentz factor for 10 representative particles selected to
end up in different energy bins at ct/l!=!12 (matching the different colors in
the color bar on the right). Bottom panel: pdf’s of ! !J Jz p z, ,rms experienced by the
high-energy particles at their tinj (red circles) and by all our tracked particles at
ct/l!=!2.5 (blue diamonds). About 80% of the high-energy particles are
injected at regions with ! ! .J J2z p z, ,rms.

Figure 12. Spatial correlation between particle injection and reconnecting
current sheets for the same 3D simulation as in Figure 11. In black, we show
regions of space with strong current density ! ! � §.J J2z z

2 1 2 at ct/l!=!2.5, for
two representative planes of the 3D domain, taken at z/l!=!0.6 (top panel) and
z/l!=!3.4 (bottom panel). The large-scale mean magnetic !eld B0 is in the out-
of-plane direction. The red circles indicate the positions of particles undergoing
injection around this time.
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from QSO

• Luminous objects 
→ Rich observational data  
→ We can use empirical 
relation based on observations

• Opt-UV photons from accretion disk
• X-rays from coronae above thin disk
• Higher Lopt/Lx for higher Lx AGNs
• Softer spectra for higher Lx AGNs
• Free parameters:  

viscous α, plasma β, corona size R
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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=

!!!
3

p
, whereCs !

!!!!!!!!!!!!!!!!!!!
kBTp=mp

p
!

c=
!!!!!!!
6R

p
is the sound velocity, and VK !

!!!!!!!!!!!!!!
GM=R

p
!

c=
!!!!!!!
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
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Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !
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Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
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High accretion rate

• Low-luminosity  
→ Poor observational data  
→ Formulation based on theory

• Thermal electrons in RIAFs emit photons  
through  Synchrotron & Comptonization

• Photon cutoff energy is always around MeV  
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Comparisons  
to X-ray Obs.

• Our model nicely reproduce the 
X-ray datas for nearby objects,  
which allows us to calibrate 
parameters in our RIAF model

• Most of nearby bright 
LLAGNs should be 
detected by future MeV 
satellites, such as e-
ASTROGAM, AMEGO, GRAMS
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3

turbulence. We compute steady state CR spectra by solv-
ing the following Fokker-Planck equation (e.g., [75–78]),

!Fp

!t
=

1

"2p

!

!"p

!

"2pD!p
!Fp

!"p
+

"3p
tp!cool

Fp

"

! Fp

tesc
+ Ḟp,inj,

(1)
where Fp is the CR distribution function, D!p " "2p/tacc
is the di!usion coe"cient in energy space, t!1

p!cool = t!1
pp +

t!1
p" +t!1

BH+t!1
p!syn is the total cooling rate, t

!1
esc = t!1

fall+t!1
di!

is the escape rate, and Ḟp,inj is the injection function
(see Appendix [79]). The stochastic acceleration time is
given by tacc " #(c/VA)

2(R/c)("p/eBR)2!q, where VA

is the Alfvén velocity and # is the inverse of the turbu-
lence strength [80, 81]. We adopt q = 5/3, which is con-
sistent with the recent MHD simulations [56], together
with # = 10. Because the dissipation rate in the coronae
is expected to be proportional to LX , we assume that the
injection function linearly scales as LX . To explain the
ENB, the CR pressure required for LX = 1044 erg s!1

turns out to be # 1% of the thermal pressure, which is
reasonable. We plot "pL!p $ 4$("4p/c

3)FpV(t!1
esc+t!1

p!cool)
in Fig. 2, where V is the volume.
While the CRs are accelerated, they interact with

matter and radiation modeled in the previous section,
and produce secondary particles. Following Ref. [82, 83],
we solve the kinetic equations taking into account elec-
tromagnetic cascades. In this work, secondary injections
by the Bethe-Heitler and p% processes are approx-
imately treated as "2e(dṄ

BH
e /d"e)|!e=(me/mp)!p "

t!1
BH"

2
p(dNCR/d"p), "2e(dṄ

p"
e /d"e)|!e=0.05!p "

(1/3)"2#(dṄ
p"
# /d"#)|!!=0.05!p " (1/8)t!1

p" "
2
p(dNCR/d"p),

and "2"(dṄ
p"
" /d"")|!"=0.1!p " (1/2)t!1

p" "
2
p(dNCR/d"p).

The resulting cascade spectra are broad, being deter-
mined by synchrotron and inverse Compton emission.
In general, stochastic acceleration models naturally

predict reacceleration of secondary pairs populated by
cascades [84]. The critical energy of the pairs, "e,cl, is
consistently determined by the balance between the ac-
celeration time tacc and the electron cooling time te!cool.
We find that whether the secondary reacceleration oc-
curs or not is rather sensitive to B and tacc. For ex-
ample, with & = 3 and q = 1.5, the reaccelerated pairs
can upscatter x-ray photons up to # ("e,cl/mec2)

2
"X %

3.4 MeV ("e,cl/30 MeV)2("X/1 keV), which may form a
gamma-ray tail. However, if "e,cl <# 1 MeV (for & = 1
and q = 5/3), reacceleration is negligible, and small-scale
turbulence is more likely to be dissipated at high Tp [85].

IV. NEUTRINO BACKGROUND AND MEV
GAMMA-RAY CONNECTION

We calculate neutrino and gamma-ray spectra for dif-
ferent source luminosities, and obtain the EGB and ENB
through Eq. (31) of Ref. [91]. We use the x-ray luminos-
ity function d'X/dLX , given by Ref. [14], taking into
account a factor of 2 enhancement by Compton thick
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FIG. 3. EGB and ENB spectra in our RQ AGN core model.
The data are taken from Swift-BAT [86] (green), Nagoya bal-
loon [87] (blue), SMM [88] (purple), COMPTEL [89] (gray),
Fermi-LAT [90] (orange), and IceCube [5] for shower (black)
and upgoing muon track (blue shaded) events. A possible
contribution of reaccelerated pairs is indicated (thin solid).

AGNs. Results are shown in Fig. 3. Our RQ AGN core
model can explain the ENB at # 30 TeV energies if the
CR pressure is # 1% of the thermal pressure.
In the vicinity of SMBHs, high-energy neutrinos

are produced by both pp and p% interactions. The
disk-corona model indicates (T # 1 (see Table 1), which
leads to the e!ective pp optical depth fpp " tesc/tpp "
np()pp*pp)R(c/Vfall) # 2(T (+VK/4000 km s!1)

!1
. Note

that VK is a function ofM (and LX). X-ray photons from
coronae provide target photons for the photomeson pro-
duction, whose e!ective optical depth [8, 92] is fp" ["p] "
tesc/tp" " #p" *̂p"R(c/Vfall)nX("p/"̃p"!X)"X!1 #
0.9LX,44R

!1
15 (+VK/4000 km s!1)

!1
(1 keV/"X)#p"("p/"̃p"!X)"X!1,

where #p" " 2/(1 + #X), *̂p" # 0.7 & 10!28 cm2

is the attenuation cross section, "̄# # 0.3 GeV,
"̃p"!X = 0.5mpc2"̄#/"X % 0.14 PeV ("X/1 keV)!1,
and nX # LX/(4$R2c"X) is used. The total meson
production optical depth is given by fmes = fp" + fpp,
which always exceeds unity in our model.
Importantly, # 10! 100 TeV neutrinos originate from

CRs with # 0.2! 2 PeV. Di!erent from previous studies
explaining the IceCube data [93, 94], disk photons are
irrelevant for the photomeson production because its
threshold energy is "̃p"!th % 3.4 PeV ("disk/10 eV)!1.
However, CRs in the 0.1-1 PeV range should e"ciently
interact with disk photons via the Bethe-Heitler pro-
cess because the characteristic energy is "̃BH!disk =
0.5mpc2"̄BH/"disk % 0.47 PeV ("disk/10 eV)!1, where
"̄BH # 10(2mec2) # 10 MeV [95, 96]. Approximating the
number of disk photons by ndisk # Lbol/(4$R2c"disk),
the Bethe-Heitler e!ective optical depth [97] is
estimated to be fBH " ndisk*̂BHR(c/Vfall) #
20Lbol,45.3R

!1
15 (+VK/4000 km s!1)

!1
(10 eV/"disk),

5

TABLE II. Physical quantities of the RIAF in the nearby LLAGNs. The values of Lp and PCR/Pg are for models A/B/C.
Units are [cm] for R, [cm�3] for np, [G] for B, [MeV] for "�� , and [erg s�1] for Lp.

ID log ṁ logR log np logB log ⌧T ✓e log "�� logLp PCR/Pg

NGC [cm] [cm�3] [G] [MeV] [erg s�1] [%]
4565 -1.78 13.90 9.45 2.81 -0.83 1.09 2.78 41.23/41.05/41.74 10/6/37
3516 -1.55 14.54 9.04 2.61 -0.60 0.93 2.22 42.10/41.92/42.61 8/4/29
4258 -2.08 14.09 8.96 2.57 -1.13 1.39 3.50 41.11/40.94/41.63 12/8/44
3227 -1.62 13.90 9.61 2.89 -0.67 0.96 2.39 41.39/41.21/41.90 9/5/32
4138 -1.67 13.64 9.82 3.00 -0.72 0.99 2.51 41.08/40.90/41.59 9/6/34
3169 -2.13 14.63 8.37 2.27 -1.18 1.47 3.63 41.61/41.43/42.13 12/8/44
4579 -2.07 14.33 8.73 2.45 -1.12 1.39 3.48 41.37/41.19/41.89 12/8/43
3998 -2.68 15.70 6.75 1.46 -1.73 2.25 4.52 42.13/41.95/42.65 14/10/50
3718 -2.08 14.24 8.81 2.49 -1.13 1.39 3.50 41.27/41.09/41.79 12/8/43
4203 -2.48 14.36 8.29 2.23 -1.53 1.84 4.12 40.98/40.81/41.51 14/9/49
4486 -3.02 15.89 6.22 1.20 -2.07 2.74 5.56 41.97/41.80/42.50 15/10/52
3031 -2.89 14.29 7.95 2.06 -1.94 2.30 5.14 40.50/40.33/41.03 15/10/52
5866 -3.54 14.39 7.20 1.69 -2.59 2.85 5.89 39.96/39.82/40.58 16/12/66

TABLE III. Parameters in our models.

Common parameters
↵ � R bol/X ✏rad,sd
0.1 3.2 10 15 0.1

Model dependent parameters and quantities
Parameters ✏p ⇣ q sinj ⌘acc
Model A 3.0⇥10�3 7.5⇥10�3 1.666 - -
Model B 2.0⇥10�3 - - 1.0 1.0⇥ 106

Model C 0.010 - - 2.0 2.0⇥ 105

Ref. [105]):

Rcrit ' 35↵4/3
�1

ṁ
�2/3
�2

. (7)

As long as ṁ . ṁcrit with a fixed value of ↵ & 0.1,
the RIAF consists of collisionless plasma at R . 10RS .
Hence, one may naturally expect non-thermal particle
production there. On the other hand, another accretion
regime with a higher luminosity, such as the standard
disk [79] and the slim disk [141], are made up by colli-
sional plasma because the density and temperature there
are orders of magnitude higher and lower than that in
the RIAF, respectively. Therefore, particle acceleration
is not guaranteed due to the thermalization via Coulomb
collisions.

B. Stochastic acceleration model (A)

In the stochastic acceleration model, protons are ac-
celerated through scatterings with the MHD turbulence.
The proton spectrum is obtained by solving the di↵usion
equation in momentum space (e.g., Ref. [142, 143]):

@Fp

@t
=

1

"2p

@

@"p

 
"
2

pD"p
@Fp

@"p
+

"
3

p

tcool
Fp

!
� Fp

tesc
+ Ḟp,inj,

(8)

FIG. 2. Relationship between the observed X-ray luminos-
ity, LX,obs, and the X-ray luminosity obtained by the model
calculation, LX,calc. The green squares are LLAGNs with
ṁ > 10�3, while the blue circles are those with ṁ < 10�3.
The dotted line represents LX,obs = LX,calc, and cyan band
indicates LX,obs/1.7 < LX,calc < 1.7LX,obs, in which all the
green squares are located.

where Fp is the momentum distribution function
(dN/d"p = 4⇡p2Fp/c), D"p is the di↵usion coe�cient,
tcool is the cooling time, tesc is the escape time, and
Ḟp,inj is the injection term to the stochastic acceleration.
Considering resonant scatterings with Alfven waves, the
di↵usion coe�cient is represented as [144–146]
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TABLE I. Parameters in our models.

Common parameters
↵ � R ⌘rad,sd log(MBH/M�) bol/X X/H↵

0.1 3.16 10 0.1 8.0 15.0 6.0
Model parameters

Parameters ⌘p ⇣ q sinj gacc
Model A 3.0⇥10�3 7.5⇥10�3 1.666 - -
Model B 2.0⇥10�3 - - 1.0 1.0⇥ 106

Model C 0.010 - - 2.0 2.0⇥ 105

In the RIAF, photons are mainly created by the ther-
mal electrons through synchrotron, bremsstrahlung, and
inverse Compton scattering. We calculate the photon
spectrum by the method given in Ref. [26]. The elec-
tron temperature is determined so that the resulting pho-
ton luminosity is equal to the bolometric luminosity es-
timated by ṁ. Assuming that Coulomb collisions are
the dominant heating process for the electrons, we write
relation between ṁ and bolometric luminosity, Lbol, as
Lbol ⇡ ⌘rad,sdṁcritLEdd(ṁ/ṁcrit)2,where ⌘rad ⇠ 0.1 is
the radiation e�ciency for the standard disk [41], and
ṁcrit is the critical mass accretion rate above which
the RIAF no longer exists [28, 42–44]. Here, we set
ṁ ⇡ 3↵2 ' 0.03↵2

�1
according to Ref. [43]. Note that

this treatment is di↵erent from Ref. [26] where Lbol / ṁ

is assumed. Such a treatment may be appropriate if the
electrons are directly heated by the plasma dissipation
process [45–47].

Observationally, the 2–10 keV X-ray luminosity is cor-
related with the bolometric luminosity [48–51]. The bolo-
metric correction factor, bol/X = Lbol/LX,obs, is con-
stant with values around 5 � 20 at the low-luminosity
end. In this paper, we set bol/X = 15 for simplicity. We
provide LX,obs as a primary parameter and convert it to
ṁ using bol/X and the relation between ṁ and Lbol.

For the parameter set in Table I, values of the physi-
cal quantities, including Thomson optical depth, ⌧T , and
electron temperature, ⇥e = kBTe/(mec

2), are given in
Table II, and we show the soft photon spectra in Fig-
ure 1 for various LX . The synchrotron emission gener-
ates a peaky feature in the radio band, and the inverse
Compton scattering e�ciently produces infrared to MeV
photons. Our model is roughly consistent with the X-ray
observations of LLAGNs (see the accompanying paper
for details).

Non-thermal particle spectra.— The protons can be ac-
celerated by magnetohydrodynamic (MHD) turbulence
and/or magnetic reconnection generated by the magne-
torotational instability (MRI; [52, 53]). Since particle
acceleration processes in RIAFs are not established, we
discuss three models here. In model A, we consider the
stochastic acceleration and solve the di↵usion equation

in momentum space [54]:
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where Fp is the momentum distribution function for
protons (dN/d"p = 4⇡p2Fp/c), D"p is the di↵usion
coe�cient, tcool is the cooling time for protons, tesc

is the escape time, and Ḟp,inj is the injection func-
tion. The di↵usion coe�cient can be written as D"p ⇡
⇣�

2

A(c/H)(rL/H)q�2
"
2

p, where �A = B/
p

4⇡mpc
2Np is

the Alfven velocity, H ⇡ R/2 is the scale height, rL =
"p/(eB) is the Larmor radius, ⇣ is the turbulent strength,
and q is the power-law index of the turbulence power
spectrum [55]. We set Ḟp,inj = Ḟ0�("p � "p,inj) with
"p,inj = 1.5mpc

2. Note that the value of "p,inj has no
influence on the resulting spectrum as long as the injec-
tion energy is much lower than the cuto↵ energy. Ḟ0 is
determined so that the condition

R
L"pd"p = ⌘pṁLEdd is

satisfied, where L"p = t
�1

loss
"pdN/d"p is the proton lumi-

nosity, ⌘p is the injection parameter and t
�1

loss
= t

�1

cool
+t

�1

esc

is the total loss rate. We use the Chang-Cooper method
to solve the di↵usion equation [56, 57].
In models B and C, we generalize the accelera-

tion process by a power-law injection term, Ṅ"p,inj =

Ṅ0("p/"p,cut)�sinj exp(�"p/"p,cut), where "cut is the cut-
o↵ energy and Ṅ0 is normalized by

R
"pṄ"p,injd"p =

⌘pṁLEdd. "cut is obtained by equating the infall time,
tfall ⇡ R/VR, and the acceleration time, tacc = gaccrL/c

(gacc is the acceleration parameter). We solve a trans-
port equation of protons that consists of cooling, escape,
and injection terms, which has an analytic steady state
solution [58]:

N"p =
tcool

"p

Z 1

"p

d"pṄ"p,inj exp (�G("p, "p)) , (2)

where G("1, "2) =
R "2
"1

(tcool/tesc)(d"0/"0).We numerically
integrate this solution using the Simpson’s rule with more
than 100 grid points per energy decade to accurately ob-
tain the spectrum.
For all the models, we consider the proton synchrotron,

Bethe-Heitler, photomeson and pp inelastic collision pro-
cesses as the proton cooling mechanism. The calculation
methods for the cooling timescales by these processes are
given in Ref. [59]. In terms of the escape process, we
ignore the di↵usive escape and set tesc ⇡ tfall, because
the high-energy protons tend to move in the azimuthal
direction due to the magnetic field configuration in RI-
AFs [37, 60]. The di↵usive escape time in the vertical
or radial direction can be much longer than the simple
estimate done in the previous literature [26, 55].
Figure 1 shows "pL"p and "

2

pṄ"p,inj for ṁ ⇠ 10�2

and ṁ ⇠ 10�3 with model parameters in Table I. In
Model A, the hard power-law spectrum is achieved by
stochastic acceleration. Although the acceleration time,

• Gyro-resonant wave-particle interactions  
in Kolmogorov-like MHD turbulence

• Escape : Diffusion & advection (to SMBH)
• Coolings:  

i) p+p → p + p (n) + π 
ii) p+γ → p (n) + π,  
iii) p+γ → p + e+ + e- 

iv) proton synchrotron
• Muon & Pion Coolings are negligible

cf.) Dermer et al. 2012, SSK et al. 2015

• Electromagnetic cascades 

 

 

V. CASCADE GAMMA-RAY EMISSION

Hadronuclear and photohadronic processes produce
very-high-energy (VHE) gamma rays through neutral pion
decay and high-energy electron/positron pairs through
charged pion decay and the Bethe-Heitler process. The
VHE gamma rays are absorbed by soft photons through the
!! ! e!e! process in the RIAF, and produce additional
high-energy electron/positron pairs. The high-energy e!e!

pairs also emit gamma-rays through synchrotron processes,
inverse Compton scattering, and bremsstrahlung, leading to
electromagnetic cascades. We calculate the cascade emis-
sion by solving the kinetic equations of photons and
electron/positron pairs (see Refs. [87,159,160]):
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where ni"i is the differential number density (i & e or !),

_n#xx$"i is the particle source term from the process xx
[xx & IC (inverse Compton scattering), !! (!! pair pro-
duction), syn (synchrotron), or ff (bremsstrahlung)], _Ninj

"i is
the injection term from the hadronic interaction, and Pyy 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)].1

Here, we approximately treat the injection terms of
photons and pairs from hadronic interactions. The injection
terms for photons and pairs consist of the sum of the
relevant processes: _ninj"! & _n#p!$"! ! _n#pp$"! and _ninj"e & _n#BH$"e !
_n#p!$"e ! _n#pp$"e . We approximate the terms due to Bethe-
Heitler and p! processes to be
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where "! " 0.1"p and "e " 0.05"p for photomeson produc-
tion, and "e " #me=mp$"p for the Bethe-Heitler process.
For the injection terms from pp interactions, see Ref. [160].

We plot proton-induced cascade gamma-ray spectra in
Fig. 3. A sufficiently developed cascade emission generates
a flat spectrum below the critical energy at which !!
attenuation becomes ineffective. The optical depth to the
electron-positron pair production is estimated to be

$!!#"!$ " R
Z

K#x$
dn!
d"!

d"!; #36$

where "! is the gamma-ray energy, K#x$ & 0.652%T !
#x ! x"2$ ln#x$H#x ! 1$, x & "!"!=#mec2$, and H#x$ is
the Heaviside step function [161]. We tabulate the values
of the critical energy, "!! , at which $!! & 1 in Table II. We
can see flat spectra below the critical energy. Note that the
tabulated values are approximately calculated using a
fitting formula, while the cascade calculations are per-
formed with the exact cross section. We overplot the Fermi-
LAT sensitivity curve in the high galactic latitude region
with a 10-year exposure obtained from Ref. [126]. The
predicted fluxes are lower than the sensitivity curve for all
the cases. The Cherenkov Telescope Array (CTA) has a
better sensitivity above 30 GeV than LAT, but the cascade
gamma-ray flux is considerably suppressed in the VHE
range due to the !! attenuation. For a lower- _m object that
has a higher value of "!!, such as NGC 5866, the cascade
flux is too low to be detected by CTA. Therefore, it would
be challenging to detect the cascade gamma rays with
current and near-future instruments, except for Sgr A*.
SgrA*has two distinct emission phases: the quiescent and

flaring states (see Ref. [162] for a review). The x-ray
emission from the quiescent state of Sgr A* is spatially
extended to #1”, which corresponds to 105RS for a black
hole of 4 ! 106 M$ [163]. Hence, our model is not appli-
cable to the quiescent state. On the other hand, the flaring
state of Sgr A* shows a 10–300 times higher flux than the
quiescent state with a time variability of #1 h [164]. This
variability time scale implies that the emission region should
be #102RS. However, the value of _m for the brightest flare
estimated by Eq. (3) is less than 10!4. Since our model is not
applicable to such a low-accretion-rate system (see Sec. II),
we avoid discussing it in detail. A detailed estimate should be
made in the future (see Ref. [165] for a related discussion).

VI. SUMMARY

We have investigated high-energy multimessenger
emissions, including the MeV gamma-rays, high-energy
gamma-rays, and neutrinos, from nearby individual
LLAGNs, focusing on their multimessenger detection pros-
pects. We have refined the RIAF model of LLAGNs,
referring to recent simulation results. Our one-zone model
is roughly consistent with the observed x-ray features,
such as an anticorrelation between the Eddington ratio
and the spectral index. RIAFs with _m$ 0.01 emit
strong MeV gamma rays through Comptonization, which

1We calculate the cascade spectra using spherical coordinates,
while the other calculations are made in cylindrical coordinates.
The effect of geometry have little influence on our result.
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where ni"i is the differential number density (i & e or !),

_n#xx$"i is the particle source term from the process xx
[xx & IC (inverse Compton scattering), !! (!! pair pro-
duction), syn (synchrotron), or ff (bremsstrahlung)], _Ninj

"i is
the injection term from the hadronic interaction, and Pyy is
the energy loss rate for the electrons from the process yy
[yy & IC (inverse Compton scattering), syn (synchrotron),
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where "! " 0.1"p and "e " 0.05"p for photomeson produc-
tion, and "e " #me=mp$"p for the Bethe-Heitler process.
For the injection terms from pp interactions, see Ref. [160].

We plot proton-induced cascade gamma-ray spectra in
Fig. 3. A sufficiently developed cascade emission generates
a flat spectrum below the critical energy at which !!
attenuation becomes ineffective. The optical depth to the
electron-positron pair production is estimated to be
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with a 10-year exposure obtained from Ref. [126]. The
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flux is too low to be detected by CTA. Therefore, it would
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current and near-future instruments, except for Sgr A*.
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state of Sgr A* shows a 10–300 times higher flux than the
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be #102RS. However, the value of _m for the brightest flare
estimated by Eq. (3) is less than 10!4. Since our model is not
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we avoid discussing it in detail. A detailed estimate should be
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VI. SUMMARY

We have investigated high-energy multimessenger
emissions, including the MeV gamma-rays, high-energy
gamma-rays, and neutrinos, from nearby individual
LLAGNs, focusing on their multimessenger detection pros-
pects. We have refined the RIAF model of LLAGNs,
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state of Sgr A* shows a 10–300 times higher flux than the
quiescent state with a time variability of #1 h [164]. This
variability time scale implies that the emission region should
be #102RS. However, the value of _m for the brightest flare
estimated by Eq. (3) is less than 10!4. Since our model is not
applicable to such a low-accretion-rate system (see Sec. II),
we avoid discussing it in detail. A detailed estimate should be
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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=

!!!
3

p
, whereCs !

!!!!!!!!!!!!!!!!!!!
kBTp=mp

p
!

c=
!!!!!!!
6R

p
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is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=
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is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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Figure 2: Gamma-ray and all-flavor neutrino background intensities. Data points are pro-
vided by Swift-BAT

86 (brown-circle), SMM111 (brown-triangle), Nagoya-baloon112 (purple-star),
COMPTEL2 (purple-square), Fermi-LAT

3 (black-plus), and IceCube4, 113 (lightgrey and magenta
regions). Top: Background intensities for photons by thermal electrons (red), neutrinos by CR
protons (blue), and gamma-rays by proton-induced electromagnetic cascades (green). The thick,
thin-dotted, and thin-solid lines are contributions from RIAFs in LLAGN (this work), coronae in
luminous AGN11, and sum of these, respectively. Thick-dashed and thick-dotted lines are drawn
with the luminosity functions of Refs.30, 32, respectively. The yellow vertical bands represent the
energy bands where LLAGN provides the dominant contribution. The Fermi data should be repro-
duced by another source class, such as radio-loud AGN 6, 96, 114. Bottom: Soft gamma-ray (left) and
neutrino (right) intensities from relatively luminous (dotted) and faint (dashed) LLAGN.
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TABLE II. Resulting physical quantities for various values of X-ray luminosity. The last two column shows the values for
models A/B/C

logLX,obs logLX,calc log ṁ logNp B ⌧T ⇥e logE�� logLp PCR/Pthrml

[erg s�1] [erg s�1] [cm�3] [G] [MeV] [erg s�1] [%]
38.78 38.29 -3.33 7.33 56.24 -2.38 2.75 5.58 40.24/40.07/40.8 15.8/10.7/56.1
39.68 39.73 -2.88 7.78 94.73 -1.93 2.32 5.16 40.70/40.52/41.2 15.3/10.2/51.6
40.59 40.83 -2.43 8.23 159.56 -1.48 1.79 4.04 41.15/40.97/41.7 13.9/9.3/48.4
41.50 41.64 -1.98 8.68 268.77 -1.02 1.30 3.25 41.60/41.43/42.1 11.3/7.2/41.1
42.40 42.47 -1.52 9.14 452.72 -0.57 0.91 2.14 42.05/41.88/42.6 7.7/4.1/28.6

tacc = "
2

p/D"p , is longer than tfall for "p > 1.5⇥ 104 GeV
for ṁ ⇠ 10�2 and for "p > 5.1⇥ 103 GeV for ṁ ⇠ 10�3,
the cuto↵ energy in the proton spectrum appears at a
much higher energy due to its hard spectral index and
gradual cuto↵ [cf., 26, 61]. For models B and C, the
resulting proton luminosity is almost identical to the in-
jection spectrum, because the infall dominates over the
other loss processes in all the energy range.

The pp inelastic collisions and photomeson interactions
produce pions which decay to neutrinos. We calculate the
neutrino spectrum from pp collisions using the formalism
given by Ref. [62]. For the neutrinos by p� interac-
tion, we use a semi-analytic prescription given in Ref.
[59, 63]. Owing to the moderate magnetic field strength
and plasma density, we can ignore the e↵ect of meson
cooling, as long as we focus on sub-PeV neutrinos. Then,
the neutrino flavor ratio is (⌫e, ⌫µ, ⌫⌧ ) = (1, 2, 0) at
the source and (1, 1, 1) on Earth, due to the neutrino os-
cillation during propagation. The hadronic interactions
also produce gamma rays and electron/positron pairs,
which initiate electromagnetic cascades. We calculate
the cascade emission by solving the kinetic equations of
electron/positron pairs and photons. We approximately
treat the pair injection processes by Bethe-heitler pro-
cess and photomeson production. See the accompanying
paper and Refs. [64, 65] for details.

The resulting neutrino and gamma-ray spectra are
shown in Figure 1. For the higher accretion rate case,
the pp and p� interactions produce comparable amounts
of neutrinos at "⌫ >⇠ 1014 eV. The cascade photons show
a flat spectrum below ⇠ 109 eV, often seen in well-
developed cascades [66]. On the other hand, in the lower
accretion rate case, the neutrinos are predominantly pro-
duced by pp collisions. The cascade spectrum depends on
the models; Models A and B show a high-energy cuto↵
around 109 eV, while the spectrum extends up to 1011 eV
for model C. The normalization of the cascade emission
is the highest in model C due to its higher cosmic-ray
luminosity (see Table II).

Di↵use Intensities.— The di↵use neutrino and
gamma-ray intensities are calculated as (e.g., Refs. [18,

26, 67])

�i =
c

4⇡H0

Z
dzp

(1 + z)3⌦m + ⌦⇤

Z
dLH↵⇢H↵

L"i

"i
e
�⌧i,IGM ,

(3)
where ⇢H↵ is the H↵ luminosity function, ⌧i,IGM is
the optical depth in intergalactic medium, and we use
H0 ⇠ 70 km s�1 Mpc�1, ⌦M ⇠ 0.3, and ⌦⇤ ⇠ 0.7.
H↵ luminosity function is given by Ref. [68]: ⇢H↵ ⇡
(⇢⇤/L⇤)/[(LH↵/L⇤)s1 + (LH↵/L⇤)s2 ], where ⇢⇤ ' 4.11 ⇥
10�5 Mpc�3, L⇤ = 3.26 ⇥ 1041 erg s�1, s1 = 2.78,
and s2 = 1.88. We extrapolate this luminosity func-
tion to Lmin = 1038 erg s�1, below which the Palo-
mar survey finds a hint of a flattening [69]. The sur-
vey also indicates a correlation between LX and LH↵ for
LLAGNs: LX ⇡ 5 � 7LH↵ [69]. We use a correction
factor X/H↵ = LX/LH↵ = 6.0. Then, the luminosity
integration is performed in the range of 1038 erg s�1 
LH↵  ⌘radṁLEdd/(X/H↵bol/X) ' 4.2 ⇥ 1041 erg s�1.
Since dimmer AGNs tend to have weaker redshift evolu-
tion [70–72], we assume no redshift evolution of the lu-
minosity function. The mass of SMBHs in local Seyfert
galaxies does not show any correlation with X-ray lu-
minosity and H↵ luminosity [73]. Ref. [74] provides a
sample of LLAGNs, and the average and median values
of log(MBH/M�) are 8.0 and 8.1, respectively. Also, the
local SMBH mass functions in the previous studies show
that the energy budget is dominated by the black holes
of M ⇠ 108�3⇥108 M� if the Eddington ratio function
is independent of the SMBH mass [48, 71, 75]. Hence,
we use MBH = 108 M� as a reference value. We use
⌧⌫,IGM = 0 and the values in Ref. [76] for ⌧�,IGM.
Figure 2 shows the resulting gamma-ray and neutrino

intensities. Our model can reproduce the soft gamma-
ray and neutrino data simultaneously. The soft gamma
rays are produced by the thermal electrons, while non-
thermal protons produce the high-energy neutrinos. We
tabulate the required amount of cosmic-ray luminosity
and pressure ratio of cosmic rays and thermal protons
in Table II. The pressure ratio is moderate, ⇠ 0.1, in
models A and B, while model C requires a higher value,
⇠ 0.5, which is challenging to achieve through stochastic
acceleration.
The GeV flux is considerably attenuated in the RIAF

and consistent with the Fermi data, demonstrating that

• Luminous AGNs can account for X-ray and 
10 TeV neutrino backgrounds

• LLAGN can explain PeV ν and  
MeV γ backgrounds

• GeV γs are attenuated inside accretion 
flows → well below the Fermi data

• PCR ~ 0.01Pth → reasonable in the sense 
that CR energy < Magnetic energy 

• AGN cores can account for a 
broad range of γ & ν bkgd
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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=

!!!
3

p
, whereCs !

!!!!!!!!!!!!!!!!!!!
kBTp=mp

p
!

c=
!!!!!!!
6R

p
is the sound velocity, and VK !

!!!!!!!!!!!!!!
GM=R

p
!

c=
!!!!!!!
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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• M77 (NGC 1068)

• Possible to explain IceCube data 
without overshooting γ-ray data

• γ to ν flux ratio is fixed by observed spectrum 
→ We can robustly test our model by 
future experiments

where !p" ! 2=!1" !X#, #̂p" " 0.7 ! 10#28 cm2 is
the attenuation p" cross section, $̄" " 0.3 GeV,
$̃p"#X $ 0.5mpc2$̄"=$X $ 0.14 PeV!$X=1 keV##1, and
nX " LX=!2%R2c$X# is used. The total meson production
optical depth is given by fmes $ fp" " fpp, which always
exceeds unity in our model. Note that the spectrum of p"
neutrinos should be hard at low energies, because only
sufficiently high-energy protons can produce pions via p"
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 $̃p"-th $ 3.4 PeV!$disk=
10 eV##1. Rather, CR protons responsible for the
medium-energy neutrinos should efficiently interact via
the Bethe-Heitler process because the characteristic energy
is $̃BH-disk ! 0.5mpc2$̄BH=$disk $ 0.47 PeV!$disk=10 eV##1,
where $̄BH " 10!2mec2# " 10 MeV [89–91]. With the
disk photon density ndisk " Ldisk=!2%R2c$disk# for &T ! 1,
the effective Bethe-Heitler optical depth (with
#̂BH " 0.8 ! 10#30 cm2) is

fBH ! ndisk#̂BHR!c=Vfall#
" 40Ldisk;45.3'#1#1!R=30##1=2R#1

S;13.5!10 eV=$disk#; !3#

which is much larger than fp". 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 "fmes=fBH, predicting the tight
relationship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
(#("10#7 GeVcm#2s#1sr#1

!
2K
1"K

"
R#1

p

!
)z
3

"

!
!

15fmes

1"fBH"fmes

"!
)CR;-1LX*X

2!1046 ergMpc#3yr#1

"
; !4#

which is indeed consistent with the numerical results shown
in Fig. 3. Here K $ 1 and K $ 2 for p" and pp inter-
actions, respectively, )z " 3 due to the redshift evolution of
the AGN luminosity density [107,108], Rp is the con-
version factor from bolometric to differential luminosities,
and )CR is the CR loading parameter defined against the
x-ray luminosity, where PCR=Pth " 0.01 corresponds to
)CR " 0.1 in our model. The ENB and EGB are dominated
by AGN with LX " 1044ergs#1 [16], for which the effective
local number density is *X " 5 ! 10#6Mpc#3 [108].
The pp, p" 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 "10–30% 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, $e;cl, is determined by the balance between the
acceleration time tacc and the electron cooling time te-cool
(see Supplemental Material [68] and Refs. [109,110]). We
find that the condition for the reacceleration is rather
sensitive to B and tacc. For example, with + $ 3 and
q $ 1.5, the reaccelerated pairs can upscatter x-ray
photons up to "!$e;cl=mec2#2$X $ 3.4 MeV!$e;cl=
30 MeV#2!$X=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.—Our 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 $#2e 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 "" ! e"e#. In reality, both synchrotron
and inverse Compton processes can be important. The
characteristic energy of synchrotron emission from Bethe-
Heitler pairs is $BHsyn " 1 MeVB2.5!$p=0.5 PeV#2 [91].
Because disk photons lie in the "1–10 eV range, the
Klein-Nishina effect is important for the Bethe-Heitler
pairs. Synchrotron cascades occur if the photon
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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 106 s is assumed. Solid thick (thin) curves are for
! $ 10 and PCR=Pth $ 0.7% (! $ 70 and PCR=Pth $ 30%),
respectively. For comparison, a neutrino flux in the starburst
scenario of Murase and Waxman [108] is overlaid.
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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 Qx ! Q ! 10x 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, !Edd ! Lbol=LEdd, where Lbol and LEdd "
1.26 ! 1045 erg s#1"M=107 M$# are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ! 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(!X) and the cutoff energy ("X;cut) can also be estimated
from !Edd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ! "0.01 # 0.1#Lbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M " 2.0 !
107 M$"LX=1.16 ! 1043 erg s#1#0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

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 np and coronal

magnetic field strength B. Let us consider a corona with
the radius R!RRS and the scale height H, where R is
the normalized coronal radius and RS ! 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np " #T="$TH#, where #T is the Thomson
optical depth that is typically !0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H""Cs=VK#RRS!RRS=

!!!
3

p
, whereCs !

!!!!!!!!!!!!!!!!!!!
kBTp=mp

p
!

c=
!!!!!!!
6R

p
is the sound velocity, and VK !

!!!!!!!!!!!!!!
GM=R

p
!

c=
!!!!!!!
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te " "X;cut="2kB#, and #T is empirically determined from
!X and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ! GMmp="3RRSkB# ! mpc2=
"6RkB#, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B !

!!!!!!!!!!!!!!!!!!!!!!!!!
8%npkBTp=&

p
with plasma beta (&).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, &, ') 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 & in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume & " 1–3 and ' ! 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

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.

FIG. 2. Disk-corona SEDs used in this work, for LX ! 1042,
1043, 1044, 1045, and 1046 erg s#1 (from bottom to top). See text
for details.
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• Accretion flows in AGNs are feasible neutrino & gamma-ray sources 
- Coronae in Seyfert galaxies can reproduce X-ray & 10-100 TeV ν backgrounds  
- RIAFs in LLAGNs can explain MeV γ & PeV ν backgrounds 
→ Combining these two, AGN accretion flows can explain  
      a wide energy range of γ & ν backgrounds

• Future multi-messenger observations can robustly test our models: 
- IceCube-Gen2 can detect AGNs as point sources 
- Proposed MeV satellites can detect MeV γ rays from AGNs

where !p" ! 2=!1" !X#, #̂p" " 0.7 ! 10#28 cm2 is
the attenuation p" cross section, $̄" " 0.3 GeV,
$̃p"#X $ 0.5mpc2$̄"=$X $ 0.14 PeV!$X=1 keV##1, and
nX " LX=!2%R2c$X# is used. The total meson production
optical depth is given by fmes $ fp" " fpp, which always
exceeds unity in our model. Note that the spectrum of p"
neutrinos should be hard at low energies, because only
sufficiently high-energy protons can produce pions via p"
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 $̃p"-th $ 3.4 PeV!$disk=
10 eV##1. Rather, CR protons responsible for the
medium-energy neutrinos should efficiently interact via
the Bethe-Heitler process because the characteristic energy
is $̃BH-disk ! 0.5mpc2$̄BH=$disk $ 0.47 PeV!$disk=10 eV##1,
where $̄BH " 10!2mec2# " 10 MeV [89–91]. With the
disk photon density ndisk " Ldisk=!2%R2c$disk# for &T ! 1,
the effective Bethe-Heitler optical depth (with
#̂BH " 0.8 ! 10#30 cm2) is

fBH ! ndisk#̂BHR!c=Vfall#
" 40Ldisk;45.3'#1#1!R=30##1=2R#1

S;13.5!10 eV=$disk#; !3#

which is much larger than fp". 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 "fmes=fBH, predicting the tight
relationship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
(#("10#7 GeVcm#2s#1sr#1

!
2K
1"K

"
R#1

p

!
)z
3

"

!
!

15fmes

1"fBH"fmes

"!
)CR;-1LX*X

2!1046 ergMpc#3yr#1

"
; !4#

which is indeed consistent with the numerical results shown
in Fig. 3. Here K $ 1 and K $ 2 for p" and pp inter-
actions, respectively, )z " 3 due to the redshift evolution of
the AGN luminosity density [107,108], Rp is the con-
version factor from bolometric to differential luminosities,
and )CR is the CR loading parameter defined against the
x-ray luminosity, where PCR=Pth " 0.01 corresponds to
)CR " 0.1 in our model. The ENB and EGB are dominated
by AGN with LX " 1044ergs#1 [16], for which the effective
local number density is *X " 5 ! 10#6Mpc#3 [108].
The pp, p" 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 "10–30% 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, $e;cl, is determined by the balance between the
acceleration time tacc and the electron cooling time te-cool
(see Supplemental Material [68] and Refs. [109,110]). We
find that the condition for the reacceleration is rather
sensitive to B and tacc. For example, with + $ 3 and
q $ 1.5, the reaccelerated pairs can upscatter x-ray
photons up to "!$e;cl=mec2#2$X $ 3.4 MeV!$e;cl=
30 MeV#2!$X=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.—Our 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 $#2e 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 "" ! e"e#. In reality, both synchrotron
and inverse Compton processes can be important. The
characteristic energy of synchrotron emission from Bethe-
Heitler pairs is $BHsyn " 1 MeVB2.5!$p=0.5 PeV#2 [91].
Because disk photons lie in the "1–10 eV range, the
Klein-Nishina effect is important for the Bethe-Heitler
pairs. Synchrotron cascades occur if the photon
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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 106 s is assumed. Solid thick (thin) curves are for
! $ 10 and PCR=Pth $ 0.7% (! $ 70 and PCR=Pth $ 30%),
respectively. For comparison, a neutrino flux in the starburst
scenario of Murase and Waxman [108] is overlaid.
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