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宇宙線のエネルギーと到来個数

天文学辞典

宇宙線：宇宙を満たす高エネルギー荷電粒子

1912年　宇宙線発見

• 最高エネルギーの 
宇宙線1グラム 
→ 生物大量絶滅！
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人類の到達した 
最高エネルギー 

（LHC@CERN）

起源天体と生成機構は100年来の
大問題 

極限環境での物理現象を探究
1936年 
ノーベル物理学賞

ヘスの気球実験



従来の研究
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高エネルギーニュートリノ生成過程
• pp 非弾性散乱
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• p+p → p+p+π
• π±→ 3ν+e
• π0→2γ

• p+γ → p+π
• π→ 3ν+e
• π0→2γ

原子核、または光子と相互作用してニュートリノ生成 
ニュートリノと同時に同量のガンマ線が生成される
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ニュートリノ観測
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• 南極に建造された 

~ 1 km3 の巨大検出器
• ニュートリノと氷原子核 

の衝突で生じる光を検出



天体ニュートリノの検出

• 2013年： 

天体ニュートリノ検出の報告
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•  energy 
 
    1,041 TeV 
    1,141 TeV 
 
    (15% resolution) 
 
•  not atmospheric 
    at 3σ
     
•  no muons from 
    accompanying  
    atmospheric shower 
 
•  look for more  

• 空の全ての方向から一様に到来 

→ 宇宙ニュートリノ背景放射

IceCube 2013 PRL
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Arrival directions of most energetic neutrino events
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.

5

IceCube-Gen2 2020



宇宙ニュートリノ背景放射スペクトル
10

IceCube 2020
• 天体ニュートリノ事象の 
エネルギー & 検出数 
→ スペクトルの構築

• 低いエネルギーのニュートリノが 
多く地球に届いている

• 起源天体は新たな大問題
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ニュートリノ天体同定の困難 12

理論予言による 
サポートが必須

• 光学望遠鏡の視力 
~ 300 (すばる望遠鏡)

ニュートリノ望遠鏡
の分解能

可視光で見た夜空

• ニュートリノ望遠鏡の視力 
~ 0.02 (強度近視)

• ニュートリノ事象の到来方向
を可視光で見ると多数の天体

1度
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Waxman & Bahcall 1997
Dermer & Atoyan 2003
Guetta et al. 2004

Manheim & Biermann 1989
Halzen & Zas 1997

IceCube以前の理論モデル
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Fig. 20. Sample lightcurves of GRBs.
Source: [5].

Fig. 23 gives an example of GRB 990123 whose time integrated spectrum is well fit by the Band function [432].
The Ep distribution of GRBs iswide.While bright BATSEGRBs (a sample of 156 burstswith 5500 spectra) have Ep clustered

around 200–300 keV range [433], lower Ep bursts are found by softer detectors such as HETE-2 and Swift. The distribution
of Ep seems to form a continuum from several keV to the MeV range, e.g. [434]. From hard to soft, bursts are sometimes
also vaguely classified as gamma-ray bursts (GRBs, Ep > 50 keV), X-ray rich GRBs (XRGRBs, 30 keV < Ep < 50 keV), and
X-ray flashes (XRFs, Ep < 30 keV), with no clear boundaries in between [435]. For the bright BATSE sample, the two spectral
indices have a distribution of ↵ ⇠ �1 ± 1 and � ⇠ �2+1

�2 [433]. Such a distribution is also confirmed for the Fermi and
INTEGRAL bursts [103,436,434].

Spectra for some GRBs can be fitted with a cutoff power-law spectrum, in the form

N(E) = A
✓

E
100 keV

◆��̂

exp
✓

�
E
Ec

◆
(100)

This is essentially the first portion of the Band-function, with ↵ replaced by ��̂ (�̂ is positive). This function has been used
to fit the prompt spectrum of many HETE-2, Swift, and GBM GRBs [437,411,413]. However, this is mainly due to the narrow
bandpass of the detectors, so that the high energy photon index � of the Band-function is not well-constrained. In fact,
in most cases when a Swift burst was co-detected by another detector with high-energy band coverage (e.g. Konus-Wind,
Fermi-GBM), the global spectrum can be still fit by a Band function.
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•宇宙で最も明るい爆発現象
•特異な重い星が最期にブラックホールを形成 

→ 相対論的ジェット形成
•相対論的ジェットで宇宙線加速

Waxman & Bahcall 1997
Dermer & Atoyan 2003
Guetta et al. 2004

IceCube以前の理論モデルI: ガンマ線バースト
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Manheim & Biermann 1989
Halzen & Zas 1997

IceCube以前の理論モデル2: ブレーザーThe Astrophysical Journal, 736:131 (22pp), 2011 August 1 Abdo et al.
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p1 2.2 2.2
Medium-energy electron spectral index p2 2.7 2.7
High-energy electron spectral index p3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is #0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 # 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M% to 9×108 M% (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p1, and found that, for the SSC model fit with tvar = 1 day

16

ジェット天体からの 
電磁波スペクトル

Fermi 2011
p
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γ

•宇宙で最も明るい定常天体
•超大質量ブラックホール（太陽の1億倍の質量）の重力エネルギーを変換
•相対論的ジェットで宇宙線加速
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IceCube以前の理論モデル
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•ガンマ線バースト •ブレーザー

• 非常に明るいガンマ線放射 —> 宇宙線電子の存在
• 陽子が同時に加速されていれば、pγ反応でニュートリノ生成



スタッキング解析

• 1000以上のGRBデータで解析  
→ 大気雑音と整合的なデータ 
→  GRBの寄与は1 %以下

17

published searches, these models are expected to yield 6.51,
11.02, and 0.25 neutrino events, respectively. Though a
number of events have been found temporally coincident with
GRBs, none haveappeared to beparticularly compelling
signals and they have occurred at a rate consistent with
background.

Having found results consistent with background, limits can
be placed on neutrino production models in GRBs. These
amount to calculating the Neyman upper limit(Neyman 1937)
on the flux normalization of these models by determining the
fraction of Monte Carlo pseudo-experiments in which such a
model would yield a test statistic at least as extreme as that
observed. For example, a model can be excluded at the 90%
confidence level (CL) should it result in 90% of pseudo-
experiments with obs, ,. . Limits calculated account for
systematic uncertainties in the ice model, DOM efficiency, and
interaction cross sections, which translate to a 10%–20%
uncertainty in model limits. The effect of these systematic

uncertainties in calculated model limits is determined in a
model-dependent way, as their effect is found to be much more
pronounced at low energy than at high energy.
Constraints were first determined for a generic double

broken power-law neutrino flux of the form
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as a function of first break energy be and quasi-diffuse spectral
normalization 0F . These limits are presented in Figure 8 as
excluded regions in this parameter space. Two models of
neutrino production in GRBs where GRBs are assumed to be
the sole origin of the measured UHECR flux are provided in
this parameter space: the neutron escape model of Ahlers et al.
(2011) and the proton escape model of Waxman & Bahcall
(1997), which has been updated with recent measurements of
the UHECR flux(Katz et al. 2009). Both models are excluded
at over 90% confidence level (CL) with most of the model
assumption phase space excluded at over the 99% CL. A
thorough reconsideration of whether GRBs can be the sources
of UHECRs from Baerwald et al. (2015) shows that the internal
shock fireball model is still plausible if cosmic-ray protons can
efficiently escape the fireball with a low pion-production
efficiency for a range of fp and Γ, which predict neutrino fluxes
below the current limits.
Similar constraints were calculated for simple power-law

spectra consistent with IceCube’s observed astrophysical
neutrino flux (Aartsen et al. 2014c, 2015b, 2015c, 2016c),
concluding that 0.4%1 of the astrophysical neutrino flux can
be the result of a GRB prompt, quasi-diffuse flux assuming no
spectral breaks. This constraint is weakened to a 1%1
contribution should there be a low-energy spectral break in
the astrophysical neutrino flux below 100 TeV.
We also calculated limits for the numerical models of

neutrino production in GRBs, where the expected measurable
neutrino fluence is determined from the per-GRB γ-ray
spectrum parameters. First, upper limits (90% CL) are
calculated for the internal shock fireball, photospheric fireball,
and ICMART models using benchmark parameters of the
fireball baryonic loading fp=10 and bulk Lorentz factor

Figure 6. Energy PDFs and signal-to-background ratios for the northern hemisphere (left) and southern hemisphere (right) nm track analyses. Left vertical
axis:reconstructed muon energy PDFs of background off-time data (black points) and E 2- nm signal simulation (blue line); simulated background used for PDF
extrapolation is provided in the northern track analysis (green line). Right vertical axis: per-bin PDF ratios (red points) and spline fit (red line).

Figure 7. Differential median sensitivity of the northern hemisphere track, all-
sky cascade(Aartsen et al. 2016a), and southern hemisphere track stacked
GRB analyses to a per-flavor E 2- ν quasi-diffuse flux in half-decadal ν energy
bins, with the final combined analysis shown in the black line. Integrated
sensitivities are shown as dashed lines over the expected 90% energy central
interval in detected neutrinos for a given analysis. The IceCube measured 68%
CL astrophysical per-flavor neutrino flux band is given for reference from a
global fit of IceCube analyses(Aartsen et al. 2015a) and a recent six-year
northern hemispheres nm track analysis (light blue, Aartsen et al. 2016c).
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IceCube 2012, 2015, 2017

5.4. The Maximal Contribution to the Diffuse
Astrophysical Flux

Astrophysical neutrino flux is observed between 10 TeV and
2 PeV (Aartsen et al. 2015b). Its spectrum has been found to be
compatible with a single power law and a spectral index of
−2.5 over most of this energy range. Accordingly, we use a
power law with the same spectral index and a minimum
neutrino energy of 10 TeV for the signal injected into the
simulated skymaps when calculating the upper limit for a direct
comparison. Figure 5 shows the flux upper limit for an -E 2.5

power-law spectrum starting at 10 TeV for both weighting
schemes in comparison to the most recent global fit of the
astrophysical diffuse neutrino flux, assuming an equal
composition of flavors arriving on Earth.
The equal-weighting upper limit results in a maximal 19%–

27% contribution of the total 2LAC blazar sample to the
observed best-fit value of the astrophysical neutrino flux,
including systematic uncertainties. This limit is independent of
the detailed correlation between the γ-ray and neutrino flux
from these sources. The only assumption is that the respective
neutrino and γ-ray SCDs have similar shapes (see Section 5.2
for details on the signal injection). We use the Fermi-LAT
blazar SCD published in Abdo et al. (2010c) as a template for
sampling. However, we find that even if the shape of the SCD
differs from the shape of this template, the upper limit still
holds and is robust. In Appendix A we discuss the effect of
different SCD shapes and how combination with existing point
source constraints (Aartsen et al. 2015c) leads to a nearly SCD-
independent result, since a point source analysis and a stacking
search with equal weights effectively trace opposite parts of the
available parameter space for the dN/dS distribution.
If we assume proportionality between the γ-ray and neutrino

luminosities of the sources, the γ-weighting limit constrains the
maximal flux contribution of all 2LAC blazars to 7% of the
observed neutrino flux in the full 10 TeV to 2 PeV range. Since
the blazars resolved in the 2LAC account for 70% of the total
γ-ray emission from all GeV blazars (Ajello et al. 2015), this
further implies that at most 10% of the astrophysical neutrino
flux stems from all GeV blazars extrapolated to the whole

Table 3
90% C.L. Upper Limits on the Diffuse (n n+m m) Flux from the Different Blazar

Populations Tested

Spectrum: · ( )F -E GeV0
1.5

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.6 10 12 ( – ) ´ -4.6 3.8 5.3 10 12

FSRQs ´ -0.8 10 12 ( – ) ´ -2.1 1.0 3.1 10 12

LSPs ´ -1.0 10 12 ( – ) ´ -1.9 1.2 2.6 10 12

ISPs/HSPs ´ -1.8 10 12 ( – ) ´ -2.6 2.0 3.2 10 12

LSP-BL Lacs ´ -1.1 10 12 ( – ) ´ -1.4 0.5 2.3 10 12

Spectrum: · ( )F -E GeV0
2.0

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.5 10 9 ( – ) ´ -4.7 3.9 5.4 10 9

FSRQs ´ -0.9 10 9 ( – ) ´ -1.7 0.8 2.6 10 9

LSPs ´ -0.9 10 9 ( – ) ´ -2.2 1.4 3.0 10 9

ISPs/HSPs ´ -1.3 10 9 ( – ) ´ -2.5 1.9 3.1 10 9

LSP-BL Lacs ´ -1.2 10 9 ( – ) ´ -1.5 0.5 2.4 10 9

Spectrum: · ( )F -E GeV0
2.7

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -2.5 10 6 ( – ) ´ -8.3 7.0 9.7 10 6

FSRQs ´ -1.7 10 6 ( – ) ´ -3.3 1.6 5.1 10 6

LSPs ´ -1.6 10 6 ( – ) ´ -3.8 2.4 5.2 10 6

ISPs/HSPs ´ -1.6 10 6 ( – ) ´ -4.6 3.5 5.6 10 6

LSP-BL Lacs ´ -2.2 10 6 ( – ) ´ -2.8 1.0 4.6 10 6

Note.The table contains results for power-law spectra with spectral indices of
−1.5, −2.0, and −2.7. The equal-weighting column shows the median flux
upper limit and the 90% central interval of different sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values include
systematic uncertainties.

Figure 4. Differential 90% C.L. upper limit on the (n n+m m) flux using equal
weighting for all 2LAC blazars. The s1 and s2 null expectation is shown
in green and yellow, respectively. The upper limit and expected regions
correspond to the median SCD sampling outcome.

Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in comparison to the
observed astrophysical diffuse neutrino flux. The latest combined diffuse
neutrino flux results from Aartsen et al. (2015b) are plotted as the best-fit power
law with a spectral index of −2.5 and as a differential flux unfolding using 68%
central and 90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power law with a spectral index of −2.5 (blue).
Percentages denote the fraction of the upper limit compared to the astrophysical
best-fit value. The equal-weighting upper limit for a flux with a harder spectral
index of −2.2 is shown in green.
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• ~1000のブレーザーデータで解析  
→ 大気雑音と整合的なデータ 
→  ブレーザーの寄与は7%以下

既知の天体の位置と時間の情報を使って信号を足し合わせる手法

• ガンマ線バースト (GRB) • ブレーザー（活動銀河核）
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GRB発生した時間と方向から 
天体ニュートリノが来ていない
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FIG. 9: The best-fit time-integrated astrophysical power-law neutrino flux obtained using the 10 year IceCube event
selection in the direction of NGC 1068. The shaded regions represent the 1, 2 & 3� error regions on the spectrum as
seen in Fig. 4. This fit is compared to the � and corresponding ⌫ AGN outflow models and the Fermi Pass8 (P8)
results found in Lamastra et al. [41] (which do not include modelled absorption e↵ects [36]). AGN-driven outflow
parameters are set at Rout=100 pc, vout=200 km/s, p = 2, and Lkin=1.5⇥1042 erg/s; violet: LAGN=4.2⇥1044 erg/s,

nH=104 cm�3, Fcal = 1, ⌘p = 0.2, ⌘e = 0.02, BISM = 30µG; magenta: LAGN=2.1⇥1045 erg/s, nH=120 cm�3,
Fcal = 0.5, ⌘p = 0.5, ⌘e = 0.4, BISM = 250µG; pale pink: LAGN=4.2⇥1044 erg/s, nH=104 cm�3, Fcal = 1, ⌘p = 0.3,
⌘e = 0.1, BISM = 600µG. The upper-limits in �-ray observations are taken from from H.E.S.S. (blue) Aharonian

et al. [40] and from MAGIC (black) Acciari et al. [39].

セイファート銀河がニュートリノ源？
• IceCube実験10年分のデータでの点源探索 

- M77 (NGC 1068) から2.9σの信号
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IceCube 2020

M77 (NGC 1068)

• 降着流での高エネルギー現象

• セイファート銀河 
- 銀河の中心が明るく輝く天体 
   (活動銀河核)  
- 超大質量ブラックホールが物質を降着 
- 重力エネルギーの解放  
   —> 高温のプラズマ流 (降着流)を形成
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pairs is estimated to be51 n± ! ntτγγðc=VRÞ $ 4 ´ 106

L2IC;42R
%5=2
14:5 α%1

%1 cm
%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 e+e−
pairs, whose timescales are roughly approximated to be
tep;± $ tee;± $ 1=ðnpα2emσTcÞ, where αem is the fine structure
constant. Then, the ratio of the e+e− pair production timescale to
the infall timescale is estimated to be
tfall=tee;± $ 4 ´ 10%4α%2

%1 _m%2, and thus, ee and ep interactions
cannot provide sufficient amount of pairs. Photon-proton (γp)
and photon-electron (γe) interactions also produce pairs, but the
cross sections for these processes at εγ ~ 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 γp and γe 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. 56 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-β plasma, because
β ~ 3–30 in a RIAF disk is higher than β≲ 1 in AGN coronae. In
this case, we would need other models that can explain the
neutrino background in the PeV range57.

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 mechanism23,
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 RIAFs24,58 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 massM with an accretion rate _M. We
use the normalized radius and mass accretion rate, R ¼ R=RS and _m ¼ _Mc2=LEdd,
where RS is the Schwarzschild radius and LEdd is the Eddington luminosity. Plasma
quantities in RIAFs are described by two parameters, the viscosity parameter, α,
and the pressure ratio of gas to magnetic field, β. Based on recent numerical
simulations (e.g., Refs. 59–64), the radial velocity, number density, proton thermal
temperature, magnetic field, Thomson optical depth, and Alfvén velocity in the
RIAF are analytically approximated to be

VR ! αVK=2 ’ 3:4 ´ 108 R%1=2
1 α%1 cm s%1; ð5Þ

np !
_M

4πmpRHVR
’ 4:6 ´ 108 R%3=2

1 α%1
%1M

%1
8 _m%2 cm

%3; ð6Þ

kBTp !
GMmp

4R
’ 12R%1

1 MeV; ð7Þ

B !

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp

β

s

’ 1:5 ´ 102 R%5=4
1 α%1=2

%1 M%1=2
8 _m1=2

%2 β
%1=2
1 G; ð8Þ

τT ! npσTR ’ 0:090R%1=2
1 _m%2α

%1
%1; ð9Þ

βA !
Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4πnpmpc2
q ’ 0:050R%1=2

1 β%1=2
1 ; ð10Þ

where VK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
is the Keplerian velocity and H ≈ R/2 is the scale height.

Observations of X-ray binaries and AGN demand α ~ 0.1–165, while the global
MHD simulations result in α ~ 0.01–0.1 and β ~ 3–3061,66. Hence, we set α= 0.1
and β= 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 _m. Assuming that thermal electrons are heated
by Coulomb collisions with protons, the bolometric luminosity is estimated to be
Lbol ! ηrad;sd _mcritLEddð _m= _mcritÞ

2, where ηrad,sd ~ 0.1 is the radiation efficiency for

the standard disk, and _mcrit ! 0:03ðα=0:1Þ2 is the critical mass accretion rate above
which RIAFs no longer exist30. 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. 27,
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. 67. 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 εγ≳ kBTe. 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 simulations68. 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 Lbol / _m2 is used. This treatment is qualitatively different from
the previous work27, where Lbol / _m is assumed. Such a treatment may be more
appropriate if the electrons are directly heated by the plasma dissipation
process69–72. 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 turbulence64,75. To
obtain the CR spectrum, we solve the transport equation for CR protons, which is a
diffusion equation in the momentum space76:

∂F p

∂t
¼

1
ε2p

∂
∂εp

ε2pDεp

∂F p

∂εp
þ

ε3p
tcool

F p

 !

%
F p

tesc
þ _F p;inj; ð11Þ

where F p is the momentum distribution function for protons
(dN=dεp ¼ 4πp2F p=c), Dεp

is the diffusion coefficient that mimics the stochastic
particle acceleration, tcool is the cooling time for protons, tesc is the escape time,
_F p;inj ¼ _F 0δðεp % εp;injÞ is the injection function, and εp,inj 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 MRI77–79. We
consider a delta-function injection term with εp,inj much higher than the thermal
proton energy, which may mimic the injection by the reconnection. The value of
εp,inj has no influence on the resulting spectrum as long as εp,inj 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, rL= εp/(eB). Then, diffusion coefficient in energy space can be written as

Dεp
!

cβ2A
ηturH

rL
H

" #q%2
ε2p; ð12Þ

where ηtur= B2/(8π∫Pkdk) is the turbulence parameter (Pk is the turbulence power
spectrum), q is the power-law index of Pk, 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 tacc ! ε2p=Dεp

! ηturβ
%2
A ðH=cÞ½εp=

ðeBHÞ)1=3. ηtur is lower for a stronger turbulence, and a low value of ηtur results in a
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higher maximum energy of the CR protons. Since RIAFs are expected to be tur-
bulent due to MRI80,81, the value of ηtur should be small. The turbulent strength is
also related to the value of α, as stronger turbulence leads to a higher α. Our fiducial
value of ηtur ~ 15 is reasonable in the sense that ηtur is close to α−1. The amount of
CRs is determined so that

R
Lεp dεp ¼ ηCR _mLEdd is satisfied, where Lεp ¼

t"1
lossεpdNp=dεp is the differential proton luminosity23, ηCR is the CR production
efficiency, and t"1

loss ¼ t"1
cool þ t"1

esc is the total energy loss rate including cooling and
escape processes.

We solve the transport equation until the steady-state is reached using the
Chang-Cooper method82,83. As the proton cooling mechanism, we consider the
proton synchrotron, Bethe-Heitler (p+ γ→ p+ e++ e−), photomeson
(p+ γ→ p+ π), and pp inelastic collision (p+ p→ p+ p+ π) processes, The
timescale of the pp inelastic collisions is given as t"1

pp $ npσppκppc, where σpp and κpp
are the cross section and inelasticity of pp interactions84. The photomeson
production and Bethe-Heitler cooling timescales are estimated to be

t"1
i ¼

c
2γ2p

Z 1

εth

dεγσ iκiεγ

Z 1

εγ=ð2γpÞ

dεγ
ε2γ

nεγ ; ð13Þ

where γp= εp/(mpc2), εγ is the photon energy in the proton rest frame, and σi and κi
are the cross section and inelasticity for the process (i= pγ for photomeson
production85 and i= BH for Bethe-Heitler process86,87). The cooling time by the
proton synchrotron is tp;syn $ 6πm4

pc
3=ðσTB2εpÞ. The total cooling rate is then

given by t"1
cool ¼ t"1

pp þ t"1
pγ þ t"1

BH þ t"1
p;syn. Regarding the escape process, we only

consider the advective escape, i.e., infall to the SMBH. We write the escape
timescale as tesc= tadv ≈ R/VR. 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
flows64,75. See also Refs. 23,29 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 εp≲ 1 × 108 GeV. Although the
acceleration time is longer than the advective escape time for εp≳ 2 × 105 GeV, the
CR proton spectrum continues to a higher-energy because the weak εp dependence
of the advective escape leads to a very gradual cutoff in the proton spectrum27,88.
At εp ~ 1 × 107 GeV, the photomeson production becomes more efficient than the
acceleration, which makes a sharp cutoff owing to a strong εp dependence (see
Fig. 2).

The CRs produce pions via both pp and pγ interactions, and pions decay to
gamma-rays, electron/positron pairs, and neutrinos (π0→ 2γ; π±→ e±+ 3ν).
These neutrinos are believed to explain IceCube neutrinos89–91. We calculate
neutrino spectra by pp collisions using the formalism given by Ref. 92. For the
neutrinos by pγ interactions, we use a semi-analytic prescription given in Refs. 93,94
(see, e.g., Ref. 85 for numerical results). Since the effect of meson cooling is
negligible in the RIAFs, neutrino flavor ratio is νe:νμ:ντ= 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 εν≲ 4 × 105 GeV, and the photomeson

production is effective above the energy. The Bethe-Heitler and proton synchrotron
processes are subdominant in the range we investigated. For higher _m 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 photons95,96:

∂nεe
∂t

þ
∂
∂εe

PIC þ Psyn þ Pff þ PCou

! "
nεe

h i
¼ _nðγγÞεe

"
nεe
tesc

þ _ninjεe
; ð14Þ

∂nεγ
∂t

¼ "
nεγ
tγγ

"
nεγ
tγ;esc

þ _nðICÞεγ
þ _nðff Þεγ

þ _nðsynÞεγ
þ _ninjεγ

; ð15Þ

where nεi is the differential number density (i= e or γ), _nðxxÞεi
is the particle source

term from the process xx (xx= IC (inverse Compton scattering), γγ (e+e− pair
production by γγ interactions), syn (synchrotron), or ff (bremsstrahlung)), _ninjεi

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)). See also Refs. 95,96
for technical details. We approximately treat the pair injection processes by the
Bethe-Heitler process and photomeson production as in Refs. 23,29.

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 te;syn ¼ 6πm2

e c
3=ðσTB2εeÞ.

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: te;acc $ ηturβ

"2
A ðH=cÞ½εe=ðeBHÞ(2"q . Equating these

two timescales, we obtain the critical energy at which the secondary pairs piles up:

εe;crit $
6πm2

e c
4β2A

σTHηturB
2

# $ 1
3"q

eBHð Þ
2"q
3"q ’ 4:2R5=16

1 α5=8"1M
1=8
8 _m"5=8

"2 β"1=8
0:5 η"3=4

tur;1:5 MeV;

ð16Þ

where we use q= 5/3 for the last equation. The turbulence power below the mean
thermal proton energy, 3kBTp ) 35R"1 MeV, is significantly reduced due to
dissipation by plasma kinetic effects, and the turbulent re-energization is not
expected when εe,crit < 3kBTp. In our model A (fiducial parameters), we cannot
expect re-energization of secondary pairs even for the case with LHα ¼ Lmin. For a
further lower _m 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 (B2 / _m, Lbol / _m2). Then, the synchrotron peak energy for the re-
energized pairs are estimated to be

εγ;syn $
3hpε

2
e;criteB

4πm3
e c5

’ 0:07
εe;crit

100MeV

! "2
B2 eV: ð17Þ

Hence, we conclude that the re-energized pairs cannot contribute to the MeV
gamma-ray background for all the _m 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 interest28. 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 Hα 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. 45:
dρ=dLHα $ ðρ*=L*Þ=½ðLHα=L*Þ

s1 þ ðLHα=L*Þ
s2 (, where ρ* ≈ 1.2 × 10−6Mpc−3,

L*= 3.7 × 1042erg s−1, s1= 2.05, and s2= 5.12 (the values of L* and ρ* are cor-
rected using Hubble constant of H0= 70 km s−1Mpc−1). Type-1 Seyfert galaxies
exhibit broad emission lines that are unique to AGN. We extrapolate this lumin-
osity function to Lmin ¼ 1038 erg s"1, below which the Palomar survey finds a hint
of a break26. The survey also indicates a correlation between X-ray luminosity, LX,
and LHα for LLAGN. The ratio, κX/Hα= LX/LHα ranges 5 ≲ κX/Hα≲ 7 in the
luminosity range of our interest for type-1 AGN. We use κX/Hα= 6.0 for
simplicity26, but the difference from the cases with κX/Hα= 5 or κX/Hα= 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, κbol/X= Lbol/
LX≃ 15 for LLAGN97–100. Using the two correction factor, κbol/X and κX/Hα, we can
convert _m to LHα if we fix a SMBH mass, M. Ref. 101 provided a sample of LLAGN,
and the mean and median values of log ðM=M+Þ are 8.0 and 8.1, respectively. Also,
the X-ray luminosity density is dominated by AGN with M ~ 108− 3 × 108M⊙ if
the Eddington ratio function is independent of the SMBH mass97,102,103. Thus, we

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= 7.2 × 107M⊙ and _m ¼ 8:0 ´ 10"3 with a
parameter set for model A (reference model: see Table 1).
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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 ¼ 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, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ 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
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], 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⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [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 ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) 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 β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 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 ¼ 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 ¼ 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, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ 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
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], 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⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [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 ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) 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 β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 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 ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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