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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 ≡ νLν (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 αox (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 λ4686 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 λ4686 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 λ4686 to Hβ

reflects the relative intensity of the ionizing continuum between 1 and 4 Ryd. For an ionizing
spectrum fν ∝ να , case B recombination predicts He II λ4686/Hβ = 1.99 × 4α (Penston &
Fosbury 1978). The current observational limits of He II λ4686/Hβ ! 0.1 thus imply α ! − 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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1.1. GENERAL INTRODUCTION OF ACCRETION FLOWS 5
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Figure 1.2: Upper panel: The average SED for radio-quiet AGNs binned by Eddington ratio. This

figure is taken from Figure 7 of Ho (2008) with a permission from the author and the Annual Review

of Astronomy and Astrophysics. The quasars (open circles) have a bump, while LLAGNs (open

squares) have a dip in the ultraviolet range. Lower panel: The schematic picture of an LLAGN.

There is a hot accretion flow around an SMBH, and a thin disk is in the outer region. There are jets

and winds around the SMBH. The arrows show the flow directions of the plasma.高温 & 希薄ーー＞  クーロン衝突は非効率

(Ho ’08)

(Narayan &Yi 94, Yuan + 03,Abramowicz & Fragile 13, Yuan & Narayan 14)

(Mahadevan & Quataert 97)



磁気回転不安定と粒子加速
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Hoshino 13, Hoshino 15  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Fig. 7.— Evolution of energy spectra for the plasma � = 1536. The initial stage at

T
orbit

= 0.09 shows a cold drift Maxwellian distribution function with a Keplerian motion.

At T
orbit

= 5.39 just before the onset of magnetic reconnection, the spectrum still remains

a hot Maxwellian-like distribution function. At T
orbit

= 5.48 just after the onset of recon-

nection, high-energy, nonthermal particles are generated. At T
orbit

= 7.95 the high energy

component can be approximated by a power-law function with N(")d" / "�1.

runs. The precise dependence on the field strength is difficult
to measure because of the small range between the limits. The
origins of the limits are discussed in the next subsection.

We perform an additional numerical experiment to dem-
onstrate the importance of the amount of net magnetic flux. So
far the initial field is assumed to be uniform everywhere in the

computational domain. However, model Z62p has an initially
uniform field that is localized within a small part of the
domain. At the beginning, the magnetic field is confined to
!0:5 < x < 0:5 and !1 < y < 1 and fills one-quarter of the
volume of the box. The field strength and the other parameters
are exactly the same as model Z62. The time evolution of the

Fig. 7.—Magnetic fields in model Z62p, on x-z slices at y ¼ 0. The model is started with a localized vertical field, uniform in !0:5 < x < 0:5 and !1 < y < 1.
Colors show the logarithm of magnetic pressure, and arrows the strength and direction of the poloidal magnetic field. The MRI enlarges the magnetized region, and
after a few orbits the entire domain is turbulent.
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Figure 6. Late evolution for Torbit = 6.43–6.81 after the onset of magnetic reconnection. The format is the same as that of Figures 1 and 4. The magnetic islands/current
sheets are subject to both the stretching and shrinking motions. After that, one of the islands is deformed, and the plasma is spread over the entire domain.
(A color version of this figure is available in the online journal.)

Figure 7. Evolution of energy spectra for the plasma β = 1536. The initial
stage at Torbit = 0.09 shows a cold drift Maxwellian distribution function
with a Keplerian motion. At Torbit = 5.39 just before the onset of magnetic
reconnection, the spectrum still remains a hot Maxwellian-like distribution
function. At Torbit = 5.48 just after the onset of reconnection, high-energy,
nonthermal particles are generated. At Torbit = 7.95, the high-energy component
can be approximated by a power-law function with N (ε)dε ∝ ε−1.

of both effects, the accelerated power-law energy spectrum
can become harder (Hoshino & Lyubarsky 2012). The other
important effect of the reconnection acceleration is the pressure
anisotropy. As discussed in the previous subsection, the pressure
anisotropy of p⊥ > p∥ enhances the growth rate of reconnection
by coupling to the mirror mode, and it seems likely that the
stronger induced electric field significantly contributes to the
nonthermal particle production.

During the repeated process of disruption and formation of the
current sheet, the plasma gas could be heated and the nonthermal
particles could be accelerated, and the energy spectrum became
harder and harder. Additionally, the nonthermal energy density
increased compared with the thermal energy density. In the
almost-final stage of this simulation run at Torbit = 7.95, the
energy spectrum could be approximated by N (ε)dε ∝ ε−1.
The maximum energy was reached at ε/mc2 ∼ 102, for which
the gyroradius of the highest energetic particle was almost equal
to the size of the simulation box. We will discuss this point later
by compiling other simulation results.

4. PLASMA β DEPENDENCE

So far, we have discussed the case with β = 1536 and
have found that the pressure anisotropy plays a key role in

9

乱流場発達 Maxwellian 乱流場発達 Power-law

Balbus & Hawley’91

（See also, Machida, Nakamura, & Matsumoto 01;  
Ohsuga & Mineshige 11; Sadowski, Narayan + 13; 
 Bai & Stone 14)
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非熱的粒子の反応

cf.) Niedzwiecki, Xie, Stepnik 13

高温降着円盤は高エネルギーニュートリノ源かつγ線源



Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 13

Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council
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天体ニュートリノの観測
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起源天体は不明�ー＞�RIAFはどうか？

・IceCube が拡散ニュートリノの検出を報告



LLAGN MODEL
• RIAF内での乱流加速→非熱的陽子のスペクトルを計算

64 Kimura, Murase, & Toma

Fig. 1.— Target photon spectra emitted by thermal electrons
in RIAFs. The red-solid, the green-dashed, and blue-dotted lines
show models A1 (reference), A2 (low ṁ), A3 (high MBH), respec-
tively. The target photon spectrum for model A4 is the same with
that for A1.

ten times higher than that for A1. When the electron
temperature is higher with fixed ṁ, the y parameter be-
come higher. Thus, the spectrum is harder for higher β
and higher δe.

3. SPECTRA OF NON-THERMAL PARTICLES IN A
TYPICAL RIAF

3.1. Plasma in accretion flows

If the infall time tfall is shorter than the relaxation
time due to the Coulomb scattering trel, it allows the
existence of non-thermal particles. The infall time for
RIAFs is estimated to be

tfall ≃
R

vr
∼ 4.4× 104r3/21 α−1

−1MBH,7 s , (13)

whereas the proton-proton relaxation time is estimated
as

trel=
4
√
π

lnΛ

1

npσTc

(
mp

me

)2 (kBTp

mpc2

)3/2

∼ 2.1× 107α−1MBH,7ṁ
−1
−2 s (14)

where lnΛ is the Coulomb logarithm (e.g., Spitzer 1962).
Thus, RIAFs satisfy trel ≫ tfall, which allows F (p) to be
non-thermal (cf. Takahara & Kusunose 1985; Mahadevan
& Quataert 1997). For RIAFs, tfall has the same order as
the dissipation time via the α viscosity tdis (e.g., Pringle
1981). Thus, the proton distribution function in RIAFs
may not be Maxwellian within the dissipation time.
The protons inside RIAFs are scattered by turbulent

magnetic fields. This process changes a momentum of
each proton whose distribution function may be different
from Maxwellian. In this paper, we consider relativis-
tic protons accelerated through stochastic acceleration
in RIAFs. It is expected that the stochastic acceleration
leads to a hard spectrum of protons with sp < 1, where

dNp/dEp ∝ E
−sp
p (e.g., Becker et al. 2006; Stawarz &

Petrosian 2008). Thus, most of the accelerated protons
accumulate on the high-energy end of proton distribution
(see Equation [26]). This implies that it is impossible to
accelerate all the protons in RIAFs because the protons
are accelerated using the gravitational energy released by

accretion, which is typically 0.1 mpc2 per a proton. We
assume only a small fraction of protons are injected to
relativistic energy through some plasma processes, such
as the magnetic reconnection (Hoshino 2013, 2015), and
those relativistic protons are governed by the Fokker-
Plank equation (e.g., Stawarz & Petrosian 2008),

∂

∂t
F (p)=

1

p2
∂

∂p

[
p2

(
Dp

∂

∂p
F (p) +

p

tcool
F (p)

)]

−F (p)
(
t−1
diff + t−1

fall

)
+ Ḟinj, (15)

where F (p) is the distribution function of the non-
thermal protons (dNp/dEp = 4πE2

pF (p)c) , p is the mo-
mentum of the protons, Dp is the diffusion coefficient for
the momentum space, Ḟinj is the injection term, tcool is
the cooling time, tdiff is the diffusion time, and tfall is the
infall time.
When we consider the relativistic particles, we should

compare the Coulomb loss time for relativistic particles
tCoul to tfall. The Coulomb loss time is estimated to be
(e.g., Dermer et al. 1996)

tCoul ≃ 1225
(γp − 1)(3.8θ3/2e + 1.0)

τT lnΛ

R

c

∼ 7× 107r3/21 α−1MBH,7ṁ
−1
−2θ

3/2
e γp,1 s (16)

where γp is the Lorentz factor of the proton. Since
tCoul > tfall is satisfied for RIAFs, we can neglect the
Coulomb loss in RIAFs.
It is considered that quasars have standard disks, in

which the physical quantities are much different from
those in RIAFs. For the Shakura-Sunyaev disks in
the gas pressure dominant regime (gas-SSD, Shakura
& Sunyaev 1973), we have longer tfall (tfall = R/vr ≃
R/(αvK)(R/H)2 ∼ 3 × 108 sec), and shorter trel (∼
3×10−9 sec ≪ tdis) than those of RIAFs. The dissipation
time tdis is the same as that of RIAFs (see Equation [13]).
Thus, trel ≪ tdis ≪ tfall is satisfied in gas-SSDs. The
distribution function F (p) is expected to be Maxwellian
due to the efficient Coulomb scattering. Even for the rel-
ativistic particles, the Coulomb loss time is much shorter
than the dissipation time for γp ! 103 because they have
large optical depth τT ∼ 104 (for the value of τT, see
Equation 2.16 of Shakura & Sunyaev 1973). Therefore,
it seems difficult to accelerate the particles in gas-SSDs.
For other solutions, such as standard disks in the ra-
diation pressure dominant regime (Shakura & Sunyaev
1973) and magnetically arrested disks (Bisnovatyi-Kogan
& Ruzmaikin 1974), the Thomson optical depth may not
be as large as gas-SSDs, and it might be possible to sat-
isfy tdis < tCoul.

3.2. Timescales

Equation (15) involves four important timescales, the
acceleration time taccel ≡ p2/Dp, the diffusion time tdiff ,
the infall time tfall, and the cooling time tcool.
In this paper, we assume a power spectrum P (k) ∝

k−q, and fix the index of the power spectrum q = 5/3
for simplicity. This value is motivated by the Alfvénic
turbulence (Goldreich & Sridhar 1995), although other
modes may also play an important role on particle ac-
celeration. According to the quasi-linear theorem, the
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3×10−9 sec ≪ tdis) than those of RIAFs. The dissipation
time tdis is the same as that of RIAFs (see Equation [13]).
Thus, trel ≪ tdis ≪ tfall is satisfied in gas-SSDs. The
distribution function F (p) is expected to be Maxwellian
due to the efficient Coulomb scattering. Even for the rel-
ativistic particles, the Coulomb loss time is much shorter
than the dissipation time for γp ! 103 because they have
large optical depth τT ∼ 104 (for the value of τT, see
Equation 2.16 of Shakura & Sunyaev 1973). Therefore,
it seems difficult to accelerate the particles in gas-SSDs.
For other solutions, such as standard disks in the ra-
diation pressure dominant regime (Shakura & Sunyaev
1973) and magnetically arrested disks (Bisnovatyi-Kogan
& Ruzmaikin 1974), the Thomson optical depth may not
be as large as gas-SSDs, and it might be possible to sat-
isfy tdis < tCoul.

3.2. Timescales

Equation (15) involves four important timescales, the
acceleration time taccel ≡ p2/Dp, the diffusion time tdiff ,
the infall time tfall, and the cooling time tcool.
In this paper, we assume a power spectrum P (k) ∝

k−q, and fix the index of the power spectrum q = 5/3
for simplicity. This value is motivated by the Alfvénic
turbulence (Goldreich & Sridhar 1995), although other
modes may also play an important role on particle ac-
celeration. According to the quasi-linear theorem, the
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Fig. 2.— Energy dependence of the timescales. We plot the cooling time (thick-solid), the diffusion time (thick-dashed), the infall time
(thick-dotted), and the acceleration time (dot-dashed). The thin-solid, thin-dashed, and thin-dotted lines show the tpγ ,tpp, and tsync,
respectively. Panels (a), (b), (c), (d) show the cases for models A1 (reference), A2 (low ṁ), A3 (high MBH), and A4 (high ζ), respectively.

that Ep,eq does not correspond to the peak energy of the
EpLEp spectrum (see the next subsection). When dif-
fusive escape limits acceleration, the distribution func-
tion declines gradually above Ep,eq, whose asymptote is

F (p) ∝ E−3/2
p exp(−(27Ep/Ep,eq)1/3) for q = 5/3 (see

Equation 56 of Becker et al. 2006). This allows the pro-
tons to have about 10 times higher energy than the es-
timate in Equation (26). Thus, LLAGN can have the
protons up to Ep ! 1016 eV when ζ ! 0.2.
For all the models, at low energies, pp inelastic col-

lisions dominate over the synchrotron and photomeson
production processes. At high energies around Ep !
106− 107 GeV, the photomeson production becomes rel-
evant although the synchrotron cooling is comparable to
it. For large β or large δe cases, the pγ reaction is more
efficient than the synchrotron owing to the high target
photon density.

3.3. Spectra of non-thermal particles

When we solve Equation (15), we treat the injection
term as a delta-function Ḟinj = F0δ(p−pinj), where pinj is
the injection proton momentum and F0 is the normaliza-
tion factor of injection. We fix pinj = 2mpc because pinj
little affects the profile of distribution function as long as
we choose pinjc ≪ Ep,eq. We assume that the total lumi-
nosity expended to inject and accelerate relativistic pro-

tons is proportional to the accretion luminosity, Ṁc2. As
seen in the previous subsection, the proton acceleration
is limited by escape. We determine the normalization of
relativistic protons such that the luminosity of injection
and acceleration balances with the escape luminosity, i.e.,

ηcrṀc2 =

∫
dV

∫
dp4πp2F (p)Ep

(
t−1
fall + t−1

diff

)
, (27)

where ηcr is a parameter of injection efficiency. This pa-
rameter determines the normalization of the non-thermal
protons, not affecting the shapes of the spectra. Kimura
et al. (2014) shows that the non-thermal particles do not
substantially affect the dynamical structure if ηcr " 0.1.
We use ηcr = 0.01 as a fiducial value.
We solve Equation (15) until steady solutions are re-

alized by using the Chang-Cooper method (Chang &
Cooper 1970). We set the computational region from
Ep = 1.5 GeV to 1010 GeV and divide the grids so that
they are uniform in the logarithmic space. The number
of the grid points is N = 500. We calculate some models
with N = 1000 and find that the results are unchanged
by the number of grids.
From the calculation results, we estimate the cosmic-

ray pressure defined as

Pcr = 4π

∫
dpp2f

cp

3
. (28)
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 最高エネルギーは加速と拡散的逃走の釣り合いで決まる
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・LLAGNモデルはIceCube eventの一部を説明可能 
・片側は別の天体の寄与と考えられる 
(e.g., Starburst Galaxies, Low Luminosity GRBs)
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近傍のLLAGNの観測可能性
• 近傍LLAGNを点源として観測できないか？

• 候補天体 

Sgr A*, 　　           M81, 　        　NGC3998

Murase & SSK in prep.
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1型LINER
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近傍のLLAGNの観測可能性
Murase & SSK in prep.

M81 NGC3998

次世代ニュートリノ望遠鏡なら検出できる

点源ニュートリノ源としての観測可能性
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近傍のLLAGNの観測可能性
Murase & SSK in prep.

一回カスケードでGeV付近にピークがくる 
→ Fermi で検出できる可能性

M81 NGC3998
log(EγFγ [erg/cm2/s])log(EγFγ [erg/cm2/s])
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RIAFからのガンマ線の観測可能性
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• TeV halo 形成？ 
・ハドロンモデルでPeVのニュートリノ生成 
→ 10PeV中性子もほぼ同量発生 
・10PeV中性子は~pc 程度走って崩壊 
→10TeVの電子を放出 
・放出された電子が赤外線光子を逆コンプトン 
→ ~ pc scale に広がったsubTeV - TeV の光子を放出

近傍のLLAGNの観測可能性
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乱流加速シミュレーション
SSK, Toma, Suzuki, & Inutsuka in prep.

• ここまでの話は全て加速を現象論的に取り扱っている 

降着円盤の乱流場に適用して良いかは自明でない  

→数値計算による乱流加速モデルの検証も重要

• 「MHD計算によるMRI乱流場の生成」と 

「テスト粒子計算による粒子軌道の時間発展」 
の２つを組み合わせた数値実験を行う
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まとめ
• LLAGNの高温降着円盤は HE ν、γの起源天体と成り得る 

• LLAGNモデルはIceCube events の一部を説明可能 

• 次世代ニュートリノ望遠鏡で点源として検出可能 

• 近傍のLLAGNはフェルミで検出の可能性あり 

• AGN周りに逃走中性子によるTeV halo 形成の可能性 

• 降着円盤中での乱流加速理論も重要  
→ 数値シミュレーションにより理論モデルを検証中



ありがとうございました


