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Multi-Messenger Astro-Particle “Backgrounds”

Energy generation rate densities of 3 messengers are all comparable
AGN are promising as the origins

gamma neutrino UHECR

diffuse

(e.g., KM & Fukugita 19 PRD)



Multi-Messenger Astro-Particle Grand-Unification?

Fang & KM 18 Nature Phys.
(see also Kachelriess+ 17)

UHECR

Concrete example of the “grand-unification” scenario with detailed simulations

- Jetted AGN as “UHECR” accelerators
- Neutrinos from confined CRs & UHECRs from escaping CRs

pp

pg



All-Sky Neutrino Flux & Spectrum
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spp~30 mb

resonance

weak energy dependence

sppspg

High-Energy Neutrino Production

p+γ→ Nπ + X

Active galaxy g-ray burst

p+ p→ Nπ + X

Galaxy clusterStarburst galaxy

Cosmic-ray Accelerators Cosmic-ray Reservoirs

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 
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Fate of High-Energy Gamma Rays

p+γ→ Nπ + X → Eg
2 Fg : En

2 Fn ~ 4:3

p+ p→ Nπ + X → Eg
2 Fg : En

2 Fn ~ 2:3

HE g

LE g

cosmic photon bkg.
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cosmic photon bkg.

p0:p±~1:1
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE

KOHTA MURASE
1

AND HAJIME TAKAMI
2

ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

!

κ
1
3
lc

"2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ

∂x
+
∂N

syn
γ

∂x
−

∂

∂E
[PadNγ] + Qinj

γ ,

∂Ne

∂x
=
∂Nγγ

e

∂x
− NeRIC +

∂NIC
e

∂x
−

∂

∂E
[(Psyn + Pad)Ne] + Qinj

e ,

where

Rγγ =

#

dε
dn

dε

#

dΩ

4π
c̃σγγ(ε,Ω),

RIC =

#

dε
dn

dε

#

dΩ

4π
c̃σIC(ε,Ω),

∂NIC
γ

∂x
=

#

dE ′Ne(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσIC

dEγ
(ε,Ω,E ′),

∂Nγγ
e

∂x
=

#

dE ′Nγ(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσγγ

dEe
(ε,Ω,E ′),

∂NIC
e

∂x
=

#

dE ′Ne(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσIC

dEe
(ε,Ω,E ′). (4)

Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)

# Moreover, accelerated electrons make g rays by synchrotron & Compton processes

>TeV-PeV g rays are cascaded to GeV-TeV g rays

comparable
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Multi-Messenger Implications of 10 TeV n All-Sky Flux

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ Requiring hidden (i.e., g-ray opaque) cosmic-ray accelerators

(Galactic components are not sufficient: see also Ahlers & KM 14 PRD, Fang & KM 21 ApJ)
(n data above 100 TeV can still be explained by g-ray transparent sources)

• 10-100 TeV shower data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

KM, Guetta & Ahlers 16 PRL

K=1 (pg), K=2 (pp)

see also
KM, Ahlers & Lacki 13 PRDR
Capanema, Esmaili & KM 20 PRD
Capanema, Esmaili & Serpico 21 JCAP
Fang, Gallagher & Halzen 22 ApJL

20 PRL



Opacity Argument

implying that >TeV-PeV g rays are cascaded down to GeV or lower energies

KM, Guetta & Ahlers 16 PRL

Hidden (i.e., g-ray opaque) n sources are actually natural in pg scenarios

gg→e+e-
optical depth
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Solutions to “Excessive” All-Sky Neutrino Flux?

choked jets in supernovae

(from KM, Kimura & Meszaros 20 PRL) (from KM & Ioka 13 PRL)

or exotic scenarios invoking new physics (ex. dark matter)…???

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtbo Þ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6– 3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (" ) 1:5– 3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12– 14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+ Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with ) !2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over ) ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min ½1; 0:1C"1!rel0; (3)

where C ¼ 1 þ 2 ln !2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min ½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=! þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell ) nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min ½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min ½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.

PRL 111, 121102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

20 SEPTEMBER 2013

121102-2

vicinity of black holes

implying that >TeV-PeV g rays are cascaded down to GeV or lower energies

(KM, Guetta & Ahlers 16 PRL)
Hidden (i.e., g-ray opaque) n sources are actually natural in pg scenarios

gg→e+e-
optical depth



What Have We Learned from All-Sky Fluxes?

• n budget ~ g-ray budget ~ UHECR budget
• n-g-UHECR connection?: interesting open question 
• Detailed studies on the n-g connection 

hidden neutrino sources, constraints on Galactic emission

Dominant sources?
• CR accelerators (AGN jets, GRBs, SNe etc.)

CR reservoirs (galaxy clusters/groups, starburst galaxies etc.)
• GRBs and blazars are likely to be subdominant
• AGNs are leading candidates in terms of energy budget

“Brightest” sources do not have to be “dominant” sources
Establishing the multimessenger picture for individual sources



monster
fishing!!

Brightest Neutrino Sources?



IceCube 170922A & TXS 0506+056
- IceCube EHE alert pipeline
- Automatic alert (via AMON/GCN)
- Kanata observations of blazars

-> Fermi-LAT (Tanaka et al.)
ATel #10791 (Sep/28/17) 

- Swift (Keivani et al.) 
GCN #21930, ATel #10942 
NuSTAR (Fox et al.) ATel #10861

- ~3s coincidence

image
IceCube 2018 Science 

En ~ 0.2-1 PeV



2014-2015 Neutrino Flare
IceCube 2018 Science 

~13 events (~3.5s)

170922A

2014-2015 
flare

Petropoulou, KM+ 20 ApJ



Active Galactic Nuclei

“blazar” (FSRQ+BL Lac)
= on-axis jets
•Flares (e.g., T ~ day)

BH + accretion disk

~ 9%
Lradio< 5 ×1041 erg/s

FR-II radio galaxy
Flat spectrum radio quasar (FSRQ)
Steep spectrum radio quasar (SSRQ)

FR=Fanaroff-Riley

FR-I radio galaxy
BL Lacertae object (BL Lac)

~ 10%
powerful jets

(Γ~1-10)
elliptical gal.

~ 90%
jet-quiet

spiral gal.

3C 296

Cygnus A

~ 1 %
Lradio> 5×1041 erg/s

Seyfert galaxy
Radio quiet quasar
Low-luminosity AGN



AGN Multi-Scale Particle Production
Inner jet (blazar zone)
r ~ 1016-1018 cm, 
B ~ 0.1-100 G, G ~ 10 

Large-scale jet/cocoon
r ~ 1020-1021 cm,
B ~ 1µG -1 mG, G ~ 1

Hillas condition: Emax ~ZeBrG ~ 3x1019 eV Z (G/10) (B/0.1 G) (r/1017 cm)   

from Marscher

Black hole vicinity
r ~ 1-100 Rs, 
B ~ 10-104 G, G ~ 1 

Intracluster medium
r ~ 1023-1025 cm,
B ~ 0.1-1µG



High-Energy Neutrino Production in Blazars
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KM, Inoue & Dermer 14

may also be accelerated, and they should interact with both
internal and external radiation fields during the dynamical
time. Internal nonthermal emission produced in the jet is
referred to as the jet component. We consider the jet
component first.
When the spectrum of internal synchrotron photons is

approximated by a power-law, the photomeson production
efficiency is estimated using the rectangular approximation
to the photohadronic cross section to be

fpγðE 0
pÞ ≈

tdyn
tpγ

≃ 2κΔσΔ
1 þ β

Δε̄Δ
ε̄Δ

3Ls
rad

4πrbΓ2cE 0
s

!
E 0
p

E 0b
p

"
β−1

;

ð19Þ

where σΔ ∼ 5 × 10−28 cm2, κΔ ∼ 0.2, ε̄Δ ∼ 0.34 GeV,
Δε̄Δ ∼ 0.2 GeV, and E 0b

p ≈ 0.5Γ2mpc2ε̄Δ=E 0
s. For example,

using parameters of BL Lac objects with Ls
rad ∼ 1045 erg=s

and E 0
s ∼ 10 eV, we have

fpγðE 0
pÞ ∼ 7.8 × 10−4Ls

rad;45Γ−4
1 δt0−15 ðE 0

s=10 eVÞ−1

×
# ðE 0

ν=E 0b
νÞβh−1 ðE 0

p ≦ E 0b
pÞ

ðE 0
ν=E 0b

νÞβl−1 ðE 0b
p < E 0

pÞ;
ð20Þ

where βl ∼ 1.5 and βh ∼ 2.5 are the low-energy and high-
energy photon indices, respectively. Note that contribu-
tions from various resonances and multipion production
become crucial for hard photon indices of β ≲ 1. The
neutrino energy corresponding to E 0b

p is

E 0b
ν ≈ 0.05E 0b

p ≃ 80 PeV Γ2
1ðE 0

s=10 eVÞ−1; ð21Þ

which is typically higher than 1 PeV and the Glashow
resonance energy at 6.3 PeV (for electron antineutrinos),
except for HSP BL Lac objects with E 0

s ∼ 1 keV. Noting
that E 0

s is lower for more luminous blazars, we conclude
that the jet component typically leads to production of very
high-energy, ≫ 1 PeV, neutrinos.
For fpγ < 1 (which is typically valid for PeV neutrino

production in the blazar zone), the neutrino spectrum is
approximated by

E 0
νLE 0

ν
≈
3

8
fpγE 0

pLE 0
p

∝

(
fpγðE 0b

pÞðE 0
ν=E 0b

νÞ1þ βh−s ðE 0
ν ≦ E 0b

νÞ
fpγðE 0b

pÞðE 0
ν=E 0b

νÞ1þ βl−s ðE 0b
ν < E 0

νÞ:
ð22Þ

This expression roughly agrees with numerical results on
the jet component, as clearly seen in Figs. 9 and 10 for
L5GHz ¼ 1041 erg s−1 and L5GHz ¼ 1042 erg s−1. We also
plot, with dotted curves, the differential neutrino luminos-
ities for the jet component based on blazar parameters given
in Table I.

For low-luminosity BL Lac objects, which typically have
high synchrotron peak frequencies [42], only the jet
component is relevant. For intermediate luminosity BL
Lac objects and QHBs, however, external radiation fields
become important for PeV–EeV neutrino production. As
we have seen, even in the blazar zone, the most important
contribution to PeV neutrino emission comes from photo-
hadronic interactions with BLR photons. Using the effec-
tive cross section σeffpγ ≈ κΔσΔðΔε̄Δ=ε̄ΔÞ, the photomeson
production efficiency in the blob is estimated to be

fpγ ≈ n̂BLσeffpγ rb ≃ 2.9 × 10−2fcov;−1Γ2
1δt

0
5; ð23Þ

provided rb < rBLR. Here n̂BL ≃ 1.6 × 109 cm−3fcov;−1 is
the number of broadline photons in the black-hole rest

FIG. 9 (color online). Differential luminosity spectra of neu-
trinos produced in the blazar zone (dotted) and in the BLR and
dust torus (solid). The muon neutrino spectrum is calculated for
s ¼ 2.3 and ξcr ¼ 100, with neutrino mixing taken into account.
From top to bottom, the curves refer to blazar sequence
parameters given in Table I (see also Fig. 2), with the top curve
corresponding to L5GHz ¼ 1047 erg s−1. Only five curves are
shown for the BLR/dust torus because blazars with the lowest
luminosities lack interactions with BLR and dust emission.

FIG. 10 (color online). Same as Fig. 9, except with s ¼ 2.0 and
ξcr ¼ 10.
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frame, and we take E 0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E 0b

p ≈ 0.5mpc2ε̄Δ=E 0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E 0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E 0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E 0
νLE 0

ν
∝
! fpγE 0 2

ν ðE 0
ν ≦ E 0b

νÞ
fpγE 0 2−s

ν ðE 0b
ν < E 0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E 0

νLE 0
ν
∝ E 02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E 0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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frame, and we take E 0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E 0b

p ≈ 0.5mpc2ε̄Δ=E 0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E 0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E 0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E 0
νLE 0

ν
∝
! fpγE 0 2

ν ðE 0
ν ≦ E 0b

νÞ
fpγE 0 2−s

ν ðE 0b
ν < E 0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E 0

νLE 0
ν
∝ E 02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E 0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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“Power” of Multi-Messenger Approaches

Fn ~ Fcas < Fobs
Puzzling: standard single-zone models do NOT give a concordance picture

n

Keivani, KM et al. 18 ApJ

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT

Petropoulou, KM et al. 20 ApJ

We next discuss a few caveats that should be kept in mind
when interpreting our predictions for the long-term neutrino
emission of TXS0506+056.

1. The predictions rely on the assumption that the maximal
neutrino flux obtained for each epoch is representative of
the long-term neutrino emission of the source. Ideally,
one should find a scaling relation between the maximal
neutrino flux and the photon flux in some energy band
with continuous temporal coverage, and then use the
long-term light curve to compute the predicted number of
muon neutrinos (e.g., Petropoulou et al. 2016). Although
the 0.1–300 GeV energy band of Fermi is ideal for this
purpose, we cannot establish a robust relation between

¯
( )
n n+F max and Fγ, as shown in Figure 3 (left panel). In

contrast, we find that the X-ray flux is a better probe of
the maximal neutrino flux within our model, with

¯
( ) µn n+F FX
max (right panel of Figure 3). This is partly

because the SED has a valley in the X-ray range, which is
the most important for constraining hadronic compo-
nents. The X-ray coverage of the source before the 2017
flare is very sparse (see Figure 1), thus preventing a more
sophisticated analysis than the one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in between the four
epochs we chose for our analysis. Such changes in the jet
parameters could happen in highly variable blazars(e.g.,
Raiteri et al. 2013; Ahnen et al. 2017). This limitation
stems from the lack of quasi-simultaneous multi-wave-
length data for long-time windows and highlights the
need for X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporaneous.
More specifically, the X-ray spectra are computed from
individual Swift-XRT observations of duration of a
few kiloseconds each, while the gamma-ray spectrum
is averaged over the whole epoch of interest (∼0.5 yr).
In this regard, the Swift-XRT observations are instanta-
neous compared to the selected time window. So,
when we translate the maximal neutrino flux, which is
mainly set by the X-ray flux, into an expected number of
events and use D =T 0.5 yr as the typical duration, we
may overestimate the number of neutrinos. The X-ray
flux variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a factor
of ∼2.

5.2. Implications for the 2014–2015 Neutrino Flare

Here, we focus on the implications of our model for the
2014–2015 neutrino flare. As an illustrative example, we show in
Figure 4 a case where the model-predicted neutrino flux is
compatible with the IceCube flux of epoch 4. The parameters are
the same as those listed in Table 8, except for the characteristic
external photon energy (temperature) and the proton luminosity,
which now read �¢� 5 keVext ( ¢ = ´T 2 10ext

7 K) and ¢ =Lp

´1.7 1048 erg s−1, respectively. For the adopted parameters,
the electromagnetic emission of the secondaries produced via
photohadronic interactions and photon–photon pair production
reaches a flux of ( – )~ ´ - - -3 10 10 erg cm s11 2 1, which
confirms the analytical results of Murase et al. (2018). Such high
X-ray and gamma-ray fluxes clearly overshoot the MAXI and
Swift-BAT upper limits by a factor of ∼2–3 and the Fermi-LAT

data by a factor of ∼10. In addition, this case is unlikely in
astrophysical view, for it requires a highly super-Eddington proton
power to account for the low photomeson production efficiency.
Given the unprecedented neutrino flux measured by IceCube

in 2014–2015, one could still argue that the conditions in the
blazar zone were significantly different compared to other
epochs. We therefore explored this possibility by performing a
wide scan of the parameter space for one-zone models. Our
methodology and results are presented in the Appendix. We
found no parameter set for the blazar zone that can
simultaneously explain the neutrino flare and be compatible
with the electromagnetic constraints. Moreover, all cases
require a highly super-Eddington jet power, namely
( – )L10 102 3

Edd, where ( )� :´L M M1.3 10 10Edd
47 9 erg s−1

is the Eddington luminosity of a black hole with mass M. The
necessary proton power could be reduced to Eddington levels if
the energy density of the external photon field (in the blazar
zone) was two or three orders of magnitude higher than all
other epochs(see also Reimer et al. 2019).
We therefore conclude that the high neutrino flux of epoch 4

cannot be explained concurrently with the electromagnetic data
if both emissions originate from the same region, in agreement
with previous studies (Murase et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019).

6. Discussion

6.1. Remarks on the Maximal Neutrino Flux and Proton
Luminosity

We have constrained the maximal neutrino flux ( ¯
( )
n n+F max ) and

the required proton luminosity ( ( )Lp
max ), assuming that the low-

energy hump in the SED is attributed to synchrotron emission
from primary electrons. This assumption is plausible and
widely accepted. Indeed, the optical-to-soft X-ray data can be
fitted with a single power law, especially evident in epoch 2
and in the 2017 flare(Keivani et al. 2018). It is therefore
unlikely that proton-initiated cascades (with usually broad

Figure 4. Same as in Figure 2, but for a case where the model-predicted neutrino
flux is compatible with the IceCube flux of epoch 4. Here, we assume
¢ = ´T 2 10ext

7 K (or, equivalently, �¢� 5ext keV) and ¢ = ´L 1.7 10p
48 erg s−1.

All other parameters are the same as those listed in Table 8 for epoch 4.
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More follow-up campaigns and/or larger statistics in n data are necessary
But the situation is still puzzling…

- PKS 1502+106: FSRQ
promising but no coincidence w. g-ray flaring, unseen in n point-source search   

- 3HSP J095507.9+355101: extreme BL Lac 
coincidence w. X-ray flaring but the alert rate is at most ~1-3% in 10 years 

- PKS 0735+178: coincidence w. X-ray & g-ray flaring TXS 0506+056-like (Sahakyan+ 22)

3HSP J095507.9 +355101 

More Coincidences w. Blazars

IceCube-190730A (Oikonomou, Petropoulou, KM+ 21)

IceCube-200107A
(Petropoulou, Oikonomou, Mastichiadis , KM+ 20)



Correlation w. Radio/Optical-Selected Blazars

3411 sources from the flux density complete VLBI sample >150 mJy @ 8GHz
(Plavin+ 20, 21 ApJ)

All energies (2008-2015)
712830 (~2000 astrophysical) events
Combined significance: ~4s

Focus on the southern sky data (2008-2015)
1177 samples from 5BZCat: ~4s (Buson+ 22 ApJL)

no significance w. 10 yr data
radio-bright AGN: at most <30% 
(Zhou, Kamionkowski & Liang 21 PRD)



Can Blazars be the Origin of IceCube Neutrinos? 

g-ray bright blazars are largely resolved -> stacking analyses are powerful

- Blazars are subdominant in all parameter space (most likely <~ 30%)
- Similar conclusion from neutrino anisotropy limits (ex. KM & Waxman 16 PRD)

- Correlation signal is explained even if subdominant (KM Inoue & Dermer 14 PRD)

(IceCube 17 ApJ, Hooper+ 19 JCAP, Yuan, KM & Meszaros 20 ApJ, Zou+ 21)
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Blazar Coincidences: Pros & Cons
Pros:
• Several coincidences from n alerts

(TXS 0506+056, IC-190730A/PKS 1502 +106, IC-200107A/3HSP J095507.9 +355101, IC-211208A/PKS 0735+178)

• Stacking with radio-selected AGN and BZCat blazars 
(correlation level is consistent with theory even if subdominant)

• Possible dominance of flaring episodes

Cons: Lack of concordance for multi-messenger data
• Cascade constraints limit allowed n fluxes
• Energetics issue

LCR>LEdd is often obtained
ep/ee > 300 for the TXS 2017 multi-messenger flare

• Not clear why TXS is special



Beyond the Canonical Single-Zone Emission Model

KM, Oikinomou & Petropoulou 18 ApJ
Zhang, Petropoulou, KM & Oikonomou 20 ApJ

cosmic-ray beam model: 
minimum extension, 
relaxing cascade constraints
due to time delay & isotropization

two-zone model:
parameters are doubled, 
relaxing energetics requirement 
ex. Gao+ 19 Nature Astron., Xue+ 19 ApJ



Possible Observational Signatures

low-energy synchrotron and external thermal emission). Hadronic interactions also produce high-
energy neutrinos [22, 39, 40]. So far the two scenarios make similar SED fittings [8], thus we need
additional constraints to pinpoint the radiation mechanisms in the high-energy spectral hump,
and diagnose the radiating particles and magnetic field strength. Furthermore, theoretical and
numerical simulations have shown that both shock and magnetic reconnection can give rise to the
non-thermal electrons and protons that make the radiation [6, 17, 25, 30, 38, 41, 44, 47, 52, 55].
Which mechanism dominates the particle acceleration in AGN jets largely relies on the physical
conditions of the acceleration sites, in particular the magnetic field strength and morphology. As
the �-rays often show fast variability that implies the most fierce particle acceleration, temporal
�-ray signatures are vital to probe the extreme particle acceleration in AGN jets.

Figure 3: MeV �-ray polarization fraction as a unique diagnostic
tool of inverse Compton and proton synchrotron scenarios of high-
energy blazar emission. The PF calculation is based on detailed
TXS 0506+056 spectral modeling [54].

The largely unexplored MeV �-
ray band is crucial to advance our
knowledge in AGN jet physics. In an
IC scenario, MeV bands often mark
the spectral transition from SSC to
EC, and if there is a secondary syn-
chrotron component from hadronic
interactions, it should be significant
from X-ray to MeV bands as well
[8, 10]. In a PS model, MeV
bands can probe the contribution by
the secondary synchrotron compo-
nent, shedding light on the neutrino
production. Therefore, both spectral
shape and variability in MeV bands
can put unprecedented constraints on
the AGN jet radiation processes. A
very interesting and novel opportu-
nity is MeV polarimetry. Theoreti-
cal studies suggest that the IC and PS
mechanisms result in very different PF [36, 50, 53]. Based on detailed spectral fitting of the re-
cent TXS 0506+056 event [54], Fig. 3 demonstrates that MeV polarimetry can unambiguously
distinguish the IC and PS scenarios by the PF. With the aid of X-ray polarimetry and neutrino
detection, we can diagnose the contributions of various radiation mechanisms in the high-energy
spectral hump. In particular, if the PS scenario makes the high-energy hump, temporal MeV polar-
ization signatures can probe the magnetic field strength and morphology evolution in the particle
acceleration sites, providing novel constraints on the generation of UHECRs. Next-generation MeV
(Compton and pair) instruments with great spectral and temporal sensitivity as well as polarimetry
capability will be the best to advance our knowledge of AGN jet physics.

The fast evolving physical conditions in the blazar emission region and the complicated hadronic
processes therein, including the radiative transport, feedback on the non-thermal particles, and neu-
trino production, prevent the use of simple steady-state analytical models. In the recent decade,
first-principle numerical simulations, including magnetohydrodynamic (MHD) and particle-in-cell
(PIC) methods, have successfully revealed the time-dependent evolution of fluids and non-thermal
particles in the blazar emission region [18, 32, 45, 46, 48]. Advanced Monte-Carlo and ray-tracing

5

MeV g-ray signatures

polarization

TXS 0506+056: 2017 multimessenger flare (Zhang+ 19 ApJ) 



Particle Acceleration?
Blazar ns may require radical revisions of theoretical models

• Jet: launched as Poynting-dominated
(e.g., Blandford-Znajek mechanism)

• Maybe copious pairs (1<ne/np<1000)

• Emission region: particle-dominated
but magnetized 

• Toroidal-dominated at larger distances
-> quasi-perpendicular shocks

• Relativistic magnetized shocks: 
acceleration is inefficient unless parallel

3D Stability of Relativistic Jets from Black Holes 3

using a paraboloidal-like potential given by

Adipole = (1/2)[(r + r0)ν f− + 2M f+(1 − ln( f+))], (4)

where f− = 1 − cosµ θ, f+ = 1 + cosµ θ, ν = 3/4, µ = 4, r0 = 4,
and applies for θ < π/2 and for θ > π/2 when letting θ→ π − θ. In
this model, current sheets form above and below the equator. From
prior GRMHD simulations, we expect primarily the initial field’s
multipole order to be important, and particular model parameter
values should be unimportant once a quasi-steady state is reached.
All models have initial gas pressure per unit magnetic pressure of
≈ 100 at the equator in the disc. We allow the comoving magnetic
energy per rest-mass energy up to only 100 during mass evacuation
near the BH (see floor model in McKinney 2006a).

Spherical polar, not Cartesian, coordinates are used since pre-
ferred for rotating jets. Our fiducial models have resolution 256 ×
128×32 in r×θ×φ, with non-uniform grid as in McKinney (2006a),
except R0 = 0 and nr = 1 in their equation (18). Based upon code
tests, our 2nd-order monotonized central limiter scheme would re-
quire roughly 4× the per-dimension resolution to obtain the accu-
racy our 4th-order scheme by the end of the simulation. Unlike
prior 3D GRMHD simulations, the grid warps to resolve the disc
at small radii and follows the collimating jet at large radii giving
roughly 3×more angular resolution at large radii. Hence, compared
to any scheme similar to the original 2nd-order HARM scheme, our
effective resolution is roughly 1024 × 1536 × 128. Unlike most 3D
GRMHD simulations (e.g. Beckwith et al. 2008), we include the
full ∆φ = 2π extent as required to resolve the m = 1 mode and in-
clude the full ∆θ = π extent (no cut-out at poles). As Fragile et al.
(2007), we use transmissive (not reflecting) polar boundary condi-
tions. As they state, the singularity need not be treated specially
for centered quantities in a finite-volume scheme. Our field is stag-
gered, and the polar value of Bθ is evolved by using the analytical
limit of the finite volume induction equation at the pole such that
angular-dependent area factors cancel (McKinney et al., in prep.).
Coordinate directions twist at the pole leading to some dissipation,
but this is significantly reduced by our 4th-order scheme that well-
resolves up to m = 4 with 32 φ cells. At the inner torus edge, cells
have aspect ratio 1:5:10 and the fastest-growing magnetorotational
mode is resolved with 6 cells, as sufficient (Shafee et al. 2008). We
also studied resolutions of 128 × 128 × 32, 128 × 64 × 32, and
128 × 64 × 16; the jet’s Fourier m = 1, 2, 3 power is converged to
20%. Using 128 angular cells and staggered field scheme were re-
quired for MHD jet invariants to be conserved to ! 10%, which is
evidence of an accurate solution (Tchekhovskoy et al. 2008).

Most disc+jet simulations do not evolve to large enough radii
to resolve a highly relativistic jet. For magnetically-dominated
paraboloidal jets, the maximum Lorentz factor at large radii is

Γ ≈ 0.3
! r
M

"0.5
, (5)

(Tchekhovskoy et al. 2008). We choose an outer box radius of
103M as required to reach Γ ∼ 10. All simulations ran a duration of
5000M, which is 192 orbits at the inner-most stable circular orbit
(ISCO) (rISCO ≈ 2.2M) and 50 orbits at the initial inner torus edge.
The accretion rate of mass (Ṁ), energy, and angular momentum are
roughly constant with radius out to r ∼ 10M by t ∼ 3000M, indi-
cating the disc has reached a quasi-steady state. The slow/contact
modes for the jet move with v/c " 0.2, so the jet is beyond the box
by t = 5000M. We report many results at t ∼ 4000M since this is
before the jet partially reflects off the outer box.

Figure 1. For dipolar model, shows inner ±100M cubical region with BH,
accretion disc (pressure, yellow isosurface), outer disc and wind (log rest-
mass density, low green, high orange, volume rendering), relativistic jet
(Lorentz factor of Γ ! 4, low blue, high red, volume rendering), and mag-
netic field lines (green) threading BH. Despite non-axisymmetric turbu-
lence, polar magnetically-dominated jets are launched by the BZ effect.

3 RESULTS

The fiducial dipole model is overall similar to prior 2D simula-
tions (McKinney & Gammie 2004; McKinney 2006a). The BH-
driven polar jet survives in a non-dissipated state to large radii.
Each polar, magnetically-dominated jet at r+, 10, 102, 103M has
constant electromagnetic luminosity of Lj ≈ 0.01Ṁc2, with only
a small secular drop as Γ increases. This value is similar to higher
resolution 2D simulations (McKinney & Gammie 2004). The to-
tal (disc+jet+wind) electromagnetic output peaks at r ≈ 10M,
but disc power is dissipated so does not survive at large radii
(McKinney & Narayan 2007a). Figure (1) shows the inner ±100M
cubical region and Figure (2) shows out to z = 103M by t = 4000M.
The figures show the disc wind and relativistic jet generated by the
rotating BH and magnetized, turbulent accretion disc. The jet is
roughly stable out to z = 103M reaching Γ ∼ 5 − 10. Figure (2)
shows the kinked polar jet structure of the poloidal current, RBφ, ca-
pable of driving screw instabilities. We measure the Fourier power
within the jet region defined by magnetic energy per rest-mass en-
ergy, averaged for all φ, greater than one. At large distances the
m = 1, 2, 3, 4 powers relative to m = 0 are 7%, 1%, 0.7%, 0.6%
in magnetic energy, 6%, 4%, 0.5%, 0.2% in Lorentz factor, roughly
37%, 7%, 3%, 4% in both rest-mass density (ρ0) and RBφ, and
20%, 13%, 7%, 6% in internal energy density. Both ρ0 and RBφ
reach m = 1 power of 100% in the jet next to the outer disc edge
at r = 20M. There is no indication of growth beyond perturbations
induced by the disc turbulence, which appears to be the primary
origin of jet substructure.

Now we discuss our fiducial large-scale quadrupole model.
GRMHD simulations show that no strong jet emerges due to the
accretion of higher multipole moments put initially within the
disc (McKinney & Gammie 2004; McKinney & Narayan 2007a,b;

c⃝ 2009 RAS, MNRAS 000, 1–6

(Sironi et al. 13, Bell et al. 18 etc.)

→ magnetic reconnection?
ep/ee not typically large

McKinney & Blandford 09



IceCube Point Source Searches

“Catches” (~3s) exist but none have reached the discovery level 

IceCube Collaboration 20 PRL

NGC 1068
TXS 0506+056 PKS 1414+240 GB6 J1542+6129

starburst galaxy/AGN
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Figure 8. Time and azimuthally averaged spatial distributions for the o↵-diagonal components of radiation pressure P r�
r (the first panel)

and P ✓�
r (the second panel) for the run AGN0.07. We add a negative sign to P ✓�

r above the disk midplane so that it can be compared
with other stress component easily with the same color scheme. The third and fourth panels are the corresponding Maxwell and Reynolds
stresses for comparison.

Figure 9. Comparison between the vertical profiles of the az-

imuthally averaged radiation stress P r�
r (solid lines) calculated by

the simulation AGN0.07 with the analytical formula for radiation

viscosity P r�
r,vis (dashed lines), based on equations (1) and (2). The

top and bottom panels are for radii 10rg and 13rg respectively.
This comparison is done for the snapshot at time 4.5⇥ 104rg/c.

3.5. Vertical Structure of the Disk

Time and azimuthally averaged poloidal profiles of var-
ious quantities at 10rg for the two runs are shown in
Figure 11. Density drops faster with height in the run
AGN0.07 due to a smaller pressure scale height. Shapes of
density profiles are also more centrally peaked compared
with gas or radiation pressure dominated disks found by
both local shearing box and global simulations (Turner
2004; Hirose et al. 2006, 2009; Jiang et al. 2016, 2017a).
Although the shell averaged radiation pressure is compa-
rable to the shell averaged magnetic pressure in the run

0 10 20
r sin �/rg

�40

�30

�20

�10

0

10

20

30

40

r
co

s
�
/
r

g

AGN0.07

10�1

100

101

102

103

T
g
/
2

�
1
0

5
K

Figure 10. Time and azimuthally averaged spatial distributions
of gas temperature Tg for the two runs AGN0.07 (left panel) and
AGN0.2 (right panel). The gas temperature is ⇡ 105 � 2 ⇥ 105 K
in the optically thick part of the disk but increases to 108 � 109 K
rapidly in the optically thin corona regions.

AGN0.07 (Figure 4), the radiation pressure is relatively
flat with height and the whole disk is supported by the
magnetic pressure gradient. In fact there is a small en-
hancement of Pr near the photosphere (see also Figure
3) due to the significant dissipation there caused by ra-
diation viscosity. In the run AGN0.2, radiation pressure
partially supports the disk near the midplane and the
disk becomes completely magnetic pressure supported
around 10� away from the midplane. This also causes
the density to drop more slowly with height around the
same location as shown in the right panel of Figure 11.
Gas pressure is always smaller than the other pressure
components by more than a factor of 1000.
For the two magnetic field configurations used in the

simulations, besides the Maxwell stress from the tur-
bulence, there are always significant azimuthally aver-
aged mean hBri and hB�i, although the product of these
components never becomes the dominant stress (Figure
7). This is di↵erent from the magnetic pressure sup-
ported disk as found by Gaburov et al. (2012), where
the Maxwell stress is primarily due to �hBrihB�i. They
also have di↵erent vertical distributions compared with
the turbulent stress as shown in the third panels of Fig-
ure 11. The Maxwell stress generated by the turbulence
(the dashed red lines) shows double peaks away from the

photomeson optical depths: both fpp & fpg > 1 (“calorimetric”) 

Jiang+ 19 ApJ



AGN Models
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black hole

Accretion shock model
(ex. Stecker+ 91, Y. Inoue+ 20 ApJ)

Magnetically-powered corona model
(KM+ 20 PRL, Eichmann+ 22)

Failed-wind model
(S. Inoue, Cerruti, KM+ 22)



Particle Acceleration?

Kimura, Tomida & KM 19 MNRAS
Sun & Bai 21 MNRAS
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FIG. 3: A typical particle trajectory during multiple magnetic reconnections. The particle ener-

gization history (a), and the particle trajectories superposed on the magnetic field structures at

t/τc = 180 (b) and at t/τc = 200 (c). Color contours show the magnitude of the magnetic field

(B2
x +B2

y)
1/2, and black arrows and thin white lines are the plasma flow vector and the magnetic

field lines in the reconnection plane.

by the two merging magnetic islands, and energetic particles are generated in the current

sheet sandwiched by two magnetic islands and are ejected into the strong magnetic field

region. The nature of particle energization during the merging of the islands explains the

localization of energetic parties in the strong magnetic field region seen in Figure 1f.

To study the mechanism of particle acceleration in the strong magnetic field region in

detail, we plot a typical particle trajectory and its energy history as a function of the

magnetic intensity in Figure 3. Figure 3a shows the energy history from the initial state at

ts = 0 to the end of the simulation run at te = 320τc. The horizontal and vertical axes are

the magnitude of the magnetic field (Bxy = (B2
x + B2

y)
1/2) and the particle energy (γ − 1)

normalized by the rest-mass energy, respectively. At the initial time t = 0, the particle is

located around (Bxy, ε) = (1, 30), which is denoted t = ts. As time passes, the particle gains

energy by moving around the reconnection region. Note that, roughly speaking, Bxy ≤ 0.4

is inside the magnetic island, while Bxy ≥ 0.6 is outside the magnetic island and within

the strong magnetic field. In the early evolution, the particle is accelerated in the relatively

weak magnetic field regions with Bxy ≤ 0.3, and we checked that the acceleration occurred

in and around the magnetic diffusion region. This is meandering/Speiser acceleration [6].

After the initial acceleration in and around the diffusion region, the accelerated particle is

6

Magnetorotational Instability (MRI) -> turbulence & reconnection 

reconnection/stochastic acc. in PIC simulations 
stochastic acc. in global MHD 
simulations w. Athena++

magnetic reconnections
- acceleration by electric fields at X point
- subsequent stochastic acceleration

via collisions w. islands or reconnection flows 

Hoshino 12 PRL

see also Hoshino 15 PRL, Sironi & Spitkovsky 14 ApJ, 
Ball, Sironi & Ozel 19 ApJ

170 S.S. Kimura, K. Tomida, and K. Murase

Figure 6. Orbits of test particles projected to the R − θ plane (upper panel)
and the R − φ plane (lower panel) for λini = 4. The initial and final positions
of the particles are shown by the stars and circles, respectively. In the bottom
panel, the cyan circle and black arrows indicate the initial ring R = Rini and
the rotation direction, respectively.

where eφ is the unit vector of the φ direction and Vbul, φ is inde-
pendent of θ . The bottom panel shows the momentum distribution
in the fluid frame, where we can see no bulk rotational motion. In
the following sections, we use the energy distribution in the fluid
frame. Note that the particle distribution is slightly anisotropic: the
particles tend to have positive pR and negative pφ . This is because
the particles tend to move radially outward along the spiral magnetic
field, as discussed above. This anisotropy becomes stronger in later
time and for higher energy particles (see Section 3.2.3). Since this
anisotropy appears in the particle simulations with all the MHD
data sets, the grid spacing and resolutions are not the cause of the
anisotropy.

3.2.2 Diffusion in energy space

We examine evolution of the energy distribution function in the fluid
frame. The time evolution of the energy distribution for λini = 4 is
shown in Fig. 8. We can see that the width of the energy distribution
increases with time. This motivates us to consider the diffusion
equation in the energy space.

In general, the transport equation, including the diffusion and
advection terms in both configuration and momentum spaces,

Figure 7. Momentum distributions at t = 10tL in the lab frame (upper)
and the fluid flame (lower) for λini = 4. We can see a bulk motion in the
lab-frame, while the bulk motion is not seen in the fluid frame.

Figure 8. Energy distribution function at t = 4tL, 10tL, and 25 tL in fluid
flame for λini = 4. The distribution function diffuses in the energy space.

describes the evolution of the distribution function for the particles
with isotropic distribution in the fluid rest frame (e.g. Skilling
1975 ; Strong, Moskalenko & Ptuskin 2007). When the terms for
configuration space and the advection term in momentum space are
negligible, the transport equation may be simplified to the diffusion
equation only in momentum space (e.g. Stawarz & Petrosian 2008):

∂f

∂t
= 1

p2

∂

∂p

!
p2Dp

∂f

∂p

"
. (23)

Since the anisotropy in our system is not very strong, we apply this
equation to our system. We focus on the ultrarelativistic regime,
so the particle energy is approximated to be ε ≈ pc. Using the
differential number density, Nε = Np/c = 4πp2f/c, we can write

MNRAS 485, 163–178 (2019)
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NGC 1068: Constraints & Uncertainty

Kheirandish, KM & Kimura 21 ApJ

Constraints on Ecut for E-2 spectrum
(Bohm diffusion is excluded for the 
accretion shock model)

Uncertainty from “intrinsic” X-ray flux 



Evidence for a Hidden Source

from KM & Stecker 22



Gamma-Ray Optical Depth

• NuSTAR: NH~1025 cm2 → LX=7x1043 erg/s (Marinucci+ 16 MNRAS)

• Bolometric luminosity: ~1045 erg/s
• GeV gamma-rays can escape at >104 RS ~ RBLR

3028262422
log N [Hz]

1412108
log [eV]

45

44

43

42

41

40

39

38

37

36

log L [erg s -1]

-17

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

lo
g 

Nf
N[

er
g 

cm
2  s-1

]

282624222018161412108
log N [Hz]

12840-4
log [eV]

-3

-2

-1

 0

 1

 2

 3

 4

 5

-3 -2 -1  0  1  2  3  4  5  6  7  8
lo

g(
O

pt
ic

al
 d

ep
th

)
log(ε [GeV])

τγγfpγfBH

R=104 RS

R=30 RS

Inoue+ 22
KM 22

3

RSed =

✓
3Mej

4⇡n

◆1/3

' 2.1 pc M
1/3
ej,�n

�1/3
0

tSed ' 200 yr E�1/2
ej,51 M

5/6
ej,�n

�1/3
0

⌫h ⇠ �
2
h

eB

mec

' 1.0⇥ 10
11

Hz "
1/2
B,�2D

1/2
⇤,�1R

�1
16 (Vs/5000 km s

�1
)

fpp ' 1.2⇥ 10
�3

n�1D
�1
0,27.5"

�1/3
p,17 (R/3 kpc)

2
(9)

accelerators

fp� ⇡ n̂BL�
e↵
p�
rBLR ' 5.4⇥ 10

�2
L
1/2
AD,46.5

fp� ⇡ n��
e↵
p�
�

�
e↵
p�

= p��p� ⇠ 10
�28

cm
2

fA� ⇡ n��
e↵
A�

�

�
e↵
A�

= A��A� ⇠ 10
�27

cm
2

⌧�� ⇡ n�(0.1�T )�

⌧�� ⇡ 0.1���

�e↵
p�

fp� ⇠ 1000fp�

⌧�� ⇡
�
e↵
��

�e↵
p�

fp� ⇠ 1000fp� & 10

fp� & 0.01

fp� ⇡ (�
e↵
p�
/�

e↵
A�

)fA� . 0.1

⌧�� & 10 (10)

Fermi LAT

for 0.1-300 GeV g rays R < 100 RS



Where do Neutrinos Come from?

• Cascade constraints: R < (30-100) RS
• Compatible w. pg calorimetry (fpg>1) condition: R < 100 RS
Neutrino emission most likely comes from the SMBH vicinity
(ex. coronal regions, base of outflows) 

KM 22
Q. neutrino emission radius?



black hole

RIAF (or MAD)
Comptonized X/g rays 
CR-induced cascade g

submm/IRCR

n

MRI

spark gap

Applications to Low-Luminosity AGNs
Kimura, KM & Toma 15 ApJ
Kimura, KM & Meszaros 21 Nature Comm.

• RIAF for mdot<0.03 
• Electrons are mostly thermal

(collisional for electrons 
but collisionless for protons)

Quataert & Narayan 99 ApJ

Sgr A*



AGN Manifesting in the Multi-Messenger Sky?

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.

blazars & galaxies



Correlation w. IR/Radio-Selected AGN & LL AGN?

2.6s (post-trial) with 8 yr upgoing nµ events and IR-selected AGN
# apparent tension with the extremely high-energy limit

IceCube Collaboration+ 22



NGC 1068: Pros & Cons
Pros:
• Ln~3x1042 erg/s vs Lbol~1045 erg/s & LX~1043-44 erg/s

reasonable energetics: energy fraction of CRs: ~10% 
• Obscured AGN & high-density (calorimetric) environments   
• The brightest Seyfert in intrinsic X-rays in the IceCube sky

(For PeV ns, the most promising starburst in the IceCube sky)
• Hidden sources motivated by both theory and diffuse n-g
• Hints from stacking with IR/radio-selected AGN (2.6s)

Cons:
• More statistics are necessary (~4s in the cataloged search)
• Particle acceleration mechanisms are unclear

(but much progress has been made theoretically)



Testability

More multi-messenger data in 
the next decade will enable us 
to test the proposed models 
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Importance of KM3Net Observations

Top 10 sources for KM3Net

1. *Cen A
2. Circinus Galaxy
3. ESO 138-1
4. NGC 7582
5. NGC 1068
6. NGC 4945
7. NGC 424
8. UGC 11910
9. CGCG 164-019
10. *NGC 1275

Kheirandish, KM & Kimura 21 ApJ

* may belong to different classes



Detectability of Nearby Seyfert Galaxies

• CR-induced cascade g rays are promising in the MeV range
• Testable w. near-future data or by next-generation neutrino detectors 

given that the angular resolution is <0.3 deg

KM, Kimura & Meszaros 20 PRL, Kheirandish, KM & Kimura 21 ApJ

Predictions for stacking search 



Detectability of Nearby Low-Luminosity AGN

• Detection of MeV g due to thermal electrons is promising
(CR-induced cascade g rays are difficult to observe)

• Nearby LL AGN can be seen by IceCube-Gen2/KM3Net

Kimura, KM & Meszaros 21 Nature Comm.

Predictions for stacking search 



Coincidences w. Optical Transients

IceCube-191001A 
& AT 2019dsg 
(Stein+ 21 Nature Astron.) IceCube-191001A

IceCube-200530A 
& AT 2019fdr

Both are rare optical transients
with strong radio emission (>3.4s)

(Reusch+ KM 21 PRL) 

IceCube-200530A

z=0.0567



Neutrinos from Black Hole “Flares”?

KM et al. 20 ApJ

• AT 2019dsg, AT 2019fdr, AT 2019aalc: TDE candidates



Implications for AT2019dsg & AT2019fdr
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Model N⌫µ(> 100TeV)

Point Source GFU

Core (Corona) 9⇥ 10
�2

1⇥ 10
�2

Core (RIAF) 3⇥ 10
�3

3⇥ 10
�4

Hidden Wind 9⇥ 10
�3

1⇥ 10
�3

Hidden Jet 1⇥ 10
�3

3⇥ 10
�4

Table 1. Maximum expected number of muon and antimuon

neutrinos with energy exceeding 100 TeV in the Point Source

and GFU channels for the models studied in Sections 2-3.

The hidden-jet model is discussed in Section 4.2.3. Note

that all the values are for the most optimistic cases, and we

expect smaller values for the modest cases.
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Figure 6. Most optimistic all-flavor neutrino fluences ex-

pected for AT2019dsg in the corona (for MBH,7 = 3), RIAF

(for MBH,7 = 3), hidden wind, and hidden jet scenarios. See

also Figure 1. The horizontal lines show the fluence level

needed to produce one neutrino in the GFU and PS chan-

nels respectively for an E�2
⌫ neutrino spectrum. Note that

the fluences are lower for the modest cases.

where E⌫,min=100 TeV and E⌫,max =2 PeV, given the
energy range where one expects 90% of neutrinos in the
GFU channel at the declination � of AT2019dsg, � is the
muon neutrino fluence, and Ae↵ is the e↵ective area. We
consider the e↵ective area of the IceCube Point Source
analysis (Aartsen et al. 2019) and the IceCube Alert
(GFU) analysis (Blaufuss et al. 2020) at the declination
of AT2019dsg. Table 1 gives the estimated number of
expected neutrinos in each of the models we studied. We
discuss the implications of these results for each model
separately below.

4.2.1. Core models: possible

We calculate the expected number of muon neutri-
nos, by optimistically assuming an integration time of
�T = 1 yr. For the conditions assumed in the corona
model we obtain N⌫µ = 0.09 (0.01) yr�1 with the Point

Source (GFU) e↵ective area3. Even the most optimistic
expected number of neutrinos is less than unity, but
there is still a

⇠
< 10% (1%) chance to detect one neutrino

taking into account model uncertainties. This expecta-
tion value leads us to conclude that the neutrino could
in principle have been produced by AT2019dsg, if the
physical conditions of the core model were in place, and
can be interpreted as an upward statistical fluctuation.
Plateaus in optical/UV light curves are often inter-

preted by the emission from accretion disks (Leloudas
et al. 2016; van Velzen et al. 2019; Wevers et al. 2019).
Intriguingly, AT2019dsg showed the plateau around the
detection time of IceCube-191001A (Stein et al. 2020).
The neutrino may be associated with the formation
of the disk-corona structure, which implies that high-
energy neutrinos can be used as a probe of the TDE
disk that is di�cult to probe by electromagnetic observa-
tions. In the corona model, the production of

⇠
> 100 TeV

neutrinos is allowed for su�ciently high-mass SMBHs
(with low Eddington ratios). TDEs with typical opti-
cal/UV luminosities or smaller SMBHs predict lower-
energy neutrinos with lower neutrino fluxes. This could
explain why the neutrino production is accompanied by
AT2019dsg-like luminous TDEs that are accompanied
by powerful radio-emitting outflows.
However, the CR pressure with 50% of the thermal

pressure is rather extreme. Although it cannot be ex-
cluded by the observations, this is a very strong en-
ergetic requirement. However, lower neutrino fluences
with more conservative CR normalization can also be
consistent with the observation of one neutrino from the
entire (known) TDE population under the assumption
that the relevant conditions exist in all ZTF observed
TDEs (see discussion on the population bias in Stein
et al. 2020; Strotjohann et al. 2019).
The accompanying gamma-rays should be signifi-

cantly attenuated in the GeV-TeV range. The cascade
gamma-rays are well below the Fermi upper limit, which
is ⇠ a few ⇥ 1043 erg s�1 in the 0.1 � 800 GeV energy
range assuming a photon index of �� = 2. The corona
model is consistent with the gamma-ray upper limits
obtained with the Fermi -LAT and HAWC.
The RIAF model is less consistent with the observa-

tion of a neutrino from AT2019dsg, as the expectation
is N⌫µ = 3⇥10�3(3⇥10�4) yr�1, with the Point source
(GFU) e↵ective area. With extremely optimistic param-
eters in Equation (6), one could increase the neutrino
luminosity by considering inner disk regions, but it is
still challenging to account for the observation of one
neutrino event. On other other hand, from the observa-

3 Henceforth, the number of neutrinos enclosed in the paren-
thesis refers to the GFU e↵ective area.

Nn ~ 0.01-0.1 events (alert)

KM, Kimura, Zhang, Oikonomou & Petropoulou 20 ApJ # No evidence of jets

AT 2019dsg AT 2019fdr

(Reusch+ KM 21) 



Neutrinos from Black Hole “Flares”?

KM et al. 20 ApJ

Need more data
Stay tuned!!!

• AT 2019dsg, AT 2019fdr, AT 2019aalc: TDE candidates
• TDE and AGN ns could originate from common mechanisms

(disk-corona? jet? wind colliding w. stellar debris?)

inferred CR energy
Ecr ~ 1053-54 erg > EEM
upper fluctuation 
and
efficient CR acceleration



Summary
• Multi-messenger analyses w. 10 TeV n data suggest hidden CR accelerators
• >100 TeV n data: many possibilities, astro-particle grand-unification?

Blazars/Jetted AGN
• TXS 0506+056 and other coincidences: no simple convincing picture
• Dominant in the extragalactic g-ray sky but seems subdominant in the n sky
• Correlations w. radio/optical blazars: contribution from the brightest blazars?
• Beyond handwavy models: MeV g-ray tests, further theoretical studies

Jet-quiet AGN
• NGC 1068: evidence for a hidden neutrino source
• More in south (KM3Net/Baika-GVD), IceCube-Gen2, MeV g-ray tests
• Nearby LL AGN: interesting targets for next-generation detectors
• All-sky ns (even at 10 TeV) can be explained as g-ray hidden sources 

Tidai disruption events
• TDE coincidences: theoretically possible but with upper fluctuations
• TDE and AGN n emission could originate from common mechanisms



- Source identification may not be easy
(ex. starbursts: horizon of an average source ~ 1 Mpc)

- promising cases: “bright transients (GRBs, AGN flares)”, 
“rare bright sources (powerful AGN)”, “Galactic sources”

- Not guaranteed but remember the success of g-ray astrophysics 

Diffuse or Associated

n

from Murase’s talk
@ Neutrino 2014

TXS, TDEs

NGC 1068


