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High-Energy Neutrino Sky

consistent w. isotropic distribution/extragalactic origins
#Galactic contribution: ~10% (IceCube 23 Science) 

upgoing tracks

starting events
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Where do neutrinos mainly come from?

gamma-ray burst 
(GRB)

active galactic nucleus
(AGN) galaxy cluster starburst galaxy
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γ +γCMB/EBL → e+ + e−
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Updated All-Sky Neutrino Flux & Spectrum

IceCube Collaboration 18 PRD, 20 PRL, 21 Nature, 22 ApJ

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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General Implications of All-Sky n and n Fluxes

• 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

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

(n data above 100 TeV can still be explained by g-ray transparent sources))



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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Prediction of Hidden Neutrino Sources

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

gg→e+e-
optical depth

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

All-sky n & X-ray/MeV g-ray fluxes can be explained by jet-quiet AGN
But do such hidden n source (candidates) exist!?

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

all-sky n
all-sky g





Obscured AGN as a Hidden Neutrino Source

IceCube Collaboration+ Science 22

IceCube (best-fit sn=3.2)

magnetic corona model

accretion shock model

NGC 1068



accretion disk

torus

jet

X-ray
broad-line

region

wind
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black hole

radio

infrared
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n
~104 RS

~10 RS

>106 RS

~105-106 RS

Rs=2GM/c2

starburst region



Where Do Neutrinos Come from?

compatible w. proton calorimetry condition (pg optical depth fpg>~1)

KM 22 ApJL

for 0.1-300 GeV g rays

model-independent constraint
w. electromagnetic cascade

R < (30-100) RS

NuSTAR: NH~1025 cm-2 → LX~3x1043 erg/s @ 10 Mpc (Marinucci+ 16 MNRAS)
bolometric luminosity ~ disk luminosity: ~1045 erg/s



Particle Acceleration Site?

3D RMHD simulation 
w. Athena++

Jiang, Blaes, Stone & Davis 19
see also Miller & Stone 00, Liska+ 22

corona

Tg~105 K

Te~108-109 K

disk

Proga & Kallman 04

failed disk wind/accretion shock
(S. Inoue, Cerruti, KM+ 23, Y. Inoue+ 20)

magnetically-powered corona
(KM+ 20, Kheirandish, KM & Kimura 21)

- turbulence/shear 
- magnetic reconnection
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Particle Acceleration Mechanism?
Kimura, Tomida & KM 19 MNRAS

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 25tL 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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Erratum: Acceleration and escape processes of high-energy particles
in turbulence inside hot accretion flows

by Shigeo S. Kimura ,1,2,3,4,5‹ Kengo Tomida 6,7 and Kohta Murase 1,2,3,8

1Department of Physics, Pennsylvania State University, University Park, PA 16802, USA
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6Department of Earth & Space Science, Osaka University, Osaka 560-0043, Japan
7Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
8Center for Gravitational Physics, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502 Japan

Key words: errata, addenda – acceleration of particles – accretion, accretion discs – MHD – plasmas – turbulence – cosmic rays.

This is an erratum to the paper ‘Acceleration and escape processes
of high-energy particles in turbulence inside hot accretion flows’
(DOI: https://doi.org/10.1093/mnras/stz329), which was published
in MNRAS, 485, 163–178 (2019). In Fig. 4, we mistakenly
plotted the quantities using the wrong axes, causing the spiral
shape inconsistent with that in fig. 6. The correct plots are shown
here. The other results are unaffected, and the conclusions remain
unchanged.

ACKNOWLEDGEMENTS

We thank Takeru K. Suzuki for pointing out the mistake.

! E-mail: szk323@psu.edu

Figure 4. Colormaps in the equatorial plane for run A. The upper and lower
panels show the density and the magnetic energy density, respectively.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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pg→pe+e- is typically important for 1-10 TeV ns  

see next Kawashima’s talk!

hard spectra cannot be extended to cooling cutoff
1. intrinsically epmax << 10-100 PeV
2. intrinsically broken power laws

cooling cutoff & pile-up at epmax ~ 100 TeV
→ enmax ~ 20 TeV consistent w. n data

e.g., reconnection

(Kheirandish, KM & Kimura 21 ApJ)

(Fiorillo + 23)



IceCube-Gen2

Neutrinos: More Hints & More Tests
• 2.7s excess of ns from two nearby AGN including NGC 4151 (IceCube 23 ICRC)
• 2.6s with 8 yr upgoing nµ events and IR-selected AGN (IceCube 22 PRD)

predictions for stacking search 

testable w. near-future data or by next-generation neutrino detectors 
Kheirandish, KM & Kimura 21 ApJTrident



Gamma Rays Are Not Gone: MeV g-ray Tests

• Prediction: CR-induced cascade g rays should appear in the MeV range
• We found a sub-GeV “excess” over the p0→2g (starburst) component

KM+ 20 PRL
Ajello+ 20 ApJL

Ajello, KM & McDaniel 23 ApJL



Other AGNs?
Prediction: n bright AGN ~ intrinsically X-ray bright AGN

- brightest AGN in north: NGC 1068, NGC 4151
- brightest AGN in south: NGC 4945, Circinus, ESO 138-1

• Magnetically-powered corona model explains: 
NGC 1068: n & sub-GeV g, NGC 4151: n, NGC 4945: sub-GeV g

• Critical test: multi-TeV n – MeV g connection

prel
im

inary

KM, Karwin, Kimura, Ajello & Buson 23 in prep.
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High-Energy Multimessenger
Transients



Flares from Supermassive Black Hole Jets?
IceCube 2018 Science ~13 events (~3.5s): 2014-2015 neutrino orphan flare

IceCube-170922A (En~0.2-1 PeV)

Petropoulou, KM+ 20 ApJ

2014-2015 
n flare

- IceCube EHE alert 
pipeline

- Automatic alert 
(via AMON/GCN)

- g/X/UV/opt/radio
counterparts

- ~3s coincidence

2017 multimessenger flare

n

radio

X

g

TXS 0506+056
“jetted AGN”



- More coincidences? (ex. PKS 1502+106, 3HSP J095507.9+355101, PKS 0735+178)
- ns may be predominantly produced during flares
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“Power” of Multimessenger Approaches

Tension: Fntheory ~ FEMtheory < FEMobs < Fnobs

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 TXS0506+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.

10

The Astrophysical Journal, 891:115 (16pp), 2020 March 10 Petropoulou et al.

2017 multi-messenger flare 2014-2015 neutrino flare

g:Fermi-LAT

X:MAXI

X:Swift-BAT

opt: ASAS-SN

n:IceCube n:IceCube

(KM, Oikonomou & Petropoulou 18 ApJ
Yoshida, Petropoulou, KM & Oikonomou 23 ApJ)

n



Coincidences w. Long-Duration “Optical” Transients

AT 2019dsg 

Stein+ 21 Nature Astron. 

IceCube-191001A

AT 2019fdr

- 5 optical candidates reported
- All are rare optical transients w. strong infrared echoes
- Possible neutrino time delays w. ~150-300 day

Reusch+ KM 21 PRL 

IceCube-200530A
z=0.0567

(van Velzen+ 23, Jiang+ 23)

Tidal disruption events (TDEs):
flares from supermassive black holes through the disruption of a star



Neutrinos from Tidal Disruption Events?
TDE and AGN ns could come from 
common mechanisms
(disk-corona, hidden wind, hidden jet)

KM, Kimura, Zhang et al. 20 ApJ

Vera C. Rubin Observatory



Black HolesSupermassive black holes as hidden particle accelerators
Multimessenger interpretations?

“possible but…” “challenging” 

AGN 

Jetted AGNTDE

“reasonable”



Summary
• Multi-messenger analyses on all-sky 10 TeV n and sub-TeV g

requirement of hidden CR accelerators

Jet-quiet AGNs - all-sky ns can be explained
• NGC 1068: evidence for a hidden neutrino source
• Emission radius: R<30-100 RS → collisionless coronae?
• Sub-GeV g-ray excess? (MeV: AMEGO-X, e-ASTROGAM)

More in south (KM3Net/Baikal-GVD/Trident), IceCube-Gen2
• Theoretical understanding of coronal plasma (PIC, MHD…)

SMBH flares – blazar flares, TDEs
• TXS 0506+056 & other coincidences: no concordance
• But blazar ns may be predominantly produced during flares
• TDE and AGN ns could be produced by similar mechanisms 
• Need more data: strategic searches, multiplet follow-up etc.



- 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 Galactic Plane


