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High-Energy Neutrinos: Science Questions

• Origin of high-energy cosmic neutrinos
• Neutrino production mechanism: pp or pg?
• Connection to g rays and/or UHECRs?
• Origin of UHECRs (extragalactic CR accelerators)
• Origin of Pevatrons (Galactic CR accelerators)

• CR acceleration mechanisms
• Physics in dense environments and high-z sources 

• Neutrino physics
• Physics beyond the Standard Model
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Where do neutrinos come from?

gamma-ray burst 
(GRB)

active galactic nucleus
(AGN) galaxy cluster galaxy



2023: Evidence of Neutrinos from the Milky Way

IceCube 23 Science

Neutrino emission from the Milky Way (~10% of total) has been observed w. 4.5s



Importance of Multimessenger Connection – Milky Way Case

A decade ago, neither g rays NOR ns were observed in the sub-PeV range.
(Note that most g rays from Galactic sources reach Earth.)

But we already learned that Galactic contribution to IceCube ns is subdominant.

Ahlers & KM 14 PRD
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with exponential cutoff at Eν;max ≃ 2 PeV.
In Fig. 4 we show the associated flux of diffuse Galactic

CRs and from SNRs/PWNe and HNRs from Eqs. (8), (11)
and (10) using relation (2) in comparison to experimental
observations of TeV-PeV γ-rays. The absorption via inter-
stellar radiation fields in the plane depends on the Galactic
longitude; the dashed lines indicate observations for a

source at the GC where the absorption effect is strongest
[35]. Note that the individual diffuse TeV-PeV γ-ray limits
of the GP are for different emission regions along the GP as
indicated in the legend of the plot. The relative size of the
“on-source” regions of the experimental results are sum-
marized in Fig. 5. The diffuse flux prediction (only π0-
decay) for jbj < 5° or jbj < 10° are lower than the jbj < 2°
calculation shown in Fig. 4 by about a factor 2 or 3,
respectively.
The intensity of the Galactic diffuse emission (including

unresolved point source emission and truly diffuse emission)
is also expected to vary along the GP. For a uniform source
distribution or CR density within the GP (as assumed in our
approximation) the flux variation between the Galactic
center to anticenter is less than 25% (omitting absorption).
For instance, the flux predictions in the inner (outer) Galaxy
corresponding to the Tibet limits (cf. Figs. 4 and 5) increase
(decrease) by 20% (23%) compared to the overall average.
However, as mentioned earlier, one has to keep in mind that
the source distribution should also follow the Galactic arms,
bar, and bulge. Similar to the observed γ-ray distribution
along the GP this can enhance the neutrino emission in
directions with increased local source density.
The Milagro experiment identified a diffuse γ-ray

emission in the GP at 3.5 TeV within 40° < l < 100°
and at 15 TeV within 40° < l < 85° [45,46]. The cumu-
lative flux of many sources including SNRs or PWNe may
make a significant contribution to the Milagro flux. This is
roughly consistent with estimates based on analyses on
nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [82]. The neutrino flux
from SNRs suggested by Eqs. (2) and (10) is marginally

10
5
0
5

10
3

4
5

6

13

14

24
25

27

28

IC-40 (γ )UMC

10
5
0
5

10
3

4
5

6

13

14

24
25

27

28

HEGRAHEGRA

10
5
0
5

10
3

4
5

6

13

14

24
25

27

28

CASA-MIATibet Tibet

270 240 210 180 150 120 90 60 30 0 30 60 90

longitude l

10
5
0
5

10

la
tit

ud
e
b

3

4
5

6

13

14

24
25

27

28

Milagro
Milagro

EAS-TOPEAS-TOP

FIG. 5 (color online). The on-source regions of GP diffuse
emission used for the experimental results shown in Fig. 4 using
the same color coding. We also show the distribution of IceCube
events in the vicinity of the GP (cf. Fig. 1). The circled areas
indicate the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on diffuse γ-ray emission along the GP from
HEGRA [49] assume a larger zenith angle range than for the
isotropic diffuse emission listed in Table I.
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FIG. 4 (color online). Diffuse measurements of the γ-ray flux in
the GP in comparison to the expected diffuse flux from the
propagation of Galactic CRs (light-gray lines) and from Galactic
SNRs (black lines) and HNRs (dark-gray lines) with power index
Γ ¼ 2.2. The solid lines indicate the estimate in Eqs. (8), (10) and
(11) using relation (2) without attenuation and the dashed lines
indicate the contribution from a source at the GC. We adopt the
calculation of Ref. [35] for the interstellar radiation field on top of
the CMB. We also show estimated sensitivities w.r.t. the diffuse
TeV-PeV γ-ray emission in the GP (jbj < 2°) for the observatories
(in ascending energy of maximum sensitivity) CTA (green
dotted), HAWC (blue dotted), LHAASO (red dotted) and Hi-
SCORE (brown dotted). Note that the model-dependent theo-
retical fluxes are averaged over Galactic longitude and latitude
jbj < 2°, whereas the measurements only apply to the intersection
of the GP with the FoVand in some case extend to larger absolute
latitudes as indicated in the plot (cf. Figure 5). Extending the GP
to jbj < 5° or jbj < 10° reduces the theoretical fluxes (only π0-
decay and ignoring absorption) by about a factor 2 or 3,
respectively. The relative intensity of the diffuse flux between
Galactic Center and anti-Center is less than $25% (see text).

PROBING THE GALACTIC ORIGIN OF THE ICECUBE … PHYSICAL REVIEW D 90, 023010 (2014)
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Galactic Diffuse Sub-PeV Gamma Rays Are NOW Measured

Discovery of sub-PeV g rays in 2021
(Tibet ASg Collaboration 21 PRL
LHAASO Collaboration 23 PRL)

Fang & KM 21 ApJ, 23 ApJL

predictions of the hadronic scenario

Galactic plane
n fluxes converted from g-ray fluxes

all-sky
averaged
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Galactic Multimessenger Connection: Current

- Supporting hadronic (pp) origin
- Truly diffuse emission 

vs
Unresolved (extended) sources

→ SWGO, KM3Net, Gen2 etc. 
relevance of templates

Galactic plane

Discovery of sub-PeV g rays in 2021
(Tibet ASg Collaboration 21 PRL
LHAASO Collaboration 23 PRL)

all-sky
averaged

Fang & KM 21 ApJ, 23 ApJL
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the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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Grand-unification?

KM3Net

LHAASO+Tibet
(Galactic diffuse g)
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Extragalactic Multimessenger Connection: Current

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

KM, Guetta & Ahlers 16 PRL
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))
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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 10-100 TeV neutrino flux can be explained by AGN
But do such hidden n source (candidates) exist??

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
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Where Do Neutrinos Come from?

compatible w. pg calorimetry (fpg>1) condition: R < 30-100 RS
Massive black hole: sub-PeV proton accelerator & ideal beam dump

KM 22 ApJL, Das, Zhang & KM 24 ApJ

for 0.1-300 GeV g rays

model-independent constraint
considering elemag. cascade

R < (10-30) RS
(BSM applications (e.g., Herrera & KM 24)
→ constraints on sDM-p at sub-GeV)



If n emission comes from X-ray coronae, plasma should be magnetically dominated
Das, Zhang & KM 24 ApJ

Updated Multimessenger Implications for n Production Sites and Coronae

g-ray constraint
xB=UB/Uph>~0.1 
synchrotron cascade
→ R <~ (5-15) RS

xB=UB/Uph<~0.1 
inverse-Compton cascade
→ R < RISCO unlikely

cf. ISCO for non-rotating BH
R=3 RS

tT~0.1-1 for X-ray corona, lEdd~0.5
xB >~ 0.1 leads to b <~ 1

pg scenario

LCR<LX CR energetics constraint
LCR < LX
→ R <~ (1-20) RS

Multimessenger constraints are improved by updated Fermi-LAT analyses (Ajello, KM & McDaniel 23 ApJL)



Multimessenger Implications for Neutrino Production Mechanisms

Das, Zhang & KM 24 ApJ

Neutrinos
from gg→µ+µ-
(Hooper & Plant 23 PRL)

Neutrons from
photodisintegration
(Yasuda, Inoue & Kusenko 25 PRL)

- Multimessenger connection is robust and must be considered 
- Exotic models are excluded if relevant processes are consistently included
- Also unlikely by the energetics requirement: LCR < Lbol ~ LEdd ~ 1045 erg/s 

B=1 G



turbulence 
magnetic reconnection

Neutrino Production Models

accretion 
disk

corona

Comptonized X rays 
CR-induced cascade g

optical/UVCR

n

MRI

black hole

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

failed-wind or accretion shock
(S. Inoue, Cerruti, KM+ 22, Y. Inoue+ 20)

shear at the base of jets 
(KM 22, Lemoine & Rieger 25)

shocks

b=Pg/PB < 0.1-1 → B > 103 G
LCR <~ LX <~ LB (turbulent)

submm → B~10-100 G
b=Pg/PB >~ 100
LB, LCR <~ LX

p+ p→ Nπ + X
p+γ→ Nπ + X

accretion black hole

accretion disk

termination 
shock

magnetic loop

turbulence

magnetic
reconnection

shear

jet



Two-temperature accretion disc coronae 7

Figure 1. Top row: Volume renderings of temperature (𝐿) and density (𝑀) for the zero net flux (ZNF) A = 10 𝑁0 = 10 (panel a) and net flux (NF) A = 10
𝑁0 = 104 (panel b) simulations at times 𝑂 = 61.8 orbits and 𝑂 = 64.7 orbits, respectively. Bottom row: magnetic-field line renderings, with color indicating
toroidal field (𝑃𝐿) for the ZNF A = 10 𝑁0 = 10 (panel c) and NF A = 10 𝑁0 = 104 (panel d) simulations. Because toroidal field reversals are so frequent in the
turbulent disc, a volume rendering (rather than streamlines) of the toroidal field is used around the midplane. In panels (a) and (b), temperature is only shown
where 𝐿 > 1.2𝐿0, with 𝐿0 as the midplane temperature. Density is shown where temperature is below this threshold to emphasize the structure of the thin disc.

dominated. Thus, the chosen coronal height is reasonably physically
motivated for our idealized problem. We refer to the height where
the horizontally averaged temperature, →𝐿↑𝑄 𝑅𝑂 , first rises above 𝐿0 as
𝑀𝐿 , and we list 𝑀𝐿 for each simulation in Table 1. With our definition
of the corona in mind, the Poynting flux into the corona is given by

↓𝑁
cor
Poyt =

∯
S · 𝜴̂ ( |𝑀 | = 2𝑂𝑆) d𝑃d𝑄, (33)

where the surface integral is taken over both planes at 𝑀 = ±2𝑂𝑆 .

5 RESULTS: FLOW STRUCTURE

Figure 1 demonstrates the key features of our simulations. By sus-
pending the isothermality assumption, the simulations allow the de-
velopment of temperature inversions: a high temperature ‘corona’
surrounding a cold ‘disc’ (Figures 1a and 1b; §5.1). Intermittent
heating and Coulomb cooling form a ‘multi-phase corona’ with
broadened density and temperature distributions dependent upon the
interplay of outflows (§5.2) and cooling (§5.3).

While conduction is not included in these simulations, temperature
inversions combined with field lines extending between the disc and
corona would allow a field-aligned conductive coupling between
the corona and disc. The dominantly toroidal field geometrically
suppresses the heat flux relative to what would be expected purely
from the vertical temperature gradient. We provide estimates for the
magnitude of this suppression in §5.4.

Field lines extending out from the corona (Figure 1d) enable NF
runs to launch magnetically driven outflows, which rapidly remove
mass and angular momentum from the accretion disc, potentially
evacuating a global disc of material (§6) and aiding evaporation of
the radiatively e!cient disc into a radiatively ine!cient accretion
flow (RIAF). In ZNF simulations, MRI turbulence, outflows, and
buoyancy form complex magnetic-field configurations composed of
twisted flux ropes and loop structures (Figure 1c). Magnetic energy
transport and dissipation within the corona are a"ected by thermo-
dynamics as well. In §7, we quantity the Poynting fluxes through the
|𝑀 | = 2𝑂𝑆 surface as well as the amount of cooling in the corona.

MNRAS 000, 000–000 (0000)

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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3Department of Astronomy & Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
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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.

C⃝ 2019 The Author(s)
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Strongly Magnetized, Collisionless, Turbulent Coronae

(two-temperature corona)
collisionless for protons

3D RMHD simulation 
w. Athena++

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

corona

Tg~105 K

Te~108-109 K

disk

Kimura, Tomida & KM 19 MNRAS (see also Sun & Bai 21 MNRAS)

High-energy neutrinos now meet the frontier of astroplasma physics

Test-particle simulations of stochastic 
acceleration based on 3D global MHD

Bambic, Quataert & Kunz 23 MNRAS

local MHD simulation 
w. Athena++



g Rays Must Not Be Gone: Hints & Future MeV g-Ray Tests

• Corona model prediction: cascade g rays should appear in the MeV range
• Fermi g-ray observation: sub-GeV “excess” over the starburst component

Ajello, KM & McDaniel 23 ApJL

AMEGO-X

e-ASTROGAM



Other AGNs?

KM, Karwin, Kimura, Ajello & Buson 24 ApJL
Model A: same as NGC 1068 
Model B: PCR/Pvir=8%

• - Corona model prediction: n luminosity ~ intrinsic X-ray luminosity
brightest in north: NGC 1068, NGC 4151
brightest in south: NGC 4945, Circinus

- IceCube n TeV excess: 
NGC 1068 (~4s), NGC 4151 (~3s), Circinus (~3s for AGNs in south)

- Fermi g-ray sub-GeV excess: 
NGC 1068, NGC 4945

(IceCube Collaboration 24a, 24b, 24c) 

(KM+ 20 PRL, KM+ 24 ApJL) 



Bright Future (w. Some Patience) 

More multimessenger
data in the next decade 
will enable us to test 
the proposed models 
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Summary
Success of multimessenger approaches to high-energy n sources

Multimessenger quests for the origin of high-energy cosmic neutrinos
- Galactic: multimessenger connection is now observed
supporting the hadronic origin of the Galactic diffuse g-ray flux
→ interplay w. further TeV-PeV g-ray observations

- Extragalactic: multimessenger connection requires g-ray hidden n sources 
AGN (jet-quiet): promising as primary sources of the all-sky neutrino flux
Prediction: NGC 1068 is the brightest and NGC 4151 is the 
NGC 1068: evidence of a hidden n source (need more statistics)
ns should be produced within 10-30 Schwarzschild radii
→ “unique” probe of non-thermal phenomena powered by black holes

(theoretical studies w. state-of-art simulations)
testable w. planned MeV g-ray and n detectors

High-energy multimessenger transients
- Strategic multimessenger searches in the Einstein Probe and Vera Rubin era



Thank you very much!



Updated Fermi Analysis & Impacts of Magnetic Fields

magnetization xB = UB/Uph (cf. corona model: xB ~ 1, shock model: xB <~ 0.01)    

Das, Zhang & KM 24 ApJ (see Ajello, KM & McDaniel 23 ApJL for updated Fermi-LAT analysis)
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Neutrinos Can Probe Particle Acceleration in Coronae

Kheirandish, KM & Kimura 21 ApJ

Constraints on Ecut for E-2 spectrum
enmax < 20-30 TeV (epmax < 1-1.5 PeV )
(Bohm diffusion is excluded for the   
accretion shock model)

IceCube 2022

NGC 1068
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Coronal Regions: Births and Deaths of Cosmic Rays 

Tp~Tvir~1011-1012 K @ R~10 RS

b=Pg/PB < 0.1-1 (sp >~ 0.01)
→ B > 103 G 

Te ~ 108-109 K (← tComp ~ theat)

effective optical depth: both fpp & fpg > 1 
(“nearly calorimetric”) 

Te < Tp (two-temperature corona)
collisionless for protons

KM, Kimura & Meszaros 20 PRL
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Particle Acceleration: Fast or Slow?
pg→pe+e- (Bethe-Heitler process) is important for protons producing 1-10 TeV ns  

(KM, Kimura & Meszaros 20 PRL)

ep
max ~ 100 TeV → enmax ~ 2 TeV (consistent w. IceCube)

R=30 RS

(shock or reconnection)



IceCube-Gen2

Further Tests with Neutrinos
• 2.6s with 8 yr upgoing nµ events and IR-selected AGN (IceCube 22 PRD)
• Good news for KM3Net/Baikal-GVD/P-ONE: many bright AGN in south

predictions for stacking search 

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

KM3Net

Baikal-GVD

Trident P-ONE



black hole

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

submm/IRCR

n

MRI

spark gap

Radiative Inefficient Accretion Flows
Kimura, KM & Toma 15 ApJ
Kimura, KM & Meszaros 21 Nature Comm.

• RIAF for mdot<0.03
• Hot plasma
• Electrons are mostly thermal

(collisional for electrons 
collisionless for protons)

Ponti+ 17 MNRAS

Sgr A*



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 



TDEs as High-Energy Multimessenger Transients

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

NH=1021-1023 cm-2



No Patience? Game Changing in n Transient Searches

• Supernovae, tidal disruption events, low-
luminosity gamma-ray bursts…
(e.g., Stein+ 21 Nature Astronomy, Reusch+ KM 21 PRL)

• Testability of models have been limited by 
the number of detected transients   

• Neutrino singlet followups would need 
spectroscopic information

• Neutrino multiplet followups
• Multimessenger alert (e.g., AMON) followups

multiplet signal (0.03 Rsn)

chance-coincident
closest SNe

Yoshida, KM+ 22 ApJ

Einstein Probe Vera Rubin Telescope



Promising n Transients: Nearby Supernovae

- Enhanced circumstellar material: ubiquitous for supernova progenitors
- Type II: ~100-1000 events of TeV n from the next Galactic SN
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events

- SNe as “multi-messenger” & “multi-energy” neutrino source
- Real-time monitoring of CR ion acceleration & new physics tests
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Detectability of Minibursts

Kheirandish & KM 23 ApJL

- CCSN rate enhancement 
in local galaxies (ex. Ando+ 05 PRL)

- Neutrino telescope networks are   
beneficial for nearby SNe at Mpc

- II-P: detectable up to ~3-4 Mpc
IIn: detectable up to ~10 Mpc


