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HE Cosmic n Background Has Been Measured: Questions

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

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

• Neutrino properties
• Physics beyond the Standard Model



Where do neutrinos come from?

core-collapse/merger
(GRB/SN/NS-NS)

active galactic nucleus
(AGN) galaxy cluster galaxy



Galactic Diffuse Neutrinos and Gamma Rays

uncertainties arising from our modeling of cosmic-ray
distribution described in Appendix C.

4. Discussion and Conclusions

We evaluated the GDE and high-energy neutrino flux from
astrophysical sources residing in the Milky Way based on the
latest γ-ray observations. Since the TeV–PeV γ-ray observa-
tions are ground-based and cover the partial sky, the maximum
flux of neutrino emission from the entire GP is derived based
on models of the source distribution in the Galaxy (Ahlers &
Murase 2014; Fang & Murase 2021). When calculating the
neutrino emission by sources, we removed sources classified as
pulsars, PWNe, and TeV halos, which are promising leptonic
sources. Our main conclusions are summarized as follows.

1. The neutrino contribution from resolved γ-ray sources,
excluding those associated with pulsars, is smaller than
the IceCube Galactic neutrino flux measured with the π0

template by a factor of ∼2, suggesting that the neutrino
emission could be dominantly produced by diffuse
cosmic rays or sources unresolved by γ-ray facilities.

2. At ∼1–30 TeV, the sum of resolved nonpulsar sources
and the LHAASO diffuse emission is comparable to the
IceCube π0 flux, when assuming that the γ-ray emission
of these components is 100% hadronic. This indicates
that the LHAASO diffuse γ-ray emission could not be
dominated by unresolved leptonic sources such as TeV
halos. The above two conclusions are weaker when
comparing to the IceCube flux obtained with KRA
templates (Gaggero et al. 2015).

3. At ∼ 30–100 TeV, the neutrino flux measured by
IceCube is comparable to or higher than that derived
from the Tibet ASγ GDE (Fang & Murase 2021),
suggesting a hadronic origin of the GP γ-ray emission.

4. Above ∼ 100 TeV, the GDE is expected to decline due to
the cosmic-ray knee. If the GP neutrino and γ-ray spectra
extend to higher energy without a break, then it would be
natural to expect contribution from super-PeVatrons such
as hypernova remnants and super-bubbles (Ahlers &
Murase 2014; Zhang et al. 2020; Abeysekara et al. 2021).

The identification and measurement of Galactic neutrino or
γ-ray sources involve a separation of the GDE component. A
small fraction of the source flux could arise from the GDE and
the isotropic emission (Cao et al. 2023b). This would further
lower the source contribution and support our conclusion.

We assumed that γ-ray emission of pulsars, PWNe, and TeV
halos mostly come from relativistic electrons and positrons.
High-energy neutrinos could be emitted by fast-spinning
newborn pulsars, although the birth rate of such sources in
the local Universe is relatively low (Bednarek &
Protheroe 1997; Murase et al. 2009; Fang 2015).

Our results confirmed the previous findings that the Galactic
contribution, whether it originates from truly diffuse emission
or sources, should be subdominant in the all-sky neutrino flux
in the 10 TeV–1 PeV range (Ahlers & Murase 2014; Murase
et al. 2016; Palladino & Winter 2018; Fang & Murase 2021).
Although our conclusion is not directly applied to quasi-
isotropic emission, this has also been constrained by not only
Fermi-LAT but also TeV–PeV γ-ray observations (Murase
et al. 2013; Ahlers & Murase 2014; Murase et al. 2016).
Upcoming neutrino telescopes such as KM3Net, Baikal-GVD

and IceCube-Gen2 (The IceCube-Gen2 Collaboration 2021)may

resolve individual Galactic sources and disentangle the source
emission and GDE. Future air shower γ-ray experiments in the
Southern hemisphere such as the Southern Wide-field Gamma-
ray Observatory (Albert et al. 2019) are also crucial to
understanding the emission of the entire GP.
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Appendix A
Table Summary of Gamma-Ray Observations of the

Galaxy

Tables 1 and 2 summarize the γ-ray observations of Galactic
sources and GDE, respectively.
De La Torre Luque et al. (2023) compared γ-ray emission

models to the Fermi-LAT data from the two sky regions observed
by Tibet ASγ. They conclude that the total flux is dominated by
the π0 decay of the diffuse cosmic rays at 100–300 GeV, with
<10% contributed by resolved and unresolved sources, inverse
Compton and bremsstrahlung radiation from cosmic-ray elec-
trons, and the isotropic γ-ray background. We therefore use the
total flux of the Fermi-LAT data from De La Torre Luque et al.
(2023) as an approximate of the GDE flux in these two regions
(the left and middle plots in Figure 2).

Appendix B
Multimessenger Connection

As in Fang & Murase (2021), we derive the upper limit on
the neutrino flux of a sky region from the γ-ray measurements
through the following relation:
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where n
WF and g

WF are the all-flavor neutrino flux and γ-ray flux
produced by hadronic cosmic rays from a sky region, either as
GDE or source emission. The factor to the right-hand side of
the equation scales the emissivity of the sky regions by
accounting for the attenuation of γ-rays due to propagation in
the ISM. In particular, Pγ,surv is the probability for a photon to
survive from the pair production along a line-of-sight s in the
direction of Galactic longitude l and latitude b,

t= -g g gg g( ) ( ( )) ( )x x x xP E E, , exp , , , B2,surv 0 ob 0 ob

and τγγ is the optical depth to a photon with energy Eγ when
traveling from its initial position x0 to the observer at xob
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distribution described in Appendix C.
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# Even in 2013, g-ray limits implied the Galactic n contribution is subdominant (Ahlers & KM 14 PRD)  

g-ray measurements can be used for “calibrating” n fluxes (after gg correction)  

CR

n
g

(Hayakawa−Hutchinson−Morrison)
(Berezinsky-Smirnov-Stecker)

CR interactions w. interstellar gasCRINGE
(Schwefer+ 23)
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Galactic Diffuse Sub-PeV Gamma Rays Are Measured

Fang & KM 21 ApJ, 23 ApJL

predictions of the hadronic scenario

Galactic plane
n fluxes converted from g-ray fluxes

all-sky
averaged

super-PeVatrons w. Emax/Z=30 PeV

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

Tibet ASg

LHAASO 

>100 TeV



Evidence for Galactic Diffuse Neutrinos

IceCube 23 Science

Now n emission from the Milky Way (~10% of total) has been observed w. >5s

Kheirandish‘s talk on Wed
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Galactic Multimessenger Connection is Now Seen

Supporting hadronic (pp) origin

Open questions 
- Truly diffuse vs unresolved sources?
- Super-PeVatron accelerators?

(Schwefer+ 23, Vecchiotti+ 23, Shao+ 23, Ambrosone+ 24, 
Yan+ 24, Kato+ 24, 25, Lipari & Vernetto 25, Kaci+ 25, 
Espinosa Castro, KM+ 26, Moghadam+ 26, Roberts+ 26 
etc.)

all-sky
averaged

super-Pevatrons w. Emax/Z=30 PeV

n fluxes converted from g-ray fluxes

Fang & KM 21 ApJ, 23 ApJL

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

IceCube Collaboration 23 Science)



All-Sky Multimessenger Flux & Spectrum

from IceCube 24

(Grand-)unified multimessenger picture?

KM3-230213A

(ex. KM & Waxman 16, Fang & KM 18, 
Kachelriess+ 17, KM & Fukugita 19)

Galactic diffuse n



All-Sky Multimessenger Flux & Spectrum

from IceCube 24

• 10-100 TeV n flux is larger than the benchmark n flux from UHECR sources
• 10-100 TeV n flux mainly originates from sources other than jetted AGNs (blazars)

KM3-230213A

Galactic diffuse n

Waxman-Bahcall bound

Jetted AGNs 
dominating the 
GeV-TeV g-ray sky 
are NOT dominant 
IceCube n sources



e-
e+

𝑒 + γCMB/EBL→ 𝑒 + γ

“photons may be cascaded”



Extragalactic Multimessenger Connection

see also
Murase, Ahlers & Lacki (2013)
Fang, Gallagher & Halzen (2022)

26 PRL

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators

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

K=p±/p0
pp: K~2
pg: K~1

At sources



Extragalactic Multimessenger Connection
10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

IceCube 26 PRD

Capanema, Esmaili & KM (2020) 
Capanema, Esmaili & Serpico (2021)

Fermi-LAT g-ray limit 
(w. IGRB modeling)

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators



Prediction of Hidden Neutrino Sources

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

gg→e+e-

optical depth

disk-corona
opt/UV=multi-temperature blackbody 

from disks
X-ray=Comptonization by hot electrons

in coronae (kTe ~ 10-100 keV)

Ueda+14 ApJ

The X-ray background originates 
from jet-quiet AGNs (coronae)

X-ray luminosity density
(cf. star-formation rate)



Prediction of Hidden Neutrino Sources

- Simultaneous explanation for 
the all-sky n and X-ray fluxes

- Predicting a spectral curvature 
consistent w. a ~10-30 TeV 
break in the n data

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
(see also Padovani et al. 24 A&A)

all-sky n intensity of extragalactic n sources (cf. DSNB)

cosmology theory 
(l: model parameters)

X-ray data
(measured)

MKM20

from KM+ (2026)

n

X

(IceCube PRL 26)

26 PRL



Prediction of Hidden Neutrino Sources

- Simultaneous explanation for 
the all-sky n and X-ray fluxes

- Predicting a spectral curvature 
consistent w. a ~10-30 TeV 
break in the n data

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
(see also Padovani et al. 24 A&A)

all-sky n intensity of extragalactic n sources (cf. DSNB)

cosmology theory 
(l: model parameters)

X-ray data
(measured)

MKM20

from KM+ (2026)

n

X

(IceCube PRL 26)

26 PRL

But do such hidden n source (candidates) exist??



IceCube Science 22NGC 1068 
one of the powerful AGNs in the local universe
distance: ~10 Mpc 
Ln~1042 erg/s << Lcorona ~ 8x1043 erg/s 

<< Lbol ~ LEdd  ~ 1045 erg/s

(artist’s impression)



R ~104 RS

R ~10 RS

R >107 RS

R ~106-107 RS

Rs=2GM/c2 

~ 2x107 km  

starburst region
R ~ 109 RS

IceCube Science 22

pp (starburst)



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
see also
Das, Zhang & KM 24 ApJ
Blanco, Hooper, Linden & Pinetti 25 PRD

for 0.1-300 GeV g rays

model-independent constraint
considering elemag cascade

R < (15-30) RS



What Can We Learn from NGC 1068?

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

for 0.1-300 GeV g rays

model-independent constraint
considering elemag cascade

R < (15-30) RS

LCR<LX

- CR spectrum is hard
sCR <~ 2

- Emission region is likely to be
strongly magnetized

xB=UB/Uph >~ 0.01
- n production mechanism 

should be pp or pg
(gg→µ+µ- & b-decay scenarios   
are ruled out by g-ray/CR        
overproduction & flavor studies)  

Das, KM & Zhang 26



High-Energy Phenomena in the Vicinity of Black Holes

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 turbulent 
acceleration based on 3D global MHD

Bambic, Quataert & Kunz 23 MNRAS

local MHD simulation 
w. Athena++

“Hot”, “strongly magnetized”, “turbulent” regions around a black hole (coronae)
→ promising sites for particle acceleration (Fermi mechanism)    



Magnetically Powered Turbulent Corona Model

(KM+ 20, see also Kheirandish, KM+ 21, Eichman+ 22, Fiorillo+ 24, Lemoine & Rieger 25, Wang+ 26, Yang+ 26…)

- Astrophysical data (NGC 1068): 
luminosity (LX~3x1043 erg/s), mass (MBH~6x106 Msun), optical depth (tT~0.4)

- Coronal parameters (data & magnetohydrodynamics): 
emission region size (R/RS), magnetic fields, viscosity  

- CR parameters (particle acceleration): 
Injection efficiency (PCR/Pth), acceleration efficiency (htur), spectral index (q)   

Carpio, Kheirandish & KM 26 (see also Ajello, KM & McDaniel 23)



• Theory prediction: n luminosity ~ intrinsic X-ray luminosity
brightest for IceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945 

• IceCube n evidences/hints: 
NGC 1068 (~4s), NGC 4151 (~3s), 
14 AGNs in the south incl. Circinus (~3s)
consistent w. the theoretical picture

Corona Model: Predictions and Hints

Carpio, Kheirandish & KM 26 ApJ (see also KM et al. 24 ApJL, Saurenhaus et al. 26 PRD) 

(IceCube Collaboration 22, 25a, 25b, 26a, 26b) 

(KM+ 20 PRL, 24 ApJL) 

Kheirandish‘s talk on Wed



predictions for stacking search 

• Theory prediction: n luminosity ~ intrinsic X-ray luminosity
brightest for IceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945 

• IceCube n evidences/hints: 
NGC 1068 (~4s), NGC 4151 (~3s), 
14 AGNs in the south incl. Circinus (~3s)

• Population studies are important

Corona Model: Predictions and Hints

(IceCube Collaboration 22, 25a, 25b, 26a, 26b) 

(KM+ 20 PRL, 24 ApJL) 

Kheirandish+ KM 21

all-sky modeling



Black Holes

>100 TeV n sources?
(TXS 0506+056?)

Jet-quiet AGN Jet-loud AGN
hidden n sources 
(NGC 1068…)

supermassive black holes

Galaxy
subdominant n sources (Milky Way)



Probing New Physics with Identified n “Sources”

nonstandard 
n interactions

pseudo-Dirac n

CR-DM interaction

- CR cooling by BSM
- CR-boosted DM

Dev‘s talk today Babu‘s talk today

Herrera & KM 24 Gustafson+ KM 26

KM & Shoemaker 19

Kelly & Machado 18, 
Choi+ 19, 
Koren 19, 
Ferrer+ 23, 
Cline & Puel 23, 
Doring & Vogl 24 etc.

Beacom+ 04, 
Shoemaker & KM 16,
Brdar & Hansen 19, 
Rink & Sen 24, 
Carloni+ 24, 
Dixit+ 25
MacDonald+ 25 etc. 

Guo+ 20
Wang+ 22, 
Granelli+ 22,
Cappiello+ 24, 
Gustafson+ KM 25, 
De Marchi+ 25 etc.

Cline+ 23



Evidences/hints for the association of high-energy ns with sources       

SummarySince the Discovery of HE Cosmic Neutrinos…



Summary
Evidences/hints for the association of high-energy ns with sources       

from Murase’s talk
@ Neutrino 2014

Since the Discovery of HE Cosmic Neutrinos…



Summary
Evidences/hints for the association of high-energy ns with sources       

from Murase’s talk
@ Neutrino 2014

TXS 0506+056?

NGC 1068 Galactic Plane

Since the Discovery of HE Cosmic Neutrinos…



Evidences/hints for the association of high-energy ns with sources       
Multimessenger analyses are powerful and necessary

Galactic: multimessenger connection is now observed
- Supporting the hadronic origin of the Galactic diffuse g-ray flux
Extragalactic: multimessenger connection requires hidden n sources
- AGN (jet-quiet): can be the dominant sources of the all-sky neutrino flux
- Associated AGNs: hidden n sources   
NGC 1068 → ns from pp or pg produced within 10-30 Schwarzschild radii
Unique probe of high-energy phenomena powered by black holes

New physics: better understanding properties of n sources is relevant

Looking forward to  
• Galactic: unveiling diffuse emission and study extreme Galactic CR accelerators
• Extragalactic: establishing NGC 1068 and source population w. multiple n detectors
• Energy frontier:
• Time domain: 

Since the Discovery of HE Cosmic Neutrinos…



Energy Frontier: Ultrahigh-Energy Cosmic-Ray Accelerators?

- Auger data: UHECRs are largely “nuclei” → E2Fn <~ 3x10-9 GeV cm-2 s-1 sr-1

- Many models consistent w. IceCube limits: E2Fn <~ 10-8 GeV cm-2 s-1 sr-1

Next-generation UHE n detectors can probe many models for UHECR nuclei
KM3Net event? encouraging 

IceCube 25, Li+ 25, Yuan & Lu 25
KM3Net 25, 26, Yuan+ 25
Mukhopadhyay & Kimura 26
KM3Net 26, Yu & Zhang 26… 

modified from Kotera+ KM 26 JCAP 

Viergg‘s talk this afternoon Celli‘s talk on Fri



Time-Domain Frontier: Multimessenger/Multienergy n Transients? 

pointing & timing → good chance to discover n sources 

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  



- SN progenitors commonly have “confined” circumstellar material
- Explosion → shock → Fermi acceleration → n & g-ray production

High-Energy Supernova Neutrinos

MeV n
thermal

GeV-PeV n
shock

~0.1-1 day~10 sec

Ln

time



High-Energy Supernova Neutrinos

MeV n
thermal

GeV-PeV n
shock

~0.1-1 day~10 sec

Ln

time

- SN progenitors commonly have “confined” circumstellar material
- Explosion → shock → Fermi acceleration → n & g-ray production
- Galactic SN → large statistics for IceCube etc.

possible targets for HK, ATLAS etc.
- “multimessenger” & “multi-energy” n sources
- Real-time observations of CR acceleration, Galactic CR origin
- Extragalactic “minibursts”: global n detector network will be useful

(KM 18 PRDR, 24 PRD)

(Wen+ KM 24 PRL)

(Kheirandish & KM 23 ApJL, Guetta+ 23 ApJL)



Evidences/hints for the association of high-energy ns with sources       
Multimessenger analyses are powerful and necessary

Galactic: multimessenger connection is now observed
- Supporting the hadronic origin of the Galactic diffuse g-ray flux
Extragalactic: multimessenger connection requires hidden n sources
- AGN (jet-quiet): can be the dominant sources of the all-sky neutrino flux
- Associated AGNs: hidden n sources   
NGC 1068 → ns from pp or pg produced within 10-30 Schwarzschild radii
Unique probe of high-energy phenomena powered by black holes

New physics: better understanding properties of n sources is relevant

Looking forward to  
• Galactic: unveiling diffuse emission and study extreme Galactic CR accelerators
• Extragalactic: establishing NGC 1068 and source population w. multiple n detectors
• Energy frontier: dawn of ultrahigh-energy n astrophysics
• Time domain: n-multiplet transients w. counterparts (ex. supernovae/novae/flares)
• Some surprises…
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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

→ Eg
2 Fg : En

2 Fn ~ 2:3 (comparable)p0:p±~1:2

CASA-MIA

E2
νJHNRνα ≃ 6.2 × 10−9 GeV cm−2s−1sr−1

!
Eν

0.1 PeV

"−0.2
;

ð11Þ

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
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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).
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Importance of Improved Measurements

is limited by the completeness of the sample. Based on the
luminosity function derived from the HGPS sources (Abdalla
et al. 2018; Steppa & Egberts 2020), it has been suggested that
the GDE flux measured by Tibet ASγ and LHAASO may come
from unresolved pulsar-powered sources that are presumably
leptonic (Cataldo et al. 2020; Vecchiotti et al. 2022; Zhang
et al. 2023).

The population of TeV sources has grown significantly
following the launches of air shower detectors. The Third
HAWC Catalog (3HWC) reported 65 sources, including 20
sources that are more than 1° away from any previously
detected TeV source (Albert et al. 2020). The first LHAASO
catalog (1LHAASO) reported 90 sources, out of which 43 are
detected above 100 TeV at >4σ (Cao et al. 2023b). However,
the luminosity function has been very uncertain at these very
high (0.1−100 TeV) and ultrahigh (>100 TeV) energies.
The detection of Galactic neutrinos has been anticipated for

decades (Stecker 1979). Whether the Galactic contribution
dominates the full-sky neutrino flux was first debated at the
time of IceCube’s discovery of high-energy cosmic neutrinos
(IceCube Collaboration 2013). Using the multimessenger
connection and diffuse TeV γ-ray data mainly from CASA-
MIA and KASKADE, Ahlers & Murase (2014) showed that
the all-sky neutrino flux mostly originates from extragalactic
sources. Fang & Murase (2021) derived the upper limit on the
Galactic neutrino flux based on the GP observation by Tibet
ASγ, and argued that the 100 TeV emission may come from
either the GDE or the sum of discrete sources. Lately, the
IceCube Collaboration reported evidence for neutrinos from the
GP (Abbasi et al. 2023). The observed flux level is consistent
with the prediction of Fang & Murase (2021).
An important task in understanding the GP is to disentangle

the contribution of individual sources from the truly diffuse

emission. This is crucial to understanding the PeVatrons in the
Milky Way and the leptonic contribution to the TeV–PeV γ-ray
sky. While detecting individual Galactic neutrino sources
would be the ultimate solution to this problem, in this paper we
take a first step in understanding the source contribution to the
neutrino GDE via a multimessenger approach. Specifically, we
constrain the neutrino flux of individual sources using γ-ray
catalogs and compare it to the GDE measured by IceCube or
derived from γ-ray observations. Unlike extragalactic neutrino
sources, Galactic neutrino sources are likely optically thin to
TeV γ-rays given their relatively low infrared fluxes. The γ-ray
emission can be made by either electrons or protons and nuclei
whereas high-energy neutrinos can only come from the latter.
The γ-ray flux of individual Galactic sources detected by γ-ray
telescopes therefore provide an upper limit on their neutrino
emission.
We describe the TeV–PeV γ-ray observations of the GP in

Section 2, including the source catalogs and GDE observations
in Sections 2.1 and 2.2, respectively. By converting the
differential γ-ray flux to neutrino flux assuming that they are
simultaneously produced by protons and nuclei, we constrain
the high-energy neutrino emission by sources and compare that
to the GDE in Section 3. We conclude and discuss the caveats
of the work in Section 4.

2. TeV–PeV Gamma-Ray Observations

In this section, we describe the γ-ray catalogs and GDE
observations to be used for the deviation of high-energy
neutrino fluxes. Figure 1 summarizes the sky regions observed
by various experiments. We overlay the neutral hydrogen (HI)
emission from the HI 4-PI Survey (HI4PI Collaboration et al.
2016), since the pionic GDE is dominated by cosmic-ray
interaction with the HI gas.

Figure 1. Summary of the sky regions observed by various γ-ray experiments, including H.E.S.S. Telescope for the GP survey (red rectangle; Abdalla et al. 2018),
Tibet ASγ Observatory for the GDE observation (yellow rectangle for region A and dashed cyan rectangle for region B; Amenomori et al. 2021), LHAASO
Observatory for the GDE measurement (purple rectangle for outer Galaxy; Cao et al. 2023a), HAWC Observatory for the Third HAWC Catalog of Very-high-energy
Gamma-ray Sources (3HWC; sky blue curves Albert et al. 2020) and LHAASO for the First LHAASO Catalog of Gamma-Ray Sources (1LHAASO; pink curves; Cao
et al. 2021). Fermi-LAT and IceCube observe the full sky and are not shown in this plot. Details of the observations are summarized in Tables 1 and 2 . For reference,
the neutral hydrogen (21 cm) emission from HI 4-PI Survey (HI4PI Collaboration et al. 2016) is shown with the column density indicated by the color bar. Plot is in
Galactic coordinates.

2

The Astrophysical Journal Letters, 957:L6 (8pp), 2023 November 1 Fang & Murase

Fang & KM 23 ApJL



Importance of Improved Measurements

Sources may significantly contribute to the Tibet data in the inner region (see also Kato+ 24 ApJL).
Unresolved sources at >100 TeV? “Resolved” sources could also contribute to the IceCube data. 

Fang & KM 23 ApJL



to be shorter than the advection and the escape times
[70,71]. Thus, whereas the above estimate, corresponding
to the upper curve in Fig. 2, may be valid in normal
galaxies, this Ωcr we obtained is taken, for sure, as an upper
limit on the current energy density of CRs with stellar
origins.
For extragalactic radiations, including UHE CRs,

neutrinos, and gamma rays, the differential global energy
density is written in terms of the observed energy density as,

E
dΩ
dE

¼ E
dU
dE

1

ϱcritc2
¼ 4πE2Φ

c
1

ϱcritc2
: ð28Þ

The UHE CR energy density on Earth is measured
accurately, but the global energy density depends on the
transition from Galactic to extragalactic CRs. In Fig. 2, the
upper curve of the UHE CR shade region is taken from
Ref. [57] which uses the mixed composition model with
the proton dominance around the ankle energy. For
E≳ 1018.5 eV this model has the spectrum that is close
to the flux given by Eq. (9). The lower curve of the (green)
shade region is based on the classical proton ankle model
with ssc ¼ 2.0 [52,72], which can be taken as a more
conservative estimate on the UHE CR energy density. Note
that both curves agree with each other above E ∼ 1019 eV,
where the extragalactic component is dominant.
High-energy neutrino observations serve as a probe for

the differential luminosity and energy density of CRs. For a
given spectral index we obtain the total luminosity density:
for s ¼ 2.5 we have Qν ≃ 1044.3$0.1 ergMpc−3 yr−1ð2=ξzÞ
and Ων ≃ 10−10.7$0.1 above 25 TeV (see Table I).

This yields Qexcr ≳ 1044.6$0.1 ergMpc−3 yr−1ð2=ξzÞ and
Ωexcr ≳ 10−10.4$0.1 above Ep ∼ 0.5 PeV, assuming inelastic
pp interactions being the dominant process.
As indicated in Fig. 3 below, the GeV–TeV CR spectrum

extrapolated to PeV energies can be compatible with the
soft CR spectrum indicated by the 10–100 TeV neutrino
data if the meson production is fully efficient for PeV CRs,
i.e., the effective optical depth fmeson ≳ 1. On the other
hand, Ωcr ≫ Ωγ means that the CR energy density in the
GeV–TeV range needed to explain GeV–TeV gamma rays
overshoots the observed CR roughly by a factor of 3–10
(see Fig. 3). This implies that the gamma-ray production
for GeV–TeV CRs should not be fully efficient (i.e.,
fmeson ≪ 1) and/or the hadronic gamma rays are attenuated
by interactions with ambient matter or radiation. A com-
parison of the IceCube and Fermi data implies that the CR
accelerators are hidden when viewed in GeV–TeV gamma
rays [62].

IV. DISCUSSION

A. Cosmic-ray reacceleration in star-forming galaxies

The CR energy generation rate density in the GeV–TeV
range, when leaked CRs are included, is not much different
from that in the UHE range, across energies 10 orders of
magnitude apart. This may point towards the idea that CRs
may be reaccelerated by the Fermi acceleration in the
vicinity of galaxies, say, in superbubbles or galactic winds
driven by the star formation, whose power-law index can be
scr ∼ 2 or smaller [73,74].
The velocity of galactic winds driven by the star

formation can be Vs ∼ 300–1000 km s−1 [75,76] (see also

-15

-14

-13

-12

-11

-10

-9

-8

8 9 10 11 12 13 14 15 16 17 18 19 20

-11

-10

-9

-8

-7

-6

-5

lo
g(

E
 d

Ω
/d

E
)

lo
g(

E
 d

U
/d

E
 [e

V
 c

m
-3

])

log(E [eV])

CR

 (EGB)

 (IGRB)

CR
(confined in normal galaxies)

UHE CR

(produced)

FIG. 2. Local (z ¼ 0) energy densities of cosmic particles (in
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straints on the CR energy generation rate density, while the IGRB
is taken as an upper limit for a given value of the effective optical
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KOHTA MURASE and MASATAKA FUKUGITA PHYS. REV. D 99, 063012 (2019)
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What Can We Learn from All-Sky Data? - Energetics

KM & Fukugita 19 PRD

UHECR energy generation ~ sub-PeV n energy generation ~ sub-TeV g-ray energy generation 

∝ (Q: energy generation rate density)

7

sion factor from soft to hard X-ray band. We choose a
characteristic value ωS→H → 1/1.7 and ignore the lumi-
nosity dependence for simplicity. In either case of the
adopted x-ray luminosity function, z → 1–2 and yields a
redshift evolution factor εz → 3 [10, 46].

The corona model of MKM20 depends on the Edding-
ton parameter ϑEdd or the SMBH mass M for a given
LX . Ideally we need to take into account the dispersion
of ϑEdd. However, the distribution of ϑEdd for a given LX

is uncertain (see also Ref.), it is reasonable to the fiducial
values of the possible LX ↑M relation. The SMBH mass
is related to LX by Fig. 15 of Ref. [41]. MKM20 adopted

ϑ̄Edd ↓ 0.074

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.254

. (25)

Note that the updated result by Mayers et al. [41] gives

ϑ̄Edd ↓ 0.089

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.42

, (26)

although our results are not a!ected significantly. On the
other hand, Eq. (29) of Shen et al. [43] leads to

ϑ̄Edd ↓ 0.015

(
Lbol

1044 erg s↑1

)0.469

, (27)

which gives lower values of the Eddington parameter
compared to those from x-ray observations.

Simultaneously, the model predicts a di!use MeV
gamma-ray background consistent with COMPTEL and
Fermi -LAT observations. The correlation between neu-
trino and MeV gamma-ray fluxes o!ers a powerful cross-
check for future multimessenger studies.

III. INTERPRETATION OF ALL-SKY
MULTIMESSENGER FLUXES

Our numerical results are shown in Fig. ??. The results
are essentially the same as these of MKM20 although
details of the photomeson production are considered as
in Ref. [15]. Our results show that if all jet-quiet AGNs
are neutrino active, a small energy fraction (→ 1↑ 10%)
of the coronal energy budget channeled into nonthermal
protons su”ces to account for the all-sky IceCube flux at
tens of TeV.

Note that our phenomenological framework does not
discriminate between the weak turbulence and The hard-
sphere di!usion with q = 2 has been used in various lit-
eratures. In this work, we examine a

Note that the maximum energy is used in this work is
not appropriate.

A. Origin of a spectral break

The latest IceCube shower analyses report evidence for
a spectral break (or curvature) at → 30 TeV with ↭ 3ϖ

significance, and complementary starting-event measure-
ments are consistent with a convex spectrum in the → 10–
30 TeV range. The existence of such a break is also moti-
vated by an energetics argument for the medium-energy
neutrino background, which suggests that a simple, fea-
tureless extension is disfavored.
In the magnetically powered corona model, the ob-

served turnover arises naturally because the coronal ra-
diation field and magnetic environment set characteristic
energy scales for hadronic interactions and for the cooling
of secondary particles.
Crucially, the coronal photon field provides a natu-

ral scale at which the relative importance of interaction
channels changes, and photopion production becomes ef-
ficient at proton energies that map to neutrino energies in
the tens-of-TeV band. Above the break, synchrotron and
hadronic cooling of mesons and muons in strong coronal
magnetic fields steepen the neutrino spectrum, reducing
the emergent flux at higher energies compared to an un-
broken extrapolation. [SSK: I think the pion and muon
cooling is not important at multi-TeV range in our AGN
corona model. The critical energy for pion cooling is
around 10 PeV, in my understanding, so we can ignore
meson cooling.] Below the break, dense coronal plasma
enables e”cient pp interactions, including sub-threshold
behavior in which the neutrino spectrum can be compar-
atively harder. This combination produces a convex neu-
trino spectrum without imposing an ad hoc phenomeno-
logical break, and it is consistent with the numerical all-
sky spectra shown for representative model realizations.
which is indeed consistent with the numerical results

shown in Fig. 2. Here K = 1 and K = 2 for pϱ and
pp interactions, respectively, εz → 3 due to the redshift
evolution of the AGN luminosity density [10, 46], Rp is
the conversion factor from bolometric to di!erential lumi-
nosities, and εCR is the cosmic-ray loading parameter de-
fined against the x-ray luminosity, where PCR/Pth → 0.01
corresponds to εCR → 0.1 in our model. [SSK: How gen-
eral or universal is this relation (PCR/Pth → 0.01 corre-
sponds to εCR → 0.1)? I thought PCR depends on various
parameters, and generic simple relation between PCR and
εCR is not obtained.]

E
2

ω
#ω ↓ ctH

4ς
φωQεω εz ↓ ctH

4ς
nsLωεz (28)

E
2# ↓ ctH

4ς
φQεεzg(E) ↓ ctH

4ς
nsLωεz (29)

Analytically, the medium-energy ENB flux is given by

E
2

ω
#ω → 10↑7 GeV cm↑2 s↑1 sr↑1

(
2K

1 +K

)
R↑1

p

(
εz

3

)

↔
(

15fmes

1 + fBH + fmes

)(
εCR,↑1LX↼X

2↔ 1046 erg Mpc↑3 yr↑1

)
.(30)

Given that the cosmic-ray luminosity density is larger

propagation



Ajello+ 15 ApJL

~100 % come from blazars
at sub-TeV energies?

Fermi Collaboration 16 PRL

Extragalactic g-Ray Sky: Dominated by On-Axis Jetted AGN

Ajello+ 15 ApJL

blazar!



2017: Hints of Neutrinos from On-Axis Jetted AGN? 

IceCube 2018 Science 

2014-2015 
orphan n flare

2017 multimessenger flare

n

radio

X

g

TXS 0506+056
“blazar”

IceCat-2: Updated IceCube Event Catalog of Alert Tracks

Figure 4: Sky map showing spatial coincidences between IC-170922A and TXS0506+056 (yellow star).
The tighter angular reconstruction contours highlight improvements in event localization from IceCat-1 (in
red) to IceCat-2 (in blue), with solid and dashed lines representing the 50% and 90% containment regions,
respectively.

(a) (b)

Figure 5: Sky maps showing spatial coincidences between IC-220424A (in orange) and IC-230416A (in
blue), and NGC 7469 (yellow star). Solid and dashed lines represent the 50% and 90% containment regions,
respectively. Panels (a) and (b) display the contours of the two alerts in IceCat-1 and IceCat-2, respectively.

estimated to correspond to a 3.2𝐿 significance. Panels (a) and (b) of Fig. 5 show the position of
NGC 7469 relative to IC-220424A and IC-230416A in IceCat-1 and IceCat-2, respectively. While
the contour areas around the best-fit directions for the track alerts are significantly reduced in
IceCat-2, the source position is still contained within the contours of both neutrino alerts.

Additionally, a few tidal disruption event (TDE) candidates (e.g., AT2019dsg, AT2019fdr, and
AT2019aalc) have been associated in recent years with IceCube track alerts through multimessenger
follow-up searches [13–15]. In each case, the neutrino detection occurred approximately 100 days

6

Petropoulou, KM+ 20 ApJ

IceCube 25 ICRC

But “disputed” by theory...
(e.g., KM+ 18 ApJ)



Neutrino Production in AGN Jets

from KM, Inoue & Dermer 14 PRD

blazar!

CR acceleration
& n/g-ray production



“Power” of Multimessenger Approaches

Fntheory ~ FEMtheory < FEMobs < Fnobs
associations are questioned by multimessenger analyses

n

Keivani, KM, Petropoulou Fox et al. 18 ApJ

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT

Petropoulou, KM et al. 20 ApJ
2017 multi-messenger flare 2014-2015 neutrino flare

g:Fermi-LAT

X:MAXI

X:Swift-BAT

opt: ASAS-SN

n:IceCube n:IceCube

pg → n, g + e electromagnetic energy must appear at keV-MeV



Extragalactic n Sky: NOT Dominated by On-Axis Jetted AGN

Stacking searches are powerful to constrain ns from on-axis jetted AGN

from KM & Stecker 23



What Can We Learn from Multimessenger Connection? 

Generic power-law spectrum: ∝ e2-s, transparent to GeV-TeV g

• sn<2.1-2.2 (for extragal.); insensitive to redshift evolution of sources
• Large contribution to diffuse sub-TeV g: >30%(SFR evol.)-40% (no evol.)

pp



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

=



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, Das, KM & Zhang 26 (see Ajello, KM & McDaniel 23 ApJL for updated Fermi analysis)



Neutrino Production Mechanisms: pp & pg

Das, Zhang & KM 24 ApJ, Das, KM & Zhang 26

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

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

- Multimessenger connection 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 



turbulence 
magnetic reconnection

Neutrino Production Models

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 < 0.1-10 → B >~ 102 G
LCR <~ LX <~ LB (turbulent)

submm → B~10-100 G
b=Pg/PB >~ 10-100

LB, LCR <~ LX

accretion black hole

accretion disk

termination 
shock

magnetic loop

turbulence

magnetic
reconnection

shear

jet



Neutrinos Can Probe Particle Acceleration in Coronae

Kheirandish, KM & Kimura 21 ApJ

En
2Fnµ ~ 10-8 GeV cm-2 s-1 @ 1 TeV

constraints for an En
-2 spectrum

enmax < 10 TeV (ep
max < 200 TeV )

broken power-law by reconnections?
ep

b = sp mpc2 w. sp~105

NGC 1068

(Fiorillo+ 24 ApJ) enmax

(cf. acceleration w. tacc=rL/c → ep
max~10-100 PeV)



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)

tfall (V=0.01 c)



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

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

Ajello, KM & McDaniel 23 ApJL

AMEGO-X

e-ASTROGAM

NGC 1068



Guaranteed AGN Contribution to the All-Sky Neutrino Flux?

Carpio, Kheirandish & KM 26 ApJ

NGC 1068NGC 4151

Ueda+ 14 ApJ

• AGN corona model was proposed to explain the all-sky n flux (KM+20 PRL)
(ex. X-ray luminosity function is used in the MKM20 corona model)

• Differential n flux at 10 TeV: ~10-8 GeV cm-2 s-1 → ELE ~ 2x1041 erg/s
• NGC 1068-like AGNs are rare: n~10-5 Mpc-3 → EQE ~ 6x1043 erg Mpc-3 yr-1

• Comparable to the required energy budget: EQE ~ 5x1043 erg Mpc-3 yr-1

• NGC 1068-like sources give the minimal contribution to the all-sky n flux
• Higher-energy neutrinos come from AGNs with lower luminosities



reservoir
(ex. galaxy cluster)

accelerator
(ex. AGN)

cosmic-ray reservoir scenario

CR

p

pp/pg reactions

n

g

UHECR



KM, Inoue & Nagataki 08 ApJ

Loeb & Waxman 06 JCAP

IceCube

IceCube

galaxy group/cluster

starburst galaxy

IceCube

Kotera, Allard, KM, Aoi, Dubois,
Pierog & Nagataki 09 ApJ

>0.1 PeV IceCube data:
consistent w. earlier
theoretical predictions



High-Energy Astro-Particle Grand-Unification?

UHECR

> PeV ns may be physically related to UHECRs and isotropic diffuse g rays (unification)
Exploring ultrahigh-energy ns is important for testing the n-UHECR connection

- Jetted AGN as “UHECR” accelerators
- ns from confined CRs & UHECRs from CR escape
- Predicting the smooth transition from pp n to pg n

pp

pg

Fang & KM 18 Nature Phys.
(cf. Unger et al. 15 PRD)



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



Tidal Disruption Events – Bare Black Hole Model

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



Interacting Supernovae as Multimessenger Transients
• Confined CSM (Rcs <~ 1015 cm): mass ejection or extended envelope
• May be common even for Type II-P SNe

dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for RSG)
• Shock accelerated cosmic rays produce cosmic rays, ns and gs

(KM+ 11 PRD, KM 18 PRDR, KM 24 PRD)



Evidence for “Confined” CSM around Progenitors

• May be common even for Type II-P SNe
dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for RSG)

• Confined CSM (Rcs <~ 1015 cm): mass ejection or inflation

early spectroscopy
(Yaron+ 16 Nature Phys.)

SN 2013fs

light curve modeling
(Forster+ 18 Nature Astronomy
see also Morozova+ 17 ApJ)

CSM

no CSM



Latest Example: SN 2023ixf
Hiramatsu+ 23 Jacobson-Galan+ 23

Grefenstette+ 23

- M101 @ 6.9 Mpc
- Optical 
dMcs/dt~10-2-10-1 Msun yr-1

Rcs ~ a few x 1014 cm
- X-ray
dMcs/dt~(0.3-1)x10-3 Msun yr-1

Rcs ~ 1015 cm
- Radio
VLA detection at ~30 d



Multimessenger Emission from Interacting SNe

Star

wind/shell wind/shell

ejecta

kinetic energy → thermal + non-thermal via shocks

SN

shocks

dense environments = efficient n emitters (calorimeters)

KM, Thompson, Lacki & Beacom 11 PRD, KM & Thompson & Ofek 14 MNRAS



Neutrino Fluence

Fluence for an integration time at which S/B1/2 is maximal
(determined by the detailed time-dependent model)

thick: s=2.2
thin: s=2.0

First prediction of HE neutrinos from SN w. confined CSM (KM 18 PRDR) 

KM 18 PRDR



Neutrino Light Curve

slowly declining light curves while pion production efficiency ~ 1

w. pre-SN mass loss

w.o. pre-SN mass loss

KM 18 PRDR



Next Galactic Supernova?

- 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" detection of CR acceleration, testing Pevatrons, neutrino physics

KM 18 PRDR



Key Points
• Testable & clear predictions (no need for jets/winds)  

free parameters: eCR & s (typical values: eCR~0.1 & s~2.0-2.3)
• Time window: 

duration ~ calorimetry (fpp~tdyn/tpp>1)
e.g., ~days to weeks for SNe II (II-P/II-L/IIb), ~hours (Ibc), ~months (IIn)

• Energy range: multi-energy
IceCube/KM3Net: TeV-PeV (even Glashow resonance anti-ne & nt events) 
Hyper-K/IceCube-Upgrade/KM3Net-ORCA: GeV-TeV

• Astrophysical implications
a. Pre-explosion mass-loss mechanisms

How does a dense wind/shell form around the star ? 
b. PeVatron origin 

Are supernovae the origin of CRs up to the knee energy at 1015.5 eV?   
c. Real-time observation of ion acceleration for the first time

Onset of CR ions acceleration & collisionless shock formation
d. Particle physics implications – large statistics 

flavor studies, BSM searches



Detection w. Large Hadron Collider

LHC ATLAS
calorimeter rV=4 kt

starting events

Wen, Arguelles, Kheirandish & KM 24 PRL

N ~ rV NA snN EnFn

~ 3x10-3 EnFn
~ 1 (EnFn/300 cm-2)

diameter 22m
length 40m

B: Betelgeuse
EC: Eta Carinae



Wen, Arguelles, Kheirandish & KM 24 PRL

throughgoing tracks

B: Betelgeuse
EC: Eta Carinae

2 hadronic showers
discriminated

Betelgeuse
D*=0.1

2 hadronic showers
undiscriminated



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 (CCSM): detectable to ~3-4 Mpc
IIn: detectable to ~10 Mpc



High-Energy Neutrino – Gravitational Wave Transients? 

short GRB jet                          

long-lived 
magnetar 

- No statistically significant coincident 
n emission from significant GW sources 
(164 BH-BH + 10 NS-BH + 2 NS-NS)
during O1-O4a run

- Consistent w. theoretical expectations  

GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)

IceCube 26



High-Energy Neutrino – Gravitational Wave Transients? 

short GRB jet                          

long-lived 
magnetar 

- No statistically significant coincident 
n emission from significant GW sources 
(164 BH-BH + 10 NS-BH + 2 NS-NS)
during O1-O4a run

- Consistent w. theoretical expectations

- Could be detected w. next-generation 
neutrino and GW detectors

GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)

Mukhopadhyay+ KM 24



BSM Imprints on Spectra/Flavors
nonstandard interactions

pseudo-Dirac n

Dmk
2=10-17 eV2

n decay

Blum, Hook & KM 14 Esteban+ 21

Shoemaker & KM 16 Bustamante, Beacom & KM 17 



BSM & Time-Domain Multimessenger Astrophysics 

“time delay” signatures 
(neutrino echoes) 

KM & Shoemaker 19 PRL



XENON1T

Supermassive Black Hole Neutrinos as a Probe of Dark Matter

• AGN ns originate from CRs within 10-30 Schwarzschild radii 
• High DM density at the center of AGN (“DM spike”)
• CR cooling due to DM-SM scattering

Most stringent constraints on DM-p scattering for DM in the MeV range 

Herrera & KM 24 PRDL
Gustafson, Herrera, Mukhopadhyay, KM & Shoemaker 

2408.08947



Example of Scalar-Mediated DM-Nucleon Interactions

Herrera & KM 24 PRDL

non-relativistic DM cross section

• NGC 1068 observations enable us to probe new parameter space



Application to Inelastic Dark Matter

Cosmic-Ray Cooling in Active Galactic Nuclei as a New Probe of Inelastic Dark
Matter

R. Andrew Gustafson ID ,1, ∗ Gonzalo Herrera ID ,1, † Mainak Mukhopadhyay
ID ,2, ‡ Kohta Murase ID ,2, 3, § and Ian M. Shoemaker ID 1, ¶

1Center for Neutrino Physics, Department of Physics,
Virginia Tech, Blacksburg, Virginia 24061, USA

2Department of Physics; Department of Astronomy & Astrophysics; Center for Multimessenger Astrophysics,
Institute for Gravitation and the Cosmos, The Pennsylvania State University, University Park, Pennsylvania 16802, USA

3Center for Gravitational Physics and Quantum Information,
Yukawa Institute for Theoretical Physics, Kyoto, Kyoto 606-8502 Japan

(Dated: August 20, 2024)

We present a novel way to probe inelastic dark matter using cosmic-ray (CR) cooling in active
galactic nuclei (AGNs). Dark matter (DM) in the vicinity of supermassive black holes may scatter o!
CRs, resulting in the rapid cooling of CRs for su”ciently large cross sections. This in turn can alter
the high-energy neutrino and gamma-ray fluxes detected from these sources. We show that AGN
cooling bounds obtained through the multimessenger data of NGC 1068 and TXS 0506+056 allow to
reach unprecedently large mass splittings for inelastic DM (>→ TeV), orders of magnitude larger than
those probed by direct detection experiments and DM capture in neutron stars. Furthermore, we
demonstrate that cooling bounds from AGNs can probe thermal light DM with small mass splittings.
This provides novel and complementary constraints in parts of a parameter space accessible solely
by colliders and beam dump experiments.

Introduction.- A pressing problem in high-energy
physics and cosmology resides in the yet unknown nature
of dark matter (DM), confirmed only via its gravitational
e!ects on visible matter [1]. In the current paradigm, the
DM is believed to likely be composed of one or more fun-
damental particles, that couple weakly or feebly to the
Standard Model (SM) sector [2–4].

An early proposal to search for weakly interacting mas-
sive particles accounting for the observed DM abundance
of the Universe, dubbed direct detection, consists in look-
ing for its scatterings o! nuclei at Earth-based detectors
[5, 6]. In some DM models, the inelastic scattering chan-
nel can naturally dominate over the elastic one [7–15]. In
this scenario, DM with mass mDM upscatters with SM
particles to an excited (heavier) state with mass m→

DM
,

where m→
DM

= mDM + ωDM and ωDM is defined as the
mass splitting. A canonical example is the vector cur-
rent of Majorana DM, which is forbidden for the elastic
case, but not for the inelastic one. Indeed, for a Majorana
fermion ε,

εϑµε = εcϑµεc = →εϑµε, (1)

since for a Majorana field the charge conjugation op-
eration leaves the field unchanged εc = ε. The o!-
diagonal current between two non-degenerate Majorana
fields, could, however, be nonzero.

Such inelastic DM models are only weakly constrained
by direct detection experiments, reaching maximum mass
splittings between the two DM states of order ↑ 100 keV,
e.g., Refs. [8, 16–24], and are largely unconstrained by
direct detection for sub-GeV DM masses, e.g., Refs. [21,
25–31]. Furthermore, it should be noted that indirect (as-
trophysical) constraints on inelastic DM restrict to some

Direct 
Detection

Non-galactic DM

Neutron stars

This work: AGN cooling (electrons)

This work: AGN cooling (protons) 

Cosmic-ray boosted DM

Maximum accessible mass-splitting (Log10δDM)
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FIG. 1. Maximum mass splitting of inelastic DM reached
by various astrophysical and laboratory probes: direct detec-
tion of DM from the galactic halo [19], direct detection of a
nongalactic high-speed DM component [21], direct detection
of cosmic-ray (CR) boosted DM [20], DM capture in neutron
stars [32], and CR cooling in AGN (this work). The cooling of
CRs in AGN, inferred from multimessenger high-energy neu-
trino and electromagnetic observations, allows to reach the
largest mass splittings of inelastic DM to date.

regions of parameter space only (and rely on future ob-
servations of nearby neutron stars), e.g., Refs. [32–39],
or probe self-annihilations of DM particles, but lack in
probing signatures arising from scatterings [40].

ar
X

iv
:2

40
8.

08
94

7v
1 

 [h
ep

-p
h]

  1
6 

A
ug

 2
02

4
3

NGC 1068 (p) TXS 0506+056 ( )e−

⟨ρDM⟩ = 8 × 1012 GeV cm−3, σ0,DM−e− = 5 × 10−35cm2⟨ρDM⟩ = 5 × 1018 GeV cm−3, σ0,DM−p = 5 × 10−35cm2

FIG. 2. Cooling timescales from CR protons (left) and electrons (right) scattering with inelastic DM, compared with those
from SM processes [47]. For the case of proton cooling, we see that the timescales become larger as mDM increases (i.e., as
the number density decreases). The timescales also increase with Tp since scattering becomes ine!ective at large-momenta
transfers. For the case of electron scattering, we see that cooling timescales initially decrease with Te, then start to increase
once 2mDMTe → ω2DM

>↑ m2

Z→ .

FIG. 3. Left plot: AGN cooling constraints on the DM-proton and DM-electron interaction strength, parametrized as y. For
comparison, we show constraints from collider and beam dump experiments, and combination of values able to account for
thermal DM, from [26, 42] Right plot: AGN cooling constraints on the kinetic mixing ε vs the mass of the DM mDM, for
fixed relations mZ→ = 3mDM, ωDM = 0.8mDM and ϑDM = 0.5. For comparison, we show model-independent constraints from
collider and beam-dump experiments, and thermal DM targets from [26]. To derive these constraints, we consider the cooling
of cosmic rays in the following energy ranges: 30-100 TeV for NGC 1068, and 0.1-20 PeV for TXS 0506+056 (see main text for
details).

respectively, to derive constraints in this work. This cri-
terion is consistent with the energetics requirement from
multimessenger observations of AGN. For NGC 1068, the
CR proton luminosity would be 1043 erg s→1 <→ Lp

<→
LX

<→ a few↑1044 erg s→1 [47, 49], justifying C → 0.1↓1,
where LX is the total (bolometric) luminosity. For TXS
0506+056, the absolute proton luminosity in the single-
zone model would violate the Eddington luminosity LEdd

[50], so our choice is conservative for protons. This is also
reasonable for electrons. The total isotropic equivalent
electron luminosity is Le → 8 ↑ 1047 erg s→1, in which
the absolute electron luminosity can be lower than LEdd

[48]. For NGC 1068, we consider proton energies 10-
300 TeV to place constraints, while for TXS 0506+056
we consider elctron energies 50 GeV - 2 TeV. We note
that as mDM increases, the number of DM particles de-

Gustafson, Herrera, Mukhopadhyay, KM & Shoemaker 2408.08947

4

If the DM particles self-annihilate, the maximal DM density in the inner regions of the spike is saturated to ωsat =
mω/(→εv↑tBH), where →εv↑ is the velocity averaged DM self-annihilation cross section, and tBH is the SMBH age. For
TXS 0506+056 (NGC 1068), we take the value tBH = 109 (1010) yr [35, 52]. Furthermore, the DM spike extends to
a maximal radius Rsp, beyond which the DM distribution follows the initial NFW profile. The DM density profile
therefore reads [45, 46, 49])

ω(r) =






0 r ↓ 4RS,

εsp(r)εsat

εsp(r)+εsat
4RS ↓ r ↓ Rsp,

ω0

(
r
r0

)→ϑ (
1 + r

r0

)→(3→ϑ)
r ↔ Rsp.

(7)

From the dark matter distribution we can find the column density of dark matter particles at these sources analytically
[53]. Then, the density profile in this region reads ωsp(r) ↗ ωsp(Racc)(

r
Racc

)→ϑsp , with Racc the accelerating region of

cosmic rays. We take conservatively R
NGC

acc
= 103RNGC

S and R
TXS

acc
= 103RTXS

S , consistent with inferred values from
multi-messenger observations from these sources [41, 48]. The column density can be expressed as [53]

!ω

∣∣
spike

↗
∫ Rsp

Racc

drωsp(Racc)

(
r

Racc

)→ϑsp

↗ ωsp(Racc)Racc

(ϑsp ↘ 1)

[
1 ↘

(
Rsp

Racc

)1→ϑsp
]

. (8)

Further, the contribution to !ω from the passage through the halo of the host galaxy is:

!ω

∣∣∣
host

=

∫ ↑

Rsp

dr ω0

(
r

r0

)→1(
1 +

r

r0

)→2

↗ ω0r0

[
log

(
r0

Rsp

)
↘ 1

]
, (9)

where we have used r0 ≃ Rsp. Under this prescription, we find that the column density of dark matter particles in
the spike (with ϑ = 1) of TXS 05056+056 is given by !TXS

ω = 9.4 ⇐ 1029 GeV cm→2, and for NGC 1068, we find
!NGC

ω = 9.4 ⇐ 1030 GeV cm→2. We will use these fiducial values along the paper. For a discussion on uncertainties
from dark matter annihilation and stellar heating at these AGN sources see e.g [33, 53, 54]. The corresponding
boosted fluxes would change linearly with the column density of dark matter employed at the source.

III. COSMIC RAY BOOSTED DARK MATTER FLUX

We consider a vector mediator Z
↓ and a stable Dirac fermion DM particle ϖ1 whose scattering cross section with

cosmic rays i = p, e (ϖ1 + i ⇒ ϖ2 + i) is given by 2

dεi

dTω
= εω→i

m
4

Z→

(m2

Z→ + q2)2

mω

[
s ↘ (m2

ω + m
2

i + ϱmDM)
2

+ mωTω(q2 ↘ 2s)



2µ2

ω→iς(m2
ω, m2

i , s)
F

2

i (q2), (10)

where we have allowed for inelasticity in the dark sector via a mass splitting defined as ϱ = mω2 ↘ mω1 . The
non-relativistic DM-proton and DM-electron scattering cross section is given by

εω→i =
g
2

i g
2

ωµ
2

ω→i

φm4

Z→
, (11)

where gi denotes the gauge coupling of the mediator Z
↓ to protons or electrons, and gω denotes the coupling of the

mediator to the dark matter. In models with a vector portal between the dark matter and the Standard Model sectors,
the gauge coupling gi is typically proportional to the kinetic mixing ↼ between the vector boson and the Standard
Model photon [55]. The non-relativistic cross section from Eq. 11 can then be written as

εω→i =
16φµ

2

ω→i↽↽D⇀
2

m4

Z→
, (12)

2 Although a model of DM-proton or DM-electron interactions generically allows for DM-DM scattering, in this paper we will assume
that such interactions are small, and have no impact on the boosted DM fluxes from AGN. This was the working assumption of previous
literature on cosmic ray boosted DM, and it is physically motivated if the coupling of the DM to the mediator is su!ciently low.

• DM may be inelastic (ex. pseudo-Dirac)
• DIS can be important!
• CR cooling limits (IceCube)
• Boosted DM limits (Super-K)

CR cooling

Boosted DM

(heavy mediator)


