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Multimessenger astronomy with high-energy cosmic neutrinos 
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cosmic rays and 
gravitational waves

High-energy messengers of the non-thermal Universe

gravitational waves
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High-energy messengers of the non-thermal Universe

p + γCMB/source → n + π+ → n + μ+ + νμ → n + e+ + νe + νμ + ν̄e

ν

p + γCMB/source → p + π0 → p + γ + γ
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High-energy messengers of the non-thermal Universe

p + γCMB/source → n + π+ → n + μ+ + νμ → n + e+ + νe + νμ + ν̄e

ν

p + γCMB/source → p + π0 → p + γ + γ

Neutrino energy flux =
3
4

γ-ray energy flux |Eγ−ray=2Eν

Eproton : Eν : Eγ−ray

20 : 1 : 2

photon fields 

in source env. 

CMB photons

x

4

x

4



IceCube Neutrino Observatory 
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Discovery of astrophysical neutrinos
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Discovery of astrophysical neutrinos
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Power-law spectrum

                  

 
   

Maximum energy ~ 6.3 PeV

dN
dE

≈ E−γ

γthroughgoing muons = 2.4 ± 0.1
γHESE = 2.9 ± 0.2
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Discovery of astrophysical neutrinos
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IceCube Coll. PoS(ICRC2017)981
Latest Catalogue: IceCat1 arXiv: 2304.01174 ~300 neutrinos

Power-law spectrum

                  

 
   

Maximum energy ~ 6.3 PeV

dN
dE

≈ E−γ

γthroughgoing muons = 2.4 ± 0.1
γHESE = 2.9 ± 0.2
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Discovery of astrophysical neutrinos
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IceCube Coll. PoS(ICRC2017)981
Latest Catalogue: IceCat1 arXiv: 2304.01174 ~300 neutrinos

Power-law spectrum

                  

 
   

Maximum energy ~ 6.3 PeV

dN
dE

≈ E−γ

γthroughgoing muons = 2.4 ± 0.1
γHESE = 2.9 ± 0.2

10 year map IceCube Coll, PRL 2020

~100000 neutrinos / year
~200 astrophysical 
~30 high energy (E> 60 TeV)/year
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Gamma-ray Bursts
Tidal Disruption Events

GRB/TDE Afterglow

Neutron stars

Starbursts

Galaxy clusters

AGN Knots
AGN
Lobes

AGN
Hotspots

Milky Way
Supernovae

Wolf-Rayet stars

Ø = 1.0

Ø =0.01

1 au 1 pc 1 kpc 1 Mpc

Starburst galaxies

Neutron stars

What are the sources of > 1017 eV cosmic rays? 

Tidal disruption events

Gamma Ray Bursts

Active Galactic Nuclei (AGN)7

Eν ∼
1
20

Eparent CR

Emax ∼ shock velocity(β) × Size × Mag . field strength



Neutron stars and Galactic sources
Neutron stars

Fermi-LAT 10 year sky-map

8

~200 detected with Fermi-LAT



IceCube Coll. PoS(ICRC2017)981

IceCube Coll ApJ 849 (2017)
Antares Coll, IceCube Coll, ApJL 868 (2018) 
IceCube Coll, ApJ 898 (2020)
IceCube Coll, ApJL 930 (2022)

Galactic CRs ≤ 15%

Specific source classes: 
•Galactic TeV emitting pulsars ≤ 4%
•Galactic X-ray binaries ≤ 1%
•Galactic microquasars ≤ 7%

Neutron stars

Galactic 

< 15%
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Neutron stars and Galactic sources 



IceCube Coll. PoS(ICRC2017)981

IceCube Coll ApJ 849 (2017)
Antares Coll, IceCube Coll, ApJL 868 (2018) 
IceCube Coll, ApJ 898 (2020)
IceCube Coll, ApJL 930 (2022)

Galactic CRs ≤ 15%

Specific source classes: 
•Galactic TeV emitting pulsars ≤ 4%
•Galactic X-ray binaries ≤ 1%
•Galactic microquasars ≤ 7%

Neutron stars

Galactic 

< 15%

ANTARES

measurement

neutrino model

ANTARES Coll. 2022 arXiv:2212.11876v1
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Neutron stars and Galactic sources 

https://arxiv.org/abs/2212.11876v1


Gamma-ray bursts
Fermi-LAT 10 year GRB map

>2000 GRBs with Fermi-GBM
~200 with Fermi-LAT

Fermi-LAT 2nd GRB Catalogue,2019
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The most powerful 
transients in the 

Universe



Neutrino production in gamma-ray bursts

Meszaros & Rees, 2014

GRB photon fields are excellent 
neutrino production sites ``targets’’

TeV- PeV neutrinos PeV neutrinos

PeV - EeV neutrinos

>100 publications on theoretical expectations: 
see e.g. review “Neutrinos from GRBs” (Kimura 2022)
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GRB contribution to the cosmic-neutrino flux

Stacked search for 
neutrinos coincident with 
prompt GRB emission. 

2091 GRBs

Prompt (ΔTpromt ~1-100s): < 1% diffuse neutrino flux

Precursor/Afterglow (ΔTafterglow ± 14d): < 24% diffuse neutrino flux

IceCube Coll, ApJ 843 (2017) 112
IceCube Coll., Fermi GBM Coll, Apj 939 (2022) 2
+strong limits from GRB221009A (the ``BOAT’’) 
IceCube Coll ApJL 946 L26 (2023)

NS/NS Mergers

GRBs

< 1%

< 1%
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IceCube Point-Source Events



TDEs coincident with high-energy neutrinos

+
+

+

IC191119A

IC200530A

AT2019dsg

(z = 0.051)

AT2019aalc 
(z=0.036)

AT2019fdr

(z = 0.267)

IC191001A

+148days

+150days

+393days

combined significance: 3.7σ  

 Stein et al 2021
Reutsch et al 2022

Van Velzen et al 2021 
Albert et al 2021 (Antares)
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tidally disrupted star

in the vicinity of a


Massive Black Hole



103 104 105 106 107 108

E [GeV]

10−5

10−4

10−3

10−2

10−1

100

E
2
φ
[G

eV
/c
m

2
]

GFU

PS

GFU

PS

GFU

PS

GFU

PS

Core (Corona)

Core (RIAF)

HiddenWind

Hidden Jet

Murase, Zhang, Kimura, FO, Petropoulou 2020

observed 
neutrino

flux

various 
model 

neutrino
fluxes

Example neutrino spectra (AT2019dsg)

Jet? (only in ~few% 
of TDEs)

Corona 

photons

Disk

photons

ν ν ν

Neutrino production in TDEs
see also Hayasaki et al 2019

Winter, Lunardini 2020
Winter, Lunardini 2022
Banik & Bharda 2022

No jet for AT2019dsg, 
AT2019fdr, AT2019aalc
(Cendes et al 2021, Matsumoto et al 2021)
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IceCube Point-Source Events

Tidal disruption events

<26%

3 jetted TDEs
40 non-jetted TDEs (mixture 
of X-ray / UV / optical TDEs)

Updated search in 2022 ZTF 
TDEs with neoWISE flare                  
(``dust echo’') Y. Necker TeVPA 
2022 - No excess 
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Galactic

0.0 1.0

TDE sky-map 

IceCube Coll PoS ICRC 2019
Necker et al 2022 (ASAS-SN Coll) 
Stein et al 2022 (ZTF Coll) 

Jetted TDEs: < 3% diffuse neutrino flux

Non-jetted < 26%

TDE contribution to the cosmic-neutrino flux

https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf
https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf


Active Galactic Nuclei 

16

Jet 

Accretion disk 

Black Hole 
Blazar, point-like appearance

Jetted AGN  (10%)   - rare and extremely powerful Non-jetted AGN (90%)    



Blazars: High-energy accelerators 
Fermi-LAT 5 year map

~3000 with Fermi-LAT
~10000 blazars detected with radio/IR surveys
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Neutrino production in blazars :
e.g. Mannheim 1991, 1993, 

Halzen & Zas 1997, Mücke 2001, 2003, Atoyan & Dermer 2001, 2004,  
Neronov, Semikoz 2002, Dermer et al 2006, Kachelriess et al 2009, 

Neronov et al 2009, Böttcher 2013, Dermer, Cerruti 2013,  
Cerruti et al 2013, Tchernin et al 2013, Murase et al. 2012, 2014, 

Dermer et al 2014,  Tavecchio et al 2014, 2015, Petropoulou et al 2014, 2015,2016, 
Jacobsen 2015, Padovani 2015, Gao et al 2017, Rodrigues et al 2017, 2020, 

Palladino et al. 2019,  FO et al 2019 , 2021, Righi et al 2020, Rodrigues et al 2021

Neutrino production in blazars 
TXS 0506+056 observations: 

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-
SN, HAWC, H.E.S.S, INTEGRAL, Kanata, 

Kiso, Kapteyn, Liverpool telescope, Subaru, 
Swift/NuSTAR, VERITAS, and VLA/17B-403 

teams. Science 361, 2018, 
MAGIC Coll. Astrophys.J. 863 (2018) L10
IceCube Collaboration: M.G. Aartsen et al. 

Science 361, 147-151 (2018)

TXS 0506+056 modelling:
MAGIC Coll 2018, ApJ, 863, L10 

Gao et al, 2019, Nat. Astron., 3, 88 
Keivani et al. 2018, ApJ, 864, 84 

Cerruti et al 2018, MNRAS, 483, 1           
FO et al 2019, MNRAS, 489, 3

hadro-nuclear interactions: Liu+19   
stellar disruption: Wang+19

multiple zones: Xue+(inc FO)19 
neutron beam: Zhang+(inc FO)19

curved/double jet: Britzen+19, Ros+19 
inefficient accretion flow: Righi+19

     gamma-suppressed states: Kun+21  
2014 flare: Reimer+19, Rodrigues+19, 

Halzen+19, Petropoulou+20, 
and more…! 



Blazars coincident with high-energy neutrinos

PKS B1424-418+IC35 Kadler, Nat Phys 2016, Gao, Pohl, Winter, ApJ 843 2017,
Kun et al ApJL 2021
PKS 0735+178 + 211208A Sahakyan et al MNRAS 2022

3HSP J095507.9+355101: Petropoulou, FO et al. 2021, Paliya et al 2021 
PKS 1502+106: Rodrigues et al 2021,  Britzen et al 2021, FO et al 2021, 
Wang & Xue 2021, Kun et al ApJL 2021 

PKS 1502+106

+300 TeV νμ(Gold)


Radio high

 2σ w.r.t. γ-ray flux

TXS 0506+056

+300 TeV (Gold) 


6 month γ-ray flare

3σ

PKS 0735+178

+170 TeV (Bronze)

20 day γ-ray flare


(slightly outside the 90% error circle ) 

3HSP J095507.9+355101

300 TeV νμ 


30 day x-ray flare (3σ)


Bronze events >30% “signalness”
Gold events >50% “signalness”

IceCube Coll 2019
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The power of multimessenger modelling 

20
FO, Petropoulou, et al., JCAP, 2021 

x-rays -raysγ neutrinosIR/optical
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FO et al 2019
Petropoulou, FO et al 2021
FO et al 2021
Sahakyan et al 2022 
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sensitivity
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fluxes
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FO et al 2019
Petropoulou, FO et al 2021
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Blazar contribution to the cosmic-neutrino flux
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.

Stacked search for 
neutrinos coincident with 
2089 γ-ray selected blazars
3413 radio selected 

< 17% diffuse neutrino flux
IceCube Coll PoS (ICRC 2019) 916
ΙceCube Coll arXiv: 2304.12675

Blazars

< 17%

See also: 

IceCube Coll 10yr Point-Source Analysis (3 blazars), 
Franckowiak et al ApJ 893 (2020), 
Giommi et al MNRAS 497 (2020) 
Hovatta et al A&A 650 (2021), Plavin et al ApJ 908 
(2021), Buson et al ApJL (2022)

IceCube Point-Source EventsBlazar sky-map 

https://arxiv.org/abs/2304.12675


NGC 1068 (M77) 

Seyfert 2 galaxy with heavily obscured nucleus

Prototypical nearby Seyfert 2 (14.4 Mpc) 

High infrared luminosity: high-level of star formation

NGC 1068

IceCube Coll, Science 2022

x

Nneutrinos = 79+22
−20, E > 1 TeV

Post − trial significance = 2σ (Northern hemisphere scan)
dN
dE

∼ E−3.2±0.2

Post − trial significance = 4.2σ (single source test)
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Neutrino production in NGC 1068
AGN corona (pp) Murase et al 2020

AGN 
external

wind
(pp)

Lamastra 2016, 2019

AGN 
external 

wind (pp)

5

Fig.2 presents the numerically calculated MM spectra
for our fiducial parameters, compared with the available
observational data for NGC 1068. As analytically ex-
pected, pγ neutrinos from the inner region exhibit a spec-
tral break at εν,br ∼ 1 TeV and a cutoff at εν,max ∼ 5
TeV, generally being consistent with the current IceCube
data. Values of ηg ∼ 1-40 may be compatible (Fig.7),
but future neutrino measurements with higher statistics
by IceCube-Gen2 [72] may be required for confirmation.
There is also a sub-dominant contribution of pp neutrinos
from the outer region.
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FIG. 2. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for fiducial parameters. Inner region:
R = 10Rs, v = 1000 km/s, B = 510G (εB = 0.1), ηg = 4,
Lp = 1044erg/s. Outer region: Ro = 0.1 pc, no = 106 cm−3,
Bo = 7mG, Lp,o = 2.6 × 1042 erg/s. Total emission from
the inner (red solid), outer (blue solid), and both (black
solid) regions shown. Left: Electromagnetic spectrum. Com-
ponents dominating each band highlighted: total pγ Bethe-
Heitler (BeH) cascade (ochre dashed), external inverse Comp-
ton (EIC) from first-generation BeH pairs (ochre dot-dashed),
pp π0 decay (green dotted), pp π± decay pair synchrotron
(cyan double-dot-dashed). Assumed disk+corona (cyan thin)
and torus (magenta thin) components overlaid. Data plotted
for radio to X-rays on sub-pc scales [73] (black circles), distin-
gushing bands affected by obscuration (empty circles), high
resolution ALMA (ochre diamonds) [45], Fermi-LAT [74, 75]
(black and magenta squares) and MAGIC [41] (blue trian-
gles). Intrinsic X-ray flux (gray box) indicated [32]. Right:
Muon neutrino spectrum. 1- (dark green), 2- (medium green),
and 3- (light green) σ error regions from IceCube denoted [30].

EM emission from the inner region is dominated by
the BeH cascade. Despite considerable γγ attenuation
above a few MeV as expected, it is luminous enough to
contribute significantly to the sub-GeV emission detected
by Fermi-LAT, mostly due to IC upscattering of AGN
photons by the first generation of BeH pairs (also seen
but not clearly emphasized in the coronal region models).
On the other hand, the emission at higher energies is
accounted for by pp gamma rays from the outer region
with Lp,o = 2.6 × 1042 erg/s. Above ∼0.1 TeV, the pp
gamma rays are severely γγ-attenuated by the torus IR

radiation, in agreement with the MAGIC upper limits.
Although the cascade emission from the inner region

extends down to much lower frequencies, due to the onset
of synchrotron self absorption (SSA) below a few THz, it
may not be observationally relevant, at least for the fidu-
cial parameters. In contrast, GHz-range emission may
be observable from the outer region due to synchrotron
by secondary pairs from pp-induced π± decay. For con-
sistency with the current upper limit at a few GHz, we
choose Bo = 7mG, within the range inferred from inde-
pendent polarization measurements for the inner torus of
NGC 1068 [76]. This implies Ep,max,o = 300 TeV given
by tacc,o = trad,o if ηg,o = 10.
For other combinations of R and v, we note that R <

∼
10Rs is unlikely as the inner disk radius is 3Rs, and R <

∼
100 km/s is unlikely as it approaches the sound velocity
of the inner disk and shocks may not form. Thus, fixing
ηg = 4 and εB = 0.1 so that B ∝ R−1, we focus on
two cases for {R/Rs, v[ km/s], B[ G]}: {30, 300, 170} and
{100, 100, 50}, with Lp adjusted to the MM data for each
case. Fig.3 shows the comparison with the fiducial case.
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γ

FIG. 3. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for ηg = 4 and varying combinations
of R, v, B and Lp for the inner region, as indicated in the
legend. Total emission from both regions shown for R = 10Rs

(fiducial, dark shaded), R = 30Rs (medium shaded) and R =
100Rs (light shaded), along with total emission from outer
region (fiducial, thin solid). Otherwise the same as Fig.2.

As expected, εν,br ∼ 1 TeV remains similar for all
cases. As trad ∝ R2 and tacc ∝ R, Ep,max (and hence
εν,max) given by tacc = trad increase with R, being ∼52
TeV and ∼33 TeV for R/Rs = 30 and 100, respec-
tively. The EM emission becomes more luminous with
R in bands affected by opacity, for both γγ absorption
at GeV and SSA at submm. Thus, to remain consistent
with existing data in those bands, Lp must be decreased
accordingly, to Lp/ erg/s = 4.1 × 1043 and 1.4 × 1043

for R/Rs = 30 and 100, respectively. This entails much
lower neutrino fluxes and disfavors cases with larger R
compared to the fiducial case. However, we note that
in reality, there can be additional γγ absorption outside

AGN internal wind (pγ) S. Inoue et al 2022

Starburst + AGN corona composite (pp)  

Eichmann, FO et al 2022
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see also Kheirandish et al 2021
Anchordoqui et al 2021
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Rneutrinos ≤ 30RSw
Murase 2022
Halzen 2023 



IceCube Coll 2022, PRD

Non-jetted AGN contribution to the cosmic-neutrino flux
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.

Non-jetted AGN

consistent with 

27% - 100%
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could account for 27-100% of diffuse
neutrino flux at 100 TeV 

IceCube Point-Source EventsAGN sky-map 
Infrared selected (ALLWISE) AGN with 
soft-X-ray weights ~ 32,249 AGN

 excess w.r.t. background 
expectations

Best-fit spectral index 

2.6σ

dN
dE

∼ E−2



High-energy neutrino sources are ubiquitous!
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For summary of all upper limits see 
FO PoS ICRC2021 (2022) 030, arXiv:2201.05623

https://arxiv.org/abs/2201.05623


Outlook 
Several neutrino experiments in preparation! 

GVD - Lake Baikal KM3NeT - France/Italy 

27

+ Several more 
planned 

1�0/&
Pacific Ocean Neutrino Experiment



Summary 

Diffuse neutrino flux: 

The main suspects (blazars & GRBs) are constrained

Neutrino sources (relatively) numerous and ordinary

Galactic component (~10%) emerging 

Neutrino point sources: 

First hints of multimessenger (+neutrino) sources 

New telescopes currently being deployed

A vibrant growing field!  
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