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Using neutrinos for Astrophysics 

Neutrinos 
- point back to their source

- could unveil hidden phenomena
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Neutrino flux at Earth
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Neutrino fluxes relevant for IceCube

7

Power-law flux Φ! = Φ"##$
Flux falls off faster than cross section increases

à Large statistics at lower energies
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IceCube
 IceTop Array

81 stations

InIce Array

86 strings, 

each with 60 optical 
sensors

1450m  –

2450m  –

Digital Optical Module (DOM)

Working principle

• Particles interact with the 

deep clear ice

• Emitted light is detected 

by sensors


Fully operational since 2011


Geometry

• volume 1 km3

• vertical spacing 17 m

• horizontal spacing 125 m

South Pole

IceCube Laboratory

Readout 

electronics

Photomultiplier
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Cherenkov Light

charged particle
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Neutrino signatures
neutrino events are characterized by reconstructed quantities direction, energy, angular uncertainty 
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Track like topology

- good angular resolution 0.1° - 1°

- increased effective volume 

(vertex outside volume)

- challenging energy resolution

Cascade like topology

- all flavours

- calometric measurement of 

energy resolution ~15%

- angular resolution around  

10° > 100 TeV

Track vs Cascade
• Two primary topologies of events
• Tracks from CC-ν μ interactions, cascades 

from all others 
• Throughgoing tracks are the workhorse of 

IceCube searches

• Tracks angular resolution (0.2o-2o)
• Cascades angular resolution (5o-40o)
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CASCADE

IceCube Collaboration

University of Nevada Las Vegas
Nevada Center for Astrophysics Symposium

1. “Phys. Rev. Lett. 124, 051103 (2020) https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.051103.
2. Aartsen et al. The Astrophysical Journal 886, no. 1 (November 2019):  https://doi.org/10.3847/1538-4357/ab4ae2.
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Rejecting background

7Juan A. AguilarHEP@VUB 24/10/2019

Using up-going through-going muon 
events using Earth as a shield against 
atmospheric muons. 

1 Using the outer layers as an active veto to 
select starting events.
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Rejecting the Background 
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Shielding: 

•record through-going μ-neutrinos

•use earth to filter atmospheric μ

Veto: 

•outer layer as veto volume

•select starting events
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Astrophysical neutrinos
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What have we learned from IceCube?
The Universe glows brightly in high-energy neutrinos

Neutrino energy density matches gamma rays and cosmic rays
      Neutrinos in all directions (isotropic).  What is producing them?

9Justin Vandenbroucke | IceCube CollaborationNovember 3, 2022

The universe glows brightly in Neutrinos 
Energie density of γ and ν matches over many orders of magnitudes

Neutrino presence hints to 
hadronic processes
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Flavour of neutrinos at Earth
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- between different analyses: tension in spectral index

- caveat: tracks vs cascades & Northern vs Southern sky

2. High-energy astrophysical neutrinos

13

IceCube, ApJ.928(2022)50

First observation (2013) 
- 60-2000 TeV neutrinos
- Unlikely from atmospheric and cosmogenic neutrinos
- Flavour not understood
- Spectrum not understood 

Caveat
- Track vs. Cascade
- Northern vs. Southern sky

Φ0~,123 -
.0

100 1'2
45()*
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Flavour of neutrinos at Earth
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2. High-energy astrophysical neutrinos
IceCube,EPJC82(2022)1031

nt

nµ

ne

First observation (2013) 
- 60-2000 TeV neutrinos
- Unlikely from atmospheric and cosmogenic neutrinos
- Flavour not understood

Astrophysical neutrino production model
- ne:nµ:nt ~ 1:2:0
- After mixing, ne:nµ:nt ~ 1:1:1Production model:  νe : νμ : νt ~ 1 : 2 : 0 

After mixing: νe : νμ : νt ~ 1 : 1 : 1 

- neutrinos with 60 TeV - 2 PeV 

- ντ hard to identify
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Neutrino emission from NGC1068
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- search for ”hot-spots“ in IceCube νμ map

- identified spot with excess of ~79 ν and mean spectral index of 3.2

- distribution matches model prediction

- coincidence with NGC1068

- global significance 4.2 σ


( distance to NGC 1068 )2

   distribution of neutrino events matches our model predictions

Measured astrophysical neutrino events = 79+22
-20

Measured spectral index = 3.2 +- 0.2

10

NGC 1068 is consistent with location of strongest clustering of neutrinos in the sky
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NGC1068: an obscured accelerator
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2
0

NGC 1068: a non-jetted AGN 
with an obscured black hole

Credit: NASA/JPL-Caltech 20

Elisa Resconi | IceCube CollaborationNovember 3, 2022 24

Fermi-LAT

MAGIC

(2) K. Murase et al., 
PRL’20

(1) Y. Inoue et al., ApJL’20

THIS WORK

(1)(2)

NGC 1068: a cosmic obscured accelerator

Supermassive 
Black Hole

Accretion disk

Ultra hot gas

Credit: NASA/JPL-Caltech

NGC 1068 and the obscured core

22

Models: 
Inoue et al, ApJL 891 (2020) 33 
Murase et al, PRL 125 (2020) 011101 

Dusty Torus

observables of AGN 
depend on viewing 

angle


Seyfert II galaxies: 

edge-on i.e. through 

dusty torus


Blazar: 

in / close to jet direction

Jet direction
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Neutrino real-time alert system - first astrophysical  ν source
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Singlet ν:

- since 2016, re-designed 2019

- gold events: 10/y, signalness > 50%

- silver events: 20/y, signalness > 30%

- latency: 2 min to GCN notices


IceCube-170922A (in GCN Circ. 21916)

- counterpart in X-rays and optics: TXS 0506+056

- blazar with typical accretion disk and dusty torus

- flaring state at time of neutrino emission

- additional neutrino flare (3.5 σ) found in  
  archival data w/o γ-counterpart


Current status

- 58 analyses performed 2016 – 2020, more studies 
since 

- typical latency is a few days.
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Implications of the NGC 1068 neutrino observation

Active Galaxies may contribute to 
significant fraction of extragalactic 
neutrino flux.

NGC 1068 is opaque to high-energy 
gamma-rays

NGC 1068 and TXS 0506+056 are 
different.

[25] IceCube. ApJ 928, 50 (2020)
[17] IceCube. PRL. 125, 121104 (2020)

Ignacio Taboada | IceCube CollaborationNovember 3, 2022 39

Implications of first neutrino sources

14

TXS056+0506 (blazar)

- leptonic process can explain all optical signals from 

TXS0506+056 (Synchrotron self-Compton scattering) 

- Neutrino signals imply presence of hadronic process

&! → ##

NGC1068 (radio galaxy)

- Nearby AGN (14.4Mpc)

- 1.5 – 15 TeV with g~3.2±0.2

2. AGN neutrinos  

16

P. Mészáros, Science 2001

IceCube, PRL124(2020)051103, Science378(2022)538

This suggests we may have more 

accessible high-energy astrophysical 

neutrino sources

• Active Galactic Nuclei may contribute 
significantly to extragalactic neutrino flux 


• NGC energy smaller 6 spectral index 
softer than diffuse ν: there might be 
more accessible high-energy 
astrophysical neutrino sources

• NGC1068 and TXS0506-056 are different source classes


- TXS: 

• blazar, > 1Gpc

• leptonic processes can explain all optical signals 

(synchroton self-Compton scattering)

- NGC: 


• radio galaxy, nearby AGN (14.4 Mpc)

• opaque to high energy γ-rays
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GRB 221009A
• brightest GRB of all time, z = 0.151


• highest energy photon (LHAASO) at around 18 
TeV / first above 10 TeV  (Huang et al. GCN 32677)


• ~325 sec, i.e. long-duration GRB, likely 
triggered by core collapse of a super-massive 
star


• Fast Response Analysis by IceCube:  
no neutrino emission found in -1 day to +2 
days (Thwaites et al. GCN Circular 32665)


• 4 further studies 


- covering different energy ranges from  MeV 
to PeV 


- 300 sec to 14 days


- giving constraints on some acceleration 
models (Murase et al. 2022, Liu et al. 2022, Rudolph et al. 2022) 15

10-hour time lapse – Fermi LAT
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Under Press Embargo
IceCube. arXiv:2302.05459

GRB 221009A

16

• brightest GRB of all time, z = 0.151


• highest energy photon (LHAASO) at around 18 
TeV / first above 10 TeV  (Huang et al. GCN 32677)


• ~325 sec, i.e. long-duration GRB, likely 
triggered by core collapse of a super-massive 
star


• Fast Response Analysis by IceCube:  
no neutrino emission found in -1 day to +2 
days (Thwaites et al. GCN Circular 32665)


• 4 further studies 


- covering different energy ranges from  MeV 
to PeV 


- 300 sec to 14 days


- giving constraints on some acceleration 
models (Murase et al. 2022, Liu et al. 2022, Rudolph et al. 2022)



pollmann@chiba-u.jp

IceCube Gen-2
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IceCube
Runway

South Pole  
Station

Clean air sector

Dark sector

IceCube-Gen2

• analyses of astrophysical neutrinos 
heavily limited by statistics


• aim to increase effective area by 
factor of ~10 


- by larger volume


- more effective veto strategies


- better sensors


• targeting 2030 
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Ignacio Taboada | IceCube CollaborationNovember 3, 2022 38

Summary and outlook

• 1 decade of astrophysical diffuse neutrino flux 
slowly narrowing the flux properties


• first evidences for sources → starting to derive source properties


- blazar TXS 0506+056 (during & without flare)


- nearby Seyfert galaxy NGC1068 


• multi-messenger astronomy: real-time alarms, follow-ups and fast response 
analyses established (GW not covered today)

18

The decade of Neutrino-Astrophysics



19

Backup
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First astrophysical neutrinos
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First observation (2013) 
- 60-2000 TeV neutrinos

2. High-energy astrophysical neutrinos

“Bert”
1.1 PeV 

“Ernie”
1.0 PeV

“Big Bird”
2.0 PeV

10

IceCube,Science.342(2013)1242856,PRD104,(2021)022002



pollmann@chiba-u.jp

Glashow resonance

21

2. Glashow resonance  

17

IceCube, Nature591(2021)220 

Hydrangea
- Partially contained
- Detected muon from faster than Cherenkov cone
- 5.9±0.2 PeV
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Neutrino production
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Neutrino production

2

Rev. Mod. Phys. 84, 1307
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Tau neutrino identification
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2. Astrophysical tau neutrinos
IceCube,EPJC82(2022)1031

18

“Double bang” is rare (~50m 
xE/1PeV)

Double pulse can be found 
using timing information.

Improved tau PID algorithm is 
used for the flavour ratio

Double Double
- newly discovered tau neutrino candidate
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Alert follow up for TXS

24

2. IC170922

48

IceCube, Science361(2018)147, IceCube et al,(2018)eaat1378

290 TeV


