
Neutrinos
from a galaxy half-way  
across the universe.

Markus Ackermann, DESY 
Physikseminar 04.09.2018 
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Neutrinos
in multi-messenger astronomy
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Neutrinos identify  
sites of hadron 

acceleration
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PeV astronomy with neutrinos 

▶︎ Neutrinos allow us to peek beyond the gamma-ray horizon…

γ-ray horizon

γTeV

e+

γIR

e-

Pair production in  
intergalactic photon fields
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Environments opaque to EM radiation

Core-collapse SNe νμ Dark Matter  
annihilation in the sun

Cores of AGNs 

!

γ γUV

e-e+
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Neutrino telescopes: IceCube

IceCube array 
  86 strings 

  5160 optical 
sensors 

▶︎ Track-like event signatures  
(CC interactions of νμ)
▪ Angular resolution: < 1°
▪ Effective volume:  

up to tens of km3.
▪ Energy resolution:  

only indirect measure of  
μ energy.
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Cosmic neutrinos
Up to > 2.5 PeV
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The cosmic neutrino spectrum 

Aartsen et al., arXiv:1701.03731
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IceCube high-energy neutrinos

IceCube collaboration, ICRC 2017

▶︎ Compatible with an isotropic distribution
◆ points to extragalactic origin of cosmic neutrinos

▶︎ No significant clustering of high-energy events

IceCube high-energy events > 30 TeV (2010 - 2016)
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What is the origin of the astrophysical neutrinos?
Active Galaxies ?

SNe ? Supernova remnants ?

GRBs ?

Where are the cosmic 
particle accelerators 

and how do they work ?
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A new strategy
Real-time follow-up of high-energy events

What happened in this direction in the sky 
when IceCube detected this neutrino ? 

A supernova 
exploded ?

An active galaxy 
flared ?



!12

A new strategy
Real-time follow-up of high-energy events

▶︎ IceCube observes 
an interesting event 

> High-energy 
neutrinos 

> Cluster of neutrinos 

▶︎ Information is sent 
out to partner 
observatories or 
made public 

▶︎ Average response 
time: ~ 30 s  

▶︎ High-energy event 
alerts since 2016 



!12

A new strategy
Real-time follow-up of high-energy events

▶︎ IceCube observes 
an interesting event 

> High-energy 
neutrinos 

> Cluster of neutrinos 

▶︎ Information is sent 
out to partner 
observatories or 
made public 

▶︎ Average response 
time: ~ 30 s  

▶︎ High-energy event 
alerts since 2016 



!12

A new strategy
Real-time follow-up of high-energy events

▶︎ IceCube observes 
an interesting event 

> High-energy 
neutrinos 

> Cluster of neutrinos 

▶︎ Information is sent 
out to partner 
observatories or 
made public 

▶︎ Average response 
time: ~ 30 s  

▶︎ High-energy event 
alerts since 2016 



!13

High-energy alerts
and the variable gamma-ray sky



!13

High-energy alerts
and the variable gamma-ray sky



!14

The high-energy neutrino IC 170922A



!14

The high-energy neutrino IC 170922A



!15

The high-energy neutrino IC 170922A

side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, 
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The high-energy neutrino IC 170922A

side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, 
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018

Neutrino energy
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Fermi LAT observations
The gamma-ray blazar TXS0506+056
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▶︎ Ferrmi LAT surveys the 
gamma-ray sky between 100 
MeV and 300 GeV 

▶︎ A full image of the sky every 3 
hours since 2008
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MAGIC observations
above 90 GeV in energy
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The light curve of TXS0506+056
From radio to VHE gamma rays

X-ray

VHE "-ray

HE "-ray

X-ray

Optical

Radio

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, 
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018
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The spectral energy distribution (SED)
Observed radiation power as a function of frequency / energy 

Two peaks

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, 
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018
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And importantly a distance.
From the 10.4m Gran Telescopio Canarias

Paiano et al. 2018

Redshift z=0.337 

Light travel distance: 
~ 4 billion light years
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How likely does this happen by chance ?

▶︎ 1563 gamma-ray blazars identified by Fermi LAT (3LAC catalog) 
▶︎ TXS 0506+056 is one of the brightest sources during its outburst 
▶︎ Correlation between gamma-ray and neutrino brightness expected  
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How likely does this happen by chance ?
An a-posteriori test with pseudo-experiments
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How likely does this happen by chance ?
The test statistic

▶︎ Test statistic based on: 
> Distance between neutrinos and blazars 
> Location on the sky 
> Observed brightness in gamma rays  

at the time of the neutrino 
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Significance  
after correction for  

trial factor / look-elsewhere 
effect: 

~ 3 σ
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Looking back at IceCube’s full dataset
for TXS 0506+056
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Neutrino luminosity (averaged over 158 days):

13±5 above the background of atmospheric neutrinos, 3.5σ

Looking back at IceCube’s full dataset
for TXS 0506+056
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No enhanced gamma-ray emission during the 
2014/15 neutrino flare
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A double feature in Science
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Do we understand what we see ?

▶︎ Did we expect Blazars to be cosmic-ray 
accelerators ? 

▶︎ Have we found the first source of ultra-
high-energy cosmic rays 

▶︎ Do we learn something about the 
acceleration processes and 
environments in these objects ? 

▶︎ Is this all consistent ?
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A short introduction to active galaxies and Blazars

M87 
seen from 
Hubble  
Space  
Telescope 

Distance: 
~ 50 million 
light years
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The AGN model

Typical black hole mass: 108 - 1010 M⊙ 
Accretion disk size:          ~ 10-3 pc 
Size of dust torus             ~ 10 pc
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Multi-wavelength spectrum of AGN

AGN spectra distinctively different from other Galaxies

Viewing angle

Relativistic jet

Black     
hole

Accretion disk
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From AGN to Blazars
Relativistic jet

Black     
hole

Accretion disk

Viewing angle nearly 
aligned with jet axis

Non-thermal emission from the jet dominates 
the SED at almost all wavelengths
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Typical Blazar spectral energy distribution
From Gao et al., 2018
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Typical Blazar spectral energy distribution
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p-p / p-γ interactions

π0
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Neutrinos!

From Gao et al., 2018
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The Blazar sequence
FSRQ & BLLac

Ghisellini, Galaxies, 2016

Higher luminosity, lower peak frequencies
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The Blazar sequence
FSRQ & BLLac

Ghisellini, Galaxies, 2016

Higher luminosity, lower peak frequencies

TXS0506+056

FSRQ

BLLac
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The jet

Image courtesy of NRAO/AUI
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The jet

Image courtesy of NRAO/AUI
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The jet continued
Constraints from variability and opacity

▶︎ Jet launch mechanism and conditions not 
well known 

▶︎ Fueled by gravitational energy from 
accretion /rotational energy from BH 

▶︎ Magnetically dominated at the base 
converted into kinetic energy  

▶︎ Energy dissipation region likely at pc scale 

▶︎ Fast variability, compact emission region

Time variability at > 100 GeV
3D Jet simulation

HESS collaboration(2007)
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Particle acceleration in jets
Shock acceleration and magnetic reconnection

Magnetic reconnection

Acceleration mechanism not clear. 

Shock / stochastic acceleration ?  magnetic  
reconnection ? a combination of all ?
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From protons and nuclei
To photons and neutrinos
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γ

Relativistic jet with Γ ~ 5 — 40 

Rel. Doppler factor: δ = [Γ(1 - β cos θ)]-1



!41

From protons and nuclei
To photons and neutrinos

p,N

e



!41

From protons and nuclei
To photons and neutrinos

p,N

e

γ

γ



!41

From protons and nuclei
To photons and neutrinos

p,N

e

γ

γ

E# ~ 0.1 Ep

E! ~ 0.05 Ep

π0

µ

π+/-
νµ

νµ

νe

γ



!41

From protons and nuclei
To photons and neutrinos

p,N

e

γ

γ

E# ~ 0.1 Ep

E! ~ 0.05 Ep

π0

µ

π+/-
νµ

νµ

νe

γ

Production of  ~ 300 TeV neutrinos 
need ~ PeV protons

… and a photon target 

▶︎ observed in X-rays 
(~ keV) if moving  
with the jet  

▶︎ Observed in UV 
(~10eV) if stationary 
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From protons and nuclei
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From protons and nuclei
To photons and neutrinos
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From protons and nuclei
To photons and neutrinos
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Electromagnetic cascade 
dominated by synchrotron or  
inverse Compton emission 

• Broadband EM emission from radio 
to gamma rays 

• Absorption of high-energy gamma-ray 
emission  

• Additional target for p-gamma interactions 

σγγ ≫ σpγ 
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e

e
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Modeling the Blazar emission
SSC, EC, hadronic lepto-hadronic, etc.

From Gao et al., 2018 A simple model without protons…..
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Modeling the Blazar emission
SSC, EC, hadronic lepto-hadronic, etc.

Adding protons / neutrinos  
is not so simple….. 

• Electromagnetic cascade 
would overshoot x-ray 
observations 

From Gao et al., 2018
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Two emission zones
X-rays as the key window

From Gao et al., 2018

Adding protons / neutrinos  
is not so simple….. 

• Two emission zones help to 
reconcile observations 
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A structured jet ?
An elegant two emission zone model
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A structured jet ?
An elegant two emission zone model

F. Taveccio, TeVPA 2018
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The case of the 2014/2015 flare
How does it fit into the picture ?

TeVPA 2018,
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The case of the 2014/2015 flare
How does it fit into the picture ?

TeVPA 2018,

Neutrino flux significantly 
higher than 
gamma-ray flux
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The case of the 2014/2015 flare
How does it fit into the picture ?

M. Boettcher, 
TeVPA 2018

Inverse Compton dominates 
EM cascade formation

Synchrotron dominates 
EM cascade formation

Overshoots x-ray or gamma-rays

No correlation with gamma-rays
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Another interesting case ?
GB6 results

Starting event observed in 2014 
(before real-time analysis  

was online)

S.Garappa, TeVPA 2018



!51

Another interesting case ?
GB6 results

S.Garappa, TeVPA 2018



!52

The next generation of neutrino telescopes
Where to go from here ?

▶︎ KM3NeT - ARCA
◆ Similar instrumented volume to IceCube
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▶︎ KM3NeT - ARCA
◆ Similar instrumented volume to IceCube
◆ Complementary field-of-view
◆ Better angular resolution than IceCube

▶︎ Construction has started

KM3NeT collaboration, J. Phys. G, 2016
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▶︎ IceCube Upgrade 
◆ 7 new strings in center of IceCube
◆ New calibration devices 

▶︎ Future IceCube-Gen2 will allow precision 
studies of cosmic neutrinos.
◆ 5 x better source sensitivity
◆ 10 x higher statistics
◆ GeV to EeV  

energy range

From IceCube to IceCube-Gen2

Proposed first step: IceCube Upgrade
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Summary

▶︎ A HE neutrino was found in Sep 2017, arriving from the direction of the flaring 
gamma-ray Blazar TXS 0506+056

▶︎ This is unlikely to be a chance coincidence

▶︎ The evidence is strengthened by finding a second excess of neutrinos from the 
same direction in an ~ 6 month time window between 2014 and 2015

▶︎ The interpretation is challenging, multi-zone emission models are needed to 
describe electromagnetic and neutrino emission.

▶︎ A single high-energy neutrino already impacts our understanding of Blazar 
physics
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