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Ac5ve galac5c nuclei

Urry&Padovani, 1995, PASP,107, 803 
Beckmann & Shrader, 2012 
illustration by Marie-Luise Menzel, 2012



The continuum spectrum of AGN



Rela5vis5c jets



Apparent superluminal mo5on

Distance (light years)

Ti
m

e 
(y

ea
rs

)

dt 7yrs≈

dl 28lyrs≈

dl/dt 4c (impossible according to first postulate of the special relativity)≈



Rela5vis5c beaming



Relativistic beaming 
(relativistic aberration, time dilatation, blue- or redshifting)

Light-house effect: the brightness of the light-source 
depends on the angle  under which we sees its beam
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M87 

If the line-of-sight angle (inclination) is small (a few degrees, or smaller): 
-> The jet is largely boosted 
-> The counter-jet is largely de-boosted 

With VLBI we see a core+jet structure

Jet                                                                           Jet 

                  Counter-jet
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Observer



The con5nuum radio spectrum of AGN



Single-dish radio telescopes

Paraboloid antennas: movable dish to follow the source, focusable 
radia5on, weak signals can be amplified, diameter~sensi5vity



Diffrac5on, antenna-beam

Half-power beamwidth:   
Solid angle:  
Gain: 

θ = 1.22λ/D
Ω = λ2/A

G = 4π/Ω

Diffrac5on paaern caused by 
the finite size of the aperture 

main lobe+side lobes

D: diameter of the dish 
: wavelength of observa5on 

A: surface of the dish
λ
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Bad news: in radio astronomy  is large (same diameter gives 
worse resolution compared to an optical telescope)
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Same resolution!



Diffrac5on, antenna beam

Half-power beamwidth:   
Solid angle:  
Gain: 

θ = 1.22λ/D
Ω = λ2/A

G = 4π/Ω

Diffrac5on paaern caused by 
the finite size of the aperture 

main lobe+side lobes

D: diameter of the dish 
: wavelength of observa5on 

A: surface of the dish
λ

Bad news: in radio astronomy  is large (same diameter gives 
worse resolution compared to an optical telescope)

λ

Good news: in radio astronomy D can be thousands of 
kilometers (we build that large dishes?? ofc. no…)



Solu5on: Very Long Baseline Interferometry (VLBI)
Sta5ons of the Very Long Baseline Array (NRAO) in US

Wavelength (cm)

milliarcsecs



Solu5on: Very Long Baseline Interferometry (VLBI)

Sta5ons of the Very Long Baseline Array (NRAO) in US

Wavelength (cm)

milliarcsecs sub-mas resolutions are routinely done 
1mas =1/3,600,000 degrees!

In VLBI not the diameter of the dishes rather the baseline 
between them counts

(the apparent separa5on of your car's headlights, as seen by an astronaut on the Moon)



Very Large Array (NRAO)



Very Large Array (NRAO)



Very Large Array (NRAO)



Very Large Array (NRAO)

arcsec scale


typically kpc-scale



Australia Telescope Compact Array (ATCA) 
22m radio telescopes (6)

Mul5-Element Radio Linked Interferometer Network 
MERLIN

Westerbork Synthesis Radio Telescope
25-meter radio telescopes deployed in a linear array arranged on a 2.7 kilometers 

Space VLBI: 
(VSOP)



Basics of the very long baseline interferometry (VLBI)



Parsec-scale modelling the surface brightness of AGN jets

• Monitoring of jets in Ac5ve galac5c nuclei with 
VLBA Experiments, MOJAVE (Lister et al. 2009-) 

• Since 1994 they observed and analyzed 447 bright 
radio-loud AGNs based on 15 GHz VLBA data 

• Calibrated uv-visibili5es are public! 
(no need of fringe fijng, amplitude and phase calibra5on, yeyy!) 

• We can do the imaging of these sources and 
model the surface brightness distribu5on of their 
jets (DIFMAP, Pearson&Taylor, 1994, BAAS, 26, 987).  

• 2D Gaussian (circular or ellip5c base) components 
• Fiaed parameters: 

★ Integrated flux density (Jansky, 1Jy=10-26 W/Hz/m2) 

★ Posi5on rela5ve to the VLBI core (mas) 
★ Size (mas)

Jet structure of S5 1928+738 
Kun et al, 2014, MNRAS, 445, 1370

z=0.302

Planck18, 1mas->4.44pc



MOJAVE database (>447 sources!)



TXS 0506+056





astrogeo.org





QSO S5 1928+738

28Kun, Gabányi, Karouzos, Britzen, Gergely, MNRAS, 2014, 445, 1370                    in prep.

Very Long Baseline Array (NRAO)/MOJAVE, 15 GHz
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Flux density of the inner jet 
Inclina5on angle of the symmetry axis of the inner jet 

Posi5on angle of the symmetry axis of the inner jet

Binary parameters

of the putative SMBH binary:

S5 1928+738



QSO PG 1302-102

Kun, Frey, Gabányi, Britzen, Cseh, Gergely, MNRAS, 2015, 454, 1290 30

Very Long Baseline Array (NRAO)/MOJAVE, 15 GHz

Very Large Array (NRAO), 1.4 GHz



A blazar with oscillating jet components 
S5 1803+784

The jet components are regions of the jet flaring “lantern regions” that are apparently 
brighter due their strong Doppler boosting, most probably due to geometric reasons

Kun, Karouzos, Gabányi, Britzen, Kurtanidze, Gergely, MNRAS, 2018, 478, 359 

Quasi-stationary jet components 

Very Long Baseline Array (NRAO)/MOJAVE, 15 GHz
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The average inclination angle of the jet 
is only ~2 degrees based on the VLBI data

The VLBI jet ridge-lines
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VLBI jet structure of TXS 0506+056

Quasi-stationary jet components 
The inclination angle should be pretty small, similarly to S5 1803+784 

Kun, Biermann, Gergely, MNRAS Letters, 2019, 483, 42

Very Long Baseline Array (NRAO)/MOJAVE
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Radio brightening of TXS 0506+056

Flux density curve of the jet 
components (VLBA at 15 GHz )

Gaussian decomposition of the 
single dish flux density curves at 
15 GHz measured with the OVRO 
40m Telescope 

IceCube-170922A, neutrino 

VLBI core

The VLBI core is responsible for the abrupt radio brightening of the source

Kun, Biermann, Gergely, MNRAS Letters, 2019, 483, 42 34



Radio brightening of TXS 0506+056

Flux density curve of the jet 
components (VLBA at 15 GHz )

Gaussian decomposition of the 
single dish flux density curves at 
15 GHz measured with the OVRO 
40m Telescope 

IceCube-170922A, neutrino 

VLBI core

The VLBI core is responsible for the abrupt radio brightening of the source

Kun, Biermann, Gergely, MNRAS Letters, 2019, 483, 42

The radio jet pointing towards the Earth is really a key property of  
TXS 0506+056 enabling the multimessenger observations.
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The radio brightening  
of TXS 0506+056 continued…
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Neutrino detection



Multimessenger astronomy 
A tool to observe the highest-energy phenomena in the Nature
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Multi-messenger observations of a binary neutron star merger 
Abbott et al., 2017, ApJL, 848,12

38
@LIGO, NASA's Goddard Space Flight Center, Caltech/MIT/LIGO Lab and ESA

GW170817

short GRB 

Kilonova



Multi-messenger observations of a binary neutron star merger 
Abbott et al., 2017, ApJL, 848,12

39
@LIGO, NASA's Goddard Space Flight Center, Caltech/MIT/LIGO Lab and ESA

GW170817

short GRB 

Kilonova

Lesson learned: Binary neutron star mergers are indeed precursors of short GRBs



TXS 0506+056 — identified high-energy neutrino source (3.5 ) 
IceCube-170922A 

σ

The IceCube Collaboration, 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, 2018, Science, 361, 6398

~300 TeV neutrino coincident with a  
γ-ray flare up to 400 GeV 

Multimessenger observations 

TXS 0506-056 is a blazar (recently reclassified as a FSRQ), a class of the active galactic nuclei
40



TXS 0506+056 — identified high-energy neutrino source (3.5 ) 
IceCube-170922A 

σ

The IceCube Collaboration, 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, 2018, Science, 361, 6398

~300 TeV neutrino coincident with a  
γ-ray flare up to 400 GeV 

Multimessenger observations 

TXS 0506-056 is a blazar (recently reclassified as a FSRQ), a class of the active galactic nuclei
41

Lesson learned: blazars (AGN) are indeed sources of high-energy neutrinos



Violent phenomena in the Universe

• active galactic nuclei (AGN) 

• starburst galaxies 

• tidal disruption events 

• gamma-ray bursts 

• merger of compact objects 

• pulsars 

• collapse of stellar cores 

• …etc

42

they are able to  
accelerate particles



Cosmic-ray energy spectrum
Cosmic-rays 
Charged particles (with intrinsic masses) from the Solar System, the Galaxy and beyond… 
Protons (90%), heavier nuclei (9%), others (1%)
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1) How are cosmic rays accelerated?

bottom-up scenarios: diffusive shock acceleration (a~2), 

Espresso models, acc. via induced electric field


2) How do they propagate?

diffusive, rectilinear


3) Transition from Galactic to 
extragalactic?


4) Where are their sources?

UHE CRs: 1018 eV < EUHECR (LHC 6.5x1012 eV/beam)

Oh-My-God particle (1991): 3x1011 GeV, 50 J
dNcr/dE~E-a

@Murase, 2018



4) Where are the (UHE)CR sources? 
A century years old puzzle
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A cosmic particle accelerator
1018 eV < EUHECR (LHC 6.5x1012 eV/beam)

Deflection by galactic and intergalactic magnetic fields 

Greisen–Zatsepin–Kuzmin limit 
The observed UHECR flux above ∼ 5 x 1019 eV comes 
 from sources within ∼ 100 Mpc. It is z=0.024! 

Gamma-rays make pairs with the EBL and CMB 
The high-energy gamma-ray horizon at TeV energies is 
constrained to the universe at z < 1 and at PeV energies 
it is constrained to our Galaxy! 

Pierre Auger Observatory (PAO):  
One such event every four weeks in the 3000 km2 area  
surveyed by the observatory

UHECRs

It is extremely difficult 
to find the sources of UHECRs
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The observable Universe as function of the energy

Neutrinos are key messengers to reveal an unobstructed view of the universe 
where it is opaque to light, and to the high-energy cosmic rays



Cosmic neutrino-background (primordial neutrinos, diffuse SN- neutrino background) 

Solar (and SN) neutrinos (nuclear processes) 

Cosmic neutrinos (meson decay in distant sources) 

Cosmogenic neutrinos (UHECRs+CMB, GZK cutoff)

10-4 eV 

10 PeV<

The rest-mass energy of a muon neutrino is <0,17 MeV 
10 PeV is 1011 5mes this

Extremely efficient acceleration

1 eV=1,6x10-19 J 
10 PeV=1,6x10-3 J

E 
n 
e 
r 
g 
y

>20 order of magnitudes

Neutrinos from the cosmos
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The Sun in neutrinos, 
Super-Kamiokande

High-energy neutrino 
from an ac5ve galaxy



Cosmic neutrinos

• SNII supernovae 

• Binary neutron stars 

• Microquasars 

• Magnetars 

• Anomalous X-ray pulsars 

• Molecular clouds

47

• Active galactic nuclei 

• Starburst galaxies 

• Tidal disruption events 

• Gamma-ray bursts

Galac5c Extragalac5c

What we observe might be a cumula5ve signal of all sources (or more) 
What are the dominant sources?



AGN are extremely efficient particle accelerators 
The most powerful permanent particle accelerators in the Cosmos

• The particles flow onto central supermassive black hole 
• Some of the gravitational energy is released 
• η measures how much of the rest mass will be 

converted to energy 
• The efficiency η will depend on the spin (a) of the black 

hole:  
− for a=0 (Schwarzschild) we have η =6%  
− for a=1 (extreme Kerr) we have η =40%!  

a* has a maximum at 0.89 for rotating black holes with accretions disk 
for the hydrogen fusion η is about 0.7% 
• The binding energy is transformed into the acceleration 

of protons or heavier nuclei 

Urry&Padovani, 1995, PASP,107, 803 
Beckmann & Shrader, 2012 
illustration by Marie-Luise Menzel, 2012Other prime candidates: starburst galaxies, TDEs



High-energy neutrinos from extragalactic UHECR sources? 
A large part of the signal might come!

• HE neutrinos are isotropically distributed 

• Their intensity is compatible with expectations 

• No significant correlation between nearby UHECR sources and neutrinos

49
ANTARES, IceCube, Pierre Auger and Telescope Array Collaborations: M.G.Aartsen et al. Submitted to Astrophysical Journal. arxiv.org/abs/2201.07313

IceCube Neutrino Detector

~10 detections per year

https://arxiv.org/abs/2201.07313


High-energy neutrinos from extragalactic UHECR sources? 
A large part of the signal might come!

• HE neutrinos are isotropically distributed 

• Their intensity is compatible with expectations 

• No significant correlation between nearby UHECR sources and neutrinos
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ANTARES, IceCube, Pierre Auger and Telescope Array Collaborations: M.G.Aartsen et al. Submitted to Astrophysical Journal. arxiv.org/abs/2201.07313

IceCube Neutrino Detector

~10 detections per year

36594.6 Mpc

76393.7 Mpc

https://arxiv.org/abs/2201.07313


Radio emission from active galaxies

• Charged particles gyrating about the magnetic field 

• Synchrotron radiation: primary process to generate 
the radio continuum of jetted AGN  

• Low energy component of the blazar SEDs 

• method 1: search correlations between astro 
neutrinos and individual radio sources or source 
catalogs
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Radio observations+neutrinos
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Neutrino detection
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TXS 0506+056 (OVRO, 15 GHz)

PKS 1502+106 (OVRO, 15 GHz)

Neutrino detection

Single-dish radio observa5on of individual sources
Examples:

• method 1: search correlations between astro neutrinos and individual radio 
sources or source catalogs
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Mode1: gamma correlates with radio, the radio lagging behind 
the gamma flux (R=0.85, τc=59+-32 days) 
Mode2: more complex connection

Kun, Bartos, Becker-Tjus, Biermann, Halzen, Mező, 2021, ApJL, 911, L18

What caused this switch? 

PKS 1502+106: gamma-ray flux vs radio flux density

Leptonic gammas?              Pionic gammas?
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Flux density curve of the jet components 
(MOJAVE/VLBA at 15 GHz )
VLBI core is responsible for the brightening at 15 GHz 
(same results at higher frequencies, e.g. Ros et al. 2019)

IceCube-170922A

Gaussian decomposi5on of the single dish flux density 
curve at 15 GHz measured with the OVRO 40m Telescope  

Radio brightening of TXS 0506+056 

Kun, Biermann, Gergely 2019, MNRAS Leaers, 483, 42 

We can pinpoint different components of the jet 
Where are the accelera5on sites? (do leptons and hadrons get co-accelerated?



VLBI of individual sources
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A ring accelerator? Unusual jet dynamics  in the 
IceCube candidate PKS 1502+106 
Britzen et al. 2021

A cosmic collider: Was the IceCube neutrino generated 
in a precessing jet-jet interac5on in TXS 0506+056? 
Britzen et al. 2019



Radio observations+neutrinos

• method 1: search correlations between astro neutrinos 
and individual radio sources or source catalogs 

• 7 years of IceCube muon tracks, 8 GHz VLBI data of 3411 
radio-loud AGN (Plavin et al 2020, 2021): 4.1 sigma 
connection 

• OVRO (15 GHz) and Metsahovi radio observatories (36.8 
GHz), IceCube tracks (Hovatta et al. 2021): radio flares in 
blazars at the same time as the neutrino event unlikely 
to be random coincidence at 2 sigma level
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Radio observations+neutrinos

• method2: stacking analysis (Achterberg et al. 2006) 

• 10 year of muon tracks 3,388 Radio Fundamental Cat. 
(Zhou et al. 2020): these AGN can account for at most 
30% (95 CL) of the flux of neutrino tracks 

• MOJAVE XV. Catalog (15 GHz, VLBA) 10 years of detector 
data (Desai et al 2021): no significant correlation

57

No significant findings, but there are promising results



CRATES 4.8 GHz and 8.4 GHz + 70 IceCube muon-tracks (2009-2019)

• Matched positions of point sources in the CRATES 8.4 GHz catalog (also 4.8 GHz) 
with 70 track-type IceCube neutrinos (2009-2019) from Giommi et al. (2020) 

• Found 87 (96) CRATES sources at 4.8 GHz (8.4 GHz) within the 90 C.L. error 
ellipse of the neutrinos

58
Kun et al. 2022, submitted



CRATES 4.8 GHz and 8.4 GHz + 70 IceCube muon-tracks (2009-2019)

• Matched positions of point sources in the CRATES 8.4 GHz catalog (also 4.8 GHz) 
with track-type neutrinos from Giommi et al. (2020) 

• Found 87 (96) CRATES sources at 4.8 GHz (8.4 GHz) within the 90 C.L. error 
ellipse of the neutrinos
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Kun et al. 2022, submitted

Based on spatial correlation and brightness, we found a 1.9-2 sigma connection

between the CRATES catalog and the 70 IceCube muon-tracks


(same result with Fermi and Swift)



CRATES + neutrinos

• Made a complete sample of CRATES (complete in 
luminosity redshift plane) 

• Calculated how many neutrinos could be explained with 
this complete sample, if the probability of to detect a 
neutrino is proportional to the (k-corrected) radio flux 

• Results: the CRATES 4.8 GHz (8.4 GHz) complete sub-
sample can explain between 4% and 53% (3% and 42%) 
of the neutrinos (90% C.L.).
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Kun et al. 2022, submitted



Recommended books



Recommended books

Thank you for your attention!

Questions?


If you are too shy or need help: kun.emma@csfk.org

mailto:kun.emma@csfk.org

