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• Most luminous AGN-type 

• Multiwavelength emission from radio to gamma-rays
(pos. neutrino + UHE cosmic rays)

• Typical Double-Humped Spectrum

• Low-Energy Peak
• Synchrotron Emission

• High-Energy Peak
• Leptonic Models (SSC, Tavecchio et al. 1998; EC, Sikora et al., 1994)
• Hadronic Models (Pion Decay, Mannheim et al. 1993)

• Classification according to Synchr. Peak Frequency:
• LBL (𝜈𝑝𝑒𝑎𝑘 < 1014 Hz )
• IBL (1014Hz < 𝜈𝑝𝑒𝑎𝑘 < 1015 Hz )
• HBL (𝜈𝑝𝑒𝑎𝑘 > 1015 Hz )
• EHBL (𝜈𝑝𝑒𝑎𝑘 > 1017 Hz or other criteria)

• 81 TeV-detected (dominated by HBL)
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• Highly variable TeV-emission requires high Doppler factors up to D>40 
(e.g., Tavecchio et al., 2010)

• Radio observations suggest low jet speeds for HBLs, 
indicative of low Doppler factors

 Doppler-Crisis

Possible Scenarios:

• Spine-Sheath Structure (Ghisellini et al., 2005)

 TeV and radio emission from different regions within jet

 Can be revealed by VLBI observations, but most observations of HBLs have been 
performed during low states and low frequencies (Piner & Edwards, 2018, ApJ, 853, 68)

• Standing Recollimation Shocks (Hervet et al., 2019)
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Localization Region of IC170922A (IceCube 
Collaboration et al. 2018)

• Numerous attempts to find systematic associations between
High-Energy Neutrino Alerts and astrophysical sources

• Only reliable (i.e. 3 sigma) identifications so far: 
TXS 0506+056, NGC 1068, Galactic Center

• Several studies suggest connection between radio-bright AGN 
and high-energy neutrino emission (Plavin et al. 2020 & 2021, 
Hovatta et al. 2020, Kadler et al. 2016)

Radio Images of PKS 1424-418 before and after a possibly 
coincident (2𝜎) Neutrino Event (Kadler et al. 2016)
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Why Radio?
• Radio emission originates almost entirely from the plasma jet close to the central engine

• Synchrotron radiation from the jet/shocks helps to constrain models in MWL-studies

• Known correlation of high-energy and radio emission in blazars (e.g., Giroletti et al. 2016)

• Monitoring can yield important information about energy production
and reasons for activity

• With VLBI, scales down to the central engine and the jet base
can be investigated, as well as the jet-speed, jet geometry and
magnetic-field can be probed

VLBA
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• Highly variable TeV-emission requires high 

Doppler factors up to D>40 (e.g., Tavecchio et al., 
2010)

• Radio observations suggest low jet speeds for 
HBLs, indicative of low Doppler factors 
(e.g., Piner & Edwards, 2018)

• Possible scenario: spine-sheath structure 
(Ghisellini et al.  2005),
TeV and radio emission not co-spatial

→ Need for dense monitoring 
and VLBI observations

• Numerous attempts to find systematic 
associations between high-energy neutrino 
alerts and astrophysical sources

• Rising number of neutrino-candidate blazars in 
the past years, best blazar identification so far: 
TXS 0506+056

→ Need for more statistics 
and individual case-studies 
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• TeV Effelsberg Long-term Agn MONitoring
• Est. Aug 2020
• Monitoring radio spectra of TeV-Blazars and 

candidate neutrino-assoc. AGN
• Sample of all Northern TeV-detected blazars

(mostly HBLs and EHBLs)
• Neutrino Follow-up observations
• High cadence observations at high radio frequencies

• Every 2-4 weeks
• From 5 GHz up to 44 GHz 

(45mm, 20mm, 14mm, 7mm)

Eppel et al. (2024, A&A, 684, A11)

Effelsberg 100-m Telescope

©J. Heßdörfer
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Use VLBI!

How does VLBI help to understand Very-High-Energy emission in Blazars?

• Origin and properties of the seed photon field needed for 
hadronic processes for neutrino production is a major open question

• With VLBI we can investigate the sub-pc scale jet structure for characteristic 
signatures in total intensity and polarization

• Production site of TeV gamma-rays can be probed with combined VLBI and 
monitoring observations

• Doppler factor, viewing angle and jet speed can be probed

• VLBI can constrain different models:
• Limb-Brightening/Spine-Sheath Structure (Tavecchio et al. 2014, 2015)
• Standing Recollimation Shocks (Kalashev et al. 2023)

Rieger & Levinson, 2018
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Doppler-Crisis Case Studies
• PG 1553+113: A supermassive binary black hole candidate in outburst

VLBI Probes of Neutrino-Candidate Blazars
• TXS 0506+056
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15 GHz VLBA image of PG 1553+113 
(Lico et al. 2020)

PG 1553+113
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15 GHz VLBA image of PG 1553+113 
(Lico et al. 2020)

PG 1553+113
• Well studied HBL object with a 

known 2.2-year gamma-ray 
periodicity -> super massive 
binary blackhole candidate

• Previous VLBI study by Lico et al. 
(2020) revealed possible jet 
wobbling and hints of limb-
brightening
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• April 2023: New (expected) 
gamma-ray maximum coupled 
with historical radio flare

• Triggered EHT observation with 
simultaneous MWL campaign

EHT

- Florian Eppel -

Exploring the Physics of Very-High-Energy Astroparticle Emission in Blazars through VLBI



PG 1553+113: HBL and SMBBH

12

• April 2023: New (expected) 
gamma-ray maximum coupled 
with historical radio flare

• Triggered EHT observation with 
simultaneous MWL campaign

VLT

Effelsberg
XMM-

Newton

NuStar

NICER

VLBA+Effelsberg
Monitoring

HHO

EHT

MAGIC
VERITAS
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VLBA+Effelsberg 43 GHz
• First image (VLBA+Effelsberg) suggests ejection 

of a new jet component
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VLBA+Effelsberg 43 GHz
• First image (VLBA+Effelsberg) suggests ejection 

of a new jet component
• Further follow-up observations on-going
• VLBA+Effelsberg granted until Apr 2025

→ will enable us to probe jet wobbling and ejection 
of a fast jet component

• Data Reduction for MWL campaign and EHT 
currently on-going

→ will enable us to constrain MWL short-term (intra-
day) variability at the high state close to the EHT 
observation
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TXS 0506+056 (IC170922A)

43 GHz VLBA images and surface brightness profiles of TXS 0506+056 after the 
associated neutrino event providing evidence of limb-brightening (Ros et al. 2020)
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TXS 0506+056 (IC170922A)

43 GHz VLBA images and surface brightness profiles of TXS 0506+056 after the 
associated neutrino event providing evidence of limb-brightening (Ros et al. 2020)

• VLBA DDT/ToO Campaign
(Oct 2017, Nov 2017 & May 2018)

• 32 MOJAVE observations at 15 
GHz available in the archive

• GMVA observations at 43 GHz & 
86 GHz in Oct 2020 and Apr 2021

Multiwavelength-Flare associated 
with Neutrino Event IC170922A
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TXS 0506+056 at 86 GHz
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Questions?
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- Florian Eppel -

2023-08-22 – Seoul - South Korea

VLBI Kinematics: Doppler Factor (Critical Angle)

Kovalev et al. (2005)

Variability Brightness Temperature

Liodakis et al. (2017)

VLBI Brightness Temperature

Fromm et al. (2013)

𝛿𝑉𝐿𝐵𝐼 = 1 + 𝑧
𝑇𝑏
𝑇𝑖𝑛𝑡
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