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AGN Zoo

Different in terms of
* Viewing Angle
* Power of the central engine
* Radio-loudness

15%-20% of AGN radio-loud

* Classified according to
Emission Lines

* BL Lacs: no emission lines
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Blazars

* 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

Log vL, [erg s7!]

48

46

44

42

<+
4
N

ASTRO WIRZBURG

—

___'_g/llllllllll

10 15 20 25
Log v [Hz]

Fossati et al. (1998)




Blazars

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

[ ]
Log vL, [erg s7!]

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

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 Frequencuy:
* LBL (Vpeqr < 10'* Hz)
* IBL (10 Hz < vpeqr < 105 Hz )
* HBL (Vpear > 10'° Hz)
* EHBL (Vpeqr > 10'7 Hz or other criteria)

81 TeV-detected (dominated by HBL)
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performed during low states and low frequencies (Piner & Edwards, 2018, ApJ, 853, 68)
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Doppler Crisis

* 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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* Numerous attempts to find systematic associations between
High-Energy Neutrino Alerts and astrophysical sources
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Blazars - A Source of High Energy Neutrinos?

* Numerous attempts to find systematic associations between

High-Energy Neutrino Alerts and astrophysical sources TRty LA '
* Only reliable (i.e. 3 sigma) identifications so far: WIS R A S D L |
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g RN ______\ .5.6;4— ; ;
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coincident (20) 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
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@ Doppler Crisis @ Neutrino Emission

* Highly variable TeV-emission requires high
Doppler factors up to D>40 (e.g., Tavecchio et al,
2010)
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@ Doppler Crisis @ Neutrino Emission

* 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)
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@ Doppler Crisis @ Neutrino Emission

* 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
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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
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@ Doppler Crisis @ Neutrino Emission

* Highly variable TeV-emission requires high * Numerous attempts to find systematic

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

associations between high-energy neutrino
alerts and astrophysical sources

—> Need for dense monitoring
and VLBI observations
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@ Doppler Crisis @ Neutrino Emission

* Highly variable TeV-emission requires high e Nurmerous attempts to find sustematic
g&%pler fectars Up fo Deal) (29), Tavecento &t all. associations betvs)een high—er%ergg neutrino
.) | - alerts and astrophysical sources
* Radio observations suggest low jet speeds for * Rising number of neutrino-candidate blazars in
HBLs, indicative of low Doppler factors the past years, best blazar identification so far:
(e.g., Piner & Edwards, 2018) TXS 0506+056

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

—> Need for dense monitoring
and VLBI observations
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Doppler Crisis & Neutrino Emission

@ Doppler Crisis @ Neutrino Emission

* Highly variable TeV-emission requires high e Nurmerous attempts to find sustematic
g&%pler fectars Up fo Deal) (29), Tavecento &t all. associations betvs)een high—er%ergg neutrino
.) | - alerts and astrophysical sources
* Radio observations suggest low jet speeds for * Rising number of neutrino-candidate blazars in
HBLs, indicative of low Doppler factors the past years, best blazar identification so far:
(e.g., Piner & Edwards, 2018) TXS 0506+056

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

—> Need for dense monitoring —> Need for more statistics
and VLBI observations and individual case-studies

uNg\l;lEﬁMgmﬁ Exploring the Physics of Very-High-Energy Astroparticle Emission in Blazars through VLBI @
I WURZBURG
- Florian Eppel -



+
+
\+/+\ +/

ASTRO WIORZBURG

TELAMON

* TeV Effelsberg Long-term Agn MONitoring

Yy
©J. Hef3dorfer =

o e =Y

Effelsberg 100-m Telescope

Eppel et al. (2024, ASA, 684, AT

TUIM@N

UNI\JI‘ERMSITIAT Exploring the Physics of Very-High-Energy Astroparticle Emission in Blazars through VLBI
I w

URZBURG - Florian Eppel -



+
+
\+/+\ +/

ASTRO WIORZBURG

TELAMON
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TELAMON

* TeV Effelsberg Long-term Agn MONitoring
* Est. Aug 2020

* Monitoring radio spectra of TeV-Blazars and
candidate neutrino-assoc. AGN
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TELAMON

* 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)
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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
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TELAMON

* 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, 7/mm)
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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
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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 el
signatures in total intensity and polarization

* Production site of TeV gamma-rays can be probed with combined VLBI and - Trz
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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Updates on ongoing projects

Doppler-Crisis Case Studies
« PG 1553+113: A supermassive binary black hole candidate in outburst

VLBI Probes of Neutrino-Candidate Blazars
e TXS 0506+056
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PG 1553+113: HBL and SMBBH

PG 1553+113
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15 GHz VLBA image of PG 1553+113
(Lico et al. 2020)
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* 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
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* April 2023: New (expected)
gamma-ray maximum coupled
with historical radio flare

* Triggered EHT observation with
simultaneous MWL campaign

VLBA+Effelsberg
Monitoring
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VLBA+Effelsberg 43 GHz

* Firstimage (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
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PG 1553+113: HBL and SMBBH

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
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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
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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
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PG 1553+113: HBL and SMBBH

VLBA+Effelsberg 43 GHz

* First image (VLBA+Effelsberg) suggests ejection
of a new jet component
* Further follow-up observations on-going
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Multiwavelength-Flare associated g
with Neutrino Event IC170922A 2018.95

®

slice~1

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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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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* 32 MOJAVE observations at 15
GHz available in the archive

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)

Multiwavelength-Flare associated
with Neutrino Event IC170922A

* 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

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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ASTRO WIORZBURG

TXS 0506+056 at 86 GHz
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ASTRO WIORZBURG

TXS 0506+056 at 86 GHz
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Outlook

« Soon: Combining VLBI images with SED modeling to test neutrino-emission
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« Soon: Combining VLBI images with SED modeling to test neutrino-emission
« Upcoming new telescopes will improve high-energy information in the near future
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Outlook

« Soon: Combining VLBI images with SED modeling to test neutrino-emission
Upcoming new telescopes will improve high-energy information in the near future
Better localization and sensitivity for high-energy neutrinos (KM3Net, IceCube

Gen2) and TeV-gamma rays (CTA) will enable systematic multi-wavelength studies in
the future
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Outlook

« Soon: Combining VLBI images with SED modeling to test neutrino-emission
« Upcoming new telescopes will improve high-energy information in the near future
« Better localization and sensitivity for high-energy neutrinos (KM3Net, IceCube

Gen2) and TeV-gamma rays (CTA) will enable systematic multi-wavelength studies in
the future
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Brightness Temperature Formulae

Variability Bright T t
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