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Outline

* Brief introduction
 EHT+MWL observations of M87 et

 East Asia VLBI observations TeV AGN



TeV gamma-ray sky

2025.Jan.04

 More than 25% of known TeV sources are
extragalactic AGN

« Rapid TeV variability - tiny sizes of emission
region (light-days - light weeks), impossible to
spatially resolve with current TeV instruments

« Virtually all TeV-detected AGN are bright in
radio bands (“radio-loud”)

* Blazars (mamly HB!_) MrkED1
* QSOs, Radio galaxies, LLAGN etc

v

High-resolution observations
at radio wavelengths Giroletti + 2004




Very long baseline interferometry (VLBI)
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VLBI networks

VLBl @ mm

Event Horizon Telescope (EHT)
A Global Network of Radio Telescopes
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A model of AGN Jet
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EHT+MWL observations of M87

- EHT MWL Science WG et al. 2021
- EHT MWL Science WG et al. 2024

See also KH+2024 A&AR

Astron Astrophys Rev (2024)32:5
https://doi.org/10.1007/500159-024-00155-y
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M 87: a cosmic laboratory for deciphering black hole
accretion and jet formation
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M87

* Nearby FR-I (D=16.7 Mpc)
« Large SMBH (Mg = 6.5 x 10°M,,,)

In radio bands
« Spatially-resolved SMBH shadow

« Spatially-resolved relativistic jets from

horizon to kpc scales

Goddi et al. 2019

The M87 Jet

VLBA - 43 GHz

e
0.01 arcseconds

3 light years

I" .

10 arcseconds
3000 light years

GMVA - 86 GHz

.

0.001 arcseconds
0.3 light years

W

0.00001 arcseconds
0.003 light years




M87 as a y-ray emitter

* One of few VHE detected radio galaxies
« Past VHE observations suggest:

the VLBI core at jet base

the very vicinity of SMBH
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A new era has begun in the MWL study of M87
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Image Credit: The EHT Multi-wavelength Scien forking Group; the EHT Collaboration; ALMA (ESO/NAOJ/NRAQY); the EVN; the EAVN Collaboration; VLBA (NRAQO); the GMVA,; the Hubble Space Telescope; the Neil Gehrels Swift Observatory;
the Chandra X-ray Observatory; the Nuclear Spectroscopic Telescope Array; the Fermi-LAT Collaboration; the H.E.S.S collaboration; the MAGIC collaboration; the VERITAS collaboration; NASA and ESA. Composition by J. C. Algaba

e Since 2017, EHT has joined the annual MWL campaign of M87
* Quasi-simultaneous MWL data including EHT images

— Scales of “Ry ;" can be spatially resolved & imaged !



Cumulative summary of EHT-MWL campaigns 2017-2024
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Detection of a VHE y-ray flare during EHT-2018

EHT MWL Science WG et al. 2024

&2 eV movie

« AVHE flare during EHT observations in April 2018 (< low state in 2017)

 Enhanced fluxes also from GeV/Fermi and the X-ray/Chandra core
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Implications from SED

EHT MWL SWG et al. 2024

10GHz opt./UV 10 keV 1 GeV 1 TeV
A h A . = b 8
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« EHT tightly constrains the size/location/flux/B-field of compact radio emitting region

* The observed radio-to-TeV SED cannot be modeled by one-zone models. Multiple
components with different physical parameters required

2017&2018 SED data publicly available!
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Notes on HST-1

0

HST-1

0
0
0

HST-1 Complex

¢
:

;

017

Cheung+2007

0
. [ TeVflare in 2005 ™
e S=c2)
=~ | e BTS
) g ?@?._ o .
w 40 %9‘99 I% N
oy CR }
Q
Chandra 2 keV

39T HESS 1 TeV (total) )
3 VLA 15 GHz UETL e A (
~— @
% o VLBA 1.7 GH.Z_-'__'_@.@ S

w
-2

g

Epoch (year)

S EFRRIN PRI B SN R R
2000 2001 2002 2003 2004 2005 2006 2

007

Distance from core (mas)

1000 —

980}
960}
940
920}
900}

880/

-

860 ¢ *@ #

< > & O = O e e

VLBI HST-1 monitoring 2004-2020 (Hada+2024)

| I | I /,’ . |
e 7
compl (4.4+0.1c) + "1

comp?2 (4.6+0.1c) , PN
comp2b (1.3+0.3¢) + + + + ]
comp3 (5.0+0.3¢) ) 3 . ‘ _
comp4 (5.2+0.4c¢) k
comp5 (5.4%+1.3¢) *+ ﬁ** + ‘

comp6 A ' ¢+ 1
comp7 /‘" ‘F/ 4

2005 VHE event
o
-
":
=" b
o A N
+

96 W / /
O, l o ++ A

HST-1 upstream edge d A

2004

Tl A A IR T AT AT A
2006 2008 2010 2012 2014 2016 2018 2020

AL AR A A

« Another interesting candidate of TeV activities (e.g., 2005 event)

» Very weak in recent years, but continues repeated ejections of superluminal knots from the upstream edge



Evolving EHT network

Sensitivity upgrade & more frequencies ., o .
Movie” campaign

Reconstructed with EHT 2025 (Multi-frequency Synthesis)
(230 GHz) (345 GHz) | Stand Alone

3
Brightness Temperature (10° K

Mizuno et al
EHT Collaboration 2024, arXiv

Enhancement of EHT array in coming years will greatly increase
the chance to pinpoint the VHE site in M87!



Other EHT targets

NRAOS30 J1924-2914 3C84

Kim et al. 2020 Janssen et al. 2021 Jorstad et al. 2023 Issaoun et al. 2022 Paraschos et al. 2024

...and more to come (0J287, Mrk501 etc)

 EHT observes not only M87/SgrA* but also a number of bright radio sources (either as
calibrators or Pl-based targets). Many of them are known as active y-ray sources

 EHT-MWL papers in preparation (3C279, OJ287 etc)



East Asia VLBI studies of TeV AGNSs



VLBI arrays in East Asia

e EAVN is a combined VLBI network of
VERA, JVN, KVN, CVN (& more )

* Mainly 22/43GHz but also 86GHz
« Complementary to EHT

Nobeyama { Takahagl

« Many advantages for AGN studies

« Sub-mas angular resolution

L ' S o - High quality & sensitivity imagin
7 nnia. fm}tsagn _ *Mizusawa - gh g ty | | y ging
Tamna Nowyme-,:::::f'!" _ * Regular monitoring throughout the year
A Irikl . .
m m mﬂ Ishigaki * Polarization
”Ogasawara ‘ * TOO Supported

- « Easy access for EA community

Ogasawara



Various types of AGN being actively
monitored

Many of them are also well-known
GeV/TeV targets
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« A well-known GL blazar (z=0.944)
* One of the most distant TeV detected FSRQ

Blazar

Lensing galaxy
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« GeV/X-ray/optical flares during the campaign

-1 2 1 0 -1

« KaVA revealed core-jet morphology of the lensed images

« Atradio: no flux enhancement, no jet motion

— Multi-zone nature of the broadband emission

« KaVA images also helped improve the lens modeling




Relative Declination (mas)

Mrk421 & 501: probing the location of
flaring sites with astrometry

(Niinuma+2015, Koyama+2016, 2019)
Mrk421 (Niinuma+2015)
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Park+ 2024 _

NGC1275 (3C84)

 One of a few TeV-detected RG

« Accumulated VLBI data reveal extremely complex
nature of the nuclear region

* Intermittent ejection of strong blobs
« Strong interaction with surrounding medium ,

_ i b Hotspot trajectory
» Double-core structure with curved jet launch [ eofated e ¢ ¢ ! il

break-out
« Beaming factor may significantly evolve both in time
and spatially
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Prospects for VLBI-VHE synergy in CTA era

Known VHE sources

Blazars Nearby RG

Richer VLBI images (higher-res, movie,

wider frequency coverage)
+

Better statistics of VHE light curves (both
in low & high states)

1

Robust localization of VHE sites
Jet formation mechanism

Distant QSO

Less explored / unexplored

LLAGN SgrA* Sy /NLSyl

Increasing VLBI samples
+

VHE search at higher sensitivity?

1

New discovery space !?




Summary

« High-resolution VLBI is a powerful partner for studying y-ray AGN

« VLBI capability is rapidly evolving, uncovering the structure of SMBH & jet base in
much greater detail than before

« Eager to collaborate with CTA - Looking forward to new discovery!

Event Horizon Telescope (EHT)

A Global Network of Radio Telescopes

CTA North

Credit: Gabriel Pérez Diaz, IAC / Marc-André Besel, CTAO
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